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Abstract 

Background: Breast cancer remains a leading malignancy in women, with limited 

therapeutic options. Natural compounds such as resveratrol and curcumin exhibit 

anticancer properties, but their combined mechanisms are not fully understood. This 

study investigated the synergistic effects of resveratrol and curcumin in MCF-7 breast 

cancer cells. 

Methods: Optimal drug concentrations were determined by CCK-8 assay, followed by 

flow cytometry to assess apoptosis in the four treatment groups (control, curcumin, 

resveratrol, and combination). Transcriptome sequencing and Western blotting were 

performed to identify molecular mechanisms. In parallel, a network pharmacology 

approach was applied by integrating TNBC-related DEGs from GSE38959 with 

predicted drug targets, followed by KEGG and GO enrichment analysis. 

Results: The combination of 200 μM resveratrol and 20 μM curcumin significantly 

inhibited cell growth (73.60 ± 6.91% inhibition, P < 0.001 vs. control) and increased 

apoptosis (52.80% apoptotic cells, P < 0.001 vs. single agents). RNA-seq and 

enrichment analysis revealed activation of the TNF signaling pathway and modulation 
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of the NF-κB signaling pathway in the combination treatment group. Network 

pharmacology further confirmed the convergence of curcumin and resveratrol targets 

on the TNF/NF-κB axis, which supported the transcriptomic findings. Western blot 

validation showed down-regulation of NF-κB, TNF-α, and c-Myc, along with up-

regulation of Cleaved caspase-3(P < 0.05 for all), reinforcing the observed effects from 

RNA-seq and network pharmacology analysis. 

Conclusions: Combined resveratrol and curcumin treatment synergistically induces 

apoptosis in MCF-7 cells via the TNF-α/NF-κB/c-Myc axis, supporting their potential as 

a complementary therapy for breast cancer. 

Keywords: apoptosis, breast cancer, curcumin, MCF-7, NF-κB signaling pathway, 

resveratrol 

 

1. Introduction 

Breast cancer is one of the most common malignant tumors among Chinese women, 

characterized by strong invasiveness, high malignancy, and poor prognosis[1]. In recent 

years, the incidence rate of breast cancer has gradually increased, and its incidence 

rate and death rate rank first among malignant tumors in Chinese women[2]. 

Treatment options for breast cancer include surgery, chemotherapy, radiation, and 

targeted therapy; nevertheless, these modalities often entail several adverse effects 

throughout treatment, including bone marrow suppression, drug resistance, and 

metastatic recurrence[3]. Consequently, there is a need for further therapeutic 

interventions or pharmaceuticals aimed at breast cancer. 

 

In recent years, natural plant-derived compounds have shown significant results in the 

treatment of cancer, such as luteolin[4-6]. For the treatment of breast cancer, these 

two natural compounds have obvious advantages in the research of anti-breast cancer: 

resveratrol and curcumin[7-8]. Resveratrol is a stilbene analog that exists in large 

quantities in grapes, berries, and other plants. It has been found that resveratrol can 



intervene in the occurrence and development of breast cancer through a variety of 

pathways, including the induction of apoptosis, blocking the cell cycle, and the 

modulation of autophagy and glycolysis, as well as the reversal of breast cancer's 

resistance to chemotherapy and radiotherapy[9-10]. Curcumin, as a polyphenol 

extracted from the rhizome of the traditional Chinese medicine turmeric, has 

demonstrated significant anti-inflammatory, anti-oxidant, and anti-tumor effects in 

vitro and vivo studies[11-13]. And it has the advantages of being widely available, 

inexpensive, safe, and having fewer adverse effects than radiotherapy[14-15]. The 

outcomes clearly indicate that resveratrol and curcumin may independently influence 

the prevention and progression of breast cancer. While both substances have been 

documented for independent use in breast cancer, many elements of traditional 

Chinese medicine are often used in conjunction throughout therapy. The impact of 

these two components on breast cancer therapy remains ambiguous, whether 

synergistic or antagonistic. 

