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ABSTRACT

The purpose of this study is to explore the impact of Ramucirumab alone and combined with 5-Aza on different
cellular targets in human hepatocellular carcinoma cell line (HuH-7). Cells were treated with diverse concen-
trations of Ramucirumab (50, 100, 150 pg/mL) for 24 h. viability, levels of reactive oxygen species (ROS),
antioxidant activities, mitochondrial membrane potential (MMP), DNA fragmentation, and expression of
apoptotic genes (Caspases 3, 7, 9, p53, Bax, and Bcl-2) were measured. Results showed that HuH-7 cell viability
was reduced in dose-dependent way with Ramucirumab therapy. Both Ramucirumab and 5-Aza elevated ROS,
but their combination reduced ROS levels, though still higher than controls. Ramucirumab decreased SOD ac-
tivity; while 5-Aza increased it. Combined therapy potentially increased SOD and CAT activities. Ramucirumab
alone was not responsible to influence GSH levels, but 5-Aza and the combination treatments increased GSH
levels. All treatments reduced the JC-1 aggregate/monomer ratio, indicating decreased MMP and potential
apoptosis induction. High fragmentated DNA and condensation of chromatin were recorded suggesting
apoptosis. Both agents, either as monotherapy or combined therapy, upregulated Caspases 3, 7, and 9, p53, and
Bax expression, with variable effects on Bcl-2. In conclusion, Ramucirumab, particularly when co-administered
with 5-Aza, effectively reduces viability of cells and prompts apoptosis in HuH-7 cells through increased
oxidative stress, disturbance of MMP, and apoptotic pathways activation. The combination treatment shows
potential for enhanced therapeutic efficacy against hepatocellular cancer cells.

1. Introduction

new capillaries, providing necessary nutrients and O3 to neoplastic cells
and promoting tumor progression (Yang et al., 2021). The stability be-

Hepatocellular carcinoma (HCC) remains a significant global health
burden, with limited therapeutic choices and dismal prognosis, partic-
ularly when disease is advancing (Sung et al., 2021). Despite innovation
in treatment methods, encompassing surgical resection, liver trans-
plantation, and systemic therapies, the outcomes for progressive HCC
cases remain unsatisfactory. The 5-year survival for advanced HCC
stands at approximately 12 %, highlighting the pressing requirement for
additional research and enhanced therapeutic approaches to address
this formidable variant of liver cancer. The complex molecular land-
scape of HCC, characterized by aberrant signaling and genetic hetero-
geneity, underscores demand for innovative therapeutic approaches
(Foerster et al., 2022; Su et al., 2022).

Angiogenesis, the complex process of vascular development, is
elementary to growth and metastasis of neoplastic cells in hepatocellular
carcinoma (HCC). This mechanism involves sprouting new branches
from existing blood vessels or production of endothelium to establish

