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Introduction

Since the discovery of the oncolytic properties of 
NDV in the 1950s, it has been extensively utilized in 
preclinical research as an innovative anticancer agent 
for various solid and resistant tumors, including breast, 
gastric, liver, lung, cervical, prostate, colorectal cancers, 
and glioblastoma [1]. Out of 53 viruses evaluated as 
anticancer treatments, 38 had antineoplastic effects in 
both animal and human subjects [2]. To be considered 
optimal, a virus must be oncolytic but nonpathogenic 
to humans. The list of such viruses is short and includes 
Newcastle disease virus (NDV) [3]. The Newcastle 
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disease virus (NDV) is an avian paramyxovirus that 
can induce significant respiratory, gastrointestinal, and 
neurological diseases in chicken, resulting in economic 
detriment to the global poultry industry [4]. Notably, 
NDV has a strong affinity for cancerous cells, causing 
them to lyse while preserving undamaged healthy cells 
[5]. NDV’s tumor-specific replication makes it a desirable 
choice for oncolytic virotherapy. In addition to lysing 
tumor cells directly, NDV can cause necrosis, autophagy, 
inflammation, apoptosis, and immunogenic cell death by 
activating a number of signaling pathways [6]. Emerging 

Experimental Therapy Department, Iraqi Center for Cancer and Medical Genetics Research, Mustansiriyah University, Baghdad, 
Iraq.

Corresponding Author:
Dr. Ahmed Majeed Al-Shammari
Experimental Therapy Department, Iraqi Center for Cancer and Medical Genetics Research, Mustansiriyah University, Baghdad, Iraq.
Emails: alshammari.am@uomustansiriyah.edu.iq, ahmed.alshammari@iccmgr.org 

RESEARCH ARTICLE

  Asian Pac J Cancer Biol, 11 (2), 417-425 Submission Date: 12/27/2025       Acceptance Date: 02/02/2025



418 Asian Pacific Journal of Cancer Biology• Vol 11• Issue 2

apjcb.waocp.com               Alyaa Kareem Abood, et al: Synergistic Cytotoxicity of Newcastle Disease Virus and High-Dose Dimethyl Fumarate

research suggests that NDV has the ability to impair 
cancer cell metabolism. NDV, a promising treatment for 
breast cancer, can be applied to preclinical viral oncolytic 
medicines [7]. Breast cancer is a difficult-to-treat type 
of cancer because of its high recurrence rate, risk of 
metastasis, and chemoresistance. Therefore, there is a need 
for effective treatments that can overcome resistance to 
treatment and attack cancer cells via multiple therapeutic 
agents and utilize different mechanisms of cancer cell 
death [8]. NF-κB, a transcription factor that governs cell 
division, proliferation, and survival, is critical for cancer 
formation. Targeting NF-κB can improve the susceptibility 
of tumor cells to chemotherapy. The FDA-approved 
NF-κB inhibitor dimethyl fumarate (DMF) additionally 
displays promise in preventing the development of breast 
cancer cells in vitro [9]. Many reports have highlighted 
the activation of NF-κB and suggested that NF-κB plays 
a crucial role in increasing the proliferation of cells via 
the transcription of antiapoptotic proteins [10, 11]. DMF 
is a drug that is used therapeutically to treat 

moderate-to-severe psoriasis or relapsing-remitting 
multiple sclerosis [12]. DMF’s mode of action involves 
two processes that limit the activity of NF-κB, a 
transcription factor that regulates gene expression in 
inflammation and can stimulate Nrf2-dependent pathways. 
Nrf2 activation can reduce inflammatory responses by 
reducing the production of pro-inflammatory cytokines 
[13, 14]. The goal of the current work is to investigate 
the combined lethal impact of NDV oncolytic virotherapy 
and dimethyl fumarate against breast cancer, exploring the 
possible synergy in the elimination of cancer cells in vitro.

Materials and Methods

NDV propagation
The Experimental Therapy Department/Iraqi Center 

of Cancer and Medical Genetics Research (ICCMGR), 
Mustansiriyah University, Baghdad, Iraq, handed the 
Newcastle disease virus (Iraqi AMHA1 strain). A After 
puncturing the 10-day embryonated chicken eggs, 0.1 ml 
of attenuated NDV was propagated in them, and the eggs 
were covered with paraffin. Egg survival was checked 
daily in a 37°C humidified incubator. Following death, the 
embryo was promptly placed in a refrigerator. Within half 
an hour, The allantoic fluid was collected using a sterile 
syringe and then cleansed from debris by centrifugation 
(3000 rpm, 30 minutes at 4 °C). Following collection, 
a 0.45 mm filter was used to sterile the supernatant. 
The virus was transferred into small tubes and stored at 
-86°C.

