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ABSTRACT 

Cancer stem cells (CSCs) have an important function in tumorigenesis and therapy resistance. 

Therefore, targeting CSCs is a prominent therapeutic option for triple negative breast cancer 

(TNBC) treatment. Ampelopsin, a major substance found in Ampelopsis species, could 

prevent the proliferation, colony formation ability as well as trigger apoptosis at dose-

dependent manners in resistant MDA-MB-231/IR cells that are enrichment of stem-like 

characteristics. Importantly, ampelopsin exerted the inhibitory ability on the stem cell 

profiling of MDA-MB-231/IR cells, as represented by the results of mammosphere 

formation, CD44+/CD24- population, aldehyde dehydrogenase (ALDH) population and the 

levels of well-known stemness markers. Moreover, ampelopsin inhibited the epithelial–

mesenchymal transition (EMT) transition, as evidenced by a dramatically reduction of 

migration, invasive capacity and the levels of mesenchymal markers – Snail, Slug and MMP2 

and a rise of epithelial marker – E-cadherin. Notably, ampelopsin dramatically diminished 

oxidative phosphorylation which reflected mitochondrial function, as represented by a 

decrease of oxygen consumption rate and adenosine triphosphate level in resistant MDA-

MB-231/IR cells. Interestingly, NF-ĸB signaling pathways was suppressed after ampelopsin 

treatment, displayed by the declines of IκBα and p65 phosphorylation, as well as the NF-κB 

activation stimulated by tumor necrosis factor (TNF)-α treatment. These findings illustrated 

that ampelopsin acts as a TNF-α/NF-κB axis inhibitor in breast cancer stem cells. 
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1. INTRODUCTION 

Breast cancer is the most prevalent malignancy and leading cause of cancer death among 

women. Breast cancer cases also accounted for 24.5% of cancers cases in women, revealing 

the highest frequency in most countries worldwide, following the Global Cancer Statistics 

2020 provided by the International Agency for Research on Cancer [1]. In an effort to get 

more effective treatment on patients, the classification of breast cancer has been identified. 

Triple negative breast cancer (TNBC) is defined as an extremely aggressive form of breast 

cancer that makes up nearly 15% of all aggressive breast cancer cases and it is related to the 

poor prognosis and metastatic occurrence of breast cancer patient. Due to the absence of the 

expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal 

growth factor receptor 2 (HER2), this group does not respond to hormonal therapies and 

currently limits efficiency therapy options [2]. In addition, TNBC also showed the 

chemotherapeutic resistance, increased risk of early metastasis, and recurrence. Thus, the 

development of TNBC treatment strategies is an urgent necessity in breast cancer patients 

[3]. 

In heterogeneous tumors, cancer stem cells (CSCs) are well-known as a tumor-initiating 

cells. Because of the existence of CSCs in quiescent and poorly differentiated cells within 

mammary tumor contribute to therapy resistance, tumor recurrence and metastasis, current 

potential therapies to eliminate breast cancer are failure. CSCs have a greater tumorigenic; 

therefore, they can form tumor when transplanted into mice at low numbers, while cancer 

cells cannot [4]. Several reports have illustrated the “gold standard” signatures estimating 

breast cancer stem cells (BCSCs) frequency, for example the population of CD44+/CD24−/low, 

the population of aldehyde dehydrogenasehigh (ALDHhigh) or CD133+ genotypes [5]. OCT4, 

STAT3, β-catenin, Sox2, Nanog, MYC, and KLF4, well-known pluripotent transcriptional 

factors, are involved in the biological process of CSCs growth. Furthermore, the enrichment 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/aldehyde-dehydrogenase
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of multiple intracellular pathways in CSCs (e.g., SRC kinase, JAK-STAT, Notch, Wnt/β-

catenin, mTOR, Hedgehog, TGF/SMAD, PI3K/AKT, and nuclear factor-κB [NF-κB]) are 

observed to support their self-renewal activity and proliferation [4,6]. In previous studies, we 

characterized a therapy-resistant MDA-MB-231/IR cell line established from parental TNBC 

breast cancer MDA-MB-231 cell line, that exhibited higher stemness features (e.g., low ROS 

levels, migration, invasive capacity, resistant to chemotherapeutic drugs and radiotherapy). 

In addition, enrichment of TNF-α, NF-κB signaling, and Toll-like receptors pathway were 

examined in this cell line by transcriptome profiling [7,8]. 

Metabolic status has been identified as a specific hallmark of CSCs [9]. In comparison 

to cancer cells, CSCs respond differently to energy demands for maintenance of their 

homeostasis. Cancer cells use glycolysis to produce lactate and allows the diversion of 

glycolytic intermediates into various biosynthesis pathways to support their devopment even 

in the presence of oxygen. This state of energy production is designed as the Warburg effect 

or aerobic glycolysis [10]. In contrast, CSCs show a variable metabolic imprint that allows 

them to switch between glycolysis and oxidative phosphorylation (OXPHOS) metabolism to 

promote tumor formation and maintain homeostasis [9]. In addition, accumulating evidence 

has demonstrated that the increased OXPHOS metabolic phenotype in CSCs facilitates the 

enrichment of their stem cell features, metastatic ability, invasiveness, greater tumorigenic 

capacity, while enhancing their DNA damage resistance [11,12]. Moreover, stimulation of 

OXPHOS phenotype is controlled by metabolic pathway that is dependent on NF-κB to 

promote the proliferation of cancer cells as previous study [13]. Therefore, the OXPHOS 

inhibitor has emerged as a promising therapeutic target for cancer treatment approach [14]. 

