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ABSTRACT 

Breast cancer management is complicated by therapeutic resistance and molecular heterogeneity, including abnormalities in the p53–MDM2 

pathway. Artificial intelligence [AI], multi-omics profiling, and bioactive natural compounds offer complementary approaches for clarifying 

resistance mechanisms and advancing individualized treatment. This systematic review examined the involvement of the p53-MDM2 axis in breast 

cancer progression and therapeutic resistance and explored integrating AI, multi-omics, and natural compounds for response prediction and 

therapeutic discovery. The review followed Preferred Reporting Items for Systematic Reviews and Meta-Analyses [PRISMA] guidelines. 

PubMed/MEDLINE, Scopus, and Web of Science were searched from inception to March 2026 using terms related to breast cancer, p53/TP53, 

MDM2, treatment resistance, AI, machine learning, multi-omics, and natural compounds. Of 1,550 records, 1,530 remained after duplicate removal. 

Screening resulted in full-text assessment of 130 articles, with 67 studies included in the qualitative synthesis. Observational, experimental, 

computational, and modeling studies were eligible. The methodological robustness of the included studies was evaluated with the Newcastle–Ottawa 

Scale (NOS). Disruption of the regulatory interaction between p53 and MDM2 can contribute to cancer progression and treatment resistance by 

limiting programmed cell death and enabling malignant cells to persist and proliferate. AI and machine learning support treatment-response 

prediction and patient stratification, whereas multi-omics identifies molecular features linked to resistance. Natural compounds show preclinical 

potential to modulate p53–MDM2 signaling and restore p53 activity. However, clinical translation is limited by validation requirements, tumor 

heterogeneity, TP53 status, toxicity, poor bioavailability, and limited clinical evidence. Integrating AI, multi-omics, and natural-product discovery 

may strengthen precision strategies against p53–MDM2-associated therapeutic resistance. Further prospective research and clinical trials are 

required to establish clinical utility. 
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Introduction  

The increasing incidence of breast cancer among middle-

aged and younger individuals worldwide has become a major global 

health concern, with over two million new cases diagnosed annually 

and more than 500,000 related deaths. Both incidence and mortality 

rates are projected to rise by up to 40% in the coming years. However, 

in economically stable countries with well-structured healthcare 

systems and comprehensive treatment programs, breast cancer-related 

mortality has been significantly reduced.
1
 Preoperative systemic 

therapy is increasingly used to treat early-stage breast cancer before 

surgery. Although this approach is becoming more common, few 

studies have thoroughly examined the surgical implications of such 

treatment. Identifying patients who respond well to therapy is crucial, 

as they may require less extensive surgery or radiation. 
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This information can guide shared decision-making between patients 

and healthcare providers.
2
 Identifying patients who are likely to 

respond to preoperative treatments enables clinicians to plan less 

extensive surgical interventions, reducing side effects, promoting 

faster post-surgical recovery, and improving quality of life. This 

approach also allows for more efficient use of healthcare resources. 

Recent research has focused on developing biomarkers and imaging 

tools to predict tumor responses to therapy.
3
 A better understanding of 

these tumor behaviors enables clinicians to personalize treatment 

strategies, giving each patient the best chance for a successful long-

term outcome. 

Cancer cells possess several protective mechanisms that enable them 

to survive and proliferate despite advanced therapeutic interventions. 

Among these, the p53–MDM2 regulatory network plays a critical role. 

Normally, p53 acts as a ―guardian‖ of the cell, preventing damaged 

cells from multiplying or inducing their self-destruction. However, 

MDM2 inhibits p53, thereby enabling cancer cells to survive, 

proliferate, and evade apoptosis.
4
 In solid tumors such as breast 

cancer, dysregulation of the p53–MDM2 network strongly promotes 

cancer progression and is associated with reduced effectiveness of 

therapy.
5 

Targeting the interaction between MDM2 and p53 represent 

a promising strategy to restore the tumor-suppressing functions of p53, 

which include halting the replication of damaged cells and inducing 

their programmed cell death. Such approaches have the potential to 

enhance therapeutic efficacy and promote tumor regression.
6
 Recent 

studies indicate that certain natural compounds, including bioactive 

phytochemicals, can inhibit MDM2 and restore p53 activity. By 

reactivating p53, these compounds can halt the growth of damaged 

cancer cells and increase their sensitivity to therapy.
7
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Although therapeutic inhibition of the p53–MDM2 interaction is 

supported by strong mechanistic and preclinical evidence, its 

advancement into routine clinical practice has been impeded by 

substantial limitations, including dose-limiting hematologic adverse 

effects, transient therapeutic responses, reliance on intact TP53 status, 

and the development of adaptive resistance pathways that compromise 

long-term efficacy.
8
 Several modified drugs designed to inhibit the 

MDM2 protein have been tested in clinical trials. Although some 

showed promising results, they were associated with serious side 

effects when the dose was increased to effective therapeutic levels. 

