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ABSTRACT

The p53-MDM2 pathway plays a crucial role regulating tumor suppression and is a focal point of cancer research.
This literature review delves into the complex interplay between the tumor suppressor protein p53 and its main
regulator MDMZ2, highlighting their interaction and implications in cancer development and progression. The re-
view compiles and summarizes the existing understanding of the biology and regulation of p53 and MDM2, em-
phasizing their roles in various cellular processes, including cell cycle regulation, DNA repair, apoptosis, and
metabolism. It also discusses the disruption of the p53-MDM?2 interaction in different cancer types and its impact
on tumor progression and therapeutic resistance. Recent studies have highlighted natural products as promising
avenues for targeting the p53-MDM2 pathway. This review categorizes these natural compounds into three groups
based on their mechanisms: those that inhibit MDM2 expression or stability, those that prevent p53-MDM2 bind-
ing, and those that stabilize p53 by inhibiting MDM2’s E3 ligase activity. Detailed mechanisms of action, struc-
tural aspects, and potential therapeutic applications of various natural products, including polyphenols, terpenoids,
and alkaloids, are presented. Despite significant advances in understanding the p53-MDM?2 interaction and the
identification of natural products capable of modulating this pathway, further research is necessary to evaluate the
clinical efficacy, toxicity, and bioavailability of these compounds. The promising role of natural products in cancer
therapy underscores the importance of ongoing investigation and development of these agents as potential treat-
ments for cancer.

Keywords: p53, MDM2, cancer therapy, natural products, tumor suppression

Abbreviation list: NF-xB Nuclear factor kappa-light-chain-en-
hancer of activated B cells
Ac Acetylation NLS Nuclear localization signal
AKT Ak mouse strain thymoma protein NoLS Nucleolar localization signal
ARF ADP ribosylation factor NQO1 NAD(P)H quinone oxidoreductase 1
Bax Bcl-2—associated X protein PARP Poly (ADP-ribose) polymerase
Bel-xL B-cell lymphoma-extra large PI3K Phosphoinositide 3-kinase
Bcl-2 B-cell lymphoma 2 protein p21 Cyclin-dependent kinase inhibitor 1
c-FLIP Cellular FLICE-like inhibitory protein p27 Cyclin-dependent kinase inhibitor 1B
CDK Cyclin-dependent kinase p53 Tumor suppressor 53
CK2 Casein kinase 2 PML Promyelocytic leukemia protein
CSCs Cancer stem cells PTEN Phosphatase and tensin homolog
CTD C-terminal domain pRb1 Retinoblastoma protein 1
DNA-PK DNA-dependent protein kinase RING Really interesting new gene
EGFR Epidermal growth factor receptor ROS Reactive oxygen species
EGF Epidermal growth factor SIRT1 Sirtuin 1
ER Endoplasmic reticulum SNP Single nucleotide polymorphism
E2F E2F transcription factor TGF-B Transforming growth factor beta
ETS2 E26 transformation-specific transcription TP53 Tumor protein p53
factor 2 TRAIL TNF-related apoptosis-inducing ligand
FOXO03a Forkhead box O3 VEGF Vascular endothelial growth factor
GADD45 Growth arrest and DNA-damage-induci- VGFA Vascular endothelial growth factor A
ble protein 45 XIAP X-linked inhibitor of apoptosis protein
HCC Hepatocellular carcinoma
HDM?2 Human double minute 2 homolog
(MDM2) INTRODUCTION
HSP Heat shock protein . ) )
HSP90 Heat shock protein 90 During a malignant transformation, the
JAK1/2  Janus kinase 1/2 accumulation of genomic lesions leads to al-
MAPK  Mitogen-activated protein kinase terations in gene expression, cell signaling,
MCL Myeloid cell leukemia and cell cycle progression. These phenomena

MDM?2 Murine double minute 2

mMTOR  Mechanistic target of rapamycin generally define the malignant nature of a

NADH Nicotinamide adenine dinucleotide (re- cell, indicating sustained proliferative capac-
duced) _ ity, evasion of growth suppressors, resistance
NFAT1 Nuclear factor of activated T cells 1 to cell death and replicative senescence, en-

hanced angiogenesis, and the initiation of
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invasion and metastasis (Igbal et al., 2024). A
major focus in cancer research is the activa-
tion of oncogenes and the inactivation of tu-
mor suppressor genes, both of which play im-
portant roles in cancer initiation and progres-
sion (Morla-Barcelo et al., 2024). These pro-
cesses are also recognized as potential targets
for cancer therapy. Among tumor suppres-
sors, p53 has been the most extensively stud-
ied over recent decades. Known as the
“guardian of the genome”, p53 is a potent
transcription factor that responds to onco-
genic stresses and environmental insults by
inducing a series of mechanisms, including
senescence, apoptosis activation, and cell cy-
cle arrest. These mechanisms ensure that
damaged cells are either repaired or elimi-
nated before they undergo irreversible trans-
formation into cancer cells (K et al., 2024; Liu
et al., 2024; Rusin, 2024). The murine double
minute 2 (MDMZ2) is a ubiquitin ligase that
keeps low levels of p53 in normal cells
(Garcia-Cano et al., 2020). MDM2 serves as
the principal p53 regulator in a negative-feed-
back loop, where p53 initiates MDM2 expres-
sion, which in turn induces the monoubiqui-
tinated degradation of p53, leading to the
guenching of p53 biological activity (Garcia-
Cano et al., 2020; Rusin, 2024). In humans,
the TP53 gene encodes p53, while Trp53 en-
codes it in mice. Mutations in p53 are found
in approximately 50 % of human cancers,
while amplification of the MDM2 gene oc-
curs in around 17 % of tumors, either in the
presence or absence of p53 mutations. Both
conditions are associated with poor prognosis
and resistance to chemotherapy (Momand et
al., 1998; Zhang and Wang, 2000; Levine and
Oren, 2009). Consequently, targeting the
MDM2-p53 linkage represents an encourag-
ing strategy for cancer therapy. This review
offers a novel and detailed exploration of nat-
ural compounds as modulators of the p53-
MDM?2 pathway, an important target in can-
cer therapy. This comprehensive review cate-
gorizes these compounds based on their
mechanisms—such as inhibiting MDM2 ex-
pression, preventing p53-MDM2 binding, and
stabilizing p53. By focusing on the thera-

peutic potential of natural agents, it presents a
unique perspective on developing more effec-
tive and less toxic cancer treatments.

REVIEW METHODOLOGY

An extensive literature investigation was
conducted on different databases, including
Scopus, PubMed/MedLine, TRIP databases.
The search terms included a combination of
keywords related to cancer and natural com-
pounds, focusing on the p53-MDM2 interac-
tion. The specific search strings used were:
(tumor OR tumors OR cancer OR cancers OR
neoplasms OR neoplasm OR proliferation OR
antiproliferative OR metastasis OR metastatic
OR angiogenesis OR carcinoma OR growth
OR malignancy OR tumor suppressor OR on-
cogene OR division OR oncoprotein OR pre-
vention OR in vitro OR in vivo OR treatment);
(natural compounds OR natural antioxidants
OR polyphenols OR terpenoids OR alka-
loids); (p53 OR MDM2 OR p53-MDM2 in-
teraction). To ensure the relevance and qual-
ity of the studies included in this review, we
implemented the following inclusion and ex-
clusion criteria:

Inclusion criteria:
i.  Studies published in peer-reviewed
journals
ii.  Articles written in English
iii.  Research focused on the p53-MDM2
interaction in cancer
iv.  Studies investigating natural com-
pounds (e.g, polyphenols, terpenoids,
alkaloids) with potential anticancer
properties
v. Studies providing mechanistic in-
sights, including molecular and cellu-
lar effects of the natural compounds
vi.  Both in vitro and in vivo studies.

Exclusion criteria:

i.  Non-peer-reviewed articles, includ-
ing reviews, editorials, and opinion
pieces

ii.  Studies not focused on the p53-
MDMZ2 interaction
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iii.  Research involving synthetic com-
pounds or non-natural products

iv.  Articles not available in English

v.  Studies lacking detailed methodolog-
ical descriptions.

