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ABSTRACT

Lung cancer is the leading cause of cancer incidence and mortality worldwide, accounting for
approximately 2 million diagnoses and 1.8 million deaths annually. Current treatment options
include surgery, radiation therapy, chemotherapy, and targeted therapy. Despite advancements
in diagnosis and treatment over the past 25 years, the prognosis for lung cancer patients remains
poor. This research aimed to investigate the anti-cancer effects of diisopropylamine

dichloroacetate (DADA) and fenbendaz in in vitro and in vivo level.

Fenbendazole (methyl N-(6-phenylsulfanyl-1H-benzimidazol-2-yl) carbamate) is a broad-
spectrum benzimidazole anthelmintic approved for use in various animal species. Recent
studies have demonstrated that fenbendazole exhibits cytotoxicity against human cancer cells
at micromolar concentrations by mechanisms including mitochondrial translocation of p53 and
inhibition of glucose uptake. Diisopropylamine dichloroacetate (DADA), an over-the-counter
drug for chronic liver disease, has shown anti-tumor effects as an inhibitor of pyruvate

dehydrogenase kinase.

My research indicated a synergistic effect of a 1:5000 ratio of FZ and DADA on the
proliferation of A549 lung cancer cells. FZ-DADA combination induced ROS production after
48 hours of treatment. Specifically, the 1:5000 ratio of FZ and DADA induced apoptosis in
A549 cells by downregulating Bel-2 and upregulating BAX at the protein level. On the other
hand, FZ-DADA combination activated the caspase-3, caspase-7 at this ratio. This combination
activated PARP, further promoting apoptosis in A549 cells. Moreover, the FZ-DADA
combination induced cell cycle arrest in A549 cells, as evidenced by the inhibition of Cyclin
A and Cyclin E at the protein level. The synergistic effect of FZ and DADA was confirmed
through in cell and protein levels. In animal model, the combination of FZ (40 mg/kg) and
DADA (100 mg/kg) reduced the tumor volume compared with single treatment and positive
control. On the other hand, our treatment showed a significant tumor regression in the
combination treatment. The combination of FZ and DADA also did not cause side effect in

liver and kidney function.



TOM TAT

Ung thu phdi 1 nguyén nhan hang dau gay ra ty 1¢ mic va tir vong do ung thu trén toan thé
gidi, chiém khoang 2 tri¢u ca chan doan va 1,8 triéu ca tir vong hang nam. Céc lya chon diéu
tri hién tai bao gém ph?lu thuat, xa tri, hoa tri va li¢u phap nham muc tiéu. Bat chép nhitng tién
b trong chan doan va diéu tri trong 25 nam qua, tién lugng cho bénh nhan ung thu phdi van
con kém. Nghién ciru ndy nhim muc dich déanh gia tdc dung chong ung thu cta
diisopropylamine dichloroacetate (DADA) va fenbendazole (FZ) trén t& bao ung thu phdi
A549.

Fenbendazole (methyl N-(6-phenylsulfanyl-1H-benzimidazol-2-yl) carbamate) la mot loai
thudc tiy giun benzimidazole phd rong duoc phé duyét dé sir dung cho nhiéu loai dong vat
khac nhau. Cac nghién ciru gan dy da chimg minh riang fenbendazole thé hién ddc tinh té bao
d6i v6i té bao ung thu & ngudi ¢ ndng d6 micromol bang cac co ché bao gdm chuyén vi ty thé
ctia p53 va trc ché hip thu glucose. Diisopropylamine dichloroacetate (DADA), mét loai thudc
khong ké don diéu tri bénh gan man tinh, da cho thiy tac dung chdng khdi u nhu mot chat trc

ché pyruvate dehydrogenase kinase.

Nghién ciru cta t6i chi ra tac dung hiép ddng ctia FZ va DADA & ty 1& 1:5000 dbi voi sy ting
sinh ctia cac té bao ung thu phdi A549. FZ-DADA gay ra sy san sinh ROS sau 48 gio diéu tri.
Cu thé, két hop FZ va DADA ¢ ty 18 1:5000 gay ra hién tugng apoptosis trong céc té biao A549
bang cach giam tiét BCI2 va ting BAX & mtc protein. Mt khac, két hop FZ-DADA di kich
hoat caspase-3, caspase-7 & ty 18 nay. Ngoai ra, sy két hop nay di kich hoat PARP, thiic day
hon nita qué trinh apoptosis trong cac té bao A549. Hon nita, két hop FZ-DADA gy ra su bt
gift chu ky té bao trong cac té bao A549, bang chung 1a sy trc ché Cyclin A va Cyclin E & mirc
d6 protein. Tac dung hiép dong ctua FZ va DADA di duoc xac nhan thong qua mirc d6 té bao
va protein. Trén mé hinh dong vat, su két hop cia FZ (40mg/kg) va DADA (100mg/kg) lam
giam thé tich khdi u so voi diéu tri don 16 va so voi ching dwong. Mt khac, phuong phéap didu
tri cta ching toi ghi nhan thy ty 1é mat khdi u hoan toan trong phuong phap diéu tri két hop.
Su két hop ciia FZ va DADA ciing khong gdy ra tac dung phu ¢ chtic ning gan va than.
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CHAPTER I: INTRODUCTION

In recent decades, cancer has become one of the biggest health problems in human, with

approximately 20 million new cases, and causing 9,7 million deaths each year (1).

The most common type of cancer diagnosed in high-income countries are lung, colon, female
breast, cutaneous melanoma, and prostate (2). In 2022, lung cancer was the most frequently
diagnosed with 2,5 million new cases accounting for 12,5% of cancer types worldwide (1). As
a critical global burden, the incidence and mortality of lung cancer remains high (3). Despite
significant scientific advancements in lung cancer prevention, screening, and treatment,

substantial inequities remain across racial, economic, and geographic lines globally (4).

In Vietnam, cancer has become a major social problem, with 37,4% of patients unable to afford
the treatment (5). Liver, stomach, and lung cancers in men and breast, lung, and colorectal
cancers in women are the most common types of cancer in Vietnam (Globocan, 2022).
Treatment cost for phase III non-small cell lung cancer fluctuates around 172 million VND to
339 million VND (6). This treatment cost crisis is exacerbated by several factors, including
late-stage diagnosis (with over 70% of lung cancer cases detected at advanced stages), limited
health insurance coverage for newer targeted therapies and immunotherapies, and significant

urban-rural disparities in healthcare access.

While researchers have made progress in developing more accessible diagnostic tools and
therapies, low income populations continue to face disproportionate barriers to quality care.
These disparities manifest through unequal access to early detection programs, limited
availability of targeted therapies in low-resource settings, and systemic healthcare inequalities
that disproportionately affect minority and socioeconomically disadvantaged groups. This
challenge highlight the necessary of biomedical innovation to reduce the treatment cost and
remove barriers to ensure equitable access to lung cancer care globally. In recent years, the
concept of drug repurposing has gained growing attention as an innovative approach to

accelerate cancer drug discovery.

Drug repurposing, also known as drug repositioning, refers to the strategy of identifying new
therapeutic uses for existing drugs that have already been approved for other indications. This
approach offers several advantages, including reduced development costs, shorter timelines,

and lower safety risks, since the pharmacokinetic and toxicological profiles of these drugs are
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already well characterized (7,8). In oncology, drug repurposing has emerged as a particularly
promising avenue, as many approved non-oncologic agents have been found to modulate
pathways critical for tumor growth, angiogenesis, and metabolism (9).

Several successful examples have demonstrated the potential of this strategy. Thalidomide,
initially developed as a sedative, was later repurposed for multiple myeloma due to its anti-
angiogenic properties (10). Metformin, a widely used antidiabetic drug, has shown inhibitory
effects on tumor metabolism through the AMPK—mTOR pathway (11). Disulfiram, used for
alcohol dependence, has exhibited cytotoxicity in various cancers by generating reactive
oxygen species through copper chelation (12). Moreover, antiparasitic agents such as
Fenbendazole and Ivermectin have recently attracted attention for their ability to disrupt
microtubule polymerization and inhibit oncogenic signaling pathways in preclinical models
(13). Collectively, these findings underscore drug repurposing as a cost-effective and
innovative strategy for discovering novel anticancer agents and accelerating their clinical

translation.

Fenbendazole (FZ), a broad-spectrum benzimidazole anthelmintic used against gastrointestinal
parasites in animals, affects cancer cells. In research by Dorga et al., 2018, FZ has been found
to cause cancer cell death by modulating multiple cellular pathways, including inhibition of
glucose uptake and reduction of lactate level (14). FZ has a very low toxicity, with acute,
subacute and long-term toxicity trials in cattle given fenbendazole at dosages of up to 2 g/kg
revealed no adverse effects (15) and has been safely used for decades in animal food. While
most reported cases of FZ self-administration have noted reductions in tumor size (16,17), in
some cases, FZ has been found to cause drug-induced liver injury (18,19) in which patients
promptly recover after discontinuation of FZ. To minimize these hepatotoxic effects, co-
administration of FZ with a liver-protective agent could represent a promising therapeutic
strategy. This combination approach could potentially reduce FZ-induced liver damage,
maintain FZ's antitumor efficacy as well as enable safer clinical translation for future pilot
trials. Such hepatoprotective combination therapy may be particularly valuable for patients
with pre-existing liver conditions or those requiring prolonged FZ treatment, potentially

expanding the drug's therapeutic window and clinical applicability in oncology.

Diisopropylamine dichloroacetate (DADA), a derivative of dichloroacetic acid (DCA), yielded
better results (20). It has been proven to decrease lactate production in cells. In combination

with radiotherapy, DADA showed a significant synergistic effect on esophageal squamous cell



carcinoma (21). Notably, DADA showed superior antitumor efficacy in breast tumor models
compared with DCA (22). DADA, is the active component of pangamic acid and has been
commercially available for over 50 years for the treatment of chronic liver diseases, with the
trade name Vitamin B15 (23) and has low toxicity, with an LD50 oral in mice of 1700 mg/kg
(24). There have not been many studies on the mechanism and efficacy of DADA in cancer
treatment, especially in preclinical and clinical trials, or their combination to gain maximum
synergistic effects. In Vietnam, the treatment of cancer by targeting its metabolic factor has

been not received enough attention from both physicians and researchers.

Based on the above knowledge, the hypothesis of this research is the combination of
Diisopropylamine dichloroacetate (DADA) and fenbendazole (FZ), at an optimized ratio,
could be exhibit synergistic antitumor effects by simultaneously targeting cancer metabolism
(via DADA'’s dichloroacetate moiety) and microtubule disruption (via FZ), while DADA’s
hepatoprotective properties mitigate FZ-induced liver toxicity. This dual-action approach may
enhance therapeutic efficacy, improve treatment tolerability, and preserve quality of life in

cancer patients.

This study aimed to investigate the synergistic effects of DADA and FZ in lung cancer
treatment in vitro using biochemical assays, molecular techniques, and in vivo studies. The
cancer cells used in the experiments were derived from the human non-small lung cancer cell
line A549. The optimal portion of each ingredient in the composition and comparisons with

the effects of DADA and fenbendazole alone will be proposed.

The final purpose of this study was to prove that there is a safer and more effective approach
to lung cancer treatment. The results of this research will provide evidence for submitting

clinical trials to develop new drugs for cancer treatment.



CHAPTER II: LITERATURE REVIEW
2.1. Fenbendazole

Fenbendazole (methyl N-(6-phenylsulfanyl-1H-benzimidazole-2yl)), is currently used as an
antiparasitic therapeutic agent in animals. In human, other benzimidazoles, such as
mebendazole and albendazole, are used as antiparasitic agent for years (25). Fenbendazole
causes microtubule destabilization and hindering tubulin polymerization in parasites. Having
a poorly absorbs by oral adminstration, fenbendazole is particularly effective for targeting

intestinal parasites (26).
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Figure 1: Chemical structure of Fenbendazole

In 2008, Ping Gao et al published a research relating to anti-tumor effect of fenbendazole. They
indicated a non-significant effect of fenbendazole in the growth of the P493-6 human
lymphoma cell line in SCID mice. In addition, higher inhibition tumor growth was observed in
mice that were administered fenbendazole with vitamin-supplemented diet (27). In the years
later, two publications on non-small cell lung cancer and breast cancer showed tumor growth
inhibition ability of fenbendazole at micromolar concentration (13,28). In 2016, fenbendazole
began to attract considerable scientific attention for its potential anticancer effects following a
case report in which a patient with small-cell lung cancer self-administered 222 mg of
fenbendazole orally, together with vitamin E supplements, CBD oil, and curcumin. Notably,
undetectable tumor on a PET scan was confirmed in this patient after three months. Especially,
he was the only patient who cured of cancer among the 1100 clinical trial participants (71).
Since that event, researchers have made extensive efforts to reveal the mechanisms of action
and explore the potential of developing a new safe and affordable anticancer agent from

fenbendazole.



2.1.1. Mechanism of action

According to previous studies, FZ has shown multi-target anticancer, involved increasing p53
activation, inhibiting the GLUT1 transporter and reducing glucose uptake in cancer cells (14).
As a key tumor suppressor, pS3 plays a vital role in combating cancer by repairing DNA
damage and triggering programmed cell death (29-31). However, p53 is either inactivated or
mutated in many cancers, allowing cancer cells to proliferate (32). Cells expressing wild type
p53 are more sensitive to FZ than p53 mutant or null cells. Additionally, FZ has been proved
to promote the translocation of p53 into mitochondria (14). By microtubule disruption and p53,
p21, p27 activation, FZ direcly triggers apoptosis through various pathways.
In colorectal cancer, FZ has been shown to arrest cell cycle at G2/M phase by increasing
secretion of p21, p27 — cyclin-dependent kinase inhibitors, that can halt cell cycle progression
(33). In hepatocellular carcinoma cells, FZ induced apoptosis of actively growing H4IIE via
p21-mediated cell-cycle arrest (34). Not only exert this action on parasitic tubulin, FZ but also
demonstrates moderate affinity for mammalian tubulin and exerts cytotoxicity to human cancer
cells at micromolar concentration. FZ selectively binds to B-tubulin of microtubules to disrupt
microtubular polymerization and promote immobilization (35). Microtubules are important for
various cellular processes including cell division, intracellular transport, and cell shape
maintenance (36). By disrupting microtubule formation, FZ interferes with mitotic spindle
assembly, leading to cell cycle arrest and ultimately inducing programmed cell death
(apoptosis) in rapidly dividing cancer cells, the same mechanism as that of other conventional
chemotherapy drugs such as taxanes and vinca alkaloids (14).

Beside the induceable programmed cell death, FZ leads to an abnormality in energy
metabolism of cancer cells. Unlike normal cells, glucose is a primary energy source for tumor
cells, which is metabolized through aerobic glycolysis and delivered across the cell
membrane via the GLUT]1 transporter (37). FZ has been shown to interfere with this process
by inhibition of GLUTI transporter. As a result, FZ reduced the uptake of glucose into cancer
cells. Moreover, FZ inhibited hexokinase II (HKII) — the first enzyme in the glycolytic pathway
and often overexpressed in cancer cells. By that ways, FZ reduced glucose uptake and starved

cancer cells of their primary energy source, leading to metabolic stress and cell death (14).

The summary of mechanisms of action of fenbendazole on cancer cells presented in Figure 2.
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Figure 2: Mechanism of action of Fenbendazole (generated by Google Drawing).

HKII: Hexokinase II, GLUTI: Glucose Transporter protein type I, ADP: Adenosine
Diphosphate, ATP Adenosine triphosphate, ROS Reactive Oxygen Species, Bcl2: B-cell
Lymphoma 2, BAX: Bcl-2-Associated X protein.

2.1.2. Studies on anticancer activities of fenbendazole

As shown in the Table 1, since 2018, there were dozens of research on fenbendazole in various
cancer models, in vitro and in vivo, showing its multi-target in numerous types of cells, as well

as in its mechanism of action.



Table 1: List of researches of fenbendazole in vitro and in vivo through years

Cancer type; Year of Experimental Fenbendazole
Results References
Cell Lines | publication Model dose
Lymphoma; 150 ppm | Observed low anti-cancer effect when fenbendazole
P493-6B fenbendazole, with | was administered alone. Tumor growth inhibition was
‘ 2008 Invivo and in vitro | ' ' ' . o (27)
cells in SCID diet and/or with | higher in mice that were administered fenbendazole
mice vitamins with vitamin-supplemented diet.
Observed tumor growth inhibition and apoptotic cancer
Non-small cell death, possibly by inhibiting proteasomal function
cell lung via the ubiquitin-proteasome pathway. Fenbendazole
2012 In vitro 1 uM for 48 hours o (28)
cancer; A549, demonstrated cytotoxicity towards tumor cells but
H460 retained non-toxicity to normal cells. Observed p53
induction and up-regulation of p53 target genes.
Breast Higher drug concentrations demonstrated cytotoxicity
0.11, 0.33, 1.0, and _ S
cancer; towards tumors and high tumor inhibition. Tumor
2013 Invitro and in vivo | 3.0 uM for 8 days in (13)
EMT6 mouse appearance also changed, suggested to be due to
vitro
mammary disruption of tubulin microtubule equilibrium.




Cancer type; Year of Experimental Fenbendazole
Results References
Cell Lines | publication Model dose
tumor cells in
female
BALB/cRw
. 150 ppm in diet and . '
mice ) No change in tumor growth or metastatic pattern. No
50 mg/kg/day, 1i.p. . . o
change in tumors with radiation.
for 2 days in vivo
In vitro: 1 uM for
48 hours
Non-small
cell lung Significant reduction in number of tumor cell colonies.
cancer; H460 Reduction of tumor size and weight. Confirmation of
2018 Invitroandinvivo | ; . 1 . _ . _ (14)
and  A549 n Vivo: microtubule disruption, induced cell cycle arrest in

cells in nu/nu

mice

mg/mouse,  p.o.,
every second day
for 12 days

G2/M phase.




Cancer type; Year of Experimental Fenbendazole
Results References
Cell Lines | publication Model dose
Increased levels of YH2AX, indicating DNA damage.
Confirmation of antiproliferative  activity  of
fenbendazole, microtubule disruption, induced cell
Skin cancer; 1,2, and 4 uM for
2019 In vitro cycle arrest at G2/M phase. (38)
A375 24-48 hours
Increase of p53 activity by downregulating Mdm2 and
MdmX expression.
Increased levels of YH2AX, indicating DNA damage.
Confirmation  of antiproliferative  activity  of
Breast fenbendazole, microtubule disruption, induced cell
1,2, and 4 uM for
cancer; MCF- 2019 Invitro cycle arrest at G2/M phase. (38)
48 hours
7
Increase of p53 activity by downregulating Mdm2 and
MdmX expression.
Higher concentrations of fenbendazole lead to
Leukemia; 0.1,0.2,and 0.5 uM | apoptosis. In as little as 3 days, lower concentrations
o 2021 In vivo and in vitro ' (39)
HL60 in mice for 1-6 days (0.1 puM) caused leukemia cells to convert to

granulocytes and induced apoptosis.




Cancer type; Year of Experimental Fenbendazole
Results References
Cell Lines | publication Model dose
At 72 hours, fenbendazole exhibits 14.5-fold selectivity
in killing HL60 cells over healthy human bone marrow
stem (BMSC) cells.
Lung cancer; o ) o
0.001, 0.01, 0.1, 1, | 50% tumor inhibition at 1uM. Tubulin destabilization
A549, H460, .
4 11299 2021 In vitro 10, and 100 uM for | activity was observed at 1 and 10 pM. Induced cell (40)
an
48 hours. cycle arrest in the G2/M phase.
cells
Fenbendazole inhibited tumor colony formation and
Cervical induced cell apoptosis and arrest. It was more toxic to
cancer; HeLa, 0.1,1, 10 uM for 48 | HeLa cells and less toxic to normal cells.
2022 In vitro (41)
C-33A, hours
CaSki Downregulation of MMP2 and MMP9 expression

inhibited HeLa cell migration and invasion.

10




Cancer type; Year of Experimental Fenbendazole
Results References
Cell Lines | publication Model dose
Colorectal Triggered cancer cell apoptosis through mitochondrial
cancer; SNU- 2022 In vitro 0.50 uM for 3 days | injury and the caspase 3-PARP pathway. Increased p53 (33)
Cs5 expression, leading to p53-mediated apoptosis.
Hepatocellula o ) )
‘ 1.25 pM for 48 [ Growth suppression in cancer cells actively growing.
r carcinoma; 2022 In vitro _ o (26)
hours Induces p21-mediated apoptosis in tumor cells.
HA4IIE cells
Epithelial
ovarian
cancer, . : Ce
Significant reduction of cell viability in all EOC cell
HeyA8 and o
lines after 48 hours. Decresase the activation of mTOR
HeyAS8- 2023 in vitro ) ) (42)
and several MAPK members. Causing apoptosis cell
MDR,SKOV
: death
3ipl, A2780-
CP20 and 0.32uMto 1.01 uM
SKOV3-TR from 24 hours to 72

hours
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Cancer type; Year of Experimental Fenbendazole
Results References
Cell Lines | publication Model dose
HeyA8 and . Fenbendazole did not reduce the tumor weight in either
n vivo
HeyA8-MDR Img/mouse  and | yeyAg or HeyA8-MDR model
10mg/mouse
epithelial Fenbendazole inhibited the proliferation and promoted
ovarian o 0.38 uM to 1.3 uM | the apoptosis of ovarian cancer cells in a dose-
n vitro
cancer; 2004 from 24 hours to 72 | dependent manner, mechanism of action through
A2780, hours promoting apoptosis via mitotic catastrophe
SKOV3 Fenbendazole inhibited the growth of ovarian cancer
In vivo
50mg/kg in 21 days | tumors in vivo (reduce tumor weight) (43)
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In vitro, FZ inhibited proliferation of multiple cancer cell lines, with MDA-MB-231 breast
cancer cells being most sensitive (ICso <10 pM), suggesting selective cytotoxicity (44). In
addition, it induces oxidative stress on triple-negative breast cancer cells (MDA-MB-231) and
selectively reduces viability while sparing normal breast epithelial cells, indicating a redox-
mediated, cancer-targeting mechanism (45).

In ovarian cancer models, fenbendazole-incorporated PLGA nanoparticles (FZ-PLGA-NPs)
demonstrated strong antiproliferative effects both in vitro and in vivo, including in patient-
derived xenograft models, especially when administered intravenously, overcoming limitations
in bioavailability (42). Additionally, a co-encapsulation of FZ with rapamycin in polymeric
micelles significantly enhanced cytotoxicity in vitro and suppressed tumor growth in vivo
without observable toxicity (46). In H4IIE hepatocellular carcinoma cells, FZ induced p21-
mediated cell cycle arrest and apoptosis selectively in actively growing cells, without affecting
quiescent cells, and independent of glycolysis, ROS, and MAPKs (34). Fenbendazole was
particularly effective in 5-fluorouracil-resistant colorectal cancer cells, promoting apoptosis,
G2/M arrest, increased ferroptosis, and apoptosis independent of p53, making it a candidate
for overcoming drug resistance (33). In HeLa cervical cancer cells, both FZ and its analog
(analog 6) impaired proliferation via ROS accumulation, p38-MAPK activation, apoptosis, and
energy metabolism disruption. Analog 6 showed reduced toxicity to normal cells (41).

In canine melanoma cells, FZ caused G2/M arrest, disrupted microtubules, and triggered
mitotic catastrophe, suggesting potent cytotoxicity via anti-tubulin activity (47). In mouse
lymphoma models, FZ caused G2/M arrest and apoptosis in vitro, but showed no significant
tumor suppression in vivo due to immunosuppressive microenvironment modulation (48). A
combination of FZ and rapamycin showed increased bioavailability, stability, and antitumor
activity in A549 lung cancer cells, which confirming the enhanced pharmacokinetic profile and

therapeutic potential of this combination (49).

2.1.3. Research gap

Showing multitarget inhibition of cancer cell growth across various types of cancer models,
even at very small doses, fenbendazole is a potential candidate for developing a new, safe and
reasonable anticancer agent. However up to now, fenbendazole has not been applied to clinical
trial for cancer treatment. Some cases have been reported with positive results in patients (17)

but it is not enough for such a serious problem as cancer. Currently, all available
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pharmacokinetic data-including absorption, distribution, metabolism, and excretion profiles-
are derived exclusively from animal studies, primarily in animals (50-52). This creates
significant knowledge gaps regarding its behavior in humans, such as oral bioavailability,
plasma half-life, tissue penetration, and potential drug-drug interactions.

On the other hand, despite having many beneficial bioactivities, especially anticancer,
prolonged administration of FZ led to an increase in liver cytochrome enzyme activity (53),
which may impact the metabolism of fenbendazole and co-administered drugs, such as
aflatoxins (54). As a clear result, self-medication with fenbendazole led to drug-induced liver
injury in cancer patients, in which patients promptly recover after discontinuation of
fenbendazole (18,19), raising safety concerns of self-administering fenbendazole.

Therefore, a combination of fenbendazole with another hepatoprotective drug such as
dichloroacetate or its derivative may reduce dose of both two agents and help to prevent

hepatotoxic side effect of fenbendazole in vivo and in further clinical trial.

2.2. Diisopropylamine dichloroacetate

Diisopropylamine dichloroacetate (DADA), a derivative of dichloroacetic acid (DCA), is a
small molecule, which has been commercially available for over 50 years for the treatment of
chronic liver diseases with the trade name Vitamin B15. DADA its own has low toxicity, with
an LD50 oral in mice of 1700 mg/kg (24). In recent years, DADA was reported to show
significant anticancer effects, especially in lung, breast, colorectal, and esophageal cancer.

)

Cl
OH
N
H Cl

Figure 3: Chemical structure of Diisopropylamine dichloroacetate

2.2.1. Mechanism of action

In general, normal cells generate needed energy by mitochondrial oxidative phosphorylation,
whereby a pyruvate molecule enters Krebs’ cycle to be metabolized. In contrast, cancer cells
use pyruvate in the process of aerobic glycolysis - a phenomenon termed “the Warburg effect”

(37).
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Figure 4: The Warburg effect.

Oxidative phosphorylation fully oxidizes glucose to CO: in mitochondria when oxygen is
available, generating approximately 36 ATP per glucose molecule. Under oxygen-limited
conditions, anaerobic glycolysis converts glucose to lactate to regenerate NAD+, producing
only 2 ATP per glucose. The Warburg effect (aerobic glycolysis) is observed in cancer and
proliferating cells, which preferentially produce lactate even in the presence of oxygen. This
metabolic reprogramming allows proliferating cells to divert glucose carbons into biosynthetic

pathways for nucleotides, lipids, and other macromolecules needed for rapid cell division (55)

As shown in Figure 4, glycolysis starts when a glucose molecule enters the liquid part of the
intracellular environment (cytosol). After phosphorylation, glucose is converted into two
molecules of pyruvate. In normal metabolism, pyruvate, catalyzed by the enzyme pyruvate
dehydrogenase (PDH), is converted to acetyl-CoA and enters the Krebs cycle within
mitochondria. Pyruvate dehydrogenase kinase (PDK) inhibits PDH and may affect this process.
Alternatively, pyruvate may enter a process called lactic acid fermentation, in which pyruvate

converts into lactate (base conjunction of lactic acid), especially in the absence of oxygen. It

15



often occurs in hypoxic conditions, for example, in overworked muscles that are starved of
oxygen or in tumor organs, as explored by Warburg. This anaerobic fermentation produces
only 2 ATP per glucose molecule compared to up to 32 ATP from complete oxidative
phosphorylation, which contributes to the fatigue and cachexia often experienced by cancer
patients (55).

DADA has been shown to inhibit PDK4 — the main protein in PDK group, thereby liberating
PDH. This reactivation of PDH facilitates the entry of pyruvate into the mitochondria, thereby
shifting glucose metabolism from glycolysis to mitochondrial oxidative phosphorylation. As a
PDK blocker, DADA inhibited proliferation of cancer cells in vitro and in vivo by shifting
metabolism of cancer cells and induced autophagy and cell death in a breast cancer model (22).
By blocking PDK, DADA allows pyruvate to enter the mitochondria, which promotes
mitochondrial oxidation and leads to an increased reactive oxygen species (ROS) (21). Under
normal conditions, ROS may not be harmful; however, increasing ROS levels may cause
cellular damage and trigger apoptosis (56). Interestingly, DADA has shown synergistic effect
in combination with conventional cancer treatments. DADA acts as a radiosensitizer, rendering
cancer cells more sensitive to radiation. This may be explained by increased ROS production
and DNA damage. Recently, a study demonstrated the improved effect of DADA in NSCLC
either alone or in combination with radiotherapy in both in vitro and in vivo (21). Furthermore,
the combination combination of DADA, radiotherapy and anti-PD-1 antibody exhibited
superior tumor inhibition to the combination of radiotherapy and anti-PD-1 antibody in NSCLC
model (57). In a chemotherapy study, the combination of DADA and pemetrexed displayed a
significant inhibition of the proliferation of NSCLC cells in vitro compared to single-agent
treatment (57). Furthermore, lactic acid produced by tumors may help cancer cells to overcome
immune surveillance (21,58,59). In a condition of low tumor lactate level, DCA increases T-

cell proliferation and cytokine production (60).

DADA, on the other hand, has been used as a hepatoprotective over-the-counter drug for years,
with some key mechanisms such as restoration of pyruvate dehydrogenase (PDH) activity and
ATP levels in some conditions like inflammation, liver damage in which mitochondrial
function and ATP production were reduced (61). DADA, by inhibiting PDK (especially PDK4,
which is often upregulated in stressed or damaged liver cells), reactivates PDH (20). This
promotes the flow of pyruvate into the Krebs cycle (TCA cycle), thus restoring ATP production

and improving cellular energy homeostasis in the liver. Moreover, DCA has antifibrotic effects
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by inhibiting hepatic stellate cells (HSCs) activation and proliferation (62). Liver fibrosis is a
common outcome of chronic liver injury, with hepatic stellate cells play a central role in the

process of accumulation of matrix proteins: when activated, they become fibrogenic (63).

2.2.2. Studies on DADA in anticancer effects

In recent years, DADA has been a focus for finding new candidates for novel anticancer
therapy. Before discussing DADA, it is important to revisit DCA — a precursor of DADA —
which has demonstrated clear anticancer effects and has been extensively studied over the past

years.

There have been several studies on DCA’s mechanism of anticancer activity, in which DCA
reduced circulating lactate, preserved mitochondrial function, and maintained physical
performance in late-stage cancer (64). In hepatocellular carcinoma, DCA reduces the stemness
of carcinoma cells by promoting the nucleus-cytoplasm translocation of YAP and activating
the Hippo pathway, implicating it as a stemness inhibitor (65). In glioblastoma, the antitumor
effectiveness of DCA varies based on the ionic formulation and tumor model, suggesting cell-
specific response variability (66,67). Sodium and magnesium DCA suppress glioblastoma
growth and neoangiogenesis in pediatric tumor models, indicating dose- and ion-dependent
effects (68). DCA inhibited proliferation, induced apoptosis, and slowed tumor growth in a
mouse model of HPV-positive head and neck cancer, especially when combined with
quercetin, partly through mTOR inhibition and immune modulation (69). Additionally, in a
Phase II trial, DCA combined with chemoradiotherapy for head and neck cancer increased
complete response rates without increasing severe toxicity (70). In colorectal cancer stem cells,
DCA triggers ferroptosis by sequestering iron in lysosomes, leading to reduced stemness and
migration (71). In lung cancer, DCA reduced cell viability, inhibited tumor growth in vivo, and
enhanced the effects of cisplatin, gefitinib, and erlotinib (72). Moreover, DCA shifted the
metabolism of breast tumor-educated macrophages toward a pro-inflammatory antitumor
phenotype, increasing TNF-a and reducing VEGF levels (73). In oral squamous cell carcinoma
(OSCC), DCA combined with arsenite and chloroquine suppressed tumor development,
improved survival, and reduced dysplasia in vivo by modulating glycolysis, autophagy, and
ROS pathways (74). DCA alters glucose metabolism in pancreatic cancer cells by activating
oxidative phosphorylation and inhibiting glycolysis, particularly affecting amino acid

biosynthesis (75).
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Interestingly, it has been shown that DADA has a superior antitumor effect compared to DCA
in MDA-MB-231 a triple -negative breast cancer cells (TNBC) (22). The ICso of DADA and
DCA in MDA-MB-231 was 7.1 = 1.1 mmol/L and 15.6 + 2.0 mmol/L, respectively. In a
subcutaneous breast tumor xenograft model, at the same dosage (100 mg/kg) DADA

demonstrated better efficacy than DCA in suppressing tumor growth.