Titration of NDV
For virus titration, we used a hemagglutination assay 

to determine the number of viruses. A healthy chicken’s 
brachial veins under its wing were pierced using a 
sterile needle. After that, the blood was transferred to 
an ethylenediaminetetraacetic acid (EDTA) tube and 
centrifuged three times at 4°C at 1000 RPM for 10 
minutes. After the supernatant was discarded, 0.1 ml 
of the cells were transferred to a sterile tube. Finally, 

1% of the chicken red blood cells were suspended in 
phosphate-buffered saline. The final virus titer was 
evaluated using a standard method that incorporates a 
50% tissue culture infective dose (TCID50), with Vero 
cells titrated according to an established protocol.

Cell lines and culture
The Cell Bank Unit, Experimental Therapy Department, 

ICCMGR, Baghdad, Iraq, supplied the estrogen and 
progesterone receptor-positive MCF-7 human breast cancer 
cell line, the estrogen and progesterone receptor-negative 
AMJ13 human breast cancer cell line, and the standard rat 
embryo fibroblast line (REF). The AMJ13 and REF cell 
lines were grown in RPMI-1640 media supplemented with 
sodium bicarbonate (2.0 g/L) and l-glut (0.3 g/L). MCF-7 
cells, on the other hand, were maintained in MEM (US 
Biological, USA) enriched with ten percent (v/v) fetal 
bovine serum (FBS) (Capricorn-Scientific, Germany) and 
1% (v/v) penicillin-streptomycin (Capricorn-Scientific, 
Germany), and underwent the incubation process in a 
humidified environment of 5% CO2 at 37 °C, and cells 
that developed were used for the experiments.

Measurement of Cytotoxicity
In a 96-well microplate, cells were grown at a density 

of 1 × 104 per well and permitted to develop overnight 
at 37°C until an inverted microscope revealed a 60-70% 
confluence monolayer. NDV concentrations at diluted 
multiplicities of infection (MOIs) of 1, 3, and 5 were 
tested. After 2 hours, remove the media and add 100 µl 
of serum-free medium to each well. The mixture was 
then cultured for another 72 hours. DMF Pharmaceuticals 
(Almirall, S.A.) was purchased from the pharmacy. 
This agent was dissolved in RPMI-1640-free serum to 
obtain a stock solution before use for in vitro studies. The 
concentrations of diluted DMF were 500 µg/ml, 250 µg/
ml, 125 µg/ml, 62.5 µg/ml, 31.25 µg/ml and 15.6 µg/ml. 
For combinations of NDV with DMF, the MOI of NDV 
was 1, 3, and 5 while the concentrations of diluted DMF 
were 125 µg/ml, 62.5 µg/ml and 31.25 µg/ml, respectively. 
After two hours, the NDVs were discarded, and each well 
received 100 µl from different dilutions of DMF. After 72 
hours, the medium was removed and 50 µl of a 1 mg/ml 
crystal violet dye solution (Bio-World, USA) was added 
to each well. After 20 minutes of incubation, the plates 
were gently washed with tap water to remove the stains. 
The cells have been photographed with a digital camera 
after being observed using an inverted microscope at 
40× magnification. After adding 200 µl of methanol, the 
optical density of treated and control cells was measured 
using a 584 nm ELISA plate reader. The endpoint metric 
for each cell line was the inhibition rate of cell growth 
(cytotoxicity%), which was computed as follows:

Cytotoxicity% = OD Control − OD sample/OD 
Control × 100

where OD control is the average optical density of 
the untreated wells and OD sample is the average optical 
density of the treated wells [15].
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Results

Cytotoxicity of DMF and NDV to breast cancer and 
normal cells

The effects of several doses of dimethyl fumarate 
(DMF) and multiplicities of infection (MOIs) of Newcastle 
disease virus (NDV) on several cell lines were evaluated 
by a cytotoxicity test. DMF cytotoxicity percentages for 
the AMJ-13 cell line (Figure 1), were 76.6% at 500 μg/
ml, 76.3% at 250 μg/ml, 75.6% at 125 μg/ml, 65.7% at 
62.5 μg/ml, 63.8% at 31.25 μg/ml, and 58.3% at 15.6 μg/
ml. With CT%, values of 45.7% for 5 MOI, 40% for 3 
MOI, and 27% for 1 MOI, the cells were less sensitive to 
NDV virotherapy. Calculated to be 22.45 μg/ml was the 
IC50 for the AMJ-13 cell line. 