This means that doctors cannot safely administer high enough doses to 

achieve optimal treatment outcomes. Over time, cancer cells also 

develop resistance mechanisms against these drugs, reducing their 

effectiveness. As a result, researchers are now exploring therapies that 

target multiple pathways simultaneously rather than focusing only on 

MDM2.
9
 Naturally occurring bioactive phytochemicals, particularly 

polyphenolic and flavonoid derivatives, have increasingly gained 

scientific interest owing to their multifaceted anticancer 

mechanisms.
10

 These plant-derived molecules exhibit diverse 

biological activities, including oxidative stress attenuation, induction 

of programmed cell death, inhibition of malignant cell proliferation, 

and modulation of host immune responses. Emerging evidence 

suggests that such compounds may function through bidirectional 

molecular regulation by downregulating aberrant MDM2 expression 

while simultaneously promoting p53 stabilization, thereby reactivating 

tumor suppressor signaling pathways and potentially improving 

cellular sensitivity to conventional anticancer therapies.
11

 

This review seeks to characterize the contribution of the p53–MDM2 

signaling network to breast-cancer progression and the emergence of 

treatment resistance. It further examines how genomic, transcriptomic, 

proteomic, metabolomic, and other multi-omics strategies can be used 

to uncover molecular changes associated with this regulatory network. 

In addition, the review assesses the application of artificial intelligence 

and machine-learning techniques for interpreting complex biological 

data, predicting therapeutic responses, identifying resistance-

associated patterns, and improving patient stratification. The review 

also evaluates naturally derived compounds that have demonstrated 

potential to alter p53-MDM2 signaling and considers their prospects 

as therapeutic candidates. Finally, it explores how computational 

approaches, multi-omics profiling, and natural-product research could 

be brought together into an integrated precision-oncology strategy 

aimed at understanding and overcoming therapeutic resistance in 

breast cancer. 

 

Materials and Methods 

Study Design 

This study was conducted as a systematic review to synthesize 

evidence on the relationship between p53-MDM2 network, Breast 

cancer, natural anticancer compounds, Breast cancer incidence, and 

Tumor response prediction, and was designed and reported in 

accordance with the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses [PRISMA] guidelines to ensure 

methodological rigor, transparency, and reproducibility. A total of 

1,550 records were identified through database searching, of which 

1,530 remained after duplicate removal. Following title and abstract 

screening, 1,400 records were excluded, and the full texts of 130 

articles were assessed for eligibility. Of these, 62 studies were 

excluded due to being out of scope [n = 21], lacking sufficient 

methodological or outcome detail [n = 24], or demonstrating limited 

methodological rigor [n = 17]. The study selection process is 

presented in Figure 1 

 

 
 

Figure 1: PRISMA 2020 flow diagram illustrating the study selection process. 
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Inclusion and Exclusion Criteria 

Studies were included in this systematic review if they investigated 

p53-MDM2 network, Breast cancer, natural anticancer compounds, 

Breast cancer incidence, and Tumor response prediction. Eligible 

studies employed observational designs [such as cross-sectional or 

cohort studies], interventional approaches, or modeling 

methodologies, and reported quantitative epidemiological measures 

including incidence rates [IR], odds ratios [OR], risk ratios [RR], 

incidence rate ratios [IRR], or prevalence ratios [PR]. Studies were 

included if they provided data from single-country or multi-country 

settings. Studies were excluded if they did not examine Breast cancer, 

did not, were conference abstracts, editorials, or letters, lacked 

sufficient methodological detail or full-text availability, or were 

published in languages other than English. 

 

Search Strategy 

A systematic search of the published literature was performed in 

PubMed/MEDLINE, Scopus, and Web of Science to retrieve studies 

pertinent to the objectives of this review. The search encompassed 

records indexed in the databases from their respective inceptions 

through March 2026. For each database, an appropriately tailored 

search strategy was developed using both free-text keywords and 

controlled indexing terms, including MeSH terminology where 

applicable. Boolean operators [AND and OR] were applied to 

combine the major search concepts. The search incorporated terms 

related to breast cancer, p53/TP53, MDM2, therapeutic or drug 

resistance, artificial intelligence and machine learning, multi-omics 

approaches, and naturally derived compounds. Specifically, 

combinations of terms such as ―breast cancer,‖ ―breast carcinoma,‖ 

―p53,‖ ―TP53,‖ ―MDM2,‖ ―therapeutic resistance,‖ ―artificial 

intelligence,‖ ―machine learning,‖ ―multi-omics,‖ ―genomics,‖ 

―transcriptomics,‖ ―proteomics,‖ ―metabolomics,‖ ―natural 

compounds,‖ ―phytochemicals,‖ and ―natural products‖ were used to 

retrieve potentially relevant publications. The reference lists of 

relevant and eligible articles were additionally examined to identify 

studies that may have been missed during the electronic database 

search. Eligibility was restricted to peer-reviewed articles published in 

English, while studies were not excluded on the basis of design and 

could include observational, experimental, computational, and 

modeling investigations. 

