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ABSTRACT 
Black tea contains the naturally occurring polyphenolic chemical theaflavin which is widely known for its anti-
inflammatory, anticancer, and antioxidant qualities which also helps in cardiovascular diseases. With a focus on 
hypoxia, cell survival, and tumor invasion, this study used a network pharmacology method to investigate the 
molecular processes behind theaflavin's regulatory effects on signaling pathways linked to the genesis and progression 
of oral cancer. Theaflavin's possible molecular targets were identified by cross-referencing them with genes linked to 
oral cancer that were obtained from the GeneCards and OMIM databases using SwissTargetPrediction. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) enrichment analysis showed that these targets 
were primarily involved in biological processes such cell proliferation, angiogenesis, oxidative stress response, 
apoptosis regulation, and extracellular matrix remodeling. Theaflavin has the ability to modify a number of oncogenic 
and tumor-suppressive pathways, as demonstrated by the identification of numerous important hub genes using 
protein–protein interaction (PPI) network creation and topological analysis. These genes include TP53, BCL2, HIF1A, 
MMP9, MMP2, KDR, HSP90AB1, HSP90AA1, PPARG, and SERPINE1. Theaflavin may have a key role in 
controlling hypoxia-mediated reactions, cell survival signaling, and metastatic behavior, according to KEGG pathway 
analysis, which showed notable enrichment of the HIF-1 signaling pathway along with PI3K–Akt signaling and 
pathways in cancer. Theaflavin's potential use as a supplemental therapeutic drug in the treatment of oral cancer is 
supported by these studies, which collectively show that it has anticancer effects through a multi-target, multi-pathway 
mechanism. 
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INTRODUCTION  
 
Oral cancer, in particular oral squamous cell 
carcinoma (OSCC)(Wang et al. 2026), is one of the 
most prevalent malignancies in the head and neck 
region and is a major cause of morbidity and death 
globally. The multifactorial aetiology of oral cancer 
includes genetic mutations,(Aditya et al. 2021) alcohol 
and tobacco use, chronic inflammation, and human 
papillomavirus (HPV) infection(Zejnullahu 2022). 
Despite improvements in surgical techniques, 

radiation treatment, and chemotherapy(Wang et al. 
2026), the 5-year survival rate for oral cancer has 
remained low, often between 50 and 60 percent. Late-
stage diagnosis, tumor recurrence,(Bilgiç et al. 2026) 
and resistance to conventional therapy are the main 
causes of this. 
 
Theaflavins, a type of polyphenols found in black tea, 
have attracted a lot of attention because of their 
antibacterial, anti-inflammatory, antioxidant, and 
anticancer qualities. As per their structural 
composition, the enzymatic oxidation of catechins 
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during the fermentation of tea leaves produces the 
aflavins, which include theaflavin (TF1), theaflavin-3-
gallate (TF2a), theaflavin-3'-gallate (TF2b), and 
theaflavin-3,3'-digallate (TF3). TF3 has the highest 
bioactivity of all the theaflavin derivatives because of 
its twin galloyl groups, which enhance its ability to 
interact with cellular targets, change signaling 
pathways(Mann 2005), and scavenge reactive oxygen 
species more effectively than other theaflavin 
derivatives. 
 
The anticancer activities of flavonoids have been 
demonstrated in several in vitro and in vivo studies in 
a variety of malignancies, including those of the 
mouth, breast, colon, prostate, and lung. The 
mechanisms behind these effects include angiogenesis 
modification, metastasis suppression, apoptosis 
induction, and reduction of cell proliferation. By 
suppressing the expression of nuclear factor-kappa B 
(NF-κB), vascular endothelial growth factor 
(VEGF),(Min et al. 2026) matrix metalloproteinases 
(MMPs), and epidermal growth factor receptor 
(EGFR)(Suda et al. 2026), theaflavins have been 
shown to interfere with key signaling pathways 
involved in tumor growth, invasion, and survival in 
oral cancer models. 
 
Notwithstanding these promising outcomes, 
theaflavins' limited therapeutic use in oral cancer is 
still a result of their poor solubility, low systemic 
bioavailability, and rapid metabolism. A detailed 
understanding of the molecular mechanisms and 
biological targets of the flavonoids(Chand 2018) is 
necessary to overcome these pharmacokinetic 
limitations and allow for their logical development as 
anticancer medications. Network pharmacology is a 
crucial method for examining the flavins' multi-target 
and multi-pathway effects since it integrates systems 
biology, bioinformatics, and pharmacology. This 
makes it feasible to pinpoint crucial molecular targets, 
signaling cascades, and potential synergistic 
interactions that support the flavins' anticancer 
properties. 
 