Another breast cancer cell line MCF-7 cell line 
(Figure 2), the cytotoxicity percentages of DMF were 
68% at 500 μg/ml, 69% at 250 μg/ml, 69% at 125 μg/ml, 
67% at 62.5 μg/ml, 58% at 31.25 μg/ml, and 57% at 15.6 
μg/ml. In contrast, the CT% values for NDV virotherapy 
were lower: 41.2% at 5 MOI, 26% at 3 MOI, and 25% 
at 1 MOI. The IC50 was determined to be 12.35 μg/ml.

As for the REF cell line normal rat embryo fibroblast 
cells (Figure 3), the cytotoxicity percentages of DMF 
were 70% at 500 μg/ml, 68% at 250 μg/ml, 65% at 125 
μg/ml, 60% at 62.5 μg/ml, 58% at 31.25 μg/ml, and 29% 
at 15.6 μg/ml. Comparatively, the CT% values for NDV 
virotherapy were significantly lower, at 27% for 5 MOI, 
23% for 3 MOI, and 19% for 1 MOI. The IC50 for the REF 
cell line was calculated as 18 μg/ml. 

Throughout all three cell lines, NDV monotherapy 
demonstrated a graded cytotoxic effect, with stronger 
response in breast cancer cells than in REF cells, 
proving NDV’s known tumor selectivity. In contrast, 
high DMF doses produced similar cytotoxicity in 

Statistical analysis
The data were statistically analyzed using a one-way 

ANOVA approach in GraphPad Prism (GraphPad 
Software, California, USA). The standard deviation of 
the mean was significant at P = 0.05, whereas P < 0.05 
was declared significant. Data in graphs are shown as 
means ±.S.D.

Combined cytotoxicity assays and Chou–Talalay analysis
The results of the cytotoxicity tests for IC50 

determination were utilized to select the doses for this 
study. Concentrations of NDV and DMF were used for 
the AMJ13, MCF-7, and REF cell lines. Breast cancer 
cell lines and the REF normal cell line were transferred 
onto 96-well plates with a density of 1 × 10⁴ cells per 
well and kept in an incubator overnight. In the growth 
inhibition assay, NDV was introduced at MOIs of 1, 3, 
and 5, followed by serial dilutions of dimethyl fumarate 
at dosages of 500, 250, 125, 62.5, 31.25, and 15.6 μg/mL. 
After 72 hours of treatment, growth inhibition was 
assessed. To evaluate synergism, nonconstant ratio 
combinations of NDV and DMF were tested in triplicate. 
The Chou‒Talalay combination index (CI) was calculated 
via CompuSyn software (CompuSyn Inc., Paramus, NJ, 
USA) on the basis of mutually exclusive equations with 
unfixed ratios of NDV and DMF. The Chou-Talalay 
combination index (CI) was derived using CompuSyn 
software (CompuSyn Inc., Paramus, NJ, USA) using 
mutually exclusive equations with variable NDV and 
DMF ratios. We interpreted the CI values as follows: 
Additive effects range from 0.9 to 1.1, whereas synergistic 
effects are less than 0.9 and antagonistic effects exceed 
1.1 [16].

Figure 1. Cytotoxicity of DMF and NDV in AMJ-13 
Cells. AMJ-13 breast cancer cells were treated with DMF 
(500, 250,125,62.5,31.25 and 15.6 μg/ml) or NDV at 
MOIs 1, 3, and 5 for 72 h. DMF produced dose-dependent 
cytotoxicity (IC50 = 22.45 µg/mL), whereas NDV showed 
moderate cytotoxicity with increasing MOI. Data 
represent mean ± SEM of three independent experiments. 
Statistical significance was determined using one-way 
ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001). This 
figure establishes baseline monotherapy effects for 
subsequent combination analysis.