The transcription factor NF-κB can control numerous genes regulating for proliferation, 

oncogenesis, cellular transformation, and metastasis features in breast cancer and stem-like 

cells [15,16]. NF-κB is defined as an important family consists five members: cREL, p65 
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(RELA), RELB, p100/p52, and p105/p50. These members share a conserved amino terminal 

Rel homology domain which supports DNA binding, nuclear localization, homo- and 

heterodimerization. Among NF-κB family, only p65, RELB, cREL has transactivation 

activation domains (TAD) which is crucial for transcriptional activity. In resting state, the 

NF-κB dimers are remained as an inactive complex with the IκB inhibitory proteins in the 

cytoplasm that delays nuclear import. The canonical and non-canonical pathways are both 

correlated to the activation of NF-κB signaling. In the canonical pathway with the 

participation of members have TAD domain, upon many stimuli (e.g., lipopolysaccharide – 

LPS, tumor necrosis factor – TNF or interleukin - IL) will activate the κB kinase (IKKs) 

inhibitor complex, causing phosphorylation of IκBs, leading to its ubiquitination and 

degradation. p65 is an important regulator of NF-ĸB activation, making it becomes an 

attractive target for drug development [15,17]. Y Gao et al. found the molecular connection 

between inflammatory and breast cancer metastasis via TNF-α-IKK-YAP/p65-HK2 

signaling axis [18]. Furthermore, the upregulation of p65 reduces the inhibitory effect 

induced by celecoxib treatment in breast cancer [19]. The expression of p65 undergoes 

several post-translational modifications, especially phosphorylate at S536 and S276 residues 

can promote to tumorigenesis [20,21].  

In recent studies, anticancer agents have been discovered in various phytochemicals 

isolated from medicinal plants species [22]. Ampelopsin which identified as 

dihydromyricetin, is a primary flavonoid found in various plants including a Chinese Rattan 

tea (Ampelopsis grossedentata) and a Japanese raisin tree (Hovenia dulcis Thunb.) [23-25]. 

Because of its beneficial activities, several methods have been developed to extract 

ampelopsin as well as various studies on the structure identification and its extensive 

biological functions [25]. Accordingly, ampelopsin is shown to modulate effectively various 

signaling in different cancers, including apoptosis promotion, anti-proliferation and 
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metastatic inhibition via ERK1/2, JNK pathway, PI3K/Akt or mTOR [26]. Subsequently, 

ampelopsin significantly improved paclitaxel and doxorubicin sensitivity in ovarian cancer 

cells [27]. Furthermore, accumulating studies have been showed that ampelopsin acts as a 

potential therapeutic agent in multiple metabolic diseases, such as in diabetes, obesity or non-

alcoholic fatty liver disease [25,28]. Nevertheless, little is known about its impact on CSCs 

population, and the function of ampelopsin on the glucose metabolism has not been 

investigated yet in BCSCs. In reccent study, we investigated ampelopsin as a therapeutic 

potential agent in regulating the stemness characteristic and mitochondria function in triple 

negative radio- and chemo-resistant MDA-MB-231/IR breast cancer cells. 

  

Fig. 1. The structure of ampelopsin 
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2. MATERIALS AND METHODS 

2.1. Cell culture                                          

The TNBC MDA-MB-231 cells (ATCC, Rockville, MD, USA) were used to establish a 

radio- and chemo-resistant MDA-MB-231/IR cells reported in previous study [7]. The 

fibroblast cells were a gift from Professor Moonjae Cho. MDA-MB-231, MDA-MB-231/IR 

and fibroblast cells were cultured in Dulbecco's Modified Eagle Medium DMEM (GIBCO, 

Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS, 

GIBCO, Carlsbad, CA, USA) and 1% antibiotic-antimycotic reagents (GIBCO). MCF-10A 

was cultured base on the recommendation from ATCC (Rockville, MD, USA). All cells were 

incubated at 37 °C under 5% CO2 atmosphere. 

2.2. Cell viability assay 

Cell viability was accessed by using MTT solution (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) as previous described [29]. Briefly, 2 × 104 cells/mL were 

loaded into 96-well plates and then exposed with ampelopsin (TCI, Tokyo, Japan) at 

increasing concentrations. After different times of incubation, 100 μL MTT reagent (1 

mg/mL) was supplemented and incubate for 2–3 hours at 37 °C. Then, the formazan crystals 

were dissolved in 150 μL of dimethyl sulfoxide (DMSO) for 30 minutes. The absorbance was 

measured at 570 nm by using a microplate reader (Tecan Group, Ltd., Salzburg, Austria). 

The rate of cell viability was calculated by the formula (control group − treated group) ÷ 

control group) × 100 %. 

2.3. Cell invasion assay 

The 24-well transwell plates (Corning, Cambridge, MA, USA) were used for the cell 

invasion assay as described previously [29]. Following the instructions of manufacturer, 1% 

matrigel was applied to coat the upper chambers until the gel had solidified completely. After 

that, 2 × 105 cells/well in DMEM-free FBS supplemented with ampelopsin (dosage at 0 and 
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12.5 μM) were loaded into each well. The lower chambers were added with DMEM 

containing 10% FBS. Following incubation for 24 hours, 4% paraformaldehyde was used to 

fix the migratory cells. Further, these cells were stained in crystal violet and washed by PBS 

1X to discard the detached violet dyes. Subsequently, a phase-contrast microscope was used 

to access the stain cells. 