tween pro- and anti-angiogenic factors impacts the behavior of HCC,
underscoring its significance as prospective drug target. Among the
pivotal angiogenesis regulators, vascular endothelial growth factor
(VEGF) and associated receptor (VEGFR) stand out as promising targets
for anti-cancer therapy. VEGF, a glycoprotein in extracellular area, aids
in establishing new vasculature within tumors, stimulating endothelial
cell sprouting, mitogenesis, and migration (Choucair et al., 2021). It is
critical for vasculogenesis during embryonic growth and vessel repair.
VEGF binds to specific receptors, including VEGFR1 (works together
with VEGF-A & B, and is a placenta growth factor) and VEGFR2 (the
primary signaling receptor for VEGF-A). Additionally, VEGFR3 involved
in lymphangiogenesis and can bind VEGF-C and VEGF-D following
proteolytic cleavage. Given the VEGF implication in cancer angiogen-
esis, researching VEGF and its associated receptors has emerged as a
promising approach for anti-cancer therapy. VEGF signaling inhibition
can effectively suppress cancer proliferation and metastasis through
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intervening with newer blood vessels formation (Yang et al., 2021).
Ramucirumab, an antagonist of VEGFR-2, has illustrated potential anti-
angiogenic activity in many cancers, including HCC. Its efficacy stems
from its competence to impede VEGF pathway, hence inhibiting
angiogenesis of cancer and impairing tumor growth. However, regard-
less of its promising treatment prospects, monotherapy with Ramucir-
umab might be limited because of emerging issues of resistance
mechanisms and incomplete tumor responses (Choucair et al., 2021).
Epigenetic variations, for instance DNA methylation, represent another
hallmark of cancer, contributing to growth and therapeutic resistance of
tumor. 5-Aza-cytidine (5-Aza), a DNA methyltransferase inhibitor, has
shown significance to reverse aberrant DNA methylation patterns and
restore the tumor suppressor genes expression found within HCC pa-
tients. At low doses, 5-Azademonstrates its efficacy by activating
silenced tumor suppressor genes through demethylation of their pro-
moter regions (Oosterom et al., 2018, Wang et al., 2019). This reac-
tivation of genes holds an ability to restore their normal functionality,
thereby aiding in cancer growth regulation. Conversely, higher doses of
5-Aza exhibit toxicity in carcinoma, further contributing to its thera-
peutic efficacy. The dual action, encompassing both gene reactivation
and cytotoxicity, positions 5-Aza-citidine as potential therapeutics for
cancer management (Klose and Bird, 2006; Garcia-Manero et al., 2022;
Kim et al., 2023). Combination treatment is gaining traction as a rational
approach to enhance its treatment effectiveness and overcome resis-
tance mechanisms in cancer. However, the optimal combination part-
ners and their synergistic effects still to be unearthed, particularly in
HCC. Combination therapy involving Ramucirumab with 5-Aza-citidine,
holds potential of targeting both the vascular microenvironment and
epigenetic modifications inside cancer cells. This rational combination
strategy holds significance to enhance treatment efficacy, overcome
resistance mechanisms, and improve clinical outcomes in HCC patients.
In this work, we assessed the potential synergistic therapeutic effects of
combining Ramucirumab with 5-Aza-citidine for HCC using the Human
Hepatoma (HuH-7) cell line as a model system. Through a comprehen-
sive measurement of cell viability, apoptosis, angiogenesis, and genetic
profiling, we elucidated mechanistics of both drugs for HCC therapy.

2. Materials and methods
2.1. Preparation of drugs

The stock solution of 5-Aza was prepared in (DMSO) at a concen-
tration of 100 mg/ml and further diluted to yield the tested concentra-
tion (1 pM). 5-Aza was applied three days pre-treatment. Based on the
detected IC50, three doses (50, 100, and 150 pug/ml) of Ramucirumab
were investigated alone and in combination with 5-Aza.

2.2. Cell culture

HuH-7 cells were cultured in 10 % supplemented medium Dulbecco,s
modification of eagles DMEM with Fetal Bovine Serum FBS in addition
to 1 % Penicillin at 37 °C in Humidified atmosphere containing 5 % CO,
(Mishra et al., 2023). Based on experiments, cells were cultured in 96, 24
well plate, or 25-T flasks. The growing cells were washed with PBS and
treated with trypsin. The collected cells were spun down at 1600 rpm for
five min at 4 °C, then cells were diluted with medium at density 5x10°
cells/ml.

2.3. Cell viability assessment

Evaluation of cell viability was completed via earlier reported
methods (Machado et al., 2019). Cells were initially seeded at density of
5 x 1075 cells/ml and allowed for incubation for 24 h. Subsequently,
they were subjected to diverse concentrations of Ramucirumab; 20, 40,
80, 120, 150, and 220 pg/ml and incubated for 24 hrs. Then, MTT assay
reagent was put and left for incubation for 2 hrs at 37 °C, and then
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agitation for 15 mins. Before measuring absorbance at 570 nm by
spectrophotometer (Synergy-H1; BioTek).

2.4. Evaluation of intracellular ROS generation

We assessed ROS generation using the ROS assay kit (Sigma-Aldrich
St. Louis, MO, USA). The cells were seeded in both 96-well black
microplates and 6 microwell plate at 5x10°5 cells/ml in 10 % cultured
media and incubated for 24 h (37 °C). Subsequently, cells underwent the
described treatment and incubation for another 24 h. Following treat-
ment, the culture media was eliminated, while fresh media (100 ul) was
agitated with 5X concentration of HoDCF dye solution/well in 96-well
plate, while same solution (1 ml) was added per well in the 6-well
plate. Later, incubation for one hour (37 °C) was performed. Measure-
ment of absorbance within range of 485-528 nm. For visualization
purposes, after removing the media from the 6 well-plates, thorough
rinsing with 1xPBS was performed, and fluorescence microscope
(DMLB, Leica, Germany) was utilized to capture images (Alkahtane
et al., 2018).

