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Abstract 

Breast cancer treatment in South Africa is constrained by limited access to affordable targeted therapies, 

highlighting the urgent need for cost-effective solutions within the public health sector. Fasting, a free and 

accessible intervention, shows promise in reducing tumorigenic metabolism and chemotherapy side effects; 

however, the efficacy is frequently reduced by metabolic plasticity, where metabolic activity shifts from 

glycolysis to oxidative phosphorylation (OXPHOS) in order to resist nutrient deprivation (ND). Various 

studies have demonstrated that nutrient-deprived breast tumorigenic cells exhibit increased dependence on 

OXPHOS for optimal proliferation through augmented mitochondrial complex I expression, highlighting a 

notable metabolic vulnerability that could potentially be targeted by combining fasting with a mitochondrial 

complex I inhibitor. Papaverine (PPV), a repurposed mitochondrial complex I inhibitor, was selected for this 

study due to its low cost, established safety, and accessibility in South Africa. However, the combination of 

physiological ND and PPV remains to be elucidated. Thus, the aim of this study was to investigate the 

combined effects of fasting-mimetic glucose and glutamine deprivation and PPV exposure, on proliferation, 

morphology, cell cycle progression, oxidative stress, superoxide dismutase (SOD) activity, mitochondrial 

membrane potential (ΔΨM), and the activity of 5′ adenosine monophosphate–activated protein kinase 

(AMPK) and mammalian target of rapamycin (mTOR) in metabolically distinct breast tumorigenic cells. This 

study used two breast cancer cell lines: OXPHOS-dependent MCF-7 (luminal, hormone receptor–positive) 

and glycolysis-dependent MDA-MB-231 (basal, triple-negative). The results obtained demonstrate that ND 

significantly enhanced the antiproliferative effects of PPV in both MCF-7 and MDA-MB-231 cells. Neither 

PPV nor ND alone significantly inhibited cell proliferation, indicating that ND sensitizes tumorigenic cells to 

PPV-mediated mitochondrial complex I inhibition. Morphologically, exposure to ND and PPV significantly 

increased the number of cells exhibiting enlarged morphology and cell protrusions. Furthermore, cell cycle 

analysis revealed that exposure to ND and PPV did not affect cell cycle progression but did alter reactive 

oxygen species (ROS) generation, specifically reducing superoxide (O₂⁻) generation and increasing hydrogen 

peroxide (H₂O₂) production, potentially independent of SOD activity. Assessment of ΔΨM revealed cell line–

specific responses to ND and PPV exposure, with significant depolarization observed in MCF-7 cells and 

hyperpolarization in MDA-MB-231 cells. Moreover, in MDA-MB-231 cells, ND and PPV exposure led to 

the activation of AMPK and the inhibition of mTORC1. These findings suggest that combining ND and PPV 

targets critical biochemical pathways and molecular markers in breast tumorigenic cells, offering a potentially 

cost-effective and accessible therapeutic approach for resource-limited settings while aligning with 

Sustainable Development Goal 3 to promote global health and well-being. Although the combination of 

fasting and PPV shows promise, further in vivo preclinical research is required. 
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1. Background 

Cancer is one of the leading causes of mortality worldwide, accounting for 9.7 million deaths annually (1). 

Approximately 70% of these cancer-related deaths occur in low- and middle-income countries (LMICs), with 

the highest percentage reported in sub-Saharan Africa (2). This stark disparity underscores the significant 

differences in cancer outcomes between high-income regions and LMICs (2). For instance, clear contrasts 

exist between South Africa (SA) and the United States of America (USA), where breast-, prostate-, and lung 

cancer account for the highest incidence and mortality age-standardized rates (ASR) in each country's 

population (Figure 1A) (1,3). Global Cancer Observatory analyses reveal a two-fold higher incidence ASR 

in the USA compared to SA, but the mortality ASR is higher in SA, with a 2.8-fold greater mortality-to-

incidence ASR ratio compared to the USA (Figure 1B and 1C) (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Breast cancer statistics for SA and the USA were obtained from the Global Cancer Observatory database (Lyon, France) 

(1,3). (A) Incidence and mortality ASR (world) for breast, prostate, and lung cancer per 100,000 individuals (ages 0-85+) in 2022. (B) 

Breast cancer incidence and mortality ASR (world) per 100,000 individuals in 2022. (C) Mortality-to-incidence ASR ratio for breast 

cancer in 2022. Subtype distribution in SA (D) and the USA (E). Mortality ASR (world) trends in SA (F) and the USA (G) from 1993 to 

2018. Charts created by MC Stark using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). 
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Recent studies by the World Health Organization (WHO) have revealed notable differences in breast cancer 

outcomes between SA and the USA (4). In SA, the five-year survival rate for breast cancer is 40%, compared 

to 90% in the USA, highlighting significant inequalities in healthcare access and differences in the prevalence 

of breast cancer subtypes (4). However, not only does limited access to healthcare contribute to the high 

mortality rate in South Africa, but another important factor to consider is that breast cancer patients in South 

Africa are often diagnosed at a more advanced stage, which likely contributes to the higher mortality rates (4). 

Breast cancer intrinsic subtypes are biologically distinct entities, characterized by specific gene expression 

patterns of the estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor 

receptor-2 (HER2) (5–7). The most widely accepted subtypes are luminal A, luminal B, HER2-enriched, and 

basal-like. The luminal A breast cancer types are ER+, and/or PR+ and HER2-, the luminal B breast cancer 

types are ER+, and/or PR+ and HER2 (+/-), HER2-enriched are ER-, PR- and HER2+, and the basal-like or 

triple negative breast cancer (TNBC) are ER-, PR- and HER2- (6,7). The prevalence of breast cancer subtypes 

differ substantially between SA and the USA, where the most prevalent breast cancer subtype is luminal B 

(48% of all breast cancer diagnoses) in SA and luminal A (73% of all breast cancer diagnoses) in USA (Figure 

1D and 1E) (8,9). In addition, SA has a higher relative prevalence of TNBC and HER2-enriched subtypes 

compared to the USA, accounting for 17% and 12% of all breast cancer diagnoses in SA, respectively (8,9). 

While significant advancements have been made in the screening and diagnosis of breast cancer in SA, the 

accessibility to targeted therapeutics with high clinical efficacy is severely limited, consequently culminating 

in poor survival rates of breast cancer patients (2). The prohibitively high cost of these therapies results in a 

significant socioeconomic burden to uninsured breast cancer patients (2). Within SA, approximately 16% of 

the population is insured and has access to the private healthcare system providing patients with ground-

breaking breast cancer therapies (10,11). Thus, more than 84% of the South African population (40 million 

people) are dependent on conventional chemotherapies (e.g., doxorubicin, paclitaxel, and cyclophosphamide), 

which often have negative side effects, including alopecia, neutropenia, and gastrointestinal disturbances due 

to their lack of selectivity for breast tumorigenic cells (11,12). Despite commendable efforts by governmental 

agencies and the South African Health Products Regulatory Authority (SAHPRA) to improve the financial 

accessibility of therapies, health insurance schemes have continued to fall short in reaching the intended 

population over the past 20 years (13). The increase in uninsured patients in SA highlights a potential attributor 

to the major increase in breast cancer mortality rates observed in SA within the last 20 years (Figure 1F). 

Conversely, in the USA, where more than 92% of the population possesses medical insurance, there has been 

a significant decrease in breast cancer mortality rates, potentially owing to the increased accessibility of 

targeted breast cancer therapeutics (Figure 1G) (14). Thus, there is an urgent unmet need for low-cost 

integrative therapies, which minimize side effects and can be simply integrated into the current breast cancer 

treatment arsenal in SA. 
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1.1. Metabolic reprogramming and metabolic inhibitors for cancer therapy  

The ability of tumorigenic cells to actively reprogram carbon metabolism to support rapid proliferation has 

gained widespread recognition, establishing it as a defining hallmark of cancer (Figure 2) (15–17). Metabolic 

reprogramming is a dynamic process that has been identified as a consequence of mutations in oncogenes and 

tumor suppressor genes and can lead to significant alterations in metabolic enzymatic activities (18,19). 

Mutations in phosphoinositide 3-kinase (PI3K), myelocytomatosis proto-oncogene (Myc), p53 and 

phosphatase and tensin homologue (PTEN) lead to perturbations in various intracellular signalling pathways, 

including the PI3K/protein kinase B (AKT)/ mammalian targeted of rapamycin (mTOR) and rat sarcoma 

(Ras)/rapidly accelerated fibrosarcoma (Raf)/mitogen-activated protein kinase (MAPK) pathways (17–19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

The activation of PI3K triggers downstream activation of AKT and mTOR, which subsequently facilitates the 

stabilization of hypoxia-inducible factor (HIF) (Figure 3) (22–24). AKT increases glycolytic rates by 

upregulating expression and membrane translocation of glucose transporters (GLUTs) and phosphorylation 

of key glycolytic enzymes, including hexokinase (HK) and phosphofructokinase-1 (PFK-1) (24–26). 

Furthermore, mTOR further augments glycolysis through the induction of HIF-1, a transcription factor (TF) 

that increases the expression of glucose transporter 1 (GLUT1) (27). In addition, HIF-1 activates pyruvate 

Figure 2. Summarized representation illustrating glucose and glutamine cellular metabolism. Within the TCA cycle, nicotinamide 

adenine dinucleotide hydrogen (NADH) and dihydroflavine-adenine dinucleotide (FADH2) are produced, which are essential 

electron donors needed in OXPHOS (20). During OXPHOS, NADH and FADH2 deposit two electrons into the electron transport 

chain (ETC) at complexes I and II, respectively (20,21). Diagram designed and created by MC Stark using BioRender® (Toronto, 

Canada). 

 

 

 

 

(D) Number of MDA-MB-231 cells exhibiting aberrant morphological changes. Data are presented as the means ± SDs of three 

independent experiments, with statistical significance calculated using a two-tailed Student’s t test. P values are represented as 

follows: * (P < 0.05), ** (P < 0.01), *** (P < 0.001), and **** (P < 0.0001) compared to CTR (0 µM PPV); # (P < 0.05), ## (P < 

0.01), and ### (P < 0.001) compared to ND1 (0 µM PPV); x (P < 0.05), xx (P < 0.01), xxx (P < 0.001), and xxxx (P < 0.0001) 

compared to ND2 (0 µM PPV). 
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dehydrogenase kinase (PDK), which subsequently inhibits pyruvate dehydrogenase (PDH) (28,29). 

Consequently, the inhibition of PDH impedes the entry of pyruvate into the tricarboxylic acid (TCA) cycle, 

thereby decreasing the rate of oxidative phosphorylation (OXPHOS) and favouring glycolysis for adenosine 

triphosphate (ATP) production (29,30). The oncogenic TF, Myc, also upregulates the transcription of various 

glycolytic enzymes, including GLUT1, lactate dehydrogenase (LDH) and PDK-1 (30–32). However, Myc has 

an additional function of upregulating glutamine metabolism by increasing the expression of mitochondrial 

glutaminase (GLS), which converts glutamine to glutamate (33). Finally, p53, a key tumor suppressor, inhibits 

glycolysis by increasing the expression of TP53-induced glycolysis and apoptosis regulator (TIGAR) (34). 

TIGAR inactivates fructose-2,6-bisphosphatase (Fru-2,6-P2), leading to a decreased rate of glycolysis (34). 

Additionally, p53 activates PTEN, which inhibits the PI3K/AKT/mTOR pathway leading to decreased 

glycolytic activity (35). Since p53 is frequently mutated in breast cancer, its inhibitory effects on glycolysis 

are absent resulting in excessive glycolytic rates (30, 36).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Although metabolic reprogramming is known to result from genetic mutations, it is multifaceted, also stemm

ing from various perturbations at the epigenomic, transcriptomic, and metabolomic levels (19). All of these 

Figure 3. Signalling pathways involved in tumorigenic cell metabolism. Disruptions in p53 and the hyperactivation of PI3K leads 

to increased rates of glycolysis mediated though AKT, mTOR and HIF signalling (35). Ras/Raf/MAPK signalling leads to the 

activation of Myc, which transcribes various genes involved in glycolysis and glutaminolysis (31). Diagram designed and created 

by MC Stark using BioRender® (Toronto, Canada). 
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factors collectively contribute to maintaining the hyperproliferative nature of tumorigenic cells by modifying 

multiple metabolic pathways, particularly glycolysis, glutaminolysis, and OXPHOS (19,37). In addition, 

recent research has demonstrated a connection between metabolic reprogramming and the development of 

resistance to various chemotherapies and radiation therapies (30,38,39). Thus, given the crucial role that 

metabolic reprogramming plays in tumorigenesis, a deeper understanding of the primary carbon sources that 

sustain the bioenergetic (ATP production and consumption), biosynthetic, and redox demands of tumorigenic 

cells is required (15,40). Overall, this knowledge may reveal novel metabolic- and biochemical vulnerabilities 

that can potentially be targeted for more effective cancer treatment. 

Glucose is the main carbon source for ATP synthesis in the body and is essential for cell survival and 

proliferation (41,42). Multiple tumorigenic cell types reprogram glucose metabolism from the TCA cycle and 

OXPHOS to favour aerobic glycolysis, where pyruvate is converted into lactate even in the presence of oxygen 

(43,44). This phenomenon was first discovered in 1924 by Otto Heinrich Warburg and was later called the 

Warburg effect (45–47). Tumorigenic cells prefer aerobic glycolysis since this process rapidly produces ATP 

and various glycolytic intermediates, which are diverted into secondary biosynthetic pathways that produce 

key macromolecule building blocks, including cofactors, nucleotides, lipids, and amino acids (16,48,49). 

Although aerobic glycolysis is capable of rapidly producing ATP, it does so in an inefficient manner (2 ATP 

per glucose) when compared to mitochondrial ATP synthesis (36 ATP) (16,50). To circumvent the 18-fold 

decrease in ATP production compared to OXPHOS, tumorigenic cells increase glycolytic flux by upregulating 

GLUT1 and additional rate-limiting enzymes, including HK and PFK-1 (16). Warburg speculated that the 

increased rates of aerobic glycolysis were a consequence of functional defects in the mitochondria (51,52). 

However, recent discoveries have challenged this notion since a wide range of tumorigenic cell types have 

demonstrated the ability to switch their metabolism to OXPHOS during periods of biogenetic stress (53,54).  

Due to the heightened reliance of tumorigenic cells on aerobic glycolysis, numerous researchers have focused 

on the impact of glucose deprivation on breast tumorigenic cells with differing metabolic phenotypes 

(18,53,55–57). Furthermore, literature indicates that luminal A MCF-7 breast tumorigenic cells rely 

significantly more on OXPHOS for ATP production, whereas basal triple negative MBA-MD-231 breast cells 

predominantly depend on aerobic glycolysis (Figure 4) (58,59). Glucose deprivation in both the MCF-7 and 

MDA-MB-231 cell lines result in decreased proliferation, reduced metastasis and inhibition of anchorage-

independent colony formation, primarily due to decreased ATP and reduced macromolecule production (60). 

Furthermore, glucose deprivation disrupts glycolysis and the pentose phosphate pathway (PPP), which 

consequently results in the depletion of nicotinamide adenine dinucleotide phosphate hydrogen (NADPH), 

leading to redox imbalances and reactive oxygen species (ROS) production (60–63). Nonetheless, breast 

tumorigenic cells have demonstrated the ability to acquire resistance to glucose deprivation by reverting 

metabolism back to OXPHOS in order to obtain sufficient ATP and replenish macromolecule intermediates 
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(53,64,65). Previous in vitro Seahorse XF analysis revealed that glucose-deprived MDA-MB-231 cells 

experience an approximate 40% increase in the rate of mitochondrial respiration (66). Moreover, a main 

anaplerotic pathway enabling the transition to mitochondrial metabolism involves the upregulation of pyruvate 

carboxylase, which converts pyruvate into oxaloacetate, a key TCA intermediate (64,67,68). However, the 

primary anaplerotic pathway enabling resistance to the bioenergetic, biosynthetic and redox stress initiated by 

glucose deprivation is glutaminolysis (64,69,70). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Glutamine is another carbon source that plays a crucial role in sustaining the rapid growth and proliferation 

of breast tumorigenic cells (64,71). Glutamine is a non-essential amino acid (NEAA) and is the most abundant 

amino acid in the body, accounting for 30% to 35% of all nitrogen transported in the blood (72,73). Despite 

glutamine being a NEAA that cells can produce de novo, most tumorigenic cells are dependent on exogenous 

glutamine supply, where the rate of glutamine uptake exceeds that of glutamine biosynthesis (71,74,75). 

Overall, the heightened reliance of tumorigenic cells on exogenous glutamine has led to glutamine being 

recognized as an essential amino acid (EAA) for tumorigenic metabolism (76). Glutamine plays a major role 

in maintaining cellular bioenergetics, where it is metabolized through glutaminolysis, which initially involves 

the conversion of glutamine to glutamate in the mitochondria (20,64). This conversion of glutamine to 

Figure 4. Metabolic phenotypes of luminal A (MCF-7) and basal (MDA-MB-231) cells. MCF-7 cells favour OXPHOS for ATP 

production, whereas MBA-MD-231 cells favour aerobic glycolysis, potentially owing to the presence of functional and dysfunctional 

mitochondria, respectively (58,59). Both cell lines exhibit increased glucose uptake; however, de novo glutamine synthesis differs 

between these cell lines (58). Diagram designed and created by MC Stark using BioRender® (Toronto, Canada). 
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glutamate is mediated by two forms of glutaminase, namely kidney-type glutaminase (GLS1) and liver-type 

glutaminase (GLS2) (77,78). Thereafter, glutamate is further converted into α-ketoglutarate (α-KG), an 

important intermediate in the TCA cycle, through the action of glutamate dehydrogenase (GDH), which 

simultaneously reduces NADP+ to NADPH (20,79). In addition to serving as a carbon source for the TCA 

cycle, glutamine also serves as a nitrogen source for the biosynthesis of nucleotides, NEAAs (alanine, 

aspartate, and serine) and glutathione (GSH), an antioxidant vital for maintaining ROS homeostasis (64,71). 

Furthermore, the production of glutathione involves the conversion of glutamine to glutamate, succeeded by 

the ligation of glutamate and cysteine by glutamate-cysteine ligase (GCL) (80). Subsequently, glutathione 

synthetase (GSS) incorporates glycine into ligated glutamate-cysteine, resulting in the formation of GSH 

(80,81). 

Owing to the versatile role of glutamine in tumorigenic cell metabolism, extensive research has been 

conducted to investigate the effects of glutamine deprivation on breast tumorigenic cells (64,82). In both MCF-

7 and MDA-MB-231 cells, glutamine metabolism is significantly increased in addition to being essential for 

tumor growth and migration (83,84). Glutamine deprivation ranging from 24-96 hours results in 

antiproliferative effects and induces cell death in both MCF-7 and MDA-MB-231 cells in a time-dependent 

manner (82). Furthermore, glutamine deprivation results in cell cycle arrest and an increase in ROS production 

in both MCF-7 and MDA-MB-231 cell lines (82). A more prominent antiproliferative effect was observed in 

MCF-7 cells, suggesting that luminal breast tumorigenic cells are more dependent on glutamine metabolism 

(82). Nevertheless, similar to the response observed in glucose deprivation, glutamine-deprived tumorigenic 

cells also exhibit the utilization of the compensatory anaplerotic pathway involving pyruvate carboxylase (64). 