2.4. Wound healing assay 

Cells (2 × 105 cells/mL) were loaded into six-well plates. When the cell density reached 

90-95% confluence, a 200 µL sterile pipette tip was used to make an equal scratch wound 

and then each well was rinsed with PBS 1X to remove the detached cells. After that, the cells 

were treated with or without ampelopsin following exposure for 24 hours. The wound areas 

were observed under an inverted phase-contrast microscope. 

2.5. Mammosphere Formation Assay 

The ultralow attachment dishes were used to seed 2 × 104 single cells/mL. The cells were 

culture in complete MammoCult Human Medium (Stemcell Technologies, Vancouver, BC, 

Canada) and then exposed with ampelopsin at dosages 0, 25, 50, and 100 µM. A phase-

contrast microscope was used to observe mammospheres (size > 60 μm) after 10 days of 

incubation. 

2.6. Flow Cytometric Assay for CD44+/CD24− Population 

Cells (1 × 105 cells/mL) were seeded and then treated with increasing concentrations of 

ampelopsin at 0, 25, 50, and 100 μM. After exposure for 24 hours, cells were suspended in 

immunofluorescence staining buffer containing anti-human CD24 antibody conjugated with 

phytoerythrin (PE) and anti-human CD44 antibody conjugated with fluorescein 

isothiocyanate (FITC) (BD Pharmingen, San Diego, CA, USA). After incubation for 15 

minutes at 4°C, the CD44+/CD24−/low population was detected by fluorescence-activated cell 

sorting (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ, USA). 
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2.7. ALDEFLUOR Assay 

An Aldefluor assay kit (Stemcell Technologies) was utilized to access the activity of 

ALDH enzyme as described previously [29]. Briefly, 1 × 105 cells/mL were loaded and then 

treated with or without ampelopsin. After 24-hour incubation, Aldefluor assay kit was applied 

following the manufacturer’s instructions. The ALDH population were identified by 

FACSCalibur flow cytometer. 4-diethylaminobenzaldehyde (DEAB), an ALDH inhibitor, 

was introduced as a negative control. 

2.8. Annexin V/propidium Iodide Staining 

Cells (1 × 105 cells/mL) were seeded onto 60 mm plates and exposed with increasing 

concentration of ampelopsin. After that, cells were rinsed with PBS and collected. The 

Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen) was used to detect the apoptotic 

population for 15 minutes at 37 °C. The apoptotic cells were measured by using FACSCalibur 

flow cytometer. 

2.9. Colony Formation Assay 

The single cells (400 cells/mL) were loaded onto 60 mm plates and then treated with 

increasing dosages of ampelopsin. After 10 days for incubation, PBS was used to wash cells 

following fixing cells with 4% paraformaldehyde. After that, cells were stained with crystal 

violet for 30 minutes. The number of colonies were counted by using the ImageJ software 

(NIH, Bethesda, MD, USA). 

2.10. Real-Time Polymerase Chain Reaction (PCR) 

Cells (1 × 105 cells/mL) were seeded into 60 mm plates and then exposed with 

ampelopsin at dosages 0, 50, and 100 µM for 24 hours. Suspension cells were collected by 

trypsin. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and 

reversed by the ImProm-II™ Reverse Transcription System kit (Promega, Madison, 

Wisconsin, USA). After that, quantitative real-time PCR was conducted by TOPreal™ qPCR 
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2× PreMIX kit (Enzynomics, Daejeon, South Korea). The gene expression was accessed by 

the 2−ΔΔCt method as reported by Livak and Schmittgen [30]. The primers used for real-time 

PCR are listed in Table S1.  

2.11. Western blot analysis 

Western blotting experiment was described as previous studies [31]. The cells were 

seeded and treated with increasing concentration of ampelopsin. Following 24 hour-

incubation, cell lysates were extracted using the radioimmunoprecipitation assay (RIPA) 

buffer, protease inhibitor and phenylmethanesulfornyl fluoride solution – PMSF (Sigma-

Aldrich, Missouri, USA). Then, a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher 

Scientific, Waltham, MA, USA) was used to measure protein concentration. After that, 20–

40 µg of protein was loaded and separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Subsequently, the gels were electrophoretically transferred to 

polyvinylidenefluoride (PVDF) membranes following by blocking with skim milk. The 

membranes were incubated with primary antibodies which purchased from Cell Signaling 

Technology, Beverly, MA, USA and BD Transduction Laboratories, San Jose, CA, USA (the 

mouse anti-β-catenin and E-cadherin antibody). Almost primary antibodies were diluted at 

1:1000, except the anti-GAPDH primary antibody was diluted at 1:10000. After incubation 

at 40C overnight, the membranes were washed with Tris Buffered Saline-Tween®  20 (TTBS), 

following exposing with the secondary antibodies (Vector Laboratories, Burlingame, CA, 

USA) which diluted at 1:5000. A ECL Plus kit (Biosesang, Seongnam, South Korea) was 

used to detect target bands. 