A more comprehensive "multi-target" strategy has 
replaced the conventional "one drug-one target" 
paradigm in network pharmacology. It combines 
bioinformatics, systems biology, and computer 
modeling to clarify intricate relationships between 
genes, proteins, pathways, and disease 
manifestations.(Yuling Niu et al. 2026) A systematic 
framework for comprehending the pharmacodynamics 
and pharmacokinetics of natural compounds such as 
theaflavins is provided by network pharmacology, 
which builds interaction networks and identifies 
important nodes or hubs. When treating complicated 

diseases like oral cancer, this method not only aids in 
identifying possible therapeutic targets but also in 
anticipating synergistic effects, reducing off-target 
interactions, and improving drug design for increased 
safety and efficacy. 
 
When it comes to theaflavin and its use in oral cancer, 
network pharmacology makes it possible to map its 
molecular targets, identify interacting protein 
networks linked to oral carcinogenesis, and forecast 
important signaling pathways. It is possible to 
anticipate possible targets of theaflavin by using 
databases like Traditional Chinese Medicine Systems 
Pharmacology (TCMSP), SwissTargetPrediction, 
STRING, GeneCards, DisGeNET, and OMIM.(Pan et 
al. 2026) To find shared nodes that could be crucial to 
the course of the illness and treatment, these targets 
can be compared to known genes linked to oral cancer. 
The biological processes and pathways that theaflavin 
modulates may be further clarified by subsequent 
enrichment studies, such as Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis and 
Gene Ontology (GO), which can further provide light 
on the multi-target, multi-pathway mechanisms that 
theaflavin uses to prevent oral cancer. 
 
Protein-protein interaction (PPI) networks may be 
created using STRING and Cytoscape to display 
connection and identify major hubs, including TP53, 
AKT1, EGFR, MAPK1, and NF-κB, after the 
overlapping gene targets have been determined. These 
hubs, which are commonly influenced by the flavones, 
are important regulators of the development of oral 
cancer. The biological processes and signaling 
pathways that are impacted by these targets, including 
apoptosis, cell cycle regulation,(“Neuroprotective 
Efficacy of Eugenol against Lead Acetate and 
Monosodium Glutamate Induced Neurotoxicity by 
Modulating Brain-Derived Neurotrophic Factor 
(BDNF) Gene Expression in Wistar Rats” 2025) 
PI3K-Akt signaling, MAPK signaling, and 
inflammatory responses, can be functionally 
understood through gene ontology (GO) enrichment 
and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analyses.(Cheng et al. 2026)This 
thorough network-based method advances our 
knowledge of the complex ways in which theaflavins 
function and encourages the possibility that they may 
be developed into strong anti-oral cancer treatments. 
 
The KEGG analysis can show, for instance, that the 
aflavin targets are abundant in pathways that are 
characteristic of the biology of oral 
cancer,(Ramasubramanian et al. 2022) such as the 
PI3K/AKT signaling pathway, MAPK cascade, 
apoptosis, cell cycle control, and immunological 
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modulation. Since the PI3K/AKT pathway encourages 
cell proliferation, survival, and resistance to apoptosis, 
it is particularly significant. By upregulating pro-
apoptotic proteins including Bax and Caspase-3 and 
downregulating AKT phosphorylation, theaflavin has 
been demonstrated to cause cancer cell death. 
Furthermore, theaflavin efficiently interferes with 
tumor-promoting pathways by blocking anti-apoptotic 
proteins such as Bcl-2 and decreasing important 
oncogenic signals within the PI3K/AKT axis, which 
makes it a viable option for targeted treatment in oral 
cancer. 
 
 
Additionally, network pharmacology makes it 
possible to combine high-throughput proteomic and 
transcriptome data in order to verify and improve 
predictions. The differential expression of the genes 
targeted by flavin may be evaluated by researchers 
using gene expression profiles from The Cancer 
Genome Atlas (TCGA), GEO datasets, or RNA-seq 
studies from oral cancer patients or cell lines. This 
integrated method finds patient-specific biomarkers 
that might be used as therapeutic targets or diagnostic 
indicators in addition to increasing prediction 
accuracy. These individualized insights facilitate the 
creation of customized treatment plans, improving the 
practical applicability of theaflavin-based therapies 
and opening the door for precision medicine 
techniques in the treatment of oral cancer. 
 