2.5. Assessment of superoxide dismutase (SOD) and catalase (CAT)
activities

Cells were initially seeded in 25 ml flask at 1x10"6/ml (density) and
kept for incubation for about 24 hrs. After incubation, cells were given
diverse concentrations of Ramucirumab (50, 100, and 150 pg/ml alone
or in combination with 5-Aza) for further 24 h (temp.37 °C). Cells were
then gathered and rinsed with 1xPBS. Subsequently, cell lysis was lysed
and collected using a cold buffer solution, followed by sonication for 5
mints with 1 mL of a buffer containing mannitol (210 mM), EGTA (1
mM), HEPES (20 mM), and dsH,0 100 ml at pH 7.2. After that, centri-
fugation of lysed cell suspension at 1500 rpm and (temp. 4 °C) for 5
mints to gather supernatant was performed. Cayman SOD kit No.706002
was utilized to evaluate SOD activity. In a 96-microwell plate, diluted
radical detector (200 pL) was merged with 10 uL of sample/well. The
reaction was started through pouring of 20 uL of diluted Xanthine Oxi-
dase to every well, accompanied through 30-minute incubation and
shaking (Alhoshani et al., 2022). Absorbance was measured within
440-460 nm range. For CAT, cells were seeded with drugs as mentioned
earlier. Subsequently, further incubation of cells was performed for 24 h
(temp.37 °C). Post-incubation, 1X PBS was utilized to wash the cells and
then catalase assay buffer was introduced for sonication for about five
minutes. Then, centrifugation at 10,000 rpm of these sonicated cells at
4 °C for 10 mint, and collection of supernatants was done out. Catalase
assay (BioVision, Catalog No. K773-100) was conducted by pouring 2 uL
of sample to assay buffer up to 78 pL in every well of 96-well plate,
followed by incubation at 25 °C for 5 min. Subsequently, developer mix
of 50 pL (catalase assay buffer (46 uL), OxiRed TM Probe (2 pL), HRP
lyophilized solution (2 pL)) was poured in every well, and incubated at
25 °C for 10 mint (Al-Zharani, 2024). Finally, measurement of absor-
bance was performed at 570 nm.

2.6. Evaluation of glutathione (GSH) levels

Cells initially seeded in 25 ml flask at density (1 x 10°6/ml) were
incubated for 24 hrs (temp.37 °C). Subsequently, cells were exposed to
the aforementioned treatments and allowed for another incubation for
24 h (temp.37 °C). Following experimentation, cells were then rinsed in
1x PBS and subsequently cell lysis and gathered was performed with 1
ml of cold buffer solution, followed by sonicating for about 5 min. Then
centrifugation of sonicated cell suspension at 1500 rpm for mints
(temp.4 °C), and final supernatant was delicately passed to another fresh
1.5 mL tube. The evaluation of GSH levels was performed using the
Cayman GSH kit No.703002 according to producer’s guidance. Briefly,
50 pL sample was combined with 150 pL of a cocktail containing MES
Buffer, reconstituted cofactor, reconstituted enzyme, deionized H3O,
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and 5,5-dithio-bis-2-nitrobenzoic acid. Then, incubation of plate in dark
room for 25 min in, and measurement of absorbance at 410 nm was
conducted (Alhoshani et al., 2022).

2.7. Hoescht assay for assessment of cell viability

The Hoechst dye assay stands as a widely employed staining method
within cell biology and fluorescence microscopy. It harnesses fluores-
cent dyes belonging to the Hoechst family, such as Hoechst 33,342 or
Hoechst 33258. These dyes, known for their DNA-binding properties,
selectively label cellular nuclei, facilitating precise visualization under a
microscope. HuH-7 cells were placed onto a 6-well plate with a cover
slip placed at the centre, at 2 x 10°4 cells per well (density) (volume: 2
ml media per well), and incubated for 24 hrs at temp 37 °C. Cells were
subjected to three concentrations of Ramucirumab alone, 5-Aza alone,
and combined therapy of three concentrations of Ramucirumab and 5-
Aza for 24 hrs. Following period of incubation, media was detached,
and cells were cleaned twice with 1X dilution buffer (10X: 5 ml of buffer
(diluted) was poured to 45 ml dsH20). Fixation was done with 3 %
formaldehyde solution (sufficient to cover the dish) for 10-20 min. After
removal of the fix solution, cold methanol (—20 °C) was poured for
about 20 min (Permeabilization step) at room temp. Following per-
meabilization, cells were rinsed (3-5 times) with phosphate buffer sa-
line. Subsequently, Hoechst Dye solution (300 pL) containing 0.5 ul of
Hoechst dye dissolved in 10 ml PBS was poured in all wells, and incu-
bated at temp 37 °C in an unilluminated environment for 10-20 min.
Subsequent period of incubation, cells were rinsed (3-5 times) again
with PBS, and the cover slips were relocated to microscopic slides.