Ultimately, the metabolic plasticity of tumorigenic cells promotes resistance to deprivation of either glucose 

or glutamine individually by enhancing the utilization of the alternative nutrient (64). Hence, this phenomenon 

presents an enticing metabolic vulnerability that could be targeted pharmacologically by simultaneously 

inhibiting upregulated glycolytic and glutaminolysis enzymes to overcome metabolic adaptability (85,86). 

Targeting tumorigenic cell metabolism has been proposed as a promising therapeutic strategy and may provide 

a potential advantage in precision medicine, where combinational strategies and novel compounds targeting 

particular biochemical pathways can be designed based on multiomic data (85). Previous transcriptomic 

analyses have demonstrated that messenger RNA (mRNA) expression of solute carrier family 2 member 1 

(SLC2A1), the gene which encodes GLUT1, is significantly (P < 0.0001) elevated in TNBC compared to ER 

positive- and HER2-enriched breast tumors (87). The identification of increased dependence on GLUT1 in 

TNBC cells led to the development of small-molecule inhibitors, particularly BAY-876 and STF-31 (Figure 

5) (85,87,88). Both have demonstrated the ability to impair the growth of patient-derived xenograft TNBC 

tumors exhibiting increased glycolytic activity and low OXPHOS rates; however, further research is needed 

to demonstrate their clinical efficacy (87).  
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The increased expression of intracellular glycolytic enzymes, including HK-2, 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase-3 (PFKFB3), and LDH, which is associated with higher metastatic 

potential and lower breast cancer survival rates, has driven the development of several inhibitors (89–91). 

Most notably, 2-deoxy-D-glucose (2DG), a glucose analogue, demonstrated a significant decrease in tumor 

progression in vivo, but in clinical trials, proved to have undesirable side effects and limited efficacy, owing 

to on-target off-tumor toxicity (85,92). This prompted the development of an additional HK2 inhibitor, 

benitrobenrazide (BNBZ), designed to minimize toxicity and improve therapeutic outcomes (93). BNBZ, 

administered at 150 mg/kg, effectively inhibits tumor growth in pancreatic and colon cancer mouse models 

Figure 5. Inhibitors of glucose and glutamine metabolism under development. Multiple transporters, particularly GLUT1, 

monocarboxylate transporter (MCT), Alanine-serine-cysteine transporter subtype 2 (ASCT2), and cystine/glutamate antiporter 

(xCT), are overexpressed in tumorigenic cells (85). Additionally, the increased expression of HK, PFK-1, LDH, GLS1/2 has also 

been noted in tumorigenic cells (16,85). Hence, various inhibitors (shown in red), most of which are still in preclinical development, 

are being investigated (85). Diagrams designed and created by MC Stark using BioRender® (Toronto, Canada). 
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by 63.4% and 66.2%, respectively (93). However, further research is needed to evaluate its efficacy in breast 

cancer models (93). Moreover, owing to the increased expression of PFKFB3 in breast tumors, two novel 

inhibitors have been developed, namely (2E)-3-pyridin-3-yl-1-pyridin-4-ylprop-2-en-1-one (3PO) and 1-(4-

pyridinyl)-3-(2-quinolinyl)-2-propen-1-one (PFK15) (85,94,95). Both compounds, 3PO and PFK15, have 

exhibited potent inhibitory effects on cell migration and proliferation in TNBC (MDA-MB-231) cells and 

suppress tumor growth in vivo with minimal side effects (94,95). In addition, recent studies have shown 

regulating lactate production and secretion may be a promising approach to mitigate breast cancer growth and 

tumor microenvironment (TME) remodelling (96). LDHA has been identified as a potential target to decrease 

pyruvate-to-lactate conversion, leading to the generation of (R)-3-((2-chlorophenyl)thio)-4-hydroxy-6-(4-

morpholinophenyl)-6 (GNE-140) (85,97). However, due to the robust metabolic adaptability of tumorigenic 

cells, GNE-140 has not yielded significant inhibitory effects on tumor growth (97). Nonetheless, targeting 

lactate secretion through monocarboxylate transporter 1 (MCT1) blockade has elicited favourable outcomes 

in vivo, owing to intracellular acidification of tumorigenic cells and a reduction in angiogenesis due to 

decreased lactate accumulation in the TME (98). Among MCT1 inhibitors, AZD3965, a first-in-class inhibitor 

that underwent a phase I clinical trials (NCT01791595) for patients with advanced solid tumors including 

colorectal and lung cancer, renal and cardiotoxicity, highlighting the lack of selectivity for tumorigenic cells 

(99,100). 

The elevated rates of glutaminolysis observed in breast tumorigenic cells have prompted investigations into 

the underlying molecular mechanisms (64). Literature indicates that the expression of alanine-serine-cysteine 

transporter subtype 2 (ASCT2), a glutamine transporter, is elevated in high-risk breast cancer subtypes, 

including TNBC, highlighting a potential target for therapeutic intervention (101). A competitive ASCT2 

antagonist, 2-amino-4-bis(aryloxy benzyl)aminobutanoic acid (V-9302), has been shown to reduce tumor 

volume by 23% in TNBC mouse models and sensitize breast tumors to anti-programmed cell death protein 1 

(PD-1) immune checkpoint inhibitor therapy (102,103). However, no clinical trials have been conducted to 

date. An additional transporter of potential therapeutic targeting value for breast cancer is the 

cystine/glutamate antiporter (xCT), which imports cystine for GSH biosynthesis and antioxidant defence 

(104). Recent analyses have demonstrated that solute carrier family 7 member 11 (SLC7A11), the gene 

encoding xCT, exhibits differential expression in breast cancer subtypes (105). The mRNA expression of 

SLC7A11 is significantly elevated in TNBC (P < 0.001) and luminal B tumors (P = 0.02), with copy number 

gains observed in HER2+ cancers (P = 0.01). Furthermore, ER-negative and TNBC subtypes show the highest 

protein expression, underscoring xCT’s potential role in breast cancer progression (105). These findings led 

to the repurposing of sulfasalazine, an anti-rheumatic drug that has been shown to be an effective xCT inhibitor 

and has demonstrated promising suppression of TNBC growth through GSH depletion, leading to the 

induction of ferroptosis (106). Furthermore, targeting GLS1 and GLS2 has been proposed an effective breast 
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cancer therapeutic strategy, resulting in the establishment of 6-diazo-5-oxo-norleucine (DON) and 

telaglenastat (107–109). However, the therapeutic potential of both of these compounds have been hampered 

due to poor clinical outcomes and toxicity in clinical trials (85,107–109). The use of DON in breast cancer 

clinical studies has been reported since the 1950s; however, due to only 11% of patients exhibiting a partial 

response and high rates of adverse events (>80% of patients), its investigation for breast cancer treatment was 

discontinued (107–109). Additionally, telaglenastat has been investigated in phase 2 clinical trials 

(NCT03428217) in combination with cabozantinib for advanced renal cell carcinoma, but it did not improve 

progression-free survival (110). Nonetheless, despite the development of various glucose- and glutamine 

metabolic inhibitors, their use has been constrained by unfavourable side effects, which are largely due to the 

lack of specificity for tumorigenic cells (85,111). Moreover, considering that these inhibitors are currently in 

the developmental stage, a process that demands substantial resources and significant financial investment, it 

is probable that the pricing of these therapies will be high, rendering them inaccessible to breast cancer patients 

within LMICs (85,112). Therefore, there is an unmet need to identify new cost-effective strategies with 

improved safety profiles that can simultaneously downregulate glucose- and glutamine metabolism.  

 

1.2. Fasting and metabolic plasticity  

Fasting has emerged as a promising practice to decrease blood glucose- and glutamine concentrations, leading 

to downregulated glycolytic- and glutaminolytic flux (113,114). Furthermore, fasting for a 12-hour period 

results in a significant reduction in both blood glucose- and glutamine levels. Glucose concentrations typically 

decrease to approximately 3.9-5.6 mM/L, while glutamine concentrations vary between 0.5-0.8 mM/L 

(115,116). To circumvent the reduction in blood glucose concentrations, various homeostatic processes are 

induced, particularly glycogenolysis, gluconeogenesis and ketogenesis in the liver and lipolysis in adipose 

tissues, which lead to the release of glucose and ketone bodies into the blood stream (Figure 6A) (114,117). 

An in vitro study investigating the effects of glucose and glutamine deprivation at physiological concentrations 

demonstrated a decrease in cell proliferation and the induction of apoptosis in MDA-MB-231 cells (18). The 

study further revealed that even short-term (2–6 hours) physiological glutamine and glucose deprivation 

resulted in decreased cell density, rounded cells, and apoptosis induction through ROS generation and 

mitochondrial dysfunction, which are associated with bioenergetic, biosynthetic, and redox stress (18). 

Additionally, TNBC cells responded more prominently to glutamine and glucose deprivation compared to 

cervical tumorigenic cells, due to their highly glycolytic nature (18). Furthermore, in vivo studies in mice 

bearing subcutaneous breast cancer (4T1) showed that two cycles of short-term fasting can be as effective as 

chemotherapeutic intervention with cyclophosphamide or doxorubicin in delaying the progression of breast 

cancer (113,118). Moreover, fasting also increased the toxicity of doxorubicin (DXR) against breast 4T1 cells 

while enhancing the ability of non-tumorigenic cells to withstand the toxic chemotherapeutic effects, a 

phenomenon known as differential stress resistance (DSR) (Figure 6B) (113, 119).

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



11 

 

A 
 

 

 

 

 

 

Figure 6. Fasting’s physiological effects and molecular mechanisms in cancer. (A) Summarized diagrammatic representation of the physiological effects of fasting After 8 hours of fasting, the 

liver increases glycogenolysis, gluconeogenesis, ketogenesis, and IGFBP-1 secretion, while decreasing IGF-1 secretion (113–117). IGFBP-1 also binds to circulating IGF-1, impeding its 

binding to IGF-1R (113,119). Additionally, fasting increases lipolysis (resulting in higher circulating ketone bodies and fatty acids) and decreases glucose, insulin, and glutamine concentrations 

(113–117). (B) Schematic overview of the differential effects exerted by fasting on non-tumorigenic (differential stress resistance) versus tumorigenic cells (differential stress sensitization). 

Diagrams designed and created by MC Stark using BioRender® (Toronto, Canada) and Microsoft PowerPoint 2021 (Redmond, Washington, USA). 

 

 

 

 

B 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



12 

 

The principle of DSR has been partially validated in clinical trials, as demonstrated in a pilot study involving 

13 women with early-stage luminal-like breast cancer (Stage II/III) (120). This study evaluated the efficacy 

and safety of fasting for 24 hours before and after receiving a (neo)-adjuvant combinational therapy known as 

TAC, which comprises docetaxel (Taxotere), doxorubicin (Adriamycin), and cyclophosphamide (120). One 

week post-exposure to TAC, the fasting group exhibited significantly higher mean thrombocyte (P = 0.00007) 

and erythrocyte (P = 0.007) counts compared to the TAC treatment only group. The data obtained confirmed 

that fasting is safe and results in reduced haematological toxicities compared to those who adhered to standard 

nutritional guidelines. Similarly, a clinical study (NCT00936364) evaluated the safety and feasibility of fasting 

combined with platinum-based chemotherapy in patients with various cancers, including breast, prostate, and 

ovarian cancer (121). Participants fasted for 24, 48, or 72 hours, and fasting-related side effects were limited 

to grade 2 or lower, primarily fatigue, headache, and dizziness. The comet assay, a sensitive method for 

detecting nuclear deoxyribonucleic acid (DNA) damage in individual eukaryotic cells, revealed reduced DNA 

damage in leukocytes from subjects who fasted for 48 hours or more (121). These findings further support the 

reduction in haematological toxicity associated with fasting. However, fasting for 48 hours is not ideal for 

patients with pre-existing nutritional deficiencies or low body mass index (BMI), as extended fasting could 

exacerbate muscle loss, worsen nutritional deficits, and increase the risk of complications such as 

hypoglycaemia and weakened immunity (122). Thus, a 24-hour fasting period may offer a safer alternative 

for such patients. Nonetheless, this study was conducted on a small cohort (n = 20) and focused solely on 

chemotherapy-induced side effects without evaluating therapeutic outcomes (121). Therefore, larger studies 

are needed to validate these findings and explore the therapeutic potential of fasting in combination with 

chemotherapy. 

 

While fasting has been shown to decrease blood glucose and glutamine concentrations, which may contribute 

to a reduction in chemotherapy-induced side effects observed in clinical studies and reduced tumor growth in 

vivo, additional factors, such as lowered levels of insulin like growth factor 1 (IGF1), may also play a 

significant role (119, 123,124). For instance, a clinical trial (NCT00936364) conducted in cancer patients 

demonstrated that IGF-1 levels decreased by 30%, 33%, and 8% in the 24-, 48-, and 72-hour fasting cohorts, 

respectively (121). IGF-1 is known to be associated with breast cancer progression through the activation of 

the PI3K/AKT/mTOR signalling pathway (123,124). Thus, the inhibition of tumor growth mediated by fasting 

in preclinical studies could be attributed to the inhibition of mTOR, a key regulator of cell growth and 

proliferation (125,126). The protein, mTOR, is a 289-kDa serine/threonine protein kinase belonging to the 

PI3K family of related protein kinases (PIKKs) and is composed of two multi-subunit complexes, namely, 

mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (127,128). While both complexes respond 

to IGF-1 signalling, only mTORC1 is influenced by nutrient availability, in particular glucose- and glutamine 

levels (129,130). High nutrient availability and PI3K-mediated growth factor signalling both activate 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



13 

 

mTORC1, which subsequently promotes ribosomal biogenesis and protein synthesis while inhibiting 

autophagy (Figure 7) (131,132).  

 

 

 

 

 

 

Once activated by the binding of IGF-1 to its respective receptor (IGF-1R), PI3K facilitates the conversion of 

phosphatidylinositol-3,4-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate (PIP3) (133,134). 

Thereafter, PIP3 activates PDK-1, which in turn activates AKT through phosphorylation at threonine residue 

308 (T308) in the activation loop (135,136). Activated AKT indirectly stimulates mTORC1 through its 

inhibitory effects on tuberous sclerosis complex 2 (TSC2), which functions as an inhibitor of Ras homology 

enriched in brain (Rheb), an activator of mTORC1 (128,137). Although, AKT has also demonstrated the 

ability to directly activate mTORC1 through phosphorylation at serine residue 2448 (S2448), a critical step 

for mTORC1 activation and is frequently utilized as an indicator of mTORC1 activity (138). Moreover, the 

connection between heightened glucose and glutamine levels and the activation of mTORC1 has been 

associated with the suppression of 5’-adenosine monophosphate-activated protein kinase (AMPK), which acts 

as an inhibitor of mTORC1 (139–142). 

Fasted  Fed  

Figure 7. Interplay of AMPK and mTOR cell signalling pathways in fed and fasted states. In the fed state the PI3K/AKT/mTOR 

pathway is activated and AMPK signalling is inhibited, where in the fasted state PI3K signalling is dampened and AMPK is activated 

due to an increased AMP/ATP ratio leading to the inhibition of mTORC1 (131,132). mTORC1 serves an inhibitor eukaryote initiation 

factor 4E-binding protein (4EBP) and uncoordinated-51-like kinase 1 (ULK1) and activator ribosomal protein S6 kinase 1 (S6K1) 

(132). Diagrams designed and created by MC Stark using BioRender® (Toronto, Canada). 
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The primary function of AMPK is its role as a cellular energy sensor, activated in response to low ATP levels, 

signalled by an increased AMP-to-ATP ratio (140,143). Conditions presenting with high glucose- and 

glutamine concentrations results in AMPK inhibition due to a reduced AMP/ATP ratio, subsequently leading 

to the disruption of its suppressive impact on mTORC1 (144,145). Additionally, in response to PI3K-mediated 

growth factor signalling, AKT inhibits AMPK activity by phosphorylating the catalytic α1 subunit (AMPKα1) 

at serine residue 487 (S487) (146). This phosphorylation hinders the phosphorylation of threonine residue 172 

(T172) by liver kinase B1 (LKB1), a critical step necessary for the activation of AMPK (147,148). Therefore, 

the decreased proliferation and survival of tumorigenic cells after fasting can possibly be attributed to the 

inhibition of mTORC1 by AMPK (114,149). The decreased glycolytic- and glutaminolytic flux caused by 

fasting results in a significant reduction in ATP production, thereby leading to an elevated AMP/ATP ratio 

(150). In response to this metabolic stress, LKB1 phosphorylates AMPK at T172, facilitating its activation 

(147). Additionally, the decline in IGF-1-related signalling leads to diminished AKT activation, resulting in 

decreased S487 phosphorylation, contributing to a more pronounced elevation of T172 phosphorylation 

(134,146,147). Subsequently, activated AMPK inhibits mTORC1 directly by phosphorylating the regulatory-

associated protein of mTOR (Raptor) and indirectly by phosphorylating TSC2 on threonine residue 1227 

(T1227) and serine residue 1345 (S1345), improving TSC2's capacity to inhibit Rheb and thus mTORC1 

activation (147,151,152). This sequence of events leads to the suppression of mTORC1 signalling, resulting 

in the activation of 4EBP and ULK1, in addition to the inhibition of S6K1 (131,132,153). This ultimately 

leads to a decrease in protein synthesis and growth, accompanied by an increase in autophagy, which is further 

induced through the direct activation of ULK1 by AMPK (153,154). Autophagy is an intracellular catabolic 

process by which cytoplasmic material constituents (organelles and proteins) are engulfed by autophagosomes 

and further degraded upon fusion with lysosomes (155,156). This phenomenon is referred to as 

macroautophagy and is extensively acknowledged as a mechanism that mitigates bioenergetic stress in 

nutrient-deprived tumorigenic cells (157,158). Nevertheless, while autophagy offers a pro-survival 

mechanism against ND, it has also been recognized as a potential target for the induction of cell death mediated 

through excessive autophagy-induced cell death (ACD), occurring in an apoptosis-independent manner (159).  

Despite the potential of fasting to impede cell growth and proliferation, metabolic plasticity confers resistance 

to tumorigenic cells during glucose- and glutamine deprivation by reverting metabolism back to OXPHOS, 

thus ensuring an adequate ATP supply (Figure 8) (39,53,54,64). This resistance stems from the heightened 

expression of two key anaplerotic enzymes responsible for replenishing the TCA cycle, namely, GLS and 

pyruvate carboxylase, as previously discussed. However, recent in vivo studies have demonstrated that a 

prominent adaptive mechanism employed by nutrient-deprived TNBC cells is the upregulation of 

mitochondrial complex I expression and activity, an enzyme essential for OXPHOS (53). Mitochondrial 

complex I is a crucial component of the ETC, where it plays a pivotal role by oxidizing NADH to nicotinamide 
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adenine dinucleotide (NAD+) while simultaneously transferring two electrons to ubiquinone (160,161). The 

electron transfer is coupled with the translocation of four protons across the mitochondrial membrane 

(160,161). Ultimately, this process contributes to the generation of the proton-motive force necessary to drive 

ATP production through OXPHOS (161). Moreover, a study that utilized RNA interference (RNAi) revealed 

that breast tumorigenic cells cultured in nutrient-deprived conditions exhibited increased dependence on 

OXPHOS for optimal proliferation through augmented mitochondrial complex I expression, thereby 

highlighting a notable metabolic vulnerability (162). Thus, an integrated therapeutic approach combining ND 

and mitochondrial complex I inhibition emerges as a promising avenue for therapeutic exploration, with the 

potential to induce substantial bioenergetic stress and ultimately reduce breast cancer progression 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Metabolic plasticity in tumorigenic cells. Metabolic plasticity induced by ND in breast tumorigenic cells involves an 

adaptive resistance mechanism, where tumorigenic cells shift from glycolysis to OXPHOS (39,53,54,64). This shift is primarily 

mediated by increased activity of mitochondrial complex I (53). In nutrient-rich conditions, tumorigenic cells favour aerobic 

glycolysis (solid red arrows) for ATP production and reduce mitochondrial metabolism (dashed blue arrows)(39,53,54,64). 