2.12. XF Seahorse Analysis 

A Seahorse XF cell mitochondria stress test kit provided by XF24 Extracellular Flux 

Analyzer (Seahorse Bioscience, Agilent Technologies, CA, USA) was used to measure the 

oxygen consumption rate (OCR). 104 cells/well were loaded in Seahorse XF24 24-well plates. 
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Cells were then treated with or without ampelopsin (50 and 100 µM) for 24 hours. 

Subsequently, the old medium was changed with warmed XF Assay Base Medium measured 

at pH 7.4 and added with 1 mM sodium pyruvate, 10 mM glucose, and 2 mM l-glutamine. 

After that, cells were incubated for 1 hour at 37 °C in a CO2-free incubator. The cells were 

then subsequently sequential treated with oligomycin (2 μM), carbonyl cyanide-p 

trifluoromethoxyphenylhydrazone (1 μM), and rotenone (1 μM)/antimycin A (2 μM). The 

OCR values was shown in pmol/min. 

2.13. Statistical Analysis  

The data were analyzed by GraphPad Prism 8.0 software (La Jolla, CA, USA). Data are 

presented as means ± standard deviations of triplicate independent experiments. Student’s t-

test was used to access differences between two sets of data. * p < 0.05 was considered as 

statistical significance. 
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3. RESULTS 

3.1. Ampelopsin shows anti-cancer effects in MDA-MB-231/IR Cells  

When compared to parental cells, MDA-MB-231/IR cells exhibited greater radio- and 

chemo-resistant characteristic [7]. Therefore, screening phytochemicals targeting MDA-MB-

231/IR are performed. Among several flavonoids have been found as anticancer agents 

against breast cancer [32-37], ampelopsin provided the most potential agent against resistant 

MDA-MB-231/IR cells out of all the phytochemicals studied (Fig. S1). In addition, Fig. 1A 

showed that ampelopsin exhibited a greater cytotoxicity on MDA-MB-231/IR cells, as 

determined by IC50 58 ± 3.84 µM vs. IC50 42.89 ± 1.86 µM after 24 hours of incubation. 

As a result, ampelopsin was chosen for additional research on MDA-MB-231/IR cells. 

Ampelopsin was also non-cytotoxic to normal fibroblast cells and normal breast cells MCF-

10A, demonstrating that it was harmless to normal human cell lines. Notably, a dramatic 

reduction of colony number at concentration of 6.25 μM (75% ± 7.71%) and 12.5 μM (12.8% 

± 9.7%), and no colonies at higher dosages were observed after ampelopsin treatment for 10 

days on MDA-MB-231/IR cells (Fig. 1B). Moreover, we determined whether ampelopsin 

could enhance apoptosis in resistant cells. In Fig. 1C, at a dosage of 50 μM and 100 μM, 

ampelopsin induced the percentage of apoptotic cells by 13.47% ± 4.66% and 18.2% ± 1.08%, 

as revealed by annexin V/PI. Moreover, ampelopsin-exposed MDA-MB-231/IR cells showed 

a drop in the levels of caspase 3 (0.28 ± 0.16-fold) and caspase 7 (0.38 ± 0.23-fold). 

Furthermore, the cleavage of poly (ADP-ribose) polymerase (PARP), an essential substrate 

of caspase cascade, was allegedly necessary for apoptosis in several cell types [38,39]. The 

stem cell population in non-small cell lung cancer (NSCLC) displayed reduced apoptosis 

following treatment with cisplatin, as evidenced by decreased the cleavage form of PARP 

and the activation of caspase 3 [40]. Fig. 1D showed that ampelopsin dramatically declined 

the PARP level and increased the level of cleaved fragment, as shown by a growth of c-
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PARP/PARP, as evidenced by 2.55 ± 0.39 and 4.24 ± 0.73-fold at 50 μM and 100 μM, in 

comparison to control.  

 

Fig. 2. Ampelopsin causes cytotoxicity in MDA-MB-231/IR cells.  
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The cell viability of MDA-MB-231, MDA-MB-231/IR cells, fibroblast cells as well as MCF-

10A were determined by MTT assay following ampelopsin incubation for 24 hours. (B) After 

10 days of ampelopsin exposure, the number of colonies were calculated. (C)  Following 

treatment with ampelopsin for 24 hours, FACS analysis was used to evaluate the apoptotic 

population using annexin V/PI staining. (D) Apoptosis markers were analyzed by Western 

blotting after ampelopsin treatment for 24 hours. GAPDH was considered as the loading 

control.  

3.2. Ampelopsin Attenuates Stemness Characteristics in MDA-MB-231/IR Cells 

Since MDA-MB-231/IR cells apparently show higher stem cell-like profiles, displayed 

by increased mamosphere numbers, migrated and invasive capacity, stemness markers or low 

ROS levels than parental cells [7,8] , we investigated whether ampelopsin could suppress the 

stemness traits of resistant cells. The spheroid formation capacity is correlated to the self-

renewal capability of CSCs, promoting increased tumor growth, recurrence, metastasis and 

stem cell survival [41]. In this result, after 10 days of treatment in different concentration (0, 

25, 50, and 100 μM), ampelopsin rapidly reduced mammospheres generation in resistant cells, 

as seen in Fig. 2A. Furthermore, FACS analysis revealed that CD44+/CD24-/low phenotype, a 

specific subpopulation of breast CSCs, reduced after ampelopsin treatment (0.336% ± 

0.171%) (Fig. 2B). Subsequently, at non-lethal dosage at 12.5 μM, ampelopsin reduced the 