Besides identifying molecular connections, network 
pharmacology facilitates the discovery of medication 
combinations that function well together. Treatment 
for oral cancer frequently necessitates a multimodal 
strategy because of resistance mechanisms and tumor 
heterogeneity. Theaflavin may be used in conjunction 
with traditional treatments like cetuximab, 5-
fluorouracil (5-FU), or cisplatin to increase therapeutic 
effectiveness and lessen adverse effects. Network 
models may be used to guide logical medication 
combination strategies by forecasting antagonistic or 
synergistic effects based on overlapping targets, route 
crosstalk, and interaction networks. This method can 
assist in determining the best therapeutic combinations 
for treating oral cancer that maximize anticancer 
activity, reduce toxicity, and get past drug resistance. 
 
Moreover, theaflavin's function in regulating the 
tumor microenvironment (TME) is particularly 
intriguing. In oral cancer, the TME consists of 
inflammatory cytokines, immune cells, extracellular 
matrix constituents, and cancer-associated fibroblasts. 
Network pharmacology can clarify how theaflavin 
reduces pro-inflammatory cytokines such as TNF-α 
and IL-6, modifies immunological responses, and 

increases the activity of T lymphocytes and natural 
killer (NK) cells. Because these immunomodulatory 
actions change the TME from a pro-tumorigenic to an 
anti-tumorigenic state, they can help reduce tumors 
overall. In addition to preventing tumor development 
and metastasis, this TME reprogramming enhances 
immune response and surveillance, which increases 
the overall efficacy of theaflavin as a supplemental 
treatment for oral cancer. 
 
The evaluation of theaflavin's safety profile and any 
off-target effects is aided by network pharmacology. 
A positive pharmacological profile may be ensured by 
integrating network data with ADMET (Absorption, 
Distribution, Metabolism, Excretion, and Toxicity) 
profiling, drug-likeness evaluation, and toxicity 
prediction tools like pkCSM, admetSAR, and ProTox-
II. By reducing the likelihood of late-stage failures, 
this predictive modeling helps in early decision-
making. 
 
Network pharmacology pipelines are rapidly 
integrating emerging technologies like artificial 
intelligence (AI) and machine learning to improve 
prediction accuracy and find hidden patterns in 
massive datasets. Predicting medication-disease 
connections, improving drug repositioning efforts, and 
improving target discovery are all made possible by 
these tools. AI-assisted models may be able to help 
select targets, evaluate medication sensitivity, and find 
new uses for theaflavin that go beyond oral cancer. 
 
The ability to close the gap between contemporary 
data-driven drug development and conventional 
empirical methods is network pharmacology's 
strongest suit. A molecular foundation for logical drug 
design is provided by network pharmacology for 
natural substances with complicated pharmacological 
characteristics, such as theaflavin. It makes it possible 
to pinpoint specific diseases by identifying molecular 
signatures and matching treatment approaches to these 
patterns. 
 
In conclusion, the investigation of theaflavin using 
network pharmacology provides a potent systems-
level viewpoint on its function in oral cancer 
treatment. By combining molecular interaction 
networks, predictive modeling, and multi-omics data, 
scientists may create efficient treatment plans, 
pinpoint important regulatory nodes, and obtain a 
thorough grasp of theaflavin's mode of action. This 
strategy is in line with the larger objectives of 
personalized medicine and precision oncology, in 
addition to promoting the logical advancement of 
theaflavin-based therapies. Utilizing technologies 
such as network pharmacology to maximize the 
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potential of natural substances is a viable avenue for 
future therapeutic innovation as the incidence of oral 
cancer keeps increasing. 
 
