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Simple Summary: Non-small cell lung cancer cells (NSCLC) are heavily dependent on altered 

energy metabolism with upregulated glycolysis coupled with compromised mitochondrial 

oxidative phosphorylation and their switch based on the energy and other metabolite demands in 

the tumor microenvironment. NSCLC cells exposed to a single metabolic inhibitor can take 

advantage of either of these pathways to produce and meet their energy demands. This study 

investigated a potential novel way to target cellular energy metabolism with dual inhibition of 

glycolytic and oxidative phosphorylation in NSCLC- (A549) and normal bronchial epithelial- 

(NL20) cells. Data showed that dual treatment with Annonacin, a mitochondrial complex I inhibitor 

with 2-Deoxy-D-glucose (2-DG), a glycolytic inhibitor in A549 and NL20 cells resulted in enhanced 

and selective effect on viability, proliferation capacity and oxidative stress compared to single 

treatment. Results reveal the potential of this dual inhibition as an effective and novel way to target 

cellular energy metabolism for targeted therapy for NSCLC. 

Abstract: Background/Objectives: Cancer cells exhibit metabolic reprogramming, enabling them to 

switch between glycolysis and oxidative phosphorylation for ATP generation necessary for 

survival, proliferation and metastasis. This adaptability allows cancer cells to evade conventional 

therapy options that target only one metabolic pathway among others and lead to cancer resurgence 

and treatment resistance. The goal of this investigation was to evaluate the dual inhibition of these 

metabolic pathways with Annonacin and 2-DG in individual and combination modalities on A549 

and NL20 cells to develop selective therapies for cancer cells, sparing normal cells. This dual attack 

was hypothesized to improve treatment effectiveness with triggering of cancer cell death by 

exploiting the metabolic vulnerabilities, disrupting glucose metabolism, modulating oxidative 

stress and inducing apoptosis through generation of reactive oxygen species (ROS) mediated DNA 

damage. Methods: The [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]-MTT and 

clonogenic assays were employed to assess the viability and proliferation capacity, respectively in 

A549 cancer and NL20 normal cells exposed to individual and combination treatment of Annonacin 

and 2-DG. Superoxide Dismutase (SOD) and Glutathione Peroxidase (GPx) assays were employed 

to evaluate treatment mediated oxidative stress. Results: The combination treatment showed 

enhanced cytotoxicity compared to individual application, while normal cells exhibited differential 

and selective response. Conclusions: These findings provided the preclinical evidence for the 

potential therapeutic application of Annonacin and 2-DG as a dual metabolic targeting strategy for 

NSCLC. Future in vitro and in vivo research are necessary to understand the underlying 

mechanisms in detail and potentially translate them into treatment against NSCLC. 

Keywords: non-small cell lung cancer; A549; NL20; oxidative stress; metabolic vulnerability; energy 

metabolism; mitochondrial dysfunction; apoptosis 
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1. Introduction 

Lung cancer is the leading cause of cancer-related mortality globally, with non-small cell lung 

cancer (NSCLC) accounting for more than 85% of all lung cancer cases diagnosed [1,2]. In the United 

States, it is the second most diagnosed cancer in both males and females combined after breast and 

prostate cancer [2,3]. Despite advancements in treatments, including surgery, chemotherapy, 

radiation therapy, targeted therapy and immunotherapy, the prognosis for NSCLC remains poor, 

primary due to late-stage diagnosis, intrinsic drug resistance, systemic toxicity, and treatment 

associated adverse effects [4,5]. These factors warrant urgent need for novel and effective therapeutic 

approaches that specifically target the unique metabolic vulnerabilities of NSCLC cells with minimal 

harm to normal tissues. 

Cancer cells, including NSCLC, exhibit significant metabolic reprogramming characterized by 

an increased reliance on glycolysis for ATP production, even under aerobic conditions- a 

phenomenon known as Warburg effect [6,7].This metabolic shift is accompanied by alterations in 

mitochondrial functions, enabling cancer cells to adapt their energy metabolism dynamically 

between glycolysis and oxidative phosphorylation (OXPHOS) based on the tumor microenvironment 

and energy demands, facilitating their survival and proliferation [7–9,16]. Such metabolic plasticity 

confers resistance to therapies that target only one energy production pathway, as cancer cells readily 

switch to alternative pathways to meet their energy requirements [16]. 