ALDH-positive cells, which were previously reported as a stemness signature [5], to 0.4% 

(2.5-fold) (Fig. 2C). Surprisingly, a dose-dependent reduction of common CSC markers, 

MRP1 (0.55 ± 0.03-fold), CD44 (0.48 ± 0.03-fold), KLF4 (0.47 ± 0.11-fold) and β-catenin 

(0.49 ± 0.18-fold) were observed in western blot experiment revealed after 100 µM 

ampelopsin treatment. According to these findings, ampelopsin successfully decreased the 

stem-like behaviors in MDA-MB-231/IR cells. 
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Fig. 3. The attenuation of ampelopsin on stemness properties of MDA-MB-231/IR cells 
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(A) Mammosphere were observed after ampelopsin treatment for 10 days at 100× 

magnification under microscope. (B) The CD44+/CD24−/low population was determined by 

FACS analysis after 24 hours treatment of ampelopsin. (C) The Aldefluor assay test kit was 

used to measure ALDH+ population following ampelopsin. DEAB was served as a negative 

control. (D) Stemness markers were analyzed by western blotting experiment following a 24-

hour ampelopsin incubation. The loading control was GAPDH.  

3.3. Ampelopsin Prevents the Invasive and Migratory Behavior by MDA-MB-231/IR 

Cells 

The epithelial–mesenchymal transition (EMT) confers malignant features to cancer cells, 

including enhanced cancer stem cell activity, metastatic ability, therapy resistance and 

immune  clearance [42]. Consequently, we investigated the effects of ampelopsin on 

invasive capacity and migration by resistant cells. In Fig. 3A, ampelopsin reduced dose-

dependently the migrated cells after 24-hour exposure at non-lethal dosages, represented by a 

wound healing experiment. Furthermore, transwell plates were used to access the invasive 

cell by the cell invasion assay. A reduce of invasive ability by 57.7% ± 0.47% was observed 

when exposed cells with ampelopsin (Fig. 3B). In addition, the levels of common EMT 

markers were accessed by western blotting. As we expected, ampelopsin significantly 

decreased the levels of the mesenchymal markers, Slug, Snail and MMP2 at non-lethal 

dosages, reaching 0.59 ± 0.16, 0.62 ± 0.08-fold and 0.64 ± 0.17-fold, respectively. 

Furthermore, Fig. 3C showed that ampelopsin significantly increased the level of E-cadherin, 

an epithelial marker. These data illustrated the crucial function of ampelopsin on suppression 

of EMT transition of MDA-MB-231/IR cells. 
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Fig. 4. Ampelopsin prevents the invasion and migration of MDA-MB-231/IR cells 

(A) Following 24 hours treatment with ampelosin at dose 12.5 µM, the migrated cells were 

accessed by performing the wound healing assay. A phase-contrast microscopy was used to 

capture the images at 100× magnification. (B) Invasive cells after 24 hours ampelopsin 

treatment was calculated by the cell invasion assay. A phase-contrast microscopy was used 

to capture the images at 100× magnification. (C) Western blotting analysis was performed to 
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access the levels of mesenchymal and epithelial markers following treatment with 

ampelopsin for 24 hours. GAPDH was considered as the loading control.  

3.4. Ampelopsin Regulates Glucose Metabolism by Reducing Oxidative Phosphorylation 

in MDA-MB-231/IR Cells 

Current reports have demonstrated that CSCs exacerbated on oxidative phosphorylation 

rather than cancer cells to enhance their stemness characteristic and confer to resistance against 

chemotherapy, thus the suppression of OXPHOS in CSCs can be a potential target in cancer 

therapy [9,14]. Ampelopsin has been previously reported to ameliorate the cellular damage and 

improve metabolic diseases by modulating various signaling pathways correlated to glucose 

metabolism [28]. However, the regulations of ampelopsin on glucose metabolism in CSCs are 

still largely unknown. Interestingly, it was a 0.56 ± 0.12-fold decreased levels of AMPK 

phosphorylation and a 1.5 ± 0.16-fold enhanced levels of mTOR phosphorylation, a well-

known downstream of AMPK in MDA-MB-231/IR cells in comparison to their parent cells 

(Fig. S2). Interestingly, Fig. 4A showed that ampelopsin treatment activated AMPK signaling 

pathway by increasing the level of AMPK phosphorylation by 2.0 ± 0.13-fold, while it 

reduced the levels of the phosphorylation of mTOR (0.52 ± 0.13-fold). Due to ampelopsin 

could modulate the activation of AMPK and the suppression of mTOR, we tested whether 

ampelopsin could regulate glucose metabolism in therapy-resistant cells. In Fig. 4B, 

ampelopsin could decrease the oxygen consumption rate (OCR), which is previous reported 

to reflect the OXPHOS metabolism or mitochondrial respiration [43]. According to the levels 

of OCR, 100 μM ampelopsin impaired mitochondria metabolism, represented by the reduce 

the of basal respiration (46.4% ± 2.31%), maximum respiration (79.2% ± 7.99%) and 

adenosine triphosphate (ATP) production (31.6% ± 1.15%). In addition, by performing real-

time PCR, Fig. 4C showed that ampelopsin treatment reduced steeply the gene expression 

related to OXPHOS metabolism as listed: NDUFA10 – NADH:ubiquinone oxidoreductase 
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subunit A10, SDHB - succinate dehydrogenase complex subunit B, COX5B - cytochrome c 

oxidase subunit 5B, COX4I1 - cytochrome C oxidase subunit 4 isoform 1, ATP5G3 - ATP 

synthase membrane subunit C3, SCO2 - synthesis of cytochrome C oxidase 2, CYC1 - 

cytochrome C1, UQCRC1 - ubiquinol-cytochrome C reductase core protein 1, PPARGC1A - 

peroxisome proliferator-activated receptor-gamma coactivator 1-alpha and ATP5B - ATP 

synthase F1 subunit beta. According to these results, ampelopsin can have a vital function in 