 

Study Selection 

To reduce the likelihood of bias and strengthen methodological 

consistency, all identified records were initially transferred to Zotero 

for organized reference management, during which duplicate records 

were detected and deleted. The resulting deduplicated records were 

subsequently uploaded to Rayyan, facilitating independent and blinded 

study screening. Two reviewers independently examined the titles and 

abstracts of all identified studies. After completion of this initial 

assessment, blinding was removed, and differences in judgment were 

addressed through discussion and mutual agreement; unresolved 

disagreements were referred to a third reviewer for final 

determination. Full-text versions of studies considered potentially 

eligible were then obtained and independently examined by the same 

reviewers under blinded conditions. After full-text assessment, 

outstanding disagreements were settled through consensus or, where 

necessary, consultation with a third reviewer. As presented in Figure 1, 

the risk of bias in the included studies was evaluated and graphically 

presented using the Robvis tool, thereby improving clarity and 

transparency in the reporting process. The review team subsequently 

reached agreement on the final set of studies included in the review. 

 

Data Extraction 

Data were systematically extracted from all included studies using a 

standardized approach, capturing key study characteristics such as 

year of publication, study design, study population, methodological 

characteristics, and primary findings related to p53-MDM2 

dysregulation and therapeutic resistance in breast cancer. Additional 

relevant variables, including molecular alterations, therapeutic 

resistance mechanisms, artificial intelligence applications, multi-omics 

approaches, natural compounds, treatment-response patterns, and 

reported translational implications, were also extracted where 

applicable. To ensure consistency and facilitate meaningful 

comparison across studies, the extracted information was organized 

into structured summary tables according to the major themes and 

objectives of the review. 

 

Quality Assessment [Risk of Bias] 

The quality of the studies included in the review was evaluated using 

the Newcastle-Ottawa Scale [NOS], with the resulting assessments 

presented using the Risk-of-bias Visualization [robvis] tool [Figure 2]. 

The assessment followed a domain-oriented approach appropriate to 

the methodological characteristics of the included studies. The 

principal domains considered were study selection, including the 

representativeness of the study population; comparability, particularly 

the extent to which potential confounding factors were addressed; and 

outcome assessment, including the validity and reliability of the 

measurement methods. Based on the evidence within these domains, 

studies were classified according to the applicable risk-of-bias 

categories. Two reviewers independently performed the quality 

assessments. Differences in judgment were discussed and resolved by 

consensus, with a third reviewer consulted when consensus could not 

be reached. The completed assessments were subsequently generated 

in robvis to provide a clear and consistent visual representation of the 

methodological quality of the included studies. 

 

Data Synthesis 

Due to substantial heterogeneity in study designs, methodologies, and 

statistical approaches, a meta-analysis was not undertaken and pooled 

effect estimates were not calculated. Instead, a qualitative comparative 

synthesis was performed to systematically summarize and interpret 

findings across studies, with a focus on the magnitude and direction of 

reported outcomes related to immunization gaps, vaccine hesitancy, 

and associated epidemiological patterns. 

 

Results and Discussion  

The p53-MDM2 Regulatory Network 

p53 is a major tumor suppressor protein that functions as a sequence-

specific transcriptional regulator, orchestrating the expression of a 

broad network of target genes involved in apoptosis [table 1], cell 

cycle checkpoint control, DNA repair mechanisms, cellular 

metabolism, and cellular senescence. 
12, 13

 Under normal conditions, 

intracellular p53 levels are maintained at low concentrations due to 

continuous proteasomal degradation [Table 1]. However, upon DNA 

damage induced by radiation or other genotoxic stressors, the DNA 

damage response [DDR] pathway is activated, leading to p53 

stabilization and accumulation.
14

 

MDM2 is widely recognized as the principal negative regulator of the 

tumor suppressor p53, functioning as a critical modulator of cellular 

homeostasis.
15

 Through its multidomain architecture comprising an N-

terminal p53-binding domain, a central acidic region, a zinc finger 

motif, and a C-terminal RING E3 ubiquitin ligase domain, MDM2 

orchestrates the binding, transcriptional repression, ubiquitination, and 

proteasomal degradation of p53.
4
 This coordinated regulation not only 

controls p53 protein stability but also fine-tunes stress-responsive 

pathways governing cell cycle arrest, apoptosis, and genomic 

integrity. Dysregulation of this axis is a hallmark of numerous 

malignancie.
15

 The C-terminal RING domain of MDM2 mediates 

homodimerization and/or heterodimerization with MDMX, forming a 

structural platform that engages E2 ubiquitin-conjugating enzymes 

and facilitates efficient ubiquitin transfer to substrates such as p53, as 

shown in Table 1.
16

 

Table 1 

The tumor suppressor TP53 regulates MDM2 expression, forming a 

negative feedback loop. p53 induces MDM2 transcription, and MDM2 

promotes p53 ubiquitination and proteasomal degradation. This 

mechanism maintains cellular homeostasis by preventing excessive 
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p53 activity and apoptosis in unstressed cells.
17