In non-small cell lung cancer (NSCLC), DADA induces apoptosis and inhibits lactate
production, thereby altering the tumor microenvironment and enhancing antitumor immune
responses when combined with chemotherapy, radiotherapy, or immune checkpoint inhibitors
(57). For colorectal cancer, in situ administration of DADA-loaded mats suppresses tumor
growth up to 95% without recurrence, by targeting tumor-specific metabolism (76). DADA
also enhances radiosensitization in esophageal squamous cell carcinoma by increasing

mitochondrial ROS and DNA damage while promoting G2/M arrest and apoptosis (21).

2.3. Investigation of synergistic effects

Drug synergy occurs when two drugs, when used together, produce a combined effect that is
greater than the sum of their individual effects. This phenomenon is particularly significant in
cancer therapy, where combination treatments can overcome drug resistance and enhance
therapeutic efficacy.

There are several quantitative methods for assessing the synergistic effect: Loewe Additivity,
Bliss Independence, and Combination Index. When Loewe Additivity assumes that two drugs
act through the same mechanism, synergy is detected when the combine effect is greater than
predicted by the sum of individual effect (77). Bliss Independence method assumes that drug
act independently (78). Synergy is detected when the combined effect is greater than the
product of individual effects. Because of the efficacy of DADA in combinations with other
therapies and their efficacy in protecting liver function in this study, we used the Combination
Index as the main method to determine whether fenbendazole and DADA are synergistic in

vitro.
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2.3.1 In vitro study

The Combination Index (CI) was introduced by Chou and Talalay in the 1980s to enable the
rigorous analysis of drug combinations. CI is a quantitative measurement used to determine
the interaction between two or more drugs — whether synergistic, additive, or antagonistic (79).
Mathematical basis:

The median-effect equation is:
Fa _ ( D )m
Fu \Dm
Where:
e Fa = fraction affected (e.g., % inhibition/100)
e Fu=1- Fa = fraction unaffected
e D =dose of drug

e Dm = median-effect dose (analogous to IC50)

e m = slope of the dose — response curve

Using this, the Combination Index (CI) for two drugs (Drug 1 and Drug 2) is calculated as:
D1 D2

Cr= Dlx + D2x
Where:

e D1 and D2 are the dose of Drug 1 and Drug 2 in combination required to achieve a
certain effect level (e.g./ 50% inhibition)

e D1x and D2x are the dose of each drug alone that produce the same effect.

e CI<1:synergism
e CI=1: additive effect

e CI> 1: antagonism

To capture subtle differences, the Chou-Talalay method also provides graded CI values:

e CI<0.1: Very strong synergism
e 0.1 <CI<0.3: Strong synergism
e 0.3<CI<0.7: Synergism
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e 0.7 <CI<0.85: Moderate synergism
e 0.85<CI<I1.1: Nearly additive

e 1.1 <CI<1.45: Moderate antagonism
e 1.45<CI<3.3: Antagonism

e CI>3.3: Strong antagonism
Experimental implementation (80)

Generating dose-response curves on data of cell-based assays: using common assays, such as
cell viability assays (MTT, XTT, trypan blue), apoptosis assays, cell cycle analysis or other

specific pathway reporter assays for single drugs and fixed-ratio combinations.

- Data fitting: using software such as: CompuSyn by Chou and Martin (we used
CompuSyn in this thesis); Calcu Syn or SynergyFinder
- Counting CI values at various effect levels (e.g. 25%, 50%, 75% or 90% inhibition)
Advantages of CI Method:
- Provided a mechanistically grounded, quantitative evalutation of drug interactions
- Allow assessment across multiple effect level, not just a single 1Cso
- Generates isobolograms and Fa-CI plots for visualization of synergy
Limitations:
- Assumes accurate curve fitting and requires a well-characterized dose-response for
each drug
- Works best when drugs act on related or complementary pathways: may mispresent
interaction between drugs with unrelated mechanisms

- Sensitive to experimental variability, particularly in high-dose or low-effect ranges.

2.3.2. In vivo study

In vivo systems are biologically complex, and drug concentrations may not follow linear
kinetics. Therefore, empirical models based on actual tumor volume measurements are the
most practical. The most widely used in vivo approach is the Tumor Growth Inhibition (TGI)
method combined with a synergy assessment index. Moreover, xenograft mouse models and
syngeneic tumor models have been used to assess tumor growth inhibition, survival, and

histopathological changes. These studies provide insights into systemic effects, bioavailability,
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and immune-related interactions to compare the effectiveness of a single agent with a
combination at the same doses.

Tumor Growth Inhibition (TGI)

TVtreatment

TGI = (1 _ )x100%

TVcontrol

Where:
e TV = tumor volume at endpoint (e.g., Day 21)
e TGl is calculated for each group (monotherapy and combination)

Then we use a Modification of Expected Additivity for in vivo synergy:

TG,xTG,

Expected TGl ompo = TG, + TG, — ( 100

After that, we compare with Observed TGI of the combination:

e IfObserved TGI > Expected TGI — Synergy

e IfObserved TGI = Expected TGI — Additivity

e IfObserved TGI < Expected TGI — Antagonism
Another option is using two-way ANOVA to assess if the interaction term (Drug A x Drug B)
is statistically significant for tumor size or survival. If the result is statistically significant, we

can confirm about synergy between agents.

2.4. Lung cancer models

2.4.1. Overiew of lung cancer therapy

Lung cancer is the most frequently diagnosed cancer in 2022, with 2,5 million new cases
(12,4% of cancer types) worldwide (1). Based on report of WHO lung cancer is the leading
cause of cancer-related death (1,8 million deaths, 18,7% of total cancer deaths). The number
of death from lung cancer nearly 2.5 times higher than that from colorectal cancer, which ranks
second. In Vietnam, lung cancer is the second most common type of cancer in both sexes (81).
Lung cancer arises from the progressive accumulation of genetic and epigenetic alterations
within cellular nuclei over extended periods (82). This malignant transformation begins when

a cell escapes normal regulatory mechanisms that govern division and spatial organization. The

21



development and advancement of lung cancer are driven by the following molecular and
cellular disruptions, namely dysregulated cell cycle control, oncogenic mutations, impaired
DNA repair mechanisms, sustained angiogenesis, apoptosis evasion, telomerase reactivation,
metastatic competence. It is broadly categorized into small cell lung cancer (SMLC) and non-
small cell lung cancer (NSCLC), in which NSCLC accounting for 85% of all cases (83).
NSCLC arise from the epithelial cells of the lung of the central bronchi to the terminal alveoli.
Squamous cell carcinomas usually begin near the central bronchus.

The main treatment modalities used for NSCLC include surgery, radiation therapy,
chemotherapy, immunetherapy, and the combination treatments. Surgery is often the primary
and most effective treatment option for early-stage NSCLC (Stage I, II, and some Stage I1IA)
when the tumor is localized and can be fully removed (84). Radiation therapy, on the other
hand, uses high-energy rays to kill cancer cells or shrink tumor. Radiation therapy is used in
various setting to curative intent for early-stage NSCLC in patients who cannot undergo
surgery or for locally advanced NSCLC combined with chemotherapy (85). Chemotherapy, a
key therapy for cancer treatment is used typically given intravenously (IV), to eliminate cancer
cells throughout the body. Chemotherapy usually involves a combination of two drugs, often
including a plantinum-based drug (cisplatin or carboplatin) combined with another agent, such
as pemetrexed, paclitaxel, vinorelbine, gemcitabine or etoposide (86). Chemotherapy can cause
significant side effects (fatigue, nausea, hair loss, bone marrow suppression) due to its impact
on fast-growing healthy cells. Recent years, targeted therapy in which drugs that specifically
attack cancer cells by targeting specific molecular pathways or genetic mutations that drive
their growth and survival pays attention in various type of cancer (87). In lung cancer, targeted
therapy are used in the treatment of advanced NSCLC (88). To determine whether targeted
therapy is an option, molecular testing (biomarker testing) of the tumor tissue is crucial to
identify specific "driver mutations". Small-molecule drugs with small structure, which enter
cells easily, are used as targets inside cells, and monoclonal antibodies — proteins produced in
the lab—designed to attach to specific targets found on cancer cells (89). However, targeted
therapy can also cause side effects, such as diarrhea, liver problems, fatigue, and high blood
pressure. In addition, the cost of this type of therapy is not affordable for everyone (90). In
contrast with previous therapies, immunotherapy uses drugs that harness the body’s own
immune system to recognize and attack cancer cells, like PD-1 inhibitors (Pembrolizumab,
Nivolumab), PD-L1 inhibitors (Atezolinumab, Durvalumab), CTLA-4 inhibitors (ipilimumab,
tremelimumab...) (86). Immunotherapy, therefore, can cause unique side effects known as

"immune-related adverse events" (irAEs), where the activated immune system attacks healthy

22



organs (91,92). Nowadays, combination therapy is applying in NSCLC treatments to improve
efficacy, overcome resistance, and target cancer cells through multiple pathways, such as:
chemotherapy + immunotherapy; chemotherapy + radiation; targeted therapy + chemotherapy;
targeted therapy + immunotherapy. Despite the development of new drugs and technologies
for cancer treatment, lung cancer remains one of the hardest obstacles owing to late prognosis,
the effectiveness and side effects of current therapies. Therefore, alternative treatment
strategies are required.

Combining drugs is one of the most important strategies to overcome resistance, achieve higher
efficacy with lower individual drug doses, and target multiple pathways. Thus, to confirm my
hypothesis regarding the synergistic effect, I chose to conduct further experiments on lung
cancer models, despite the fact that this combination may work effectively in various types of

cancer.

2.4.2. A549 lung cancer cell line

A549 is a human non-small cell lung carcinoma cell line derived from a patient with lung
adenocarcinoma (93). First isolated in 1972 from the lung cancer tissue of a 58-year-old
Caucasian male, the A549 cancer cell line was established by D. J. Giard and associates. They
are characterized by an adherent growth pattern, forming monolayers with an epithelial-like
morphology reminiscent of squamous lung tissue cells. A549 is frequently used in lung cancer
models because of its high reproductivity (stable growth characteristics allow for reproducible
in vitro and in vivo experiments), strong experimental design with extensive literature exists
on this cell line, and it is relevant to the most common subtype of lung cancer (93). In addition,
there are some limitations of A549 as a sole model: A549 does not represent the vast
heterogeneity of lung cancer patients, and monolayer A549 cultures lack a complex tumor
microenvironment. In xenografts, the lack of the human immune system in mice is a significant
limitation for assessing immunomodulatory drug effects of immune-mediated synergy in A549
derived cancer cells (94).

There was a huge number of literature on A549 line, including investigations the synergistic
effect of drugs, such as: combination of herbal extracts (Phyllanthus emblica and Terminalia
bellerica extract) (95), chemotherapy combination (cisplatin + doxorubicin), targeted therapy
combination (EGFR inhibitors + ALK inhibitors) (96) or natural products/repurposed drugs

(curcumin + gemcitabine (93), metformin + cisplatin (97)).
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2.5. Rationale for combining fenbendazole and DADA

Both fenbendazole and DADA have shown successful case studies when combined with other
agents for cancer therapy (21,42,58). Based on the previously described mechanism of action
of fenbendazole and DADA, the combination of fenbendazole and DADA may exert some
important effects in cancer models. Both DADA and fenbendazole strongly affect glucose
metabolism in cancer cells by reducing their main source of energy and starving (14).
Consequently, cancer cells may shift their metabolism to normal oxidative phosphorylation or
starvation, and the process of rapid growth is stopped. Both agents have been found to
induceable ROS levels (21,34) which may cause cellular damage and trigger apoptosis, in
addition to other effects of fenbendazole in the activation of apoptosis, as shown above in the
mechanism of action. As a hepatoprotector, DADA may help prevent side effects of
fenbendazole in the liver (18,19). Moreover, decreasing the dose of fenbendazole in cases of

synergy with DADA has a lot of meaning in long-term treatment of patients.
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CHAPTER III. MATERIALS AND METHODS

3.1. Chemical agents

FZ (Thermo Fisher, USA), DADA (TCI, Japan), camptothecin (Thermo Fisher, USA) and
paclitaxel (Thermo Fisher, USA) were dissolved in dimethyl sulfoxide (DMSO) and then
diluted to the required working concentrations in complete medium.

Camptothecin was used as positive control for screening the IC50 and optimal doses on A549
and other cell lines in MTT experiments at the first steps. For further experiments for exploring
mechanism of action, paclitaxel was selected as a comparative control because it shares a
similar pharmacological profile with FZ. Both agents target the microtubule system—Ieading
to cell cycle arrest and subsequent apoptosis—thereby providing a more relevant basis for
evaluating the anti-tumor efficacy of our combination.

In vivo experiments, cisplatin (Ewebe pharma, Austria) for injection was used for positive

control because of animal research center’s (Medical Military Academy) availability.

3.2. Cell lines and cell culture

A549 cells were purchased from ATCC. PC-3, DU145, MCF-7, HepG2 were provided by
Professor Lee Jeong Hyung, Kangwon National University, Gangwo-do, Korea. A549, MCF-
7 cells were cultivated in a complete culture medium Roswell Park Memorial Institute medium
(RPMI) (Sigma-Aldrich Solution, Merck, Germany) composed of 10% Fetal bovine serum
(FBS) (Gibco, Invitrogen, USA), and 1% penicillin/streptomicin solution - penicillin 10000
units/mL, streptomycin 10000 (g/mL) (PS) (Gibco, Invitrogen, USA). PC-3, DUI145 and
HepG2 were maintained in complete medium Dulbecco's Modified Eagle Medium (DMEM)
(Gibco, Invitrogen, USA), composed of 10% FBS and 1% PS. The cells were incubated in an
Eppendorf CellXpert C170 humidified incubator at 37°C with 5% COx. The cells were passed
every 2 - 3 days depending on their confluence, and after 3 passages, they were considered

stable for further experiments.

3.3. Cell seeding

A549 cells were seeded with different density based on the requirement of each experiment.

The table belows display the seeding and treating process.
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Table 2: Cell seeding conditional

Experiment Plate Density

MTT 96-wells plate cells/well 2.5x10% cells/well
ROS 96-wells plate 2.5x10% cells/well
Cell cycle 6-wells plate 1x10° cells/well
Apoptosis 6-wells plate 1x10° cells/well
Glucose uptake 96-wells plate 5x10%cells/well
Lactate 96-wells plate 5x10%cells/well
Hoechst staining 6 cm plate 5x10° cells/plate
Western blot 6 cm plate 5x10° cells/plate

3.4. Cell viability assay

A549 cells were cultured in the 96 wells plate (2.5x10* cells/well) and incubated in the CO»
5% incubator 37°C overnight. Cells were treated with various concentrations of FZ alone,
DADA alone and FZ-DADA combination for 24, 48 and 72 hours. Cell viability of A549 cells
under effect of FZ and DADA was measured by MTT method (98). MTT is reduced by NADH

enzyme in the mitochondria of a cell to formazan (Figure 5).
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MTT Formazan
(3-(4,5-dimethylthiazol-2-yl)-2,5- ((E,Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-
diphenyltetrazolium bromide) diphenylformazan)

Figure 5: Formation of formazan crystals from MTT (99).

Cells was incubated with MTT working solution (5Smg/mL) at least 4 hours at 37°C, 5% COa.
Supernatant after that was removes, formazan was solvented by isopropanol, the absorbance

was measured with a spectrophotometer at 570 nm by using the SpectraMax ID5 microplate
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reader. Experiment was triplicated for statistic analysis. The percentage of cell survival (% CS)

was calculated by following formula:

C5% = 205U by
0~ ODcontrol x 0

3.5. Hoestch staining

Apoptosis, or programmed cell death, plays an important role in normal development,
homeostasis, even pathogenic processes. Apoptosis is a form of cell death characterized by
chromatin condensation, cell shrinkage, membrane blebbing, and finally loss of membrane
integrity (119,120) . To assess the effects of FZ and DADA combination on nuclear material,
cells were stained with Hoechst 33342. Hoechst 33342 is a nuclear dye that emits fluorescence
at wave length of 461 nm, making it a valuable tool for visualizing DNA in cells. Cells are
stained with Hoechst 33342 and observed under a fluorescence microscope, differences in
nuclear morphology and fluorescence patterns can help distinguish between healthy, necrotic,
and apoptotic cells. Healthy cells display round, uniformly stained nuclei with evenly
distributed chromatin, producing a strong and consistent fluorescent signal. Apoptotic cells, on
the other hand, usually show a weaker fluorescent signal due to chromatin condensation or
nuclear fragmentation. In some cases, the apoptotic cells may lack fragmentation but can still
be identified by condensed chromatin. In contrast, the necrotic cells have less condensed DNA
and a poorly defined nuclear envelope, resulting in a weaker and more diffuse fluorescent

signal (Figure 6).
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Figure 6: Hoechst staining principle

Cells were seeded in 6 cm plate in 24 hours and treated with FZ and DADA in 48 hours.
Hoechst 33342 (Thermo Scientific, Gerrmany) stock solution with concentration of 20 mM
were diluted with PBS (Phosphate buffered saline) 1X (Gibco, Invitrogen, USA),) to final
concentration of 10 uM. 1 mL of 10 uM Hoechst 33342 was added into each plate and
incubated in the incubator in 30 minutes. Dye solution was removed from the well and cells
were washed with 1 mL of PBS 1X. The morphology of cells under the effect of drug treatment
was observed with Nikin Eclipse Ni-U microscope (Nikon, Japan) cooperated with a DS-
Ri2/DS-Qi2 camera (Nikon, Japan), x20. Apoptosis cells were counted by manually.

3.6. Apoptosis assay

Apoptosis, or programmed cell death, plays a critical role in maintaining cellular homeostasis
and eliminating damaged or abnormal cells (105). In cancer treatment, inducing apoptosis in
malignant cells is a key therapeutic strategy. Many chemotherapeutic agents and targeted
therapies aim to restore apoptotic pathways that are often dysregulated in cancer, thereby
inhibiting tumor growth and promoting cell death. Studying apoptosis provides valuable
insights into the efficacy and mechanisms of potential anti-cancer agents. The two main
pathways of apoptosis are the extrinsic (death receptor) and the intrinsic (mitochondrial)
pathways (Figure 7). The death receptor pathway is initiated when extracellular death ligands
bind to cell surface death receptors, triggering the formation of the death-inducing signaling
complex (DISC) and subsequent activation of caspase-8. This caspase then directly cleaves

and activates executioner caspases like caspase-3 and caspase-7, leading to apoptotic cell death.
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In contrast, the intrinsic pathway is activated by intracellular stress signals such as DNA
damage, oxidative stress, or growth factor deprivation, which cause mitochondrial outer
membrane permeabilization (MOMP) through the action of pro-apoptotic Bcl-2 family
proteins. This releases cytochrome C into the cytosol, where it binds Apaf-1 to form the
apoptosome and activate caspase-9, which then activates the same downstream executioner
caspases as the extrinsic pathway. Importantly, these pathways can intersect through Bid, a
pro-apoptotic protein cleaved by caspase-8 to generate tBid, which amplifies the apoptotic
signal by activating the intrinsic pathway. Both pathways are tightly regulated by anti-apoptotic
proteins like Bel-2 and Bcel-xL, which inhibit MOMP, and their dysregulation is a hallmark of
cancer, making them important targets for therapeutic intervention (106).

Under physiological conditions, healthy cells maintain a distinct distribution of phospholipids
across their lipid bilayers. Choline-containing phospholipids, such as phosphatidylcholine and
sphingomyelin, are predominantly located on the extracellular side, while aminophospholipids,
including phosphatidylserine and phosphatidylethanolamine, are confined to the cytoplasmic
side. However, during apoptosis, phosphatidylserine translocates to the extracellular side of the
lipid bilayer, serving as an early marker of programmed cell death.

Phosphatidylserine exposure can be detected using Annexin V, a 36-kDa protein tagged with
a fluorochrome (108). This probe binds reversibly to phosphatidylserine residues in a calcium
dependent manner. In the later stages of apoptosis, the integrity of the cell membrane is
compromised, allowing propidium iodide (PI), a nuclear-staining fluorochrome dye, to
penetrate the cell and bind to nuclear DNA, thus distinguishing late apoptotic or necrotic cells

(Figure 8).
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Figure 7: Apoptosis pathways are divided into the extrinsic and the intrinsic pathways

Extrinsic pathway is initiated when extracellular death ligands bind to cell surface death
receptors, triggering the formation of tDISC) and subsequent activation of caspase-8. This
caspase then directly cleaves and like caspase-3 and caspase-7, leading to apoptotic cell death.
DISCL:death-inducing signaling complex, BID, tBID FADD, TRADD. Intrinsic pathway is
activated by intracellular stress signals. The permeability of mitochondria was altered and
cytochrome C was realeased through the atc of Bcl family. Cytochrome C activate caspase-9

and then caspase-3, caspase-7 resulting in apoptosis. ER, MOMP, BAX, BAK, APAFI (107).
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Figure 8: Principle of Anexin V/PI staining (109)

A549 cells were seeded in 6-well plates for 24 hours before being treated with or without FZ,
DADA, a FZ-DADA combination in 48 hours in concentration dependent experiment and treat
with or without a FZ-DADA combination in 24, 48 and 72 hours for time dependant
experiment. The supernatant and death cells were washed with PBS and adhering cells were
collected and washed in PBS twice. Apoptotic cells were stained with annexin-V (1 mg/mL)
and PI (1 mg/mL) following annexin-V/PI staining kit. Apoptosis analysis was performed
using a Novocyte 2000 flow cytometer (ACEA Biosciences Inc, USA) and NovoExpress

software.

3.7. Cell cycle arrest

The cell cycle plays an important role in the growth and proliferation of cells (100). Cyclin-
dependent kinases (CDKs) are a critical proteins in controlling the cell cycle progression. The
activated of CDKs provide a means for the cell to move from one phase of the cell cycle to the
next ones. Furthermore, the CDKs are regulated positively by cyclins and regulated negatively
by naturally occurring CDK inhibitors (CDKIs) (100). The cell cycle is also a key target in
cancer treatment, as dysregulation of cell cycle is a hallmark of cancer. Many cancer therapies

aim to inhibit CDKs or modulate cyclins to prevent the unchecked proliferation of cancer cells
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(100-103). Targeting the cell cycle machinery allows for a more precise approach in disrupting

cancer cell growth while sparing normal cells (Figure 9).

CDK4/6
Gophase inhibitor
Weel Ki (resting)
ee1 Kinase

inhibitor

CDK1
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Figure 9: Cell cycle arrest and the regulators.

Various agents can be targeted to induce cell cycle arrest: CDK4/6 inhibitors target G1/S
checkpoint while CDK2 and CDK1 inhibitors target S/G2 and G2/M checkpoint respectively.
CDK: Cyclin-Dependent Kinase, CDKI: Cyclin-Dependent Kinase 1, CDK2: Cyclin-
Dependent Kinase 2, CDK4/6: Cyclin-Dependent Kinase 4-6 (104)

A549 cells were seeded in 6-well plates for 24 hours before being treated with or without FZ,
DADA, or a FZ-DADA combination for 48 hours. Adhering cells were collected and washed
in PBS twice. After fixing with ice-cold 70% ethanol, at -20°C for 2 hours, cells were washed
with PBS and treated in PBS for 30 minutes with 1 mg/mL propidium iodine (PI) (Thermos,
USA) and 20 pg/mL RNAse (Thermos, USA). Cell cycle analysis was performed using a
Novocyte 2000 flow cytometer (ACEA Biosciences Inc, USA) and NovoExpress software.

3.8. ROS assay

A549 cells were cultured in the 96 wells plate (2.5x10* cells/well) with RPMI 10% FBS 1%

PS and incubated in the COz 5% incubator 37°C overnight. Cells were treated with various
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concentrations of FZ alone, DADA alone and FZ-DADA combination in 48 hours. Supernatant
was removed. ROS level in were measured by Reactive Oxygen Species (ROS) Detection
Assay Kit (ab287839) in which cells were washed with ROS washing buffer and then incubated
with 100 pL ROS label in 45 minutes (light protected). ROS label was removed, 100 uL was
added into each well. ROS levels were measured at Ex/Em= 495/529 nm in an end point mode

using SpectraMax ID5 microplate reader.

3.9. Glucose uptake assay

Glucose uptake assay was conducted using 2-deoxyglucose (2-DG), which is structurally
similar to glucose, according to the manufacturer's instruction (glucose uptake kit AbCam,
UK). 2-DG is taken by glucose transporters and converted to 2-DG-6-phosphate (2-DG6P)
(110). 2-DG6P cannot be processed further and consequently accumulates inside cells. The
accumulation of 2-DG6P is proportional to the absorption of 2-DG (or glucose) by cells. In this
assay, 2-DG6P is oxidized to produce NADPH, the concentration of which is measured using

an enzymatic recycling amplification reaction (Figure 10).

Hexokinase

2-DG W 2-DG6P NADP

Step A G6PDH
6PDG A NADPH

6PGv NADPH \KGSSG Product (Ana= 412 nm)

Step: B G6PDH /Q
G6P NADP 2GSH DTNB

Figure 10: Principle of glucose uptake assay (111)

A549 were seeded in a 96-well plate (5x10* cells/well) for one day and then starved with
DMEM high glucose without FBS overnight. Cells were then treated with FZ, DADA, FZ and
DADA with various combination in 24 hours. Cells were incubated with Krebs-Ringer
Phosphate-Hepes (KRPH) buffer for 40 minutes and insulin 1 uM for 20 minutes. Then, 10
mM 2-DG was added and incubated for an additional 20 minutes. Cells were lysed with an
extraction buffer; frozen in -80°C in 10 minutes and heated at 85°C for 40 minutes. The lysates
were neutralized by adding a neutralization buffer and centrifuged to collect the supernatant

samples containing NADPH. The products were amplified following the glucose uptake kit

33



protocol. The absorbance was measured at 412 nm using the SpectraMax ID5 microplate

reader.

3.10. Lactate assay

Lactate serves dual roles as a metabolic byproduct and a signaling molecule in cellular
processes (112). Lactate is produced by the reduction of pyruvate by lactate dehydrogenase

(LDH) during glycolysis under anaerobic or aerobic conditions.

CH3COCOO" + NADH + H' << CH3;CHOHCOO + NAD" (112)

Pyruvate LDH Lactate

The high level of lactate in solid tumors and its extracellular environment is recognized as a
marker of malignancy and poor prognosis (113,114). Lactate reprograms the tumor
microenvironment (TME) to foster the cancer-promoting phenotype (115,116). Furthermore,
it is favorable to the development of cancer through various biological capabilities, including
cell proliferation, cell death, invasion and metastasis, angiogenesis. Targeting lactate
metabolism has thus emerged as a promising strategy in cancer treatment, aiming to disrupt
tumor energy supply and restore immune function. To measure lactate in the medium and cell
lysates, lactate colorimetric assay kits (AB65331) (AbCam, Cambridge, UK) were used
according to the manufacturer’s instructions. Briefly, A549 cells were seeded in 96 wells plate
for 24h and then treated with various concentrations of FZ, DADA and FZ-DADA
combination. The concentration of lactate in culture medium or cell lysates at 48h was detected
by the SpectraMax ID5 microplate reader at 450 nm using a standard curve generated with a

known concentration of lactate solution.
3.11. Total protein extraction and quantification

For protein expression, A549 cells were seeded in 6 cm plate and incubated in CO; incubator
in 24 hours before treatment. Cells after that were treated with FZ and DADA in 48 hours.
Afterwards, the culture medium was aspirated, and the cells were rinsed with cold 1X PBS.
ImL Trypsin-EDTA was added into each plate. Cells were harvested into 1.5 mL Eppendorf
tubes after 5 minutes incubated with Trypsin (Gibco, Invitrogen, USA), and lysed by RIPA
lysis buffer (RIPA + Trixton 10X + NazVOs4+ PMSF) (Merck, Germany). Then the mixture of
cell-RIPA was sonicated by BioLogics 300V/T Ultrasonic Homogeniser ( BioLogics, USA)

for 3 times (5 seconds each with 60 seconds resting) and centrifuged at 14,000 rpm at 4°C for
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15 minutes. The supernatant containing proteins was collected and stored at -80°C for further
experiments. Before carrying out western blot analysis, the amount of total protein was
measured using the Bradford method based on protocol provided by the manufacturer (iNtRON
Biotechnology, USA).

3.12. Western blot

Protein was loaded onto sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE) with a
similar amount (30 pg/well). After running electrophoresis (90 V-30 minutes and 120 V - 80
minutes), the separating protein in the gel was transferred onto a polyvinylidene fluoride
(PVDF) blotting membrane (GE Healthcare, Amersham, UK). Afterwards, the PVDF
membrane was blocked in 5% BSA in TBS-T 1X (50 mmol/L Tris-HCL pH 7.6, 150 mmol/L
NaCl containing 0.1% Tween-20) in one hour. Membranes were incubated with different
targeted primary antibodies (anti-B-tubulin, anti-p-PI3K, anti-PI3K, anti-p-Akt, and anti-Akt,
anti-BAX, anti-Bcl2 (Cell signalling, USA), anti-Cyclin A, anti-Cyclin E (Abcam, UK) at 4°C
overnight. Membranes were washed in TBS-T 1X (3 times, 15 minutes each) and subsequently
labelled with secondary antibodies (anti-rabbit or anti-mouse) for 1.5 hours at room
temperature. After washing with TBS-T 1X (3 times, 15 minutes each) protein blots were
visualised using Cytiva Amersham™ ECL™ Prime Western Blotting Detection Reagent (UK)
in accordance with the manufacturer’s instructions. The signals of proteins expression were
detected and captured by ImageQuantTM LAS 500 (Cytiva, USA). Finally, the band intensities

were densitometrically quantified by the ImageJ software.

3.13. Animal experiments

3.13.1 Animal preparation

In order to evaluate the anti-cancer activity of FZ and DADA, the immunodeficient BALB/c
nude mice (Foxnlnu), 6-8 week, weight from 18 to 22 grams from BioLASCO (Taiwan) were
utilized for the in vivo assessment. Mice were housed in a sterile environment following the
standard operating procedures for nude mouse care provided by the Dinh Tien Hoang Institute
of Medicine. All animals were acclimated to the facility's conditions for one week before the
initiation of the experiment, with ad libitum access to food and water. Room temperature and

humidity were carefully controlled, and a 12-hour light/dark cycle was maintained. Human
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lung cancer cells (A549) were grown on cell culture flasks in RPMI 1640 culture media
supplemented with 10% FBS, 1% penicillin and streptomycin at 37°C and CO,. Cells were
checked 2 to 3 times per week. Cell were washed twice with 1X PBS before being detached
from the culture flask using 1X Trypsin-EDTA solution. Subsequently, the viable cell density
was determined using an Invitrogen Countess® II FL cell counter and analyzer. The cell
solution was then diluted in fresh culture media to achieve a final concentration of 2 x 107
cells/mL. The prepared cell solution was aspirated into a 1 mL syringe and injected into the
right flank's subcutaneous site of immobilized, immunodeficient mice (2 x10° cells /0.1 mL/
mouse) into the right flank's subcutaneous site. The manipulation is done in a sterile
environment.