Figure 2. Cytotoxicity of DMF and NDV in MCF-7 
Cells. MCF-7 cells were exposed to DMF (500, 250, 
125, 62.5, 31.25 and 15.6 µg/mL) and NDV (MOI 1, 3, 
and 5) for 72 h. DMF showed strong cytotoxicity across 
all doses (IC50 = 12.35 µg/mL), while NDV induced 
lower, MOI-dependent cytotoxicity. Data represent mean 
± SEM; *P < 0.05; **P < 0.01; ***P < 0.001. This figure 
displays that NDV monotherapy is less potent than DMF 
in this cell line. 
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both cancer and normal cells, indicating a narrower 
therapeutic window. This contrast between NDV and 
DMF monotherapies establishes the baseline needed to 
interpret the combination results.

The combined killing effect of DMF and NDV to breast 
cancer and normal cells

When NDV was combined with DMF, a clear boost 
of cytotoxicity was observed in all three cell lines 
compared to either monotherapy. Essentially, the strongest 
synergistic interactions occurred at high and moderate 
DMF concentrations of 62.5–125 μg/mL combined 
with NDV MOIs of 3–5. These conditions consistently 
produced the lowest cell viability values, indicating a 
synergistic effect. Nonetheless, this synergy was not 
restricted to breast cancer cells; normal REF cells showed 
similar synergistic enhancement, demonstrating that high 
DMF doses reduce NDV’s natural selectivity toward 
malignant cells.

Cell viability decreases under most treatment 
conditions when DMF and NDV are used to fight AMJ-
13 (Figure 4) higher DMF concentrations (125 μg/ml 
and 62.5 μg/ml) typically exhibit a more potent cytotoxic 
effect.The cytotoxic effects of combinations like (DMF 
125 - NDV5, DMF 125 - NDV3, and DMF 62.5 - NDV3) 
are highly significant (p < 0.01, p < 0.001). The cytotoxic 
effect appears to be less noticeable at lower concentrations 
(DMF 31.25 - NDV1).When DMF and NDV are used 
together, cell viability is typically lower than when either 
treatment is used alone. The most significant cytotoxic 
effect that is shown when DMF125 μg/ml and NDV5 
are combined suggests a possible synergistic interaction.

Same concentrations of NDV and DMF were 
used to assess their cytotoxic effects on MCF-7 cells. 
NDV showed a cytotoxic effect, DMF alone treatment 
maintained a higher percentage of viable cells, as 
illustrated (Figure 5). Cell viability was reduced more 
when DMF and NDV were combined than when DMF was 
used alone, suggesting a possible synergistic interaction. 
When combined with DMF, higher concentrations of 
NDV5 significantly reduced cell viability  this effect 
was statistically significant for all treatment conditions 
(p < 0.05, *p < 0.01, **p < 0.001). The addition of NDV 

considerably decreased cell viability even at lower DMF 
concentrations (31.25 µg/ml), though the effect was not 
as strong as it was at higher DMF doses. These results 
support NDV potential as a combinatorial therapeutic 
approach by indicating that it increases DMF-induced 
cytotoxicity in MCF-7 cells.

 Figure 6 demonstrates the survival of cells treated with 
different DMF-NDV concentrations. The findings show 
that NDV alone causes cytotoxicity and that DMF alone has 
a moderately inhibitory effect on cell viability. However, 
when compared to either treatment alone, the combination 
of DMF and NDV dramatically increases cell death. 
Combining NDV5, NDV3, and NDV1 with 125 µg/ml of 
DMF significantly reduced cell viability compared to 
DMF alone (p < 0.001) or NDV alone (p < 0.001). At 62.5 
µg/ml, the combination with NDV significantly reduced 
cell viability (p < 0.01 to p < 0.001). Although the 
loss in cell viability was less severe at the lowest dose 
of DMF, the combination treatment still significantly 
reduced cell survival as compared to monotherapies 
(p < 0.05 to p < 0.01). collectivly, these results show that 
while NDV conserves selective toxicity against cancer 
cells as a monotherapy, the addition of DMF equalizes 
susceptibility across cancerous and non-cancerous 
cells. This shift in behavior is dose-dependent and 
most pronounced at higher DMF concentrations, which 
correspond to the strongest synergistic CI values.

Chou-Talalay analysis of the cytotoxic effects of 
dimethyl fumarate and oncolytic NDV combination: 
We studied the combined cytotoxicity ratios for DMF 
(125, 62.5, and 31.25 μg/ml) and NDV (1, 3, and 5 
MOIs) against AMJ13, MCF-7 and REF cell lines via the 
CompuSyn isobologram (Tables 1, 2 and 3). 