 The p53-MDM2 

regulatory axis operates as a negative feedback mechanism that 

maintains low basal p53 activity under physiological conditions to 

preserve cellular homeostasis.
4
 In response to genotoxic stress, 

inhibition of p53 is attenuated, enabling its stabilization and 

accumulation, which subsequently activates downstream signaling 

pathways that induce cell cycle arrest or apoptosis to safeguard 

genomic integrity.
18

  Overexpression of MDM2 suppresses p53 

activity through enhanced ubiquitination and proteasomal degradation, 

thereby impairing its tumor-suppressive function.
19

 This disruption 

weakens genomic surveillance, allowing damaged cells to undergo 

uncontrolled proliferation and accumulate additional mutations that 

promote tumorigenesis. Clinically, cancers characterized by elevated 

MDM2 expression are often more aggressive, demonstrate therapeutic 

resistance, and are associated with poor patient prognosis and reduced 

survival outcomes.
20

 Consequently, pharmacological disruption of the 

MDM2-p53 interaction has become a major focus in oncology 

research, with several emerging therapeutic strategies designed to 

prevent MDM2-mediated p53 degradation and thereby reactivate p53 

tumor-suppressive functions in malignancies retaining wild-type 

TP53.
21

 

Dysregulation of the p53–MDM2 Network in Cancer Progression 

Alterations in the p53–MDM2 regulatory network play an important 

role in determining tumor responses to therapy, with increasing 

evidence indicating that disturbances within this pathway substantially 

promote the emergence of resistance to anticancer treatment.
28

 MDM2 

functions as a principal negative regulator of p53, which is widely 

recognized as an essential tumor-suppressor protein.
29

 

Mechanistically, MDM2 acts as an E3 ubiquitin ligase and induces 

several post-translational modifications of p53, including 

polyubiquitination and monoubiquitination.
6
 Through these 

ubiquitination processes, MDM2 influences p53 stability by 

facilitating its degradation and also controls its intracellular 

distribution by promoting its export from the nucleus.
30

 Abnormal 

activation of the p53-MDM2 axis, particularly through increased 

MDM2 expression or gene amplification, can continuously suppress 

p53-dependent transcriptional responses. This persistent inhibition 

may promote genomic instability, uncontrolled tumor-cell 

proliferation, and reduced sensitivity to both chemotherapy and 

radiotherapy.
31

 

Fig 2 

 

 

Table 1: Biological relevance of p53 protein in Cellular Regulation 

P53 Functions Target Genes Cellular Outcome Role in Tumorigenesis References 

G1/S-G2/M checkpoint 

arrest 
p21 [CDKN1A], GADD45 

It allow DNA repair by halting 

progression through the cell cycle.  

Keeping Genomic stability by 

halting division of damaged cells.  
(32)  (56) 

Regulated elimination 

of damaged cells  

P53-regulated intrinsic programmed cell 

death mediator [BAX, PUMA, NOXA] 

Induces controlled cellular self-

destruction  
Gets rid of cancerous cells  (57)  (54) 

Genomic integrity 

maintenance  
DNA repair sensor [DDB2, XPC] 

Induce transcription of  DNA 

repair genes  
Maintains genomic integrity (58)   

Stress-induced 

proliferative arrest 

Cyclin-depedent kinase inhibitors and 

senescence stabilizer [p21, PAI-1] 
Induces permanent growth arrest Avoids tumor development [22] 

 

 

 
Figure 2: Mechanistic overview of natural compounds targeting the p53–MDM2 signaling axis and their anticancer effects 
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Figure 2 illustrates the molecular mechanisms associated with breast 

cancer progression, emphasizing the p53–MDM2 regulatory axis and 

its involvement in controlling p53 stability, ubiquitination, and 

subsequent tumor-suppressive activities.
32,15

 Under normal 

physiological conditions, cellular stress caused by DNA damage 

activates p53, enabling this tumor suppressor to regulate 

transcriptional responses responsible for halting cell-cycle 

progression, facilitating DNA repair, and initiating apoptosis, thereby 

maintaining genomic stability.
16

 However, disruption of this 

regulatory pathway, particularly through excessive MDM2 expression, 

can weaken p53-mediated tumor suppression by increasing p53 

ubiquitination and promoting its degradation through the proteasome 

system. Fig. 1.
 33

 Consequently, p53 becomes functionally inactive, 

compromising essential cellular defense mechanisms.
31

 Cells with 

damaged DNA may therefore escape programmed cell death, 

accumulate additional genetic alterations, and continue proliferating 

without normal regulatory control. With continued progression, these 

molecular abnormalities can facilitate tumor formation, disease 

advancement, metastatic spread, and diminished responsiveness to 

anticancer treatment.
12,20,34

 

 

Role of the p53-MDM2 Axis in Therapeutic Resistance: Predicting 

Resistance via Ai Models 

The treatment of breast cancer encompasses a range of therapeutic 

modalities, including HER2-targeted agents, chemotherapy, endocrine 

therapy, targeted therapies, immunotherapy, and PARP inhibitors, 

each characterized by specific limitations, resistance mechanisms, and 

potential adverse effects.
22, 23

 As shown in Figure 2, despite 

considerable advancements in clinical research and therapeutic 

development, treatment resistance persists as a significant barrier to 

achieving optimal clinical outcomes as shown in table 2. 
24

 The 

emergence of therapeutic resistance is influenced by diverse molecular 

mechanisms, including the activation of alternative signaling 

networks, genomic instability and mutations, enhanced DNA repair 

capacity, elevated drug efflux activity, and immune evasion 

strategies.
25

 In particular, impairment of the p53-MDM2 regulatory 

axis significantly contributes to therapeutic resistance through 

inhibition of apoptotic pathways and enhancement of tumor cell 

survival.
26

 Accordingly, the identification and targeted modulation of 

these resistance-driving mechanisms hold significant promise for 

mitigating therapeutic resistance and improving the efficacy of cancer 

treatment, table 2. 
23 

 