         

Despite advances in therapy, breast cancer management remains challenged by 

treatment toxicity, drug resistance, and disease recurrence, necessitating safer 

adjunctive approaches. Natural compounds such as resveratrol and curcumin exhibit 

individual anticancer properties; however, the mechanistic nature of their combined 

effects—whether synergistic, additive, or antagonistic—is not well defined. We 

hypothesize that co-treatment with resveratrol and curcumin may provide a 

synergistic advantage by concurrently targeting interconnected pro-survival signaling 

pathways, notably the TNF-α/NF-κB axis. To systematically decipher this interaction, 

we integrate in vitro validation in MCF-7 breast cancer cells with multi‑omics analysis 

and network pharmacology. This study aims to elucidate the synergistic mechanism of 

resveratrol and curcumin combination therapy, offering a rationale for developing 

novel natural compound‑based strategies against breast cancer. 

 

2. Materials and methods 

2.1 Integration Analysis of Network Pharmacology and Metabolomics 



By comparing the potential pathways enriched by the network pharmacological 

targets with the metabolic pathways enriched by differential metabolites, the 

common metabolic pathways that were regarded as the key pathways were screened 

out. The KEGG database was used to obtain the proteins contained in the key 

metabolic pathways to screen the key targets from the potential targets of network 

pharmacology. Through the literature research to reveal the possible mechanism of 

resveratrol and curcumin in the treatment of breast cancer. 

 

2.2. Cell Culture and Reagents 

The MCF-7 cell line in this study was obtained from the Chinese Academy of Sciences 

(CAS) Cell Bank and cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 1 % penicillin/streptomycin (PS) 

at 37°C, 5% CO2. Resveratrol and curcumin were purchased from Shanghai Yuanye 

Bio-Technology Company, dissolved in dimethyl sulfoxide (DMSO), and used at 

multiple indicated concentrations. 

 

2.3. Cell Proliferation-toxicity Test 

MCF-7 cells were seeded in 96-well plates with about 1×104 cells per well. 200 

microliters of DMEM with 10% FBS and 1% PS were added to each well. After overnight 

incubation, cells were treated with different individual and combined drug 

concentrations under cell culture conditions as described above for 24h. Using the Cell 

Counting Kit-8 (CCK8) assay(1:10, Biosharp, China) measured the dose-dependent 

effect of resveratrol and curcumin on cell viability in MCF-7 cells. We first identified 

the IC₅₀ values for resveratrol (~200 μM) and curcumin (~20 μM) in MCF-7 cells. To 

test for synergy, we chose: Sub-optimal doses (100 μM Res + 20 μM Cur) to assess 

whether lower resveratrol could still enhance curcumin’s effect; Dose-reversal 

combinations (200 μM Res + 10 μM Cur) to examine whether curcumin could be 

reduced while maintaining efficacy; IC₅₀-based combination (200 μM Res + 20 μM Cur) 

as the maximum tolerated dose without excessive cytotoxicity to normal cells. 

 



2.4. Flow Cytometry 

MCF cells were cultured and divided equally into four groups, which were incubated 

with DMSO (Con group), 200um resveratrol (Res group), 20um curcumin (Cur group), 

200um resveratrol and 20um curcumin (Dual group) for 24h, then digested and 

collected all the cells. Then count the cells and adjust to a desired concentration (10 

million cells per mL). 10 μL of Annexin V-FITC and 5 μL of Propidium iodide (PI) (Multi 

Sciences, China) were added to each tube. Finally, use flow cytometry software to 

analyze the results and identify populations of live, early apoptotic, late apoptotic, and 

necrotic cells based on the staining patterns.  

 

2.5. Network Pharmacology Analysis 

The transcriptomic dataset GSE38959, comprising triple-negative breast cancer (TNBC) 

and normal breast tissue samples, was downloaded from the Gene Expression 

Omnibus (GEO) database. Differential expression analysis was performed using the 

limma package (version 3.54.2) in R (version 4.2.2). Genes with an adjusted p value < 

0.05 and |log2 fold change| > 1 were defined as differentially expressed genes (DEGs). 

A volcano plot was generated to visualize the overall distribution of DEGs. 

 

Potential molecular targets of resveratrol and curcumin were retrieved from multiple 

pharmacological databases, including the Traditional Chinese Medicine Systems 

Pharmacology Database (TCMSP), SwissTargetPrediction, and DrugBank. The 

intersecting genes between compound-related targets and TNBC-associated DEGs 

were identified as candidate therapeutic targets. 