When the tumor reached 50 mm? after 3 weeks of injection, the mice were randomized into
eight groups:

Group 1: Healthy control - 6 mice

Group 2: Tumor control - 9 mice

Group 3: Positive control - Cisplatin — 8 mice

Group 4: FZ 40 mg/kg - 9 mice

Group 5: DADA 20 mg/kg - 10 mice

Group 6: DADA 100 mg/kg — 10 mice

Group 7: FZ 40 mg/kg + DADA 20 mg/kg - 10 mice

Group 8: FZ 40 mg/kg + DADA 100 mg/kg - 10 mice

Animals in the treatment groups (group 4, 5, 6, 7, 8) received a daily oral treatment, while mice
in positive control group received 5 mg/kg cisplatin daily by injection subcutaneously near the
tumor. The tumor control group received daily oral administration of purified water instead of
any treatment.

Following tumor transplantation, these indices were monitored: Overall health, weight,
appearance, tumor growth, and time to death in groups of mice.

Tumor length and width was measured weekly by NSK 150mm vernier caliper (NSK, Japan).
The tumor volume was calculated using following formulation:

_ (DxR?)
2
While:

V: tumor volume (mm?).
D: tumor length as measured (mm).

R: tumor width as measured (mm).
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3.13.2 Toxicology study

After 60 days of treatment, mice were anesthetized with isoflurane and euthanized by cervical
dislocation. Serum, lung, and tumor samples were collected for assays. Post tumor inoculation,
the following parameters were monitored to assess overall health and treatment effects,
including body weight, appearance, tumor growth, and survival time. The health condition of
the mice was assessed based on the following criteria:

Weight: recorded twice weekly using an electronic scale TE3102S Sartorius (Germany) to

track mice’s weight changes before and after treatment.

Movement: Observations were made on movement patterns (normal, hyperactive, hypoactive,

or immobile).

Response to stimuli: Response to tactile and environmental stimuli was categorized as

normal, heightened, reduced, or absent.

Skin color: Evaluated for changes, including standard color, purple, and bleeding.

Mice feces: Monitored for consistency and appearance (normal, loose, bloody stool)
Aspartate aminotranssferase (AST) and Alanine aminotranssferase (ALT) are liver enzymes
measured in blood, which represent the liver function (117). To evaluate the impacts of FZ and
DADA treatment on function and structure of mouse liver by measuring AST, ALT level in
blood by AU480 chemistry analyzer (Beckman Coulter, Japan) and histopathology images.
Serum urea and creatinine levels are well-established parameters for assessing renal status
(118). By evaluating serum urea and creatinine levels by AU480 chemistry analyzer (Beckman
Coulter, Japan). Alongside histopathological images, the renal function and structure of
animals undergoing treatment with FZ and DADA were assessed.

The complete blood count, including the numbers of red blood cells and white blood cells, was
measured at the end of the study using MEK 7300 analyzing machine (Nihon Kohden, Japan),

prior to the euthanasia of the mice

3.13.3 Histopathological imaging

After 60 days, the mice were euthanized, and blood samples and tissue specimens were
collected for further analysis.
Tissue samples were collected and immediately fixed in a formaldehyde:alcohol:acetic acid

solution (10%:50%:5%) under vacuum for 3 hours, with fresh fixative supplied every hour.
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After fixation, the tissues were processed through a graded ethanol series (30%, 50%, 70%,
90%, and 100%), with each solution replaced hourly. The samples were then incubated in an
ethanol-butanol mixture with gradually increasing concentrations of butanol until reaching

100%, followed by overnight incubation in 100% butanol to facilitate paraffin infiltration.

Subsequently, the tissues were transferred through a series of solutions in which butanol was
progressively replaced by xylene to ensure its complete removal. Paraffin infiltration was
performed at 60 °C, during which the xylene was continuously exchanged with molten paraffin.
After 48—72 hours of solidification, the samples were embedded in paraftin using a Myr EC350
modular tissue embedding center (Thermo Scientific, USA). Paraffin blocks were sectioned
into 10-um thick slices using an HM 340E rotary microtome (Thermo Scientific, USA). The
sections were mounted on glass slides and dried at 50 °C for 2 hours. Before staining, the slides
were deparaffinized in 100% xylene (Merck, USA) and rehydrated through a graded ethanol
series (100%, 95%, 80%, 70%) followed by rinsing in distilled water. Hematoxylin and eosin
(H&E) staining was then performed. After staining, the slides were dehydrated through
increasing concentrations of ethanol (70% — 80% — 95% — 100%) and cleared twice in
100% xylene. Finally, coverslips were applied using a xylene-based mounting medium, and

the slides were allowed to dry completely before imaging.

3.13.4 Ethical considerations

All experimental procedures involving animals followed ethical guidelines for laboratory
animal use, and the protocol was approved by the Dinh Tien Hoang Institute of Medicine’s

review board (approval number IRB-A-2200 on March 25th, 2022).

3.14. Statistical analysis

Data were analyzed using SPSS software version 22.0 (IBM Corp) and GraphPad Prism 10
(GraphPad Software, USA). The Chi-square test (> test) was used to compare two observed
proportions. In comparison, a one-way analysis of variance (ANOVA) is used to compare the
means among three or more groups, with a Dunnett test used to determine which differences
are significant. A two-way ANOVA compares the means among three or more groups at
different time points. Comparison of medians between two independent groups was performed

using the Mann-Whitney U test, with the significance determined based on the p value (p >
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0.05: no statistically significant difference and p < 0.05: statistically significant difference).
The Log-rank test was applied to compare the cumulative survival time between different

treatment methods.
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CHAPTERI1V: SYNERGIC EFFECT OF FZ AND DADA IN A549 NON-SMALL CELL
LUNG CANCER CELLS

4.1. Cytotoxic effect of FZ and DADA in A549 lung cancer cells

FZ and DADA not only affect viability of A549 lung cancer cells (Figure 11.A) but also reduce
the cell survival in other cancer cell lines. Viability of MCF-7 breast cancer cell (Figure S1),
PC3 prostate cancer cells (Figure S2), DU145 (Figure S3) and Hep G2 liver cancer cells
(Figure S4), after treatment of FZ and DADA was measured by MTT assay. Camptothecin was
used as a positive control to validate the reliability of the results. The cytotoxic activities of FZ
and DADA were different among these cancer cells with the highest effect observed in A549
lung cancer cells. Therefore this research focused on the mechanism of action of FZ and DADA
in A549 lung cancer cell model.

A549 cells were treated with a serial concentration of FZ and DADA in 48 hours. Camptothecin
was used as a positive control for all experiment. ICso values of FZ and DADA were determined
approximately 1 uM and 5 mM, respectively (Figure 11.A). The cell death rate was dose-
dependent with approximately 30% of cells dead after treatment with the FZ alone, or FZ and
DADA combination. My results demonstrated that the FZ-DADA combination ratio [1:5000]
significantly reduced cell viability compared to FZ or DADA alone (Figure 11.B). Hence, this
combination ratio was chosen for further cytotoxic experiments. The synergistic effects of FZ
and DADA were investigated through evaluating the capacity to inhibit the growth of A549
cells. A computational model was applied to investigate the synergistic effect of FZ-DADA
combination at ratio [ 1:5000]. The combination index (CI) value was calculated (Figure 11.C).
The results revealed that at the ratio [1:5000], FZ together with DADA had synergistic effects
after 48 hours, with the efficacy increasing in a dose-dependent manner. This was proved by
the CI value below one across all tested doses, with the maximalfraction affected index (Fa)

reaching approximately 0.8.
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Figure 11:Cell viability and combination index of FZ and DADA.

A,B — Cells were trated with FZ, DADA and its combination at various dosages for 48 h, cell
viability was determined by formazan crystal formation of MTT assay. The colorimetric was
identified using microplate reader at 570 nm. The results were analyzed by ANOVA, with a
Dunnett test used to determine which differences are significant. * Correspond to p < 0.05, **

p <0.01, ¥**p <0.001. All treatments were performed in triplicate.

C - The combination index (CI) and fraction affected (Fa) were calculated using compusyn

software. The CI < [ is synergism and the CI > 1 is antagonism.
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4.2. Hoechst staining

The Hoechst staining assay performed on the DMSO control, the positive control paclitaxel (1
uM), and the individual as well as combined treatments of FZ and DADA at a [1:5000] ratio
demonstrated that the combination induced apoptosis. The percentage of apoptotic cells in the
combination group reached 20%, which was significantly higher than that of FZ and DADA
alone, at 14% and 3%, respectively (Figure 12).
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Figure 12: Hoechst staining

Cells were treated with DADA, FZ alone as well as the combination of DADA and FZ at ration
1:5000 in 48 h, nuclear of cells were stained by Hoechst dyes and observed under fluorescence
microscopy at objective 20x . Number apoptotic cells was recorded in differenct point of each
sample. The yellow arrows indicated the apoptotic cells. The results were analyzed by ANOVA,
with a Dunnett test used to determine which differences are significant. ** p < 0.01, **** p

<0.0001.
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4.3. FZ and DADA combination triggers apoptosis

To measure the effect of FZ and DADA in the cell death programming, fluorescence activated
cell sorting (FACS) analysis employing Annexin-V-FITC and propidium iodide staining was
used. The flow cytometry results after 48h treatments revealed that FZ and DADA alone
substantially triggered apoptosis at their ICso, with apoptotic rates of 38.83% (14.62% early
apoptosis and 24.01% late apoptosis) and 38.48% (16% early apoptosis and 22.48% late
apoptosis), respectively. However, in FZ-DADA combination at ratio 1:5000 the rate of
apoptosis increased considerably at 71.54% (13.1% early apoptosis and 58.44% late apoptosis)
(Figure 13). This combination significantly increased the proportion of late apoptotic cells
compared with FZ and DADA alone.

To elucidate the mechanism of action of FZ and DADA in programmed cell death in A549
cells, we checked the impacts of this combination on the expression of the proteins regulating
apoptosis. FZ-DADA increased the expression of BAX 17 times fold while it reduced 4 times
the expression of Bcl-2. In apoptotic cell death, Bel-2 family proteins play an important role.
The high expression of Bcl-2 in many cancers mediates the resistance of cancers to a wide
range of chemotherapeutic drugs and y-irradiation, which acts by inducing apoptosis in tumor
cells. Blocking Bcl-2 activity thus can restore the apoptotic process in tumor cells (121).
Conversely, BAX, a pro-apoptotic protein of Bcl-2 family, promotes cell death. The
upregulation of BAX results in the elimination of cancer cells via the apoptotic pathway (122).
During apoptosis, the morphological changes are primarily dependent on the caspase family
(123). In human, caspase family contains 12 fate-determining cysteine proteases which drive
cell death (both of apoptosis and pyroptosis) (124). Caspases are divided into three main
groups based on their function and mechanism of action. Group I include caspase-1, caspase-
4 and caspase-5 (or caspase-11 in mouse) comprises the inflammatory caspases. Group II is
formed by the apoptotic effector caspases-3, caspase-6, and caspase-7, which are described as

the “executors of apoptosis”.
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Figure 13: FZ-DADA induced apoptosis in A549 cells.

(4,B) Cells were treated with FZ, DADA, and their combinations for 48 hours before being
incubated with Annexin V and propidium iodine to detect the apoptotic stage. B. The bar graph
represented the cells at the combination of FZ-DADA at the ratio 1:5000 compared with their
separate treatment. The results were analysed by one-way ANOVA, with a Dunnett test used to
determine which differences are significant. * p< 0.05, ** p< 0.01, *** p< 0.001, **** p<
0.0001.
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The last group, caspase-8, caspase-9, and caspase-10, comprises initiator caspases that contain
a long pro-domain preferentially cleave substrates with a leucine or valine at the P4 position
(124). Caspase-3 is an apoptosis-inducing protease enzyme, which plays a pivotal role in cell
death by cleaving key proteins involved in the cell repair process. In the apoptotic cells, caspase
3 is cleaved at an aspartate residue, producing p12 and p17 subunits that together form the
active cleaved caspase 3. This enzyme is crucial for the morphological and biochemical
characteristic alteration during apoptosis (125-128). In my research, at protein level, both FZ
1 uM, DADA 5 mM treatment induced an increase in cleaved caspase 3 level at approximately
3,3 times fold. The combination of FZ and DADA at ratio 1:5000 exhibited a 4-times higher
of cleaved caspase-3 level compared to the control. Similar to caspase 3 activity, caspase-7 are
universally activated during apoptosis. Interestingly, the combination of FZ and DADA at the
1:5000 ratio increased the expression of cleaved caspase 7, which is 3 times and 12 times higher
than the levels induced by FZ and DADA alone, respectively. Caspase family, especially
caspase-3 and caspase-7 cleave the 116 kDa form of PARP into 85 kDa and 24 kDa fragments
(129). PARP was suggested to contribute to cell death by depleting the cellular NAD and ATP
(130). PARP-1 cleavage is a switch point that directs death receptor signaling toward either
apoptosis or necrosis (130). My results indicated that the combination treatment significantly
increased cleaved PARP expression—by approximately 8-fold—compared to control. In
contrast, FZ at 1 uM induced about a 3-fold increase, while DADA at 5 mM did not alter
cleaved PARP levels. These findings strongly support the synergistic effect of the FZ (1 uM)
and DADA (5 mM) combination. My results (Figure 14) provided valuable evidence to
demonstrate the activity of FZ DADA as well as their synergistic effect in the apoptosis of
A549 lung cancer cells.
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Figure 14: FZ-DADA induced apoptosis in via intrinsic pathway.

A - Photos of bands of protein in Western Blot experiment; B - PARP-cleavaged
expression;, C - Caspase-3 cleavaged expression; D - Expression of Caspase-7
cleavaged; E - Expression of BCI-2; F - Expression of BAX. A549 cells were seeded in
6-cm plates in 24h. Cells were treated with DADA, FZ alone as well as the combination
of DADA and FZ at the ratio 1:5000 in 48h and then harvested to extract protein for
Western Blot with indicated antibodies. The expression of PARP, Cleavaged PARP,
Bcl-2, BAX, caspase 3, cleavaged caspase 3, caspase 7 and cleavaged caspase 7 were
normalized with the housekeeping a-tubulin, data are mean + SD (n = 3). The results
were analysed by one-way ANOVA, with a Dunnett test used to determine which

differences are significant *p<0.05, ** p< 0.01, *** p<0.001, **** p<0.0001
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4.4. FZ and DADA combination induces cell cycle arrest

Cell cycle is a mammalian cell replication process that is closely related to apoptosis. Cell cycle
arrest modulates apoptosis induction via the activation of numerous signaling molecules and
regulatory proteins. FZ treatment alone at ICso for 48 hours substantially enhanced G2/M and
sub G1 population compared to control (Figure 15). The combination treatment at a ratio of
1:5000 further enhanced the accumulation of cells in G2/M and sub-G1 phases while G1
population significantly decreased. This shift was statistically significant. Furthermore, a
marked redistribution of cells from the G1 and S phases to the G2/M phase was observed at
ratio 1:5000. These findings, together with earlier apoptosis data, suggest that the FZ-DADA
combination synergistically induces apoptosis through G2/M phase cell cycle arrest. Cyclins
interact with their catalytic partners, cyclin-dependent kinases (CDKs), to regulate cell cycle

progression by managing the transitions between different phases of the cell cycle (131,132).
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Figure 15: The FZ-DADA combination induced cell cycle arrest in A549 cells.

A - Measurement of various cell cycle stages in untreated and treated A549 cells. B - The bar
graph represented the cell cycle results at the combination of FZ and DADA at the ratio 1:5000
compared with their separate treatment. The results were analysed by one-way ANOVA, with

a Dunnett test used to determine which differences are significant. *** p<(0.001. Error bars

represent the standard deviation of three experiments.
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4.5. FZ-DADA regulate cell cycle in A549 cells

In order to elucidate the regulation cell cycle of FZ and DADA, we evaluated the expression
of several cell cycle checkpoints under the influence of FZ and DADA. At the protein level,
FZ-DADA combination decreased the expression of Cyclin A and Cyclin E by approximately
3.5 and 6.6 times fold, respectively (Figure 16). Given that cyclins interact with (CDKs) to
regulate cell cycle progression (131,132), the observed reduction in Cyclin A and Cyclin E
expression suggests that the FZ-DADA combination effectively disrupts cell cycle progression,
particularly at the G2/M checkpoint. In contrast, separate treatments of DADA and FZ resulted
in cell cycle arrest at the G2 phase and the G1/S transition, respectively. Cyclin E, in complex
with CDK2, is essential for the G1-to-S phase transition, while Cyclin A plays a critical role in
both S phase progression and the G2/M transition (133,134). A significant downregulation of
these proteins suggests cell cycle arrest, which could lead to reduced proliferation or increased
apoptosis. These findings, together with the cell cycle distribution patterns observed via flow
cytometry, strongly support the synergistic activity of FZ and DADA in disrupting cell cycle

control in A549 lung cancer cells.
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Figure 16: FZ and DADA inhibited the expression of cell cycle checkpoints.A — photo of band
of cyclin A and cyclin E in Western Blot

B - Expression of Cyclin E C — Expression of Cyclin A

A549 cells treated with FZ, DADA alone and a combination at the ratio 1:5000 in 48 hours.
Cells were harverted and extracted protein for Western Blot with indicated antibodies. The
expression of cyclin A and cyclin E were normalized with a-tubulin, the house-keeping protein.
Data was presented in mean +SD (n = 3). The results were analysed by one-way ANOVA, with
a Dunnett test used to determine which differences are significant., * p<0.05, *** p<0.001,

4% p<(),0001.

4.6. FZ-DADA induced ROS in A549 cells

Reactive oxygen species (ROS) are chemically reactive chemicals containing oxygen (135).
ROS are formed as a natural by-product of normal oxygen metabolism and have crucial roles

in cell signaling and homeostasis (136). A high level of ROS may lead to an increase of cell
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damage through oxidative stress of genetic materials, carbohydrates, lipids and proteins that
results in cell death (137). In order to evaluate the effect of FZ and DADA in the ROS
production, A549 cells were treated with FZ, DADA and various ratios of this combination.
The levels of ROS in cells were measured after 48 hours. The results indicated that FZ-DADA
was able to induce ROS generation in A549 cells in both of monotherapy and combination

treatment (Figure 17).
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Figure 17: FZ-DADA induced ROS level in cells.

A549 cells were treated with different concentrations of FZ, DADA and the combination of FZ-
DADA in 48h in 96-wells plate. ROS level was evaluated by Reactive Oxygen Species (ROS)
Detection Assay Kit. Data were presented in mean +SD (n = 3). The results were analysed by
one-way ANOVA, with a Dunnett test used to determine which differences are significant.,
*EEE p<0.0001, ns: non significant. All data were obtained from three independent

experiments performed in triplicate.

Different concentrations of FZ and DADA were tested individually and in combination. The
ratio that consistently exhibited a synergistic effect on ROS levels was [1:5000]. These findings
further confirm that the ratio of [1:5000] represents the most appropriate in vitro combination

of the two compounds, as evidenced by multiple independent experiments.
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4.7. FZ-DADA combination inhibits glucose uptake and lactate production

Dorga et al indicated the anticancer effect of FZ was linked to the inhibition of glucose uptake,
resulting in changes in glucose metabolism (14). DADA, on the other hand, was discovered to
be a PDK-4 inhibitor, which reduces lactate generation (20,22). Based on previous results, my
research focuses on the synergistic effect of the FZ-DADA combination of [1:5000] in the
glucose metabolism study. Cancer cells often exhibit increased glucose uptake and metabolism,
a phenomenon known as the Warburg effect, where they preferentially convert glucose into
lactate even in the presence of oxygen. Targeting glucose metabolism in cancer treatment, thus,
is a promising strategy, as inhibiting glucose uptake or glycolysis can disrupt the energy supply

needed for tumor growth and survival.
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Figure 18: FZ and DADA inhibited glucose uptake and lactate production in A549 cells.

A549 cells were treated with FZ 1 uM, DADA 5 mM alone and their combination in 24h. (A)
The uptake of 2-deoxyglucose (2-DG) was examed following glucose uptake assay. (B) The
level of L-lactate in culture medium was measured by L-lactate assay kit. Each bar shows the
mean #+ 8D, results were analysed by one-way ANOVA, with a Dunnett test used to determine
which differences are significant. * p<0.05, ** p< 0.01, *** p< 0.001, **** p<0.0001
compared with combination treatment. All data were obtained from three independent

experiments performed in triplicate.
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Similar to earlier findings, in this research, FZ and high dose DADA alone dramatically
inhibited glucose uptake in A549 cells after 24 hours of treatment (Figure 18.A). When
compared to the separate treatment therapy, the absorption of 2-deoxyglucose was dramatically
reduced after treatment with the combination. Expectedly, FZ, DADA alone treatment reduced
lactate generation after 48 hours, and when both drugs were combined, the effect was enhanced
(Figure 18.B). Hence, the FZ-DADA combination had the synergistic effect on inhibiting

glucose uptake and lactate production.

4.8. FZ and DADA inhibit phosphorylation of PI3K/AKT pathway

Glucose uptake is a critical physiological process regulated by several mechanisms, with
insulin playing the most prominent role. This powerful anabolic hormone facilitates the
transport of glucose into cells, primarily in metabolically active tissues such as skeletal
muscles, adipose tissue, and the liver, through a specialized transporter known as GLUT4. The
process involves a complex sequence of events, primarily mediated by the PI3K/AKT signaling
pathway (138). Insulin binds to its receptors, causing them to dimerize and autophosphorylate
their tyrosine residues, creating binding sites for IRS proteins. These IRS proteins are also
phosphorylated and interact with PI3K through their SH2 domains. Activated PI3K converts
PIP2 to PIP3, leading to the activation of PDK1 and PDK2. These kinases then phosphorylate
and activate AKT, which in turn phosphorylates AS160. This phosphorylation event is crucial
for the translocation of GLUT4 to the cell membrane, facilitating glucose entry into the cell
(138,139). My results indicated the role of FZ and DADA in both of time and concentration-
dependent manner. In time-dependent experiment, the combination of FZ-DADA at ratio
1:5000 reduced the phosphorylation of both AKT and PI3K (Figure 19). After 5 hours and 7
hours of treatment, FZ-DADA reached the strongest effect in the inhibition of the
phosphorylation of AKT and PI3K, respectively. Therefore, in concentration-dependent
experiments, A549 cells were treated with FZ, DADA alone and combination for 7 hours. At
protein level, FZ and DADA inhibited the phosphorylation of AKT and PI3K (Figure 20). The
combination treatment exhibited a more significant reduction in phosphorylation of AKT and
PI3K compared with separate ones. These results proposed that the combination FZ and DADA
inhibited of glucose uptake and lactate production of through PI3K/AKT pathway.
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Figure 19: FZ-DADA inhibited PI3K-AKT pathway in time-dependence.

A549 cells were treated with FZ-DADA (1:5000) in 1,3,5,7 hours. Cells were harvested and
protein were extracted for Western Blot with AKT, pAKT, PI3K, p-PI3K antibody. The

expression of these proteins were normalized with the housekeeping protein [-actin, the

expression of, p-PI3K then was normalized with PI3K, p-AKT was normalized with AKT. The

results were analysed by one-way ANOVA, with a Dunnett test used to determine which

differences are significant. data shows mean +SD (n=3) * p < 0.05, **** p <0.0001, ns: non

significant.
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Figure 20: FZ-DADA inhibited PI3K-AKT pathway in concentration-dependance

A — photo of bands in Western Blot. B — Expression of p-PI3K. C — Expression of pAKT . A549
cells were treated with FZ, DADA and FZ-DADA [1:5000] in 7 hours. Cells were harvested
and extracted protein for Western Blot. The expression of these proteins were normalized with
the housekeeping protein [-actin,the expression of, p-PI3K then was normalized with PI3K, p-
AKT was normalized with AKT. The results were analysed by one-way ANOVA, with a Dunnett

test used to determine which differences are significant., data shows mean +SD (n = 3) * p <

0.05, **p < 0.01, ***p < 0.001, **** p <0.0001 compared with untreated group.

55



CHAPTER V: SYNERGIC EFFECT OF FZ AND DADA IN A549 TRANSPLANTED
MODEL

To further investigate the effects of FZ and DADA in an in vivo model, we conducted a study
using immunodeficient BALB/c nude mice transplanted with A549 lung cancer cells. The mice
were treated with FZ and DADA as monotherapies and in combination to evaluate their impact
on tumor progression.

Reported cases described a case of self-administered oral fenbendazole (FZ) at 222 mg/day,
demonstrating potential anti-tumor activity in a human patient (140). Using FDA body surface
area normalization, this dose converts to ~45.6 mg/kg in mice. A publication in ovarian cancer
showed that 50 mg/kg FZ inhibited the epithelial ovarian cancer in vivo (43). In addition, mice
receiving a diet supplement with 150 ppm fenbendazole (~ 30 mg/kg) showed no anti-tumor
effect in models using lymphoma cells (27) and breast cancer (EMT6) cells (141). Therefore,
a dose of 40 mg/kg of FZ was selected as a lower-than-standard dose compared with the
commonly used 45-50 mg/kg in vivo, in order to evaluate whether a reduced dosage could still
exert antitumor activity and maintain safety.

In vivo studies with DADA alone for anticancer action showed that a dose of 100 mg/kg DADA
suppressed the growth of tumor in BALB/c mice transplanted with MDA-MB-231 cells (22).
Therefore, we chose this dose of DADA for this in vivo study. A lower dose of DADA (20
mg/kg) was used to investigate the range of effects.

Cisplatin, a medication for solid cancer treatment was used as a positive control in which 5
mg/kg of cisplatin was injected once a week (142,143).

Immunodeficient BALB/c nude mice (Foxnlnu) were housed in a sterile environment
following the standard operating procedures for nude mouse care. A549 cells were grown on
cell culture flasks in RPMI 1640 culture media supplemented with 10% FBS, 1% Penicillin
and Streptomycin at 37°C and CO». After one week housing, A549 cells were injected into
mice with 2 x 10° cells/0.1 mL/mouse into the right flank's subcutaneous site. The manipulation
is done in a sterile environment. When the tumor reached 50 mm?, the mice were randomized
into seven groups: Healthy control, tumor control, Cisplatin, FZ 40 mg/kg - 9 mice, DADA 20
mg/kg, DADA 100 mg/kg, FZ 40 mg/kg + DADA 20 mg/kg, FZ 40 mg/kg + DADA 100
mg/kg.
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In total, mice were devided into eight groups for investigation:

Group 1: Healthy control - 6 mice

Group 2: Tumor control - 9 mice

Group 3: Positive control - Cisplatin — 8 mice

Group 4: FZ 40 mg/kg - 9 mice

Group 5: DADA 20 mg/kg - 10 mice

Group 6: DADA 100 mg/kg — 10 mice

Group 7: FZ 40 mg/kg + DADA 20 mg/kg - 10 mice
Group 8: FZ 40 mg/kg + DADA 100 mg/kg - 10 mice

Initially, our experimental design intended for 10 mice per group to ensure robust statistical
power. However, during the tumor induction phase, a few mice failed to develop tumors of a
sufficient and uniform size required for baseline consistency at the start of the treatment. To
maintain the integrity of the study, we excluded these mice and prioritized the remaining
subjects for the treatment groups (Groups 5-8), which required 10 mice each to evaluate the
combination therapy’s efficacy thoroughly. While Groups 1 through 4 have slightly lower
numbers (6 to 9 mice), these sizes still meet the minimum requirements for statistical
significance in this model. All statistical analyses were adjusted to account for these differences

in group size.

In these first steps, the safety profile of FZ and DADA in animals was measured in nude mice
transplatation with A549 small lung cancer cells. Following A549 cell transplantation, the mice
exhibited normal behavior, including consistent food comsumption, weight gain, mobility, and
appropriate responses to stimuli. No signs of diarrhea were observed, and the anal region
remained dry. Additionally, the injection site was normal, with no sign of bleeding and
infection. Prior to treatment, the average body weight across all seven groups was comparable,

with no statistically significant differences (p > 0.05) (Table 3).
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Table 3: The average weight of mice before treatment (g). The results were analysed by one-

way ANOVA, with a Dunnett test used to determine which differences are significant.

Parameters
n < p
Groups X + SD
Non-treatment tumor control (2) 9 20.10 +1.97
Positive control — Cisplatin 5 mg/kg (3) 8 19.11 £ 1.24
FZ 40 mg/kg (4) 10 18.80 £ 1.65
DADA 20 mg/kg (5) 10 19.11 £1.82
>0.05
DADA 100 mg/kg (6) 10 18.81 £1.68
FZ 40mg/kg + DADA 20 mg/kg (7) 10 19.47 £1.69
FZ 40mg/kg + DADA 100 mg/kg (8) 10 19.48 +£1.45
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Figure 21: Mice’s body weight after 60 days (g)

Body weight of seven groups of mice was recorded twice a week by electronic scale TE3102S
Sartorius. Data present mean + SD. The results were analysed by one-way ANOVA, with a

Dunnett test used to determine which differences are significant, ** p<0.01.

During the treatment period, body weight was monitored twice per week. After treatment, the
body weight of seven groups was weighed twice a week. The body weight tended to increase
compared to the baseline. After 60 days of treatment, there was no significant different in the

body weigh of treatment groups, excepted group DADA 20 mg/kg (Figure 21).
5.1 Hematological function analysis

Hematological indices of mice play a vital role in evaluating the effect of FZ and DADA in
BALB/c mice. In order to validate further effects of my treatment in the safety of animal, we
examined the alteration of hematological indices under FZ and DADA treatment. My results
indicated that after 60 days of FZ and DADA in both of single and combination treatment, the
number of red blood cells, white blood cells and hemoglobin content, of animal did not

significantly change in eight groups of mice (Table 4).
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Table 4: Hematological indices of mice after FZ-DADA treatment

Hematological indices

Groups n
Red blood cell | Hemoglobin White blood
count (T/L) content (g/L) | cell count (g/L)

1 - Healthy control 6 9.70 £ 0.42 14233+ 631 |493+1.63
2 - Non-treatment tumor

2 9.66 £ 0.53 144.00 = 5.66 | 4.29+0.95
control
3 - Positive control- ; 979+ 0.50 4734 101

79 £ 0. + 3£ 1.

Cisplatin 5 mg/kg 143.71 £5.65
4 - FZ 40 mg/kg 8 9.66 + 0.60 14050 + 6.87 | 6.62+2.34
5 - DADA 20 mg/kg 7 942 +£0.75 137.29 +10.53 | 3.30 £ 1.51
6 - DADA100 mg/kg 9 9.32+£0.60 13578 £ 11.65 | 5.02+3.75
7 - FZ 40 mg/kg + DADA

10 9.23 £0.89 135.40 = 11.06 | 3-65+2.04
20 mg/kg
8 - FZ 40 mg/kg + DADA

10 9.49 £ 0.66 138.90+9.00 |35.87+4.29
100 mg/kg

p >0.05 >0.05 >0.05

The results were analysed by one-way ANOVA, with a Dunnett test used to determine which

differences are significant.

5.2. Kidney function of mice after FZ-DADA treatment

To evaluate effects of FZ and DADA in kidney function, levels of urea and creatinine in mice’s

blood were measured. Interestingly, there was no significant difference between treatment

groups and the tumor non-treatment control group (p > 0.05) (Table 5).
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Table 5: Urea and creatinine level of mice after FZ-DADA treatment

Groups n Urea (mg/dL) Creatinine (mg/dL)
6 7.49 + 1.88 26.85+3.19
1 - Healthy control
2 - Non-treatment tumor 2 7.23 +1.61 28.84+2.43
control
3 - Positive control- 7 6.36+1.14 25.49 + 1.37
Cisplatin 5 mg/kg
8 6.26 +1.30 26.84 +2.18
4 - FZ 40 mg/kg
7 6.91 £0.75 2581 +2.16
5 - DADA 20 mg/kg
9 6.94 £ 1.64 25.60 +£2.11
6 - DADA100 mg/kg
7 - FZ 40 mg/kg + DADA 10 6.77 £ 0.65 26.32 + 1.61
20 mg/kg
8 - FZ 40 mg/kg + DADA 10 6.84 £1.94 26.79 £ 1.77
100 mg/kg
p >0.05 >0.05

The results were analysed by one-way ANOVA, with a Dunnett test used to determine which

differences are significant.