To ensure the accuracy and reliability of
the data, the taxonomy of plant species men-
tioned in the included studies was validated
using the World Flora Online (WFQO) data-
base. Additionally, the chemical structures of
the natural compounds were verified using
PubChem. The most representative data from
the included studies have been synthesized
and presented in tables and figures to facilitate
a clear understanding of the findings. These
visual aids summarize key information on
mechanistic insight, structural aspects, and
potential therapeutic approaches of various
natural products targeting the p53-MDM2
pathway.

p53-MDM2 BIOLOGY, REGULATION
AND INTERACTION:
CONNECTING THE DOTS

Extensive research on p53 and its regula-
tory network has revealed a high level of com-
plexity. Beyond its well-established role in
cancer, p53 is also implicated in the pathogen-
esis of several diseases, including cardiovas-
cular and infectious diseases, neurodegenera-
tive and metabolic disorders, and autoimmune
conditions (Takatori et al., 2014; Siegl and
Rudel, 2015; Kung and Murphy, 2016;
Szybinska and Les$niak, 2017; Aloni-
Grinstein et al., 2018; Maor-Nof et al., 2021;
Men et al., 2021). Additionally, P53 was also
found to be essential in driving the pathologic
effects of COVID-19 (Cardozo and Hainaut,
2021). The expanding understanding of p53’s
involvement in these diverse pathologies has
provided deeper insights into the molecular
mechanisms influenced by this protein, in-
cluding its roles in metabolism, autophagy,
translational regulation, and epigenetic con-
trol (Levine, 2019; Boutelle and Attardi,
2021).

p53 biology: the guardian of the genome

It is well-known that the regulatory net-
work governing p53 functions is complex and
influenced by a multitude of molecular fac-
tors. These include the mutation status and
post-translational modifications of p53, the
response elements (REs) of p53-target genes,
the interactions between p53 and its cofactors,
as well as the dynamic heterogeneity of p53
activity (Hafner et al., 2017; Farkas et al.,
2021). The process of controlling cell fate is
remarkably orchestrated by a vast array of
p53-target genes and mechanisms, numbering
over 3,500 (Figure 1) (Fischer, 2017;
Sammons et al., 2020). Primarily, p53 acts as
a tumor suppressor by preventing malignant
transformation in cells. It achieves this by ac-
tivating the transcription of targeted genes,
which then produce proteins that trigger apop-
tosis, cell growth arrest, or senescence in re-
sponse to stress signals (Vousden and Prives,
2009). Additionally, p53 plays a key role in
regulating DNA repair systems and is respon-
sible for upregulating genes involved in cell
cycle progression, including those related to
cell cycle checkpoints and genomic integrity.
This regulation facilitates the initiation of cell
cycle arrest and/or apoptosis in the presence
of DNA damage (Menendez et al., 2009).

In case of genotoxicity and/or genomic in-
stability due to ionizing radiations or chemo-
therapy, induced p53, elevated levels of p53
work to repair cellular damage by increasing
the expression of pro-apoptotic (BAX and
PUMA) and cell cycle proteins (GADDA45,
p21) (Steffens Reinhardt et al., 2023). The in-
duction of p21 and/or GADD45 inhibits the
activity of CDC2/cyclin E, halting mitosis
and leading to cycle arrest in the G2/M phase
(Shangary and Wang, 2009). Another way
p53 suppresses tumorigenesis is through the
p21-Rb-E2F pathway, which triggers cell se-
nescence in response to oxidative stress, DNA
damage, or telomere erosion (Steffens
Reinhardt et al., 2023). p53 also promotes
base excision repair by upregulating compo-
nents such as Ape/refl, OGG1, and Polf. Ad-
ditionally, p53 enhances the expression of
Ku70, which interacts with BAX, promoting
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Figure 1: p53 functions against cellular stress signals and target genes. In response to various
inducers of cellular stress, the activation of p53 results in its post-translational via phosphorylation (P),
acetylation (Ac), or ubiquitination (Ub). This activation contributes to the induction of multiple genes
implicated in different cellular processes via regulation of downstream targets and/or signaling path-
ways, including apoptosis, cell cycle arrest, DNA repair...etc. p21: cyclin-dependent kinase inhibitor 1,
14-3-3a: 14-3-3a protein, Btg2: B-cell translocation gene 2, Reprimo: Reprimo gene, Gadd45a: Growth
arrest and DNA-damage-inducible gene, p53r2: p53 inducible ribonucleotide reductase gene, Ddb2:
Damage Specific DNA Binding Protein 2 coding gene, Mgmt: Methylguanine methyltransferase coding
gene, Puma: P53 Upregulated Modulator of Apoptosis coding gene, Noxa: axotomy-induced motor neu-
ron death, Bax: Bcl-2—associated X coding gene, Pig3: p53 inducible gene 3, Pail: plasminogen activa-
tor inhibitor 1, Pml: Promyelocytic leukemia protein gene, Cddknl a: Cyclin Dependent Kinase Inhibitor
la, Tsp: thrombospondine 1, Bai 1: Brain-specific angiogenesis inhibitor 1, Epha2: ephrin type-A recep-
tor 2 coding gene, Col4al: Collagen type IV alpha 1 Chain, Atg 10: ATG10 autophagy related 10, Tsc
2: tuberous sclerosis complex 2 gene, Tppl: Tripeptidyl-peptidase 1 coding gene, Foxo3: transcription
factor forkhead box O-3, Tigar: TP53 Induced Glycolysis regulatory phosphatase, Gls2 Glutaminase 2,
Gpx1: Glutathione peroxidase 1, Sesn1/2: Sestrin 1 and 2 coding gene

its translocation to the mitochondria, oli-
gomerization, and subsequent cell survival.
Other DNA repair systems upregulated by
p53 are the mismatch repair and nucleotide
excision repair components (Menendez et al.,
2009). Beyond these roles, p53 acts as a tran-
scriptional repressor for several genes, includ-
ing c-fos, myc, VEGF-A, and genes associ-
ated with cell survival, all of which are in-
volved in promoting pathways related to sur-
vival, proliferation, and angiogenesis

(Ginsberg et al., 1991; Zhang et al., 2000;
Menendez et al., 2009). Furthermore, p53 reg-
ulates the transcription of microRNAs, partic-
ularly members of the miR-34 family. In-
creased levels of miR-34a induced by p53 en-
hance apoptosis and influence the expression
of genes related to DNA repair, apoptosis, cell
cycle regulation, and angiogenesis (Fu et al.,
2023). These findings highlight p53 as a key
regulator that links various cellular and mo-
lecular signaling pathways, playing a crucial
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role in processes such as apoptosis, senes-
cence, cell cycle control, angiogenesis, me-
tabolism, immune response, cell motility, dif-
ferentiation, migration, and cell-cell commu-
nication(Amendolare et al., 2022; Wang et al.,
2023).