Annonacin Figure 1(A), an acetogenin derived from the Annonaceae plant family, has shown 

promising anticancer activity through selective inhibition of mitochondrial complex I, leading to 

disruption of ATP production, increased oxidative stress, cell cycle arrest, and apoptosis induction 

in various cancer cell lines [10,11]. Similarly, 2-DG Figure 1(B), a glycolytic inhibitor, effectively 

targets glycolysis by competing with glucose, resulting in glycolytic flux disruption, ATP depletion, 

production of ROS and subsequent cell death through metabolic stress and apoptosis [12,13]. 

However, as a single agent 2-DG’s potential is limited by rapid metabolism, short half-life, and 

compensatory metabolic shifts in cancer cells [14,15]. 

 

Figure 1. Chemical Structure of Annonacin 1 (A) (image obtained from AOBIOUS INC, 

https://aobious.com/aobious/ultra-pure-pharmacological-standard/3413-annonacin.html 1 (B) 2-Deoxy-D-glucose 

(image obtained from Thermo Scientific Chemicals, 

https://www.thermofisher.com/order/catalog/product/L07338.14 ). 

The rationale for this study is based on exploiting the complementary metabolic vulnerabilities 

of NSCLC cells by concurrently targeting glycolytic and mitochondrial energy production pathways 

using Annonacin and 2-DG. By combining these two metabolic inhibitors, we hypothesize that cancer 

cells’ metabolic flexibility would be compromised, resulting in enhanced cytotoxicity, increased 

oxidative stress and apoptosis compared to either compound when used alone. To test this 

hypothesis, we evaluated the individual and combined effects of Annonacin and 2-DG on cell 

viability, proliferation capacity, and antioxidant defense mechanisms (SOD and GPx) leading to 

oxidative stress in A549 and NL20 cells under in vitro investigation model system. 
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Our results demonstrate that dual inhibition significantly enhances the antiproliferative and 

cytotoxic effects on A549 cells, with selective toxicity, sparing normal cells. These findings provide a 

compelling preclinical evidence supporting the therapeutic potential of combined Annonacin and 2-

DG treatment as an effective and targeted strategy for NSCLC. 

2. Materials and Methods 

2.1. Cell Lines 

A549 (human non-small cell lung carcinoma, CCL-185, LOT: 70056074) and NL20 (non-

tumorigenic human bronchial epithelium, CRL-2503, LOT: 63990083) cell lines were purchased from 

American Type Culture Collection (ATCC). Cells were revived and maintained at 5% CO2, and 37℃ 

in a humidified incubator. A549 cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM/F-12 1:1 Modified, ATCC 30-2006) supplemented with 10% v/v fetal bovine 

serum (FBS) (Peak Serum, PS-FB2), 1% v/v penicillin-streptomycin (Gibco, REF 15140-122). NL20 cells 

were cultured in F-12 K Kaighn’s Modification of Ham’s F-12 with glutamine medium, supplemented 

with 5% v/v fetal bovine serum (FBS) (Peak Serum, PS-FB2), 1 % v/v penicillin-streptomycin (Gibco, 

REF 15140-122), 10 ng/mL human epidermal growth factor (EGF) (Peprotech, CAT: AF-100-15-1MG), 

5 mL 1X insulin transferrin-selenium ethanolamine (ITS-X) (Corning, REF 25-800-CR), 500 ng/mL of 

hydrocortisone (Thermo Scientific, CAT: 352450010). 

2.2. Inhibitors 

Cells were treated with Annonacin, a mitochondrial complex I inhibitor (AOBIOUS INC, CAT: 

AOB 34570, CAS: 111035-65-5, LOT: 8185B) and 2-DG, a glycolytic inhibitor (ThermoFisher Scientific, 

CAT: 111980050, CAS: 154-17-6, LOT: A0445842). Aliquots of compounds were formulated from the 

product, dissolved in dimethyl sulfoxide (DMSO) and diluted in respective cell media using serial 

dilutions to a final concentration of 0.05 % v/v DMSO. Based on the dose-response study, various 

doses of Annonacin below its IC50 values (0, 1 ,2, 4 & 6 M) and 2-DG (0, 1.25, 2.5, 5 & 7.5 mM) were 

chosen for individual and combination application in the experiment. 