Moverover, histological analysis of the kidney tissues once again confirmed that FZ and

DADA treatment did not adversely affect kidney function (Figure 22).
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Figure 22: Histology sections of kidney of mice after FZ -DADA treatment.

Hematoxylin and Eosin staining were applied on liver and kidney tissues after harvesting.
Magnification 40%, A. Group 1 (n=6), B. Group 2 (n=2), C. Group 3 (n=7), D. Group 4 (n=38),
E. Group 5 (n=7), F. Group 6 (n=9), G. Group 7 (n=10), H. Group 8 (n=10). The arrows

represent for the glomerulus.
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5.3. Liver function of mice after FZ and DADA treatment

Fenbendazole undergoes partial absorption in the liver, where it is rapidly metabolized by
flavin-monooxygenase (FMO) and CYP3A4 enzymes into its sulfoxide derivative,
oxfendazole (fenbendazole sulfoxide) (144,145). Otherwise, Kaufman et al indicated that high
doses of dicloroacetate lead to the alteration of liver function in patien with mitochondrial
myopathy, encephalopathy, lactic acidosis and stroke-like episodes (146). Therefore, the liver
function of mice was measured via the ALT and AST levels as well as histological examination
of liver tissue after 60 days of treatment (Figure 23). From the results, it is clearly that there

was no significant hepatocellular damage in treatment groups.
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Figure 23: Effect of drug formulation on liver function

A,B: The AST and ALT index in eight group were measured at day 60 after of the treatment.
Data presents mean + SD. One-way ANOVA, with a Dunnett test used to determine which
differences are significant among untreat and the others groups, ns: non significant.
C-J: Hematoxylin and Eosin staining were applied on liver tissues after harvesting.
Magnification 40%, C. Group 1 (n=6), D. Group 2 (n=2), E. Group 3 (n=7), F. Group 4 (n=3§),
G. Group 5 (n=7), H. Group 6 (n=9), I. Group 7 (n=10), J. Group 8 (n=10). The arrows

represent for the central lobule vein.
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5.4. Synergisitc anti-tumor effect of FZ and DADA

In the in vivo model, at the beginning of treatment, there was no significant difference in the
tumor volume across the groups (p > 0.05) (Table 6).

Table 6: The average volume of mice tumors on the first day of treatment

3
Indexes Tumor volume (mm-)
Groups n ¥ 45D Median p
o [25%375%]
48.00
Tumor control (2) 9 |50.67+ 14.69
(34.00; 60.88)
Positive control — Cisplatin 50.40
8 [58.04+17.02
5 mg/kg (3) (39.00; 75.00)
62.50
FZ 40 mg/kg (4) 10 | 58.73 £16.58
(44.00; 75.00)
50.60
DaDa 20 mg/kg (5) 10 | 64.54+£39.92 >0.05
(45.60; 126.00)
49.30
DaDa 100 mg/kg (6) 10 | 50.38 £27.97
(34.00; 68.80)
FZ 40 mg/kg + DADA 20 65.35
10 | 66.52 £21.31
mg/kg (7) (44.20; 95.10)
FZ 40 mg/kg + DADA 100 50.60
10 | 54.35+£12.30
mg/kg (8) (49.30; 75.00)

One-way ANOVA, with a Dunnett test used to determine which differences are significant
among untreat and the others groups

It is clear that, in the combination treatment group the growth of tumor was slower than their
counterpart untreated group. Interestingly, the combination of FZ and DADA in a ratio of
40:100 resulted in a greater reduction in tumor volume than in single-dose groups across all
time points. Especially, from day 14, group 8 (FZ 40 mg/kg + DADA 100 mg/kg) significantly
decreased tumor volume comparing with control group, while the others did not show any
statitiscally significant difference. At the end of experiment, there was a significant different

in the tumor volume in the combination treatment group and their separate treatment (Figure
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24), indicating the synergistic anti-tumor effect of FZ and DADA at 40:100 mg/kg ratio.
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Figure 24: Tumor volume results in groups of mice during treatment.

The tumor volume was calculated using follow formula: V = (D x R?) x 0,5 with V: tumor
volume (mm3), D: tumor length as measured (mm), R: tumor width as measured (mm). Data
present mean + SEM, One-way ANOVA, with a Dunnett test used to determine which

differences are significant among untreat and the others groups, *** p<0.001, **** p<0.0001

5.5 Tumor Growth Inhibition (TGI) and Evaluation of Synergistic Effects

The tumor growth inhibition (TGI) for each treatment group was calculated using the following

formula:

TVtreatment

TGI = (1 _ )x100%

TVcontrol

where TVtreatment and TVcontrol represent the mean tumor volumes of the treated and

control groups, respectively.
Based on the experimental data, the observed TGI values were as follows:

e DADA 20 mg/kg: 60.17%

e DADA 100 mg/kg: 71.19%

e Fenbendazole (FZ) 40 mg/kg: 63.90%

e FZ 40 mg/kg + DADA 20 mg/kg: 87.83%
e FZ 40 mg/kg + DADA 100 mg/kg: 93.62%
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To assess the interaction between FZ and DADA in vivo, the Modified Expected Additivity

model was applied, as defined by the equation:

TGleGZ)

Expected TGl ompo = TG, + TG, — ( 100

The calculated expected TGI values were 85.62% for the combination of FZ 40 mg/kg +
DADA 20 mg/kg and 89.60% for FZ 40 mg/kg + DADA 100 mg/kg. Both observed values
(87.83% and 93.62%, respectively) exceeded their corresponding expected values, indicating

a synergistic effect between FZ and DADA in the lung cancer xenograft model.

These findings support the hypothesis that the combination of FZ and DADA enhances tumor
growth inhibition beyond the expected additive effect, suggesting potential therapeutic synergy

in vivo.

5.6. Tumor reduction rates of FZ and DADA in BALB/c nude mice

Besides the decrease of the development of tumor, the regression of tumor was occurring from
day 7 following treatment in mice of groups 6, 7, and 8. Following the duration of treatment,
the number of mice losing tumors in the treatment groups increased. In contrast, no mice in the
tumor untreated group lost tumor at any stage throughout the trial, whereas the number of dead

mice progressively grew (Table 7).
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Figure 25: Tumor reduction rate in treated mice group.

The number of tumor loss mice in seven groups was recorded during 60 days. Chi-square test

for was used for comparison of two percentages, * p < 0.05, ****p < 0.0001
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Table 7: Tumor reduction rate in treated mice

Tumor Groups
Days| reduction p
2 3 4 5 6 7 8
rate
n 0 0 0 0 1 1 1
Day 7 > 0.05
% 0.0% | 0.0% | 0.0%| 0.0% | 10.0% | 10.0% | 10.0%
Day n 0 1 1 2 1 1 4
p2-8 =0.054
14 % 0.0% | 12.5%]| 12.5%| 20.0% | 11.1% | 10.0% | 40.0%
Day n 0 1 1 2 1 2 5 P28 <0.0001,
P4-8 =0.0135
21 % 0.0% | 12.5%]| 11.1%| 20.0% | 10.0% | 20.0% | 50.0% P6-8 <0.0001
Day n 0 0 1 2 1 o) 5 P2-8 <0.0001,
P4-8 =0.0135
28 % 0.0% | 0.0% | 11.1%| 20.0% | 10.0% | 20.0% | 50.0% | pg.g<0.0001
Day n 0 0 1 1 1 o) 5 P2-8 <0.0001,
P4-8 =0.0135
35 % 0.0% | 0.0% | 11.1%| 10.0% | 10.0% | 20.0% | 50.0% P6-8 <0.0001
Day n 0 0 1 1 1 2 5 P2-8 <0.0001,
P4-8 =0.0135
42 % 0.0% | 0.0% | 11.1%| 10.0% | 10.0% | 20.0% | 50.0% P6-8 <0.0001
Day n 0 0 1 1 1 2 5 P2-8 <0.0001,
P4-8 =0.0135
49 % 0.0% | 0.0% | 11.1%| 10.0% | 10.0% | 20.0% | 50.0% | ps.g<0.0001
Day n 0 0 1 1 0 o) 5 P2-8 <0.0001,
P4-8 =0.0135
56 % 0.0% | 0.0% | 11.1%| 10.0% | 0.0% | 20.0% | 50.0% | ps.g<0.0001
Day n 0 0 1 1 0 o) 5 P2-8 <0.0001,
P4-8 =0.0135
60 % 0.0% | 0.0% | 11.1%| 11.1%| 0.0% | 20.0% | 50.0% | pg.g<0.0001

Group 2- Tumor control, 3-Cisplatin 5mg/kg, 4-FZ 40 mg/kg, 5- DADA 20 mg/kg, 6-DADA
100 mg/kg, 7- FZ 40 mg/kg + DADA 20 mg/kg, 8- FZ 40 mg/kg + DADA 100 mg/kg. Chi-
square test was used for comparison of two percentages.
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From day 21, the proportion of tumor-free mice in group 8 was significantly higher than that
of the untreated group (p < 0.0001). In day 60, the tumor reduction rate in the tumor control
group, cisplatin, and group 6 was 0 (0%) while group 4 and 5 was 1 (11.1%).

In the combination group, 20% mice in receiving 40 mg/kg of FZ and 20 mg/kg of DADA
were tumor-free, compared with 50% of mice with 40mg/kg FZ and 100 mg/kg of DADA.
Totally, the number of mice with tumor loss was 9, accounting for 15% of the total.
Interestingly, from day 21 to day 60, the proportion of tumor-losing mice in group 8 was
significantly higher than that of group 4 and group 6 (Table 7, Figure 24). My results indicated
the synergic effect of FZ and DADA at a ratio of 40:100 mg/kg in promoting tumor regression
in BALB/c nude mice.

5.7. Effect of FZ and DADA on the survival duration and death rate of BALB/c nude mice

For further evaluation of the anti-cancer effect of FZ and DADA, survival time was used as a
criterion to assess the effectiveness of FZ and DADA treatment in A549 lung cancer-bearing
nude mice. As demonstrated in Figure 25, all treated groups showed significantly extended
survival compared to untreated controls. In addition, survival rates were further analyzed to
confirm treatment effectiveness. In the untreated group, the first death occurred on day 21, with
mortality increasing steadily throughout the time. Notably, the tumor control group
consistently showed higher mortality rates than the six treatment groups at all observed time
points. However, statistically significant differences in survival between the control and
treatment groups were only evident from day 49 onward, with the most pronounced effects
observed by the end of the experiment (day 60). These findings suggest that FZ and DADA
treatments delay tumor progression and improve survival, though their full therapeutic impact

becomes most apparent in later stages.
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Figure 26: The survival duration and death rate death rate of nude mice.

The number of survival mice in eight groups was recorded during 60 days of experiment. A.
Mean of survival (day) data present mean + SD, One-way ANOVA was used to compare mean
of treatment groups and untreat group . B. Survival rate (%), the Log-rank test was applied to

compare the cumulative survival time between different treatment methods, **** p<(0.0001
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CHAPTER VI: DISCUSSION

Lung cancer remains the most prevalent and deadly malignancy worldwide, with 1.8 million
deaths (18.7% of all cancer-related mortality) reported in 2022 alone. Current epidemiological
models project a concerning 67% increase in global lung cancer incidence by 2040,
underscoring the urgent need for more effective prevention, diagnostic, and therapeutic
strategies (147). Despite decades of research and advancements in treatment modalities
including surgery, chemotherapy, radiation, and targeted therapies the 5-year survival rate for
lung cancer patients remains disappointingly low at approximately 10-20% (148) due to the
pervasive challenge of late-stage diagnosis, the rapid evolution of treatment resistance as well
as the metabolic adaptability of tumor cells enabling evasion of conventional treatments. Given
these challenges, combination therapies that target multiple oncogenic pathways
simultaneously represent a promising approach to enhance treatment efficacy by overcoming
resistance mechanisms and reducing toxicity through synergistic lower-dose combinations.
This research successfully investigated a novel synergistic combination of Fenbendazole (FZ)
and Diisopropylamine Dichloroacetate (DADA) as a potential repurposing strategy to enhance

treatment efficacy while maintaining a high safety profile.

6.1. Synergistic mechanistic insight in vitro

The FZ-DADA combination in this thesis demonstrates remarkable synergistic activity in
promoting apoptotic cell death in A549 lung cancer cells. Mechanistic investigations reveal
this effect is mediated through substantial alterations in critical apoptotic regulators,
particularly the upregulation of pro-apoptotic BAX and concurrent downregulation of anti-
apoptotic Bel2 (121), (123), (149). These opposing changes create a decisive shift in the
mitochondrial apoptotic pathway, where BAX facilitates mitochondrial outer membrane
permeabilization (MOMP) and subsequent cytochrome C release (121), (122) while Bcel2
normally functions to maintain mitochondrial integrity and prevent apoptosis initiation. The
observed imbalance in these counteracting forces establishes a permissive environment for

programmed cell death (121), (123), (149).

Furthermore, my results demonstrate significant activation of downstream executioner
caspases-3 / caspase-7 which serve as the terminal effectors of apoptosis through proteolytic

cleavage of essential cellular components (123),(125-128). The coordinated upregulation of
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these caspases confirms that the FZ-DADA combination successfully engages the complete

apoptotic cascade, from initial mitochondrial signaling to final cellular demolition.

In summary, the synergistic effect of combination FZ-DADA on A549 cells is illustrated in the

graphic below:
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Figure 27: Mechanism of action of FZ and DADA in lung cancer (generated by Google
Drawing).

6.2. Synergistic effect and safety in vivo

In vivo experiments further confirmed that FZ (40 mg/kg), DADA (100 mg/kg), and their
combination were well tolerated in BALB/c mice. There was no significant alteration in body
weight, blood sugar levels, or liver and kidney function of mice after 60 days of treatment. My
data contributed valuable results of safety profiling of FZ and DADA for preclinical research.
The safety profiling of FZ and DADA in animal was measured in 60 days of treatment provided
the strong evidence for long-time treatment of FZ and DADA. Results demonstrated the
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combination of FZ (40 mg/kg) and DADA (100 mg/kg) produced significant anti-tumor effects
in an A549 xenograft model using BALB/c nude mice. The combined treatment showed
markedly enhanced therapeutic outcomes compared to either agent administered alone.
Importantly, the combination therapy conferred a significant survival advantage, improving
60-day survival rates in the combination treatment group compared with tumor control group.
These in vivo findings corroborate my previous in vitro results and strongly support the
therapeutic potential of this drug combination for NSCLC treatment. The enhanced efficacy
observed with the FZ-DADA combination suggests synergistic interactions. The combination
of FZ (40 mg/kg) and DADA (100 mg/kg) markedly showed tumor regression in 50% of

animals from day 21 after treatment.

6.3. Novelty and significance of the study

Previous studies have established FZ as a broad-spectrum anticancer agent, demonstrating
efficacy across multiple malignancies including breast, colorectal and hepatocellular
carcinomas. Parallel investigations have characterized DADA as a dual-function compound,
acting both as a pyruvate dehydrogenase kinase (PDK) inhibitor that disrupts cancer
metabolism and as a hepatoprotective agent that mitigates treatment-related toxicity. Building
upon these foundations, my study reveals for the first time that oral co-administration of FZ
and DADA produces synergistic antitumor effects in NSCLC models. This combination
strategy capitalizes on complementary mechanisms of action: FZ's established antiproliferative
properties combined with DADA's metabolic modulation and hepatoprotective effects,
potentially offering both enhanced efficacy and reduced toxicity - a critical advantage for long-
term cancer management. The observed synergy suggests this regimen may represent a novel
paradigm in NSCLC treatment, particularly for patients with metabolic vulnerabilities or those
requiring chronic therapy. Previous studies on the combination of FZ and DADA with other
agents have indicated the anticancer effects of FZ and DADA in various cancer types. Dogra
et al reported synergistic interactions between FZ and metabolic modulators (DCA, 2DG) or
chemotherapeutics (in a range of taxol) using the CI method (14). However, the study lacks
cellular-level validation of these proposed synergies. Otherwise, the combination of FZ with
multivitamins demonstrated enhanced anti-tumor effects compared to monotherapy in SCID
mice xenografted with human Burkitt lymphoma cells (P493-6 B cells) (27). However, two
key limitations temper interpretation of these results: the mechanistic basis for this synergy

remains unknown, and the small cohort size (n = 4-5 per group) limits statistical power and
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generalizability. Another research failed to delay the development of tumor using the
combination of FZ and X-ray in EMT6 mouse mammary tumors growing in BALB/cRw
mice (141). My research for the first time identified a combination that synergistically inhibited
the development of NSCLC in both in vitro and in vivo models.

Futhermore, FZ and DADA not only inhibited the proliferation of A549 lung cancer cells, but
also reduced the viability of other common cancer cells, such as MCF7 breast cancer cells, Hep
G2 liver cancer cells, DU145 and PC3 prostate cancer cells. These features indicated the
potential of FZ and DADA in a wide-range of cancer types: breast cancer, liver cancer, prostate
cancer ...

Fenbendazole has been found to cause drug-induced liver injury. In my study, there was no
liver injury observed in both monotherapy and combination treatment of FZ. In this case, a
reasonable hypothesis is that a certain subgroup of patients might be inherently more sensitive
to FZ, thereby experiencing greater hepatotoxic effects. Indeed, the number of toxicity of FZ

in liver in human is quite limited.

6.4. Bridging the gap: in vitro vs. in vivo dosage discrepancies

A significant observation in this study is the marked difference between the optimal drug ratios
identified in vitro (1:5000) and those applied in vivo (1:2.5). Specifically, a molar ratio of
1:5000 was required in cell culture to observe significant synergy, whereas a dose of 40 mg/kg

FZ and 100 mg/kg DADA yielded superior results in the BALB/c nude mouse model.

This discrepancy is primarily attributed to the distinct physicochemical and pharmacokinetic
profiles of the two compounds. Fenbendazole is characterized by extremely low water
solubility (~0.05 pg/mL) and poor oral bioavailability, estimated at only 10-20% in rodent
models (150-152). In the controlled environment of an in vitro assay, FZ is typically dissolved
in organic solvents like DMSO, ensuring immediate and uniform exposure to the cells.
However, in a living system, FZ must navigate the gastrointestinal tract, undergo hepatic
metabolism, and reach the tumor site through systemic circulation. The limited absorption
necessitates a significantly higher mass dose in vivo to achieve effective concentrations within

the tumor microenvironment.

In contrast, DADA is a highly soluble small molecule with efficient systemic distribution (24).
The selection of the 40 mg/kg FZ and 100 mg/kg DADA doses was not arbitrary but
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strategically informed by established literature. Previous studies indicated that 50 mg/kg FZ
could inhibit epithelial ovarian cancer in vivo (43), while doses below 30 mg/kg often failed to
suppress lymphoma or breast cancer growth (27). Similarly, DADA at 100 mg/kg has been
documented to effectively suppress MDA-MB-231 xenograft growth (22). By utilizing these
doses, we successfully achieved a synergic anti-tumor effect that resulted in a striking 50%
complete tumor loss rate in Group 8. When converted using FDA body surface area
normalization, these dosages suggest a human equivalent dose (HED) of approximately 194
mg/day of FZ and 487 mg/day of DADA. This range is conveniently close to the empirical
doses (~222 mg/day) used off-label by patients such as Joe Tippens, supporting the feasibility

of oral clinical translation (153).

6.5. Limitations of the current study

While this research provides a strong foundation for the FZ-DADA combination, several
limitations must be acknowledged:

Lack of normal cell line controls: A critical shortcoming is that the current thesis does not
include experiments on normal (non-cancerous) cell lines to evaluate the treatment's
selectivity. Although our in vivo data showed no significant toxicity to liver and kidney
functions, confirming a differential response between healthy lung epithelial cells and A549
cells in vitro would provide essential evidence of a wide therapeutic window.

Breadth of cell line testing: The mechanistic depth of this study was focused primarily on the
A549 lung cancer model. While supplementary data on MCF7, PC3, and HepG2 lines suggest
broad potential, a more comprehensive investigation into different histologic subtypes of lung
cancer (e.g., small cell lung cancer or squamous cell carcinoma) is necessary to determine the
regimen's universality.

Absence of post-study tumor sampling: Due to the initial focus on tumor volume and survival
metrics, tumor tissues from the mice were not preserved for further molecular analysis. The
inability to perform immunohistochemistry or transcriptomic analysis on the excised tumors
limits our understanding of whether the in vitro mechanisms (such as p-PI3K/AKT inhibition

and BAX upregulation) are replicated identically within the complex tumor microenvironment.
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6.6. Future research directions

Moving forward, the translational development of the FZ-DADA combination should focus on
several key pillars:

Comprehensive selectivity assays: Future phases must include comparative toxicity studies on
normal human bronchial epithelial cells to definitively prove the safety of the 1:5000 ratio.
Pharmacokinetic (PK) and ADME profiling: To optimize human dosing, detailed studies on
the absorption, distribution, metabolism, and excretion (ADME) of the co-administered drugs
are essential.

In-depth in vivo mechanistic validation: Replicating the animal studies with a focus on
collecting tumor tissue will allow for the analysis of markers for angiogenesis, immune

infiltration, and intra-tumoral metabolic shifts.

6.7. Clinical and Social Implications

The findings of this thesis have significant implications for cancer care in Vietnam. With
treatment costs for advanced NSCLC reaching up to 339 million VND (6), many patients face
financial catastrophe. Both FZ and DADA are off-patent, low-cost, and easy to manufacture.
The pending patent for this synergistic formulation represents a major step toward providing a

safe, effective, and affordable metabolic therapy for lung cancer patients.
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CHAPTER VII: CONCLUSION

My study presents a new discovery in cancer drug repurposing, demonstrating for the first time
the synergistic combination of FZ with DADA to develop a novel anticancer therapy in non
small cell lung cancer. The research successfully identified the optimal in vitro and in vivo
concentrations, maximizing therapeutic efficacy while ensuring safety. Mechanistic studies
confirmed multiple anticancer pathways of FZ and DADA, including ROS induction, apoptosis
activation, and caspase modulation. My results indicated the anti-cancer effect of FZ and
DADA via inducing apoptosis and arresting the cell cycle through ROS induction was
confirmed in A549 cells with the ratio 1:5000 of FZ and DADA. This combination inhibited
the proliferation of not only A549 but also many common cancer cells, namely MCF7 breast
cancer cells, HepG2 liver cancer cells, PC3 and DU145 prostate cancer cells. These
investigations supported its potential as a non-selective therapy. Furthermore, the combination
of 100 mg/kg DADA with 40 mg/kg FZ demonstrated significant synergistic antitumor activity
in an A549 xenograft model using immunocompromised BALB/c nude mice compared to
monotherapies. Notably, in vivo experiments showed 50% of treated mice achieving complete
tumor regression and remaining tumor-free for two months post-treatment, alongside good
safety profiles in biochemical and hematological analyses. My study is under patent pending
by the Vietnam Intellectual Property Office, highlighting its innovation. Given that both drugs
are low-cost, easily accessible, and simple to manufacture, this combination offers a promising,
affordable treatment option with high translational potential. These findings pave the way for
future clinical trials and deeper investigations into dose optimization and mechanistic pathways
for specific cancer types.

To further advance this promising drug combination toward clinical application, additional
pharmacokinetic studies and in vivo mechanistic investigations are essential. A deep
understanding of the absorption, distribution, metabolism, and excretion (ADME) profiles of
both FZ and DADA will be critical to optimize dosing regimens and predict potential drug
interactions in humans. Furthermore, detailed in vivo studies should elucidate the precise
molecular mechanisms underlying their synergistic anticancer effects, including potential
effects on tumor microenvironment, immune modulation, and resistance pathways. These
preclinical validations will provide crucial data to support subsequent phase I clinical trials in
larger populations, ensuring both efficacy and safety before broader clinical implementation.
Such foundational research will strengthen the translational potential of this cost-effective

therapeutic strategy while minimizing risks in human trial.
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SUPPLEMENT INFORMATION
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Figure S1: Cell viability of FZ-DADA in MCF7 cells. MCF7 cells were seed at 20 000
cells/well and incubate in 370C in 24h . FZ, DADA and its combination at various dosages
were treated for 48 h, cell viability was determined by formazan crystal formation of MTT
assay. The colorimetric was identified using microplate reader at 570 nm. The result was
analyzed by ANOVA. * Correspond to p < 0.05, ** p < 0.01, *** p <0.001. All treatments

were performed in triplicate. Concentration in uM.
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Figure S2:. Cells viability of FZ-DADA in PC3 cells. PC3 cells were seed at 20 000 cells/well
and incubate in 370C in 24h . FZ, DADA and its combination at various dosages were treated
for 48 h, cell viability was determined by formazan crystal formation of MTT assay. The
colorimetric was identified using microplate reader at 570 nm. The result was analyzed by
ANOVA. * Correspond to p < 0.05, ** p < 0.01, *** p <0.001. All treatments were performed

in triplicate. Concentration in uM.
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Figure S3: Cells viability of FZ-DADA in DUI145 cells. DUI45 cells were seed at 20 000
cells/well and incubate in 370C in 24h . FZ, DADA and its combination at various dosages
were treated for 48 h, cell viability was determined by formazan crystal formation of MTT
assay. The colorimetric was identified using microplate reader at 570 nm. The result was

analyzed by ANOVA. * Correspond to p < 0.05, ** p < 0.01, *** p <0.001. All treatments

were performed in triplicate. Concentration in uM.
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Figure S4: Cells viability of FZ-DADA in Hep G2 cells. Hep G2 cells were seed at 20 000
cells/well and incubate in 370C in 24h . FZ, DADA and its combination at various dosages
were treated for 48 h, cell viability was determined by formazan crystal formation of MTT
assay. The colorimetric was identified using microplate reader at 570 nm. The result was
analyzed by ANOVA. * Correspond to p < 0.05, ** p < 0.01, *** p <0.001. All treatments

were performed in triplicate. Concentration in uM.
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Abstract. Fenbendazole is a benzimidazole anthelmintic agent
commonly used to treat animal parasitic infections. In humans,
other benzimidazoles, such as mebendazole and albendazole, are
used as antiparasitic agents. Since fenbendazole is not currently
approved by the FDA or EMA, its pharmacokinetics and safety
in humans have yet to be well-documented in medical literature.
Despite this, insights can be drawn from existing in vitro and in
vivo animal studies on its pharmacokinetics. Given the low cost
of fenbendazole, its high safety profile, accessibility, and unique
anti-proliferative activities, fenbendazole would be the preferred
benzimidazole compound to treat cancer. To ensure patient safety
in the repurposing use of fenbendazole, it is crucial to perform
clinical trials to assess its potential anticancer effects, optimal
doses, therapeutic regimen, and tolerance profiles. This review
focuses on the pharmacokinetics of orally administered
fenbendazole and its promising anticancer biological activities,
such as inhibiting glycolysis, down-regulating glucose uptake,
inducing oxidative stress, and enhancing apoptosis in published
experimental studies. Additionally, we evaluated the toxicity
profile of fenbendazole and discussed possibilities for improving
the bioavailability of the drug, enhancing its efficacy, and
reducing potential toxicity.

Fenbendazole, also known as methyl N-(6-phenylsulfanyl-
1H-benzimidazole-2yl), is currently used as an antiparasitic
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therapeutic agent in dogs and other animals. In humans,
other benzimidazoles, such as mebendazole and albendazole,
are used as antiparasitic agents (1). Fenbendazole exerts its
antiparasitic effects primarily in the anterior intestine by
depolymerizing microtubules, inhibiting intestinal secretory
vesicle transport. Fenbendazole binds to beta-tubulin in
parasites, causing microtubule destabilization and hindering
tubulin polymerization. This destabilization disrupts cellular
function, such as glucose uptake, thereby affecting the
energy management of parasites. Due to its poor absorption
by oral administration, fenbendazole is particularly effective
for targeting intestinal parasites (2).

In August 2016, fenbendazole garnered global attention as
a potential anti-cancer therapy following the complete
recovery success story of Joe Tippens, who was diagnosed
with small-cell lung cancer. At the time, Tippens was
undergoing a clinical trial for a novel anti-cancer drug.
Meanwhile, under the guidance of a veterinarian, Tippens
began self-administering 222 mg fenbendazole orally, along
with vitamin E supplements, CBD oil, and bioavailable
curcumin. After three months of self-administration, a PET
scan revealed no detectable cancer cells in his body. Notably,
Tippens was the only patient cured of cancer among the 1,100
clinical trial participants (3). While the Joe Tippens case is
compelling, it remains an anecdotal report. It underscores the
need for rigorous clinical trials to validate the efficacy and
safety of fenbendazole as an anti-cancer therapy.

The anti-cancer activity of fenbendazole has been studied
across many cell lines, demonstrating anti-tumor effects
against multiple cancer types (Table I) (4-7). Additionally,
fenbendazole has shown efficacy against 5-FU, paclitaxel,
and docetaxel-resistant cancer cells (5, 8, 9). Compared to
albendazole, fenbendazole was more effective against 5-FU-
resistant colorectal cells, likely due to its intervention in
glycolysis (5).

Although fenbendazole exhibits promising anti-cancer
effects, experimental studies indicated its poor water
solubility has hindered its therapeutic performance. When
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Table I. Studies of fenbendazole in vivo and in vitro cell lines.

Cancer type; Experimental Fenbendazole Results References
Cell lines model dose
Skin cancer; In vitro 1,2,and 4 uM Increased levels of YH2AX, indicating DNA damage. (35)
A375 for 24-48 hours Confirmation of antiproliferative activity of fenbendazole,
microtubule disruption, induced cell cycle arrest at G,/M phase.
Increase of p53 activity by down-regulating Mdm2 and MdmX expression.
Lung cancer; In vitro 0.001,0.01,0.1, 50% tumor inhibition at 1 pM. Tubulin destabilization activity was (10)
A549, H460, 1, 10, and 100 uM observed at 1 and 10 uM. Induced cell cycle arrest in the G,/M phase.
and H1299 cells for 48 hours.
Non-small cell In vitro In vitro: 1 uM Significant reduction in number of tumor cell colonies. “4)
lung cancer; and in vivo for 48 hours Reduction of tumor size and weight. Confirmation of microtubule
H460 and A549 In vivo: 1 mg/ disruption, induced cell cycle arrest in G,/M phase.
cells in nu/nu mouse, p.o., every
mice second day
for 12 days
Non-small cell In vitro 1 uM for 48 hours Observed tumor growth inhibition and apoptotic cancer (58)
lung cancer; cell death, possibly by inhibiting proteasomal function.
A549, H460 Fenbendazole demonstrated cytotoxicity towards tumor cells but
retained non-toxicity to normal cells. Observed p53
induction and up-regulation of p53 target genes.
Cervical cancer; In vitro 0.1,1, 10 uM Fenbendazole inhibited tumor colony formation and induced 37)
HeLa, C-33A, for 48 hours cell apoptosis and arrest. It was more toxic to HeLa
CaSki cells and less toxic to normal cells.
Down-regulation of MMP2 and MMP9 expression
inhibited HeLa cell migration and invasion.
Colorectal cancer; In vitro 0.50 uM for 3 days Triggered cancer cell apoptosis through mitochondrial 5)
SNU-C5 injury and the caspase 3-PARP pathway. Increased p53
expression, leading to p53-mediated apoptosis.
Colorectal cancer; In vitro 4.09 uM for 3 days Triggered cancer cell apoptosis without affecting p53 5)
SNU-C5/5-FU expression. Enhanced p53-independent apoptosis
resistant cells and ferroptosis-augmented apoptosis.
Lymphoma; In vivo and 150 ppm Observed low anti-cancer effect when fenbendazole was (59)
P493-6B cells in vitro fenbendazole, administered alone. Tumor growth inhibition was higher in mice
in SCID mice with diet and/or administered fenbendazole with a vitamin-supplemented diet.
with vitamins
Leukemia; In vivo and 0.1,0.2, and Higher concentrations of fenbendazole led to apoptosis. In as 6)
HL60 in mice in vitro 0.5 uM for 1-6 days little as 3 days, lower concentrations (0.1 uM) caused
leukemia cells to convert to granulocytes and induced apoptosis.
At 72 hours, fenbendazole exhibited 14.5-fold selectivity in killing
HL60 cells over healthy human bone marrow stem (BMSC) cells.
Hepatocellular In vitro 1.25 uM for Growth suppression in cancer cells actively growing. (7)
carcinoma; 48 hours Induced p21-mediated apoptosis in tumor cells.
HA4IIE cells
Breast cancer; In vitro 1,2,and 4 uyM Increased levels of YH2AX, indicating DNA damage. Confirmation (35)

MCF-7

for 48 hours

of antiproliferative activity of fenbendazole, microtubule
disruption, induced cell cycle arrest at G,/M phase.
Increase of p53 activity by down-regulating
Mdm2 and MdmX expression.
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Table 1. Continued

Cancer type; Experimental Fenbendazole Results References
Cell lines model dose

Breast cancer; In vitro and 0.11,0.33, 1.0, Higher drug concentrations demonstrated cytotoxicity towards 27)
EMT6 mouse in vivo and 3.0 pM for tumors and high tumor inhibition. Tumor appearance also changed,

mammary tumor
cells in female
BALB/cRw mice

8 days in vitro
150 ppm in diet and
50 mg/kg/day, i.p.
for 2 days in vivo

suggested to be due to disruption of tubulin microtubule equilibrium.
No change in tumor growth or metastatic pattern.