Table 2: Role of the p53-MDM2 Axis in Therapeutic Resistance and AI-Based Prediction in Breast Cancer 

Therapeutic 

modality 

Key resistance 

mechanism 
Role of p53-MDM2 axis 

AI contribution 

[ML/DL/XAI/multi-omics] 
Clinical implication references  

Chemotherapy 

DNA damage 

tolerance, apoptosis 

evasion 

Loss-of-function of the tumor 

suppressor p53 tumor suppressor 

pathway enables evasion of 

apoptosis and drives unchecked 

cellular proliferation; MDM2 

suppresses p53 activity 

Apoptosis resistance is predicted 

through integrative analysis of 

genomic alterations and 

transcriptomic expression 

signatures 

Early detection of therapeutic 

resistance enables timely 

identification of emerging 

treatment failure driven by 

tumor adaptive or intrinsic 

resistance mechanisms. 

[49] [47] 

Human epidermal 

growth factor 

receptor 2  

 

Pathway resurgence; 

compensatory 

signaling. 

Dysfunction of the p53 tumor 

suppressor pathway promotes 

uncontrolled cellular 

proliferation, sustains pro-

survival signaling, and drives 

chromosomal instability. 

 

Deep learning identifies HER2 

escape pathways 

Treatment adaptation and 

combination synergy 
[31] [44] 

Hormone suppressor  
ER pathway 

alteration. Mutation  

Loss of p53 enhances survival 

under hormone deprivation 

Multi-omics AI identifies 

interaction patterns between 

Estrogen receptor signaling 

pathway and p53 tumor 

suppressor pathway 

Prediction of endocrine 

therapy resistance. 
[47] [41] 

Inhibition of PARP 

enzymes impairs 

DNA repair and 

induces synthetic 

lethality in tumor 

cells. 

Homologous 

recombination 

reactivation 

p53 mutation alters DNA repair 

balance, reducing drug 

sensitivity 

AI models predict DNA repair 

pathway reactivation 
Improved patient stratification [46] [48] 

biotherapy 

Immune evasion, 

low ability of tumor 

to induce immune 

responses.  

p53 disruption alters tumor 

immune microenvironment 

AI integrates spatial + immune 

profiling data 

Identification of 

immunotherapy responders 
[23]  [50]  

Targeted therapy 

[general / MDM2 

inhibitors] 

Alternative pathway 

activation 

MDM2 amplification inhibits 

tumor suppressor function 

Explainable AI models feedback 

loop dysregulation in p53–

MDM2 axis 

Supports development of 

MDM2 inhibitors and 

precision therapy 

[51] [6] 

Previously, breast cancer treatment relied on relatively uniform 

approaches across tumor subtypes, often limiting effectiveness and 

patient outcomes.
24

 However, precision oncology and targeted therapy 

now enable detailed molecular characterization of tumors, identifying 

specific genetic and proteomic drivers of disease.
27

 This has led to the 

use of tailored therapies that selectively target these abnormalities, 

improving treatment specificity and clinical outcomes.
25

 Advanced 

cancer management now employs sophisticated technologies, 

including genomic sequencing, transcriptomics, proteomics, and 

spatial analysis, to comprehensively characterize tumors. These 

approaches examine tumor DNA, gene expression, protein profiles, 

and cellular organization, while liquid biopsies enable non-invasive 

monitoring of tumor evolution.
28

 Collectively, these tools allow 

oncologists to identify actionable mutations, understand tumor 

vulnerabilities, and make more informed, targeted treatment 

decisions.
29

 these scientific advancements have improved cancer care 

by enabling therapies that inhibit key signaling pathways driving 

tumor growth, deliver cytotoxic agents directly to cancer cells, and 

enhance immune-mediated tumor elimination.
30

 They have also 

advanced diagnostics through circulating tumor DNA [ctDNA], 
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facilitating early detection and non-invasive monitoring of disease 

progression.
31

 However, these treatments are not universally effective, 

as only a subset of patients achieve durable responses. Over time, 

many tumors develop resistance due to evolution, intratumoral 

heterogeneity, and activation of alternative pathways that bypass 

therapeutic effects.
32

 Additionally, scientists can now study the 

molecular details of cancer and identify various genetic alterations 

within tumor cells. However, despite these discoveries, effective drugs 

are not yet available for many of these targets.
33

 Most cancer-driving 

factors remain difficult to inhibit, meaning that although their 

existence is known, they cannot be effectively targeted for long-term 

treatment. Only recently have a few previously ‗undruggable‘ targets, 

such as RAS mutations, begun to become therapeutically actionable. 