2.3. Cell Viability Assay 

To determine the immediate cytotoxic potential of Annonacin and 2-DG in individual and 

combination application, A549 and NL20 cells were seeded in 96-well plates at a density of 

approximately 10,000 cells/well with 100 L media and incubated for approximately 24 hours to allow 

cells to attach. To minimize edge effects during incubation and improve assay consistency, the 

peripheral wells of 96-well plates were filled with sterile phosphate buffered saline (PBS) and left 

unused for data collection. After 24-hours, varying concentration of treatments were added and the 

plates were returned to incubator for an exposure of additional 24 hours. Following the exposure 

period, 10 L of 12 m MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (5mg/ml, 

12 mM) stock solution (Vybrant MTT Cell Proliferation Assay Kit V-13154, ThermoFisher Scientific) 

was added to each well with 100 L of fresh culture media. For a negative control, a blank was 

maintained, and plates were incubated for 4 hours. After 4 hours of incubation, 100 L of sodium 

dodecyl sulfate (SDS)-HCL solution was added to each well and mixed thoroughly. After pipetting, 

plates were incubated at 37 °C for 4 more hours. At the end of the incubation period, each well was 

remixed using a pipette, and the absorbance was read at 570 nm in (Agilent Biotek Epoch 2, SN: 

23060616) microplate reader with Gen 6 Software (BIOTEK, 1771001N REV B). The experiment was 

performed in triplicate with control. The absorbance data at 570 nm was used to calculate the 

individual and combination application effects of Annonacin and 2-DG on cell viability. Cell viability 

was calculated using this formula: 

Cell viability =
𝑀𝑒𝑎𝑛 𝑂𝐷 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡−𝑀𝑒𝑎𝑛 𝑂𝐷 𝐵𝑙𝑎𝑛𝑘

𝑀𝑒𝑎𝑛 𝑂𝐷 𝐶𝑜𝑛𝑡𝑟𝑜𝑙−𝑀𝑒𝑎𝑛 𝑂𝐷 𝐵𝑙𝑎𝑛𝑘
 × 100 

where, 
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OD Treatment = absorbance reading of cells in treated well 

OD Control = absorbance reading of cells treated with (0.05% DMSO) 

OD Blank = absorbance reading of well only with PBS (negative control) 

2.4. Cell Proliferation Assay 

The long-term potential of A549 NSCLC cells to proliferate and form colonies in the absence and 

presence of test compounds was evaluated with Colony Formation Assay (CFA) [17]. Cells were 

trypsinized, counted and diluted to 2.5 ×102/mL, and plated in 6-well plates with 2 mL/well of cell 

mixture (≈  500 cells/well) and allowed to attach for 24-hours. Following 24-hour attachment step, 

the media was aspirated and freshly prepared varying concentrations of Annonacin and 2-DG in 

individual and combination modalities were added. Cells with 0.05% DMSO was maintained as 

control well. Cells were exposed to treatments for 24 hours and after that media with compounds 

were aspirated and each well was rinsed with 2 mL of sterile PBS. Each well was then replenished 

with 2 mL of fresh media and the plates were returned to incubator with 5 % CO2, at 37℃ with 

humidified air. Growing medium was replaced at a 3-day interval. After 14 days of incubation, the 

cells were stained with a mixture of 6% glutaraldehyde (Fisher Chemical, CAS: 111-30-8, LOT: 26823) 

and 0.5% crystal violet (Fisher Chemical, CAS: 548-62-9, LOT: 3GI0593) solution. A colony with at 

least 50 cells was counted using an electronic colony counting pin (Fisherbrand, 3133FS). The 

experiment was performed in triplicate with control. The plating efficiency (PE) (% of cells plated 

that give rise to colonies) was calculated as a ratio of number of colonies formed to the number of 

cells seeded for control. The proportion of cells that survive after treatment exposure (Surviving 

Fraction) was calculated to estimate their long-term proliferation capacity. 