2.8. Mitochondrial membrane potential (MMP) assay

HuH-7 were set on centre of cover slips in six-well plate at 2 x 10”4
cells/well (density) (volume: 2 ml media per well) and left to incubate
for about 24 hrs at (temp.37 °C). Afterwards, treatment of cells at three
concentrations of Ramucirumab alone, 5-Aza alone, and combined
therapy of three concentrations of Ramucirumab and 5-Aza for 24 h.
Following this, the media was detached, and cleaned through 1X dilu-
tion buffer (10X: 5 ml of dilution buffer was poured to 45 ml dsH30).
Subsequently, 1 ml of working JC-1 solution (JC-1 (500 pg) dissolved in
DMSO (766.8 pL)) was poured to all wells, and incubation of cells in an
unilluminated environment for 10-20 min (37 °C). After incubation,
washing of cells (three-five times) with phosphate buffer saline, and
then cover slips were transferred to microscope slides. Confocal micro-
scope (CRCL’s LSM 780 NLO confocal microscope) was used to capture
images. In parallel experiment, ratio of JC-1 aggregates to monomers
was determined as follows: seeding of HuH-7 cells in ninety six-well dark
plate at 5 x 1074 cells/well (density) for a day at (temp.37 °C). Next,
cells were treated with three concentrations of Ramucirumab alone, 5-
Aza alone, and Ramucirumab and 5-Aza for 24 h. Following incuba-
tion, the media were taken off, and cells were rinsed with 1X dilution
buffer (10X: 5 ml of dilution buffer was introduced to 45 ml dsH20).
Subsequently, 1 ml of working JC-1 solution (500 pg of JC-1 dissolved in
766.8 uL of DMSO) was added in every well, and incubated in dark for
10-20 min at 37 °C. Absorbance was estimated at wavelengths
(535—590 nm) (aggregate excitation only) or (485—528 nm) (for
monomer excitation) with microplate reader-(Gen5™ BioTek Cytation
5™, USA).

2.9. Analysis of gene expression

RNA samples were initially purified and utilized for cDNA synthesis
using a cDNA kit (ThermoFisher USA, Cat No.00881457). The resulting
cDNA was subjected to PCR amplification, and the products were
confirmed through agarose gel electrophoresis. RT-PCR was then con-
ducted to ascertain target sequences of apoptotic-related genes (Bcl2,
Bax, p53, Cas-3, Cas-7, and Cas-9) subsequent treatment with drugs for
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24 h. Fluorescence detection was employed to visualize amplification
products, and fold expression calculation was done through 2"-AACT
method. However, amplification products, with fold expression calcu-
lated through 2"~ AACT method (Shoichiro et al., 2004).

2.10. Statistical analyses

Data obtained were subjected to one-way analysis of variance
(ANOVA) and significant p-values were described as follows: *p < 0.05,
**p < 0.01, ***p < 0.001.

3. Results
3.1. Ramucirumab reduced viability of HuH-7 cells

The MTT assay examined the influence of Ramucirumab on growth
of HuH-7 cells. Cells were exposed with 20 to 220 pg/mL of Ramucir-
umab for 24 hrs. As depicted in (Fig. 1), a dose-dependent decline in
survival was clearly noticed for each concentration inducing significant
depletion in viability of cells.

3.2. Combinational treatment reduced intracellular ROS generation in
HuH-7 cells

This imbalance between oxidants and antioxidants favors growth of
tumors and ROS generation is an emerging hallmark of neoplastic cells
that could act as a biomarker of effective cancer treatment. We inves-
tigated intracellular ROS levels in HuH-7 cells with either Ramucirumab
or 5-Aza alone or co-treatment. Results demonstrated that Ramucir-
umab prompted a dose-dependent rise in ROS while 5-Aza also signifi-
cantly increased intracellular ROS (Fig. 2). Contrastingly, co-exposure of
the HuH-7 cells to both 5-Aza and Ramucirumab reduced intracellular
ROS. However, the levels in an intracellular ROS post-exposure to both
5-Aza and 50 pg/mL of Ramucirumab were still remarkably greater than
in unexposed control cells (p < 0.01). Furthermore, co-exposure with
Ramucirumab. This finding suggests that combinational treatment of the
HuH-7 cells suppresses ROS generation.