According to synergism (CI < 1), this table 
demonstrates that higher DMF doses (125, 62.5 µg/ml) 
efficiently increase NDV-mediated cancer cell killing. 
Antagonism is evident at lower DMF concentrations 
(31.25 µg/ml) (CI > 1). The best combination is DMF 
(125 µg/ml) + NDV (MOI 3-5), which produces the 
strongest synergy (CI = 0.36–0.37) and the highest effect 
(Fa = 0.77). The therapeutic potential may be diminished 
by lower combinations (31.25 µg/ml DMF) that encourage 
inefficient cell death.

According to this dataset, DMF (125 µg/ml) + NDV 
(MOI 3-5) exhibits the best synergy (CI = 0.28), which 

DMF (µg/ml) NDV (MOI) Effect (Fa) CI Value Interaction Type
125 1 0.76 0.42748 synergism
125 3 0.77 0.36858 synergism
125 5 0.77 0.36864 synergism
62.5 1 0.68 0.62068 synergism
62.5 3 0.67 0.70555 synergism
62.5 5 0.69 0.55197 synergism
31.25 1 0.5 3.21744 Antagonism 
31.25 3 0.51 4.00482 Antagonism 
31.25 5 0.5 6.84019 Antagonism 

CI was measured via CompuSyn software

Table 1. Chou-Talalay Analysis of a Combination of DMF and NDV Against the AMJ-13 Cell Line
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translates to the greatest amount of cancer cell death. 
However, the synergy between DMF (62.5 µg/ml) and 
NDV is marginally weaker (CI = 0.59-0.89). The oncolytic 
action of NDV is not supported by low DMF, as seen by 
the poor efficacy at low DMF dosages (31.25 µg/ml): 
Antagonism (CI > 2-18).

Data observed synergism is observed across most 
doses of DMF + NDV (CI < 1), indicating effective 
cancer cell killing. Antagonism is observed at the lowest 
Effect (31.25 µg/ml DMF + 5 MOI NDV), with CI = 1.44 
suggesting reduced efficacy. 

Discussion

The goal of this investigation was to see if we could 
boost the effect of virotherapy of Newcastle disease virus 
against breast cancer cells, hence increasing oncolytic 
activity in breast cancer, by using the anti-inflammatory 
drug DMF. Dimethyl fumarate (DMF) has emerged as 
a viable treatment for a variety of inflammatory and 
autoimmune conditions. Recent research has investigated 
its potential as an anticancer agent, particularly in 
breast cancer [17]. DMF’s major strategy is to block 
the NF-κB pathway. NF-κB is a transcription factor that 
affects inflammation and cancer. DMF inhibits NF-κB 
activity, reducing tumor cell proliferation, invasion, and 
metastasis [18]. While oncolytic virotherapy employing 
Newcastle disease virus is a promising method that 
has good selectivity, tolerability, and activity against 

breast cancer cells [19]. Furthermore, broad-spectrum 
anticancer effect, such as anti-lymphoma activity, was 
demonstrated by the use of Newcastle disease virus. 
Studies suggest that the combination of oncolytic 
NDV and standard chemotherapeutic drugs improves 
cytotoxicity, demonstrating that NDV effectively 

Table 2. Chou-Talalay Analysis of a Combination of DMF and NDV Against the MCF-7 Cell Line

DMF (µg/ml) NDV (MOI) Effect CI Interpretation
125 1 0.69 0.38245 synergism
125 3 0.7 0.28583 synergism
125 5 0.7 0.28624 synergism
62.5 1 0.63 0.89 synergism
62.5 3 0.65 0.59323 synergism
62.5 5 0.65 0.59731 synergism
31.25 1 0.57 2.43522 Antagonism
31.25 3 0.5 16.7524 Antagonism
31.25 5 0.5 18.8363 Antagonism

Table 3. Chou-Talalay Analysis of a Combination of DMF and NDV Against the REF Cell Line

DMF (µg/ml) NDV (MOI) Effect CI Interpretation
125 1 0.69 0.56293 synergism
125 3 0.7 0.44925  synergism
125 5 0.69 0.56301  synergism
62.5 1 0.66 0.54158  synergism
62.5 3 0.69 0.28152 synergism
62.5 5 0.67 0.43721 synergism
31.25 1 0.64 0.41266 synergism
31.25 3 0.62 0.62551 synergism
31.25 5 0.58 1.44427 Antagonism 