MDMZ2 biology: the loyal companion of p53

Elevated levels of MDM2 have been cor-
related with poor prognosis in several cancer
types, including solid tumors of the lung,
esophagus, breast, stomach, as well as lipo-
sarcomas, glioblastomas, and leukemias (Yao
et al., 2024). Various molecular mechanisms
contribute to MDM2 overexpression in these

amplification (Momand et al., 1998). Addi-
tionally, a single nucleotide polymorphism at
position 309 (SNP309) in the MDM2 gene
promoter has been shown to enhance tran-
scription and translation (Yao et al., 2024).
MDMZ2 overexpression is also associated with
metastasis and advanced stages of cancers
such as osteosarcoma, colon, breast, and pros-
tate cancers, and has been linked to chemo-
therapy resistance (Lin et al., 2024). During
tumorigenesis, MDM2 plays a multifaceted
role, regulating key cellular processes such as
the cell cycle, apoptosis, angiogenesis, metas-
tasis, metabolism, and DNA synthesis and re-
pair (Zafar et al., 2023) (Figure 2).
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Figure 2: MDM2 functions and targeted cellular processes. The diagram illustrates the diverse roles
of MDM2 in cancer progression and cellular processes. MDM2, a fundamental regulator of the p53 tumor
suppressor, influences multiple cellular pathways. It inhibits growth via downregulating TGF-$ and af-
fects apoptosis through reactive oxygen species (ROS) and p53 modulation. MDM2's role in metabolism
includes the regulation of glycolysis and ROS levels. In DNA synthesis and repair, MDM2 interacts with
DNA polymerase €. MDM2 also promotes metastasis by upregulating MMP2/9 and E-cadherin (E-cad)
and downregulating N-cadherin (N-cad). Additionally, it contributes to angiogenesis by regulating VGFA
and VGEF. The arrows indicate whether MDM2 induces/upregulates (black arrows) or inhibits/downreg-
ulates (black lines) specific processes and molecules. The dashed lines represent the interconnected
pathways influenced by MDM2, emphasizing its central role in cancer biology.
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The MDM2 oncoprotein is regulated
through several well-characterized mecha-
nisms (Rayburn et al., 2009). A key regula-
tory pathway involves p53-induced transcrip-
tion of mdm2 via the P2 promoter, while the
P1 promoter drives basal transcription inde-
pendently of p53 (Barak et al., 1994). Other
transcription  factors, including NFAT1
(Zhang et al., 2012), NF-xB (Thomasova et
al., 2012), IRF-8, SP1 (Rayburn et al., 2009),
FIi-ETS (Truong et al., 2005), and
Ras/Raf/MEK/MAPK (Ries et al., 2000), pos-
itively modulate MDM2 expression through
both the P1 and P2 promoters. Conversely, the
tumor suppressor PTEN acts as a negative
regulator of MDMZ2, independent of p53 (Ries
et al., 2000). Additionally, microRNAs (miR-
NAs) such as miR-29, miR-18b, miR-145,
and miR-143 initiate epigenetic mechanisms
that downregulate MDM2 by inhibiting its
MRNA translation (Dar et al., 2013; Zhang et
al., 2013). Post-translational modifications,
such as phosphorylation, also play an im-
portant role in MDM2 regulation. For in-
stance, modifications by the ATM protein re-
duce MDMZ2 stability (de Toledo et al., 2000;
Maya et al., 2001; Meulmeester et al., 2005),
while the Akt pathway facilitates MDM2
translocation from the cytoplasm to the nu-
cleus, promoting p53 degradation (Mayo and
Donner, 2001; Zhou et al., 2001; Ogawara et
al., 2002; Gama et al., 2009). Other enzymes,
such as CK2, DNA-PK, and components of
the Ras/Raf/MEK/ MAPK pathway, further
regulate MDM2 function (Rayburn et al.,
2009). Extensive evidence underscores that
MDM2 is a key regulator of multiple cellular
processes, independent of its interaction with
p53. MDM2 influences DNA synthesis and
repair through interactions with DNA poly-
merase ¢ (Vlatkovic et al., 2000; Asahara et
al., 2003), DHFR (Maguire et al., 2008), cen-
trosome amplification (Carroll et al., 1999),
and the MRN DNA repair complex, including
Nbsl (Alt et al., 2005; Bouska et al., 2008).
Additionally, MDM2 interacts with cellular
proteins such as DNMT3A (Tang et al.,
2012), the Rb/E2F-1 complex (Hsieh et al.,
1999; Katsube et al., 2003; Uchida et al.,

2005), MTBP (Boyd et al., 2000; Brady et al.,
2005), p107 (Dubs-Poterszman et al., 1995),
and the cyclin-dependent kinase inhibitor
p21, promoting cell cycle progression, partic-
ularly through the S-phase (Zhang et al.,
2004; Xu et al., 2010). MDM2 also plays a
role in apoptosis inhibition by modulating
both pro-apoptotic and anti-apoptotic pro-
teins. It interacts with the E2F1/Rb pathway
(Bouska et al., 2008) and apoptosis mediators
such as p73 (through p73 NEDDylation,
which prevents p53 transactivation) (Bouska
et al., 2008; Malaguarnera et al., 2008), and
FOXO03a (by reducing its stability) (Fu et al.,
2009). MDM2 further enhances anti-apop-
totic signaling by upregulating XIAP, which
inactivates caspase-mediated apoptosis (Gu et
al., 2009). Beyond its function as a negative
regulator of p53, MDM2 is involved in the
regulation of proteins important for DNA re-
pair, apoptosis, cell dynamics, and invasion
pathways (Bouska et al., 2008; Rayburn et al.,
2009; Manfredi, 2010; Li and Lozano, 2013).
While the intricate web of MDM2 interac-
tions, both dependent and independent of p53,
highlights its multifaceted role in cellular reg-
ulation, the MDM2-p53 axis remains central
to maintaining normal cellular homeostasis.
Over the past decades, research has primarily
focused on understanding the MDM2 interac-
tions that influence the cellular and molecular
levels of p53, both directly and indirectly
(Subhasree et al., 2013).

p53-MDM2 interaction: a tremendous
complexity and complementarity

The relationship between MDM2 and p53
is primarily built upon the regulation of the
latter and serves as a crucial checkpoint for
most stress-mediated signaling pathways that
lead to p53 activation and regulation (Levine,
2020). It is well-established that p53 plays a
central role in preventing the proliferation of
abnormal cells with genetic instabilities. Un-
der normal conditions, p53 levels are kept low
by MDM2 to maintain cellular homeostasis
(Moll and Petrenko, 2003). In this section, we
explore the unique MDM2-p53 interaction,
which has been extensively studied as a
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pivotal process in cancer therapeutics. MDM2
tightly controls a rapid regulatory mechanism
that toggles the activation of wild-type (WT)
p53 on and off. One of the primary mecha-
nisms by which transformed cells drive tu-
morigenesis is through the overexpression of
MDM2, which inhibits p53's transcriptional
activity and reduces its cellular levels
(Cahilly-Snyder et al., 1987; Fakharzadeh et
al.,, 1991; Oliner et al.,, 1993). Reduced
MDM2 activity results in p53 mono-ubiquiti-
nation and its export from the nucleus, while
increased MDMZ2 activity leads to poly-ubig-
uitination and subsequent degradation of p53
in the nucleus (Fang et al., 2000; Rodriguez et
al., 2000; Lai et al., 200;, Lee and Gu, 2010).
A widely supported hypothesis regarding the
negative autoregulatory loop between p53
and MDM2 is the amplification of the MDM2
gene observed in several human sarcomas
with wild-type p53(Momand et al., 1998). At
the molecular level, MDM2 binds to p53 via
a primary N-terminal p53-binding domain
and contains a C-terminal RING domain,
which functions as an E3 ubiquitin ligase.
This domain, along with various sequence
motifs such as the nucleolar localization sig-
nal (NoLS), nuclear localization signal
(NLS), and nuclear export signal (NES), fa-
cilitates MDM2's localization within the nu-
cleus and its export (Chi et al., 2005; Yu et al.,
2006; Poyurovsky et al., 2011). The interac-
tion between MDM2 and p53 is further
strengthened by the ability of p53 to bind
MDM2 at multiple sites. Through its C-termi-
nal RING domain, MDM2 ubiquitinates p53,
leading to its degradation via the proteasome
pathway (Haupt et al., 1997; Midgley et al.,
2000). However, stress-mediated signaling
pathways can disrupt the MDM2-p53 interac-
tion through various mechanisms. These path-
ways often involve post-translational modifi-
cations (PTMs) of p53, such as phosphoryla-
tion at serine residues 15, 20, 37, and 106, and
threonine 18, which weaken the MDM2-p53
interaction. Acetylation at lysine residues in
the C-terminal domain (CTD) of p53 further
prevents MDMZ2-mediated ubiquitination
(Shieh et al., 1997; Unger et al., 1999;

Nakamura et al., 2000; Rodriguez et al., 2000;
Sakaguchi et al., 2000; Li et al., 2002; Hsueh
et al., 2013). Additionally, MDM2 can export
p53 out of the nucleus (Haupt et al., 1997;
Honda et al., 1997), preventing its interaction
with transcriptional co-activators (Oliner et
al., 1993) and enhancing the transcription of
p53 co-repressors (Wu et al., 1993; Thutetal.,
1997; Chi et al., 2005). In turn, wild-type
(WT) p53 promotes the transcription of
MDMZ2, establishing a regulatory feedback
loop (Barak et al., 1994). This loop finely
tunes p53 functions through p53-mediated
regulation of MDM2 at its promoter (Barak et
al., 1994; Shangary and Wang, 2009;
Vousden and Prives, 2009). The complexity
of this autoregulatory loop ensures the
maintenance of physiological p53 levels in
normal cells, as the precise homeostatic con-
centration of p53 is crucial for proper cell
growth and development (Vousden and
Prives, 2009) (Figure 3).