However, under nutrient-deprived conditions, there is a major shift to mitochondrial metabolism, prioritizing pyruvate entry 

into the TCA cycle (solid blue arrows) and reducing lactate production (dashed red arrows) (39,53,54,64). Consequently, the 

heightened dependence of nutrient-deprived tumorigenic cells on OXPHOS presents a metabolic vulnerability that could be 

exploited for hypersensitization to complex I inhibitors. Diagrams designed and created by MC Stark using BioRender® 

(Toronto, Canada). 
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1.3. Mitochondrial complex I inhibitors 

The recognition of the elevated dependence of nutrient-deprived tumorigenic cells on OXPHOS has prompted 

the development of numerous novel mitochondrial complex I inhibitors, many of which have entered clinical 

trials (163–167). A potent mitochondrial complex I inhibitor, IACS-010759, demonstrated promising 

antitumor efficacy in acute myeloid leukemia (AML) xenograft models, reducing tumor growth by 

approximately 80% after 15 days of daily oral administration (5–10 mg/kg), and subsequently entered two 

phase I clinical trials for breast cancer (NCT03291938) and refractory AML (NCT02882321) (Table 1) (166–

168). However, due to dose-related toxicities including lactic acidosis and peripheral neuropathy the drug was 

discontinued from further development (167). Furthermore, a recently developed biguanide mitochondrial 

complex I inhibitor, IM156, entered a phase I clinical trial (NCT03272256) for advanced refractory solid 

tumors, including breast cancer (169,170). This was the first-in-human dose-escalation study to determine a 

recommended phase II oral dose (800 mg daily) for a mitochondrial complex I inhibitor. However, notable 

side effects, including severe nausea and elevated plasma lactate levels, were observed, and further research 

is needed to evaluate its therapeutic efficacy. 

 

 

 

Inhibitor  Structure Development phase References 

 
 

IACS-010759 

 

  

Phase 1 (NCT03291938 and 

NCT02882321) 

 

 

(166–168) 

 
 

IM156 

  
 

Phase I (NCT03272256) 

 
 

(169,170) 

 
 
 

Mubritinib 

 

 
 
 

Phase 1 (NCT00034281) 

 

 
 

(164,171) 

 
 

Phenformin 

   

FDA approved for diabetes but 

discontinued in 1970s 

 
(164, 172) 

 
 

Metformin 

  

SAHPRA approved for diabetes 

Phase 3 (NCT01101438) 

 

(164, 173–

175) 

 

 

Papaverine 

  

SAHPRA approved for cerebral 

vasospasm 

Phase 1 (NCT03824327) 
 

 

 

(176–178) 

Table 1: New and repurposed small molecules exhibiting mitochondrial complex I inhibitory properties.  
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The high incidence of adverse events associated with IACS-010759 and IM156 may result from their 

insufficient selectivity for tumorigenic cells, leading to on-target off-tumor toxicity in non-tumorigenic cells. 

The excessive inhibition of mitochondrial respiration leads to a pronounced shift towards glycolysis, resulting 

in elevated lactate production and consequently, lactic acidosis (164, 167). The increased risk of lactic acidosis 

is not unique to IACS-010759 and IM156 but has also been demonstrated in other highly potent mitochondrial 

complex I inhibitors, including mubritinib, and particularly phenformin (164,171,172). Phenformin, a 

previously FDA-approved diabetes drug, was withdrawn from the US market in 1977 due to the high risk of 

inducing lactic acidosis (172). Accordingly, it is necessary to identify mitochondrial complex I inhibitors that 

exhibit moderate inhibitory effects and possess superior, well-established safety profiles to fully exploit the 

increased reliance of nutrient-deprived tumorigenic cells on OXPHOS for therapeutic intervention 

(65,164,167). Ideally, such mitochondrial complex I inhibitors should be low-cost and widely accessible 

within public hospitals in South Africa.  

 

Drug repurposing (DR) emerges as highly advantageous strategy for the identification of mitochondrial 

complex I inhibitors currently in use within current South African medical system. Economically, repurposing 

drugs circumvents the extensive costs associated with early-stage research and development, preclinical 

testing, and the initial phases of clinical trials of new mitochondrial complex I inhibitor therapeutic modalities, 

and thus the time-to-market is significantly increased (179,180). Currently, the most studied mitochondrial 

complex I inhibitor is metformin (MET), a diabetes drug approved by the SAHPRA that has undergone 

extensive international clinical research (173,174). Several studies have demonstrated that the combination of 

ND and MET profoundly disrupts the metabolism and growth of tumorigenic cells (53,65,181,182). However, 

MET only exerted antiproliferative effects on nutrient-deprived tumorigenic cells but not those propagated in 

high-nutrient conditions (53,65,182). This observation emphasizes that inducing a metabolic shift to 

OXPHOS, accomplished by means of ND, notably sensitizes tumorigenic cells to mitochondrial complex I 

inhibition. Despite MET being the subject of investigation in more than 300 clinical trials for cancer, the 

results of most of these investigations have been conflicting since MET has not demonstrated a significant 

improvement in overall survival rates (182). Furthermore, a phase 3 randomized clinical trial (NCT01101438) 

demonstrated that the addition of MET to standard neoadjuvant chemotherapy (drugs not specified) did not 

significantly improve invasive disease–free survival compared to the placebo group (P = 0.93) (183). The 

recognition that fasting can be used to sensitize breast tumorigenic cells to MET has now led researchers at 

the M.D. Anderson Cancer Centre to initiate a Phase 2 clinical trial (NCT05023967) investigating the effect 

of nightly fasting and MET in women with stage I/II breast cancer (184). However, MET requires substantial 

concentrations (IC50~20 mM) to effectively inhibit mitochondrial complex I activity, which far exceeds the 

plasma concentrations achievable in patients (185,186). Patients receiving doses of 250 to 2550 mg/day, 

commonly used in cancer clinical trials, exhibited MET plasma concentrations of 5 to 20 µM, potentially 
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explaining its limited therapeutic efficacy (187–190). Therefore, to fully take advantage of the metabolic 

vulnerabilities of nutrient-deprived breast tumorigenic cells, it is imperative to continue exploring alternative 

small molecules that can effectively inhibit mitochondrial complex I at clinically relevant concentrations. 
 

 
1.4. Papaverine  

Papaverine (PPV), a SAHPRA-approved small-molecule therapy for the treatment of cerebral vasospasm, has 

recently been discovered to be an effective mitochondrial complex I inhibitor (178). PPV is a non-narcotic 

ergot alkaloid that was first isolated from Papaver Somniferum in 1848 and has been routinely used in the 

clinic as a vasodilator due its ability to inhibit phosphodiesterase-10A (PDE10A) (177,191). Compared to 

MET, which necessitates 24 hours and millimolar concentrations to inhibit mitochondrial complex I, PPV 

demonstrates superior inhibitory effects at a 200-fold lower concentration (100 µM), achieving moderate 

inhibition of mitochondrial complex I within 30 min (176,178). Furthermore, similar to MET, PPV is also 

cost-effective and is frequently used in the public health care sector in SA. Notably, PPV has been extensively 

used as a therapeutic agent for over a century with a well-documented safety profile (177). The most common 

adverse event associated with long-term PPV use is injection site fibrosis, further emphasizing its safety (178). 

These attributes make PPV an appealing alternative for mitochondrial complex I inhibition. In vivo studies 

have shown that even when administered at intravenous and intramuscular SAHPRA-approved doses (2 

mg/kg), PPV effectively inhibits mitochondrial complex I, leading to a significant increased tumor 

oxygenation in hypoxic tumors models, thus potentially enhancing the efficacy of radiotherapy (176,178). 

These findings have pioneered a new field of study in metabolic radiosensitization and have led to a clinical 

trial (NCT05136846), which is currently recruiting patients to investigate the combination of PPV and 

chemoradiation for the treatment of stage II-III non-small cell lung cancer. However, prior in vivo studies 

conducted before this trial did not demonstrate a reduction in tumor volume when PPV was administered as a 

monotherapy in TNBC (EO771) xenograft mice (178). The absence of tumor growth inhibition could be 

attributed to the mice being fed ad libitum, leading to tumorigenic cells that did not exhibit the heightened 

reliance on increased mitochondrial complex I activity typically observed in nutrient-deprived tumorigenic 

cells. Thus, to fully exploit PPV’s mitochondrial complex I inhibitory effects, it is imperative to first induce 

metabolic plasticity in tumorigenic cells to favour OXPHOS, possibly through fasting-mediated ND, thereby 

hypersensitizing tumorigenic cells to PPV. 

Recent high-throughput screening analyses of 7000 compounds aimed at identifying candidates that can 

exacerbate the antiproliferative effects of glucose deprivation in luminal breast tumorigenic cells (MCF-7) 

revealed that PPV exhibited optimal effects and selectively induced apoptosis in glucose-deprived MCF-7 

cells; however, these effects were not observed in MCF-7 cells cultured in high glucose concentrations (192). 

Thus, this finding underscores the potential of leveraging PPV in conjunction with ND as a comprehensive 
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therapeutic strategy. However, the combinational effects of glucose- and glutamine deprivation at 

physiological fasting levels, along with PPV in metabolically distinct breast tumorigenic cells have not been 

explored to date. Therefore, this present study aimed to investigate the effects of physiological glucose- and 

glutamine deprivation and PPV (hereafter referred to as ND + PPV) on OXPHOS-dependent (MCF-7) and 

glycolysis-dependent (MDA-MB-231) cell lines. Firstly, the effects of ND + PPV were investigated on the 

proliferation, cell morphology, and cell cycle progression in both cell lines to determine the extent of growth 

inhibition, morphological changes, and alterations in cell cycle dynamics induced by the combined treatment. 

Furthermore, given that OXPHOS is the primary mitochondrial metabolic pathway targeted in this study, the 

effects of ND + PPV were assessed on ROS production (specifically superoxide [O2
-] and hydrogen peroxide 

[H2O2]), superoxide dismutase (SOD) activity, and mitochondrial membrane potential. Given that previous 

literature has demonstrated that the AMPK/mTOR axis is markedly altered in response to ND or mitochondrial 

complex I inhibition, the effects of ND combined with PPV were investigated on two key phosphorylation 

sites, namely mTORC1 S2448 and AMPKα1 S487. Overall, the comprehensive examination of the cellular 

processes included in this current study may provide critical biomolecular insights into the impact of ND + 

PPV on different breast cancer metabolic subtypes. Additionally, this study can further aid in understanding 

how adaptive metabolic plasticity responses induced by ND create metabolic vulnerabilities in breast 

tumorigenic cells, which can be exploited by using mitochondrial complex I inhibitors such as PPV. Lastly, 

the data obtained can potentially uncover additional metabolic vulnerabilities and biochemical determinants 

that may lead to the development of novel targeted small-molecule therapies. However, the potential impact 

of this study extends beyond these findings; it holds promise in contributing to the ongoing efforts to enhance 

the affordability, accessibility, and efficacy of targeted therapies for breast cancer patients in SA and other 

sub-Saharan African countries. Furthermore, since PPV is an extensively utilized SAHPRA-approved 

therapeutic widely accessible in the South African public health sector, with well-studied pharmacokinetic 

and safety profiles, clinical trials can be accelerated, resulting in a substantial reduction in time and cost. As a 

consequence, the translational potential of this research project is maximized, offering promising prospects 

for the advancement of fasting and PPV as a potential therapeutic option for financially constrained breast 

cancer patients. 

 

2. Aim 

The aim of this research project was to investigate the effect of physiological ND and PPV exposure in MCF-

7 and MDA-MB-231 cell lines. 
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3. Objectives 

The objectives of this study were as follows: 

1. To determine the effect of ND + PPV on the proliferation of MCF-7 and MDA-MB-231 cell lines by 

means of spectrophotometry (crystal violet staining). 

2. To determine the effect of ND + PPV on the two-dimensional (2D) morphology of MCF-7 and MDA-

MB-231 cell lines by means of light microscopy. 

3. To determine the effect of ND + PPV on the three-dimensional (3D) morphology of MCF-7 and MDA-

MB-231 cell lines by means of polarization-optical transmitted light differential interference contrast 

microscopy (PlasDIC). 

4. To determine the effect of ND + PPV on cell cycle progression and cell death induction in MCF-7 and 

MDA-MB-231 cell lines by means of flow cytometry (propidium iodide staining). 

5. To determine the effect of ND + PPV on O2
- production in MCF-7 and MDA-MB-231 cell lines by means 

of fluorescent microscopy (dihydroethidium [DHE] staining) 

6. To determine the effect of ND + PPV on H2O2 production in MCF-7 and MDA-MB-231 cell lines by 

means of fluorescent microscopy (2,7-dichlorofluoresceindiacetate [DCFDA] staining) 

7. To determine the effect of ND + PPV on SOD activity in MCF-7 and MDA-MB-231 cell lines by means 

of spectrophotometry.  

8. To determine the effect of ND + PPV on mitochondrial membrane potential in MCF-7 and MDA-MB-

231 cell lines by means of flow cytometry (MitoProbe™ JC-1 assay). 

9. To determine the effect of ND + PPV on the expression of S487 phosphorylated AMPKα1 in MCF-7 and 

MDA-MB-231 cell lines by means of spectrophotometry (enzyme-linked immunosorbent assay 

[ELISA]). 

10. To determine the effect of ND + PPV on the expression of S2448 phosphorylated mTORC1 in MCF-7 

and MDA-MB-231 cell lines by means of flow cytometry. 
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4. Materials and Methods 

4.1. Materials  

4.1.1. Cell lines 

MCF-7 is a luminal subtype A human breast tumorigenic cell line that is positive for estrogen receptor (ER), 

progesterone receptors (PR), and glucocorticoid receptors and negative for human epidermal growth factor 

receptor-2 (HER2) (82,183,194). This cell line was obtained from the American Type Culture Collection 

(Manassas, Virginia, USA). MDA-MB-231 is a basal human breast tumorigenic cell line negative for ER, PR, 

and HER2 receptors (82,193). This cell line was retrieved from a metastatic adenocarcinoma site and was 

obtained from the American Type Culture Collection (Manassas, Virginia, USA). Both MCF-7 and MDA-

MB-231 cells were cultured in Dulbecco’s minimum essential medium (DMEM) supplemented with fetal calf 

serum (FCS) (56°C, 30 min), 100 U/mL penicillin G, 100 mg/mL streptomycin and amphotericin B (250 

mg/L) (Capricorn Scientific [Ebsdorfergrund, Hessen, Germany]). Cells were propagated in 75 cm2 and/or 25 

cm2 tissue culture flasks and incubated at 37°C and 5% CO2 atmospheric conditions.  

 

4.1.2. Reagents 

All reagents were purchased from Merck & Co., Inc. (Darmstadt, Germany) unless otherwise stated. The 

following reagents, including FCS, antibiotic/antimycotic solution (100X), and DMEM, were purchased from 

Capricorn Scientific (Ebsdorfergrund, Hessen, Germany). (8R,13S,14S,17S)-2-ethyl-13-methyl-

7,8,9,11,12,13,14,15,16,17decahydro-6H-cyclopenta [a]phenanthrane-3,17-diylbis-sulphamate (EMBS) was 

supplied by iThemba Labs (Cape Town, Western Cape, SA). PPV was acquired from Merck & Co., Inc. (New 

Jersey, USA) in powdered form and was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 50 

mM. Vehicle-treated (VT) cells were propagated in complete growth medium with equal volumes of DMSO 

as PPV-treated cells, where the final dilution of the DMSO did not exceed 0.3% (v/v). The superoxide 

dismutase (SOD) activity assay kit was purchased from Merck & Co., Inc. (New Jersey, USA). The 

Mitoprobe™ JC-1 assay kit and anti-S2448 mTORC1 antibodies were supplied by Thermo Fisher Scientific 

Co. (Waltham, Massachusetts, USA). Lastly, the Phospho-AMPKα1 (Ser487) ELISA kit was purchased from 

RayBiotech, Inc. (Norcross, Georgia, USA). 

 

4.1.3. Physiological nutrient deprivation media 

This study utilized two ND media, formulated to closely simulate typical physiological glucose- and glutamine 

serum concentrations, which are validated based on previous research (18,195). Nutrient deprivation medium 

1 (ND1) contained 6.0 mM glucose and 0.6 mM glutamine, and nutrient deprivation medium 2 (ND2) 

contained 3.5 mM glucose and 0.6 mM glutamine. The negative control for all experiments included cells 

propagated in complete growth medium (CTR) supplemented with 25.52 mM glucose and 4.00 mM 
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glutamine. This served as a baseline for direct comparison by establishing a reference point for cellular 

behaviour under optimal nutritional/growth conditions. Moreover, two additional negative controls were 

utilized: first, cells exposed to ND1 and ND2 only for 24 hours, and second, cells exposed to PPV only for 24 

hours. These controls aided in determining if changes in the experimental groups resulted from the combined 

effects of ND and PPV exposure rather than from ND or PPV alone. Lastly, all experimental media were 

supplemented with FCS (56°C, 30 min), 100 U/mL penicillin G, 100 mg/mL streptomycin and amphotericin 

B (250 mg/L) (Capricorn Scientific [Ebsdorfergrund, Hessen, Germany]). 

 

4.2. Methods 

4.2.1. Cell proliferation: crystal violet staining (spectrophotometry) 

The crystal violet staining assay was used to determine the effect of ND + PPV on cell proliferation. Crystal 

violet is a purple triphenylmethane cation dye that allows for the quantification of cell number by intercalating 

between DNA bases, where the number of cells cultured in a monolayer is directly proportional to the intensity 

of crystal violet staining (196). The absorbance of crystal violet is determined using a spectrophotometer at a 

wavelength of 570 nm (197). 

MCF-7 and MDA-MB-231 cells were seeded at 5000 cells per well in a 96-well plate. Cells were incubated 

for 24 hours to allow for cell attachment in a humidified atmosphere at 37°C and 5% CO2. Cells were washed 

with phosphate buffer saline (PBS) thrice and then exposed to the two ND media. Thereafter, the cells were 

incubated in a humidified atmosphere at 37°C and 5% CO2 for 24 hours, as previous research has shown that 

this is the optimal time needed to induce a starvation response in tumorigenic cells while having minimal 

effects on cell viability (18). Subsequently, cells were exposed to PPV (50-200 µM) for 24 hours since 

previous in vitro studies have demonstrated that PPV exhibited optimal antiproliferative effects in breast 

tumorigenic cell lines at this concentration range and exposure period (196). The positive control for this 

experiment included cells exposed to 0.2% sodium dodecyl sulphate (SDS), as previous research has 

demonstrated that SDS results in a significant decrease in cell numbers (196). After 24 hours, the medium was 

discarded, and the cells were fixed using 1% glutaraldehyde (100 µL) for 15 min at room temperature (RT). 