Surviving Fraction (SF) = 
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒐𝒍𝒐𝒏𝒊𝒆𝒔 𝒇𝒐𝒓𝒎𝒆𝒅 𝒂𝒇𝒕𝒆𝒓 𝒕𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔 𝒔𝒆𝒆𝒅𝒆𝒅 × 𝑷𝑬
 

2.5. Superoxide Dismutase (SOD) Assay 

To evaluate the oxidative stress due to the production of superoxide free radical (ROS) during 

metabolism with the application of Annonacin and 2-DG in individual and combination modalities, 

SOD activity assessment was performed. Cells were trypsinized, counted and diluted to 5 × 105/mL 

and seeded in 6-well plate with 2 mL of cell suspension/well (≈ 1 ×  106cells/well). Well with 0.05% 

DMSO with cells was maintained as control. Cells were allowed to attach for 24 hours. Following 24-

hour attachment, varying concentrations of Annonacin and 2-DG were added and exposed for 24 

hours. Following 24-hour exposure, cells were prepared, and SOD activity was assessed with a 

commercially available SOD activity assay kit (ab65353, Abcam) based on the manufacturer’s 

protocol. The experiment was performed in triplicate with control. 

2.6. Glutathione Peroxidase (GPx) Assay 

To evaluate the oxidative stress due to the production of hydrogen peroxide free radical another 

ROS during metabolism with the application of Annonacin and 2-DG in individual and combination 

modalities, GPx activity assessment was performed. Cells were trypsinized, counted and diluted to 

5 × 105/mL and seeded in 6-well plate with 2 mL of cell suspension/well (≈ 1 ×  106cells/well). Well 

with 0.05% DMSO with cell was maintained as control. Cells were allowed to attach for 24 hours. 

Following 24-hour attachment step, varying concentrations of Annonacin and 2-DG were added and 

exposed for 24 hours. Following 24-hour exposure, cells were prepared and GPx enzyme activity was 

assessed using a commercially available GPx assay kit (ab 102530, Abcam) based on the 

manufacturer’s protocol. The experiment was performed in triplicate with control. 

2.7. Statistical Analysis 

Statistical analysis was performed with GraphPad Prism version 10.4.1 (532) for mac M2 pro 

computer. Two-way ANOVA, followed by Tukey’s multiple comparison test was used to measure 

differences among treatment groups and to evaluate the interaction between Annonacin and 2-DG 
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on each cell type and the tested compounds. Significant interaction effect was analyzed by 

SynergyFinder Plus [18] Platform, applying Loewe additivity model. Data were presented mean ± 

standard error of mean (SEM) (n=3). Compact letter display (CLD) format was used and P ≤ 0.05 

considered statistically significant. 

3. Results 

3.1. The Effects of Annonacin and 2-DG on A549 and NL20 Viability in Individual and Combination 

Modality 

The colorimetric MTT assay determined the cytotoxic responses on A549 NSCLC and NL20 cells 

in response to increasing concentration of Annonacin and 2-DG, when used individually and in 

combination. Both compounds induced a dose-dependent decrease in cell viability across both cell 

lines, as shown in Figure 2 (A-D). A549 and NL20 cells showed differential susceptibility to 

Annonacin and 2-DG with higher doses inhibiting the cell growth. The half maximal inhibitory 

concentration (IC50) at 24-hour treatment was 6.87 M for Annonacin and 9.08 mM for 2-DG on A549 

NSCLC. 

 

Figure 2. The effects of varying concentration of individual and combination application of Annonacin and 2-

DG on A549 and NL20 cell viability. Effects with varying concentration of Annonacin (0, 1, 2, 4 & 6 M) (A). 

Effects of varying concentration of 2-DG (0, 1.25, 2.5, 5 & 7.5 mM) on A549 and NL20 cell viability (B). Effects of 

combination application of Annonacin and 2-DG on A549 cell viability (C). Effects of combination application 

of Annonacin and 2-DG on NL20 cell viability (D). Experiments were conducted in triplicate with control and 

bars represent mean ± SEM (n=3). Different letters above the bars indicate statistically significant differences ( 

≤ 0.05) determined by the two-way ANOVA followed by Tukey’s multiple comparison test. 