No change in tumors with radiation.

administered orally, fenbendazole struggles to reach systemic
circulation and, subsequently, the therapeutic levels necessary
to impact tumors (10-12). Addressing pharmacokinetic
limitations is crucial to repurposing fenbendazole for cancer
treatment.

This review focuses on the pharmacokinetics of
fenbendazole when administered orally and its promising
anticancer biological inhibiting
glycolysis, down-regulating glucose uptake, inducing
oxidative stress, and enhancing apoptosis. In addition, we
evaluate the toxicity profile of fenbendazole and discuss
possibilities for improving the bioavailability of the drug,
enhancing its efficacy, and reducing potential toxicity. This
comprehensive review aims to provide a detailed
understanding of fenbendazole's potential as a repurposed
anti-cancer agent and outline the necessary steps for its
clinical application.

activities, such as

Anti-cancer Mechanisms and
Targets of Fenbendazole

Studies attribute the anti-cancer mechanisms of fenbendazole
to increasing p53 activation, inhibiting the GLUT] transporter
and hexokinase, and reducing glucose uptake in cancer cells
(4). Enhanced glycolysis is a crucial signal of tumor
progression (13-15). Under anaerobic conditions, glycolysis
produces lactate, which increases acidification in the tumor
microenvironment and leads to drug resistance (16).
Metabolic disturbances, such as glutamine overuse, further
enhance glycolysis, creating a feedback loop for tumor
growth (15, 17). Fenbendazole has been found to inhibit
glucose uptake, resulting in reduced lactate levels (4). Thus,
fenbendazole can serve as a viable treatment for drug-
resistant cancer cells.

Fenbendazole exhibits several other mechanisms
contributing to its anti-cancer effects, primarily by disrupting
energy metabolism. It functions as a microtubule
destabilizing agent, impairs proteasomal function, and
inhibits glucose metabolism. Glucose, a primary energy
source for tumor cells, is metabolized through aerobic

glycolysis and delivered across the cell membrane via the
GLUT]1 transporter (18). Unlike normal cells, cancer cells
perform glycolysis to metabolize glucose to lactate even
under aerobic conditions (13, 16, 19). Although aerobic
glycolysis is not an efficient method of supplying energy and
appears to produce less ATP than oxidative phosphorylation,
it provides essential materials for tumor cell growth, such as
nucleotides, amino acids, and lipids (20, 21). Additionally,
the ATP/ADP and NADH/NAD+ ratios in tumor cells remain
high, indicating sufficient ATP supply through glycolytic
tumor metabolism (22).

The GLUT! transporter has been highly expressed in 99%
of patients with squamous cell carcinoma and 50% of
patients with adenocarcinoma (23-25), leading to being
proposed as a promising therapeutic target in cancer therapy
(26). Fenbendazole induces mitochondrial translocation of
p53, indicating activation of the p53-p21 pathway, which
inhibits GLUT transporter expression and prevents glucose
uptake in cancer cells (4). Through p53 activation,
fenbendazole is believed to impede hexokinase II (HKII) (4,
7), the first glycolytic pathway enzyme critical for cancer
cell growth. However, another study did not observe
inhibition of HKII activity at 1 and 10 uM fenbendazole
(10). As a primary enzyme in glucose metabolism, the
inhibition of HKII would prevent tumor development (4, 27,
28). Therefore, fenbendazole’s actions on HKII warrant
further exploration. Thus, through targeting GLUT1, HKII,
and glycolysis, fenbendazole can lead to cancer cell
starvation and reverse drug resistance, aiding cancer
treatment.

In addition to glycolysis inhibition, fenbendazole induces
apoptosis in cancer cells (4-7). In colorectal cancer
(CRC) cells, fenbendazole triggers apoptosis through
mitochondrial injury and the caspase 3-PARP pathway. In
wild-type CRC, fenbendazole activates p53-mediated
apoptosis by increasing p53 expression. Additionally, it
induces necrosis, autophagy, and ferroptosis. In 5-FU-
resistant CRC, fenbendazole triggers apoptosis without
affecting p53 expression, likely enhancing p53-independent
ferroptosis-augmented apoptosis (5).
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Figure 1. The metabolites of fenbendazole. Structures based on the metabolic scheme shown in the Fenbendazole UN FAO document (42).

Fenbendazole also acts as a microtubule destabilizing agent.
Microtubule-targeting agents are promising cancer treatments
due to the microtubules’ roles in mitosis, cell structure
maintenance, and other cellular events (29-33). Some cancer
therapy drugs inhibit microtubule polymerization (vincristine,
vinblastine), while others stabilize microtubules (paclitaxel,
docetaxel), leading to apoptosis and metaphase arrest (34).
Fenbendazole shows microtubule depolymerizing activity in
human cancer cell lines and demonstrates anticancer effects in
vitro and in vivo (4, 10, 35). Fenbendazole induces cell cycle
arrest in the G,/M phase (4, 36) and demonstrates tubulin
destabilization activity at concentrations of 1 and 10 uM, with
more cell cycle arrest demonstrated at higher concentrations
(10 pM) (10).

When administered orally at micromolar concentrations,
fenbendazole induces cytotoxicity and effectively blocks cancer
cell growth. Fenbendazole also causes oxidative stress and
activates the MEK3/6-p38MAPK pathway, inhibiting cancer cell
proliferation and enhancing apoptosis. Fenbendazole reduces
toxicity to normal cells while maintaining its anti-cancer effects
of impairing energy metabolism and restraining cancer cell
migration and invasion (37). Beyond oncology, fenbendazole
shows potential in treating pulmonary fibrosis by inhibiting the
progression of bleomycin-induced lung fibrosis (36).
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Pharmacokinetics of Fenbendazole

Given that fenbendazole has not been approved for regulatory
use in humans, pharmacokinetic data for this drug is limited.
While no clinical trials have tested fenbendazole in humans,
insights can be drawn from in vitro and in vivo animal studies.
The FDA recently granted a fast-track designation for
developing oxfendazole, a major metabolite of fenbendazole,
to treat human trichuriasis. Pharmacological studies of
oxfendazole can help supplement the understanding of
fenbendazole’s pharmacokinetics in humans.

Fenbendazole undergoes partial absorption in the liver, where
it is rapidly metabolized by flavin-monooxygenase (FMO) and
CYP3A4 enzymes to become its sulfoxide derivative,
oxfendazole (fenbendazole sulfoxide) (38, 39). Additionally,
CYP2J2 and CYP2C19 enzymes metabolize fenbendazole into
hydroxyfenbendazole (40). Another metabolic pathway converts
fenbendazole into fenbendazole sulfone (41, 42) by pre-
systemic and systemic metabolism (43). Although fenbendazole
sulfone predominates in the plasma following administration
(41), oxfendazole is the primary metabolite responsible for the
biological activity of fenbendazole (44). Through systemic
metabolism (43), oxfendazole is reduced back to fenbendazole
(44) rather than first-pass metabolism (Figure 1) (45).
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Table II. Pharmacokinetic profile of fenbendazole when administered
orally to male rats at a dose of 10 mg/kg. After the peak concentration,
the drug concentration remained lower than 0.1 ug/ml (10).

Parameter Oral Fenbendazole (10 mg/kg)
Tnax(h) 0.25+0.00
Tip 8.23+2.49
Chax (Hg/ml) 0.32+0.24
AUC ¢ (ng-h/ml) 0.73+0.05
AUC,, (ugh/ml) 0.88+0.17

In male rats, the maximum concentration of fenbendazole
was observed to be 0.32 pg/ml (Table II) (10). After hepatic
metabolism, fenbendazole and its metabolites are excreted
via the feces and urine. A study performed in cattle found
that 36% of orally administrated fenbendazole was recovered
in the feces, with none in urine. When administered

intravenously, over 50% of the fenbendazole dose was
excreted as hydroxyfenbendazole (46).

Due to its low water solubility and permeability of 0.3 pg/ml
(11), fenbendazole struggles to reach systemic circulation at
levels sufficient to affect tumors. Its drug release rate is 5%
within 15 min and 81% within an hour (12).

Safety and Toxicity

In animals, fenbendazole demonstrated a high safety margin
and low toxicity. A safety profile study of fenbendazole
administered to cattle found that fenbendazole was well-
tolerated, even when administered at six times the prescribed
dose and three times the recommended duration (47). In
rodents, its lethal dose (LDs,) exceeded 10 g/kg, which is
1,000 times the therapeutic level. Lifetime studies in rats
indicated no maternal or reproductive toxicity and no
carcinogenesis. However, morphologic changes in hepato-
cellular hypertrophy and hyperplasia were observed (48).

Table 1. Studies exploring various vehicles to improve the solubility of fenbendazole.

Vehicle Description & Study Results Reference
PLGA nanoparticles Fenbendazole-encapsulated poly(D,L-lactide-co-glycolide) acid (PLGA) nanoparticles (FZ-PLGA-NPs) )
(FZ-PLGA-NPs) have shown increased anti-cancer effects of fenbendazole on epithelial ovarian cancer (EOC) cells both
in vitro and in vivo. In xenograft mouse models, i.v. injections of FZ-PLGA-NPs significantly reduced
tumor weight compared to the control group. FZ-PLGA-NPs decreased cancer cell proliferation in
patient-derived xenograft models as well.
DMSO (100% DMSO) Fenbendazole-DNTC and Fenbendazole-DMSO demonstrated significantly higher cytotoxicity than (41, 53)
or DNTC (DMSO, NMP, control groups of DNTC and DMSO alone. DNTC and DMSO can be vehicles to improve the solubility
Tween-80 and Cremophor  of fenbendazole. Fenbendazole alone significantly inhibited tumor growth more than paclitaxel.
mix in 1:3:2:2 ratio) Moreover, Fenbendazole-DNTC was found to be significantly more cytotoxic than paclitaxel.
Fenbendazole itself was the only drug more significantly cytotoxic and apoptotic in both paclitaxel-resistant
prostate cancer cell lines compared to paclitaxel, clofazimine, fluspirilene, suloctidil, and niclosamide.
Methyl-B-cyclodextrin Fenbendazole complexed with methyl-B-cyclodextrin at a 1:1 ratio. Methyl-p-cyclodextrin, when (11)
complexed with fenbendazole, can increase the water solubility of fenbendazole to 20.21 mg/ml.
Fenbendazole-loaded Fenbendazole was encapsulated in low-toxicity Soluplus® micelles for injection. In vitro (60)
Soluplus® micelles pharmacokinetic studies showed that fenbendazole-loaded Soluplus® micelles had lower total
clearance and volume of distribution, along with higher AUC and plasma concentration at T,.
Fenbendazole-loaded Soluplus® micelles released fenbendazole more gradually than the Fen-25%
Cremophor EI®/EtOH solution. At <72 h, the release rate for Fenbendazole-loaded Soluplus®
micelles was 50.4% and 75.1% for the Fen-25% Cremophor EI®/EtOH solution. An in vivo toxicity
assay revealed that Fen-loaded Soluplus® micelles did not induce severe toxicity to normal cells.
Supplementary Twenty-four-week-old SCID (human lymphoma cell line) mice were divided into four treatment (59)
vitamins (A/Retinol, groups: standard diet only, diet with fenbendazole, vitamin-supplemented diet, and vitamin-supplemented
D3/Cholecalciferol, diet with fenbendazole. The group of SCID mice treated with a vitamin-supplemented diet with
E, K3,Bl1, B2, B6, fenbendazole exhibited significant inhibition of tumor growth. This is believed to be due to
B12, folate, niacin, the antimicrotubular activity of fenbendazole.
pantothenic acid, biotin) Additionally, taking fenbendazole with food may have increased its absorption.
Cocrystals (cinnamic, Among the tested cocrystals, fenbendazole-salicylic acid exhibited the highest cumulative drug (12)

benzoic, and salicylic
acids)

release of 38% in 15 min. In under 1 h, fenbendazole-salicylic showed a 100% drug release,
while pure fenbendazole had a drug release of 81% at 1 h.
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Oxfendazole, a major metabolite of fenbendazole, is well
tolerated in humans. A randomized, double-blind, placebo-
controlled, phase I study conducted in 70 healthy participants
evaluated multiple ascending oral doses of oxfendazole, from
0.5 to 60 mg/kg. The dose study found acceptable safety and
tolerability profiles, even after 5 repeated daily doses of up to
15 mg/kg. This clinical trial also characterized the disposition
of fenbendazole, describing the drug as a one-compartment
model with formation rate-limited elimination (43).

Although studies of the pharmacokinetics of oxfendazole
can give insight into the safety of fenbendazole, it should be
noted that the solubility of oxfendazole is 44.12 pg/ml (49),
demonstrating much higher pharmacokinetic exposure than
the solubility of fenbendazole at 0.3 ug/ml (11), even after
the same oral dose (50). Further clinical studies using
fenbendazole are needed to accurately assess its safety,
toxicity, and therapeutic dose in humans.

Increasing Fenbendazole Solubility and Absorption

A significant challenge in using fenbendazole is its low water
solubility and bioavailability. Improving the water solubility
is essential, as it would reduce the amount of drug needed to
reach the same therapeutic effect. With this increase in
solubility, fenbendazole can also meet the requirements for
use as a systemic anticancer drug. Several studies have
investigated various vehicles to overcome this low solubility
limit (Table IIT).

Among the discussed vehicles for increasing the
bioavailability of oral fenbendazole, it would be worthwhile
to focus on dimethyl sulfoxide (DMSO), Salicylic acid, and
methyl-B-cyclodextrin. DMSO and DNTC (DMSO, NMP,
Tween-80, and Cremophor mix in a 1:3:2:2 ratio) are highly
promising solvents that warrant further exploration. DMSO
inhibits several cytochrome P450 subtypes (2C9, 2C19, 2E1,
and 3A4) in a concentration-dependent manner (51, 52).
Since 2C19 and 3A4 are known CYP450 subtypes that
metabolize fenbendazole, inhibiting these enzymes would
allow fenbendazole to stay in circulation at higher
concentrations for longer periods. Through this increase in
bioavailability, fenbendazole can prolong its effects on
cancer cells. Fen-DMSO and Fen-DNTC have also been
found to be cytotoxic and induce apoptosis in paclitaxel-
resistant cells (53). Due to their enhanced cytotoxicity,
DMSO or DNTC formulations could be beneficial in treating
drug-resistant cancer types.

Another method to improve the solubility of fenbendazole
would be to complex it with methyl-B-cyclodextrin at a 1:1
ratio. When fenbendazole is complexed with methyl-B-
cyclodextrin, the complex can significantly increase the drug’s
water solubility to 20.21 mg/ml, which is 60,000 times better
than the average solubility of fenbendazole. With this
complex, fenbendazole can meet the water solubility
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requirements (5-10 mg/ml) and could be tested in future
clinical trials as a potential anti-cancer drug. Additionally,
methyl-B-cyclodextrin increases the drug release rate of
fenbendazole to 75% in 15 min, compared to 5% for pure
fenbendazole (11).

Salicylic acid would also be an excellent vehicle to
improve the drug release rate of fenbendazole.
Fenbendazole-salicylic acid performed exceptionally well,
achieving a 100% drug release rate in under 1 hour and a
1.052 mg/ml solubility. This significant drug release rate
improvement could offer immediate therapeutic action. The
enhancement in solubility is suggested to be due to
intermolecular interactions such as carboxylic-carboxylic or
carboxylic-amino groups forming hydrogen bonds (12).

Fenbendazole as a Cancer Therapy in Humans

Despite the lack of regulatory approval and extensive
clinical trials for fenbendazole as a cancer treatment in
humans, some cancer patients have self-administered the
drug, as documented in case studies. Table IV discusses
four case reports where fenbendazole has led to a
reduction in tumor size (54, 55) and two cases (56, 57)
where patients experienced drug-related hepatic
dysfunction (Table IV). In both cases, despite the
hepatotoxicity, patients’ liver function recovered rapidly
upon discontinuing fenbendazole.

Due to its accessibility over the counter at a relatively low
price, patients have turned to fenbendazole as an at-home
treatment for cancer. As the published case reports observed,
the most common self-administered regimen involves taking
1 gram of fenbendazole orally once daily for three
consecutive days, followed by four days off treatment (54-
57). However, the use of fenbendazole for cancer therapy in
humans requires further pilot and extensive clinical trials to
establish effective doses and regimens. Patients with
compromised liver function, liver cirrhosis, or liver cancer
should use fenbendazole with caution. Additionally,
combining fenbendazole with glycolysis inhibitors and
hepatoprotective pharmaceutical or nutraceutical agents can
lead to synergic therapeutic activity while reducing potential
liver toxicity.

Conclusion and Perspectives

Fenbendazole’s disruptive effects on energy metabolism are
fascinating areas of study that could lead to significant
advancements in cancer treatment. Various studies in cell
lines and animals have demonstrated the efficacy of
fenbendazole in inhibiting tumors and targeting drug-
resistant cancer cells through glycolysis inhibition. By
increasing p53 expression and impacting multiple cellular
pathways that act on GLUT and HKII, fenbendazole down-
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Table IV. Summarized patient case reports on the self-administration of fenbendazole for cancer.
Patient case; Treatment Results Evaluation of Reference
Cancer type findings
83-year-old male First 6 months: 1g fenbendazole, Repeated PET/CT scans Physicians speculated that (54)
patient; Stage IVa administered orally once per day over 12 months revealed the regression of the patient’s
diffuse large (based on self-research). He adjusted that the patient’s stage IVa DLBCL might be
B-cell lymphoma his doses between 1 and 6 tablets/ lymphadenopathy improved due to fenbendazole.
(DLBCL) day depending on his symptoms. compared to previous scans. However, whether this
Months 7 and 8: Due to peripheral In addition, no new improvement is directly related
neuropathy, the patient reduced doses lesions were observed. to fenbendazole or other
to 1-three tablets of fenbendazole, factors remains uncertain.
taken orally once daily. Repeated
PET/CT scans revealed smaller
mediastinal lymph nodes.
Month 9: Followed up with oncology
and had a repeated PET/CT scan,
which showed improved
lymphadenopathy.
Months 10, 11, 12: The patient
continued tapering down fenbendazole,
reducing to three tablets per week.
Another PET/CT scan revealed
further improvement with
no new lesions observed.
63-year-old 800 mg pazopanib was initiated; Due to the side effects of Fenbendazole significantly (55)
Caucasian male; the patient had intolerable side effects immunotherapies, reduced tumor size and
high-grade clear and required discontinuation. fenbendazole was taken as had no reported side effects.
cell renal cell Cabozantinib was initiated next, but an alternative treatment. At the time of the report, the
carcinoma (mRCC) it had limited effectiveness and Interval MRI imaging patient had been taking
intolerable side effects, revealed near complete fenbendazole with no new lesions
requiring discontinuation. resolution of left renal observed for about 10 months
Nivolumab was initiated (three mass and a decrease in without further continuing
treatments of 240 mg, over one month); pancreatic head/body immune checkpoint inhibitor
the patient had intolerable side effects and right posterior therapy (nivolumab).
and required discontinuation. iliac spine lesions.
Patient initiated 1g fenbendazole,
administered orally once/day
for three days/week.
72-year-old Gamma knife radiotherapy, Initial combination therapies Alternative therapy with (55)
Caucasian male; carboplatin, paclitaxel, and addressed the patient’s fenbendazole resulted in a
high-grade pembrolizumab combination brain and pulmonary decrease in tumor size,

urothelial carcinoma
(HGUC)

treatments.
Gemcitabine and cisplatin
for six cycles over four months.
Alternative therapy of 1g
fenbendazole administered orally
once/day for three days/week,
800 mg vitamin E orally once/day,
600 mg curcumin orally
once/day, and CBD oil.

metastases. However,
while on pembrolizumab
maintenance, the patient
developed progressive
retroperitoneal disease.
Gem/cisplatin therapy was
initially effective, leading
to a near complete response.
However, interval CT
revealed an increase
in aortocaval node size.
After initiation of alternative
therapy with 1g fenbendazole,
serial CTs from the past
nine months showed a
decrease in tumor size.

achieving a complete
radiographic response.
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Table IV. Continued

Patient case; Treatment Results Evaluation of Reference
Cancer type findings
63-year-old Transurethral resection of Follow-up CT revealed Follow-up CT showed (55)
Caucasian female; bladder tumor (TURBT). no evidence of that AMVAC/Fenbendazole
urothelial carcinoma Accelerated Methotrexate, Vinblastine, disease and minimal therapy effectively
of the bladder Doxorubicin, and Cisplatin (AMVAC) residual thickening. decreased disease size.
for six cycles over four months, along The patient remains on
with concurrent 1 g fenbendazole surveillance with no
administered orally once/day disease progression.
for three days/week.
80-year-old female Pembrolizumab monotherapy The patient’s liver function After discontinuation (56)
with advanced was initiated for nine months. tests indicated severe hepatic of fenbendazole, the
non-small-cell lung 1g fenbendazole was dysfunction, with a Naranjo patient’s liver
cancer (NSCLC) administered once/day orally Adverse Drug Reaction dysfunction was
with brain metastases for three days, followed Probability score of 6, resolved. No hepatic
by four days off. The patient suggesting that disorder relapse was
self-administered fenbendazole was the observed; therefore,
fenbendazole for one month. probable cause. fenbendazole was
After fenbendazole was A chest CT showed no likely responsible for
discontinued, pembrolizumab antitumor effects on the the liver dysfunction.
therapy recommenced. patient’s lung cancer However, it is possible
before and after 1 that pembrolizumab,
month of fenbendazole in combination with
administration. fenbendazole, enhanced
Due to increased tumor size hepatotoxicity.
in her lung, pembrolizumab
monotherapy was terminated.
67-year-old female; Fenbendazole is administered A liver biopsy revealed severe Histology confirmed that (57)

history of colon cancer

post-resection.

drug-induced liver injury
(DILI) with a RUCAM
score of 9, suggesting a high
probability that
fenbendazole was the cause.
Consequently, fenbendazole
was discontinued.

orally three days/week

for one year to cure a
precancerous skin lesion.
Drug strength unknown.

fenbendazole was likely
responsible for the
patient’s severe DILI.
After discontinuation of
fenbendazole, the patient’s
hepatocellular injury
pattern improved.

regulates glucose uptake, causing cancer cell starvation and
enhancing apoptosis. Through this mechanism, fenbendazole
effectively eliminates cancer cells while exhibiting no or
acceptable minimal toxicity to normal cells.

Improving the solubility of fenbendazole is crucial for
enhancing its bioavailability and reducing the drug needed to
reach therapeutic effects. Future studies could compare these
vehicles and test various concentrations to optimize
fenbendazole's solubility and drug release. Additionally,
combining fenbendazole with hepatoprotective pharmaceutical,
nutraceutical, and glycolysis inhibitors can be a promising
approach to improving the drug's effectiveness while reducing
its potential reversible liver toxicity.

With its high safety profile, affordability, and minimal side
effects, fenbendazole stands out as a potential option for
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cancer therapy. Moreover, fenbendazole is easy to acquire
and can be administered orally, offering a less invasive
treatment that can increase patient adherence. Furthermore,
by inhibiting glycolysis in cancer cells and preventing lactate
buildup, fenbendazole surpasses albendazole and
mebendazole in treating drug-resistant cells, making it the
benzimidazole of choice for cancer therapy.

Despite numerous success stories using fenbendazole and
the extensive research performed in vitro and in vivo,
repurposing fenbendazole for cancer treatment remains non-
suggested by conventional medical institutions and
oncologists. Clinical trials should be funded and performed
to promote the possible application of fenbendazole as an
inexpensive, well-characterized, and widely available
anticancer therapeutic in animals and humans.
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Abstract. Background/Aim: Lung cancer is the leading cause
of cancer-related mortality worldwide, accounting for
approximately 2 million new cases and 1.8 million deaths
annually. Standard treatment options include surgery, radiation
therapy, chemotherapy, and targeted therapies. Despite
advancements over the past 25 years, the prognosis of patients
with lung cancer remains poor. This study evaluated the
synergistic anticancer effects of fenbendazole (FZ) and
diisopropylamine dichloroacetate (DADA) on A549 lung
cancer cells. Materials and Methods: Fenbendazole (methyl N-
(6-phenylsulfanyl-1H-benzimidazol-2-yl) carbamate) is a
broad-spectrum benzimidazole anthelmintic commonly used in
veterinary medicine. Diisopropylamine Dichloroacetate
(DADA), an over-the-counter treatment for chronic liver
disease, has demonstrated anti-tumor properties as an inhibitor
of pyruvate dehydrogenase kinase. Results: The combination
of FZ and DADA exhibited a synergistic effect on inhibiting the
proliferation of A549 lung cancer cells. After 48 h of treatment,
the FZ-DADA combination produced reactive oxygen species
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(ROS) and promoted apoptosis by down-regulating Bcl2 and
up-regulating BAX protein expression. The combination
activated caspase-3, caspase-7, and PARP, further driving
apoptosis in A549 cells. The FZ-DADA treatment also induced
cell cycle arrest, as evidenced by the inhibition of Cyclin A and
Cyclin E proteins. Conclusion: The synergistic anticancer
effects of the FZ-DADA combination were confirmed at both
cellular and protein levels in A549 lung cancer cells. The
combination modulates key apoptotic proteins, induces cell
cycle arrest, and increases mitochondrial ROS production,
suggesting a promising approach for lung cancer treatment
that warrants further investigation and development.

Lung cancer is the leading cause of cancer-associated mortality
worldwide, accounting for an estimated 2 million diagnoses and
1.8 million deaths (1). Lung cancer is divided into two broad
histologic classes, which grow and spread differently: small-cell
lung carcinomas (SCLC) and non-small-cell lung carcinomas
(NSCLC). Treatment options for lung cancer include surgery,
radiation therapy, chemotherapy, immunotherapy, and targeted
therapy. Despite the improvements in diagnosis and therapy
made during the past 25 years, the prognosis for patients with
lung cancer is still unsatisfactory (2). This research aimed to
investigate the anti-cancer effect of Diisopropylamine
Dichloroacetate and Fenbendazole in lung cancer models.
Fenbendazole [methyl N-(6-phenylsulfanyl-1H-benzimi-
dazol-2-yl) carbamate] is a broad-spectrum benzimidazole
anthelmintic approved for use in numerous animal species.
Recent studies have shown that fenbendazole (FZ) exhibits
cytotoxicity to human cancer cells at micromolar concentrations
by inducing mitochondrial translocation of p53, inhibiting
glucose uptake, and disrupting other cellular pathways (3).
While most reported cases of FZ self-administration have noted
reductions in tumor size (4, 5), in some cases, FZ has been
found to cause liver injury (6, 7), in which patients promptly
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recovered after discontinuing FZ. Combining FZ with another
drug could mitigate this side effect and support the use of FZ
in cancer treatment, enabling pilot clinical trials to be
conducted. Therefore, identifying a safe, non-toxic drug
synergistic with FZ, preferably a glycolysis inhibitor, is crucial
for developing an effective anticancer combination therapy.

Diisopropylamine dichloroacetate (DADA), an over-the-
counter drug for chronic liver disease, has demonstrated anti-
tumor effects by inhibiting pyruvate dehydrogenase kinase (8).
Additionally, DADA is a hepatoprotective pharmaceutical that
would support the use of FZ in patients with liver cancer, bile
duct cancer, or compromised liver function. FZ-DADA therapy
could potentially reduce hepatotoxicity, enhance therapeutic
efficacy, and improve tolerability within the framework of
comprehensive metabolic therapy for proliferative disorders.
This research investigated the effects of the FZ-DADA
combination in A549 lung cancer cell line.

Materials and Methods

Cell culture. A549 cells were cultured in an 18 cm2 petri dish with
Roswell Park Memorial Institute (RPMI) medium (Thermo Fisher,
Waltham, MA, USA) containing 10% fetal bovine serum (FBS) and
incubated in a 5% CO, incubator at 37°C. The cells were frequently
maintained, subcultured, and checked for contamination.

Cell cytotoxicity assay. A549 cells were cultured in 96-well plates
(2.5x104 cells/well) and incubated overnight in a 5% CO, incubator
at 37°C. Cells were treated with various concentrations of FZ alone,
DADA alone and FZ-DADA combination for 24, 48, and 72 h. The
cell viability of A549 cells was measured using the MTT method.
Violet crystals were dissolved in isopropanol, and the absorbance
was measured with a spectrophotometer at 570nm using a
SpectraMax ID5 microplate reader. The CI value was calculated
using CompuSyn software.

ROS assay. A549 cells were seeded in 96-well plates (2.5x104
cells/well) at 37°C, 5% CO, for 24 hours. Cells were then treated
with various concentrations of FZ alone, DADA alone, and FZ-
DADA combination for 48 h. ROS levels were measured with a
Reactive Oxygen Species (ROS) Detection Assay Kit (ab287839)
(Abcam, Cambridge, UK) at Ex/Em=495/529 nm in endpoint mode
using SpectraMax ID5 microplate reader.

Hoechst staining. A549 cells were cultured in 6 cm plates (5x105
cells/well) at 37°C, 5% CO, for 24 h. Cells were then treated with
Paclitaxel 1 uM, FZ 1 uM, DADA 5 mM and FZ-DADA combination
for 48 h at 37°C, 5% CO,. After treatment, the supernatant was
removed. Cells were washed 3 times with cold PBS.

Cells were incubated with the staining solution containing Hoechst
33342 (Thermo Fisher) for 15 min while protected from light. After
15 min, the staining solution was removed. Cells were washed three
times with cold PBS before imaging with a fluorescent microscope.

Cell cycle arrest. A549 cells were seeded in 6-well plates for 24 h
before being treated with or without FZ, DADA, or an FZ-DADA
combination for 48 h. Cells adhering to the plate were collected and
washed in PBS twice. After fixing with ice-cold 70% ethanol at —20°C
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for 2 h, cells were washed with PBS and treated in PBS for 30 min
with 1 mg/ml propidium iodine (PI) (Thermo Fisher) and 20 pg/ml
RNase (Thermo Fisher). Cell cycle analysis was performed using a
Novocyte 2000 flow cytometer (ACEA Biosciences Inc., San Diego,
CA, USA) and NovoExpress software (ACEA Biosciences Inc.).

Apoptosis assay. A549 cells were seeded in 6-well plates for 24 h
before being treated with FZ, DADA, or an FZ-DADA combination
for 48 h in experiments. In time-dependent experiments, cells were
treated with or without the FZ-DADA composition for 24, 48, and
72 h. The supernatant, cell death washes with PBS, and adhering
cells were collected and washed twice with PBS. Apoptotic cells
were stained with annexin-V (1 mg/ml) and PI (I mg/ml) using an
annexin-V/PI staining kit. Apoptosis analysis was performed using
a Novocyte 2000 flow cytometer (ACEA Biosciences Inc.) and
NovoExpress software (ACEA Biosciences Inc.).