 

Functional enrichment analyses of overlapping genes were conducted using the 

clusterProfiler package (version 4.6.2). Gene Ontology (GO) enrichment covered 

biological processes (BP), cellular components (CC), and molecular functions (MF), 

while Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was 

applied to reveal the signaling pathways potentially regulated by resveratrol and 

curcumin. Results were visualized using R packages including ggplot2 and enrichplot. 



 

2.6. RNA Sequencing (RNA-seq) and Differential Gene Bioinformatics Analysis 

Following 24 h of selected doses of resveratrol and curcumin treatment in MCF-7 cells. 

Total RNA  was isolated using Trizol(Takara, Japan), then the first-strand cDNA was 

transcribed by using iScript cDNA Synthesis Kit(Takara, Japan). Normalized RNA-seq 

expression data were analyzed by using reference genome comparison,  KEGG/GO 

enrichment analysis, GSEA analysis, and so on. 

 

2.7. Western Blot 

The total cells were lysed with RIPA buffer supplemented with proteinase inhibitors. 

The protein concentrations were measured using the BCA protein assay kit(Thermo 

Fisher Scientific, USA). Protein samples were separated on a 10% SDS-PAGE 

electrophoresis gel and then transferred onto polyvinylidene fluoride (PVDF) 

membranes. The membranes were then blocked in skim milk solution for 1 hour at 

room temperature and then incubated overnight with primary antibodies at 4°C. The 

following primary antibodies were used in this blotting: anti-NF-κB (ab16502, Lot: 

GR308937-1, 1:1000, Abcam, Cambridge, UK), anti-TNF-α(AF7041, 1:1000, Affinity 

Biosciences, USA), anti-Cleaved caspase-3(ab32351, Lot:1093798-85, 1:5000, Abcam, 

Cambridge, UK), anti-c-Myc(AF6054, Lot:#34b1408, 1:1000, Affinity Biosciences, USA) 

and anti-β-ACTIN(AF7018, lot:#12w2944, 1:3000, Affinity Biosciences, USA). The next 

day, after washing the membranes with TBST, the membranes were incubated with 

appropriate horseradish peroxidase (HRP-) labeled secondary antibodies(Cat 

No.:RGAR001, Lot: 20001572, 1:5000, Proteintech, USA) at room temperature for 1h. 

Finally, the membranes were washed before being analyzed using an electrophoresis 

gel imaging system. 

 

2.8. Statistical Analysis 

Statistical analyses were performed using GraphPad Prism version 6.0 (GraphPad 

Software, USA) for graphical presentation and intergroup comparisons via two-tailed 

Student’s t-test, and SPSS version 20.0 (IBM Corp., USA) for data management and 



descriptive statistics. Since the analyses focused on pairwise comparisons between 

each treatment group and the control group, two-tailed Student’s t-tests were applied. 

For future multi-group comparisons, one-way ANOVA with appropriate post-hoc tests 

is recommended. The qualification of results was presented as mean ± standard 

deviation. P < 0.05 was considered statistically significant. 

 

3. Result 

3.1. Combination of Resveratrol and Curcumin significantly inhibits MCF-7 cell 

growth 

To determine the optimal concentration of resveratrol and curcumin, cell viability was 

assessed by CCK-8 assay after 24 h treatment of MCF-7 cells with different 

concentrations of each compound alone or in combination. Treatment groups 

included control, resveratrol (100, 200, and 400 μM), curcumin (10, 20, and 40 μM), 

and three combination regimens (100 μM resveratrol + 20 μM curcumin, 200 μM 

resveratrol + 10 μM curcumin, and 200 μM resveratrol + 20 μM curcumin). Cell growth 

inhibition rates were calculated relative to the control group. 

 

Both resveratrol and curcumin inhibited MCF-7 cell proliferation in a dose-dependent 

manner, with resveratrol showing greater potency. However, the highest 

concentrations (400 μM resveratrol and 40 μM curcumin) also markedly suppressed 

the growth of normal breast epithelial cells, and were therefore excluded from further 

combination studies. Among the three combined treatment groups, the regimen of 

200 μM resveratrol with 20 μM curcumin exhibited the strongest effect, reducing cell 

growth by 73.60% ± 6.91 (N = 3), while the other two combinations achieved inhibition 

rates of 45.48% ± 10.32 (N = 3) and 45.64% ± 3.32 (N = 3), respectively (Figure 1). Based 

on these results, the combination of 200 μM resveratrol and 20 μM curcumin was 

selected for subsequent experiments. 