OXPHOS inhibition of MDA-MB-231/IR cells. 
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Fig. 5. Ampelopsin impairs oxidative phosphorylation metabolism in MDA-MB-

231/IR cells. 
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(A) Western blotting analysis showed the levels of AMPKα, p-AMPKα, mTOR, and p-

mTOR after 24 hours incubation with ampelopsin. (B) The levels of OCR, basal respiration, 

ATP production, and maximum respiration were accessed by XF Seahorse 

analysis after ampelopsin treatment for 24 hours. Cells were exposed with XF assay medium 

supplemented with pyruvate (1 mM), glucose (10 mM), and l-glutamine (2 mM), and then 

treated with oligomycin (2 µM), carbonyl cyanide-p trifluoromethoxyphenylhydrazone (1 

µM), antimycin (1 µM), and rotenone (1 μM). (C) The gene expression was analyzed by real-

time PCR. GAPDH was considered as the loading control. 

3.5. Ampelopsin Inhibits NF-κB signaling pathway of MDA-MB-231/IR Cells 

The elevated of NF-κB activity has been reported in many tumor types. When activated, 

the transcription factor NF-κB controls a number of target genes implicated in cancer 

development, metastasis and chemoresistance [16]. Furthermore, p65, a vital member of 

transcriptional activity of NF-κB family, reportedly acts as a physiological regulator of 

metabolic alteration by stimulating oxidative phosphorylation in normal and cancer cells [13]. 

Due to the importance of NF-κB activation in tumor growth and the enrichment of NF-κB 

signaling in MDA-MB-231/IR cells, as evidenced by the transcriptomic analysis from 

previous study [7], we investigated whether ampelopsin could diminish NF-κB activity in 

resistant cells. Notably, the levels of ratio of p-IκBα/IκBα (6.13 ± 0.90-fold) and p-p65/p65 

(7.82 ± 1.55-fold) were significantly elevated compared to parental cells (Fig. 5A). In 

addition, Fig. 5B showed that ampelopsin markedly reduced the levels of p-IκBα/IκBα (0.22 

± 0.06-fold) and p-p65/p65 (0.05 ± 0.02-fold) compared with untreated controls. To clarify 

the mechanism of ampelopsin on NF-κB activity, we also checked whether ampelopsin may 

inhibit TNF-activated NF-κB activity, as the TNF-α/NF-κB axis is reported to promote tumor 

formation migration, invasion and angiogenesis in cancer [44]. Fig. 5C demonstrated that 

TNF-α treatment dramatically enhanced the levels of ratios of p-IκBα/IκBα (3.88 ± 0.72-fold) 

and p-p65/p65 (1.57 ± 0.35-fold), while simultaneously reducing IκB level. Notably, 
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ampelopsin could prevent the TNF-α-enhanced NF-κB activity by diminishing the levels of 

p-IκBα/IκBα (0.39 ± 0.07-fold) and p-p65/p65 (0.04 ± 0.01-fold) when pre-treated with TNF-

α before 12 hours. These findings showed that the inhibitory potential of ampelopsin targeting 

NF-κB signaling stimulated by TNF-α, suggesting a novel role for ampelopsin as a TNF-

α/NF-κB signaling inhibitor in BCSCs. 
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Fig. 6. Ampelopsin exerts the inhibitiory potential of NF-κB activity in MDA-MB-

231/IR cells.  

Western blotting experiments demonstrate (A) the levels of IκBα, p-IκBα, p65, and p-p65 

compared to two cell line; (B) the levels of IκBα, p-IκBα, p65, and p-p65 in MDA-MB-

231/IR cells after 24 hours treatment with ampelopsin; and (C) the TNF-α-enhanced NF-κB 
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signaling. In this experiment, cells were pretreated with 100 µM ampelopsin before being 

exposed to 10 ng/mL TNF-α for 12 hours. GAPDH was considered as the loading control. 
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4. DISCUSSION 

CSCs have been identified as one of critical factors contribute tumor development, 

therapy resistance, and metastasis. Therefore, suppression of CSC population for cancer 

therapeutic strategy is a challenge. The subtype of breast cancer, TNBC displays 

heterogeneity, highly aggressiveness, and stemness features that contribute higher risk of 

early metastasis and therapeutic resistance in patients. Therefore, TNBC lacks of effective 

therapy options compared to other subtypes in breast cancer classification [4]. In previous 

studies, we established a specific therapeutic resistant TNBC MDA-MB-231 cell line, named 

as MDA-MB-231/IR cells which displayed enhanced stem cell-like characteristics, therapy 

resistance and distinct profile compared with the parental cells [7,8]. As a result, these resistant 

cells could be used in promising phytochemicals screening for novel chemotherapeutic 

compound for TNBC treatment. In Fig. S1, among several previous reported flavonoids as 

anti-cancer agents, we determined that ampelopsin, an effective phytochemical found in a 

traditional Chinese herb Ampelopsis grossedentata, displayed a greater cytotoxicity on 

MDA-MB-231/IR cells than on the parental cells. Moreover, ampelopsin is reported to 

induce apoptosis and autophagy in a variety of cancer cell lines [27,45,46]. This is the first 

research to examine ampelopsin acts as an apoptosis promoter in resistant cells and can play 

an important role for TNBC treatment. Indeed, ampelopsin treatment eliminated the CSC 

features by reducing the CD44+/CD24−/low population, mammospheres, ALDH-positive cells, 

KLF4 level (an oncogene of maintenance breast CSC [47]), and β-catenin level (a 

transcriptional regulator for numerous CSC genes [48]) (Fig. 2). 