Glutaraldehyde was discarded, and cells were stained using 0.1% crystal violet (100 µL). The plate was 

incubated at RT for 30 min. Excess crystal violet was discarded and the plate was submersed under running 

water and left to dry overnight. Crystal violet was solubilized by adding 0.2% Triton X-100 (100 µL) to the 

wells, and the plate was incubated at RT overnight. The absorbance was determined at 570 nm using an 

EPOCH Microplate Reader (Biotek Instruments, Inc. (Winooski, Vermont, USA) (198). The data obtained 

was analysed using Microsoft Excel 2020 (Microsoft Corporation, Washington, USA) and GraphPad Prism 8 

software (GraphPad Software, San Diego, California, USA). 
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4.2.2. Cell morphology: 2D and 3D morphological analysis (light microscopy) 

4.2.2.1.  Semi-quantitative cell morphological analysis (light microscopy) 

To determine and quantify the morphological changes induced by ND + PPV, light microscopy was utilized. 

MCF-7 and MDA-MB-231 cells were seeded in a 24-well plate with 20,000 cells per well. The plates were 

incubated for 24 hours to allow for cell attachment in a humidified atmosphere at 37°C and 5% CO2. Cells 

were washed with PBS thrice and then exposed to the two ND media. Subsequently, the cells were incubated 

for 24 hours in a humidified atmosphere at 37°C and 5% CO2, then exposed to PPV (100 µM) for another 24 

hours. This concentration was used for all subsequent experiments since it demonstrated optimal 

antiproliferative effects and has demonstrated to effectively inhibit mitochondrial complex I in breast 

tumorigenic cell lines (178). The positive control included cells exposed to 0.4 µM EMBS for 48 hours since 

past literature has demonstrated that EMBS significantly increases cells demonstrating aberrant morphology 

at this concentration and exposure period (196). Thereafter, an Axiovert 40 CFL microscope (Zeiss, 

Oberkochen, Germany) was used to capture images at 20X magnification. The morphology of 100 cells was 

examined using the Carl Zeiss™ AxioVision Rel. 4.8 software (Zeiss, Oberkochen, Germany), where the 

number of cells demonstrating aberrant and no aberrant morphology was recorded for each sample thrice. 

Finally, the data obtained was analysed using Microsoft Excel 2020 (Redmond, Washington, USA) and 

GraphPad Prism 8 software (GraphPad Software, San Diego, California, USA). 

 

4.2.2.2.  Polarization-optical transmitted light differential interference contrast microscopy 

To evaluate the 3D morphological changes induced by ND + PPV, PlasDIC was utilized. PlasDIC is a contrast 

microscopy technique capable of capturing high-quality 3D images of the morphology of cells and cell clusters 

(198). Furthermore, PlasDIC uses non-polarized light to illuminate cells, which results in superior quality 

high-contrast images (198). 

MCF-7 and MDA-MB-231 cells were seeded in a 24-well plate with 20,000 cells per well. The plates were 

incubated for 24 hours to allow for cell attachment in a humidified atmosphere at 37°C and 5% CO2. Cells 

were washed with PBS thrice and then exposed to the two ND media. Cells were incubated for 24 hours in a 

humidified atmosphere at 37°C and 5% CO2. Subsequently, the cells were exposed to PPV (100 µM) for 24 

hours. The positive control included cells exposed to 0.4 µM EMBS for 48 hours since previous studies have 

demonstrated that EMBS at this concentration and exposure period significantly increase cells demonstrating 

aberrant morphology (196). Finally, the 3D morphology of the cells were captured at 40X magnification using 

an Axiovert 40 CFL microscope (Zeiss, Oberkochen, Germany). 
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4.2.3. Cell cycle progression and cell death-induction: propidium iodide staining (flow cytometry) 

The effects of ND + PPV on cell cycle progression and cell death induction was investigated by means of 

propidium iodide staining and flow cytometry. Propidium iodide is a red fluorescent nuclear and chromosomal 

intercalating counterstain that allows for the quantification of DNA correlating to the stages of the cell cycle 

during cell division (199). In addition, this assay can be used to indicate the induction of cell death, as cells in 

the sub-G1 phase possess fragmented DNA, reflecting the DNA endonucleolytic cleavage that occurs during 

cell death processes (e.g. apoptosis) (200). 

MCF-7 and MDA-MB-231 cells were seeded at 500,000 cells per T25 cm2 flask and left for 24 hours to allow 

for attachment in a humidified atmosphere at 37°C and 5% CO2. Cells were washed with PBS thrice and then 

exposed to the two ND media. Cells were incubated for 24 hours in a humidified atmosphere at 37°C and 5% 

CO2. Subsequently, the cells were exposed to PPV (100 µM) for 24 hours. The positive control included cells 

exposed to 0.4 µM EMBS since previous research has demonstrated that EMBS exposure results in a 

significant increase in cells occupying the sub-G1 phase and induces a G2/M block (196). After 24 hours, the 

cells were trypsinized and resuspended in 2 mL of growth medium. Cells were then centrifuged (300 x g, 5 

min) and the supernatant was removed and discarded. Cells were then resuspended in ice-cold PBS (200 µL) 

containing 0.1% FCS. Ice-cold 70% ethanol (4 mL) was then added in a dropwise manner, and cells were 

stored at 4°C for 24 hours. Cells were centrifuged (300 x g, 5 min), and the supernatant was removed. Cells 

were then resuspended in 1 mL of PBS containing propidium iodide (40 µg/mL), ribonuclease A (RNase) 

(100 µg/mL) and Triton X-100 (0.1%) and samples were incubated at 37°C for 45 min. Finally, propidium 

iodide fluorescence was be measured using a Cytoflex® flow cytometer (Beckman Coulter, Inc. [Brea, 

California, USA]) available from the Institute of Cellular and Molecular Medicine, Department of 

Immunology, University of Pretoria, South Africa. A total of 10,000 events were recorded per condition, and 

data from cell debris (particles smaller than apoptotic bodies) and clumps of two or more cells were removed 

from further analysis. Cell cycle distributions were then calculate using Kaluza analysis software from 

Beckman Coulter, Inc. (Brea, California, USA) by assigning relative DNA content per cell to sub-G1-, G1, S- 

and G2M fractions. Lastly, the data obtained was be further analysed using Microsoft Excel 2020 (Redmond, 

Washington, USA) and GraphPad Prism 8 software (GraphPad Software, San Diego, California, USA).  

 

4.2.4. Oxidative stress: O2
- and H2O2 using DHE and DCFDA staining (fluorescent microscopy) 

4.2.4.1.  O2- production using DHE staining (fluorescent microscopy) 

Fluorescent microscopy was used to determine the effects of ND + PPV on the production of O2
- by means of 

DHE staining. DHE is rapidly taken up by cells and is oxidized by O2
- to produce fluorescent 2-hydroethidine 

cations, which can be detected at excitation and emission wavelengths of 535 nm and 610 nm, respectively 

(201). 
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MCF-7 and MDA-MB-231 cells were seeded in 24-well plates at a density of 20,000 cells per well and 

incubated for 24 hours in a humified atmosphere at 37°C and 5% CO2 to allow for attachment. Cells were 

washed with PBS thrice and then exposed to the two ND media. Cells were incubated for 24 hours in a 

humidified atmosphere at 37°C and 5% CO2. Cells were exposed to PPV (100 μM) for 24 hours. The positive 

control included cells exposed to 0.4 µM EMBS for 48 hours, as previous in vitro studies have demonstrated 

that EMBS at this concentration and exposure period significantly increases O2
- production in tumorigenic 

cells (202). Cells were then washed with PBS and stained for 45 min using 10 µM DHE at 37°C and 5% CO2. 

Thereafter, the cells were washed with 500 µL of PBS, and an additional 500 µL of PBS was added to each 

well. Images of DHE-stained (red) cells was captured using a Zeiss Axiovert CFL40 microscope, Zeiss 

Axiovert MRm monochrome camera (Zeiss, Oberkochen, Germany) and Zeiss filter 15. The fluorescence 

intensity of at least 100 cells per condition was analyzed using ImageJ software (National Institutes of Health, 

Bethesda, Maryland, USA). Finally, all data obtained was further analysed using Microsoft Excel 2020 

(Redmond, Washington, USA) and GraphPad Prism 8 software (GraphPad Software, San Diego, California, 

USA). 

 

 

4.2.4.2.  H2O2 production using DCFDA staining (fluorescent microscopy) 

Fluorescent microscopy was used to determine the effects of ND + PPV on H2O2 production by means of 

DCFDA staining. DCFDA is a non-fluorescent probe that is oxidized by H2O2 to yield 2,7-dichlorofluorescein 

(DCF), a fluorescent derivative that can be detected with maximum excitation and emission wavelengths of 

485 nm and 530 nm, respectively (203–205). 

MCF-7 and MDA-MB-231 cells were seeded in 24-well plates at a density of 20,000 cells per well and 

incubated for 24 hours in a humified atmosphere at 37°C and 5% CO2 to allow for attachment. Cells were 

washed with PBS thrice and then exposed to the two ND media. Cells were incubated for 24 hours in a 

humidified atmosphere at 37°C and 5% CO2. Thereafter, the cells were exposed to PPV (100 μM) for 24 

hours. The positive control included cells exposed to 0.4 µM EMBS for 48 hours since previous literature has 

demonstrated that EMBS at this concentration and exposure period significantly increases H2O2 production in 

tumorigenic cells (206). Cells were then washed with PBS (1 mL) and incubated with 20 μM DCFDA for 20 

min at 37°C and 5% CO2. Next, the cells were washed with PBS (500 µL), after which an additional 500 µL 

of PBS was added to each well. Finally, a Zeiss Axiovert CFL40 microscope, Zeiss Axiovert MRm 

monochrome camera (Zeiss, Oberkochen, Germany) and Zeiss filter 9 used to capture images of DCFDA-

stained (green) cells. The fluorescence intensity of at least 100 cells was determined using ImageJ software 

developed by the National Institutes of Health (Bethesda, Maryland, USA). The data obtained was further 

analyzed using Microsoft Excel 2020 (Redmond, Washington, USA) and GraphPad Prism 8 software 

(GraphPad Software, San Diego, California, USA). 
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4.2.5. SOD activity (spectrophotometry) 

To determine the effect of ND + PPV on SOD activity, a SOD activity determination kit from Merck & Co., 

Inc. (New Jersey, USA) was used. Superoxide dismutase’s (SODs) are a group of metalloenzymes which 

serve as the first line of defence against oxidative damage induced by ROS. These proteins catalyze the 

dismutation of O2
- into molecular oxygen and H2O2 (207).  

MCF-7 and MDA-MB-231 cells were seeded in T25 cm2 flasks at a density of 1,000,000 cells and incubated 

in a humidified atmosphere for 24 hours at 37°C and 5% CO2. Cells were washed with PBS thrice and then 

exposed to the two ND media. Cells were incubated for 24 hours in a humidified atmosphere at 37°C and 5% 

CO2. Cells were exposed to PPV (100 μM) for 24 hours. The positive control consisted of cells exposed to the 

O2
- scavenger, 6 mM tiron for 48 hours, as previous in vitro studies have demonstrated that tiron at this 

concentration and exposure period results in significant decreases in SOD activity (208). Subsequently, cells 

were then trypsinized and lysed through freeze‒thaw cycles, alternating between ice and RT for four 

repetitions of 10 min each. The lysates were then centrifuged (14 000 x g, 10 min) at 4ºC, and the supernatant 

was collected, transferred to a sterile microcentrifuge tube, and samples were kept on ice. Next, 20 μL of 

sample solution, WST working solution (200 μL), dilution buffer (20 μL), and enzyme working solution (200 

μL) were added to each well of a 96-well plate, and relevant blanks were added according to the 

manufacturer’s instructions. After mixing, the samples were incubated for 20 min at 37°C, followed by 

absorbance measurement at 450 nm using an EPOCH Microplate Reader (Biotek Instruments, Inc., Winooski, 

Vermont, USA). Finally, all data obtained was further analysed using Microsoft Excel 2020 (Redmond, 

Washington, USA) and GraphPad Prism 8 software (GraphPad Software, San Diego, California, USA). 

 

4.2.6. Mitochondrial membrane potential: JC-1 staining (flow cytometry) 

The effect of ND + PPV on mitochondrial membrane potential (∆ψM) was investigated using the MitoProbe™ 

5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) assay. JC-1 is a cationic dye 

used in flow cytometry to determine mitochondrial polarization (209). This dye aggregates and fluoresces an 

orange‒red color in non-compromised cells with a polarized ∆ψM; however, in compromised cells possessing 

a depolarized ∆ψM, the dye does not aggregate and emits green fluorescence (209). Thus, the effects of ND 

and PPV exposure on ∆ψM can be determined by obtaining the ratio of red/green fluorescence. 

MCF-7 and MDA-MB-231 cells were seeded in T25 cm2 flasks at a density of 500,000 cells per flask and 

incubated for 24 hours in a humified atmosphere at 37°C and 5% CO2 to allow for attachment. Cells were 

washed with PBS thrice and then exposed to the two ND media. Cells were incubated for 24 hours in a 

humidified atmosphere at 37°C and 5% CO2. Subsequently, the cells were exposed to PPV (100 µM) for 24 

hours. Cells were then trypsinized, centrifuged (300 x g, 5 min) and resuspended in 2 mL complete growth 

medium. The positive control consisted of cells exposed to 50 mM carbonyl cyanide m‐
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chlorophenylhydrazone (CCCP) for 5 min at 37°C with 5% CO2. The samples were then stained with 200 µM 

JC-1 (10 µL) and incubated for 30 min at 37°C with 5% CO2. Samples were centrifuged (300 x g, 5 min), and 

the supernatant was discarded. The cells were then resuspended and washed in 2 mL of PBS, followed by 

another round of centrifugation (300 x g, 5 min) and subsequent removal of the supernatant. Next, 500 µL of 

PBS was added, and the fluorescence intensity emitted from each sample was determined using a Cytoflex® 

flow cytometer (Beckman Coulter, Inc. [Brea, California, USA]) available from the Institute of Cellular and 

Molecular Medicine, Department of Immunology, University of Pretoria, South Africa. A total of 10,000 

events was recorded per condition, and data from cell debris were removed from further analysis. Finally, the 

samples was analyzed using Kaluza analysis software from Beckman Coulter (Brea, California, USA). All 

data obtained was further analysed using Microsoft Excel 2020 (Redmond, Washington, USA) and GraphPad 

Prism 8 software (GraphPad Software, San Diego, California, USA). 

 

4.2.7. AMPK and mTORC1 signalling: p-AMPKα1 (S487) and p-mTORC1 (S2448) expression 

4.2.7.1. p-AMPKα1 (S487) expression (enzyme-linked immunosorbent assay) 

The impact of ND + PPV on AMPK activity was assessed using sandwich ELISA. In nutrient-rich conditions, 

the catalytic α1 subunit of AMPK is phosphorylated at S487 by AKT, resulting in the inhibition of AMPK 

activity (146). Furthermore, the inhibitory effects initiated by S487 phosphorylation are due to the hindrance 

of T172 phosphorylation by LKB1, a crucial step for AMPK activation (147,148). Hence, the phosphorylation 

of the inhibitory site S487 on AMPKα1 functioned as an indicator of AMPK activity. 

MCF-7 and MDA-MB-231 cells were seeded in T25 cm2 flasks at a density of 500,000 cells per flask and 

incubated for 24 hours in a humified atmosphere at 37°C and 5% CO2 to allow for attachment. Cells were 

washed with PBS thrice and then exposed to the two ND media. Cells were incubated for 24 hours in a 

humidified atmosphere at 37°C and 5% CO2. Subsequently, the cells were exposed to PPV (100 µM) for 24 

hours. Cells were trypsinized and resuspended in 2 mL complete growth medium. Thereafter, the cells were 

centrifuged (300 x g, 5 min), and the supernatant was be removed. The cells were then be washed once with 

PBS (1 mL), followed by centrifugation (300 x g, 5 min)), and the supernatant was removed. Cell lysate buffer 

(250 µL) was used to resuspend the pellet, and the lysates were incubated with gentle shaking at 4°C for 30 

min. The lysates were centrifuged (20,000 x g, 10 min, 4°C), and the supernatant was transferred to a new 

microcentrifuge tube and the samples were kept on ice. Next, 100 µL of sample was added to each well of the 

microplate (coated with anti-pan-AMPKα1) and was incubated with gentle shaking at RT for 2.5 hours. The 

solution was then discarded and washed 4 times with 1X Wash Solution (provided by the supplier). Thereafter, 

100 µL of the primary anti-phospho-AMPKa1 (S487) antibody was added to each well and incubated for 1 

hour at RT with gentle shaking, followed by an additional washing step as mentioned above. Subsequently, 

100 µL of the prepared horseradish peroxidase (HRP)-conjugated secondary antibody was added to each well 
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and incubated for 1 hour at RT with gentle shaking, followed by an additional washing step. Next, 3,3',5,5'-

tetramethylbenzidine (TMB) one-step substrate reagent (100 µL) was added to each well and incubated for 30 

min at RT in the dark with gentle shaking. Finally, stop solution (50 µL) was added to each well, and the 

absorbance was be measured at 450 nm using an EPOCH Microplate Reader (Biotek Instruments, Inc. 

[Winooski, Vermont, USA]). The data obtained was analysed using Microsoft Excel 2020 (Microsoft 

Corporation, Washington, USA) and GraphPad Prism 8 software (GraphPad Software, San Diego, California, 

USA). 

 

4.2.7.2. p-mTORC1 (S2448) expression (flow cytometry) 

The effects of ND + PPV on mTORC1 activity were assessed by quantifying the expression of S2448-

phosphorylated mTORC1 using flow cytometry. Phosphorylation of mTORC1 at S2448, a key site regulated 

by the upstream PI3K/AKT signaling pathway, is a reliable indicator of its activation. Multiple studies have 

shown that p-mTORC1 (S2448) expression strongly correlates with mTORC1 activity, and it was therefore 

used in this study to assess mTORC1 activity (138,210,211). 