 

Figure1. Dose-dependent inhibitory effects of resveratrol and curcumin (24h) on 

MCF7 cells using CCK8 assay based on measurement of optical density (OD450). 

Growth inhibition rate was calculated based on the control group. The date in the 

figure was expressed by mean±SD in SPSS. Comparison between the two groups was 

analyzed by a t-test in GraphPad Prism. n=3, **P < 0.01. 

 

3.2. Combination of resveratrol and curcumin enhances apoptosis in MCF-7 breast 

cancer cells 

To evaluate the pro-apoptotic effects of resveratrol and curcumin, MCF-7 cells were 

divided into four groups (control, resveratrol, curcumin, and combination) and treated 

for 24 h. Apoptosis was then quantified by flow cytometry (Figure 2). 

 

Both resveratrol and curcumin alone significantly increased apoptosis compared with 

the control group, with total (early + late) apoptotic rates of 27.37% and 35.61%, 

respectively, versus 11.19% in controls. Notably, the combination treatment induced 

a much stronger apoptotic response, with a total apoptotic rate of 52.80%, which was 



significantly higher than control (p < 0.0005), resveratrol alone (p < 0.0005), and 

curcumin alone (p < 0.001). These results demonstrate that combined resveratrol and 

curcumin treatment exerts a synergistic pro-apoptotic effect in MCF-7 breast cancer 

cells, exceeding the efficacy of either agent alone. 

 

 

Figure2. Flow cytometry validation of apoptosis in four groups of MCF-7 cells. G2: 

Late apoptotic and necrotic cells; G3: Early apoptotic cells; G4: live cells. %apoptotic 

cells: G2+G3. The date in the figure was expressed by mean±SD in SPSS. Comparison 

between two groups was analyzed by one-way ANOVA in GraphPad Prism. n=3, ***P 

< 0.001, ****P < 0.0005. The control group (Con) received the DMSO vehicle only, and 

all statistical comparisons of drug effects are made relative to this baseline. 

 

 

3.3. Combination of resveratrol and curcumin up-regulated the TNF signaling 

pathway in MCF-7 cells 

To investigate the mechanism underlying the combined effect of resveratrol and 

curcumin on breast cancer cells, RNA was extracted from four groups of treated MCF-



7 cells and subjected to transcriptome sequencing. After normalization, differentially 

expressed genes (DEGs) were identified by comparing each treatment with the control 

group. PCA and DEG distribution plots revealed that the transcriptomic profiles of the 

control and curcumin groups, as well as the resveratrol and dual-treatment groups, 

were relatively similar; in contrast, substantial differences were observed between 

the control and dual-treatment groups (Fig. 3A–B). This suggested that resveratrol 

exerted a greater transcriptional effect and that its impact was further amplified under 

the combined treatment. 

 

Heatmap visualization and KEGG enrichment analysis of DEGs between the control 

and dual groups revealed the top 20 enriched pathways (Fig. 3C–D). Notably, the TNF 

signaling pathway and NF-κB signaling pathway were significantly up-regulated in the 

dual-treatment group, with several representative genes highlighted in the volcano 

plot (Fig. 3E). Although NF-κB activation via TNF is typically associated with cell survival, 

this observation contrasted with the flow cytometry results (Fig. 2), which 

demonstrated increased apoptosis following combined treatment. These findings 

suggest that curcumin, despite exerting a modest individual transcriptional effect, 

may counteract NF-κB–mediated pro-survival signaling when combined with 

resveratrol, thereby promoting apoptosis in MCF-7 cells. 



 

Figure 3. Transcriptomic profiling of MCF-7 cells under combined resveratrol and 

curcumin treatment. (A) PCA plot showing global transcriptomic differences among 

control (Con), curcumin (Cur), resveratrol (Res), and dual-treatment (Dual) groups. (B) 

Histogram of differentially expressed genes (DEGs) across treatment groups. (C) 

Heatmap of DEGs between control and dual-treatment groups. (D) KEGG enrichment 

analysis of DEGs in the dual-treatment group, displaying the top 20 enriched pathways. 