Western blot. A549 cells were lysed using RIPA buffer containing
protease inhibitor and then sonicated for complete cell disruption. The
Bradford assay (SERVA Electrophoresis GmbH, Heidelberg, Baden-
Wiirttemberg, Germany) determined the total protein lysis concentration.
SDS-PAGE was used to separate proteins, which were transferred to
polyvinylidene fluoride membranes (PVDF, Millipore, Bedford, MA,
USA) and blocked in TBS-T (50 mmol/I Tris-HCL pH 7.6), 150 mmol/l
NaCl containing 0.1% Tween-20 (containing 5% BSA) for 1 h.
Membranes were incubated with different antibodies (cell signaling)
overnight at 4°C. Membranes were washed in TBST, labeled with an
HRP-conjugated secondary antibody for 15 min (Thermo Fisher),
washed thrice, and measured using an ECL luminescence enhancer (GE
Healthcare, Chalfont St Giles, UK). Tubulin (Invitrogen, Waltham, MA,
USA) was used as a loading control to ensure even protein distribution
among the samples. Images of protein expression were captured by
ImageQuant LAS 500.

Glucose uptake assay. Glucose uptake was conducted using 2-
deoxyglucose (2-DG), which is structurally similar to glucose
(glucose uptake kit, AB136955) (Abcam, Cambridge, UK). 2-DG is
taken by glucose transporters and converted to 2-DG-6-phosphate
(2-DG6P), which cannot be further metabolized and consequently
accumulates inside cells. The accumulation of 2-DGO6P is
proportional to cells' absorption of 2-DG (or glucose). In this assay,
2-DG6P is oxidized to produce NADPH, the concentration of which
is measured using an enzymatic recycling amplification reaction.
A549 cells were seeded in a 96-well plate (5x10# cells/well) for 24
h. Cells were then starved overnight in high glucose DMEM without
FBS. Next, cells were treated for 24 h with various FZ, DADA, and
FZ-DADA combination concentrations. Cells were incubated with
Krebs-Ringer Phosphate-Hepes (KRPH) buffer for 40 min and insulin
1 puM for 20 min. Then, 10 mM 2-DG was added and incubated for
20 min. Cells were lysed with an extraction buffer, frozen at -80°C
for 10 min, and heated at 85°C for 40 min. The lysates were
neutralized by adding a neutralization buffer and centrifuged to collect
the NADPH supernatant samples. The products were amplified
following the glucose uptake kit protocol. The absorbance was
measured at 412 nm using the SpectraMax ID5 microplate reader.

Lactate assay. Lactate Colorimetric Assay kits (AB65331) (Abcam)
were used to measure lactate in the medium and cell lysates according
to the manufacturer’s instructions. A549 cells were seeded in 96-well
plates for 24 h, then treated with various concentrations of FZ, DADA
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and FZ-DADA combination. At 48 h, the lactate concentration in the
culture medium or cell lysates was measured at 450 nm using the
SpectraMax ID5 microplate reader based on a standard curve
generated with known concentrations of lactate solution.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism (GraphPad, Boston, MA, USA) and SPSS 22.0
(IBM, Chicago, IL, USA). Means+SD or % were calculated as
appropriate. Experiments were performed at least in triplicate, and
the average was calculated. The statistical significance of
experimental observations was determined using ANOVA with a
significance level of p<0.05.

Results

Cytotoxic effects of FZ-DADA against A549 lung cancer cell
lines. To evaluate the impact of FZ and DADA on cell viability,
A549 lung cancer cells were treated with various
concentrations of FZ and DADA for 48 h. ICs values of FZ
and DADA were determined to be 1 pM and 5 mM,
respectively. The A549 cell death rate was determined to be
dose-dependent, with approximately 30% of cells dying after
treatment with the FZ, DADA, and FZ-DADA combination
(Figure 1A). The results of combination doses were compared
with single drug doses to determine the appropriate, effective
combination ratio of FZ and DADA. Our results showed that
the FZ-DADA significantly reduced cell cytotoxicity compared
to FZ and DADA alone. Therefore, this combination ratio (1
UM FZ and 5 mM DADA) was chosen for further cytotoxicity
experiments. To investigate the synergistic effects of FZ-
DADA, the combination index (CI) value was calculated
(Figure 1B and C, and Table I). The results revealed that FZ-
DADA had synergistic effects after 48 h, which improved
when the combination dosage was increased. This was proved
by the CI value of all test combination dosages being less than
one, with the maximum number affected index (Fa) recorded
being approximately 0.8. A previous study on combining FZ
with the DADA-similar compound dichloroacetate (DCA) also
showed synergistic effects consistent with this result (3).

FZ-DADA induced ROS in A549 cells. Reactive oxygen
species (ROS) are chemically reactive chemicals containing
oxygen (9). ROS are formed as a natural by-product of the
normal metabolism of oxygen and have important roles in
cell signaling and homeostasis (10). ROS and mitochondria
play pivotal roles in the induction of apoptosis under
physiological and pathological conditions. A high level of
ROS may lead to increased cell damage through the
oxidative process of DNA, carbohydrates, lipids, and
proteins (11). To evaluate the effects of FZ and DADA on
ROS productions, A549 cells were treated with various ratios
of their combination. The level of ROS in the supernatant
was then measured after 48 h. The results indicated that FZ-
DADA increased ROS levels in A549 cells compared to the
single treatment with FZ or DADA (Figure 2).

FZ-DADA combination induced apoptosis in A549 cells.
Fluorescence-activated cell sorting (FACS) analysis
employing Annexin-V-FITC and propidium iodide staining
was used to investigate the effect of FZ, DADA, and their
combination on apoptosis in A549 cells (Figure 3A and B).
The flow cytometry results after 48 h treatments revealed
that FZ and DADA alone substantially triggered apoptosis at
their ICs), with apoptosis occurring in 38.83% (14.62% early
apoptosis and 24.01% late apoptosis) and 38.48% (16% early
apoptosis and 22.48% late apoptosis), respectively. At the
dose 1 pM and 5 mM, FZ-DADA combination showed a
dramatic percentage of 71.54% (13.1% early apoptosis and
58.44% late apoptosis) of apoptotic cells. This combination
significantly increased the proportion of cells in the late
apoptosis phase compared with the single-dose treatment
with FZ or DADA.

The results of Hoescht staining confirmed the effects of
FZ and DADA on A549 cells (Figure 3C). At the protein
level, FZ-DADA increased approximately 17 times the
expression of BAX and reduced 4 times the expression of
Bcl2. The Bcl2 family proteins are key regulators of
apoptotic cell death. High expression of Bcl2 in various
human cancers mediates the resistance of cancers to a wide
range of chemotherapeutic drugs and vy-irradiation, which act
by inducing apoptosis in tumor cells. Therefore, the blocking
of Bcl2 can restore the apoptotic process in tumor cells (12).
In contrast, the expression of BAX in cancer cells activated
cell death (13).

The morphological changes in apoptosis are primarily due to
caspases, a family of cysteine proteases that act as effectors in
the cell death pathway (14). As the most downstream enzyme
in the apoptosis-inducing protease pathway, caspase 3 plays a
pivotal role in cell death by cleaving key proteins in the cell
repair process. Caspase 3 cleaves at an aspartate residue,
producing p12 and p17 subunits, forming the active cleaved
caspase 3. This enzyme is crucial for the morphological and
biochemical changes characteristic of apoptosis (15-18). At the
protein level, the combination of 1uM FZ and 5 mM DADA
exhibited synergistic effects on cleaved caspase-3 protein,
resulting in approximately 3.3 and 4 times increase in their
levels compared with the treatment with 1 uM FZ or 5 mM
DADA alone, respectively. Similar to caspase 3, caspase-7 is
universally activated during apoptosis. Interestingly, the
combination of FZ-DADA with the dose 1 pM and 5 mM
increased the expression of cleaved caspase-7 by 12-fold, which
is 3 times and 12 times higher than the levels induced by FZ
and DADA alone, respectively. The caspase family, especially
caspase-3 and caspase-7, cleave the 116 kDa form of PARP into
85 kDa and 24 kDa fragments (19, 20). PARP has been
suggested to contribute to cell death by depleting the cells of
NAD and ATP (21). PARP-1 cleavage is a switch point that
directs death receptor signaling toward either apoptosis or
necrosis (20). Our results indicated that the combination
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Figure 1. (A) The combination of fenbendazole and diisopropylamine dichloroacetate (FZ-DADA) inhibited the proliferation of A549 cells. A549
cells were treated with different concentrations of fenbendazole (FZ), diisopropylamine dichloroacetate (DADA), and the combination of FZ-DADA
for 48 h in a 96-well plate. The MTT [3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide] assay was used to measure the cell viability
of A549 cells. The color absorbance was measured using a microplate reader at 570 nm. (B) Effect of FZ and DADA combination on the survival
of A549 cells. The FZ-DADA composition showed a synergetic effect on A549 cell lines. (A) FZ -DADA composition was applied for 48 h, after
which cell viability was determined using the MTT assay. The combination index (CI) and fraction affected (Fa) were calculated using CompuSyn
software. The CI <1 indicates antagonism, and the CI >1 indicates synergism. The color absorbance was measured using a microplate reader at
570 nm. Data are mean#SD. *p<0.05, **p<0.01, ***p<0.001. All treatments were performed in triplicate.

significantly increased about eight times the levels of cleaved
PARP. Our results (Figure 3) provide valuable evidence
demonstrating the activity of FZ and DADA and their
synergistic effects in the apoptosis of A549 lung cancer cells.

FZ-DADA composition arrested the cell cycle at G,/M in
A549 cells by down-regulating Cyclin A and E. We also
examined the effect of FZ and DADA in the cell cycle
regulation of A549 cells. Treatment with FZ and DADA alone
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at ICs for 48 h substantially enhanced cell number at Go/M
and sub G; compared to control (Figure 4A and B).
Following treatment with the FZ-DADA combination 1 uM
and 5 mM G,/M and sub-G levels increased while G levels
decreased, which was statistically significant. When paired
with earlier apoptosis findings, these results suggested that
the FZ-DADA combination synergistically triggered
apoptosis via the G,/M cell cycle arrest block (3). The
expression of several cell cycle checkpoints under the
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Figure 2. The combination of fenbendazole and diisopropylamine dichloroacetate (FZ-DADA) induced the production of reactive oxygen species (ROS)
in A549 cells. A549 cells were treated with different concentrations of FZ, DADA, and the combination of FZ-DADA for 48 h in a 96-well plate. ROS
levels were evaluated using the ROS Detection assay kit. Data was measured by mean+SD (*****p<0.0001 compared with vehicle-treated control, n=3).

Table 1. The combination of fenbendazole and diisopropylamine
dichloroacetate (FZ-DADA) showed a synthetic effect in A549 cell lines.

Total dose (uM) Fa CI value Interpretation
625.125 0.16 0.88 Synergism
1250.25 0.34 0.74 Synergism
2500.5 0.51 0.8 Synergism
5001 0.66 0.93 Synergism
10002 0.82 0.88 Synergism

CI: Combination index.

influence of FZ and DADA was investigated to assess cell
cycle regulation. At the protein level, the FZ-DADA
combination decreased the expression of Cyclin A and Cyclin
E about 3.5 times and 6.6 times compared to treatments with
FZ and DADA alone, respectively (Figure 4E).

FZ-DADA combination inhibited glucose uptake and lactate
production. In studies where A549 cells were treated with FZ
alone, the anticancer effect of FZ was linked to the inhibition

of glucose uptake, resulting in changes in glucose metabolism
and cell death (3). DADA was identified as a PDK-4 inhibitor,
which reduces lactate generation (8, 23). As a result, the
synergistic effects of the FZ-DADA combination, being a
glucose uptake inhibitor and PDK-4 inhibitor, were chosen for
the glucose metabolism study. Similar to earlier findings, FZ
and high-dosage DADA alone dramatically inhibited glucose
uptake in A549 cells after 24 h of treatment (Figure 5A).
Compared to treatment with either agent alone, the combination
treatment resulted in significantly less 2-DG absorption. As
expected, FZ and DADA alone reduced lactate generation after
48 h, and the effect was further enhanced when these drugs
were combined (Figure 5B). Thus, the FZ-DADA combination
demonstrated a synergistic effect in inhibiting glucose uptake
and lactate production.

Glucose uptake is a critical physiological process regulated
by several mechanisms, with insulin playing the most
prominent role. This powerful anabolic hormone facilitates
glucose transport into cells, primarily in metabolically active
tissues, such as skeletal muscles, adipose tissue, and the liver,
via a specialized transporter known as GLUT4. The process
involves a complex sequence of events, primarily mediated by
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Figure 4. The combination of fenbendazole and diisopropylamine dichloroacetate (FZ-DADA) induced G,/M cell cycle arrest in the A549 cell line
when compared to the treatment with each component of the combination alone. Cells were treated with FZ, DADA, or FZ-DADA for 48 h, then
incubated with RNAse and propidium iodine to detect the apoptotic stage. (A) measurement of various cell cycle stages in untreated and treated
A549 cells. (B) The bar graph represents the cell cycle results at the combination of FZ-DADA compared with each agent alone. The result was
analyzed using ANOVA. *p<0.05, ***p<0.001. Error bars represent the standard deviation of three experiments. (C) A549 cells were treated with
a single agent or the combination of DADA and FZ for 48 h. Total cells were harvested for the western blot experiment with indicating antibodies.
The expression of cyclin A (D) and cyclin E (E) was normalized to the housekeeping a-tubulin; data are mean+SD (n=3), *p<0.05, **p<0.01
*##Ep<0.001, **¥*%p<0.0001 compared with negative control.

the PI3K/AKT signaling pathway (24). In time-dependent  PI3K phosphorylation occurred after 5 and 7 h of treatment
experiments, the FZ-DADA combination at a ratio of 1 pM  with the FZ-DADA combination. For the concentration-
and 5 mM reduced the levels of both pAKT and pPI3K dependent experiment, A549 cells were treated with FZ,
(Figure 5C-F). The most significant inhibition of AKT and DADA, or their combination for 7 h. The results showed
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Figure 5. The combination of fenbendazole and diisopropylamine dichloroacetate (FZ-DADA)
reduced glucose uptake and lactate production in A549 cells. (A) A549 cells were treated with
FZ, DADA, or FZ-DADA combination for 24 h. 2-deoxyglucose (2-DG) uptake was examined
using the Glucose Uptake Assay Kit (Colorimetric) (Abcam, Cambridge, UK). (B) A549 cells were
left untreated or treated with FZ, DADA, and their combination for 48 h. The lactate levels in the
culture medium were collected for detection using the L-Lactate Assay Kit (Colorimetric) (Abcam).
The L-lactate inhibition ratio was calculated by comparing it with the untreated group. (C, D, E,
F) A549 cells were treated with a FZ-DADA or 1, 3, 5, 7 h. Cells were harvested, and protein
was extracted for western blot using antibodies against AKT, pAKT, PI3K, and p-PI3K. The
expression of these proteins was normalized to the housekeeping protein b-tubulin. The results
were analyzed using ANOVA. *p<0.05, ***p<0.001. All treatments were performed in triplicate.
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inhibition of AKT and PI3K phosphorylation by FZ, DADA,
and their combination (Figure 5G-K). These findings suggest
that FZ and DADA inhibit glucose uptake and lactate
production through the PI3K/AKT pathway.

Discussion

In the current study, the FZ and DADA combination exhibits
a robust synergistic effect against A549 lung cancer cells.
This combination enhances cytotoxicity, induces apoptosis,
and disrupts cellular metabolism and cell cycle progression.
Our study highlights the potential of the FZ-DADA
combination as a therapeutic strategy for lung cancer
treatment. These findings provide a solid foundation for
further investigation in preclinical and clinical settings to
optimize the usage of FZ and DADA in cancer therapy and
determine the underlying molecular therapeutic mechanisms
of the composition.

Our findings determined the potent synergy between FZ and
DADA in inducing apoptosis in A549 cells. The significant
modulation of key apoptotic markers, BAX and BCL2,
underscores the mechanism through which this combination
operates (12, 14, 26). The pro-apoptotic protein BAX promotes
mitochondrial outer membrane permeabilization, facilitating the
release of cytochrome ¢ and the subsequent activation of the
caspase cascade (12, 13). In contrast, Bcl2, an anti-apoptotic
protein, prevents this permeabilization, thereby inhibiting
apoptosis. The observed down-regulation of Bcl2 and up-
regulation of BAX suggest a shift in balance towards apoptosis
(12, 14, 27). Furthermore, our study showed up-regulation of the
executioner caspases caspase-3 and caspase-7. Once activated,
these caspases cleave various substrates, leading to the
dismantling of the cell (14-18). This up-regulation indicates that
the FZ-DADA combination effectively triggers the apoptotic
machinery, reinforcing the mechanism of cell death.

Additionally, the combination treatment effectively
arrested the cell cycle at the G,/M phase. Cyclins and cyclin-
dependent kinases (CDKs) are pivotal in cell cycle
regulation. Cyclin A and Cyclin E are crucial for the G, to
S phase transition and the G,/M transition, respectively. The
marked reduction in Cyclin A and Cyclin E levels upon
treatment with the FZ-DADA combination aligns with the
observed cell cycle arrest, reinforcing that disrupting these
transitions is critical for inducing cell death (14, 22).

Another important aspect of this study is the role of
mitochondrial ROS production in mediating apoptosis. Reactive
oxygen species (ROS) are involved in various cellular
processes, including apoptosis (9, 11). The mitochondrial
pathway of apoptosis is particularly sensitive to changes in ROS
levels. The increase in mitochondrial ROS production observed
with a combination of 1 uM and 5 mM FZ-DADA combination
likely contributes to the disruption of mitochondrial function,
further promoting apoptosis.
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In the metabolic system, FZ and DADA demonstrated their
capacity to inhibit glucose uptake and lactate synthesis by
inhibiting the PI3K/AKT pathway. The FZ-DADA combination
effectively prevented glucose uptake and lactate synthesis in
A549 cells. Metabolic reprogramming is a hallmark of cancer,
with glucose uptake and lactate production being key
components of the altered metabolic pathways that support
cancer cell proliferation and survival (28-31). The ability of FZ
and DADA to inhibit glucose uptake and lactate synthesis
highlights their potential to disrupt the metabolic flexibility of
cancer cells, thereby impairing their growth and survival.

FZ-DADA's inhibition of the PI3K/AKT pathway is
particularly noteworthy. The PI3K/AKT pathway is a critical
regulator of cell metabolism, promoting glucose uptake and
glycolysis while inhibiting apoptosis (32-35). By targeting this
pathway, FZ-DADA effectively reduces glucose availability
for energy production and biosynthesis, leading to decreased
lactate production, a byproduct of aerobic glycolysis
commonly known as the Warburg effect in cancer cells. This
disruption of metabolic processes could sensitize cancer cells
to apoptosis and reduce their proliferative capacity.

These findings provide valuable insights into the potential
therapeutic applications of FZ and DADA. The ability to
synergistically induce apoptosis through multiple mechanisms,
including modulation of apoptotic proteins, cell cycle arrest,
and ROS production, makes this combination a promising
candidate for further investigation in lung cancer therapy. This
combination warrants future studies exploring the detailed
molecular pathways involved and assessing their efficacy in
in vivo models.

Conclusion

The FZ-DADA combination therapy demonstrates a robust
synergistic effect in inducing apoptosis in A549 cells,
notably at the 1 uM and 5 mM ratios. By modulating key
apoptotic proteins, arresting the cell cycle, and increasing
mitochondrial ROS production, this combination offers a
promising approach to lung cancer treatment, warranting
further exploration and development.
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Synergistic anti-tumor effect of fenbendazole and
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nude mice transplanted with A549 lung cancer cells

Thai Q. Nguyen', Uyen T. T. Phan', Mao V. Can’, Dang H. Nguyen', Bo Han’, Ba X. Hoang’*

'University of Science and Technology of Hanoi, Vietham Academy of Science and Technology, Hanoi, Vietnam; “Department of Pathophysiology,
Military Medical Academy, Hanoi, Vietnam; *Nimni-Cordoba Tissue Engineering and Drug Discovery Lab, Department of Surgery, Keck School of
Medicine of University of Southern California, Los Angeles, CA, USA

Contributions: (I) Conception and design: All authors; (II) Administrative support: TQ Nguyen, DH Nguyen; (III) Provision of study materials or
patients: TQ Nguyen, DH Nguyen, UTT Phan, BX Hoang; (IV) Collection and assembly of data: All authors; (V) Data analysis and interpretation:
All authors; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Ba X. Hoang, MD, PhD. Nimni-Cordoba Tissue Engineering and Drug Discovery Lab, Department of Surgery, Keck School of
Medicine of University of Southern California, 1333 San Pablo Street, BMT-302, Los Angeles, CA 90033, USA. Email: baxuanho@usc.edu.

Background: Lung cancer remains one of the leading causes of cancer-related deaths worldwide. Recent
studies suggest that fenbendazole (FZ), even at micromolar doses, shows promising anticancer potential but
can cause liver toxicity in some patients. Diisopropylamine dichloroacetate or vitamin B15 (DADA), known
for its hepatoprotective properties, has also demonstrated antitumor properties and may reduce FZ-induced
liver injury. Our research aimed to evaluate the synergistic anticancer effects of FZ and DADA in vivo lung
cancer models.

Methods: Immunodeficient BALB/c nude mice (Foxnlnu) were utilized for in vivo assessment of anticancer
activity. Human lung cancer cells (A549) were injected into the nude mice. When the tumor volume reached
50 mm’, the animals were randomized into eight groups, receiving either single or combined DADA and FZ
treatments. The antitumor efficacy and toxicity were monitored over a 60-day period.

Results: DADA and FZ improved the safety profiles in BALB/c nude mice. In the animal model, combined
treatment with 100 mg/kg DADA and 40 mg/kg FZ resulted in a 50% reduction in complete tumor
regression, compared to 11.1% and 0% in the single-agent treatment groups, respectively. The combination
therapy showed superior efficacy in reducing tumor size and inducing tumor loss compared to either
treatment alone.

Conclusions: Combining oral treatment of 100 mg/kg DADA and 40 mg/kg FZ synergistically inhibited
tumor growth in immunodeficient BALB/c nude mice transplanted with A549 lung cancer cells. A clinical
study is warranted to prove the efficacy and safety of this well-characterized drug combination as a

repurposing treatment for lung cancer.
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Introduction

According to GLOBOCAN 2020, lung cancer ranks
among the highest cancer incidence and mortality rates
worldwide. In 2020, 2.2 million new lung cancer cases
and 1.8 million lung cancer-related deaths approximately
represented approximately represented approximately
11.4% and 18.0% of the total cancer cases and total cancer
deaths, respectively (1). Lung cancer is broadly categorized
into small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC), with NSCLC accounting for 85%
of all cases (2,3). In recent years, many treatments for
NSCLC patients have seen advancement, including surgical
resection, chemotherapy, radiation therapy, targeted
therapy, and immunotherapy (4-6). With the development
of personalized, targeted therapies, NSCLC patients now
benefit from individualized treatment options. However,
despite progress in genetic understanding, diagnostics, and
therapeutic strategies, the prognosis for lung cancer remains
poor, with only about 20% of patients achieving an overall
survival longer than 5 years post-diagnosis, and the figure
has shown minimal improvement (7). This underscores the
urgent need for new, effective therapeutic strategies for
NSCLC patients.

Fenbendazole (FZ) or [5-(phenylthio)-1H-benzimidazol-
2-yl] carbamic acid methyl ester is a benzimidazole
commonly used as an antiparasitic agent in veterinary

Highlight box

Key findings

* Demonstrated synergistic anticancer effects of fenbendazole (FZ)
and diisopropylamine dichloroacetate (DADA) in immunodeficient
BALB/c nude mice with A549 lung cancer cells.

¢ The treatment was safe, showing no adverse effects on body
weight, blood sugar levels, or liver and kidney function.

‘What is known, and what is new?

* Previous studies indicated the anticancer effects of FZ and DADA
but are associated with potential liver toxicity.

e This study is the first to show the synergistic efficacy of FZ and
DADA in inhibiting tumor growth and improving safety profiles in
lung cancer at the in vivo level.

What is the implication, and what should change now?

® This combination therapy represents a promising strategy for non-
small cell lung cancer, especially for patients requiring long-term
treatment or those with compromised liver function.

¢ Clinical studies are warranted to validate the efficacy and safety
of this combination, paving the way for its development as a
repurposed therapeutic option for lung cancer.

© AME Publishing Company.

Nguyen et al. Synergistic anti-tumor effect of FZ and DADA

medicine. Like several anticancer drugs, FZ inhibits the
microtubules’ formation and function by binding with
tubulin (8,9). Recent studies have explored the anticancer
activity of FZ. Han ez al. improved the anti-cancer effect of
FZ by inhibiting the reactive oxygen species (ROS) in HL-
60 cells (10). In addition, previous investigations indicated
that FZ can arrest the G2/M phase in the cell cycle of
HA4IIE hepatocellular cells (11) and SNU-C5 colorectal
cancer cells (12). Peng et al. research demonstrated that
FZ interferes with HeLa cervical cancer cell proliferation
and glucose metabolism (13). Although most reported
cases of FZ self-administration by oral treatment have
shown their anti-cancer effects, FZ has been associated
with drug-induced liver injury in some cases. However,
patients generally recover after discontinuation of FZ
(14,15). Furthermore, due to absorption limitation in the
intestine, the systemic level of FZ and its metabolites in
blood and tissue is lower than the administrated dose (16,17).
To optimize FZ’ anticancer potential while minimizing
this adverse effect, combining it with a synergistic, safe,
and non-toxic agent may facilitate clinical translation.
Specifically, identifying a partner compound that can act
as a glycolysis inhibitor could be a key to developing an
effective anticancer combination therapy.

By inhibiting pyruvate dehydrogenase kinase,
diisopropylamine dichloroacetate (DADA), a therapeutic
agent for chronic liver disease, has shown anti-tumor
properties (18). DADA also acts as a hepatoprotective
agent (19), which could support the use of FZ in patients
with liver cancer, bile duct cancer, or compromised liver
function. Combining FZ and DADA could potentially
reduce liver toxicity, increase the effectiveness of
the therapy, and improve patient tolerance within a
comprehensive metabolic therapy framework for treating
proliferative disorders. Thus, this study aimed to investigate
the effects of the FZ-DADA combination in a mouse model
of lung cancer. We present this article in accordance with
the ARRIVE reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-2024-1272/rc).

Methods
Cells culture

A549 cells were purchased from ATCC (ATCC-
CCL-185) and cultured in an 18 c¢m’ culture dish with
Roswell Park Memorial Institute (RPMI) medium (Sigma-
Aldrich Solution, Merck, Germany) containing 10%
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Table 1 Animals in treatment groups

Group Treatment N
1 Healthy control 6
2 Tumor control 9
3 Cisplatin 5 mg/kg 8
4 FZ 40 mg/kg 9
5 DADA 20 mg/kg 10
6 DADA 100 mg/kg 10
7 FZ 40 mg/kg + DADA 20 mg/kg 10
8 FZ 40 mg/kg + DADA 100 mg/kg 10

Group 1: six normal mice with no cancer cell implement stayed
at healthy control. Sixty-six tumor beared nude mices were
randomly divided into 7 groups, with different treatments: group
2: tumor control group with no treatment; group 3: positive
control group with 5 mg/kg cisplatin daily injection; groups 4-8:
daily administered orally treament with different concentration
and combination of FZ and DADA. DADA, diisopropylamine
dichloroacetate; FZ, fenbendazole.

fetal bovine serum (FBS) (Gibco, Invitrogen, USA), 1%
penicillin/streptomycin solution (penicillin 10,000 U/mL
and streptomycin 10,000 pg/mL) (Gibco, Invitrogen,
USA) and incubated at 37 °C with 5% CO,. The cells
were routinely maintained, subcultured, and checked for
contamination. For animal injections, cells were washed
twice with 1x phosphate buffer saline (PBS) solution
and trypsinization with 1x Trypsin-EDTA solution. The
numbers were evaluated using an Invitrogen Countess®
II FL cell counter and analyzer. The study was conducted
in accordance with the Declaration of Helsinki and its
subsequent amendments.

Amnimal models

Immunodeficient BALB/c nude mice (Foxnlnu) were
utilized for the iz vivo assessment of anticancer activity. A
total of 72 mice were imported from BioLASCO (Taiwan)
for the study. The mice were housed in a sterile environment
following the standard operating procedures for nude mouse
care provided by the Center for Experimental Animal
Research, Military Medical Academy. All animals were
acclimated to the facility’s conditions for one week before the
initiation of the experiment, with ad libitum access to food
and water. Room temperature and humidity were carefully
controlled, and a 12-hour light/dark cycle was maintained.
Human lung cancer cells (A549) were collected and diluted

© AME Publishing Company.

in culture media to 2x10’/mL, and each immunodeficient
mouse received 2x10° cells/0.1 mL into the right flank’s
subcutaneous site. Tumor sizes were monitored. When the
tumor reached 50 mm’, the mice were randomized into
eight groups, as shown in Table 1.

Animals in treatment groups (groups 4, 5, 6, 7, 8)
received a daily treatment administered orally, while mice
in the positive control group received 5 mg/kg of cisplatin
daily by injection directly around the tumor.

Evaluate the toxicity of FZ and DADA treatment

After 60 days of treatment, mice were anesthetized with
isoflurane and euthanized by cervical dislocation. Serum,
lung, and tumor samples were collected for assays. Post-
tumor inoculation, the following parameters were
monitored to assess overall health and treatment effects,
including body weight, appearance, tumor growth, and
survival time. Mice’s health was evaluated based on the
following criteria:

% Weight: recorded twice weekly using an electronic
scale TE3102S Sartorius to track mice’s weight
changes before and after treatment;

Movement: observations were made on movement

X3

*

patterns (normal, hyperactive, hypoactive, or
immobile);

% Response to stimuli: response to tactile and
environmental stimuli was categorized as normal,
heightened, reduced, or absent;

X3

*

Skin color: evaluated for changes, including normal
color, purple, and bleeding;

K3
3

Mice feces: monitored for consistency and
appearance (normal, loose, bloody stool).

The safety assessment of FZ and DADA and their
combination

The safety profile of FZ and DADA, individually and in
combination, was evaluated through the following metrics:
% Mice’s general condition and body weight: determine
hematopoietic function by counting red blood cells,
hemoglobin, and white blood cells;

X3

*

Determine the amount of liver cell damage by
measuring enzyme activity in the blood [alanine
aminotransferase (ALT), aspartate transaminase
(AST), and histological pictures];

Evaluate renal function using serum urea and

X

*

creatinine levels and histopathological images.
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Histopathological imaging

Immunodeficient BALB/c nude mice (Foxnlnu) were housed
in a sterile environment following the standard operating
procedures for nude mouse care. A549 were grown on cell
culture flasks in RPMI 1640 culture media supplemented
with 10% FBS, 1% penicillin and streptomycin at 37 °C
and CO,. After 1 week of housing, A549 cells were injected
into mice with 2x10° cells/0.1 mL/mice into the right flank’s
subcutaneous site. The manipulation is done in a sterile
environment. When the tumor reached 50 mm’, the mice
were randomized into eight groups: healthy control, tumor
control, cisplatin, FZ 40 mg/kg, DADA 20 mg/kg, DADA
100 mg/kg, FZ 40 mg/kg + DADA 20 mg/kg, FZ 40 mg/kg
+ DADA 100 mg/kg. Animals were observed after 60 days.
Hematoxylin and eosin staining were applied to liver and
kidney tissues after harvesting.

Antitumor effect

The tumor volume was calculated using the following
formula:

V=(DxR?)x0.5 1

While: V: tumor volume (mm’); D: tumor length as
measured (mm); R: tumor width as measured (mm).

The survival time of each mouse, the average survival
time of the groups of mice, the cumulative survival of the
treatment and control groups of mice, and the correlation
comparison were all monitored until the end of the
experiment.