Considering the diverse activities of the
MDM2 E3 ligase, which enable it to target
various proteins, the p53-MDM2 axis can ei-
ther suppress or promote tumor development,
depending on the cellular context and the fac-
tors involved. For example, MDM2 can de-
grade the tumor-promoting factor HIF-1a
(hypoxia-inducible factor 1-alpha) in a p53-
dependent manner (Ravi et al., 2000). In con-
trast, it has been demonstrated that mutant
p53 (mutp53) drives tumorigenesis by disso-
ciating HIF-10 from MDMZ2, leading to HIF-
la upregulation (Kamat et al., 2007). Another
tumor-suppressive function of MDM2 is its
ability to degrade mutp53, thereby stabilizing
its levels in cancer cells (Garcia-Cano et al.,
2020). Since mutp53 cannot upregulate
MDM2 expression, it interacts with other fac-
tors, such as heat shock proteins (HSP),
valosin-containing protein (VCP), and chap-
erones like HSP9O, to disrupt the mutp53-
MDM2 complex, resulting in pro-tumor-
igenic activities (Garcia-Cano et al., 2020).
This dual role of MDM2—as both a tumor
suppressor and a tumor promoter—provides new
insights into the regulation of mutp53 by the p53-
MDM?2 interaction (Kadosh et al., 2020).
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Figure 3: p53-MDM2 interaction. p53 and MDM2 are part of an autoregulatory feedback loop. p53
increases MDM2 expression, which in turn inhibits p53 activity by promoting its degradation in the nu-
cleus and cytoplasm, inhibiting its transcriptional activity, and facilitating its nuclear export. Various DNA-
damaging agents or oncogene inhibitors trigger p53 activity. DNA damage leads to p53 phosphorylation
and enhances MDM2, preventing p53 interaction and ubiquitination. In parallel, activated oncogenes
induce ARF protein, leading to the sequestration of MDM2 into the nucleus, hence blocking p53 degra-
dation. In contrast, survival signals regulate the nuclear transport of MDM2 via the Akt pathway, leading
to the destabilization of p53. p53: Tumor suppressor 53, MDM2: The murine double minute 2, P: phos-
phorylation, Ub: Ubiquitination, Ac: Acetylation, Arf: ADP ribosylation factor

Moreover, several MDM2 activities can syn-
ergize with or counteract p53 while function-
ing independently of it. One key role of mito-
chondrial p53 is regulating mitochondria-me-
diated apoptosis and mitochondrial respira-
tion during cancer development (Rusin,
2024). Under hypoxic conditions, MDM2
partially relocates to the mitochondria, where
it inhibits mitochondrial respiration by reduc-
ing the expression of complex | subunit
NADH-dehydrogenase 6 (MT-ND6) (Garcia-
Cano et al., 2020). This inhibition increases
the production of reactive oxygen species
(ROS), which subsequently promotes cancer
cell migration and invasion (Arena et al.,
2018). Conversely, in the cytoplasm, MDM2
binds to the mitochondrial stabilizer NADH

ubiquinone oxidoreductase 75 kDa Fe-S pro-
tein 1 (NDUFS1), leading to increased ROS
generation and the promotion of apoptosis
(Elkholi et al., 2019). Despite the growing un-
derstanding of MDMZ2's role in tumorigenesis,
particularly through its mitochondrial func-
tions, the precise mechanisms regulating its
pro-tumorigenic and anti-tumorigenic activi-
ties remain largely unknown. Further research
is needed to elucidate how MDM2 mediates
these opposing functions within different cel-
lular compartments.

Role of p53 and MDMZ2 in cancers
Mutations in p53 have been detected in up

to 30 % of all breast cancer cases, and indi-

viduals with inherited p53 mutations face an
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elevated risk of developing ovarian, breast,
pancreatic, and colorectal cancers (Lacroix et
al., 2006; Muller and Vousden, 2013). While
p53 retains its wild-type form in nearly 50 %
of tumors, TP53 remains the most frequently
mutated gene in human cancers, where p53
function is often impaired or compromised
(Herrero et al., 2016; Wasylishen and Lozano,
2016). In parallel, MDM2 overexpression,
driven by gene amplification or single nucle-
otide polymorphisms, is well-established in
the tumorigenesis of several human cancers
(Bond et al., 2004; Oliner et al., 2016). Im-
portantly, MDM2 overexpression and p53
mutations typically occur as mutually exclu-
sive events, reinforcing the idea that cancer
phenotypes are often driven by disruptions in
the p53-MDM2 interaction (Oliner et al.,
1992, 2016; Bond et al., 2004). Additionally,
MDMZ2 contributes to tumorigenesis through
other oncogenic activities, including its pro-
angiogenic effects, induction of chromosomal
instability, degradation of cell cycle regula-
tors, and promotion of epithelial-mesenchy-
mal transition (EMT) via the degradation of
E-cadherin (Alt et al., 2005; Miwa et al.,
2006; Yang et al., 2006,, 2008; Bouska et al.,
2008; Muthumani et al., 2014; Wolf et al.,
2020). Recent research has also linked
MDM2 overexpression to resistance against
conventional chemotherapy (Hou et al,
2019). For example, p53 gene mutations are a
key risk factor for breast cancer (Gasco et al.,
2002), where mutant p53 enhances migration,
invasion, angiogenesis, scattering, stem cell
proliferation, survival, and tissue remodeling.
The role of p53 in breast cancer progression
is complex and multifaceted, with p53 inter-
acting with other signaling pathways, includ-
ing the Wnt/B-catenin and PI3K/Akt/mTOR
pathways, to modulate breast cancer cell be-
havior (Reddy et al., 2020; Shahcheraghi et
al., 2020). Furthermore, p53 mutations are
also an important risk factor in hepatocellular
carcinoma (HCC). Epidemiological studies
have shown that chronic viral infections (such
as HBV, HCV, and HIV) and metabolic dis-
orders (such as metabolic syndrome) are asso-
ciated with disruption of the MDM2-p53 axis

in HCC (Cao et al., 2020). Hepatitis viruses
employ multiple mechanisms to persist in
hepatocytes, including inducing p53 muta-
tions, silencing or overexpressing MDM2,
stabilizing MDM2 levels, and accelerating
p53 degradation. These processes trigger var-
ious stress responses, including oxidative
stress, energy metabolism shifts, chronic ER
stress, genetic instability, and abnormal anti-
tumor gene expression, ultimately driving the
transformation of hepatocytes into hepatoma
cells (Cao et al., 2020). The MDM2-p53 in-
teraction has also been implicated in the reg-
ulation of glucolipid metabolism in the liver,
where its dysregulation contributes to meta-
bolic diseases such as metabolic syndrome
and non-alcoholic fatty liver disease
(NAFLD), conditions that can progress to
HCC under certain circumstances (Guillen-
Sacoto et al., 2017). Studies suggest that lipid
accumulation in hepatocytes leads to the over-
expression of microRNA-21, which enhances
the expression of carcinogenesis-related pro-
teins (CCNB1, CCND1, and SREBP1C) by
inhibiting p53. MicroRNA-21 targets HBP1,
a transcriptional activator of p53, and its over-
expression drives G1/S and G2/S transitions in
hepatocytes, promoting de novo lipogenesis
by modulating the HBP1-p53 axis. Con-
versely, knocking down microRNA-21 inhib-
its the G1/S transition and suppresses hepa-
toma proliferation (Wu et al., 2016).