Current research demonstrates that artificial intelligence, including 

deep learning, explainable AI, and multi-omics integration, enhances 

the understanding of molecular mechanisms underlying therapeutic 

resistance in breast cancer.
34

 These approaches enable the analysis of 

complex biological data to identify patterns and molecular alterations 

that are not easily detectable by conventional methods. Consequently, 

AI supports the prediction of treatment response and facilitates the 

development of more precise and personalized therapeutic strategies.
35

 

Artificial intelligence enables the simultaneous analysis of multiple 

biological datasets, in contrast to conventional approaches that 

typically examine individual datasets sequentially and are often time 

intensive.
36

 This integrative, multi-layered approach facilitates the 

identification of complex non-linear molecular relationships and 

pathway-level alterations that underlie therapeutic resistance 

phenotypes.
37

 To enable the characterization of tumor subclones that 

may contribute to therapeutic failure and to monitor dynamic changes 

in cancer cell populations, artificial intelligence facilitates high-

resolution single-cell analysis.
39

 The p53 tumor suppressor pathway 

plays a critical role in preventing malignant transformation by 

inducing cell cycle arrest in damaged cells; however, its activity can 

be inhibited by overexpression of the MDM2 oncogenic regulator, 

thereby promoting tumor progression.
4
 AI-based computational 

models enhance the understanding of dysregulation within the p53-

MDM2 regulatory axis, including associated feedback loop 

disruptions, and support the identification and prioritization of 

therapeutic strategies aimed at restoring p53 tumor suppressor 

function. 

 

Natural Compounds Targeting The P53-Mdm2 Network  

Natural product-derived compounds represent a prominent class of 

therapeutic agents with the capacity to modulate the p53-MDM2 

regulatory axis, a critical pathway governing tumor suppression and 

cancer progression.
39

 By influencing this interaction, these compounds 

can restore p53 activity and thereby inhibit the proliferation and 

survival of malignant cells.
40

 The p53 protein is a key transcription 

factor that maintains genomic stability by inducing cell cycle arrest, 

DNA repair, and apoptosis in response to cellular stress. In contrast, 

MDM2 negatively regulates p53 by inhibiting its activity and 

promoting its ubiquitin-mediated degradation, thereby controlling its 

cellular levels.
41,42

 In many cancers, including breast cancer, 

overexpression of MDM2 results in the functional inactivation of p53 

through enhanced ubiquitin-mediated degradation and suppression of 

its transcriptional activity. The loss of p53 tumor suppressor function 

permits uncontrolled cellular proliferation, evasion of apoptosis, and 

accumulation of genomic instability, thereby promoting tumor 

progression and contributing to therapeutic resistance.
43,44

 

Consequently, restoration of p53 activity through pharmacological 

inhibition of the p53-MDM2 interaction has emerged as a promising 

strategy in precision oncology, as it enables reactivation of tumor 

suppressor function and selective suppression of cancer cell 

proliferation as shown in figure 3. Consequently, restoring p53 

activity through inhibition of the p53-MDM2 interaction has become a 

promising strategy in precision oncology.
7
 

A growing body of recent research has identified several plant-derived 

and naturally occurring compounds, including polyphenols and 

alkaloids, that can disrupt the p53-MDM2 interaction, thereby 

stabilizing p53 and restoring its tumor suppressor activity in cancer 

cells.
45

 Plant-derived compounds such as polyphenols, flavonoids, 

alkaloids, and terpenoids can reactivate p53 signaling by inhibiting 

MDM2 expression and or stabilizing p53 protein, thereby restoring its 

tumor suppressor function in cancer cells.
46

 As shown in figure 3 

curcumin, resveratrol, and epigallocatechin gallate [EGCG] have 

demonstrated anticancer activity in preclinical breast cancer models by 

inducing apoptosis and inhibiting tumor cell proliferation through 

modulation of key apoptotic signaling pathways.
47,48

 These natural 

agents often exert multi-target effects, influencing not only the p53-

MDM2 axis but also other oncogenic signaling pathways involved in 

cell survival and metastasis.
44

 

Despite demonstrating strong anticancer potential in preclinical 

studies, the clinical translation of natural compounds targeting the 

p53-MDM2 axis is limited by poor bioavailability, inadequate 

pharmacokinetic stability, and insufficient target specificity.
40,44

 

Recent advances in nanotechnology-based delivery systems have 

begun to address these limitations by enhancing compound stability 

and improving tumor-targeted delivery. Concurrently, computational 

approaches, including molecular docking and artificial intelligence 

driven drug discovery, are accelerating the identification and 

optimization of potent natural inhibitors.
37,49

 Collectively, these 

developments underscore the growing potential of natural compounds 

as lead structures or adjunct therapeutic agents for restoring p53 

function and overcoming MDM2-mediated therapeutic resistance in 

breast cancer.
40

 

Fig 2 

 