Statistical analysis

Data were analyzed using SPSS version 22.0 (IBM Corp.)
and GraphPad Prism 10 (GraphPad Software, USA). The
Chi-square test () test) was used to compare two observed
proportions. For normally distributed data, a #-test is used
to compare the means between two independent groups.
In comparison, a one-way analysis of variance (ANOVA) is
used to compare the means among three or more groups,
with a Dunnett test used to determine which differences are
significant. A two-way ANOVA compares the means among
three or more groups at different time points. Comparison
of medians between two independent groups was performed
using the Mann-Whitney U test, with the significance
determined based on the P value (P>0.05: no statistically
significant difference and P<0.05: statistically significant

© AME Publishing Company.
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difference). The log-rank test was applied to compare
the cumulative survival time between different treatment
methods.

Ethical considerations

All experimental procedures involving animals followed
institutional ethical guidelines for the laboratory animal
use and care. The protocol was approved by the Dinh Tien
Hoang Institute of Medicine’s review board (operating
code IRB-VN02010, approval No. IRB-A-2200) before the
study. The protocol was prepared before the study without
registration.

Results
Toxicity of FZ and DADA in BALB/c nude mice

After A549 cell transplantation, mice maintained normal
behaviors, including consistent eating, weight gain, active
movement, and responses to stimuli. There were no signs
of loose stools, and the anal area remained dry. The mice’s
skin at the injection location was normal, with no bleeding
or infection. The average weight of all 7 groups of mice
was similar before treatment, and the difference was not
statistically significant (P>0.05) (Table SI). After treatment,
the body weights of the seven groups were measured twice
a week. The body weight tended to increase compared to
the baseline, except for group DADA, which was 20 mg/kg
(Figure I).

Hematological and kidney function analysis

To further evaluate the side effects of our treatment in mice,
we continued to examine the hematological indices of the
mice, which play a vital role in assessing the impact of FZ and
DADA on BALB/c mice. Table 2 indicates that after 60 days
of treatment, there was no statistically significant difference
in hematopoietic function (red blood cell count, hemoglobin
content, white blood cell count) among eight groups of
mice (P>0.05). On the other hand, urea and creatinine
levels in mice’s blood were measured to confirm the
effect of FZ and DADA on kidney function. After 60 days
of therapy, kidney function tests in all 6 treatment groups
(5 treatment groups, 1 positive control group) showed no
statistically significant difference from the tumor non-
treatment control group (P>0.05) (7able 3). Histological
analysis of the kidney tissues again confirmed that FZ and
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Figure 1 Mice’s body weight after 60 days. Inmunodeficient BALB/c nude mice (Foxnlnu) were housed in a sterile environment following
the standard operating procedures for nude mouse care. A549 were grown on cell culture flasks in RPMI 1640 culture media supplemented
with 10% FBS, 1% penicillin, and streptomycin at 37 °C and CO,. After 1 week of housing, A549 cells were injected into mice with
2x10° cells/0.1 mL/mice into the right flank’s subcutaneous site. The manipulation is done in a sterile environment. When the tumor
reached 50 mm’, the mice were randomized into eight groups: healthy control, tumor control, cisplatin, FZ 40 mg/kg—9 mice, DADA
20 mg/kg, DADA 100 mg/kg, FZ 40 mg/kg + DADA 20 mg/kg, FZ 40 mg/kg + DADA 100 mg/kg. The body weight of seven groups
of mice was recorded twice a week by an electronic scale TE3102S Sartorius. Data are presented as mean + SD. One-way ANOVA for
the comparison of means among untreated and the other groups, **, P<0.01. ANOVA, analysis of variance; DADA, diisopropylamine

dichloroacetate; FBS, fetal bovine serum; FZ, fenbendazole; SD, standard deviation; RPMI, Roswell Park Memorial Institute.

Table 2 Effect of FZ and DADA into the hematological indices’” mice

Hematological indices

Groups n
Red blood cell count (T/L) Hemoglobin content (g/dL) White blood cell count (G/L)

1 6 9.70+0.42 142.33+6.31 4.93+1.63
2 2 9.66+0.53 144.00+5.66 4.29+0.95
3 7 9.79+0.50 143.71+5.65 4.73+1.21
4 8 9.66+0.60 140.50+6.87 6.62+2.34
5 7 9.42+0.75 137.29+£10.53 3.30+1.51
6 9 9.32+0.60 135.78+11.65 5.02+£3.75
7 10 9.23+0.89 135.40+11.06 3.65+2.04
8 10 9.49+0.66 138.90+9.00 5.87+4.29
P 0.67 0.53 0.29

Data are presented as mean + standard deviation. The hematological indices in eight groups was measured at day 60 after of the
treatment. One-way ANOVA for the comparison of means among untreated and the other groups, Dunett’s test was run after one-way
ANOVA to determine which different are significant. Group 1: healthy control; group 2: untreated; group 3: positive control (cisplatin 5 mg/
kg); group 4: FZ 40 mg/kg; group 5: DADA 20 mg/kg; group 6: DADA 100 mg/kg; group 7: FZ 40 mg/kg + DADA 20 mg/kg; group 8: FZ 40
mg/kg + DADA 100 mg/kg. ANOVA, analysis of variance; DADA, diisopropylamine dichloroacetate; FZ, fenbendazole.

DADA treatment did not adversely affect kidney function of FZ and DADA in the liver, and liver tissue was analyzed
(Figure 2). histologically after 60 days of treatment (Figure 3). These
evaluations showed no significant hepatocellular damage

. . . due to FZ and DADA treatment. Since cancer treatment
Liver function and metabolic assessment . .
can influence metabolic processes, glucose, and lactate were

ALT and AST levels were measured to elucidate the impact also measured in the blood samples, and our results showed
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Table 3 Effects of drugs on the concentration of urea and creatinine
in mice’s blood

Groups n Urea (mg/dL) Creatinine (mg/dL)
1 6 7.49+1.88 26.85£3.19

2 2 7.23+1.61 28.84+2.43

3 7 6.36+1.14 25.49+1.37

4 8 6.26+1.30 26.84+2.18

5 7 6.91+0.75 25.81+2.16

6 9 6.94+1.64 25.60+2.11

7 10 6.77+0.65 26.32+1.61

8 10 6.84+1.94 26.79£1.77

P 0.82 0.44

Data are presented as mean + standard deviation. One-way
ANOVA compares the means among the untreated and the
other groups, Dunett’s test was run after one-way ANOVA to
determine which different are significant. After the treatment,
the eight groups’ urea and creatinine levels were measured at
day 60. Group 1: healthy control; group 2: untreated; group 3:
positive control (cisplatin 5 mg/kg); group 4: FZ 40 mg/kg; group
5: DADA 20 mg/kg; group 6: DADA 100 mg/kg; group 7: FZ 40
mg/kg + DADA 20 mg/kg; group 8: FZ 40 mg/kg + DADA 100
mg/kg. ANOVA, analysis of variance; DADA, diisopropylamine
dichloroacetate; FZ, fenbendazole.

nonsignificant differences in glucose and lactate levels in
mice’s blood among eight groups (P>0.05) (Figure 4).

Anti-tumor effect of FZ and DADA

At the start of treatment, there was no significant difference
in the tumor volume across the groups (P>0.05) (Table S2).
Tumor growth in the combination treatment group was
slower than tumors in the single-treatment groups, with
group 7 showing a smaller mean tumor volume than groups
4 and 5. However, this difference was not statistically
significant (P>0.05). Interestingly, the combination of
FZ and DADA in a ratio of 40:100 resulted in a greater
reduction in tumor volume than in single-dose groups
across all time points. From day 14, group 8 significantly
decreased tumor volume compared with the tumor control
group, while the others did not show any statistical
difference. At day 60 of the experiment, the combination
treatment in group 8 performed a greater anti-tumor effect
than their single-dose treatment (Figure 5A), indicating
the synergistic anti-tumor effect of FZ and DADA at
40:100 mg/kg ratio.

© AME Publishing Company.
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Tumor reduction vates of FZ and DADA in BALB/c nude
mice

On day 7 following treatment, tumor reduction (tumor
regression) began in the mice treated in groups 6, 7, and 8.
The number of mice losing tumors in the therapy groups
steadily rose. The tumor untreated group did not lose any
tumor at any stage throughout the trial, whereas the number
of dead mice progressively grew. Tiable 4 shows the number
of mice that achieved tumor loss in treatment groups. From
day 21 onward, the percentage of tumor-free mice in group
8 was significantly higher than that of the untreated group
(P<0.0001). At the end of the experiment (day 60), the
tumor reduction rate in the tumor control group, positive
control, and group 6 was 0 (0%); groups 4, 5 was 1 (11.1%);
group 7 was 2 (20%), group 8 was 5 (50%). The number
of mice with tumor loss was 9, accounting for 15% of the
total. Interestingly, from days 21 to 60, the proportion of
tumor-losing mice in group 8 was significantly higher than
that of groups 4 and 6 (Table 4, Figure 5B,5C). Our results
indicated the synergic effect of FZ and DADA at a ratio of
40:100 mg/kg in promoting tumor regression in BALB/c
nude mice.

Effect of FZ and DADA on the survival duration and
death rate of BALB/c nude mice

Survival time was used as a criterion to assess the
effectiveness of FZ and DADA treatment in A549 lung
cancer-bearing nude mice. As shown in Figure 64,
the average survival time in all treatment groups was
significantly higher than in the control group. Survival rates
were compared across groups to validate treatment efficacy
further. In the tumor control group, the first death occurred
on day 21, with mortality increasing steadily throughout
the time. The number and death rates of mice in the tumor
control group were higher than in the other six treatment
groups at all research time points. However, the difference
was only statistically significant between the control and
treatment groups from day 49 to the completion of the
experiment (day 60) (Figure 6B and Table 5).

Discussion

This study confirmed the safety profile of FZ (40 mg/kg)
and DADA (100 mg/kg) in BALB/c mice. The treatment
did not alter body weight, blood sugar levels, or liver and
kidney function. Our findings demonstrate that combining
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Figure 2 Histology sections of kidney in nude mice. Hematoxylin and eosin staining were applied to liver and kidney tissues after harvesting
(x40). (A) Healthy control; (B) tumor control; (C) cisplatin 5 mg/kg; (D) FZ 40 mg/kg; (E) DADA 20 mg/kg; (F) DADA 100 mg/kg; (G)
FZ 40 mg/kg + DADA 20 mg/kg; (H) FZ 40 mg/kg + DADA 100 mg/kg. The arrows represent the glomerulus. DADA, diisopropylamine

dichloroacetate; FZ, fenbendazole.

FZ 40 mg/kg and DADA 100 mg/kg effectively inhibits
tumor growth in BALB/c nude mice transfected with
A549 NSCLC cells. The combination treatment group
showed significantly reduced tumor volume and higher
tumor regression rates than the single-treatment groups.
Additionally, combination therapy markedly extended
survival time in treated mice compared to controls. Previous
studies have highlighted the anti-cancer effects of FZ in
many cancer types (8-13,16,17,20). Similarly, DADA has
shown promise in enhancing efficacy in cancer treatment

© AME Publishing Company.

(21-24). Our findings suggested that the synergistic
effects of oral treatment with FZ and DADA, a pyruvate
dehydrogenase kinase inhibitor (18) and hepatoprotective
compound (19,24,25), may represent a promising
therapeutic strategy for NSCLC.

In our previous study, the combination of FZ and
DADA showed a synergistic effect in inhibiting the
proliferation of A549 lung cancer cells. The FZ-DADA
combination induced ROS production and promoted
apoptosis by downregulating B-cell lymphoma 2 (Bcl2) and
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Figure 3 Effect of drug formulation on liver function. (A,B) The AST and ALT index in eight groups was measured at day 60 after
the treatment. Data present mean = SD. One-way ANOVA for the comparison of means among untreated and the other groups. (C-J)
Hematoxylin and eosin staining were applied to liver tissues after harvesting (x40): (C) healthy control; (D) tumor control; (E) cisplatin
5 mg/kg; (F) FZ 40 mg/kg; (G) DADA 20 mg/kg; (H) DADA 100 mg/kg; (I) FZ 40 mg/kg + DADA 20 mg/kg; (J) FZ 40 mg/kg + DADA
100 mg/kg. The arrows represent for the central lobule vein. ALT, alanine aminotransferase; ANOVA, analysis of variance; AST, aspartate
transaminase; DADA, diisopropylamine dichloroacetate; ns, not significant; FZ, fenbendazole; SD, standard deviation.
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Figure 4 Effect of FZ and DADA on glucose metabolism. Glucose (A) and lactate levels (B) were determined in the blood of animals
on day 60 of the experiment. Data presents mean + SD. One-way ANOVA for the comparison of means among untreated and the other
groups, Dunetts test was run after one-way ANOVA to determine which different are significant. ANOVA, analysis of variance; DADA,
diisopropylamine dichloroacetate; FZ, fenbendazole; ns, not significant; SD, standard deviation.
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Figure 5 Tumor volume results in groups of mice during treatment. (A) The tumor volume was calculated using the following formula: V =
(D x R%) x 0.5 with V: tumor volume (mm’), D: tumor length as measured (mm), and R: tumor width as measured (mm). Data present mean
+ SEM, two-way ANOVA for the comparison of means among untreated and the other groups, *, P<0.05; ***, P<0.001; ****, P<0.0001.

(B,C) Tumor reduction rate in treated mice group. The number of tumor-loss mice in eight groups was recorded during 60 days. Chi-square
test for comparison of two percentages. ANOVA, analysis of variance; DADA, diisopropylamine dichloroacetate; FZ, fenbendazole; SEM,

standard error of the mean.

upregulating BAX protein expression. The combination

activated caspase-3, caspase-7, and

poly (ADP-ribose)

polymerase (PARP), further driving apoptosis in A549 cells.

© AME Publishing Company.

Additionally, FZ-DADA treatment also induced cell cycle
arrest, as evidenced by the inhibition of Cyclin A and Cyclin
E proteins. These findings provide valuable insights into
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Table 4 Tumor reduction rate in treated mice group

Tumor reduction rate, n (%)
Days P
Group2 Group3 Group4 Group5 Group6 Group7 Group 8

Day 7 0 0 0 0 1(10.0) 1(10.0) 1(10.0) P,.675=0.33

Day 14 0 1(125) 1(125) 2(200) 1(11.1) 1(10.0) 4 (40.0) P, 4=0.054

Day 21 0 1(125  1(11.1)  2(00) 1(10.0) 2(20.0) 5(50.0) P,.6<0.0001; P, 4=0.01; P; 4<0.0001
Day 28 0 0 1(11.1)  2(20.00 1(10.0) 2(20.0) 5(50.0) P,.6<0.0001; P, 4=0.01; P; 4<0.0001
Day 35 0 0 1(11.1)  1(10.0) 1(10.0) 2(20.0) 5(50.0) P,.6<0.0001; P, ¢=0.01; P, :<0.0001
Day 42 0 0 1(11.1)  1(10.0) 1(10.0) 2(20.0) 5(50.0) P,.4<0.0001; P, 4=0.01; P, ;<0.0001
Day 49 0 0 1(11.1)  1(10.0) 1(10.0) 2(20.0) 5(50.0) P,.4<0.0001; P, 4=0.01; P, ;<0.0001
Day 56 0 0 1(11.1)  1(10.0) 0 2(20.0)  5(50.0) P, 4<0.0001; P, 4=0.01; P, 4<0.0001
Day 60 0 0 1) 1(d1.1) 0 2(20.0) 5(50.0) P,.6<0.0001; P, ;=0.01; P, ;<0.0001

The number of tumor loss mice in eight groups was recorded for 60 days. Chi-squared test was used to compare the difference between
percentages. Group 2: untreated; group 3: positive control (cisplatin 5 mg/kg); group 4: FZ 40 mg/kg; group 5: DADA 20 mg/kg; group
6: DADA 100 mg/kg; group 7: FZ 40 mg/kg + DADA 20 mg/kg; group 8: FZ 40 mg/kg + DADA 100 mg/kg. DADA, diisopropylamine
dichloroacetate; FZ, fenbendazole.
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Figure 6 The survival duration and death rate death rate of nude mice. The number of survival mice in eight groups was recorded during
60 days of the experiment. (A) Mean of survival (day) data present mean + SD; one-way ANOVA was used to compare the mean of treatment
groups and untreated group, ****, P<0.0001. (B) Survival rate (%), the log-rank test was applied to compare the cumulative survival time
between different treatment methods. ANOVA, analysis of variance; DADA, diisopropylamine dichloroacetate; FZ, fenbendazole; SD,
standard deviation.

the potential therapeutic applications of the FZ and DADA efficacy of FZ-DADA with that of peritumoral cisplatin
combination for lung cancer (25,26). injection to evaluate its potential as a treatment for NSCLC.
In the current study, we compared the therapeutic It is important to note, however, that this comparison may

© AME Publishing Company. Transl Lung Cancer Res 2025 | https://dx.doi.org/10.21037/tler-2024-1272
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Table 5 Survival rate in treatment groups

Survival rate, n [%]

Groups No. of mice
Day 21 Day 28 Day 35 Day 39 Day 49 Day 60
2 9 7177.8] 5 [55.6] 4[44.4] 3[33.3] 2[22.2] 2[22.2]
3 8 8[100] 8[100] 8[100] 8[100] 787.5) 7[87.5]
4 9 9[100] 9 [100] 9 [100] 9[100] 9[100] 888.9]
5 10 10 [100] 10 [100] 10 [100] 10 [100] 10 [100] 7[70]
6 10 10 [100] 10 [100] 10 [100] 10 [100] 10 [100] 9[90]
7 10 10 [100] 10 [100] 10 [100] 10 [100] 10 [100] 10 [100]
8 10 10 [100] 10 [100] 10 [100] 10 [100] 10 [100] 10 [100]
P value >0.05 P,4=0.031; P,4=0.012; P,.,=0.004; P,,=0.007;  P,,=0.007; P,,=0.004;
P,,=0.023; P, ,=0.009; P,,=0.003; P,,<0.001;  P,,=0.037; P, ,=0.003;

P, 5675=0.018

P,_567:=0.006

P, 567:=0.002 P, 5675<0.001  P,;4<0.001; P,;,=0.28;
Ps ;,=0.06; P,4=0.89;

P, =0.30

Chi-square test was used to compare the difference between of two percentages. The number of survival mice in eight groups was
recorded during 60 days of the experiment. Group 2: untreated; group 3: positive control (cisplatin 5 mg/kg); group 4: FZ 40 mg/kg; group 5:
DADA 20 mg/kg; group 6: DADA 100 mg/kg; group 7: FZ 40 mg/kg + DADA 20 mg/kg; group 8: FZ 40 mg/kg + DADA 100 mg/kg. DADA,

diisopropylamine dichloroacetate; FZ, fenbendazole.

not accurately reflect the true clinical advantage of FZ-
DADA over cisplatin in human patients, as cisplatin is
typically administered intravenously in clinical settings
and is associated with severe adverse effects, including
nephrotoxicity, bone marrow suppression, and increased
susceptibility to infections—all of which can significantly
impair quality of life and reduce overall survival. In contrast,
FZ-DADA has demonstrated a favorable safety profile in
both human preclinical and animal clinical studies.

Adding DADA to the potential therapeutic combination
with FZ may thus serve a dual role in this combination
therapy, enhancing FZ’s anticancer efficacy while offering
hepatoprotective benefits. This synergistic effect is
particularly advantageous for patients with compromised
liver function or those requiring long-term cancer
treatment, as DADA could mitigate the risk of liver injury
and potentially enhance systemic tolerability. Our findings
in the current study underscore the potential clinical utility
of combining FZ and DADA, supporting its translational
research and development as a safe and effective therapeutic
option for lung cancer.

Conclusions

Combining 100 mg/kg DADA and 40 mg/kg FZ

© AME Publishing Company.

synergistically inhibited tumor growth in immunodeficient
BALB/c nude mice transplanted with A549 lung cancer
cells. A clinical study is warranted to prove the efficacy
and safety of this well-characterized drug combination as a
repurposing treatment for lung cancer.
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Supplementary

Table S1 The average weight of mice before treatment (g)

Groups n Weight, g P
Non-treatment tumor control 9 20.10+1.97 0.65
Positive control 8 19.11+1.24

FZ 40 mg/kg 9 18.80+1.65

DADA 20 mg/kg 10 19.11+1.82

DADA 100 mg/kg 10 18.81+1.68

FZ 40 mg/kg + DADA 20 mg/kg 10 19.47+1.69

FZ 40 mg/kg + DADA 100 mg/kg 10 19.48+1.45

Data are presented as mean + standard deviation. One-way ANOVA was used for the comparison of means among the untreated and
other groups. Dunnett’s test was then run after one-way ANOVA to determine which differences were significant.

Table S2 The average volume of mice tumors on the first day of treatment

Tumor volume (mm?)

Groups n P
Mean + SD Median (25%, 75%)

Tumor control 9 50.67+14.69 48.00 (34.00, 60.88) 0.65

Positive control 8 58.04+17.02 50.40 (39.00, 75.00)

FZ 40mg/kg 9 58.73+16.58 62.50 (44.00, 75.00)

DADA 20 mg/kg 10 64.54+39.92 50.60 (45.60, 126.00)

DADA 100 mg/kg 10 50.38+27.97 49.30 (34.00, 68.80)

FZ 40 mg/kg + DADA 20 mg/kg 10 66.52+21.31 65.35 (44.20, 95.10)

FZ 40 mg/kg + DADA 100mg/kg 10 54.35+£12.30 50.60 (49.30, 75.00)

One-way ANOVA was used for the comparison of means among the untreated and other groups. Dunnett’s test was then run after
one-way ANOVA to determine which differences were significant.

© AME Publishing Company.
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and Fenbendazole in lung cancer models

The list of members is in the Annex attached to this Decision.



Article 2. The Thesis Examination Jury shall be responsible for examining the
doctoral thesis according to current training regulations and will be automatically dissolved
after completing all tasks.

Article 3. Director of Academic Affairs, Director of Department of Life Sciences,
Director of Administration, Director of Department of Quality Assurance and Examination,
Head of Accounting and Finance Department and members mentioned in Article 1 shall be
in charge of implementing this Decision./.Gs~

Recipients: PRINCIPAL RECTOR
- As Article 3; (Signed and sealed)

- Rector; J M L t

- Vice-Rectors; can-viarc Laves

- Archive: Admin, AF, LS, DAA.LS.



LIST OF MEMBERS OF THE THESIS EXAMINATION JURY FOR
PHD STUDENT NGUYEN QUANG THAI
(Attached with the Decision 2.9 /QP-DHKHCN dated 10/ © 1/2026)

No. Members Institutions Posnt!on m
the jury
Institute of Biology, Vietnam
1 ﬁssoc.Prof. Nguyen Trung Academy of Science and Chairman
am
Technology
2 Prof. Jeong- Hyung Lee Kangwon National University, Reviewer
Korea
3 Dr. Tran Minh Ngoc National Inst1tut§ of Medicinal Reviewer
Materials
4 Assoc.Prof. Pham The Hai USTI.-I’ Vietnam Academy of Reviewer
Science and Technology
Institute of Biology, Vietnam
5 Prof. Dong Van Quyen Academy of Science and Member
Technology
USTH, Vietnam Academy of
6 Dr. Nguyen Phuong Nhung Science and Technology Member
7 Dr. Pham Le Minh USTH, Vietnam Academy of Member,
Science and Technology Secretary

The list includes 7 members..ﬁ\(
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Dr. Tran Minh Ngoc Materials
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T Science and Technology
Institute of Biology, Vietnam
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Technology
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Dr. Nguyen Phuong Nhung Science and Technology
. Member.
7 . USTH, Vietnam Academy of 4
Dr. Pham Le Minh Science and Technology Secretary
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Student ID D20.PMAB.002
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Thesis title s aa . . . PSP
cua Diisopropylamine Dichloroacetate va Fenbendazole trén cdc mé hinh
ung thue phoi..
Supervisor Assoc. Prof. Nguyen Hai Dang, USTH
Co-supervisor Dr. Hoang Xuan Ba, University of Southern California
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III. JURY COMMENTS:
- Assoc.Prof. Pham The Hai: This thesis presents a comprehensive and scientifically sound study with
ascope and level of complexity comparable to doctoral research. The topic is highly relevant, particularly
in the context of drug repurposing strategies aimed at reducing the time and cost of developing new
anticancer therapies. The study demonstrates several strengths. The experimental design is well-
structured, integrating both in vitro and in vivo approaches. A range of advanced techniques has been
applied, reflecting strong technical competence. The investigation of multiple biomarkers and underlying
mechanisms provides a valuable contribution to understanding therapeutic effects in lung cancer models.
Overall, the work is well designed, and the scientific approach is appropriate. However, several aspects
should be improved. The discussion section is relatively limited and does not sufficiently explore the
underlying mechanisms or compare findings with current literature. Some conclusions appear to be
overstated in relation to the presented data, particularly regarding potential clinical applications. In
addition, the study is mainly focused on lung cancer cell lines; expanding to other models could enhance
the robustness and generalizability of the results. The consistency between in vitro and in vivo findings
should also be clarified in more detail.
There are also minor issues related to presentation, including inconsistencies in figures, tables, units,
and formatting. Some references are outdated and should be updated with more recent studies.
Questions for the candidate:
- Is a Combination Index (CI) < 1 sufficient to confirm a synergistic effect, or are additional validation
methods required?
- How do you explain the consistency between in vitro and in vivo results, particularly in terms of
experimental conditions?
Conclusion:
Overall, this is an impressive and well-executed study with clear scientific merit. The thesis is
recommended for acceptance after minor revisions.
Mr Nguyen Quang Thai:
Point 1: A Combination Index (CI) < 1 indicates a synergistic effect between the tested agents.
Point 2: In in vitro conditions, drugs can directly interact with cells, whereas in vivo systems involve
complex three-dimensional biological environments. Therefore, differences between in vitro and in vivo
results can arise due to variations in drug distribution, microenvironment, and biological complexity
- Prof. Jeong- Hyung Lee:

Point 1: The conclusions show some discrepancies between in vitro and in vivo results. While the in
vivo data demonstrate strong therapeutic effects, the in vitro findings appear less pronounced. This
difference may be explained by the complexity of the in vivo tumor microenvironment, including
factors such as three-dimensional tumor architecture, immune interactions, drug metabolism, and
pharmacokinetics, which cannot be fully replicated in vitro.

Point 2: Western blot analysis indicates that although a synergistic effect is observed in vitro, the in
vivo results show a more pronounced therapeutic response. However, the expression of caspase-3 does
not significantly change in the combination treatment group. This suggests that the enhanced in vivo
efficacy may not primarily rely on caspase-3—mediated apoptosis, but could involve alternative
mechanisms such as metabolic reprogramming, cell cycle arrest, or modulation of the tumor

microenvironment.
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Mr Nguyen Quang Thai:
Point 1: I observed that many promising results were obtained in vitro; however, when translated to in
vivo models, some differences emerged. These discrepancies may be attributed to factors such as drug
bioavailability, differences in effective drug concentrations, and the inherent challenges in translating in
vitro conditions to in vivo systems. For example, both fenbendazole and DADA require dose adjustments
when moving from in vitro to in vivo settings, which can lead to variations in observed outcomes.
Point 2: For the Western blot results, the expression of caspase-3 does not show a clear difference by
visual inspection. However, quantitative analysis using image processing software may reveal subtle
differences. In addition, tumor size was selected as the primary parameter for monitoring treatment
effects rather than tumor weight, as it allows continuous and non-invasive assessment in animal studies.
Further clarification on this point will be added in the revised version.
- Dr. Tran Minh Ngoc
The study presents a substantial amount of therapeutic data, with extensive use of Western blot analysis
and multiple biomarkers. The in vitro and in vivo results are well illustrated and provide strong evidence
supporting the proposed anticancer effects. Overall, the thesis contains a large volume of valuable data
with potential applications.
However, several issues need to be addressed. Some conclusions appear too extensive and should be
carefully revised to better align with the presented data. The first table should be rechecked and
corrected, and font sizes should be standardized throughout the thesis. The literature review requires
further refinement and more detailed description. In addition, the use of multiple positive controls is
excessive and should be reconsidered.

Specific points for revision include:

Table 2 should be reviewed and reformatted.

Cancer cell lines and related figures (e.g., Figure 8, Figure S3) should be carefully checked.
Figure 21 contains several errors and needs correction.

The reference list shows multiple formatting inconsistencies and should be standardized.
Figures S1 and S2 use colors but lack proper explanation.

Despite these minor issues in presentation and formatting, the thesis provides comprehensive data and
meaningful scientific contribqtions. After careful revision, it can be considered for the doctoral degree.
Mr Nguyen Quang Thai:

Responses to Questions

Point 1 (Positive controls):

There are indeed multiple positive controls used in this study. After determining the optimal dose,

paclitaxel was selected as the primary positive control for subsequent experiments.

Point 2 (Dose ratio in vitro vs in vivo):
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The dose ratio between fenbendazole and DADA differs between in vitro and in vivo experiments. This
is mainly due to differences in bioavailability and solubility, particularly for fenbendazole. Therefore,
we referred to available literature to select appropriate dosing ratios for in vivo studies. However, it
remains challenging to establish a direct correlation between in vitro and in vivo conditions.
Revision statement:
All identified issues will be carefully reviewed and corrected in the revised version.
- Prof. Dong Van Quyen: The candidate has obtained very promising results overall. However, several
points should be considered:

e From a technical perspective, although the thesis presents strong results, it would benefit from
the inclusion of additional cancer cell lines to strengthen the robustness of the findings.

e The dose ratio used in in vivo experiments appears to be influenced by time limitations;
therefore, this ratio should be considered as a preliminary suggestion rather than a definitive
conclusion.

e The study suggests increased ROS production and induction of apoptosis in cancer cell lines;
however, more direct experimental evidence is needed to support these claims.

e The limitations of the mouse model, particularly regarding the immune system, should be
acknowledged and discussed more clearly.

e Improving the solubility of the compounds would enhance the translational potential of the
study.

Mr Nguyen Quang Thai:

e These limitations are acknowledged, and further studies are needed to address them.

e Additional cancer cell lines should indeed be included. However, in our current study, although
we used nude mice models, we were not able to successfully establish tumor models in some
cases.

e At present, we have mainly developed lung and liver models, while other tumor models have
not yet been established. These will be further explored and developed in future work.

- Dr. Nguyen Phuong Nhung:

Overall good thesis, well presented

Questions

- In the in vitro experiments, how were replicates handled, and how were cell numbers quantified?

- In the in vivo experiments, how were the drug solutions prepared, and what is the potential effect of
DMSO on drug activity?

Mr Nguyen Quang Thai:

- Cell numbers were determined by direct counting under a microscope. Replicates and counting

procedures will be further clarified and standardized in future work.
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- DMSO was used at a low concentration, which is generally considered to have minimal impact on
drug activity. However, this potential effect will be further evaluated and controlled in future studies
- Dr. Pham Le Minh
Overall good thesis, well presented
Questions
Why did you not consider intratumoral administration for fenbendazole and DADA in your study?
Mr Nguyen Quang Thai:
The history of fenbendazole has motivated us to further explore its potential and discover new

applications

Assoc.Prof. Nguyen Trung Nam:

The thesis presents several novel contributions and provides a comprehensive demonstration of the
research findings. However, the introduction section is relatively brief and should be expanded to
improve the overall balance of the thesis.

Some figures are missing and need to be carefully checked. In addition, Figures 15, 16, and 17 contain
issues in their descriptions and should be revised for clarity and accuracy.

Overall, the conclusions are appropriate, and the thesis is suitable for the award of a doctoral degree.

IV.  CONCLUSION:

[ The title of the thesis is appropriate for the program of Pharmacological, Medical
and Agronomical Biotechnology (Code: 9420201).

[ The thesis does not overlap with any previously published works or theses.

K The main scientific conclusions, new findings, and contributions of the thesis are as
follows:
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Bngree to award the PhD diploma to the candidate.
[0 Agree to award the PhD diploma to the candidate after revision.
[ The thesis is not qualified for the PhD diploma. A second jury could be considered.