MCF-7 and MDA-MB-231 cells were seeded in T25 cm2 flasks at a density of 500,000 cells per flask and 

incubated for 24 hours in a humified atmosphere at 37°C and 5% CO2 to allow for attachment. Cells were 

washed with PBS thrice and then exposed to the two ND media. Cells were incubated for 24 hours in a 

humidified atmosphere at 37°C and 5% CO2. Subsequently, the cells were exposed to PPV (100 µM) for 24 

hours. Cells were then trypsinized and resuspended in 2 mL DMEM, followed by centrifugation (300 x g, 5 

min). The supernatant was discarded, and the pellet was resuspended in 1 mL of PBS containing 4% 

formaldehyde and incubated on ice for 20 min. Subsequently, the cells were centrifuged (300 x g, 5 min), and 

the supernatant was discarded. The cells were then resuspended with PBS (1 mL), followed by centrifugation 

(300 x g, 5 min), removal of the supernatant, and resuspension in 1 mL of PBS containing 0.2% Triton X-100 

and 1% bovine serum albumin (BSA). This was followed by a 20 min incubation period on ice and thereafter, 

the cells were centrifuged (300 x g, 5 min) and the supernatant was discarded. Next, the pellet was resuspended 

with PBS containing 1% BSA (1 mL), followed by centrifugation (300 x g, 5 min), removal of the supernatant, 

and resuspension with 100 µL of PBS containing 5% phycoerythrin (PE)-cyanine7 anti-phospho-mTOR 

(S2448) antibody. The samples were incubated for 30 min in the dark on ice. Subsequently, the cells were 

centrifuged (300 x g, 5 min), and the supernatant was removed. The pellet was then resuspended with PBS 

containing 1% BSA (1 mL), followed by centrifugation (300 x g, 5 min), removal of the supernatant, and 

resuspension in 500 µL of PBS. Finally, the fluorescence intensity emitted from each sample was measured 

using a Cytoflex® flow cytometer (Beckman Coulter, Inc. [Brea, California, USA]) available from the Institute 

of Cellular and Molecular Medicine, Department of Immunology, University of Pretoria, South Africa. A total 

of 10,000 events was recorded per condition, and data from cell debris was removed from further analysis. 
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Finally, the samples were analyzed using Kaluza analysis software from Beckman Coulter (Brea, California, 

USA). All data obtained was further analysed using Microsoft Excel 2020 (Redmond, Washington, USA) and 

GraphPad Prism 8 software (GraphPad Software, San Diego, California, USA). 

 

4.2.8. Statistical considerations  

Quantitative data was obtained from spectrophotometry (cell proliferation, SOD activity and phospho-

AMPKα1 (S487) expression) and flow cytometry (cell cycle progression, mitochondrial membrane potential 

and phospho-mTORC1 (S2448) expression). Flow cytometry analysis involved at least 10,000 events, was 

conducted three times, and was analyzed using the Kaluza analysis software from Beckman Coulter, Inc. 

(Brea, California, USA). Furthermore, semi-quantitative and qualitative data was obtained from light 

microscopy (cell morphological changes) and fluorescent microscopy (O2
- and H2O2 production). For 

fluorescent microscopy, the fluorescent intensity of at least 100 cells was evaluated per condition using the 

ImageJ software developed by the National Institutes of Health (Bethesda, Maryland, USA). For cell 

morphology analysis, the morphology of 100 cells per condition was evaluated, and the number of cells with 

aberrant morphological changes was recorded for each sample. Three independent experiments were 

conducted for each technique, and the mean and standard deviation (SD) were calculated. The data are 

displayed in bar charts and are presented as the means ± SDs. Statistical analysis for significance was 

performed using a one-way analysis of variance (ANOVA) test at a 0.05 level of significance (P-value < 0.05) 

with GraphPad Prism 8 software (GraphPad Software, San Diego, California, USA). Moreover, P values are 

represented in all graphs as follows: * (P < 0.05), ** (P < 0.01), *** (P < 0.001), and **** (P < 0.0001) 

compared to CTR (0 µM PPV); # (P < 0.05), ## (P < 0.01), and ### (P < 0.001) compared to ND1 (0 µM 

PPV); x (P < 0.05), xx (P < 0.01), xxx (P < 0.001), and xxxx (P < 0.0001) compared to ND2 (0 µM PPV).  

 

5. Results 

5.1. Cell proliferation: Crystal violet staining (spectrophotometry) 

To determine the effects of ND + PPV on the proliferation of MCF-7 and MDA-MB-231 cell lines, the crystal 

violet staining assay was utilized. The crystal violet staining technique was selected over conventional 

resazurin assays since it provides a reliable measure of cell viability that is not confounded by the potential 

metabolic changes induced by ND + PPV on mitochondrial respiration (212). This is corroborated by previous 

studies investigating ND and mitochondrial complex I inhibition, which demonstrated that resazurin assays 

do not correlate with actual cell numbers; thus, more direct quantification methods, like crystal violet staining, 

are needed (181). Notably, this assay is cost-effective and simple, incorporating three steps: glutaraldehyde 

fixation, crystal violet staining, and solubilization using Triton X-100. For this assay, three different growth 

media (CTR, ND1, and ND2) and a PPV concentration range of 50-200 µM were utilized, since previous 
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studies demonstrated that PPV within this range exhibits optimal antiproliferative effects in breast tumorigenic 

cell lines (196).  

Due to metabolic plasticity, which allows tumorigenic cells to enhance or sustain proliferation under 

bioenergetic stress and makes them hypersensitive to mitochondrial complex I inhibitors like PPV, the optimal 

duration of ND needed to induce a starvation-like proliferative response in both cell lines was evaluated. Three 

time points (6, 24 and 36 hours) were utilized and selected based on their frequent use in clinical trials without 

causing severe adverse effects or significant weight loss (213). The proliferation of MCF-7 cells decreased at 

6 hours in both ND1 and ND2 by 8% (P < 0.001) and 13% (P < 0.01) compared to CTR medium, respectively 

(Figure 9A). Although compared to the respective 6-hour marks, propagation in ND1 and ND2 for 24 hours 

resulted in an increase by 13% and 6% (P < 0.05), respectively, indicating a starvation-like proliferative 

response. Similarly, in the MDA-MB-231 cell line, 6 hour propagation in ND1 and ND2 decreased 

proliferation by 3% and 18.3% (P < 0.01) compared to CTR medium, respectively (Figure 9B). Compared to 

the cells propagated in CTR medium, 24 hours of propagation in ND1 and ND2 resulted in decreases in 

proliferation by 17.3% (P < 0.0001) and 21.7% (P < 0.01), respectively. Although, compared to the 6-hour 

mark, 24 hours of propagation in ND2 did not result in a significant change in proliferation (P = 0.5) and 

instead led to a slight plateau. However, both cell lines demonstrated a significant decrease in proliferation 

when propagated in ND1 and ND2 for 36 hours. MCF-7 cells cultured in ND1 and ND2 for 36 hours resulted 

in a 27% (P < 0.05) and 36% (P < 0.01) decrease in proliferation compared to CTR medium, respectively. 

Likewise, MDA-MB-231 cells propagated in ND1 and ND2 for 36 hours exhibited a 44% (P < 0.01) and 33% 

(P < 0.01) decrease in proliferation compared CTR medium, respectively. Together, these results demonstrate 

that a 36-hour propagation in ND media leads to excessive decreases in cell proliferation, rendering it 

unsuitable for PPV sensitivity testing. Moreover, since propagation in ND1 and ND2 led to increased and/or 

sustained proliferation, indicating starvation-like proliferative responses in both cell lines, all subsequent 

experiments subjected the cells to 24 hours of ND prior to PPV exposure. 
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Next, the combination of ND and PPV exposure was evaluated, with cells cultured in both types of ND media 

or CTR medium for 24 hours, followed by exposure to PPV (50-200 µM) for an additional 24 hours. Previous 

in vitro studies have demonstrated that this concentration range and exposure period yield optimal 

antiproliferative effects in breast tumorigenic cell lines (196). Both MCF-7 cells (Figure 9C and 9D) and 

Figure 9. Effects of ND + PPV on the proliferation of MCF-7 and MDA-MB-231 cells. (A & B) Proliferation of MCF-7 (A) and 

MDA-MB-231 (B) cells propagated in ND1 (red square data points) and ND2 (blue triangle data points) for various durations (6, 

24, and 26 hours), as assessed through crystal violet staining. (C & D) Proliferation of MCF-7 cells propagated in CTR (black 

circle data points), ND1 and ND2 for 24 hours, followed by exposure to PPV (50 - 200 µM) for 24 hours. Vehicle-treated (VT) cells 

are represented as bars with grey diamond data points. (E & F) Proliferation of MDA-MB-231 cells propagated in CTR, ND1 and 

ND2 for 24 hours, followed by exposure to PPV (50 - 200 µM) for 24 hours. The absorbance values for all the experimental 

conditions were measured against CTR (0 µM PPV) to determine the relative cell proliferation. Data are presented as the means ± 

SDs of three independent experiments, with statistical significance calculated using a one-way ANOVA. P values are represented 

as detailed in the statistical considerations section. 
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MDA-MB-231 cells (Figure 9E and 9F) displayed significantly increased sensitivity to PPV after ND. In the 

MCF-7 cell line, propagation in CTR medium followed by exposure to 50 µM, 100 µM, 150 µM, and 200 µM 

PPV resulted in statistically significant decreases in proliferation to 91%, 87%, 86%, and 81% relative to CTR 

(0 µM PPV), respectively. However, propagation in ND1 and ND2 resulted in a significant sensitization effect, 

markedly enhancing the antiproliferative effects of PPV. Propagation in ND1 followed by exposure to 50 µM, 

100 µM, 150 µM, and 200 µM PPV resulted in statistically significant decreases in proliferation to 79%, 78%, 

70%, and 43% relative CTR (0 µM PPV), respectively. The most prominent starvation-mediated sensitization 

effect in the MCF-7 cell line was observed when cells were cultured in ND2 prior to PPV exposure, resulting 

in a statistically significant (P < 0.0001) decrease in proliferation to 70%, 59%, 53%, and 53% when exposed 

to 50 µM, 100 µM, 150 µM, and 200 µM PPV, respectively. Corresponding antiproliferative trends were 

observed in the MDA-MB-231 cell line, where cells cultured in CTR medium and exposed to 50 µM, 100 

µM, 150 µM, and 200 µM PPV had statistically significant decreases in proliferation to 91%, 88%, 86% and 

76% relative CTR (0 µM PPV), respectively. Furthermore, when compared to the MCF-7 cell line, MDA-

MB-231 cells exhibited more prominent sensitization to PPV following propagation in ND1 and ND2. For 

instance, when cultured in ND1 and exposed to 50 µM, 100 µM, 150 µM, and 200 µM PPV, proliferation 

decreased to 58%, 57%, 61% and 58% relative to CTR (0 µM PPV), respectively. Similar to the MCF-7 cell 

line, propagation in ND2 resulted in the greatest starvation-mediated sensitization effect to PPV, with 

exposure to 50 µM, 100 µM, 150 µM, and 200 µM PPV statistically significantly decreasing proliferation to 

53%, 51%, 48% and 36%, respectively. Importantly, in both cell lines, VT-treated cells did not exhibit any 

statistically significant changes in proliferation compared to CTR (0 µM PPV). The proliferation of MCF-7 

cells decreased to 99%, and the MDA-MB-231 cell line increased to 104%, relative to CTR (0 µM PPV). 

Thus, these results demonstrate that ND sensitizes both OXPHOS-dependent MCF-7 cells and glycolytic-

dependent MDA-MB-231 cells. The antiproliferative effects were observed with increased potency at lower 

glucose- and glutamine concentrations, particularly in the ND2 condition. These effects were especially 

evident in the MDA-MB-231 cell line, where ND2 + PPV yielded the most prominent antiproliferative effects. 

Thus, the degree of sensitization to PPV appears to depend on the concentrations of both glucose and 

glutamine, as well as the metabolic phenotype of the cell line. Overall, the data indicates that combining ND 

and PPV yielded significantly greater antiproliferative effects compared either ND or PPV alone. Finally, 

considering that a recent study demonstrated that 100 µM PPV significantly inhibits mitochondrial complex I 

in breast tumorigenic cell lines, resulting in a major reduction in oxygen consumption, a critical indicator of 

mitochondrial activity, this concentration was chosen for further investigation (178). Moreover, the slight 

plateau observed after exposure to 100 µM PPV further validated the utilization of this concentration for all 

subsequent experiments. 
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5.2. Cell morphology: 2D and 3D morphological analysis (light microscopy) 

Due to the decrease in proliferation in both cell lines following exposure to ND + PPV, it was essential to 

investigate the morphological changes to further elucidate the effects of this combinational therapy on cell 

structure. This was achieved through the utilization of 2D and 3D (PlasDIC) light microscopy methods, which 

aided in the detailed examination of the prevalence and nature of aberrant morphological changes induced by 

ND + PPV. A semi-quantitative analysis was conducted on 2D microscopy images, examining the morphology 

of 100 cells and recording the number of cells exhibiting aberrant morphologies, including rounded 

morphology (RM), shrunken rounded morphology (SRM), cellular protrusions (CP), and enlarged 

morphology (EM). Each sample was analyzed in triplicate. These morphological changes were selected as 

indicators of cellular stress, cell death, and metabolic perturbations based on previous literature (214). 

In the MCF-7 cell line, CTR + PPV significantly increased the prevalence of cells demonstrating SRM, CP 

and EM by 4.3% (P < 0.01), 17.7% (P < 0.001) and 4% (P < 0.01) compared to the CTR (0 µM PPV), 

respectively (Figure 10A and 10B). Although, increases in the number of cells demonstrating these 

morphological changes were also noted when propagated in ND1 and ND2 only. Propagation in ND1 only 

led to a statistically significant increase in cells demonstrating SRM by 2.3% (P < 0.05), CP by 9.7% (P < 

0.01), and EM by 2% (P < 0.05) compared to CTR (0 µM PPV), respectively (Figure 10C). Similarly, 

propagation in ND2 only, led to a statistically significant increase in cells demonstrating SRM, CP and EM 

by 3.7% (P < 0.05), 15.3% (P < 0.01) and 9.3% (P < 0.05), respectively (Figure 10D). However, the most 

significant increase in aberrant morphological changes was observed after MCF-7 cells were exposed to ND 

+ PPV. Propagation in ND1 followed by exposure to 100 µM PPV resulted in statistically significant increase 

in SRM, CP and EM by 4% (P < 0.01), 14% (P < 0.01) and 14.3% (P < 0.001) when compared to CTR (0 µM 

PPV), respectively. In comparison to ND1, the only statistically significant change observed in aberrant 

morphologies when exposed to ND1 + PPV was in cells demonstrating EM, where there was a significant 

increase of 12% (P < 0.001). The most pronounced increase in the prevalence of these aberrant morphologies 

was observed in ND2 + PPV group, where propagation in ND2 followed by exposure to 100 µM PPV resulted 

in a statistically significant (P < 0.01) increase in RM, SRM, CP and EM by 7.3%, 7%, 16.7% and 13.7% 

compared to CTR (0 µM PPV), respectively. Unexpectedly, compared to ND2, the only statistically significant 

change in cells exposed to ND2 + PPV was a 7% increase in cells demonstrating RM (P < 0.01). Lastly, VT 

MCF-7 cells did not exhibit any statistically significant changes in RM, SRM, CP and EM with only a 2%, 

1%, 2% and 0% change compared to CTR (0 µM PPV), respectively.  
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Figure 10. Morphological changes induced by ND + PPV (100 µM) in MCF-7 and MDA-MB-231 cells. (A) 3D morphology of MCF-7 cells under different experimental conditions; scale bars = 40 

μm. (B-D) Percentage of MCF-7 cells exhibiting aberrant morphological changes in the CTR (B), ND1 (C) and ND2 (D) experimental groups. (E) 3D morphology of MDA-MB-231 cells under different 

experimental conditions; scale bars = 40 μm. (F-H) Percentage of MDA-MB-231 cells exhibiting aberrant morphological changes in the CTR (F), ND1 (G) and ND2 (H) experimental groups. Data 

are presented as the means ± SDs of three independent experiments, with statistical significance calculated using a one-way ANOVA. P values are represented as detailed in the statistical considerations 

section. 
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In the MDA-MB-231 cell line, the prevalence of aberrant morphologies differed from what observed in the 

MCF-7 cell line. Cells exposed to CTR + PPV resulted in a statistically significant increase in the prevalence 

of cells demonstrating RM by 6% (P < 0.01) and EM by 2.3% (P < 0.05) compared to CTR (0 µM PPV) 

(Figure 10E and 10F). After MDA-MB-231 cells were propagated in ND1 and ND2, there was a decrease in 

the number of cells exhibiting CP by 4% and 9% (P < 0.01) compared to CTR (0 µM PPV) (Figure 10G and 

10H). However, when exposed to ND1 + PPV and ND2 + PPV, there was a significant increase in cells 

exhibiting CP by 10.3% (P < 0.01) and 13.7% (P < 0.01) compared to CTR (0 µM PPV), respectively. When 

compared to their respective ND controls, cells exposed to ND1 + PPV showed a 14.3% increase (P < 0.01) 

compared to ND1 (0 µM PPV) , and cells exposed to ND2 + PPV showed a significant increase of 22.7% (P 

< 0.001) compared to ND2 (0 µM PPV). Another notable morphological difference compared to the MCF-7 

cell line, was the pronounced and significant increase in cells demonstrating EM following ND + PPV. 

Propagation in ND1 and ND2 alone resulted in an increase in cells demonstrating EM, by 4.3% (P < 0.01) 

and 2.3% compared to CTR (0 µM PPV), respectively. However, there was a prominent statistically significant 

increase in cells demonstrating EM by 13.7% (P < 0.001) in ND1 + PPV and 19.7% (P < 0.0001) in ND2 + 

PPV compared to CTR (0 µM PPV). These results were also statistically significant compared to the ND 

controls, where exposure to ND1 + PPV resulted in a 9.3% increase (P < 0.01) compared to ND1 (0 µM PPV), 

and exposure to ND2 + PPV resulted in a 16% increase (P < 0.001) compared to ND2 (0 µM PPV). Moreover, 

differences in cells demonstrating RM was observed between ND1 and ND2 groups, where ND1 alone did 

not yield any significant changes in cells exhibiting RM, but when combined with PPV had a statistically 

significant (P < 0.01) by 7% compared to CTR (0 µM PPV). Conversely, when compared to CTR (0 µM 

PPV), ND2 resulted in the greatest statistically significant (P < 0.001) increase in cell demonstrating RM by 

13.6%, but when combined with PPV had a decrease by 7.7% (P < 0.01) compared to ND2 (0 µM PPV). 

Lastly, there were increases in the prevalence of cells demonstrating SRM after exposure to ND1 + PPV by 

4.7% (P < 0.05) and ND2 + PPV by 8% (P < 0.01) compared to the CTR group (0 µM PPV). Overall, these 

results demonstrate that ND + PPV exerts differential effects on the prevalence of aberrant morphologies in 

both cell lines, with EM being the most conspicuous change. This increase in cells demonstrating EM was 

most notably observed in the glycolytic MDA-MB-231 cell line, especially under lower glucose and glutamine 

conditions (ND2). Finally, VT MDA-MB-231 cells did not exhibit any statistically significant changes in RM, 

SRM, CP and EM with only a 0.3%, 1%, 2.3% and 1.7% change compared to CTR (0 µM PPV), respectively. 

 

 

5.3. Cell cycle progression and cell death-induction: Propidium iodide staining (flow cytometry) 

Given that ND + PPV induced significant reductions in the proliferation of both MCF-7 and MDA-MB-231 

cell lines accompanied with aberrant morphological observations, further analysis was conducted to determine 

whether these antiproliferative effects were due to cell cycle arrest or the induction of cell death. This was 
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achieved through the utilization of ethanol fixation, Triton X-100 mediated membrane permeabilization, 

propidium iodide staining and flow cytometry. Propidium iodide is ideal for analyzing cell cycle progression 

since it is a fluorogenic compound that intercalates with DNA, enabling accurate quantification of cellular 

DNA content, which is critical for distinguishing between the different cell cycle phases (G1, S and G2/M) 

(215). Thus, this technique allows for the determination of the percentage and distribution of cells in each 

phase of the cell cycle through flow cytometric analysis. Furthermore, this assay is valuable tool for assessing 

cell death induction, particularly apoptosis, as cells in the sub-G1 phase are characterized by reduced DNA 

content, a hallmark of DNA fragmentation (215). This fragmented DNA results from endonucleolytic 

cleavage, a process that occurs during apoptosis, leading to the appearance of a distinct sub-G1 population.  