3.3. SOD and CAT activity is induced by co-exposure of HuH-7 cells to 5-
Aza and Ramucirumab

The observation that both Ramucirumab and 5-Aza suppressed ROS
generation led to the investigation of SOD activity in the cells. SOD
converts superoxides such as hydroxyl and oxygen radicals to hydrogen
peroxides which are subsequently metabolized by catalase into water
and oxygen molecules. Our findings showed that Ramucirumab alone
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Fig. 1. Cell viability of HuH-7 cells after subjected to Ramucirumab for 24 hrs

as assessed through MTT assay. Each value depicts the mean SE + (n = 3), (°p
< 0.05, **p < 0.01) compared to untreated group (control).
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Fig. 2. ROS induction (%) in HuH-7 cells after subjected to Ramucirumab and 5-Aza for 24hr. Each value depicts the mean SE + (n = 3), (**p < 0.01,

compared with control group.

caused significant suppression of SOD activity at both (100 and 150 pg/
ml) concentrations (p 0.05) (Fig. 3A). In contrast, 5-Aza alone resulted in
substantial elevation in SOD activity (p < 0.05). Similar to 5-Aza effect
on SOD, the combinational treatment of HuH-7 cells by both Ramucir-
umab (all concentrations) and 5-Aza significantly increased SOD activ-
ity. This may indicate a response of SOD to increasing ROS levels in cells
for ensuring redox balance.

As a confirmatory experiment, we investigated enzymatic activity of
CAT in relation to the exposure conditions above. Findings showed that
catalase activities increased in a dose-dependent way for Ramucirumab
exposure for concentrations of 50 and 100 pg/ml. However, 150 ug/mL

*x4p < 0.001)

Ramucirumab did not influence catalase activities. While 5-Aza expo-
sure alone significantly prevented the activity of catalase (p < 0.05), a
dose-dependent and considerable surge in activity was observed for co-
exposure at all concentrations (Fig. 3B). These findings highlight the
intricate interplay between these agents and cellular antioxidant path-
ways, providing insights into their potential synergistic effects in
combating oxidation-induced stress in neoplastic cells.

3.4. Co-exposure of HuH-7 cells suppressed GSH levels

GSH is an intracellular ROS scavenger. When considered with ROS
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Fig. 3. HuH-7 cells were subjected to Ramucirumab, 5-Aza or a combined
treatment with both drugs for 24hr. The cells were then evaluated for (A) SOD
activity. (B) CAT activity. Data is shown as mean + SE of n = 3 experiments.
(*p < 0.05 **p < 0.01) compared to untreated group (control).

levels, GSH levels signals the redox balance in intracellularly. It was
noticed that exposure to Ramucirumab only did not influence GSH
levels, as illustrated in Fig. 4. However, 5-Aza exposure was responsible
for notable elevation in GSH levels identical to the combination of 5-Aza
and 50 pg/ml Ramucirumab (p < 0.05). In addition, co-exposure HuH-7
cells to 5-Aza and 100 ug/mL or 150 ug/mL Ramucirumab cause even
significantly higher GSH levels (Fig. 4).

3.5. Combination of Ramucirumab and 5-Aza induced DNA
fragmentation

Upon discovering that either or both Ramucirumab and 5-Aza
induced some level of redox imbalance, as evidenced by altered GSH
and ROS levels alongside changes in CAT and SOD activity, we pro-
ceeded to investigate the possibility of DNA damage using Hoechst dye
staining. Redox imbalance, characterized through oxidation-induced

105
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Control 50 pg/ml 100 pg/mi 150 pg/ml AzA Aza+50ug/ml  Aza+100 ug/ml Aza+150 pg/mi