(E) Volcano plot of DEGs between control and dual-treatment groups, with up-

regulated genes in the TNF and NF-κB signaling pathways highlighted. 

 

3.4. Network pharmacology validation of transcriptomic findings 

To further clarify the integration of our experimental and computational findings, the 

connection between the RNA‑seq and network pharmacology results can be made 

more explicit. Differentially expressed genes from the TNBC dataset GSE38959 were 

first identified and used as a reference set (Fig. 4A). By intersecting these genes with 

the predicted molecular targets of curcumin and resveratrol, overlapping candidate 

genes were obtained for each compound (Fig. 4B–C). KEGG enrichment analysis 

revealed that resveratrol-associated intersecting genes were significantly enriched in 

the TNF and NF-κB signaling pathways, whereas curcumin-associated genes were 

primarily enriched in the NF-κB pathway along with the HIF-1α signaling pathway, 

which is known to be regulated downstream of both TNF and NF-κB signaling [16] (Fig. 

4D–E). Complementary GO enrichment analysis further indicated involvement in 

inflammatory response, apoptosis, and proliferation (Fig. 4F–G). Importantly, these 

pathways were consistent with the transcriptomic alterations observed in MCF-7 cells 

under dual treatment, thereby providing cross-validation that both compounds 

converge on modulation of the TNF-α/NF-κB axis in breast cancer. 



 

Figure 4. Network pharmacology validation of TNBC-related targets for curcumin 

and resveratrol. (A)Volcano plot of DEGs from the TNBC dataset GSE38959. (B–C) 

Venn diagrams showing overlaps between TNBC DEGs and predicted targets of 

curcumin (B) or resveratrol (C). (D–E) KEGG enrichment of overlapping genes for 



curcumin (D) and resveratrol (E), highlighting TNF and NF-κB signaling pathways. (F–

G) GO enrichment of overlapping genes for curcumin (F) and resveratrol (G), showing 

enrichment in inflammatory response, apoptosis, and proliferation. Cur: Curcumin; 

Res: Resveratrol. 

 

3.5. Combined treatment downregulates key proteins in the TNF-α/NF-κB/c-Myc. 

To validate the functional outcome of the signaling pathways identified by 

transcriptomics and network pharmacology, protein expression of key mediators was 

examined by Western blot after 24 h of treatment. Compared with the control, the 

combination treatment significantly downregulated the protein levels of NF-κ, TNF-α, 

and the downstream oncoprotein c-Myc. Conversely, the expression of Cleaved 

caspase-3 was markedly upregulated, confirming the induction of apoptosis (Figure 5). 

 

Notably, TNF-α protein was elevated in the resveratrol-alone group but reduced in 

both the curcumin-alone and combination groups, suggesting that curcumin plays a 

dominant role in suppressing TNF-α protein expression or stability, thereby 

attenuating the NF-κB signal. The synergistic downregulation of c-Myc, a critical 

proliferative driver downstream of NF-κB, aligns with the enhanced apoptotic rate 

observed in the combination group. These protein-level findings collectively 

demonstrate that the combined treatment ultimately inhibits the functional output of 

the TNF-α/NF-κB/c-Myc axis, providing a direct mechanistic basis for the synergistic 

induction of apoptosis.  



 

Figure 5.  Western blot analysis was carried out to detect the protein expression in 

the signaling pathway in MCF-7 cells. Protein levels in MCF-7 cells from all four groups 

were normalized to those of β-ACTIN. The expression of NF-κB, c-myc, and TNF-α was 

significantly decreased (*P< 0.05, ***P< 0.001), while the expression of Cleaved 

caspase-3 was markedly upregulated (****P< 0.0005). The date in the figure was 

expressed by mean ± SD in SPSS, and comparison between two groups was analyzed 

by one-way ANOVA in GraphPad Prism. The experiment was repeated three times 

independently. 