CI was measured via CompuSyn software

CI was measured via CompuSyn software

Figure 3. Cytotoxicity of DMF and NDV in Normal 
REF Cells. REF fibroblasts were treated with DMF 
(500, 250, 125, 62.5, 31.25 and 15.6 µg/mL) or 
NDV (MOI 1, 3, and 5). DMF displayed substantial 
cytotoxicity (IC50 = 18 µg/mL), while NDV conserved lower 
toxicity, confirming NDV’s natural selectivity toward 
cancer cells. Values represent mean ± SEM of triplicate 
experiments (*P < 0.05; **P < 0.01; ***P < 0.001).
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functions in combination therapy, resulting in synergistic 
anticancer action [15, 20]. Breast cancer is a malignant 
disease that starts in the breast tissue. It develops when 
aberrant breast cells grow uncontrollably, resulting 
in a tumor. These tumors can then infect surrounding 
tissues and spread to other sections of the body [21]. 
According to Chou-Talalay research, the combination 
of NDV and DMF therapy improved the lethal effect 
compared to NDV alone. However, the mechanism 
underlying synergistic activity is unclear. In addition to 
the possibility that DMF may promote viral replication, 
the synergistic impact could be attributable to greater 
anticancer efficacy through combination action, which 
can lead to higher cell sensitivity to DMF or virotherapy. 
The activity of this combination therapy may increase the 
action of each individual treatment, since DMF alone and 
in combination with NDV is more effective against breast 
cancer and can induce apoptosis in cancer cells. Recent 
research has revealed additional pharmacological effects 
of DMF in a variety of cancer types [22]. In colon cancer 
models, DMF was demonstrated to inactivate the NRF2 
pathway, activate the MAPK signaling pathway, and 
induce autophagy, leading to oxidative stress and increased 
cytotoxicity both in vitro and in vivo [23]. It was recently 

shown that DMF and its metabolite monomethyl fumarate 
(MMF) alter the GAPDH active site and reduce its enzyme 
activity, which in turn suppresses aerobic glycolysis and 
alters cellular immunological functions [24]. Cancer cells 
predominantly rely on glycolysis for energy production. 
NDV has been shown to suppress the glycolysis pathway, 
leading to cancer cell death. Similarly, DMF can disrupt 
cellular metabolism by depleting glutathione levels, there 
by inducing oxidative stress. The concurrent disruption 
of metabolic pathways by both agents could result in 
enhanced cancer cell cytotoxicity [25]. As a monotherapy, 
DMF is noticeably more effective. When DMF and 
NDV are combined, the cytotoxic effect approximates 
what NDV can accomplish on its own. In addition, DMF 
induces cell cycle arrest and apoptosis in cervical cancer 
and melanoma. NF-κB is a key downstream target of 
DMF in breast cancer [23, 26]. We prove that DMF 
has anti-tumor action in breast cancer. The research 
we conducted confirms DMF’s effectiveness as an 
NF-κB inhibitor and anti-tumor drug, with therapeutic 
implications. Understanding DMF’s mechanism of action 
paves the way for its clinical trial to treat aggressive breast 
cancer [18]. In this study, we concluded that dimethyl 
fumarate has a toxic effect on normal cells, which is 
consistent with a study conducted by Wan et al. in 2024 

Figure 4. Combined Effect of DMF + NDV in AMJ-13 
Cells. AMJ-13 cells were treated with three doses of 
DMF (62.5, 31.25, 15.6 µg/mL) combined with NDV 
(MOI 1, 3, 5). The strongest reduction in cell viability 
was observed at DMF 62.5–125 µg/mL with NDV MOI 
3–5, indicating potent synergy. Data represent mean 
± SEM (n = 3); *P < 0.05; **P < 0.01; ***P < 0.001 
compared to monotherapies.

Figure 5. Combined Effect of DMF + NDV in MCF-7 
Cells. MCF-7 cells showed significantly reduced 
viability when NDV was added to DMF, particularly at 
DMF 62.5 µg/mL with NDV MOI 5. This supports a 
synergistic interaction that exceeds the effect of either 
agent alone. Data represent mean ± SEM (n = 3); 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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showing that DMF causes heart developmental damage in 
zebrafish, possibly through the suppression of oxidative 
stress reactions. This work provides a foundation for 
future research on the developmental toxicity of DMF to 
the heart [27, 28].