3.2. The Interactive Effects of Annonacin and 2-DG on A549 and NL20 Viability 

The interactive effect between Annonacin and 2-DG combination application was calculated 

using SynergyFinder Plus, based on the Loewe additivity model. The synergy heatmap as shown in 
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Figure 3 (A-B) illustrates the interaction profile across varying concentration in A549 and NL20. The 

synergy scores ≥10 indicate highly synergistic interaction, a score in the range of -10 ≤ to 10 indicates 

moderate to additive interaction and synergy score of ≤ -10 indicate an antagonistic interaction. The 

synergy scores were reported from -2.86 to 17.67 with mean score of 8.07 on A549 (A) and -3.33 to 

8.61, mean being 2.4 on NL20 (B) showing distinct regions of synergy, additivity and antagonism. In 

A549, combinations at 2-6 M Annonacin and 2.5-7.5 2-DG yielded synergy scores above 10, 

indicating statistically significant interaction/s between two compounds. In NL20, several 

combinations with Annonacin 1-2 M and 1.25-2.5 mm 2-DG displayed additivity or slight 

antagonism, suggesting a selective response of cytotoxic effect of combination treatment on NSCLC 

cells, while sparing normal cells. 

 

Figure 3. A heat map showing synergistic scores of interaction effect of Annonacin (0, 1, 2, 4 & 6 M) (A) and 2-

DG (0, 1.25, 2.5, 5 & 7.5 mM) on A549 (A) and NL20 (B)with Loewe additivity model. Experiments were 

conducted in triplicate with control and bars represent mean ± SEM (n=3). Different letters above the bars 

indicate statistically significant differences ( < 0.05) determined by the two-way ANOVA followed by Tukey’s 

multiple comparison test. 

3.3. The Effects of Annonacin and 2-DG on A549 Proliferation Capacity in Individual and Combination 

Modality 

The colony formation assay evaluated the long-term proliferation capacity of A549 NSCLC cells 

in response to increasing concentration of Annonacin and 2-DG in individual and combination 

modality. A dose-dependent reduction in surviving fraction was observed (P≤ 0.05), as showed in 

Figure 4 (A). Combination treatment demonstrated enhanced suppression of colony forming ability, 

compared to individual application. The interaction effect of compounds was quantified with Loewe 

additivity model in SynergyFinder Plus. The synergy scores ≥10 indicate highly synergistic 

interaction, a score in the range of -10 ≤ to 10 indicates moderate to additive interaction and synergy 

score of ≤ -10 indicate an antagonistic interaction/s. The synergy heat map, as shown in Figure 4 (B) 

illustrated distinct regions of synergy, additivity and antagonism. Combination concentration 2-4 M 

Annonacin with 2.5 -5 mM 2-DG, yielded synergy scores between 10.14 to 22.91 with mean of 12.39, 

indicating significant synergistic interactions. These results suggest that dual inhibition of 

mitochondrial and glycolytic metabolism potentially reduces immediate cell viability and limit long-

term proliferation capacity of A549 NSCLC effectively than monotherapy. 
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Figure 4. The effects of varying concentration of individual and combination application of Annonacin (0, 1, 2, 4 

& 6 M) and 2-DG (0, 1.25, 2.5, 5 & 7.5 mM) on A549 proliferation capacity (A). A heat map showing synergistic 

scores of interaction effect of Annonacin and 2-DG with Loewe additivity model (B). Experiments were 

conducted in triplicate with control and bars represent mean ± SEM (n=3). Different letters above the bars 

indicate statistically significant differences ( ≤ 0.05) determined by the two-way ANOVA followed by Tukey’s 

multiple comparison test. 

3.4. Administration of Annonacin and 2-DG Enhances Oxidative Stress by Modulating Superoxide 

Dismutase Activity on A549 and NL20 

The oxidative stress response catalyzed by SOD activity following treatment on A549 and NL20 

with individual and combination exposure of Annonacin and 2-DG was evaluated by SOD Activity 

assay. Both compounds modulated SOD activity in dose-dependent manner (P≤ 0.05), as illustrated 

in Figure 5 (A-D). In A549 cells, Annonacin increased SOD inhibition rate Figure 5 (A), while 2-DG 

induced a similar response Figure 5 (B). NL20 cells also showed increased inhibition upon treatment, 

although the magnitude was lower compared to A549, indicating selective oxidative stress induction 

in cancer cells. Combinatorial application further altered the SOD inhibition in A549 [Figure 5 (C)] 

and NL20 cells showed more moderate response [Figure 5 (D)]. This suggest that additive or 

synergistic ROS, thereby overwhelming the antioxidant defense system in cancer cells. Differential 

SOD activity was observed in the individual and combination treatments with Annonacin and 2-DG. 
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Figure 5. The effects of varying concentration of individual and combination application of Annonacin and 2-

DG on A549 and NL20 SOD activity. Effects with varying concentration of Annonacin (0, 1, 2, 4 & 6 M) (A). 