V. SIGNATURES:

Chairman Secretary

Mub—

Assoc.Prof. Nguyen Trung Nam Dr. Pham Le Minh
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Examination Jury for PhD thesis

Reviewer’s Report

PhD Student
Full name Nguyen Quang Thai
Program/ Department | PMAB/ Life Sciences
Student ID number D20.PMAB.002
PhD thesis
Title Investigation of synergistic effect of Diisopropylamine Dichloroacetate and
Fenbendazole in lung cancer models
Supervisor Assoc. Prof. Nguyen Hai Dang, USTH
Co-supervisor Dr. Hoang Xuan Ba, University of Southern California
Reviewer
Full name Lee Jeong-Hyung
Title Professor
Institution Kangwon National University

Contact (Email/SMS)

Jhlee36@kangwon.ac.kr

Technical comments (e.g. on the research topic, methodology, finding, discussion, thesis structure, wording,

references etc)




Overall, this manuscript is written well. The strengths and weaknesses of this thesis are
follows;

Novelty in Drug Repurposing: Combining Fenbendazole (a veterinary anthelmintic) with
DADA (a liver metabolism drug) is an innovative approach. Drug repurposing is a high-interest
area because it reduces the time and cost of drug development.

Comprehensive Methodology: The study spans from in vitro (cell lines) to in vivo (animal
models), providing a solid foundation for claiming therapeutic potential.

Clear Mechanistic Markers: This study was identified specific molecular pathways for
apoptosis (Bcl-2/BAX, Caspase-3/7, PARP) and cell cycle arrest (Cyclin A/E), which adds
scientific weight to your observations.

Safety Assessment: Including liver and kidney function tests in the animal model addresses
a major concern regarding the toxicity of non-traditional cancer treatments.

High Efficacy: The mention of "complete tumor loss" suggests a potent synergistic effect that,
if reproducible, could be a significant breakthrough.

Questions/ Suggestions/ Request of Revisions

Criticisms:

1) What are the synergistic effects of FZ and DADA at ratios other than 1:50007?

2) Discrepancy between in vitro and in vivo ratios: It is necessary to clarify why the synergistic
ratio observed in the cellular models (1:5000) was not translated to the animal models (1:2.5).
Please include these additional results in the "Results" section or provide a detailed
justification in the "Discussion" section on the revised manuscript.

3) In chemistry, a "complex" implies a new molecular structure formed by chemical bonding. If
you simply mixed two drugs together, you should use the term "combination" or "co-
administration." Using "complex" incorrectly can lead to questions about the chemical
characterization of your formula.

4) The term "Complete Loss" is inaccurate. It is safer to use "Significant tumor regression.




Conclusions (whether the work is suitable/ could be suitable after revisions for presenting to obtain the USTH
PhD degree?)

This manuscript has a Novelty in Drug Repurposing. Therefore, this manuscript may be
accepted with minor revisions and that the candidate will be eligible for the USTH PhD

degree.

[0 Recommended for defense at the PhD Thesis Examination Jury in the current form.

B Recommend for defense at the PhD Thesis Examination Jury with minor revisions.

[ Not recommended for defense at the PhD Thesis Examination Jury.

March 9, 2026

Reviewer’s signature

Lee Jeong-Hyung “:\g’i%\)
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PhD Student
Full name Nguyen Quang Thai
Program/ Department | PMAB/ Life Sciences
Student ID number D20.PMAB.002
PhD thesis
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Fenbendazole in lung cancer models

Supervisor Assoc. Prof. Nguyen Hai Dang, USTH
Co-supervisor Dr. Hoang Xuan Ba, University of Southern California
Reviewer
Full name Dr. Tran Minh Ngoc
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Institution National Institute of Medicinal Materials

Contact (Email/SMS) tmngoc@nimm.org.vn

Technical comments (e.g. on the research topic, methodology, finding, discussion, thesis structure, wording,
references etc)

The thesis addressed a timely research topic in the field of cancer biology, namely, “Investigation of synergistic
effect of Diisopropylamine Dichloroacetate and Fenbendazole in lung cancer models”. Focusing on a drug
combination strategy to achieve a synergistic effect is scientifically reasonable, as recent studies have shown that
agents targeting cellular metabolism and microtubule dynamics may enhance therapeutic efficacy when used
together. In addition, the use of both in vitro models (A549 cell line) and in vivo models (BALB/c nude mice




bearing xenograft tumors) increases the reliability and comprehensiveness of the study, allowing the therapeutic
effects to be evaluated from the cellular level to the physiological level of tumor growth.

Regarding the research methodology, the thesis employed a range of molecular and cellular biology techniques
that are appropriate for the research objectives. These included cell viability assays, apoptosis assays, cell cycle
analysis, reactive oxygen species (ROS) measurement, glucose uptake assays, lactate assays, Western blot
analysis, and experiments using an animal model. The analysis of apoptosis-related proteins (Bcl-2, Bax, caspase-
3, caspase-7, and PARP) as well as cell cycle regulatory proteins (Cyclin A and Cyclin E) is appropriate for
elucidating the potential mechanisms underlying the effects of the FZ-DADA combination. However, the study
utilized only a single lung cancer cell line (A549), which may limit the generalizability of the findings to other
subtypes of non-small cell lung cancer.

Regarding the findings, the data indicated that the combination of FZ and DADA effectively inhibited lung cancer
cell proliferation, induced apoptosis, caused cell cycle arrest, and increased ROS production. Results from the
mouse model also demonstrated a reduction in tumor size following combination treatment, while no significant
adverse effects on liver or kidney function were observed. These findings supported the hypothesis that the
combination of these two compounds may produce stronger anticancer effects than single-agent treatment.

In terms of thesis structure, the organization of the chapters is generally appropriate, including sections on
literature review, materials and methods, results, discussion, and conclusions. The literature review summarizes
the mechanisms of action of FZ and DADA as well as previous studies on combination therapy in lung cancer.

Regarding references, the dissertation cites relevant scientific publications, including several recent studies in the
field.

In summary, the thesis presents a meaningful investigation into the potential of the FZ and DADA combination
therapy for lung cancer treatment. The research design is relatively comprehensive, and the results
demonstrated the promising anticancer potential of this therapeutic strategy.

Questions/ Suggestions/ Request of Revisions

Several issues should be revised or clarified in the thesis:

+ The font formatting in the Table of Contents should be checked and standardized.

+ Table 1 (page 7): The font size should be reduced, or the table should be rotated to landscape format so that
the text (e.g., “publication”, “experimental”) is not truncated.

+ The literature review section should be clearly separated from the methodology section to improve the
structure of the thesis.

+ Section 3.1: Additional chemicals used in the experiments, such as camptothecin, paclitaxel, and cisplatin,
should be listed and described.

+ The author should clarify why multiple positive controls were used in the experiments.

+ The presentation of “cells/well” in the “Density” column in Table 2 should be reviewed and formatted
consistently.

+ Section 4.1: The sentence “Camptothecin was used as a positive control to validate the reliability of the
results” should be reconsidered. According to the appendix, cisplatin was used as the positive control for
HepG2 cells. In addition, the abbreviation for camptothecin should be used consistently (e.g., CPT in Fig. 8 vs.
Campto in Fig. 10A and Figure S3).

+ The thesis does not include experiments on normal (non-cancerous) cells, which would be useful for
evaluating the selectivity and safety of the treatment.




+ Attention should be paid to the spelling of “paclitaxel” throughout the thesis. In Figure 9 (page 39), it should
be verified whether the compound used is cisplatin or paclitaxel.

+ Page 40: The text alignment and formatting should be corrected.

+ Figure 11: The font size is too small and should be enlarged. The figure labels should also be standardized
(e.g., paclitaxel, Bcl-2, FZ, caspase-3, caspase-7). Similar issues should be checked in Figures 13 and 14.

+ Figure 12: The *** statistical annotation should be clearly indicated in Fig. B (G2).

+ The author should explain why different numbers of mice were used in different experimental groups (page
53).

+ Figure 21: The labels “Fen” and “Dada” should be standardized to match the terminology used in the in vitro
figures. A similar issue appears in Figure 26A.

+ For figures presenting experimental results, it would be helpful to include corresponding numerical data
tables in the appendix for easier verification and interpretation.

+ The reference list should be formatted consistently according to a single citation style.

+ Supplementary Information: Figures S1 and S2 lack color legends, and the concentration units are not
specified.

Conclusions (whether the work is suitable/ could be suitable after revisions for presenting to obtain the USTH
PhD degree?)

In conclusion, the thesis presents a meaningful investigation into the potential anticancer effects of the
combination of fenbendazole and diisopropylamine dichloroacetate in lung cancer models. The research design
is generally appropriate and the results provide useful insights into the potential synergistic mechanisms of these
compounds. However, several minor issues related to formatting, presentation, and clarification of experimental
details should be revised. After addressing these comments, the thesis could be considered suitable for the award
of the PhD degree at USTH.

O Recommended for defense at the PhD Thesis Examination Jury in the current form.
v Recommended for defense at the PhD Thesis Examination Jury with minor revisions.

[0 Not recommended for defense at the PhD Thesis Examination Jury.

Hanoi, March 5, 2026
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Technical comments (e.g. on the research topic, methodology, finding, discussion, thesis structure, wording,
references etc)

1.1 Research topic and scientific relevance

The thesis investigates the synergistic anti-cancer effects of fenbendazole (FZ) and diisopropylamine
dichloroacetate (DADA) in lung cancer models, particularly using the A549 non-small cell lung cancer cell line
and a xenograft mouse model. The topic is relevant because lung cancer remains a major cause of cancer
mortality worldwide and drug repurposing represents a promising strategy for identifying new therapeutic
options.

The rationale for combining FZ and DADA is also presented in the literature review, including the metabolic
effects of DADA and previously reported anticancer activities of fenbendazole. The thesis further discusses the
potential benefit of DADA in mitigating possible liver toxicity associated with fenbendazole.

Overall, the research topic is timely and scientifically relevant.
1.2 Methodology and experimental design

The thesis combines in vitro experiments and in vivo animal studies, which is appropriate for evaluating
potential anticancer activity. The use of apoptosis markers, cell cycle analysis, and xenograft models represents
a standard approach in experimental oncology.

In vitro experiments
The thesis employs several complementary assays to evaluate anticancer activity, including:

- Cell viability assay

- Hoechst staining

- Apoptosis assay

- Cell cycle analysis

- ROS detection

- Glucose uptake and lactate assays

- Western blot analysis of signaling proteins

These methods are appropriate for evaluating cellular responses to drug treatment. The study also examines
key molecular markers related to apoptosis and signaling pathways, including BAX, BCL-2, caspase-3, caspase-7,
PARP, Cyclin A, Cyclin E, and PI3K/AKT signaling.

The inclusion of metabolic assays such as glucose uptake and lactate production is a positive aspect because it

supports the hypothesis that the combination may influence cancer metabolism.

However, the in vitro experiments rely mainly on one lung cancer cell line (A549). Considering the
heterogeneity of non-small cell lung cancer, including additional cell lines would strengthen the generalizability
of the findings.

Analysis of synergistic effects

The thesis includes a dedicated section (2.3 Investigation of synergistic effects) describing theoretical
approaches used to evaluate drug interactions. The author explains different models including Loewe additivity,
Bliss independence, and the Combination Index approach.




The study ultimately adopts the Chou-Talalay Combination Index (Cl) method to evaluate synergy. The thesis
also provides the mathematical formulation of the median-effect equation and defines the interpretation of Cl
values (Cl < 1 indicating synergy, Cl = 1 additive effect, Cl > 1 antagonism).

This methodological framework is appropriate and widely used in pharmacological studies of drug
combinations.

Nevertheless, the description of the synergy analysis could be improved by presenting more detailed
information regarding:

- the dose-response curves used to calculate median-effect parameters
- the full range of Cl values obtained across different dose combinations
- graphical representations such as isobologram or Cl-fraction affected plots.

Providing these details would improve transparency and reproducibility of the synergy evaluation.
In vivo experiments

The in vivo study uses BALB/c nude mice transplanted with A549 lung cancer cells to evaluate the anticancer
effect of FZ and DADA.

Thesis Thai Dec 1- Sau HDCS

When tumors reached approximately 50 mm?, mice were randomized into multiple experimental groups
including:

- Healthy control

- Tumor control

- Cisplatin positive control

- FZtreatment

- Two DADA treatment groups

- Two combination therapy groups.

Tumor volume, survival time, body weight, and toxicity indicators were monitored during the experiment.
Tumor volume was calculated using standard formulas based on tumor length and width measurements.

The inclusion of a positive control group (cisplatin) is an important strength of the experimental design.

The thesis also evaluates safety parameters such as body weight changes, hematological indicators, and kidney
function markers.

However, additional details on randomization procedures, blinding during measurement, and statistical power
calculations would further strengthen the methodological rigor.

3. Findings

The results suggest that the FZ-DADA combination inhibits proliferation of A549 lung cancer cells and induces
multiple anticancer responses.

The study reports that the combination treatment:

- increases ROS production

- induces apoptosis through regulation of BAX/BCL-2 balance
- activates caspase-3 and caspase-7

- increases PARP cleavage




- induces G2/M cell-cycle arrest
- suppresses Cyclin A and Cyclin E expression.

The results also indicate that the combination influences metabolic activity and may inhibit the PI3K/AKT
signaling pathway.

In the animal model, combination treatment appears to reduce tumor growth and extend survival time
compared with untreated tumor-bearing mice.

Overall, the findings are internally consistent and supported by multiple experimental approaches.
Variability between different experimental models is not fully addressed

The thesis presents results obtained from multiple experimental systems, including in vitro cytotoxicity assays
and in vivo experiments. While these results provide useful data, the differences between experimental models
are not always thoroughly analyzed.

For instance, the degree of cytotoxicity observed in cell culture experiments does not always directly
correspond to the magnitude of tumor inhibition observed in vivo. Such discrepancies are common in
biomedical research due to differences in drug bioavailability, metabolism of fenbendazole in vivo, or tumor
microenvironment effects.

Some conclusions appear stronger than the data directly support:

In several places, the thesis suggests that the tested drug combination shows promising anticancer potential.
While the experimental results indeed indicate cytotoxic and possibly synergistic effects in cell models, the
available data remain preliminary and limited to preclinical experiments. Therefore, the conclusions should be
carefully drawn to reflect that the findings mainly demonstrate in vitro and early in vivo effects, rather than
implying direct clinical relevance.

4. Discussion

The discussion relates the findings to current literature on cancer metabolism, apoptosis signaling, and drug
repurposing strategies.

The thesis provides a reasonable interpretation of how the combination treatment might enhance anticancer
effects through:

- increased oxidative stress
- modulation of apoptotic signaling
- disruption of metabolic pathways.

However, the discussion could be strengthened by including a more critical evaluation of:

- potential limitations of the study
- differences between the experimental model and clinical lung cancer
- future research directions needed before clinical translation.

5. Thesis structure and organization

e S —



The thesis follows a conventional structure:

- Introduction (3 pages)

- Literature review (20 pages)

- Materials and methods (13 pages)
- Experimental results (31 pages)

- Discussion (4 pages)

There should be an imbalance in chapter organization. The Literature Review is relatively concise compared
with the large number of references cited (153). The Results section is comparatively extensive, while the
Discussion is relatively brief, limiting deeper interpretation of the findings. Some methodological explanations
(for example, the rationale behind synergy analysis methods) could have been better contextualized earlier in
the thesis.

This imbalance may give the impression that experimental results are emphasized more than critical scientific
interpretation, whereas a doctoral thesis should demonstrate not only technical work but also strong analytical
and conceptual discussion of the findings.

There are 27 Figures, but Figures 15-17 are lacking. The corresponding pages in the List of Figures are not
corrected. The caption format is not homogeneous (Figure 1. And Figure 3:), grammatical error: Figure 20.
concentration-dependance -> it should be concentration-dependent. Lacking information in caption of Figure
12: The FZ-DADA combination induced cell cycle arrest in A549 cells. Figure 1 must include reference.

The thesis contains 9 tables summarizing experimental data and methodological information. In general, the
tables present useful quantitative results. However, several issues in table presentation should be improved. In
particular, the use of units is not always consistent (e.g., M vs uM), and some table captions do not provide
sufficient methodological details such as treatment duration, number of replicates, or statistical representation
(mean + SD/SEM). In addition, abbreviations used in tables are not always explained in footnotes, which may
reduce the clarity of the data presentation.

Several minor but noticeable spelling and language inconsistencies are present throughout the thesis. For
example, incorrect spellings such as “dependance” and “time dependant” appear in figure captions and
methodological descriptions. In addition, there is inconsistent use of British and American English (e.g.,
“analysed” vs “tumor”). Some terms are also not consistently formatted (e.g., “micro-environment” vs
“microenvironment”). Although these issues do not affect the scientific content, careful proofreading would
improve the overall quality and professionalism of the thesis.

6. Language and presentation

The thesis is generally understandable, although some sections contain grammatical errors or awkward
phrasing. Careful language editing would improve clarity and readability.

Figures and tables are useful for illustrating experimental findings, but some figure captions could provide more
detailed explanations of experimental conditions.

7. References

The thesis cites a broad range of literature related to lung cancer biology, drug repurposing, and metabolic
targeting in cancer therapy with 153 references.




- 2020-2024: 65 (42%)
- 2015-2019: 55 (36%)
- 2010-2014: 22 (14%)
- <2010:11(7%)

The thesis includes a relatively comprehensive list of 153 references, of which approximately 40-45% were
published within the last five years (2020-2024). This indicates that the candidate has considered a reasonably
up-to-date body of literature in the field.

The formatting of references is not fully consistent throughout the list. For example, journal names are
sometimes written in full and sometimes abbreviated, page ranges use both hyphen and en dash, and the
number of authors listed before using “et al.” is not always consistent. In addition, a few references appear to
lack complete bibliographic details (e.g., volume or page numbers). Careful editing of the reference list
according to a single citation style (e.g., Vancouver) would improve the overall consistency and professionalism
of the thesis.

Questions/ Suggestions/ Request of Revisions

Before the thesis can be considered for final acceptance, the following revisions are recommended:

- Clarify the experimental design and statistical analysis, including the number of replicates, statistical
methods used, and representation of variability in all quantitative results.

- Improve the presentation of figures and tables, ensuring that captions contain sufficient methodological
information and that units and abbreviations are consistently defined.

- Revise the language and correct minor spelling and formatting errors, including inconsistencies in scientific
terminology and punctuation.

- Standardize the reference formatting according to a single citation style (e.g., Vancouver style), ensuring
that all bibliographic details are complete and consistent.

- Strengthen the discussion section by providing deeper interpretation of the results, particularly regarding
the biological mechanisms underlying the observed drug interactions and the limitations of the study.

Questions

1. The results show that the combination treatment produced stronger effects than single compounds in
some experiments. Could the candidate explain how the drug combination ratios were determined in
the study?

2. Several experiments report ICso values for fenbendazole and its combinations in different cancer cell
lines. Could the candidate clarify how many independent experiments were performed and whether
the reported ICso values represent mean values with standard deviation or standard error?

3. The thesis presents both in vitro cytotoxicity results and in vivo tumor inhibition data. How does the
candidate explain the potential differences between the magnitude of effects observed in cell culture
experiments and those obtained in animal models?

4. Some Clvalues suggest synergistic interactions (Cl < 1). Could the candidate elaborate on whether this
synergistic effect is consistent across different concentration ranges and different levels of fraction
affected (Fa)?

5. The thesis suggests that the investigated drug combination may have potential therapeutic
implications. Considering that the experiments were performed mainly in preclinical models, how does




the candidate evaluate the limitations and challenges in translating these findings to clinical
applications?

Conclusions (whether the work is suitable/ could be suitable after revisions for presenting to obtain the USTH
PhD degree?)

Overall, the thesis addresses a relevant research topic related to the potential anticancer effects of
fenbendazole and its combination with other compounds. The study presents experimental data obtained from
both in vitro assays and in vivo models, and applies quantitative approaches such as the Chou-Talalay method
to evaluate drug interactions. Despite these limitations, the thesis demonstrates that the candidate has
conducted a substantial amount of experimental work and has acquired relevant research skills in biomedical
experimentation and data analysis. The scientific content is generally sound and contributes incremental
knowledge to the field.

Therefore, in my opinion, the thesis could be suitable for presenting in defense for the USTH PhD degree after
appropriate revisions addressing the comments above. The candidate should carefully revise the manuscript to
improve clarity, consistency, and scientific interpretation before the final submission.

X Recommended for defense at the PhD Thesis Examination Jury in the current form.
0 Recommend for defense at the PhD Thesis Examination Jury with minor revisions.

O Not recommended for defense at the PhD Thesis Examination Jury.

Hanoi March 6%, 2026

Reviewer’s signature
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Technical comments (e.g. on the thesis topic, research methodology, finding, discussion, thesis
structure, wording, references, etc). Please note that the reviewers can fill this part as “please
refer to my review report” and/or with additional comments on the revised manuscript and/

or on the presentation made by the candidate

The thesis addresses a timely and significant area of oncology by exploring drug repurposing,
specifically the combination of Fenbendazole (an anthelmintic) and Diisopropylamine
Dichloroacetate (DADA). The combination is recognized as an innovative approach with the
potential to reduce the time and cost associated with traditional drug development. The study
effectively utilizes the metabolic effects of DADA to potentially mitigate liver toxicity associated
with Fenbendazole while enhancing anti-cancer activity.
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The study employs a comprehensive framework spanning from in vitro (A549 cell lines) to in vivo
(xenograft mouse models). The use of standard oncology markers (apoptosis, cell cycle analysis)
and the inclusion of a positive control group (Cisplatin) provide a solid foundation for the results.
The candidate correctly adopted the Chou-Talalay Combination Index (CI) method.

PhD. candidate should provide more detailed synergy data, including dose-response curves, and the
full range of CI values.

The results demonstrate that the FZ-DADA combination inhibits A549 cell proliferation by
increasing ROS production, inducing G2/M cell-cycle arrest, and activating apoptotic pathways
(Bcl-2/BAX, Caspase-3/7, PARP)

The Discussion section is currently too brief. It needs to be strengthened with a more critical
evaluation of the biological mechanisms, study limitations, and the challenges of translating
preclinical data to clinical application

There is a noted imbalance in the chapter lengths; the Results section is extensive (31 pages), while
the Literature Review and Discussion are relatively concise. Figures 15, 16, and 17 are currently
missing from the manuscript, and the List of Figures must be updated accordingly.

Comment on the candidate ability (e.g. general scientific background, understanding on the
research field and research topic, presentation skill, English level, etc)

The candidate, Nguyen Quang Thai, demonstrates a strong foundational knowledge in experimental
oncology and pharmacology. He has acquired and successfully applied a wide range of research
skills, from in vitro cellular assays (viability, apoptosis, cell cycle, ROS detection, and metabolic
assays) to in vivo animal modeling. The candidate shows a high level of engagement with the current
state of drug repurposing and lung cancer research. He effectively connected the metabolic effects
of DADA with the anti-cancer properties of Fenbendazole, showing an ability to synthesize different
scientific concepts into a coherent research plan. The candidate’s ability to organize a large-scale
project is evident. Overall, the manuscript is written well. The candidate's English level is generally
good and understandable, sufficient for high-level academic defense.
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Conclusions (indicates whether the manuscript is accepted in the current form or accepted
after minor/ major revisions; and whether the candidate deserves the USTH PhD degree)

The thesis is clear enough to communicate complex pharmacological interactions and molecular
pathways. Candidate has good scientific background and understanding on the research field and
research topic. The candidate Nguyen Quang Thai deserves the USTH PhD degree.

[0 Accept the manuscript in the current form.
X Accept the manuscript with minor revisions.

[0 The manuscript is not qualified to for the PhD degree.

March 8, 2026

Jury Member’s signature

Nguyen Trung Nam

End of the document
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“with lung cancer worldwide, the development of novel the}apéutiT éﬁoaéhes based on existing
compounds is of both scientific and practical interest.

The objective of the thesis is to evaluate the synergistic anticancer effects of Diisopropylamine
Dichloroacetate (DADA) and Fenbendazole (FZ) in lung cancer models and to investigate the
potential molecular mechanisms underlying this interaction. The candidate conducted a series of in
vitro experiments using lung cancer cells and in vivo studies in xenograft mouse models. The
experimental approaches include cell viability assays, apoptosis and cell-cycle analyses, ROS
measurement, and Western blotting for key regulatory proteins. Drug interaction was evaluated
using the Combination Index (CI) method.

The results demonstrate that the combination of DADA and FZ exerts a synergistic inhibitory
effect on lung cancer cell proliferation, accompanied by increased ROS production, induction of
apoptosis, and modulation of apoptosis-related proteins. In the xenograft model, the combined
treatment significantly reduced tumor growth compared with single-agent treatments. These
findings suggest that the combination of these two compounds may represent a potential strategy
for lung cancer therapy.

The thesis is generally well structured, and the experimental results are presented clearly. The
discussion appropriately relates the findings to current literature on metabolic targeting and
repurposed drugs in cancer therapy.

Comment on the candidate ability (e.g. general scientific background, understanding on the
research field and research topic, presentation skill, English level, etc)

The candidate demonstrates a good scientific background and adequate experimental skills in the
field of biomedical rescarch. The work shows the candidate’s ability to conduct laboratory
experiments, analyze data, and interpret the results in the context of existing literature. The thesis is
clearly written and logically organized, and the candidate shows a good understanding of the
research topic. The overall level of English is satisfactory.
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Technical comments (e.g. on the thesis topic, research methodology, finding, discussion, thesis
structure, wording, references, etc). Please note that the reviewers can fill this part as “please

refer to my review report” and/or with additional comments on the revised manuscript and/
or on the presentation made by the candidate

This thesis addresses a relevant topic in cancer pharmacology. particularly the exploration of drug
repurposing strategies for the treatment of lung cancer. Considering the high mortality associated
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Conclusions (indicates whether the manuscript is accepted in the current form or accepted
after minor/ major revisions; and whether the candidate deserves the USTH PhD degree)

The thesis presents original research results and makes a meaningful contribution to the field of
cancer pharmacology. Although some limitations exist, they do not significantly affect the
scientific value of the work.

The thesis satisfies the requirements for the PhD degree at the University of Science and

' Technology of Hanoi (USTH), and the candidate deserves to be awarded the PhD degree, subject
to minor revisions.

However, several limitations should be noted:

1. The study mainly relies on a single lung cancer cell line, which limits the generalizability of
the conclusions. Validation in additional lung cancer cell lines with different genetic backgrounds
would strengthen the findings.
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2. ‘The molecular mechanis;n_under]ying the syné}gistic interaction between DADA and FZ is
only partially explored, and further studies on metabolic pathways and signaling networks would
provide deeper insights.

3. The animal model used is relatively simple, and the absence of an intact immune system in

xenograft models may limit the interpretation of the antitumor effects.

4. Additional studies on pharmacokinetics, long-term toxicity, and translational relevance
would be necessary before considering clinical applications.

Despite these limitations, the thesis prevides valuable pre‘iminary evidence supporting the
potential of combining DADA and Fenbendazole as a repurposed therapeutic strategy for lung
cancer.




UNIVERSITY OF SCIENCE & TECHNOLOGY OF HANOI
UNIVERSITE DES SCIENCES ET DES TECHNOLOGIES DE HANOI

US I H TRUONG DPAI HOC KHOA HQC & CONG NGHE HA NQI

VIETNAM FRANCE UNIVERSITY

O Accept the manuscript in the current form.
 Accept the manuscript with minor/ major revisions.

[0 The manuscript is not qualified to for the PhD degree.

Jury \lcmbcr s signature

l End of the document
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refer to my review report” and/or with additional comments on the revised manuscript and/

or on the presentation made by the candidate

The thesis explore the drug repurposing of two well known compounds diisopropylamine
dichloroacetate and fenbendazole targeting anticancer activity against lung cancer model especially
AS549 cell line. The research has diverse results from in vitro and in vivo novel findings and
demonstrates an original combination of two compounds in anticancer activity. Manuscripts well
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comply the regulation of USTH PhD thesis representing results with chronological order with
adequate discussion.

However, there are many points which PhD candidate should revise for better manuscript.
Specifically:

- Revise gramma, many references were not cited adequately
1. Abstract

- Two first paragraphs can be discarded, it likes an introduction, too long. Results should be clarify
with the extent of each effect.

2. Introduction
- Clarify the drawbacks of available therapeutic strategies.

- page 2: check further whether ref. no. 13 is correct as it only stated results about fenbendazole but
the text refers both substances.

3. Literature review

- page 17: pls explain the principle of Combination index model.

- In vitro study: reference should be cited.

- Abbreviation should be defined clearly before first usage (page 19)

- A549 cell line introduction is not necessary.

- Rationale for combining two drugs should be moved to the introduction to 2 drugs.
4. Materials and methods (cite the method)

- Many chemical reagents were not described.

- Cell seeding: pls describe culture condition for other cell line.

- Cell viability assay: pls rationalize the formula to calculate CS

- Hoechst staining: how many replicates? (Results have SD?). Could you please explain how
you count the number of apoptosis cells? (manually?)

- Apoptosis assay: the explanation about caspase pathway is not necessary. Again, how many
replicates?

Figure 7: pls explain the color of different symbol in the image. Page 28: correct the cross
reference (it should be figure 7, but you mentioned figure 8).

- Western blot, Cell cycle arrest: Again, how many replicates? Pls clarify the version of software.
- Animal experiments:

+ Fix the typo error.

+ How do you prepare the drug solution (FZ and DADA) solution?

+ You inject the cancer cell line into the mice, wait for growth until 50 mm? = how do you
measure it? Do tumor in all group mice reach the same volume at the same moment?

What is the difference between healthy control and tumor control group? As healthy control
group, they also contain tumor?
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Number of injection per day for group?

- Statistical analysis: do you check the normality of the data before ANOVA test?
5. Results

In general, in many results, the combination effect is not really synergistic, it is smaller than sum of
individual effects.

5.1. Cytotoxic effect: why you tested other cell lines? As the title of subsection only refers
A549 cell line.

- You used a computational model to investigate the synersgistic effect of 2 drugs. What is the
model? Can you describe it?

- You can comment IC50 of two drugs compared previous literature.
- Can you justify why you selected 1:5000 as 1: 4000 ratio also exhibit good result.

- Do you calculate CI in triplicate? DO you calculate the confidence interval of CI? Whether
it is statistically smaller than 1?

5.2 Hoechst staining
- The positive control in image and graph is different from each other (palitaxel or cisplatin?)

- % cell apototic cell: How you calculate this?

Comment on the candidate ability (e.g. general scientific background, understanding on the
research field and research topic, presentation skill, English level, etc)

The PhD candidate shows deep knowledge on the research topic. He exhibits a good and
professional presentation skill. He can well rationalize the research design and obtained results
with good English communication skill.
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Conclusions (indicates whether the manuscript is accepted in the current form or accepted
after minor/ major revisions; and whether the candidate deserves the USTH PhD degree)
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- The thesis topic is relevant and addresses an important issue in cancer research, particularly the
potential synergistic effects of repurposed drugs for lung cancer treatment. The research objectives
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are clearly defined and the experimental approach, including both in vitro and in vivo models, is
appropriate for the research question.

- The methodology is generally well described, and the results are presented in a logical structure.
The findings provide useful insights into the potential synergistic effects between the investigated
compounds and their possible mechanisms of action. The discussion adequately relates the results to
existing literature.

- The thesis is generally well organized and follows a standard scientific structure. Some minor
improvements could be made regarding wording, language polishing, and consistency in formatting
and references.
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- The candidate demonstrates a good scientific background and a solid understanding of the research
topic. The work indicates that the candidate is capable of conducting independent research, analyzing
experimental data, and interpreting scientific results.

- The candidate’s presentation during the defense was clear and structured, and the candidate was
able to answer questions from the committee satisfactorily. The overall English level and scientific
communication are adequate for doctoral work.
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- The manuscript is accepted after minor revisions.

- Based on the quality of the thesis and the candidate’s performance during the defense, the candidate
deserves to be awarded the PhD degree of the University of Science and Technology of Hanoi
(USTH).
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