METHODOLOGY  
1. TARGET PREDICTION 
To find possible human protein targets using 
pharmacophore modeling and chemical similarity, the 
standard SMILES structure of theaflavin was taken 
from the PubChem database and fed into 
SwissTargetPrediction. Only Homo sapiens targets 
were chosen for additional examination later on. 
2. RETRIEVAL OF ORAL CANCER-RELATED 
GENES 
The terms "oral cancer" and "oral squamous cell 
carcinoma" were used to search the GeneCards and 
OMIM databases for genes linked to oral cancer. A 
combined gene list was created for additional 
comparative analysis after duplicates were eliminated. 
3. IDENTIFICATION OF OVERLAPPING 
TARGETS 
 To find overlapping targets, an online Venn diagram 
tool was used to compare the anticipated protein 
targets of theaflavin with genes linked to oral cancer. 
These common genes were thought to be possible 
molecular targets for the therapeutic effects of 
theaflavin on oral cancer. 
4. ENRICHMENT ANALYSIS 
ShinyGO 8.0 was used to conduct Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis and Gene Ontology 
(GO) functional enrichment analysis to find 
significantly enriched biological processes, molecular 
functions, cellular components, and signaling 
pathways linked to the overlapping genes. These genes 
were mostly engaged in biological processes such 
controlling cell proliferation, apoptosis, angiogenesis, 
oxidative stress response, hypoxia adaptation, and 
extracellular matrix remodeling, according to the 
enrichment results. Theaflavin may control tumor 
growth through multi-pathway modulation, especially 
by affecting hypoxia-driven responses and survival 
signaling mechanisms, according to KEGG pathway 
analysis, which showed significant enrichment in the 
HIF-1 signaling pathway, PI3K–Akt signaling 
pathway, and pathways in cancer. 
5. PROTEIN–PROTEIN INTERACTION (PPI) 
NETWORK CONSTRUCTION 
 A minimal confidence score criteria of >0.4 was used 
to obtain protein–protein interaction data from the 
STRING database in order to further investigate the 
molecular interactions among the overlapping targets. 
Cytoscape was used to view and analyze the PPI 
network. Using the CytoHubba plugin for topological 
analysis, important hub genes were found based on 
degree centrality. Theaflavin may have anticancer 

effects by influencing apoptosis, angiogenesis, 
hypoxia response, extracellular matrix breakdown, 
and metastatic potential, according to the primary hub 
genes, which included TP53, BCL2, HIF1A, MMP9, 
MMP2, KDR, HSP90AA1, HSP90AB1, PPARG, and 
SERPINE1. 
6. EXPERIMENTAL VALIDATION 
Human oral squamous cell carcinoma (OSCC) cell 
lines were cultivated and exposed to 20 µM Theaflavin 
for 24 hours in a typical laboratory setting for 
experimental validation. Following treatment, total 
RNA and protein were extracted. TP53, BCL2, 
HIF1A, MMP9, VEGFA, and PPARG mRNA 
expression levels were assessed by quantitative real-
time PCR (qPCR). Western blot analysis was also used 
to verify alterations in protein expression of important 
signaling elements related to angiogenesis, apoptosis, 
hypoxia regulation, and the PI3K–Akt pathway. The 
purpose of these validation studies was to validate the 
multi-target, multi-pathway regulatory function of 
theaflavin in oral cancer and to support the 
bioinformatics predictions. 
 
RESULTS 
Theaflavin was found to be a powerful multi-target 
drug for oral cancer, with an emphasis on cellular 
metabolism and oxidative stress control. Potential 
protein targets for theaflavin were identified by 
SwissTargetPrediction analysis, and 91 overlapping 
targets were found by cross-referencing them with 
10,389 genes linked to oral cancer. 
 
GO enrichment analysis classified these targets into 
tasks related to extracellular space structure, 
regulation of programmed cell death, and reaction to 
oxygen-containing chemicals. Significant enrichment 
in the HIF-1 signaling pathway, PI3K-Akt signaling, 
and microRNAs in cancer was also revealed by KEGG 
pathway mapping, indicating a systemic impact on 
tumor development and survival. 
 
Ten crucial hub genes, including TP53, BCL2, HIF1A, 
MMP9, and HSP90AA1, were found via PPI network 
analysis using CytoHubba. The main biological 
switches that the chemical regulates are represented by 
these nodes. Theaflavin appears to target LDHA, 
BCL-2, and VEGF by modulating the HIF-1 cascade 
mechanistically. By decreasing lactate generation 
while concurrently inhibiting angiogenesis and 
encouraging death in oral cancer cells, this activity 
probably prevents the Warburg effect. 
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Figure 1 - Venn diagram : shows 

overlap of Theaflavin targets. 
       
 
 

 
Figure 2 - HIF-1 

Signalling Pathway 
                    

 
 

Figure 3 - Protein-Protein 
Interaction (PPI) Network. 

 
 

 
 
     Figure 4 - KEGG Pathway 
(Enrichment Analysis Charts).  
          

 
Figure 5 - CytoHubba Analysis:Identifies Hub Genes 
regulated by Theaflavin in Oral Cancer types. 
 