The disruption of p53-MDM2 interaction in
cancers

The dysregulation of the p53-MDM2
feedback loop is one of the most well-docu-
mented disruptions in cancer, often manifest-
ing as overexpression of MDM2 and/or p53.
This phenomenon is linked to the activation
of stress-induced p53 pathways, which fail to
adequately induce growth arrest and/or apop-
tosis (Klein and Vassilev, 2004). Addition-
ally, the impaired activation of various onco-
genes, such as Myc, Ras, E2F-1, and B-
catenin, has been shown to enhance ARF ac-
tivation, a known MDM2 suppressor, which
negatively modulates MDM2 function
(Eischen et al., 1999; Manfredi, 2010; Hu et

1406



EXCLI Journal 2024;23:1397-1439 — ISSN 1611-2156

Received: August 30, 2024, accepted: November 11, 2024, published: November 22, 2024

al., 2012). As a result, activated p53 exerts tu-
mor-suppressive effects in this context. ARF
promotes the sequestration of MDM2 in the
nucleolus, reducing its E3 ubiquitin ligase ac-
tivity and ultimately segregating MDM2,
thereby diminishing its negative regulatory
effect on p53 (Weber et al., 1999; Zhang and
Xiong, 1999). Disruptions in the
ARF/MDM2/p53 signaling pathway are fre-
quently observed in various cancer types
(Sherr, 2006). Other oncogenes, such as AKT
and Wipl, directly regulate MDM2. The IGF-
1/AKT oncogenic pathway is closely linked
to cell fate and proliferation, where AKT Ki-
nase phosphorylates MDM2 at Ser-166 and
Ser-186, leading to downregulation of p53 ac-
tivity (Grossman et al., 1998; Zhou et al.,
2001). Wip1, an oncogenic serine/threonine
phosphatase induced and regulated by p53
following genotoxic stress, dephosphorylates
MDMZ2 at Ser-395, restoring MDM2 activity
and maintaining p53 at steady-state levels,
thus ensuring proper regulation of the p53-
MDM?2 feedback loop. Notably, Wipl is fre-
quently overexpressed in various human can-
cers, indicating a disruption of the p53-
MDMZ2 interaction (Peuget et al., 2024). To
date, no candidate drugs targeting the
MDM2-p53 interaction have been success-
fully validated in pharmacological stages
(preclinical/clinical trials) as cancer therapies.
This can be attributed to the low efficacy and
high toxicity of the tested prodrugs in experi-
mental models. Understanding these chal-
lenges is crucial for making informed deci-
sions and advancing the field of drug devel-
opment (Zanjirband and Rahgozar, 2019;
Mullard, 2020). The accumulated data sug-
gest that a deeper understanding of the com-
plexity and intricacy of the p53-MDM2 inter-
action is important for gaining valuable in-
sights into cancer therapy. The complex biol-
ogy and regulation of this interaction, along
with its implications in cancer, are summa-
rized in Table 1.

MECHANISTIC INSIGHTS INTO
NATURAL PRODUCTS TARGETING
THE p53-MDM2 PATHWAY

Bioactive natural compounds are well-
known for producing a wide array of second-
ary metabolites with diverse structures, which
have played a pivotal role in the development
of approximately 50 % of anti-cancer drugs
over the past several decades (Kamath et al.,
2023; Chaachouay and Zidane, 2024;
Chaudhry et al., 2024; Chunarkar-Patil et al.,
2024; ljaz et al., 2024; Nandi et al., 2024).
Among these natural molecules, several have
been reported to target the p53-MDM2 inter-
action and can be classified into three catego-
ries:

a) Direct inhibitors of MDM2 expression
and/or protein stability: These compounds re-
duce MDM2 levels by inhibiting its expres-
sion or destabilizing the protein, thereby en-
hancing p53 activity. Examples include: i)
Curcumin: Downregulates MDM2 expression
via the PIBK/mTOR/ETS2 pathway, leading
to reduced MDM2 levels and increased p53
activity (Sultana et al., 2021); ii) Resveratrol:
Acts as a direct inhibitor of MDM2 expres-
sion and prevents MDM2-mediated p53 deg-
radation, thereby promoting p53 stability
(Merlin et al., 2021); iii) Gambogic Acid: In-
hibits MDM2 by downregulating its expres-
sion, stabilizing p53, and inducing apoptosis
in cancer cells (Foggetti et al., 2017).

b) Inhibitors of the p53-MDM2 binding
and activators of wild-type p53: These com-
pounds disrupt the p53-MDM2 interaction,
thereby reactivating wild-type p53. Examples
include: i) Nutlin-3: A potent MDM2 antago-
nist that inhibits the p53-MDM2 interaction,
leading to the activation of p53 (Lerma
Clavero et al., 2023); ii) Epigallocatechin
Gallate (EGCG): Disrupts p53-MDM2 bind-
ing, preventing p53 degradation and enhanc-
ing its accumulation in cells (Bahena Culhuac
and Bello, 2024); iii) Leucomalachite Green
(LMG): Inhibits the binding of p53 to MDM2,
reactivating p53 in cancer cells (Koo et al.,
2022).
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Table 1: Comprehensive overview of p53-MDM2 biology, regulation, and interaction in cancer

Aspect

Key insights

References

p53
functions

Acts as a tumor suppressor by activating transcrip-
tion of target genes leading to apoptosis, cell cycle
arrest, or senescence in response to stress sig-
nals.

Regulates DNA repair systems (e.g, mismatch re-
pair, nucleotide excision repair).

1 Pro-apoptotic proteins (e.g, BAX, PUMA) and
cell cycle proteins (e.g, p21, GADD45).

Vousden and Prives,
2009,

Menendez et al., 2009,
Fischer, 2017, Sam-
mons et al., 2020

p53
regulation

Controlled by >3,500 target genes and mecha-
nisms.

Post-translational modifications (PTMs) of p53
(e.g, phosphorylation, acetylation) are important in
modulating its activity.

Functions as a transcriptional repressor for genes
like c-fos, myc, and VEGF-A.

Regulates microRNAs (e.g, miR-34 family) that
enhance apoptosis and DNA repair.

Fu et al., 2023,
Hafner et al., 2017,
Farkas et al., 2021

MDM2 role in
cancer

Overexpressed in various cancers (e.g, lung,
esophagus, breast) due to gene amplification or
SNP309 in the promoter region.

Associated with poor prognosis, metastasis, and
chemotherapy resistance.

Regulates cell cycle, apoptosis, angiogenesis, me-
tastasis, and DNA repair.

Yao et al., 2024,
Zafar et al., 2023,
Lin et al., 2024

MDM2
regulation

MDM2 expression regulated by p53 through P2
promoter; basal transcription initiated by P1 pro-
moter.

Positive regulation by transcription factors (e.g,
NFAT1, NF-kB, SP1, Ras/Raf/MEK/MAPK path-
way).

Negative regulation by tumor suppressors like
PTEN.

mMiRNAs (e.g, miR-29, miR-143) | MDM2 expres-
sion by blocking mRNA translation.

Rayburn et al., 2009,
Thomasova et al.,
2012, Dar et al., 2013,
Zhang et al., 2013

MDM2 post-
translational
modifications

Phosphorylation by ATM protein | MDM2 stability
Akt pathway facilitates MDM2 nuclear transloca-
tion, leading to p53 degradation.

Additional regulation by CK2, DNA-PK, and
Ras/Raf/MEK/MAPK pathway

de Toledo et al., 2000,
Maya et al., 2001,
Meulmeester et al.,
2005

p53-MDM2
interaction

MDM2 binds to p53, promoting its ubiquitination
and degradation.

Stress signals disrupt the p53-MDM2 interaction
via phosphorylation and acetylation of p53, weak-
ening MDM2 binding.

p53 transcriptionally upregulates MDM2, establish-
ing a negative feedback loop that regulates p53
levels.