 

In the MCF-7 cell line, exposure to ND + PPV did not induce any significant alterations in cell cycle 

progression, except for a statistically significant increase in the percentage of cells occupying the S phase to 

13.9% (P < 0.05) when exposed to ND2 + PPV (Figure 11A and 11B) However, propagation in ND1 and 

ND2 alone, also resulted in a statistically significant (P < 0.01) increase in cells occupying the S phase to 

16.2% and 16.7%, respectively. Contrarily, exposure to CTR + PPV led to a decrease in cells occupying the 

S-phase to 6% (P < 0.05). Additionally, only insignificant changes in the percentage of cells within the sub-

G1 phase were noted when cells were exposed to ND1 alone and in combination with PPV, with increases of 

0.28% and 0.26% compared to CTR (0 µM PPV), respectively. Furthermore, the most prominent increase in 

cells occupying the sub-G1 phase was observed after propagation in ND2, increasing by 1.44% (P < 0.001) 

compared to the CTR (0 µM PPV) (Figure 11C). ND2 + PPV led to an increase of 1.1% (P < 0.01), which, 

although significant, was less prominent than the increase observed with ND2 alone, highlighting an intriguing 

differential response. Similarly, in the MDA-MB-231 cell line, exposure to ND + PPV did not significantly 

alter cell cycle progression, while propagation in ND medium alone increased the percentage of cells in the S 

phase (Figure 11D and 11E). Propagation in ND1 and ND2 led to an increased prevalence of cells within the 

S phase to 11.3% (P < 0.05) and 13.1% (P < 0.01), respectively. In addition, a decrease in the percentage of 

cells in the G1 phase to 72.6% (P < 0.05) was observed in ND1 alone, but this effect was not observed when 

combined with PPV or in ND2 alone (Figure 11F). The most significant increase in MDA-MB-231 cells in 

the sub-G1 phase was observed after exposure to CTR + PPV, with an increase of 0.7% (P < 0.05) compared 

to CTR (0 µM PPV). Exposure to ND1 + PPV resulted in an increase in the percentage of cells in the sub-G1 

phase by 0.5% (P < 0.01) compared to the CTR (0 µM PPV). Conversely, ND2 + PPV did not significantly 

change the percentage of cell occupying sub-G1 compared to the CTR (0 µM PPV). Collectively, these 

findings suggest that ND + PPV does not induce cell cycle arrest and exerts comparable effects on cell cycle 

progression in both cell lines. However, ND alone significantly increases the percentage of cells in the S phase 

in both cell lines. Lastly, differential effects on the percentage of cells in the sub-G1 phase were observed; 

however, these changes were predominantly insignificant and are unlikely to have biological relevance.
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Figure 11. Cell cycle progression of MCF-7 and MDA-MB-231 cells exposed to by ND + PPV (100 µM). (A) Representative cell cycle fluorescence histograms (FL3) of propidium iodide-stained 

MCF-7 cells, with sub-G1, G1, S, and G2/M phases indicated in dark grey, red, light grey, and blue, respectively. (B) Percentage of MCF-7 cells occupying G1, S, and G2/M phases. (C) Percentage of 

MCF-7 cells occupying sub-G1 phase. (D) Representative cell cycle fluorescence histograms (FL3) of propidium iodide-stained MDA-MB-231 cells, with sub-G1, G1, S, and G2/M phases indicated in 

dark grey, red, light grey, and blue, respectively. (E) Percentage of MDA-MB-231 cells occupying G1, S, and G2/M phases in different experimental conditions. (F) Percentage of MDA-MB-231 cells 

occupying sub-G1 phase. Data are presented as the means ± SDs of three independent experiments, with statistical significance calculated using a one-way ANOVA. P values are represented as 

detailed in the statistical considerations section. 
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5.4. Oxidative stress: O2
- and H2O2 using DHE and DCFDA staining (fluorescent microscopy) 

Given that ND downregulates key metabolic pathways including glycolysis and glutaminolysis, while PPV 

suppresses OXPHOS via mitochondrial complex I inhibition, the combined effect of ND and PPV on 

mitochondrial ROS production was assessed (113,114,178). This was achieved by quantifying the levels of 

O₂⁻ and H₂O₂ using DHE and DCFDA staining, respectively. Furthermore, O₂⁻ is one of the primary ROS 

generated by the mitochondrial electron transport chain, particularly at mitochondrial complex I, making it a 

useful indicator of oxidative stress and mitochondrial complex I activity (216,217). In addition, H2O2, a 

downstream product of O₂⁻ dismutation, serves as a stable and diffusible ROS, which can further interact with 

other molecules to further propagate oxidative damage (218). Therefore, measuring both O₂⁻ and H₂O₂ 

provides a comprehensive assessment of mitochondrial ROS production and the potential oxidative stress 

induced by exposure to ND + PPV. These results may offer valuable insights into the potential mechanisms 

underlying the antiproliferative effects observed with the combination of ND and PPV, particularly whether 

these effects are associated with alterations in mitochondrial reactive oxygen species (ROS), specifically O₂⁻ 

and H₂O₂. Additionally, this study could shed light on potential alterations in ROS scavenging enzymes, such 

as superoxide dismutase or catalase, further elucidating the biochemical pathways involved in the observed 

antiproliferative effects. 

In MCF-7 cells, CTR + PPV did not lead to any significant changes in O₂⁻ production compared to CTR (0 

µM PPV) (Figure 12A and 12B), while differential effects were observed when cells were propagated in ND 

mediums alone and in combination with PPV. For instance, compared to the CTR (0 µM PPV), propagation 

in ND1 resulted in a fold increase in O₂⁻ production to 1.12 (P < 0.0001), while ND2 yielded a fold increase 

to 1.17 (P < 0.01). However, O₂⁻ production decreased when combined with PPV, with the most notable 

reduction observed in ND2 + PPV, with a fold decrease to 0.91 (P < 0.001) relative to CTR (0 µM PPV), 

while ND1 + PPV led to a fold decease to 0.94 (P < 0.01). In contrast, differential results were observed in 

H₂O₂ production when exposed to both ND1 and ND2, alone and in combination with PPV (Figure 12C and 

12D). Compared to CTR (0 µM PPV), propagation in ND1 resulted in a marked fold increase in H₂O₂ 

production to 1.38 (P < 0.0001). However, in combination with PPV, only a slight 1.39-fold increase was 

observed, exhibiting a non-significant difference between ND1 and ND1 + PPV. Correspondingly, 

propagation in ND2 alone and in combination with PPV led to statistically significant (P < 0.001) increase in 

H₂O₂ production, with a fold increase to 1.34 and 1.40, compared to CTR (0 µM PPV), respectively. Exposure 

to CTR + PPV resulted in the least prominent increase in H₂O₂ production, with a fold increase to 1.28 (P < 

0.001) compared to CTR (0 µM PPV). Importantly, VT MCF-7 cells did not exhibit any statistically significant 

changes in either O₂⁻ or H₂O₂ production, showing an insignificant fold increase to 1.02 and 1.03 increase 

compared to CTR (0 µM PPV), respectively. 
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Figure 12. Relative fold changes in O2
- and H2O2 following ND + PPV (100 µM). (A) Fluorescence micrographs of DHE-stained 

MCF-7 cells; scale bars = 40 μm. (B) Relative fold changes in O2
- production in MCF-7 cells. (C) Fluorescence micrographs of 

DCFDA-stained MCF-7 cells. (D) Relative fold changes in H2O2 production in MCF-7 cells. (E) Fluorescence micrographs of DHE-

stained MDA-MB-231 cells. (F) Relative fold changes in O2
- production in MDA-MB-231 cells. (G) Fluorescence micrographs of 

DCFDA-stained MDA-MB-231 cells (H) Relative fold changes in H2O2 production in MDA-MB-231 cells. The mean fluorescence 

intensity for all conditions was measured against CTR (0 µM PPV) to determine relative fold change values. Data are presented as 

the means ± SDs of three independent experiments, with statistical significance calculated using a one-way ANOVA. P values are 

represented as detailed in the statistical considerations section. 
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MDA-MB-231 cells exhibited similar alterations in both O₂⁻ and H₂O₂ production when exposed to ND alone 

and in combination with PPV, compared to the MCF-7 cell line. Firstly, exposure to CTR + PPV resulted in 

a fold decrease in O₂⁻ production to 0.88 (P < 0.05) compared to CTR (0 µM PPV) (Figure 12E and 12F). 

Moreover, similar to the MCF-7 cell line, MDA-MB-231 cells propagated in ND1 and ND2 exhibited an 

upregulation of O₂⁻ production to 1.07-fold (P < 0.05) and 1.12-fold (P < 0.001) relative to CTR (0 µM PPV), 

respectively. Furthermore, upon the combination exposure to PPV, O₂⁻ production significantly decreased, 

with ND1 + PPV resulting in a fold decrease to 0.76 (P < 0.001) and ND2 + PPV resulting in a fold decrease 

to 0.77 (P < 0.001), compared to CTR (0 µM PPV). However, H2O2 production significantly increased in all 

treatment groups, with the smallest change observed in CTR + PPV with a fold increase to 1.04 (P < 0.01) 

compared to CTR (0 µM PPV) (Figure 12G and 12H). Propagation in ND1 alone and in combination with 

PPV led to statistically significant increases in H₂O₂ production to 1.15 (P < 0.01) and 1.14 (P < 0.0001), 

compared to CTR (0 µM PPV), respectively. In addition, compared to CTR (0 µM PPV), propagation in ND2 

and in combination with PPV resulted in a fold increase in H₂O₂ production to 1.15 and 1.13, respectively. 

Notably, no significant changes in H₂O₂ production were observed between ND alone groups and ND + PPV. 

Finally, VT MDA-MB-231 cells did not exhibit significant changes in either O₂⁻ or H₂O₂ production 

compared, with a fold increase to 1.01 and 1.001 compared to CTR (0 µM PPV), respectively.  

These findings reveal that ND leads to an increase in O₂⁻ production in both cell lines, with the most 

pronounced elevation of O₂⁻ observed in conditions of lower glucose- and glutamine availability (ND2). 

Interestingly, when ND is combined with PPV, O₂⁻ production markedly decreases, exceeding the reduction 

observed with PPV alone. This effect is more pronounced in the glycolysis-dependent MDA-MB-231 cell 

line, suggesting a synergistic interaction between ND and PPV in suppressing O₂⁻ production. In contrast, 

H₂O₂ production was elevated across all treatment groups in both cell lines, with insignificant changes 

observed in the ND-treated groups, both alone and in combination with PPV. The greatest increase in H₂O₂ 

production was seen in the OXPHOS-dependent MCF-7 cell line, indicating that the metabolic profile of each 

cell line influences its ROS production response. Finally, to further understand the mechanism underlying the 

decrease in O₂⁻ but the increase in H₂O₂ following ND + PPV, it is essential to determine how this combination 

affects mitochondrial SOD activity. 

 
5.5. SOD activity (spectrophotometry) 

The ROS scavenging system includes SOD, catalase (CAT), glutathione peroxidase (GPx), peroxiredoxin 

(PRx), and thioredoxin (TRx) (219) (Figure 13A). In the mitochondria, SOD catalyzes the dismutation of O2
- 

into H2O2 and O2, which are further converted to H2O and O2 by CAT or peroxidases (220). Given that ND + 

PPV led to a decrease in O2
- along with an increase in H2O2, the influence of SOD activity was further 

investigated. The determination of SOD activity was conducted using the SOD Activity Determination Kit 
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(Sigma‒Aldrich), which utilizes WST-1, water-soluble tetrazolium salt that produces a soluble formazan dye 

upon reduction by O2
- (Figure 13B). The amount of formazan generated is linearly related to xanthine oxidase 

(XO) activity, which is inhibited by SOD. Thus, by measuring the extent of this inhibition through colorimetry, 

the SOD inhibition rate (%) can be determined, which directly correlates with SOD activity. Lastly, as the 

absorbance at 450 nm directly correlates with the concentration of O2
-, SOD activity can be quantified by 

assessing the reduction in colour intensity at this wavelength.  

 

 

 

 

 

 

 

Despite the decrease in O2
- and increase in H2O2, which are typically associated with enhanced SOD activity, 

no prominent changes in SOD activity were detected following ND + PPV in either the MCF-7 or MDA-MB-

Figure 13. Impact of ND + PPV (100 µM) on SOD activity in MCF-7 and MDA-MB-231 cells. (A) Mitochondrial ROS scavenging 

system. Respiratory chain complexes I and III (black) generate O2
-, which is further converted to H2O2 by the SOD system, involving 

SOD1 an SOD2 within the mitochondrial intermembrane space and matrix, respectively. (B) The SOD activity assay uses WST-1 to 

produce a formazan dye upon O2
- reduction. SOD activity is be quantified by assessing the reduction in colour intensity at 450 nm. 

(C) SOD activity within MCF-7 cells exposed to different experimental conditions. (D) SOD activity within MDA-MB-231 cells 

exposed to different experimental conditions. Data are presented as the means ± SDs of three independent experiments, with statistical 

significance calculated using a one-way ANOVA. P values are represented as detailed in the statistical considerations section. 
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231 cell lines. In MCF-7 cells, CTR + PPV did not significantly alter SOD activity levels, and similarly, ND1 

and ND2, either alone or combined with PPV, showed no significant changes in SOD activity compared to 

CTR (0 µM PPV) (Figure 13C). Additionally, the changes ND1 + PPV and ND2 + PPV exerted on SOD 

activity were not statistically significant when compared to the respective ND medium controls. Similar results 

were observed in the MDA-MB-231 cell line, where CTR + PPV, ND1, ND2, and ND1 + PPV did not result 

in a statistically significant alteration in SOD activity compared to CTR (0 µM PPV) (Figure 13D). However, 

a significant decrease (P < 0.05) was observed only in the ND2 + PPV group, with SOD activity decreasing 

by 8.7% compared to CTR (0 µM PPV). Together, VT MCF-7 and MDA-MB-231 cells exhibited insignificant 

changes in SOD activity compared CTR (0 µM PPV). 

These results demonstrated that ND + PPV does not alter SOD activity, particularly in MCF-7 cells. However, 

the only significant change in SOD activity was detected in MDA-MB-231 cells, where ND2 + PPV reduced 

activity. However, this finding does not explain the concurrent decrease in O2
- and increase in H2O2 as noted 

in the ROS production assays. Therefore, this data suggests that the differential effects of ND + PPV on O2
- 

and H2O2 in both cell lines are likely due to an alternative mechanism, potentially involving disruption in the 

ETC, mediated through PPV’s mitochondrial complex I inhibitory effects. 

 

 

5.6. Mitochondrial membrane potential: JC-1 staining (flow cytometry) 

The potential disruption in the ETC mediated by ND + PPV was investigated by assessing the effects on 

mitochondrial membrane potential (ΔψM) using the JC-1 staining assay. JC-1 dye exhibits potential-

dependent accumulation in mitochondria, where at a lower ΔψM, JC-1 remains in its monomeric form, 

emitting green fluorescence at 529 nm (Figure 14A) (209, 221). Conversely, at an elevated ΔψM, JC-1 forms 

red fluorescent aggregates and accumulates within the mitochondria, emitting fluorescence at 590 nm (209, 

221). Consequently, mitochondrial polarization can be assessed by measuring the red/green fluorescence 

intensity ratio, where a lower ratio indicates depolarization and a higher ratio indicates hyperpolarization. In 

the MCF-7 cell line, exposure to CTR + PPV resulted in a marked decrease in JC-1 red fluorescence intensity, 

as indicated by the two-parameter (dual-colour fluorescence) density plot (Figure 14B). Consequently, the 

decrease in JC-1 aggregates led to a significant fold reduction in the red/green ratio to 0.26 (P < 0.001) relative 

to CTR (0 µM PPV) (Figure 14C). However, propagation in ND1 and ND2 did not result in a significant fold 

change in the red/green ratio. In contrast, the addition of PPV to ND resulted in the most prominent decrease 

in the red/green ratio, with ND1 + PPV and ND2 + PPV resulting in statistically significant (P < 0.0001) fold 

decreases to 0.11 and 0.12 relative to CTR (0 µM PPV), respectively. The red/green ratio changes observed 

in ND1 + PPV and ND2 + PPV were not statistically significant when compared to the respective ND medium 

controls.  
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Figure 14. Effects of ND + PPV (100 µM) on the mitochondrial membrane potential of MCF-7 and MDA-MB-231 cells. (A) JC-1 chemical structure and principle of assay. JC-1 accumulates in 

mitochondria based on membrane potential, emitting green fluorescence (JC-1 monomer) at low ΔψM and at higher ΔψM emits red fluorescence (J1-aggregates). (B) Two-parameter (dual-color 

fluorescence) density plot of MCF-7 cells, showing JC-1 green (fluorescein isothiocyanate [FITC]) fluorescence on the X-axis and red (PE) fluorescence on the Y-axis. Quadrant one demonstrates 

cells with high ΔψM, while quadrant four demonstrates cells with low ΔψM. (C) Relative fold changes in the JC-1 red/green ratio of MCF-7 cells exposed to different experimental conditions. (D) 

Two-parameter density plot of MDA-MB-231 cells. (E) Relative fold changes in the JC-1 red/green ratio of MDA-MB-231 cells exposed to different experimental conditions. cells. The mean 

fluorescence intensity for all conditions was measured against CTR (0 µM PPV) to determine relative fold change values. Data are presented as the means ± SDs of three independent experiments, 

with statistical significance calculated using a one-way ANOVA. P values are represented as detailed in the statistical considerations section. 
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Contrasting results were observed in the MDA-MB-231 cell line, where CTR + PPV, ND1 and ND2 did not 

lead to a significant change in JC-1 red fluorescence intensity in the two-parameter density plot, resulting in 

an insignificant fold change in the red/green ratio relative to CTR (0 µM PPV) (Figure 14D and 14E). 

Notably, the addition of PPV to ND1 and ND2 resulted in a prominent and significant increase in JC-1 red 

fluorescent intensity as depicted in the density plot, consequently contributing to a statistically significant (P 

< 0.05) fold increase to 2.65 and 4.02 relative to CTR (0 µM PPV), respectively. Moreover, the red/green ratio 

changes observed in ND1 + PPV and ND2 + PPV were statistically significant (P < 0.05) when compared to 

the respective ND medium controls. Lastly, both MCF-7 and MDA-MB-231 VT cells did not exhibit any 

statistically significant changes in red/green ratio compared to CTR (0 µM PPV), respectively. 