Effects of varying concentration of 2-DG (0, 1.25, 2.5, 5 & 7.5 mM) on A549 and NL20 SOD activity (B). Effects of 

combination application of Annonacin and 2-DG on A549 SOD activity (C). Effects of combination application 

of Annonacin and 2-DG on NL20 SOD activity (D). Experiments were conducted in triplicate with control and 

bars represent mean ± SEM (n=3). Different letters above the bars indicate statistically significant differences ( 

≤ 0.05) determined by the two-way ANOVA followed by Tukey’s multiple comparison test. 

3.5. Administration of Annonacin and 2-DG Enhances Oxidative Stress by Modulating Glutathione 

Peroxidase Activity on A549 and NL20 

The oxidative stress response-GPx activity following treatment on A549 and NL20 with 

individual and combination exposure of Annonacin and 2-DG was evaluated by GPx assay. Both 

compounds led to a dose-dependent reduction in GPx activity (P ≤ 0.05), suggesting increased 

oxidative stress and compromised antioxidant defense mechanism, as illustrated in Figure 6 (A-D). 

In A549, Annonacin showed no significant change in GPx activity at lower concentration but GPx 

activity decreased at higher doses Figure 6 (A). NL20 cells displayed a similar trend, with GPx activity 

significantly reduced at higher concentration (4-6 M) Annonacin [Figure 6 (A)]. 2-DG decreased GPx 

activity significantly in A549 in dose-dependent manner, with the lowest activity observed at higher 

doses [Figure 6 (B)]. In contrast, NL20 cells demonstrated more pronounced decrease observed at 

higher doses (5 and 7.5 mM) [Figure 6 (B)]. In combination, GPx activity was. reduced significantly 

at higher combination concentrations in A549, indicating synergistic inhibitory effects and increased 

oxidative stress (p ≤ 0.05) [Figure 6 (C)]. NL20 cells also demonstrated decrease in GPx activity [Figure 

6 (D)]. These observed effects indicate that both Annonacin and 2-DG reduced GPx activity more 

substantially when used in combination, potentially enhancing oxidative stress condition within 

treated cancer cells. 
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Figure 6. The effects of varying concentration of individual and combination application of Annonacin and 2-

DG on A549 and NL20 GPx activity. Effects with varying concentration of Annonacin (0, 1, 2, 4 & 6 M) on A549 

and NL20 GPx activity (A). Effects with varying concentration of 2-DG (0, 1.25, 2.5, 5 & 7.5 mM) on A549 and 

NL20 GPx activity (B). Effects of combination application of Annonacin and 2-DG on A549 GPx activity (C). 

Effects of combination application of Annonacin and 2-DG on NL20 GPx activity (D). Experiments were 

conducted in triplicate with control and bars represent mean ± SEM (n=3). Different letters above the bars 

indicate statistically significant differences ( ≤ 0.05) determined by the two-way ANOVA followed by Tukey’s 

multiple comparison test. 

4. Discussion 

The reliance of non-small cell lung cancer cells on metabolic flexibility, characterized by a 

dynamic switch between glycolysis and oxidative phosphorylation to sustain rapid proliferation and 

adapt to environmental stress pose a significant challenge in designing of an effective therapy [7,19–

21]. Our study demonstrates that simultaneous targeting of glycolysis and mitochondrial respiration 

with Annonacin and 2-DG can potentially exploit these dual metabolic vulnerabilities, thereby 

significantly enhancing anticancer efficacy. The combinatorial treatments showed selective 

cytotoxicity against A549, while sparing NL20 cells to a considerable extent. This therapeutic strategy 

has shown promise and is supported by previous studies exploring the combination metabolic 

inhibition approach for cancer treatment [21–23]. 

Previous research has established that targeting glycolysis alone with agents such as 2-DG often 

lead to limited efficacy due to compensatory metabolic adaptations in cancer cells [14,15,24,25]. 