Levine, 2020

MDM2's role
beyond p53
regulation

Involved in DNA synthesis and repair (e.g, interac-
tion with DNA polymerase ¢, DHFR).

Regulates cell cycle progression (e.g, interaction
with Rb/E2F-1 complex, p21).

Inhibits apoptosis through interactions with
E2F1/Rb pathway and apoptosis mediators like
p73 and FOXO3a.

Vlatkovic et al., 2000,
Asahara et al., 2003
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Disruption in

sion.

Common disruptions include MDM2 overexpres-

p53-MDM2 sion and p53 mutations, leading to inadequate ac-
interaction in tivation of stress-induced pathways.
cancer -

Oncogenes (e.g, Myc, Ras) and ARF modulate the
MDM2-p53 interaction, influencing cancer progres-

- Akt and Wip1 oncogenic pathways regulate
MDM2, affecting p53 levels and activity.

Peuget et al., 2024

Challenges in
targeting p53-
MDM2 interac-
tion -

cacy and high toxicity.

cer therapies.

No validated drugs as MDM2-p53 antagonists
have progressed in clinical stages due to low effi-

Understanding the complexity of the p53-MDM2
interaction is crucial for developing effective can-

Zanijirband and
Rahgozar, 2019,
Mullard, 2020

Abbreviations and symbols: 1: Increase/upregulates; |: Decrease/downregulates; Ac: Acetylation; Akt: Ak mouse strain thy-
moma protein; ATM: Ataxia telangiectasia mutated protein; BAX: Bcl-2-associated X protein; CK2: Casein kinase 2; DHFR: Dihy-
drofolate reductase; DNA-PK: DNA-dependent protein kinase; GADD45: Growth arrest and DNA-damage-inducible protein 45;
HIF-1a: Hypoxia-inducible factor 1-alpha; miRNA: MicroRNA; MT-ND6: NADH-dehydrogenase 6; NF-kB: Nuclear factor kappa-
light-chain-enhancer of activated B cells; PTEN: Phosphatase and tensin homolog; PTM: Post-translational modification; p21:
Cyclin-dependent kinase inhibitor 1A; Rb: Retinoblastoma protein; ROS: Reactive oxygen species; SNP: Single nucleotide poly-
morphism; SP1: Specificity protein 1; VEGF-A: Vascular endothelial growth factor A.

¢) Inhibitors of MDM2’s E3 ligase activ-
ity, stabilizing p53: These compounds inhibit
MDM2's E3 ligase activity, preventing the
ubiquitination and degradation of p53, thus
stabilizing and activating p53. Examples in-
clude: i) MI1-219: Blocks MDM2's E3 ligase
activity, stabilizing p53 and enhancing its tu-
mor-suppressive functions (Yang et al,
2021); ii) Lithocholic Acid: Inhibits MDM2's
E3 ligase function, leading to increased stabil-
ity and activity of p53 (Yao et al., 2024); iii)
Oridonin: A diterpenoid that inhibits MDM2's
E3 ligase activity, resulting in the stabiliza-
tion and accumulation of p53 (Zhu et al.,
2019) (Figure 4).

This section will explore the data on natu-
ral compounds that modulate the p53-MDM2
interaction, focusing on their structural as-
pects, binding modes, and mechanisms of ac-
tion (Table 1).

Polyphenols

Flavonoids, a significant group of over
10,000 secondary metabolites (Ullah et al.,
2020), ave garnered considerable attention for
their ability to counteract free radicals, modu-
late cellular metabolism, and mitigate oxida-
tive stress associated with several severe dis-
eases, including Parkinson's, Alzheimer's,
cardiovascular  conditions, and cancer
(Vazhappilly et al., 2019; Giordo et al.,

2021b, 2022b; Sharifi-Rad et al., 2022; Shaito
et al., 2023). Numerous studies suggest that
natural flavonoids exhibit potent anticancer
activities through various mechanisms, in-
cluding the inhibition of MDMZ2 expression
(Merlin et al., 2021). Genistein (4',5,7-trihy-
droxyisoflavone), a natural isoflavone abun-
dantly found in soybeans, has been shown to
downregulate MDMZ2 at both transcriptional
and post-translational levels (Bhat et al.,
2021). In vitro chemopreventive studies in
several human cancer cell lines revealed that
genistein decreased MDM2 expression levels
independently of p53. It also inhibited the ty-
rosine kinase pathway regulating MDM2,
while simultaneously increasing p21 levels.
In vivo studies further confirmed genistein’s
antitumor activity, which is related to its in-
hibitory effects on MDM2 expression (Tuli et
al., 2019; Gao et al., 2020). Gao et al. (2020)
demonstrated that prolonged genistein treat-
ment significantly reduces epidermal growth
factor receptor (EGFR) expression and mod-
erates downstream signaling molecules
(JAK1/2, MDM2, STATS3, and Akt phosphor-
ylation), leading to the inhibition of the
JAK1/2-STAT3 and AKT/MDM2/p53 path-
ways. This ultimately results in apoptosis, cell
cycle arrest, and reduced proliferation of
esophageal carcinoma cells (Gao et al., 2020).
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Figure 4: The impact of natural prod-
ucts on the cellular processes and
target genes mediated by p53-MDM2
interaction. Crosstalk of the anti-
cancer activity of natural products me-
diated by the p53-MDM2 pathway:
When the MDM2-p53 interaction is
modulated by natural products, p53 ac-
cumulates and activates its direct tran-
scriptional targets, leading to protein
synthesis. This results in various cellu-
lar responses: p21 induces cell cycle
arrest; PUMA, NOXA, and BAX acti-
vate the intrinsic apoptotic pathway;
FAS induces the extrinsic apoptotic
pathway; MDM2 and WIP1 regulate
p53 feedback and other pathways in-
volved in DNA repair and cell metabo-
lism. Cell cycle progression is primarily
regulated by p53 activity via the p21
protein, which binds to and inhibits the
CDK/cyclin complexes, blocking cell
cycle progression. Consequently,
CDK4/6 with cyclin D/E mediates the
activity of RB and E2F1. This activation
eventually releases E2F1, which then
activates its transcriptional program,
leading to cell cycle progression. Key
Proteins and Pathways: AKT: Ak
mouse strain thymoma protein, PTEN:
Phosphatase and TENsin homolog,
PI3K:  phosphoinositide  3-kinase,
MAPK: Mitogen-activated protein ki-
nase, HSP27: heat shock protein 27,
SRC: Proto-oncogene tyrosine-protein
kinase, SCK: Shc-related adaptor pro-
tein, MKK3/6: Map kinase kinase

isoforms 3 and 6, VRAP:VEGF-receptor-associated protein/T-cell-specific adaptor molecule, PDK1: Phosphoinositide-dependent kinase-1, Csp9: Caspase-9, Csp8: Caspase-8,
Csp3: Caspase-3, Arf: ADP-ribosylation factor, MDM2: The murine double minute 2, MDMX: The murine double minute X, p53: Tumor suppressor 53, BCL: B-cell lymphoma 2
protein, MCL: Induced myeloid leukemia cell differentiation protein, PUMA: P53 upregulated modulator of apoptosis, BAX: Bcl-2—associated X protein, Wipl: Wild-type p53-
induced phosphatasel, p21: cyclin-dependent kinase inhibitor 1, E2F1: E2F transcription factor 1, FAS: Fas cell surface death receptor, C-Myc: C-MYC proto-oncogene, BHLH

transcription factor protein, CDK1: cyclin-dependent kinase 1, CDK2: cyclin-dependent kinase 2, CDK4: cyclin-dependent kinase 4
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Apigenin (4',5,7-trihydroxyflavone) is a
well-known flavone widely distributed in
nuts, fruits, vegetables, and herbs. Its low in-
trinsic toxicity (Tang et al., 2017), combined
with its potent effects on cancer cell growth
(Yan et al., 2017), survival (Rahmani et al.,
2022), or apoptosis (Shukla and Gupta, 2008)
has drawn significant interest. A study by
Fang et al. (2005) demonstrated that apigenin
attenuates angiogenesis and tumor growth by
enhancing p53 activity through AKT-medi-
ated phosphorylation of its negative regulator
HDM2 in ovarian cancer cells (Fang et al.,
2005). The study also indicated that apig-
enin's effect on HDM2 downregulation is me-
diated by the PI3K/Akt pathway (Fang et al.,
2005). Furthermore, apigenin has been shown
to stabilize p53 activation and inhibit metas-
tasis (Sherr, 1998; Zheng et al., 2005).