The results obtained indicate that PPV alone, and in combination with ND, leads to the depolarization 

(decreased ΔψM) of the mitochondrial membrane in MCF-7 cells, with insignificant differences observed 

between the ND1 and ND2 groups. Similarly, in the MDA-MB-231 cell line, propagation in ND1 and ND2 

resulted in a slight depolarization (decreased ΔψM) of the mitochondrial membrane. However, upon the 

addition of PPV to ND mediums, a significant increase in the red/green ratio was observed, indicating that 

ND + PPV causes hyperpolarization (increased ΔψM) of the mitochondrial membrane. Therefore, the JC-1 

staining assay demonstrates that ND + PPV exerts diametrically opposing effects on ΔψM in MCF-7 and 

MDA-MB-231 cells. These findings highlight the distinct mitochondrial responses to ND + PPV treatment 

across different breast tumorigenic cell lines, suggesting that the underlying mechanisms may vary 

significantly depending on the breast cancer subtype and metabolic phenotype 

 

 

5.7. AMPK and mTORC1 signalling: p-AMPKα1 (S487) and p-mTORC1 (S2448) expression 

Previous literature has demonstrated that the combination of fasting and mitochondrial complex I inhibition 

reduces the proliferation of tumorigenic cells by activating AMPK and inhibiting mTORC1, two key signaling 

proteins involved in nutrient sensing and growth (53,65,181). Thus, to elucidate the cell signalling mechanism 

by which ND + PPV induces antiproliferative effects in breast tumorigenic cells, the expression of two key 

phosphorylation sites, namely p-S487 on AMPK and p-S2448 on mTORC1, were investigated. AMPK 

consists of three subunits, with AMPKα serving as the master regulator of cellular energy demands. In 

nutrient-rich conditions, the catalytic α1 subunit of AMPK is phosphorylated at S487 by AKT, which inhibits 

AMPK activity by preventing T172 phosphorylation by LKB1, a crucial step for AMPK activation (Figure 

15A) (146,147). Therefore, S487 phosphorylation on AMPKα1 can serve as a valuable indicator of AMPK 

activity and was investigated through sandwich ELISA.
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Figure 15. Effects of ND + PPV (100 µM) on p-AMPKα1 (S487) and p-mTORC1 (S2448) expression. (A) Protein model of mammalian AMPK, created with PyMOL using crystal structure 

obtained from Protein Data Bank (PDB-4RER) as a template. (B) Relative fold changes in the expression of p-AMPKα1 (S487) in MCF-7 cells exposed to different experimental conditions. (C) 

Relative fold changes in the expression of p-AMPKα1 (S487) in MDA-MB-231 cells. (D) Protein model of mammalian mTORC1, created with PyMOL using crystal structure obtained from 

Protein Data Bank (PDB-5H64) as a template. (E) Relative fold changes in the expression of p-mTORC1 (S2448) in MCF-7 cells. (F) Relative fold changes in the expression p-mTORC1 (S2448) 

in MDA-MB-231 cells. All absorbencies and mean fluorescence intensities were measured against CTR (0 µM PPV) to determine relative fold change values. Data are presented as the means ± 

SDs of three independent experiments, with statistical significance calculated using a one-way ANOVA. P values are represented as detailed in the statistical considerations section. 
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In the MCF-7 cell line, exposure to CTR + PPV did not result in a statistically significant change in p-

AMPKα1 (S487) expression relative to CTR (0 µM PPV) (Figure 15B). However, propagation in ND1 and 

ND2 led to a statistically significant (P < 0.01) fold decrease in p-AMPKα1 (S487) expression to 0.81 and 

0.94 relative to CTR (0 µM PPV), respectively. Although, the addition of PPV to both ND mediums did not 

result in statistically significant changes compared to CTR (0 µM PPV) and the respective ND controls. 

Contrary results were noted in the MDA-MB-231 cell line, where PPV alone, and in combination with ND 

resulted in significant decreases in p-AMPKα1 (Figure 15C) (S487). For instance, exposure to CTR + PPV 

led to a fold decrease to 0.68 (P < 0.01) relative to CTR (0 µM PPV). Propagation in ND1 and ND2 resulted 

in an even fold greater decrease to 0.55 (P < 0.01) and 0.43 (P < 0.0001) relative to CTR (0 µM PPV), 

respectively. Likewise, exposure to ND1 + PPV and ND2 + PPV led to a fold decrease in p-AMPKα1 (S487) 

expression to 0.53 (P < 0.0001) and 0.44 (P < 0.0001) relative to CTR (0 µM PPV), respectively. In 

comparison to their respective ND controls, no statistically significant changes were observed in both the ND1 

+ PPV and ND2 + PPV groups. Moreover, no statistically significant changes were noted in VT MCF-7 and 

MDA-MB-231 relative to CTR (0 µM PPV), respectively. Overall, these results demonstrate that ND + PPV 

exerts differential effects on p-AMPKα1 (S487) expression in both cell lines. Nutrient-deprived MCF-7 cells 

exhibited a decrease in p-AMPKα1 (S487) expression, indicative of increased AMPK activity, but this effect 

was reversed upon the addition of PPV. Similarly, nutrient-deprived MDA-MB-231 cells exhibited a 

substantial decrease in p-AMPKα1 (S487) expression, with non-statistically significant changes observed 

when combined with PPV compared to ND alone. 

 

Owing to the decrease in p-AMPKα1 (S487) expression in the MDA-MB-231 cell line, which is indicative of 

an increase in AMPK activity, and given that AMPK can directly inhibit mTORC1, the effect of ND + PPV 

on mTORC1 activity was investigated by quantifying the expression of p-mTORC1 (S2448) (141). The multi-

subunit heterotrimeric protein kinase mTORC1 consists of three core components: mTOR, mammalian lethal 

with SEC13 protein 8 (mLST8), and Raptor (Figure 15D) (222). The phosphorylation of mTORC1 at S2448 

within the mTOR unit is crucial for activation and directly correlates with mTORC1 activity, making it a 

reliable indicator of mTORC1 activity (223). In the MCF-7 cell line, exposure to CTR + PPV did not 

statistically significantly alter p-mTORC1 (S2448) expression relative to CTR (0 µM PPV) (Figure 15E). 

The expression of p-mTORC1 (S2448) exhibited a significant fold decrease in MCF-7 propagated in ND1 and 

ND2 to 0.89 (P < 0.001) and 0.80 (P < 0.01), respectively. Exposure to ND1 + PPV led to a fold reduction in 

p-mTORC1 (S2448) expression to 0.93 (P < 0.001) relative to CTR (0 µM PPV), and this fold change was 

also statistically significant (P < 0.05) compared to ND1 alone. However, ND2 + PPV resulted in a non-

statistically significant fold increase in p-mTORC1 (S2448) expression to 1.04 relative to CTR (0 µM PPV), 

but exhibited a statistically significant (P < 0.01) increase in expression compared to ND2 alone. Furthermore, 

MDA-MB-231 cells exposed to CTR + PPV exhibited a statistically significant fold decrease (P < 0.001) in 
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p-mTORC1 (S2448) expression to 0.91 relative to CTR (0 µM PPV) (Figure 15F). Propagation in ND1 and 

ND2 led to the same statistically significant (P < 0.05) fold decrease to 0.86 relative to CTR (0 µM PPV). 

Upon exposure to PPV, MDA-MB-231 cell propagated in ND1 exhibited a significant fold decrease to 0.84 

(P < 0.0001); however, statistically insignificant to ND1 alone. Likewise, exposure to ND2 + PPV led to a 

significant decrease (P < 0.05) to 0.80 relative to CTR (0 µM PPV), but statistically insignificant compared 

ND2 alone.  

Collectively, the results indicate a correlation between p-mTORC1 (S2448) expression and p-AMPKα1 

(S487) expression. For example, in MCF-7 cells, ND2 + PPV led to a slight increase in both p-AMPKα1 

(S487) and p-mTORC1 (S2448) expression, whereas ND1 resulted in a statistically significant decrease at 

both phosphorylation sites. This correlation was further corroborated in the MDA-MB-231 cell line, where 

ND1 and ND2, both alone and in combination with PPV, led to statistically significant decreases in p-

AMPKα1 (S487) and p-mTORC1 (S2448) expression. Notably, cells propagated in ND2 alone and those 

exposed to ND2 + PPV showed the significant decreases in p-AMPKα1 (S487) and p-mTORC1 (S2448) 

expression in the MDA-MB-231 cell line. This suggests that reduced glucose- and glutamine concentrations, 

combined with PPV, increase AMPK activity while decreasing mTORC1 activity. Interestingly, the addition 

of PPV to nutrient-deprived MCF-7 cells appears to lead to a significant increase in mTORC1 activity 

compared to ND alone, an effect not observed in MDA-MB-231 cells. This ultimately demonstrates that ND 

+ PPV exerts cell line-specific effects on both AMPK and mTORC1 activity.  

 

6.  Discussion 

The current state of breast cancer treatment in SA reveals significant disparities compared to the USA, 

particularly regarding the access to affordable targeted therapies for financially constrained patients (1–3). 

This highlights an urgent need for cost-effective strategies that can be integrated into the existing breast cancer 

care framework in SA. An ideal therapeutic approach should minimize side effects, be widely accessible in 

the South African public health sector, be SAHPRA-approved, and have a well-established safety profile to 

maximize translational outcomes. Short-term fasting emerges as a promising lifestyle intervention, shown to 

impair tumor metabolism by reducing blood glucose and glutamine levels and to reduce chemotherapy-

induced side effects (113,114,119-221). However, fasting alone has not demonstrated substantial 

improvements in tumor regression or overall survival in vivo, potentially owing to metabolic plasticity, which 

allows for cell survival through increased reliance on OXPHOS for ATP production (53,65). Therefore, 

inhibiting mitochondrial complex I during fasting could potentially exacerbate the bioenergetic stress in breast 

tumorigenic cell (53,65,162). In pursuit of an affordable and accessible mitochondrial complex I inhibitor for 

breast cancer patients, we explored repurposing PPV, a SAHPRA-approved drug for cerebral vasospasm. 
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However, the effects of physiological glucose- and glutamine concentrations, simulating fasting, combined 

with PPV on metabolically distinct breast tumorigenic cell lines remained to be explored. Thus, this study was 

the first to explore the in vitro effects of physiological glucose and glutamine deprivation and PPV (ND + 

PPV) on OXPHOS-dependent (MCF-7) and glycolysis-dependent (MDA-MB-231) cell lines. 

To determine whether ND + PPV exerts antiproliferative effects, the crystal violet staining assay was utilized 

since this assay provides a more reliable measure of cell viability compared to resazurin assays, which can be 

confounded by changes in mitochondrial respiration induced by ND + PPV (181,212). The data obtained from 

the crystal violet staining assay demonstrated that ND significantly enhances the antiproliferative effects of 

PPV in both cell lines, especially under reduced glucose- and glutamine conditions, as noted in ND2. Notably, 

neither PPV nor ND alone significantly inhibited cell proliferation in either of the cell lines, indicating that 

ND sensitizes breast tumorigenic cells to the mitochondrial complex I inhibitory effects of PPV, although the 

degree of sensitization depends on the metabolic phenotypes of the cells. Furthermore, the most pronounced 

anti-proliferative effect was observed in the MDA-MB-231 cell line, likely due to its glycolytic phenotype 

and increased reliance on OXPHOS during ND, potentially contributing to the heightened PPV sensitivity 

(57–59). These findings align with previous literature reporting that nutrient-deprived MDA-MB-231 cells 

exhibit substantial metabolic plasticity under ND, as evident by a significant 40% increase (P < 0.01) in basal 

cellular oxygen consumption rate (key indicator of mitochondrial respiration), compared to the control glucose 

condition (25.52 mM) (66). In addition, further studies have demonstrated that MDA-MB-231 cells exhibit 

increased sensitivity to MET under glucose deprivation compared to MCF-7 cells, where the 24-hour IC50 of 

MET in MDA-MB-231 cells was 6.4 times higher than that of MCF-7 cells (224). Thus, the dual inhibition of 

glycolysis and glutaminolysis by ND and OXPHOS by PPV may potentially synergistically impair ATP 

production and redox balance in MDA-MB-231 cells, resulting in a more pronounced decrease in proliferation 

compared to that in MCF-7 cells. Previous literature has shown that MCF-7 cells exhibit increased glutamine 

synthetase expression, enabling de novo glutamine production under ND and sustaining their biosynthetic and 

redox demands (58,59). This mechanism may explain the reduced antiproliferative effects observed with ND 

+ PPV in the MCF-7 cells. Furthermore, the potential reductions in ATP production leading to severe 

bioenergetic stress induced by ND + PPV may further explain the cell line-dependent decreases in proliferation 

observed with ND + PPV. Previous research has shown that ND significantly lowered steady-state ATP levels 

(~70%) in MDA-MB-231 cells, while only moderately inhibiting ATP production (~30%) in MCF-7 cells, an 

effect that, when combined with PPV, may lead to further decreases in ATP production (59). Nonetheless, the 

precise cell signalling mechanism through which ND + PPV exerts its antiproliferative effects remains to be 

elucidated. One potential mechanism could be the increased AMP/ATP ratio, reflecting bioenergetic stress, 

which consequently leads to the activation of LKB1 and phosphorylation of AMPK at T172, facilitating its 

activation (147). Activated AMPK then inhibits mTORC1, thereby limiting protein synthesis and 
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proliferation, as confirmed by previous studies exploring a combinational approach using ND + MET 

(53,64,141,181). 

Since exposure to ND + PPV resulted in significant decreased proliferation, the prevalence of aberrant 

morphological changes was quantified in the same conditions. When propagated in ND1 and ND2, MCF-7 

cells exhibited increased cell protrusions, where MDA-MB-231 cells exhibited a decrease. The decrease in 

cell protrusions observed in MDA-MB-231 cells may indicate a reduction in migratory capacity, supported 

by previous studies demonstrating that 24-hour glucose deprivation significantly decreases (P < 0.05) the 

migration of MDA-MB-231 cells compared to cells in control medium (225). However, ND + PPV led to an 

increase in cell protrusions in the MDA-MB-231 cell line, an effect potentially observed due to PPV's 

inhibitory effects on PDE10A, a cyclic adenosine monophosphate (cAMP) hydrolyzing enzyme (226,227). 

The inhibition of PDE10A results in an increase in cAMP, which could be further amplified by ND, leading 

to the hyperactivation of protein kinase A (PKA) (191). Furthermore, PKA is a tetramer comprising two 

regulatory subunits and two catalytic subunits, and it is activated upon the binding of cAMP to the regulatory 

subunits (228,229). In the absence of cAMP, PKA remains inactive because a constitutive regulatory subunit 

dimer forms, suppressing the activity of the two catalytic subunits (229). Upon cAMP binding, a 

conformational change occurs, exposing the catalytic subunits and restoring kinase activity. However, the 

precise mechanism underlying this release is still not fully understood. (230,231). Moreover, the proposed 

mechanism by which ND + PPV increases cell protrusions through the hyperactivation of PKA is supported 

by previous research demonstrating a strong correlation between PKA activity and protrusion formation, with 

PKA inhibition leading to a decrease in protrusion formation (232). However, previous studies have 

demonstrated that PPV alone significantly reduces the migration of MDA-MB-231 despite increased cell 

protrusions (233). The increased cell protrusions are likely due to mechanisms unrelated to migration, with 

macropinocytosis potentially being involved. Macropinocytosis, a nutrient-scavenging strategy employed by 

tumorigenic cells under nutrient stress, involves the uptake of extracellular proteins and subsequent 

degradation within endolysosomes, providing amino acids that fuel tumorigenic metabolism and growth 

(234,235). This process is closely linked to actin cytoskeleton dynamics, where membrane ruffles form via 

actin polymerization (234,235). Ultimately, this could aid in elucidating why MCF-7 cells exhibit fewer 

protrusions compared to MDA-MB-231 cells after exposure to ND + PPV, since MCF-7 cells possess 

increased rates of glutamine synthesis during ND (58,59). However, further research is needed to determine 

whether this is the mechanism by which MDA-MB-231 cells increase protrusions. Furthermore, AMPK has 

been shown to play a significant role in activating macropinocytosis, with Jayashankar et al. demonstrating 

that AMPK activation in nutrient-deprived TNBC cells (4T1 and MDA-MB-468) stimulates 

macropinocytosis, as evident by increased macropinosome formation (236). Moreover, ND + PPV led to an 

increase in enlarged morphologies in both cell lines, with the greatest increase observed in the MCF-7 and 
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MDA-MB-231 when exposed to ND1 + PPV and ND2 + PPV, respectively. The observed increase in enlarged 

cells may indicate the induction of oncosis-related cell death, as cellular swelling is a hallmark of oncosis, 

typically triggered by ATP depletion (237,238). The significant decrease in ATP leads to the disruption of the 

inner mitochondrial membrane barrier, resulting in the collapse of ion gradients and loss of mitochondrial 

membrane potential (237). This further exacerbates the decline in cellular ATP levels leading to membrane 

ion pumps failing culminating in the cell swelling (237). Lastly, both MCF-7 and MDA-MB-231 cells 

exhibited an increased prevalence of shrunken rounded morphology when exposed to ND + PPV, suggesting 

the induction of apoptotic cell death (239). This is corroborated by studies involving ND and MET, where the 

combination significantly increased (P < 0.001) both early and late apoptosis in MDA-MB-231 cells compared 

to the control medium and MET alone (224). Nonetheless, the mechanism by which ND + PPV potentially 

induces oncotic and apoptotic cell death still remains to be elucidated.  

Given that ND + PPV induced significant reductions in the proliferation in both MCF-7 and MDA-MB-231 

cell lines accompanied by aberrant morphology, further analysis was conducted to determine whether these 

antiproliferative effects were due to cell cycle arrest. In both MCF-7 and MDA-MB-231 cell lines, exposure 

to ND + PPV did not lead to significant alterations in cell cycle progression. However, both ND1 and ND2 

alone significantly increased the percentage of MCF-7 and MDA-MB-231 cells in the S phase, suggesting a 

promotion of DNA synthesis. This data is corroborated by previous studies which demonstrated that MCF-7 

and MDA-MB-231 cells propagated in glucose and/or glutamine deprived mediums have an increased 

percentage of cells in the occupying the S phase, although the reasoning behind this is not entirely understood 

(18). Nonetheless, these results suggest that the antiproliferative effects of ND + PPV on both cell lines are 

not due to cell cycle arrest. This finding aligns with the work of Ferretti et al., who demonstrated that glucose 

deprivation combined with MET did not induce cell cycle arrest, although their study was conducted using 

hepatocellular carcinoma cells (HepG2) (181). Furthermore, mostly insignificant changes were observed, with 

no exposure group exceeding 2% in the percentage of cells in the sub-G1 phase in either cell line. The absence 

of noteworthy changes in the sub-G1 fractions may be attributed to the 24-hour exposure period of PPV. 

Previous studies have demonstrated that exposing MD-MB-231 cells to 100 µM PPV for 48 hours and 72 

hours resulted in 7.36% (P < 0.05) and 11.25% (P < 0.05) of cells in the sub-G1 phase, respectively, 

highlighting a time-dependent response (196). Furthermore, previous research by Visagie et al. demonstrated 

that as little as 6 hours of exposure to ND significantly increased the percentage of cells in the sub-G1 phase 

to 21% (P < 0.05) (18). However, the effects of ND at 24 hours was not investigated, leaving the lack of 

notable changes in sub-G1 observed after 24-hour exposure to ND1 and ND2 unexplained and to be further 

elucidated. Based on previous findings, it would be expected that the combination of ND and PPV would 

significantly increase the sub-G1 fractions; however, this was not observed in the current study. A proposed 

mechanism for the lack of change in sub-G1 fractions is the hyperactivation of PKA, supported by previous 
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research showing that ND activates PKA in MDA-MB-231 cells, thereby protecting against cell death (240). 

Activated PKA indirectly activates the anti-apoptotic protein B-cell lymphoma 2 (BCL-2) by inhibiting BCL2-

associated agonist of cell death (BAD), a protein that suppresses BCL-2 (241). The addition of PPV to nutrient-

deprived breast tumorigenic cells may further activate PKA by increasing cAMP levels as previously 

discussed, thereby reducing cell death and, consequently, the proportion of cells in the sub-G1 phase. 