GSH activity

&

Concentration

Fig. 4. GSH activity in HuH-7 cells after treatment with Ramucirumab and 5-
Aza for 24hr. Each value represents the mean SE + (n = 3), (*p < 0.05 **p
< 0.01) compared with control group.
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stress, can cause significant cellular damage, including DNA fragmen-
tation. As shown (Fig. 5), treatment with all concentrations of Ramu-
cirumab or 5-Aza alone, and also 5-Aza combination with Ramucirumab
at 50, 100, and 150 pg/ml, resulted in observable DNA damage in HuH-7
cells. The Hoechst dye that binds with minor groove of DNA highlighted
these changes, indicating increased nuclear fragmentation and
condensation of chromatin, which are hallmark features of DNA insult
and apoptosis. This DNA damage reveals that combinational exposure of
Ramucirumab and 5-Aza might have resulted in synergistic action,
exacerbating cellular stress than otherwise expected from the action of
single agent. This finding has significant implications, as it points to
future prospect of combined therapy to improve efficacy of treatment
against HuH-7 cells by not only inducing redox imbalance but also
directly causing genetic damage, thereby promoting apoptosis.

3.6. Singular exposure of Ramucirumab or co-exposure to Ramucirumab
and 5-Aza caused mitochondrial membrane damage

Assessment of MMP involves analyzing the changes in MMP and also
A B
4
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Fig. 5. Hoechst 33,342 staining, illustrating condensation of chromatin and
fragmentation of DNA in Huh-7 cells subjected to various treatments (x20): (A)
control, (B) Ramucirumab at 50 pg/mL, (C) Ramucirumab at 100 pg/mL, and
(D) Ramucirumab at 150 pg/mL. (E) 5-Aza, (F) 5-Aza + Ramucirumab at 50 pg/
mL, (G) 5-Aza + Ramucirumab at 100 pg/mL, (H) 5-Aza + Ramucirumab at
150 pg/mL.
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apoptotic cell death in HuH-7 cells using two fluorescent dyes. These
dyes stain healthy mitochondria (high MMP) with red fluorescence and
damaged mitochondria (low MMP) with green fluorescence. The JC-1
aggregate/monomer ratio declined in Huh-7, in a dose-dependent
manner. Fig. 6 A, B, and C illustrated loss of mitochondrial membrane
potential in HuH-7 cells subjected to (A) three Ramucirumab concen-
tration for 24 hrs (B) 1 uM of Aza or combination of Aza and Ramucir-
umab for 24 hrs (C) Graphical illustration of MMP levels in HuH-7 cells
after treating cells at various concentrations of Ramucirumab alone or
co-treatment with 5-Aza for 24 hrs. Tests were conducted in triplicate
(**p < 0.05, ***p < 0.001) and comparison was performed with control
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group. Similarly, a singular dose of Aza at 1 M and the combinational
exposure for all examined concentrations of Ramucirumab also
demonstrated a dose-dependent depletion in JC-1 aggregate/monomer
ratio. These are suggestive of MMP depletion, highlighting its role in
inducing apoptosis in HuH-7 cells (Fig. 6).

3.7. Co-exposure to Ramucirumab and 5-Aza differentially influence
apoptotic genes

Oxidative balance in neoplastic cells is a crucial aspect for main-
taining cell viability or activating the cell-death pathways (Kuo et al.,
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Fig. 6. Loss of mitochondrial membrane potential in HuH-7 cells subjected to (A) three Ramucirumab concentration for 24 hrs (B) 1 uM of Aza or combination of Aza
and Ramucirumab for 24 hrs (C) Graphical illustration of MMP levels in HuH-7 cells after treating cells at various concentrations of Ramucirumab alone or co-

treatment with 5-Aza for 24 hrs. Tests were conducted in triplicate (**p < 0.05,

*p < 0.001) and comparison was performed with control group.
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2022). We explored the gene expression of various apoptotic proteins
including Caspases 3, 7, and 9. Moreover, p53, Bax, and Bcl-2. Upon
exposure to Ramucirumab, our data supported that Ramucirumab
induced a significant expression of cas-7 and —9 for every concentration
while only 50 ug/mL significantly increased cas-3 expression (p 0.05)
(Fig. 7). Similarly, 5-Aza significantly enhanced all the caspases ex-
pressions, similar to co-treatment with 5-Aza and Ramucirumab foreach
concentration (p < 0.01). This highlights that treatment of HuH-7 might
be undergoing apoptotic cell death post-exposure to alone or combina-
tion of Ramucirumab and 5-Aza. Bax and Bcl2 are pro-apoptotic and
anti-apoptotic proteins respectively acting upstream in the intrinsic
apoptotic cell death pathway. Gene expression assessment of Bax
showed that Ramucirumab and 5-Aza individually and in combinational
exposure while only exposure to 5-Aza and 150 pg/mL Ramucirumab
enhanced gene expression of Bcl2. As for p53, exposure to 5-Aza either
alone or with Ramucirumab enhanced the p53 expression in same
manner as the exposure to all tested concentrations of Ramucirumab
alone.