Translational Challenges and Limitations 

Although considerable research has been undertaken to clarify the 

molecular mechanisms underlying the interaction between p53 and 

MDM2, important knowledge gaps persist, creating obstacles to 

successful clinical translation and limiting potential improvements in 

patient outcomes.
41,8

 The biological significance of these proteins 

remains considerable because both are fundamental regulators of 

tumor initiation, development, and progression, as summarized in 

Table 3.
42

 One major challenge is the inconsistent relationship 

between promising preclinical findings and outcomes observed in 

clinical trials, as presented in Table 3.
43

 Existing experimental models 

may partly explain this disparity because they often fail to reproduce 

the biological complexity of human tumors and the dynamic 

interactions within their surrounding microenvironment, potentially 

leading to an overestimation of therapeutic efficacy.
45

 A further 

concern identified in Table 3 is the emergence of dose-limiting 

toxicities, especially hematological adverse events reported with 

MDM2 inhibitors.
46

 Such toxic effects can prevent administration of 

therapeutically optimal doses, consequently compromising treatment 

efficacy in clinical practice. Moreover, as outlined in Table 3, the 

requirement for functional wild-type TP53 substantially narrows the 

therapeutic population, particularly because TP53 alterations occur 

frequently among patients with breast cancer.
47

 

Tumor heterogeneity and adaptive resistance mechanisms, also 

outlined in table 3, further complicate therapeutic outcomes.
50

 

Variability between and within tumors leads to inconsistent responses, 

while activation of compensatory signaling pathways contributes to 

treatment resistance and disease progression. Consequently, single-

target strategies, such as isolated MDM2 inhibition, often fail to 

achieve sustained clinical benefits.
51

 In the case of natural compounds, 

table 3, emphasizes key pharmacokinetic challenges, including poor 

bioavailability, rapid metabolism, and limited systemic distribution, all 

of which hinder effective drug delivery to tumor sites.
40

 Furthermore, 

issues related to target specificity, as presented in table 3, increase the 

likelihood of off-target effects and complicate dose standardization. 

Clinical translation is also affected by limitations in trial design and 

validation, as detailed in table 3, including small sample sizes and 

heterogeneous study populations, which weaken the strength of 

clinical evidence.
34

 Although artificial intelligence offers promising 

solutions for predicting therapeutic responses, its application remains 

constrained by data quality and validation challenges.
34,37,38

 Overall, 

the challenges outlined in table underscore the need for integrated and 

multidisciplinary approaches, including combination therapies, 
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improved drug delivery systems, and robust clinical validation 

strategies, to enhance the successful translation of p53-MDM2-

targeted therapies into routine clinical practice.
31,52

 

Table 3 

 

Table 3: Key Translational Challenges Limiting Clinical Application of p53–MDM2–Targeted Therapies in Breast Cancer 

Challenge Category Specific Limitation 
Underlying 

Cause/Mechanism 
Clinical Impact 

Potential Mitigation 

Strategy 
References  

Pharmacotoxicity 
Hematologic dose 

toxicity 

Off-target MDM2 inhibitory 

effects 

Constrains safe dosing and 

compromises therapeutic 

efficacy 

Dose optimization, 

combination therapy 
[64]  [63] 

Genomic dependency  

Therapeutic efficacy 

is contingent upon 

wild-type TP53 gene 

status 

Mutant TP53 gene is 

refractory to reactivation 
Restricted patient eligibility Patient stratification [67] [64] 

Intratumoral and 

intertumoral biological 

variability 

Variable tumor 

biology 

Intratumoral and interpatient 

variability 

Inconsistent treatment 

response 

Precision medicine 

approaches 
[65] [68] 

Therapeutic resistance 

to pharmacological 

intervention 

Adaptive resistance 

mechanisms 

Reactivation of alternative 

signaling cascades 

Diminished sustained 

treatment effectiveness 
Combination therapies [38] [39] 

Quantitative analysis of 

drug disposition in 

biological systems 

 

Suboptimal oral 

bioavailability of 

phytochemicals 

 

Rapid metabolism, low 

absorption 

Low therapeutic 

concentration 

Nanoparticle delivery 

systems 
[31] [53] 

Target specificity Off-target effects Multi-pathway interactions Increased side effects Structural optimization [20] 

Preclinical limitations 
Poor clinical 

translation 

Inadequate human tumor 

modeling 
Overestimated efficacy 

Advanced translational 

models 
[64] 

Clinical validation 
Limited large-scale 

trials 

Small/heterogeneous 

populations 
Weak clinical evidence Larger controlled trials [68] 

AI integration 
Data limitations and 

bias 

Limited datasets, lack of 

validation 
Reduced predictive accuracy 

Data standardization, 

validation 
[47] [44] 

 

Table 4: Comparative characteristics of artificial intelligence, multi-omics and natural-product approaches targeting therapeutic 

resistance in breast cancer 
 

Dimension Artificial intelligence [AI] Multi-omics approaches Natural compounds references 

Principal function Uses computational algorithms to 

integrate complex information 

and generate predictions of 

treatment response or resistance.  

Combines complementary molecular 

datasets to provide a multidimensional 

view of tumor biology. 

Explores bioactive molecules as 

potential agents for altering disease-

associated molecular pathways. 

 

[50,64] 

Evidence/data base Clinical records, molecular 

profiles, imaging information, 

and other high-dimensional 

datasets. 

Genomic, transcriptomic, proteomic, 

metabolomic, and related molecular 

datasets. 

Experimental, cellular, biochemical, 

and preclinical pharmacological 

evidence. 

[52,62,64] 

Relevance to p53–

MDM2 

Can identify computational 

patterns associated with p53–

MDM2 dysregulation and predict 

resistance or treatment-response 

phenotypes. 