Nevertheless, the propidium iodide staining assay shows that ND + PPV does not induce cell cycle arrest or 

apoptotic-like cell death in either cell line, suggesting that alternative mechanisms, such as oxidative stress, 

may be involved. 

Excessive mitochondrial ROS results in oxidative stress, which is known to impede cell proliferation (21). 

Therefore, we aimed to determine if the combination of ND and PPV resulted in oxidative stress that correlated 

with the antiproliferative effects of ND + PPV. The quantification of O2
- production was initially conducted 

since mitochondrial complex I is a major O2
- source, making it a useful marker for oxidative stress and 

mitochondrial complex I activity (242). Propagation in nutrient-deprived media significantly increased O2
- 

production in both cell lines, especially when utilizing the lower glucose- and glutamine concentrations present 

in ND2. These findings align with literature reporting that nutrient-deprived MDA-MB-231 cells exhibited a 

40% increase in mitochondrial respiration, suggesting increased mitochondrial complex I activity following 

ND (66). However, ND + PPV led to a significant reduction in O2
-, compared with CTR + PPV, indicating 

enhanced inhibition of mitochondrial complex I with ND, especially within MDA-MB-231 cells. The findings 

from the current study is contraindicatory with previous research on ND + MET, where mitochondrial complex 

I inhibition by MET in TNBCs did not differ between cells cultured in nutrient-deprived compared to CTR 

medium (53). The reduction in O2
- following ND + PPV may be attributed to enhanced mitophagy, potentially 

driven by ATP depletion (243). Elevated AMP/ATP ratios result in the phosphorylation of AMPK at T172, 

mediated by LKB1 (147). Subsequently, AMPK can activate ULK1, an upstream kinase critical for initiating 

mitophagy, leading to mitochondrial degradation and a consequent decrease in O₂- (244). ULK1 is the catalytic 

component of the autophagy pre-initiation complex and has been shown to stimulate mitophagy by 

phosphorylating BCL2-interacting protein 3 (BNIP3) at the serine residue 17 (S17) (244). Phosphorylation of 

BNIP3 at S17 by ULK1 promotes its interaction with microtubule-associated protein 1A/1B light chain 3 

(LC3), thereby targeting mitochondria to autophagosomes (245,246). However, further studies are necessary 

to confirm whether mitophagy contributes to the observed reduction in O2
- mediated through ND + PPV in 

both cell lines.  

In light of the decreased O2
- presence after exposure to ND + PPV in both cell lines, the quantification of H2O2 

was conducted. Significant increases in H2O2 production was noted after ND + PPV in both cell lines, with 

insignificant differences between ND alone and in combination with PPV, consistent with findings from 

research involving ND + MET research (53). The MCF-7 cell line exhibited a more prominent increase in 
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H2O2 levels compared to the MDA-MB-231 cell line, which is consistent with previous findings in that 

catalase activity is significantly lower in MCF-7 cells than in MDA-MB-231 cells (59). Moreover, the increase 

in H2O2 in both cell lines propagated in ND1 and ND2 alone and in combination with PPV may be mediated 

by glutamine deprivation, which disrupts the synthesis of GSH, a crucial component of the GPx enzyme, 

leading to H2O2 accumulation (247). However, this does not account for the simultaneous decrease in O2
- and 

increase in H2O2 observed with ND + PPV. Thus, subsequent analyses were conducted to determine whether 

the differential effects on ROS were due to increased SOD activity. Although both cell lines exhibited only 

slight and negligible changes, with no statistically significant differences observed in the MCF-7 cell line 

across all treatment groups, a statistically significant decrease in SOD activity was noted in the MDA-MB-

231 cell line following exposure to ND2 + PPV. However, although SOD1 expression (as determined through 

the GEO RNA-sequencing data set [GSE100878]) does not significantly differ between the two cell lines, 

MDA-MB-231 cells possess a two-fold higher expression of SOD2 (59). Thus, the data obtained herein may 

not fully elucidate which SOD subtype has been affected, potentially influencing the observed decrease in 

SOD activity. Collectively, the data obtained in this current study suggests that ND + PPV alters O2
- and H2O2 

levels in a manner potentially independent of SOD, suggesting that ND + PPV decreases O2
- levels by possibly 

disrupting its production through mitochondrial complex I inhibition or the induction of mitophagy. 

Furthermore, the increase in H2O2 may involve other factors, including reduced GPx and catalase activity, 

necessitating the need for further investigation. Overall, this data suggests that ND + PPV may exert 

antiproliferative effects in both cell lines through a mechanism that does not appear to be directly related to 

changes in O2
- and H2O2 levels. Although H2O2 levels increased consistently across experimental conditions, 

only ND + PPV, and not ND alone, significantly reduced proliferation, which could indicate a mechanism 

independent of mitochondrial H2O2 production. This suggests that alternative mitochondrial mechanisms, 

particularly ∆ψM, may be involved in mediating the antiproliferative effects of ND + PPV. 

In light of the fact that mitochondrial complex I is the central OXPHOS enzyme targeted in this study, the 

effects of ND + PPV were assessed on ∆ψM, which serves a universal indicator of mitochondrial health and 

activity. The inhibition of mitochondrial complex I has been widely demonstrated to lead to reduced ∆ψM, 

and similar results were anticipated following ND + PPV exposure in both cell lines (248). However, opposing 

results were obtained, with ND + PPV leading to a significant reduction in ∆ψM in the MCF-7 cell line and a 

substantial increase in the MDA-MB-231 cell line. Firstly, considering the MCF-7 cell line, only the PPV-

treated groups showed significant changes, with ND1 + PPV and ND2 + PPV showing the most prominent 

decreases. This is likely due to PPV's inhibition of mitochondrial complex I, disrupting the ETC and reducing 

∆ψM and ATP production. Moreover, the increased reliance on OXPHOS in the MCF-7 cell line may 

contribute to the significant decrease in ∆ψM following exposure to ND + PPV. Furthermore, mitochondrial 

complex I activity has been shown to be approximately 60% higher in MCF-7 cells compared to MDA-MB-
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231 cells (59). Therefore, PPV-mediated inhibition of mitochondrial complex I in MCF-7 cells could result in 

a more pronounced decrease in ∆ψM due to their greater dependency on mitochondrial complex I and 

OXPHOS. Furthermore, a potential reason for the mitochondrial membrane depolarization in the MCF-7 cell 

line compared to the MDA-MB-231 may be the significant increase in H2O2 levels in MCF-7 cells, since 

increased H2O2 levels have been shown to lead to decreased ∆ψM (249). Although a decrease in ∆ψM is 

associated with the induction of apoptosis, MCF-7 cells did not exhibit a significant increase (<2%) in the 

percentage of cells in the sub-G1 phase, as indicated by the propidium iodide staining assay. This suggests that 

MCF-7 cells may be in the early phase of apoptosis, with prolonged exposure to PPV potentially increasing 

the percentage of cells in the sub-G1 phase, as demonstrated by Gomes et al., who showed a time-dependent 

rise in sub-G1 cells in breast tumorigenic cells exposed to PPV (196). Thus, future research should focus on 

investigating the effects of ND + PPV using Annexin V and propidium iodide staining to confirm the early 

induction of apoptosis.  

On the other hand, the significant mitochondrial membrane hyperpolarization in MDA-MB-231 cells was 

observed only in ND + PPV-treated groups, with the greatest increase occurring under lower glucose- and 

glutamine concentrations (ND2). This finding is unique since mitochondrial complex I inhibition typically 

leads to depolarization, indicating that ND + PPV induces distinct alterations in mitochondrial function in 

MDA-MB-231 cells. Interestingly, Bhat et al. demonstrated that PPV is capable of increasing ΔΨM in human 

cortical neurons and this was accompanied by a decrease in ROS production (250). However, this effect was 

not observed in the CTR + PPV groups, suggesting that PPV's hyperpolarization effect on the mitochondrial 

membrane is dependent on ND in MDA-MB-231 cells. Although an increase in ΔΨM typically indicates 

improved mitochondrial activity, the hyperpolarization observed after ND2 + PPV exposure may also suggest 

the early induction of mitochondria-dependent apoptosis. However, the semi-quantitative morphological 

analysis conducted in this study revealed that the most prominent aberrant change in MDA-MB-231 cells 

exposed to ND2 + PPV was an increase in enlarged morphology, indicative of cell swelling and potentially 

the induction of oncosis-related cell death (237,238). Oncosis is frequently triggered by ATP depletion and 

thus, an additional cell signalling mechanism may also contribute to the hyperpolarization of the mitochondrial 

membrane, namely the LKB1-AMPK pathway (237,238). A recent study conducted by Wang et al. 

demonstrated that MET increases ΔΨM though the activation of AMPK, which directly phosphorylates the 

outer mitochondrial membrane protein, A-Kinase Anchoring Protein 1 (AKAP1), that is essential in 

maintaining ΔΨM (251,252). AKAP1 anchors PKA near the mitochondria, where it is capable of directly 

phosphorylating dynamin-related protein 1 (DRP1) ultimately leading to increased ΔΨM. Thus, the 

simultaneous activation of PKA and AMPK induced by ND + PPV in MDA-MB-231 cells may be a key 

mechanism driving mitochondrial membrane hyperpolarization, in contrast to the depolarization observed in 

MCF-7 cells (253). 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



54 

 

The relationship between PKA and AMPK remains unclear; however, studies have demonstrated that PKA 

inhibits AMPK activation by phosphorylating AMPKα1 at S487, which blocks upstream kinases including 

LKB1 from phosphorylating T172 (254). Hence, owing to PPVs ability to activate PKA, the effects of ND + 

PPV were investigated on p-AMPKα1 (S487) expression. The data obtained in this study indicates that ND + 

PPV has cell line specific effects on p-AMPKα1 (S487) expression. In the MCF-7 cell line, there was no 

significant change in expression, whereas MDA-MB-231 cells exhibited a significant decrease in p-AMPKα1 

(S487) expression upon exposure to ND + PPV. Furthermore, the lack of changes observed in MCF-7 cells 

exposed to ND + PPV may possibly be mediated by AKT and PKA activation, both of which are known to 

phosphorylate this amino acid residue (146,254). Previous genomic analyses have shown that MCF-7 cells 

possess an AKT1 mutation, leading to increased expression, which may explain why the effects of ND + PPV 

did not result in significant decreases as seen in MDA-MB-231 cells (59). Moreover, the addition of PPV to 

nutrient deprived-MCF-7 cells slightly reversed the decrease in p-AMPKα1 (S487) expression, potentially 

due to PPV-mediated PKA activation. These results are supported by Sprengler et al., who demonstrated that 

the addition of 3-isobutyl-1-methylxanthine (IBMX), an inhibitor of PDE10A, triggers PKA-mediated 

phosphorylation of AMPKα1 at S487 (254). In contrast, MDA-MB-231 cells exhibited decreased p-AMPKα1 

(S487) expression, raising questions about the relationship between PKA activation and AMPK activity, as 

previous findings indicate that PKA activation increases S487 expression, thereby reducing AMPK activity. 

However, further research is required to determine the effects of ND + PPV on PKA activity and p-AMPKα1 

(T172). Lastly, the decrease in p-AMPKα1 (S487) expression in MDA-MB-231 cells may further explain the 

increased presence of cell protrusions after exposure to ND + PPV compared to MCF-7 cells. Increased AMPK 

activation likely enhances macropinocytosis in MDA-MB-231 cells compared to MCF-7 cells. This is 

supported by findings from Jayashankar et al., who showed that AMPK activation in nutrient-deprived TNBC 

cells (4T1 and MDA-MB-468) promotes macropinocytosis, as indicated by increased macropinosome 

formation (236). 

 

Given that previous literature has demonstrated that tumorigenic cells exposed to ND + MET exhibit increased 

activation of AMPK via LKB1, ultimately leading to the inhibition of mTORC1, we next explored the effects 

of ND + PPV on mTORC1 activity. When ATP levels drop, mTORC1 signalling is decreased, resulting in the 

activation of 4EBP and ULK1, as well as the inhibition of S6K1, which consequently reduces protein synthesis 

and cellular proliferation (131,132,153). Hence, owing to the decrease in p-AMPKα1 (S487), indicating an 

increase in AMPK activity, the effects of ND + PPV were investigated on a key phosphorylation site known 

to lead to the activation of mTORC1, namely p-mTORC1 (S2448). The results demonstrate that in MCF-7 

cells, the greatest decrease in p-mTORC1 (S2448) expression was observed in the ND1 and ND2 groups. 

Notably, the addition of PPV to ND2 resulted in a statistically significant increase in expression, indicating 

that the inhibitory effects of ND2 on mTORC1 are reversed by PPV. However, it is important to note that 
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S2448 is only one of several key phosphorylation sites involved in mTORC1 activation. Other sites, such as 

those on mTORC1 subunits like Raptor, may also be affected (255). For instance, Jewell et al. showed that 

S791 on Raptor is phosphorylated by PKA, leading to mTORC1 inhibition in an AMPK-independent manner 

(255). Moreover, in MDA-MB-231, both ND alone and in combination PPV led to a statistically significant 

decrease in p-mTORC1 (S2448) expression, although this was insignificant compared to their respective ND 

medium controls. The most prominent decrease (>20%) was observed after exposure to ND2 + PPV, 

suggesting that this combination inhibits mTORC1 activity. However, further research is needed to determine 

whether this translates to functional inhibition of mTORC1. Future studies should focus on analysing the 

phosphorylation status of downstream mTORC1 targets (e.g., 4E-BP1, S6K) to confirm functional inhibition 

and further assess its impact on protein synthesis and cell growth. The MDA-MB-231 cell data suggests that 

ND + PPV downregulates AMPK activity by decreasing S487 phosphorylation, leading to reduced mTORC1 

activity via lower S2448 phosphorylation. Overall, this data suggests that ND + PPV exerts stimulatory effects 

on AMPK and inhibitory effects on mTORC1 primarily in glycolysis-dependent TNBC cells. These findings 

support the initially proposed cell signaling mechanism underlying the antiproliferative effects of ND + PPV; 

however, further research is needed to clarify the role of the AMPK/mTOR pathway in this context. 

 

Overall, the data obtained in this study contribute valuable insights into the fields of cancer systems biology 

and targeted drug repurposing by harnessing metabolic plasticity for therapeutic intervention in breast 

tumorigenic cells using PPV, a SAHPRA-approved small-molecule drug. Specifically, it provides further 

knowledge of how starvation-induced metabolic stress, combined with increased mitochondrial complex I 

activity, exposes a metabolic vulnerability that could be exploited for therapeutic purposes. Overall, these 

findings suggest that the combination of fasting and PPV may represent a viable, cost-effective approach for 

treating breast cancer, particularly, TNBC. However, further in vitro and in vivo studies are needed to fully 

elucidate the biochemical pathways altered by ND + PPV and to assess the effects on tumor growth and 

volume. Ideally, these studies should be conducted using patient-derived xenograft mouse models with TNBC 

tumors from women of African descent. Lastly, it is important to note that the potential impact of this study 

extends beyond its immediate findings; it aims to contribute to the ongoing efforts to address the unmet need 

for affordable and accessible breast cancer therapies for patients in SA, with implications that also extend to 

the broader sub-Saharan Africa region. This study underscores the importance of integrating geographical, 

economic, and accessibility considerations in the development of new metabolic cancer therapies. 

 

7. Study limitations and future perspectives  

This study provides valuable insights into the combined effects of fasting-mimetic ND and PPV on 

proliferation, morphology, cell cycle progression, oxidative stress, SOD activity, ΔΨM, and AMPK/mTOR 
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signaling in metabolically distinct breast tumorigenic cell lines. However, several limitations should be 

acknowledged along with considerations for future research. One key limitation is that ND was restricted to 

the deprivation of glucose and glutamine, without considering essential growth factors such as insulin and 

IGF-1. Both are known to activate pro-survival and proliferative signaling pathways, including the 

PI3K/AKT/mTOR pathway. Thus, future studies should investigate the effects of insulin and IGF-1 

deprivation alongside ND to provide a more comprehensive understanding of the antiproliferative effects 

observed in both MCF-7 and MDA-MB-231 cell lines. Furthermore, owing to PPV’s polypharmacological 

properties, it remains unclear whether the antiproliferative effects observed were solely due to mitochondrial 

complex I inhibition or whether PPV’s effects on cAMP and PKA signaling also played a role. PPV is known 

to increase intracellular cAMP levels, leading to PKA activation, which may influence cell survival and 

proliferation independently of mitochondrial complex I inhibition. Future studies should therefore investigate 

the contribution of cAMP/PKA signaling to the observed effects, helping to elucidate whether these pathways 

act synergistically with mitochondrial complex I inhibition or drive distinct cellular responses. 

 

This study was conducted exclusively on breast tumorigenic cell lines without assessing potential differential 

responses in non-tumorigenic cells. Including non-tumorigenic cells, such as human breast epithelial cells 

(MCF10A), in future studies would help determine whether the observed antiproliferative effects are selective 

for breast tumorigenic cells. Additionally, while the study provides insights into ND-induced metabolic shifts, 

further validation using metabolic respiration assays (such as Seahorse XF analysis) is needed. These assays 

would provide a real-time functional assessment of oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR), helping to elucidate how ND + PPV impacts mitochondrial respiration and 

glycolytic activity. Lastly, these findings were generated in vitro, which presents inherent limitations in 

predicting clinical relevance. To assess the therapeutic potential and safety of ND + PPV, further studies 

should evaluate in vivo efficacy using murine xenograft models. Such studies will be critical in determining 

whether this combination therapy effectively reduces tumor volume while minimizing systemic side effects. 

Overall, by addressing these limitations, future research can strengthen the translational potential of ND 

combined with PPV-mediated mitochondrial complex I inhibition as a cost-effective therapeutic strategy for 

breast cancer. 

 

8. Conclusion  

In this study the impact of physiologically relevant ND mediums and PPV-mediated mitochondrial complex 

I inhibition on metabolically distinct breast tumorigenic cells was investigated. The results demonstrate that 

ND sensitizes both MCF-7 and MDA-MB-231 breast tumorigenic cells to PPV, leading to a significant 

decrease in proliferation, an increase in morphologies indicative of oncotic cell death, no induction of cell 
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cycle arrest, and differential effects on O2
- and H2O2 levels indicative of oxidative stress, potentially 

independent of SOD. Cell line-dependent results were obtained when investigating ΔΨM, with ND + PPV 

leading to significant depolarization of the mitochondrial membrane in MCF-7 cells and hyperpolarization in 

MDA-MB-231 cells, respectively. Lastly, only MDA-MB-231 cells exhibited a decrease in p-AMPKα1 

(S487) and reduced p-mTORC1 (S2448), ultimately indicating activation of the AMPK pathway and 

inhibition of mTORC1 signaling. Through the combination of the above biochemical- and functional studies, 

this study demonstrates that MDA-MB-231 cells exhibited the most prominent changes, suggesting that 

inducing a shift from aerobic glycolysis to OXPHOS mediated through ND, notably sensitizes glycolysis-

dependent breast tumorigenic cells to PPV-mediated mitochondrial complex I inhibition. Overall, these 

findings suggest that the combination of fasting and PPV could pave the way for a cost-effective and accessible 

therapeutic strategy for breast cancer, offering significant promise, especially in the treatment of TNBC. 
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