The induction of EMT tends to lead the increase of the expression of genes involved in 

CSC phenotype in several tumor types to metastasize to distal organs, accompanied by the 

rise of mammosphere formation, colonies in soft agar and tumorigenicity in mice model [42]. 

During the EMT process, epithelial cells was lost the expression of some tight junction 
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molecules like E-cadherin and promote the mesenchymal transition, enhance migration, 

invasion and apoptosis evasion. Some transcription factor family such as Zeb, Snail and Twist 

initiate the EMT program [49]. In this study, ampelopsin treatment suppressed the migrated 

and invasive capability of MDA-MB-231/IR cells. Moreover, the levels of Snail, Slug and 

matrix metalloproteinases 2 - MMP2, widely have been used as mesenchymal markers were 

decreased as well as the level of epithelial marker E-cadherin was increased following 

ampelopsin treatment, indicating that ampelopsin can modulate the EMT transition in 

resistant cells. 

AMPK, a crucial master mediator of energy balance, can govern cellular energy 

homeostasis and increase ATP generation to adapt with extracellular changes in environment. 

Interestingly, previous reports showed that AMPK activation is emerging as a metabolic 

tumor suppressor for cancer treatment [50]. Furthermore, the activation of AMPK can 

attenuate the activation of NF-κB signaling by preventing the translocation of p65 to the 

nucleus in activated macrophages in inflamed skin tissues [51]. An important downstream 

target of AMPK, mTOR, is reported to modulate autophagy in the presence of nutrients for 

tumor growth, as well as promotion of cell proliferation, protein synthesis and other cellular 

processes [50]. In non-small cell lung cancer, cell proliferation and cell growth was 

suppressed by the LKB1/AMPK axis via negatively regulation of mTOR activity [52]. 

Despite ampelopsin has been used to treat a variety of metabolic diseases and shown as an 

AMPK activator in previous studies [25,53], its effects in BCSCs have never been 

documented. In recent study, ampelopsin could enhance AMPK activation and decreased 

mTOR phosphorylation as shown in Fig. 4A. These findings indicated that ampelopsin may 

act as a metabolic regulator capable of CSC features suppression in MDA-MB-231/IR cells, 

motivating us to design further research to investigate how ampelopsin affects glucose 

metabolism in resistant cells. 
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There is growing reports that CSCs display elevated OXPHOS metabolism and enhanced 

ATP generation, which support their migration to a new metastasis site after dissociation 

from the basement membrane in tumor tissues. Furthermore, increased mitochondrial 

oxidative phenotype is necessary in the maintenance CSCs’ biological behaviors including 

metastatic capacity, evasion of apoptosis, chemoresistance, self-renewal properties, and 

stemness characteristic [9,12]. Therefore, interfering the inhibition of OXPHOS metabolism 

or mitochondrial respiration is considered for elimination of CSC population [14]. Following 

previous reports, we examined whether ampelopsin is considered as a metabolic mediator to 

regulate the CSC population in MDA-MB-231/IR cells. 

The oxygen consumption rate (OCR) was used as a mitochondrial OXPHOS indicator 

and showed to accurately reflect mitochondrial activity [43]. A recent research illustrated that 

LW1564, an inhibitor of HIF1-α, could impair cell growth in hepatocellular carcinoma by 

diminishing OCR levels and electron transport chain complex I, which lowered ATP 

generation and increased HIF-1α degradation. Subsequently, the ratio of AMP/ATP increased 

while the total ATP was reduced, resulting the activation of AMPK and downregulated 

mTOR signaling, inhibiting lipid synthesis [54]. Interestingly, MDA-MB-231/IR cells showed 

declines of OCR level, basal respiration, maximum respiration, as well as ATP production after 

ampelopsin introduction (Fig. 4B), indicating that ampelopsin plays a key role in 

preferentially attenuating the CSC population, that is rely on mitochondrial metabolism for 

proliferation and development. Furthermore, PPARGC1A, a gene that codes for PGC1-α 

protein, shown as an OXPHOS metabolic modulator, was considerably upregulated in tumor 

cells, and its attenuation greatly decreased the stemness characteristics of CSCs [11,12]. In 

our observation, Fig. 4C showed ampelopsin declined the expression of PPARGC1A, 

developing the potential therapeutic agent of ampelopsin on mitochondrial activity and ATP 

generation, preventing the proliferation of MDA-MB-231/IR cells. 
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The NF-κB transcriptional regulator drives the expression of several oncogenes that 

regulate apoptosis evasion, chemotherapy resistance, invasive, and metastasis in CSCs 

[15,16]. The NF-κB signaling has been reportedly controlled by the phosphorylation of NF-