Enables detection of molecular alterations 

and regulatory signatures associated with 

the p53–MDM2 network. 

Provides candidate molecules capable 

of influencing p53–MDM2 signaling, 

including approaches aimed at restoring 

p53 activity. 

[26,49] 

Key strength Rapid integration of large and 

heterogeneous datasets, 

facilitating predictive modeling 

and patient stratification. 

Provides a broader molecular 

representation of tumor heterogeneity and 

resistance-associated alterations. 

Offers structurally diverse molecules 

with the potential to influence multiple 

biological targets simultaneously. 

[22,51] 

Principal limitation Performance may be affected by 

dataset quality, algorithmic bias, 

inadequate external validation, 

and limited generalizability 

across populations. 

Requires substantial data generation, 

computational infrastructure, analytical 

expertise, and careful interpretation of 

complex datasets. 

Therapeutic development is constrained 

by poor bioavailability, 

pharmacokinetic variability, target 

specificity, and limited clinical 

evidence. 

[44,47,48] 

Complementary role 

within an integrated 

framework 

Can combine clinical and multi-

omics information to identify 

patterns, predict outcomes, and 

prioritize potential therapeutic 

targets. 

Supplies molecular signatures and 

biological features that can serve as inputs 

for computational prediction and 

mechanistic interpretation. 

Candidate compounds can be prioritized 

according to molecular targets and 

resistance signatures identified through 

omics and AI analyses 

[1,55,56] 

Future Directions and Clinical Perspectives 

Future developments in breast cancer management should focus on 

comprehensive, multi-target therapeutic approaches capable of 

addressing the limitations associated with therapies directed at 

individual molecular pathways, particularly interventions involving 

the p53-MDM2 axis.
53

 Despite encouraging preclinical evidence 
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supporting MDM2 inhibition, its translation into clinical practice 

remains constrained by treatment-related toxicity, the emergence of 

resistance, and the requirement for functional wild-type TP53.
44,53

 

Future therapeutic strategies should therefore investigate rational 

combination regimens that concurrently interfere with complementary 

signaling networks, with the aim of limiting adaptive resistance and 

achieving more sustained treatment responses.
54

 Developments in 

precision oncology, incorporating genomic, transcriptomic, and 

proteomic characterization together with liquid biopsy approaches, are 

expected to improve patient selection and facilitate continuous 

assessment of tumor evolution during treatment.
55

 Furthermore, the 

integration of multiple omics datasets through artificial intelligence 

may strengthen the prediction of treatment sensitivity and resistance, 

thereby facilitating individualized therapeutic decision-making.
56

 

Natural compounds capable of modulating the p53-MDM2 interaction 

also warrant further investigation as potential complementary 

treatments; however, their clinical application will require advances in 

bioavailability and targeted delivery, including nanotechnology-

enabled systems.
57

 Ultimately, translating these emerging strategies 

into standard clinical care will require rigorous validation in 

adequately powered clinical trials, supported by sustained 

collaboration among researchers and healthcare professionals. 
58 

Current breast cancer treatment modalities including chemotherapy, 

HER2-targeted therapy, endocrine therapy, PARP inhibitors, 

immunotherapy, targeted therapies, and natural compounds exhibit 

distinct mechanisms of action but share common limitations related to 

therapeutic resistance and tumor heterogeneity.
50,59

 Chemotherapy and 

endocrine therapies remain widely used but are often limited by 

systemic toxicity and resistance driven by p53 dysfunction.
60

 HER2-

targeted therapies and PARP inhibitors offer greater specificity but are 

susceptible to pathway reactivation and restoration of DNA repair 

mechanisms, respectively. Immunotherapy provides durable responses 

in a subset of patients but is constrained by immune evasion and 

variability in tumor immunogenicity.
54

 Targeted therapies, particularly 

MDM2 inhibitors, offer mechanistic precision but are hindered by 

toxicity, compensatory signaling pathways, and limited applicability 

to patients with intact TP53. Natural compounds provide a multi-

targeted, lower-toxicity alternative, yet their effectiveness is restricted 

by poor pharmacokinetics and insufficient clinical validation.
55

 

Collectively, these limitations highlight the need for combination-

based, precision-guided approaches that integrate molecular profiling, 

AI-driven prediction, and advanced drug delivery systems to achieve 

more effective and sustained therapeutic outcomes.
61

 

 

Conclusion 

The review shows that the p53–MDM2 pathway is closely involved in 

breast cancer progression and resistance to treatment (25, 28). Studies 

included in the review also show that artificial intelligence, multi-

omics analysis, and natural compounds may complement one another 

in identifying molecular changes linked to resistance, predicting 

treatment response, and identifying possible therapeutic options (34, 

38, 40, 51). However, the use of these approaches in clinical practice 

is still limited by tumor heterogeneity, TP53 alterations, treatment-

related toxicity, poor bioavailability of some natural compounds, 

limited target specificity, and inadequate clinical evidence (40, 51). 

Further studies should examine how molecular profiling, 

computational methods, and improved drug-delivery systems can be 

combined to guide treatment. Large, well-designed clinical studies are 

also needed to confirm the safety and effectiveness of these 

approaches in breast cancer management. 
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