4. Discussion

Ramucirumab is a human IgG1 monoclonal antibody that exhibits a
strong affinity for human VEGFR-2, effectively preventing the binding of
VEGF-A, —C, and —D to their receptor. This interference with ligand-
receptor interactions hinders VEGFR-2 activation and the subsequent
signaling cascades essential for angiogenesis (Goel and Sun, 2015; Goel
et al., 2016; Cheng et al., 2023). Ramucirumab has been approved as a
single treatment option for HCC patients with a-fetoprotein levels > 400
ng/mL who have also undergone prior treatment with sorafenib, an
inhibitor of angiogenesis also targeting the VEGF pathway. In the pre-
sent research study, we investigated combinational therapy involving
Ramucirumab and 5-Azacitidine, which inhibits the methylation of
DNA, thereby preventing neoplasticity of cancer cells. Evaluation of
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Ramucirumab’s impact on HuH-7 Cell Viability showed dose-dependent
reduction in HuH-7 cell viability on exposure to Ramucirumab. This
corroborates previous findings highlighting its anti-proliferative prop-
erties across cell lines of various carcinomas. For example, Refolo et al.
(2020) demonstrated that 100 ug/mL Ramucirumab significantly
inhibited cell viability and proliferation of various gastric tumor cells
such as KATOIII, HGC and N87 cell lines. Another research study by
D’Alessandro et al. (2019) also demonstrated that 600 uM or Ramucir-
umab significantly inhibited cell survival of HepG2 cell lines. Literature
reports also suggested that Ramucirumab complexed with other small
molecule inhibitors (SMIs) significantly enhanced anticancer action of
SMIs. Taha et al. (2022) showed that Ramucirumab enhanced sensitivity
of different gastrointestinal tumor cell lines to the anticancer effect of
sorafenib. D’Alessandro et al. (2019) also reported that Ramucirumab
sensitizes gastrointestinal carcinoma to low dose of regorafenib and
sorafenib. Taken together, results of the above investigations align with
the suggestion of Ramucirumab efficacy as a monotherapy and/or as
combined regimens in different cancers. However, the mechanism of
action triggering cytotoxic mechanism of action triggering cytotoxic
action on specific carcinoma cell lines warrant further investigation.
Elevated amount of intracellular ROS often precedes intrinsic apoptotic
pathway activation. The reduction in intracellular ROS levels observed
upon co-exposure to Ramucirumab and 5-Aza may demonstrate poten-
tial synergistic effect in mitigating oxidative damage that often impli-
cated in cancer progression. However, the differential effects of
Ramucirumab and 5-Aza on SOD and catalase activities highlight elab-
orate interaction between these agents and cellular antioxidant path-
ways. While Ramucirumab suppressed SOD activity, potentially
exacerbating oxidative stress, 5-Aza exhibited contrasting effects, indi-
cating a nuanced regulation of antioxidant defense mechanisms. Low
levels of GSH and high amounts of intracellular ROS are of relevance
with reference to Ramucirumab exposure which may signal oxidative
stress or redox imbalance. Interestingly, apoptosis has been implicated

Concentrations

Fig. 7. Fold-change in apoptotic genes expression in HuH-7 cells as analyzed by real-time PCR (qPCR). HuH-7 cells were subjected to different doses of Ramucirumab
or 5-Aza alone, and combined therapy with Ramucirumab and 5-Aza for 24 hrs. The genes measured were Cas-3, Cas-7, Cas-9, p53 Bax and Bcl-2. Data is shown as
mean + SD of n = 3 experiments. Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001 and comparison was performed with con-