 

4. Discussion 

In this study, we demonstrated that the combination of resveratrol and curcumin 

exerted significantly stronger anticancer effects on MCF-7 breast cancer cells than 

either agent alone, highlighting the therapeutic potential of dual phytochemical 

strategies. While both compounds individually inhibited proliferation and induced 

apoptosis in a dose-dependent manner, their combination achieved the greatest 

reduction in cell viability and markedly increased apoptosis, consistent with a 



synergistic rather than an additive effect. Similar synergistic interactions between 

natural compounds have been increasingly reported, offering the advantage of 

enhanced efficacy while reducing the effective dose of each compound and thereby 

minimizing toxicity[17]. 

 

Transcriptomic analysis revealed that the dual-treatment group exhibited pronounced 

enrichment of the TNF signaling pathway and modulation of the NF-κB signaling 

pathway, both of which are central to inflammation-associated tumor progression. 

Network pharmacology further validated these findings by integrating TNBC-related 

DEGs from GSE38959 with predicted drug targets. Resveratrol-associated targets were 

mainly enriched in TNF and NF-κB pathways, while curcumin-associated targets were 

enriched in NF-κB together with the HIF-1α signaling pathway, which functions 

downstream of TNF/NF-κB and mediates hypoxia adaptation, angiogenesis, and 

metabolic reprogramming [18-19]. This complementary targeting suggests that 

resveratrol primes stress- and immune-related TNF signaling, whereas curcumin 

antagonizes NF-κB–mediated pro-survival signaling and its downstream effectors, 

including HIF-1α and c-Myc, thereby shifting the cellular balance toward apoptosis. 

 

An apparent yet interpretable discrepancy emerged when comparing transcriptional 

and protein data. While RNA-seq indicated an upregulation of gene expression in the 

TNF/NF-κB pathway (Section 3.3), Western blot revealed a reduction in the 

corresponding proteins at the same 24-hour endpoint. This pattern is not 

contradictory but reflects a dynamic, time-resolved biological response. The initial 

transcriptional upregulation detected by RNA-seq likely represents a cellular stress 

response triggered by the potent combination treatment. Subsequently, this 

activation may engage strong negative feedback mechanisms and/or promote 

targeted protein degradation—processes in which curcumin is known to participate, 

for instance, by inhibiting IκB kinase and promoting proteasomal degradation of NF-

κB. Consequently, by 24 hours, despite elevated pathway-related mRNA, the net 

protein levels and functional activity of the pro-survival axis are suppressed, leading 



to the observed downregulation of NF-κB, TNF-α, and c-Myc, and the activation of 

Cleaved caspase-3. 

 

Our findings align with and extend the growing paradigm that targeting 

interconnected nodes within a robust signaling network (like TNF-α/NF-κB/c-Myc/HIF-

1α) is more effective than single-target inhibition. The network pharmacology 

prediction linking curcumin's targets to the HIF-1α pathway is particularly relevant, as 

HIF-1α is stabilized by both NF-κB and inflammatory signals, and is a key mediator of 

therapy resistance[20]. The dual suppression of NF-κB and its downstream partner HIF-

1α represents a powerful, complementary anti-tumor strategy that impairs survival, 

proliferation, and adaptive responses[21-22]. 

 

Despite these promising findings, several limitations should be acknowledged. First, 

the present work was conducted in vitro using a single luminal breast cancer cell line 

(MCF-7). Given the heterogeneity of breast cancer, validation in other subtypes—

particularly triple-negative breast cancer—is essential. Second, both resveratrol and 

curcumin suffer from poor solubility, rapid metabolism, and consequently low 

bioavailability in vivo, which may restrict their clinical application[23]. Nanoparticle-

based formulations and structural analogs have shown promise in enhancing stability 

and systemic delivery of these compounds, but further optimization and in vivo 

studies are required[24-25]. Finally, pharmacokinetics, dose–response relationships, and 

systemic safety of the combined regimen remain to be systematically evaluated. 

 

5. Conclusion 

In summary, we provide compelling mechanistic evidence that the combination of 

resveratrol and curcumin synergistically induces apoptosis in breast cancer cells 

through a coordinated attack on the TNF-α/NF-κB/c-Myc axis. This work underscores 

the therapeutic potential of rationally combining natural compounds with 

complementary mechanisms of action to disrupt oncogenic signaling networks more 

completely, offering a promising strategy for adjuvant breast cancer therapy.  
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