Similar limitations were observed in mitochondrial inhibition therapies using agents such as 

Annonacin, which, although effective at disrupting mitochondrial complex I activity, may be 

insufficient due to adaptive metabolic shifts and plasticity [26–29]. Cancer cells frequently harbor 

mitochondrial DNA mutations, causing respiratory chain inefficient and increased sensitivity to 

oxidative stress when exposed to glycolytic inhibition [30,31]. Our data support and expand upon 
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these observations, demonstrating that a combinatorial treatment of Annonacin and 2-DG can 

significantly enhance the cytotoxic and antiproliferative response compared to when either agent is 

used alone. This synergistic efficacy may stem from the compound’s metabolic stress selectively in 

cancer cells, ultimately overwhelming their compensatory mechanisms, leading to increased 

oxidative stress, apoptosis and impaired cell proliferation [32–35]. 

Our study revealed that combination treatment significantly reduced cell viability, and colony 

formation capacity of A549 cancer cells. The observed synergy between Annonacin and 2-DG, 

particularly at concentrations between 2-6 M and 2.5-7.5 mM, yielded statistically significant 

synergy scores (>10) in A549 cells, indicative of a highly synergistic interaction. Similar interactions 

were reported in prior studies indicating enhanced efficacy when combining glycolytic inhibitors 

with mitochondrial inhibitors, which induce severe ATP depletion and trigger apoptosis [36–38]. 

Furthermore, our findings on oxidative stress parameters- SOD and GPx activities-suggest that this 

dual targeting exacerbates ROS generation in cancer cells, undermining antioxidant defense more 

substantially than single treatments. Tumor cells compromised antioxidant defenses, such as reduced 

Manganese SOD (MnSOD) levels, further enhance susceptibility to oxidative damage induced by 

metabolic inhibitors [33,39,40]. This oxidative-stress mediated mechanism has also been supported 

by prior research investigating dual metabolic inhibitors in different cancer types [41,42]. 

Interestingly, Normal bronchial epithelial NL20 cells exhibited a differential response to the 

combinatorial treatment pursued in the current study. The modest effect observed in normal cells, as 

reflected by lower synergy scores and less pronounced oxidative stress response, underline the 

potential clinical relevance of this treatment strategy. This selective toxicity could translate into 

reduced systemic side effects and enhanced therapeutic windows in clinical applications, addressing 

limitations associated with conventional chemotherapies observed in similar studies [43,44]. NSCLC 

is notably heterogeneous, often displaying varying degree of reliance on glycolysis and 

mitochondrial respiration depending on specific genetic and environmental contexts [45,46]. Thus, 

the combination therapy approach may address tumor heterogeneity by limiting opportunities for 

resistance mechanisms that could arise from metabolic plasticity. In alignment with our observation, 

prior studies have demonstrated improved outcomes using combination strategies involving 

glycolytic inhibitors like 2-DG alongside other mitochondrial complex I inhibitors in diverse cancer 

models [20,25,41,42]. 

The results from our study need further investigation into the mechanistic aspects of Annonacin 

and 2-DG combination for further validation. Future research should elucidate precise molecular 

pathways underlying enhanced cytotoxicity and oxidative stress induction, including detailed 

studies on mitochondrial dynamics, glycolytic enzyme regulation and apoptotic pathways. In 

addition, exploration of this combination strategy in other cancer cell types and in vivo tumor models 

such as zebrafish models [47] and patient derived xenografts [48] may fully establish its broader 

applicability and therapeutic potential. Despite the limitations, this study provides preliminary 

evidence supporting dual metabolic inhibition strategy with Annonacin and 2-DG for a potential 

against NSCLC. 

5. Conclusions 

This study provided preclinical evidence on dual targeting of glycolytic and mitochondrial 

energy production using Annonacin and 2-DG, improving potential anticancer efficacy in NSCLC 

compared to monotherapy. This combinatorial strategy selectively reduced cell viability, inhibited 

proliferation, and significantly induced oxidative stress in NSCLC A549 cells with modest toxicity 

observed in NL20 cells. The observed synergistic cytotoxicity may be mediated through pronounced 

ROS generation, thereby overwhelming tumor specific antioxidant defense and induction of 

apoptosis. Findings need further exploration for validation of dual inhibition as a novel strategy to 

mitigate the drug resistance due to metabolic heterogeneity and adaptability of NSCLC in tumor 

microenvironment. 
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