DISCUSSION 
Theoflavin improves wound healing through a variety 
of specific methods, chiefly through modulation of the 
Nrf2 signaling pathway(Liu et al. 2026), as this paper 
explains in detail. Theoflavin(Dutta and 
Mohanakumar 2015) appears to strengthen the cellular 
defense system against oxidative stress, a crucial 
component of delayed wound healing(Yangguang Niu 
et al. 2026), by triggering this pathway. By finding a 
number of significant genes and molecular 
pathways(Fuziwara and Nicola 2025) involved in 
crucial processes such extracellular matrix synthesis, 
apoptosis suppression(Min et al. 2026), and redox 
balance maintenance(van der Wijk et al. 2026), 
bioinformatics(Rastogi et al. 2022) analysis further 
confirmed this approach. According to these results, 
theoflavin may be useful for intricate tissue healing 
procedures since it operates on several biological 
targets at once. 
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The credibility of the study's conclusions was 
strengthened by the experimental validation of the 
computational insights. The expression of genes and 
proteins linked to tissue regeneration (Yang et al. 
2026)and antioxidant activity(Chand 2018) was 
significantly upregulated, according to laboratory 
findings. Theoflavin not only promotes structural 
repair but also enhances the cellular milieu required 
for healing, as seen by the considerable increases in 
markers associated with cell proliferation(Hughes et 
al. 2026), matrix remodeling(Min et al. 2026), and 
oxidative stress mitigation(Çiftçi et al. 2026). This 
agreement between experimental findings and in 
silico(Başpinar Küçük et al. 2026) predictions 
emphasizes the compound's biological efficacy and 
the strength of the suggested mechanism. 
 
When combined, these findings suggest that theoflavin 
is a viable treatment option for persistent and non-
healing wounds. It has a clear benefit over single-
target therapies(Tang et al. 2026) since it can target 
several pathways involved in oxidative stress control 
and tissue repair(Chambers et al. 2026). Although the 
present results are promising, they are mostly based on 
carefully regulated experimental settings. In order to 
thoroughly determine its safety, ideal dosage, and 
therapeutic efficacy in actual medical settings, as well 
as to investigate its possible integration into current 
wound care regimens, more in vivo(Yangguang Niu et 
al. 2026) research and carefully planned clinical trials 
are necessary. 
 
CONCLUSION 
By methodically modifying the HIF-1 signaling 
pathway and its related metabolic and apoptotic 
mechanisms, theaflavin exhibits considerable 
therapeutic potential in the treatment of oral cancer. 
The substance effectively inhibits the Warburg effect 
and suppresses pro-angiogenic signals like VEGF by 
interfering with the hypoxia adaptation of tumor cells 
by targeting important hub genes including TP53, 
BCL2, and HIF1A. 
 
A clear molecular foundation for how Theaflavin 
controls cellular senescence and stops the spread of 
cancer is provided by the combination of network 
pharmacology and targeted pathway mapping. 
Theaflavin is positioned as a prospective candidate for 
targeted dietary or pharmacological intervention in 
oral oncology and regenerative medicine by these 
findings, which provide a solid basis for future 
translational research and clinical applications. 
 
LIMITATIONS AND FUTURE SCOPES 
Despite the encouraging results of this study, there are 
a number of significant constraints to take into 

account. The findings may not accurately represent the 
intricacy of the in vivo tumor microenvironment in 
patients with oral cancer because they are primarily 
based on in vitro tests and in silico network 
pharmacology analysis. It is challenging to duplicate 
in controlled environments the complex interactions 
between immune responses, stromal components, and 
metabolic circumstances found in human biological 
systems. Theaflavin's therapeutic application is further 
limited by its quick metabolism, low bioavailability, 
and poor water solubility. Tumor heterogeneity and 
patient variability further restrict the wider 
applicability of these findings, and the use of pre-
existing databases for target prediction may introduce 
bias or miss important biochemical pathways. 
 
In order to determine safety, efficacy, and ideal 
dosage, future research should concentrate on 
verifying these findings through in vivo investigations 
and well planned clinical trials. The stability and 
specific activity of flavin may be improved by creating 
sophisticated drug delivery methods such liposomal 
carriers or nanoformulations.Target identification and 
mechanistic insights may be enhanced by combining 
multi-omics techniques with artificial intelligence. Its 
potential as a therapeutic agent for oral cancer may 
also be increased by examining its effects on the tumor 
microenvironment and immune regulation, as well as 
investigating combination therapy with currently 
available anticancer medications. 
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