The results of NDV monotherapy showing preserved 
selective cytotoxicity toward breast cancer cells, 
whereas the NDV–DMF combination induced strong 
synergistic killing in both cancer and normal REF cells, 
suggests a vital shift in the biological response of normal 
cells following DMF exposure. Several mechanistic 
explanations may account for this loss of selectivity.

First, DMF is known to disrupt intracellular redox 
homeostasis through glutathione (GSH) depletion, 
covalent modification of cysteine-containing proteins, 
and induction of oxidative stress [29]. Cancer cells do 
often possess high basal oxidative stress and rely heavily 
on glycolytic metabolism and antioxidant buffering 
systems [30]; therefore, additional oxidative pressure 
from NDV tends to preferentially kill malignant cells 
[31]. However, when high DMF doses depletes GSH in 
normal fibroblasts, their antioxidant capacity becomes 
significantly compromised [32]. Under these conditions, 

even moderate NDV-induced reactive oxygen species 
(ROS) become highly cytotoxic. This redox imbalance 
effectively removes the natural advantage that normal 
cells usually possess in resisting NDV-mediated stress. 
Second, DMF suppresses NF-κB activation, a key 
prosurvival signaling pathway that regulates inflammatory 
responses, cytokine production, mitochondrial stability, 
and expression of anti-apoptotic genes such as Bcl-2 and 
XIAP [33]. While many cancer cells depend chronically on 
NF-κB signaling, normal fibroblasts also activate NF-κB 
in response to viral infection as part of their antiviral 
defense [34]. By inhibiting this pathway, DMF may 
reduce the innate antiviral response in REF cells, thereby 
increasing their permissiveness to NDV replication or 
NDV-induced stress responses. The suppression of NF-κB 
can also impair the ability of normal cells to counteract 
viral-triggered apoptosis, effectively sensitizing them 
to NDV-induced cytotoxicity. Third, NDV infection 
itself disrupts cancer cell metabolism, particularly 
glycolysis, leading to energetic collapse, ferroptosis, and 
immunogenic cell death [6, 19]. DMF likewise targets 
glycolytic enzymes such as GAPDH, further impairing 
energy production [24]. These combined metabolic 
stresses produce strong synergistic effects in cancer cells. 
However, the same dual blockade of metabolic pathways 
in normal cells, after their antioxidant capacity has already 
been weakened by DMF; may force them beyond a critical 
survival threshold, explaining the synergistic cytotoxicity 
observed in REF cells. Therefore, these mechanisms 
indicate that high DMF doses transforms the intracellular 
environment of normal fibroblasts into one that closely 
resembles the stressed metabolic state of cancer cells, 
making them susceptible to NDV-mediated cell death. 
This provides a strong mechanistic rationale for the loss 
of selectivity observed in our study and emphasizes a key 
limitation of the combination strategy at medium–high 
DMF concentrations.

In conclusion, the Chou-Talalay analysis demonstrates 
that combining DMF (an NFκB inhibitor) with oncolytic 
NDV virotherapy exhibits strong synergism against 
AMJ13 and MCF-7 cancer cell lines at higher DMF 
concentrations (125 µg/ml and 62.5 µg/ml), with 
optimal synergy at DMF (125 µg/ml) + NDV (MOI 3-5) 
(CI = 0.28-0.37). However, lower DMF doses (31.25 
µg/ml) result in antagonism (CI > 1), reducing efficacy. 
Notably, REF normal cells also show synergism at most 
doses, indicating cytotoxicity to normal cells, except at 
the lowest dose (31.25 µg/ml) with NDV (5 MOI), where 
antagonism is observed (CI = 1.44). for that reason, we 
recommend minimizing cytotoxicity to normal cells while 
maintaining efficacy against cancer cells, future studies 
should focus on reducing DMF concentrations below 
62.5 µg/ml, testing intermediate doses (e.g., 40-50 µg/
ml) to identify a threshold that sustains cancer cell killing 
synergy (CI < 1) while reducing synergism in normal cells 
(aiming for CI > 1). Additionally, exploring alternative 
NFκB inhibitors with lower toxicity profiles could further 
optimize this combination therapy.

Figure 6. Combined Effect of DMF + NDV in Normal 
REF Cells. REF cells exhibited strong synergy at DMF 
62.5–125 µg/mL with NDV MOI 3–5, revealing that 
DMF eliminates the cancer selectivity of NDV and 
sensitizes normal cells. Data represent mean ± SEM 
(n = 3); *P < 0.05; **P < 0.01; ***P < 0.001.
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