trol group.
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to happen due to reduction in cellular GSH by itself. 5-Aza may reac-
tivate silenced genes involved in antioxidant defense mechanisms,
leading to apoptosis and/or increased SOD and CAT activity. The com-
bination treatment may reduce ROS levels and enhance antioxidant
enzyme activity, balancing cellular redox status. Moreover, combination
may improve DNA repair mechanisms, and increased free radicals
scavenging and oxidative damage. Furthermore, the active expulsion of
cellular GSH has been hinted as a prospective trigger for apoptosis in
diverse cell types. Similar results on redox imbalance have been
discovered in various research studies. Yusuf and Casey (2020) showed
that silver nanoparticles caused low intracellular ROS and high GSH
levels in THP1 cell line inducing redox imbalance that led to apoptosis.
Similarly, exposure of naive PC12 cells to diamide resulted in redox
imbalance with subsequent apoptosis activation. Pias and Yee Aw
(2002) showed that introduction of PC12 cells led to no generation of
ROS but an offset in the GSH/GSSG ratio which led to apoptosis was
observed. The differential expression of apoptosis-related genes to drug
exposure underscores the complex interplay between oxidative stress,
apoptosis, and therapeutic interventions in cancer cells. The present
work has delineated either or both of Ramucirumab and 5-Aza differ-
entially modulated the caspases expression along with Bax and Bcl2. We
interestingly found cells co-treated with both drugs to have high Bax/
Bcl2 ratio, which could be plausibly justified by observed redox imbal-
ance. Earlier research reports have proposed that redox imbalance in
carcinomas favour activation of apoptotic genes especially higher levels
in Bax to Bcl2 ratio. Bcl2 serves as protein for survival in neoplastic cells
by halting interface of Bax and mitochondrial membrane, thus results
preventing MOMP, release of cytochrome C through mitochondrion, and
followed by caspase-dependent apoptosis activation (Li et al., 2016;
Wang et al., 2019, Kuang et al., 2022). Current result of RT-PCR
demonstrated upregulation of measured expression of caspases; 3, 7,
9, bax, and p>>. In contrast, Bcl-2 expression as an anti-apoptotic gene
was significantly decreased after treatments. Caspases and bcl-2 work in
opposite way. However, some studies reported that BCL-2 family
interacting with other partners to either inhibit or induce cell death and
this simultaneously action may explain the high expression of both
tested caspases and bcl-2 (AL-johani et al., 2022). The elevation in Bax
with concomitant reduction in Bcl2 expression in our study might have
caused excessive protein binding of Bax with mitochondria causing
MOMP and caspases 3 and 7 activation consequent upon the imbalance
in redox factors within cell. Interestingly, our study showed decrease
MMP which signals induction of MOMP. Similarly, we found high gene
expressions of the executioner caspases 3, 7 and 9 in the current research
work, in accord with earlier reports. As a tumor suppressor, p53 activity
is central to regulating tumor development and advancement. Mutations
in TP53 gene which encodes p53 protein for tumor suppression or its
reduced expression is found in about 50 % of cancers. Mutations in the
gene results in protein loss of function and this is linked to increase
cancer cell survival. Here, we found significantly high TP53 gene
expression with subsequent decrease in Bcl-2 gene expression. Previous
research studies have found that under specific conditions, Bcl-2 tran-
scription can be antagonized by p53. Moreover, the expression of p53 in
p53 null cells led to depletion in Bcl-2 gene expression (Crowe and
Sinha, 2006). Similarly, p53-induced expression via gamma irradiation
also inhibited bcl-2 expression. For transcription-independent apoptosis,
p53 might exert a direct effect on Bcl-2 activity through the binding of
cytoplasmic p53 to Bcl-2 family. This interaction subsequently causes
permeabilization o the mitochondria, thereby initiating apoptosis. The
upregulation of caspases and other apoptotic genes, along with the
decline in mitochondrial function, suggests that the observed pheno-
typic changes in cell viability and mitochondrial function are associated
with the activation of apoptotic pathways. These findings indicate that
the combination of Ramucirumab and 5-Aza may enhance apoptotic
signaling, leading to reduced cell viability and mitochondrial dysfunc-
tion in HuH-7 cells. In addtion, significant cytotoxicity in cancer cells,
leading to cell death through the Pyroptosis pathway, which is
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established by monitoring numerous associated with numerous events
starting from organelles membranes damage to cell membrane demoli-
tion. Thus drugs design strategies are believed to have great potential in
cancer therapy and the development of future drug candidates to miti-
gate cancers (Mishra et al., 2024).

5. Conclusion

Our findings offer insights into potential synergistic effects of
Ramucirumab and 5-Aza. Ramucirumab, particularly when co-
administered with 5-Aza, effectively reduces viability of cells and
prompts apoptosis in HuH-7 cells through increased oxidative stress,
disturbance of MMP, and apoptotic pathways activation. The combi-
nation treatment shows potential for enhanced therapeutic efficacy
against hepatocellular cancer cells.
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