Quercetin  (3,5,7,3",4'-pentahydroxyfla-
vone), one of the most extensively studied fla-
vonols, is found in fruits, tea, wine, vegeta-
bles, and other plants (Hossain et al., 2022b,
Aghababaei and Hadidi, 2023). Research in-
dicates that reactive oxygen species (ROS)
activate p53 via upstream signal transduction,
promoting programmed cell death in abnor-
mal cells (Asgharian et al., 2022). Quercetin
has been shown to inhibit tumor cell prolifer-
ation by stimulating p53 and NF-xB (Vidya
Priyadarsini et al., 2010). An in vitro study on
human leukemia cells demonstrated that quer-
cetin enhances p53 phosphorylation and in-
duces apoptosis in a dose-dependent manner
(Mertens-Talcott et al., 2005). Similarly, Tan-
igawa et al. (2008) found that quercetin in-
creases p53 phosphorylation without upregu-
lating its transcription (Tanigawa et al.,
2008). In another study, quercetin accelerated
apoptosis and growth arrest in wild-type p53-
containing A549 human lung cancer cells
(Chan et al., 2013). Quercetin also induced
apoptosis in glioblastoma cells by upregulat-
ing MDM2 mRNA expression, activating
caspase-3, and decreasing p53 levels, affect-
ing the regulation of the MDM2-p53 axis
(Wang et al., 2014a) Molecular dynamics
studies revealed that quercetin binds to the
MDM2-p53 hydrophobic groove, altering its

conformation and disrupting the MDM2-p53
interaction through n—m stacking between
MDM2's Tyr 51 and quercetin (Verma et al.,
2013). Furthermore, Yang et al. (2016)
demonstrated that quercetin reduces cell via-
bility, triggers apoptosis, and induces cell cy-
clearrest in HT-29 cells by inhibiting the Akt-
CSN6-Myc axis, another pathway regulating
the MDM2-p53 interaction (Zhou et al., 2001;
Zhao et al., 2011; Yang et al., 2016).

Epigallocatechin gallate (3',4',5,5',7-pen-
tahydroxy 3-gallic acid flavane), (EGCG), the
main catechin in green tea, has potent antiox-
idant and anticancer properties (Johnson et
al., 2012). EGCG treatment inhibits anchor-
age-independent growth in human lung can-
cer cells by stabilizing p53, promoting its nu-
clear localization, and reducing MDM2 nu-
clear accumulation. EGCG also enhances p53
phosphorylation at Serl5 and Ser20, thereby
increasing its transcriptional activity. This
compound likely promotes MDM2 expres-
sion in a p53-dependent manner, preventing
the ubiquitination of p53 by MDM2 (Jin et al.,
2013). A study using NMR, atomistic simula-
tion, AUC, and SAXS analyses identified
p53's N-terminal domain (NTD) as the pri-
mary binding site for EGCG, which interrupts
the p53-MDM2 interaction and stabilizes p53
by inhibiting its ubiquitination and degrada-
tion (Zhao et al., 2021).

Oroxylin A (5,7-dihydroxy-6-methox-
yflavone), a natural flavone from Oroxylum
and Scutellaria species, has been shown to in-
duce apoptosis in HepG2 hepatocellular car-
cinoma cells by stabilizing p53 at the post-
translational level through the downregula-
tion of MDM2 and inhibition of its E3 ligase
activity (Mu et al., 2009).

Involucrasin A, a recently discovered nat-
ural flavanone from Shuteria involucrata, has
demonstrated significant anticancer effects in
colon cancer cells (HCT-116) by inhibiting
the phosphorylation of Akt and MDMZ2,
which leads to elevated p53 levels (Wei et al.,
2023).

Chrysin  (5,7-dihydroxyflavone)  and
wogonin (5,7-dihydroxy 8-methoxyflavone)
are similar flavones. TRAIL is a promising
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antitumor agent that inhibits various tumor
cell growth without causing any damage to
the peripheral normal tissues (Ding et al.,
2012). However, several cancers remain re-
sistant to TRAIL, including TRAIL-resistant
human T-cell leukemia virus type 1 (HTLV-
1) and Adult T-cell leukemia/lymphoma
(ATL) cells. Ding et al. (2012) demonstrated
that both chrysin and wogonin inhibit the p53
antagonist MDM2 by increasing p53 levels
and upregulating TRAIL-R2. TRAIL-R2 en-
codes the receptor responsible for the expres-
sion of TRAIL protein, a key target gene of
p53. This mechanism successfully overcame
TRAIL resistance in HTLV-1-associated
ATL cells by downregulating the anti-apop-
totic FLICE-inhibitory protein (c-FLIP),
which is a key inhibitor of the death receptor
signaling pathway and blocks caspase 8 acti-
vation (Ding et al., 2012).

Tricetin (3',4',5',5,7-pentahydroxyfla-
vone) is a multi-hydroxylated flavone found
in certain medicinal plants (Wu et al., 2022).
In studies on MCF-7 breast cancer cells, tri-
cetin inhibited cell growth by arresting the
cell cycle in the Go/M phase and inducing
apoptosis. This was associated with the acti-
vation of ATM, which phosphorylates p53 at
Serl5, leading to increased p53 stability and
reduced MDM2-p53 interaction (Hsu et al.,
2009).

Hinokiflavone, a natural bioflavonoid
with potent anticancer properties (Patel,
2024), was investigated by Zhang et al.
(2022), who concluded that it suppresses
MDM2 mRNA synthesis at the transcrip-
tional level. This inhibition results in in-
creased p53 expression, activation of the p53
pathway, and reduced survival of HCT116
colon cancer cells via apoptosis induction and
G2/M phase arrest (Zhang et al., 2022).

Curcumin, a dietary polyphenol derived
from Curcuma species, is renowned for its bi-
ological properties, particularly its anti-in-
flammatory and anti-angiogenic effects
(Quispe et al., 2022; Azzini et al., 2024). To
explore how curcumin influences gene ex-
pression and carcinogenesis, Li et al. (2007)
investigated its impact on various cancer cell

lines, including prostate cancer LNCaP (p53
wild type), breast cancer MCF-7 (p53 wild
type and p53 knockout), and PC3 (p53 null).
Their findings revealed that curcumin inhibits
MDM2 expression in a dose-dependent man-
ner, with inhibition occurring at the transcrip-
tional level and affecting MDM2 promoter
activity (Li et al., 2007). Further in vitro and
in vivo studies showed that curcumin down-
regulates MDM2 expression in both p53-
wild-type and p53-null prostate cancer cells
by inhibiting the PIBK/mTOR/ETS2 pathway
(Li et al., 2007). Additionally, curcumin in-
duces apoptosis through cell cycle arrest by
upregulating the expression of p27, p21, and
pl6, increasing ER stress, and reducing
MDM2 levels (Srivastava et al., 2007; Rivera
etal., 2017). A similar study on multiple my-
eloma RPMI 8226 cells demonstrated that
curcumin downregulates MDM2 expression
while upregulating p53 and Bax expression
(Lietal., 2015). According to Patifio-Morales
et al., curcumin stabilizes and extends the ac-
tive period of p53 by enhancing its interaction
with NAD(P)H quinone oxidoreductase 1
(NQOL), ultimately leading to cervical cancer
cell death in vitro (Patifo-Morales et al.,
2020). Interestingly, curcumin was found to
be less effective against breast cancer cell
lines compared to cervical cancer cells, likely
due to the presence of wild-type p53 in cervi-
cal cancer cells, whereas breast cancer cells
often contain mutated p53 (Patifio-Morales et
al., 2020).