κB subunits and the mechanism that how they aid cancer growth are still being discovered 

[55]. Subsequently, the increased transcriptional activity of NF-κB and the regulation of NF-

κB-directed transactivation has been controlled by p65 phosphorylation, an important 

member of NF-κB family [21,56]. Overexpression of NF-ĸB p65 facilitates EMT transition, 

leading the reduction of E-cadherin and desmoplakin, while increase the expression of 

mesenchymal markers, such as vimentin [15]. In recent study, western blot experiment 

showed that MDA-MB-231/IR cells enriched phosphorylation of IκB and p65 in comparison 

to MDA-MB-231 cells (Fig. 5A). This indicated that inhibiting NF-κB activity in breast CSCs 

might be beneficial therapeutically. Recent research has illustrated a vital role of NF-κB in 

modulation metabolic reprogramming in cancer. NF-κB was considered as an oncogenic 

mitochondria regulator; p65 induced mitochondria metabolism by increasing the expression 

of SCO2 gene [13,57]. In recent study, ampelopsin could decrease the expression of SCO2 

(Fig. 4C), indicating that ampelopsin may diminish mitochondrial activity in MDA-MB-

231/IR through inhibiting NF-κB. Notably, ampelopsin also dramatically suppressed NF-

κB pathway, as evidenced by the reduction of IκBα and p65 phosphorylation (Fig. 5B). 

Previous study showed that TNF-α, a key pro-inflammatory cytokine, promotes the IKK 

phosphorylation and modulates the phosphorylation of p65 on serine 536 [58]. 

Moreover, TNF-α overproduction has been involved in the onset of multiple illnesses, 

including cancer. Current research have developed to identify 

promising compounds as TNF-α pathway inhibitors [59]. In this finding, the phosphorylation 

of IκBα and p65 stimulated by TNF-α exposure were suppressed by ampelopsin pretreatment, 

suggesting that ampelopsin has important ability to inhibit the TNF-α/NF-κB axis 
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in resistant cells. It is necessary to develop further experiment to investigate the underlying 

mechanism how NF-κB controls cancer stem cell properties and OXPHOS metabolism in 

breast CSCs.  
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5. CONCLUSIONS 

Ampelopsin, a primary component found in Ampelopsis species, is previous reported to 

have anticancer ability. To the best of our knowledge, this is first time to determine a crucial 

role of ampelopsin in suppressing proliferation and triggering apoptosis in triple neagative 

chemo- and radio-resistant breast cancer cells. Remakably, ampelopsin diminished stemness 

charateristics and OXPHOS metabolism in MDA-MB-231/IR cells. Moreover, the 

enrichment of NF-κB signaling in these cells was also inhibited by ampelopsin, implying a 

potential chemotherapeutic agent modulating CSC phenotype in TNBC treatment. 
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SUPPLEMENTARY DATA 

 

Fig. S1. Flavonoid compounds targets cell viability of MDA-MB-231 and MDA-MB-

231/IR cells.  

Effects on cell viability of incubation for 24 h with (A) kaempferol, (B) hesperetin, (C) 

myricetin, (D) naringenin, (E) luteolin, (F) quercetin and (G) ampelopsin were evaluated by 
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MTT assay. Only ampelopsin had higher cytotoxicity in MDA-MB-231/IR cells rather than 

in MDA-MB-231 cells. 

 

Fig. S2. The levels of AMPK, p-AMPK, mTOR and p-mTOR were evaluated in MDA-

MB-231 and MDA-MB-231/IR cells.  

By Western blotting analysis, MDA-MB-231/IR cells showed reduced AMPK activation and 

increased mTOR phosphorylation, compared with MDA-MB-231 cells. GAPDH was 

considered as a control.  
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Table S1. The sequences of primers for mitochondrial OXPHOS genes. 

Gene Primer sequences 

NDUFA10 

5′-CACCTGCGATTACTGGTTCAG-3′ 

5′-GCAGCTCTCTGAACTGATGTA-3′ 

SDHB 

5′-AGCCTTATCTGAAGAAGAAGG-3′ 

5′-TACTTGTCTCCGTTCCACCAG-3′ 

COX5B 

5′-CAGAAGGGACTGGACCCATA-3′ 

5′-TTCACAGATGCAGCCCACTA-3′ 

COX4I1 

5′-ACGAGCTCATGAAAGTGTTGTG-3′ 

5′-AATGCGATACAACTCGACTTTCTC-3′ 

ATP5G3 

5′-GGATTTGCCTTGTCTGAAGC-3′ 

5′-CGTACATTCCCATGACACCA-3′ 

SCO2 

5′-TGGGTGCTGATGTACTTTGGC-3′ 

5′-ACAGTCTTGGGTGGAAGTCCTG-3′ 

CYC1 

5′-TAGAGTTTGACGATGGCACCC-3′ 

5′-CGTTTTCGATGGTCGTGCTC-3′ 

UQCRC1 

5′-ACGGTGGGAGTGTGGATTGAC-3′ 

5′-CATTGCCAGGCCGATTCTTTG-3′ 

ATP5B 

5′-GGCACAATGCAGGAAAGG-3′ 

5′-TCGGCAGGCACATAGATAGCC-3′ 

PGC1-α 

5′-TTCCACCAAGAGCAAGTAT-3′ 

5′-CGCTGTCCCATGAGGTATT-3′ 
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