Resveratrol, a natural stilbene monomer,
possesses potent antioxidant, anti-inflamma-
tory, neuroprotective, vasculoprotective, and
anticancer properties (Giordo et al., 2020,
2021a, 2022b; Ramli et al., 2023a). The report
by She et al. was the first to demonstrate the
effect of resveratrol on p53 increase in epider-
mal JB6 cells, especially in the phosphory-
lated state (She et al., 2001). In p53-positive
Hep G2 cells, resveratrol inhibited cell
growth by inducing p53-activated apoptosis.
Additionally, resveratrol caused cell cycle ar-
rest in the G1 phase and concurrently upregu-
lated p21 protein expression ((Kuo et al.,
2002). Resveratrol was also found to activate
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the ERK and/or p38 kinase pathways, which
promote p53 activation, induce cell cycle ar-
rest, and facilitate DNA repair (Hsieh et al.,
2011). Furthermore, resveratrol influenced
p53-mediated  mitochondrial ~ functions
(Delmas et al., 2011).

A study by Ferraz da Costa et al. (2012)
reported that resveratrol increased p53 levels
in MCF-7 cells without affecting its transcrip-
tional activity. Moreover, transient transfec-
tion of wild-type p53 into p53-negative
H1299 cells dramatically enhanced suscepti-
bility to apoptosis in resveratrol-treated cells
(Ferraz da Costa et al., 2012). Resveratrol also
inhibited the viability of CO115, HCT116,
and SW480 cells while upregulating p53 and
its target genes, including PUMA and Bax
(Liuetal., 2019). Bioinformatics analysis fur-
ther revealed that resveratrol elevated p53 ex-
pression in a dose-dependent manner by in-
hibiting p-Akt and p-MDM2 signaling (Fan et
al., 2020). Another study demonstrated that
resveratrol preserved AEC: cell integrity by
activating Sirtl expression, promoting p53 in-
stability, and stimulating the phosphorylation
of both Akt and MDM2 (Navarro et al., 2017).
However, resveratrol at concentrations
greater than 10 uM was shown to downregu-
late Sirtl expression, inhibit cellular plastic-
ity, and induce apoptosis. This effect was ac-
companied by simultaneous acetylation of
p53 in CRC cells, prompting the activation of
p53, p21, Bax, and cytochrome C, as well as
cleavage of caspase-3 (Brockmueller et al.,
2023).

Gossypol, a naturally occurring phyto-
chemical derived from cotton plants (Gossy-
pium species), appears to be a promising anti-
cancer agent (Stein et al., 1992). One study
showed that the viability of LAPC4, PC3, and
DU145 cancer cells was reduced through the
induction of DNA damage and activation of
p53 (Volate et al., 2010). Xiong et al. (2017)
also reported gossypol’s ability to inhibit both
VEGF and MDM2 expression in human
breast cancer cells, irrespective of whether
p53 was mutant or wild-type (Xiong et al.,
2017).

Gambogic acid, a naturally prenylated
xanthone, was found to suppress tumor
growth by inhibiting MDM2 expression while
promoting p53 activation (Gu et al., 2008). A
related study demonstrated that gambogic
acid inhibits Bcl-2 expression in MCF-7 cells
by increasing p53 levels, ultimately inducing
cell death (Zhai et al., 2008). Further investi-
gation identified a negative correlation be-
tween p53 activation and the promotion of
p21Warl/CIPL ey pression, which enhances apop-
tosis in gambogic acid-treated MCF-7 cells
via suppression of MDM2 (Rong et al., 2009).
A parallel molecular docking study supported
these findings, indicating that gambogic acid
binds directly to MDMZ2, functioning as a di-
rect MDM2 inhibitor (Le&o et al., 2013).

Terpenoids

With more than 80,000 structures discov-
ered, terpenoids, also known as terpenes or
isoprenoids, represent the most prominent
family of natural products in all living organ-
isms (Christianson, 2017). They are essential
for supporting human health and have been
employed as antioxidant, anti-inflammatory,
anti-aggregator, anticoagulant, anticancer, an-
timicrobial, neuroprotective, sedative, anti-al-
lergic, and analgesic agents (Zhao et al.,
2016). Numerous studies have highlighted the
potent anticancer properties of natural terpe-
noids, particularly their ability to inhibit
MDMZ2 expression through regulation of p53
levels.

Using a structure-based computational
screening method designed to identify mole-
cules that specifically target MDMZ2, Qin and
collaborators identified three natural dimeric
sesquiterpene lactones from Inula japonica—
namely japonicone A, inulanolide A, and lin-
eariifolianoid A—as potent inhibitors of
MDM2 expression in breast cancer cells. Ja-
ponicone A was shown to inhibit cell growth,
reduce cell proliferation, and induce apoptosis
and G2/M phase cell cycle arrest via an
MDMZ2-dependent mechanism, independent
of p53 status. Moreover, no toxicity was ob-
served in breast cancer xenograft models
treated with japonicone A, which effectively
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inhibited tumor growth and lung metastasis
(Qin et al., 2015). Inulanolide A underwent
both in vitro and in vivo anticancer experi-
ments, demonstrating its dual inhibitory ef-
fects on MDM2 and NFATL in breast cancer
cells. This anticancer activity was selective in
both p53-dependent and p53-independent
manners, leading to apoptosis induction, re-
duced cell proliferation, and G2/M phase ar-
rest. Furthermore, a reduction in MDMZ2,
NFAT1, and cell proliferation-related pro-
teins was observed, alongside an increase in
apoptosis-related proteins (Qin et al., 2016).
Another study examined the anti-tumorigenic
effects of inulanolide A in prostate cancer,
showing its ability to inhibit migration, inva-
sion, and proliferation of prostate cancer cells,
regardless of androgen receptor (AR) respon-
siveness and p53 status. This study demon-
strated a high affinity for binding to the RING
domains of both MDM2 and MDMX proteins
(Qin et al., 2017). A similar study on breast
cancer revealed that lineariifolianoid A sig-
nificantly influenced apoptosis, cell cycle
progression, proliferation, and colony for-
mation in MCF7 and MDA-MB-231 cells in
a dose-dependent and p53-independent man-
ner (Jiang-Jiang et al., 2016). Another ses-
quiterpene lactone, parthenolide, isolated
from Tanacetum parthenium, was reported to
induce ATM-dependent MDM2 ubiquitina-
tion and proteasomal degradation, leading to
p53 activation and the activation of other tu-
mor suppressors that regulate MDM2 (Nasim
and Crooks, 2008; Gopal et al., 2009).
Several reports have demonstrated the po-
tent anticancer activity of natural diterpe-
noids, particularly triptolide, which is ex-
tracted from the Chinese plant Tripterygium
wilfordii. This diterpene has shown potent an-
titumor activity against various cancer cells
through different mechanisms (Huang et al.,
2012; Tamgue and Lei, 2017). One study re-
vealed that ionizing radiation-resistant (IR-re-
sistant) acute lymphoblastic leukemia (ALL)
cells are sensitive to triptolide, which re-
versed IR resistance in ALL cells by inducing
an MDMz2-overexpressing phenotype. The
accumulation and activation of p53—induced

by many chemotherapeutic drugs that kill
cancer cells through DNA damage and cellu-
lar stress—lead to increased p53 activation,
which subsequently induces MDM2 expres-
sion. Inhibition of p53 and induction of XIAP
are key mechanisms involved in the develop-
ment of IR- or chemo-resistance in wild-type
p53/MDM2-overexpressing  ALL  cells
(Huang et al., 2013). To determine whether
the effect of triptolide on MDM2 expression
is p53-dependent, Xiong and colleagues in-
vestigated its impact on paired MDA-MB-
468 (p53 mutant) and MCF-7 (wild-type p53)
cell lines. Their results showed that triptolide
inhibited MDMZ2 protein expression in a time-
and dose-dependent manner, while increasing
p53 accumulation without activating its func-
tion. Thus, the inhibitory effect of triptolide
on MDM2 mRNA and protein expression was
independent of p53 status (Xiong et al., 2017).
Epoxy clerodane diterpene, isolated from the
stems of Tinospora cordifolia, has been found
to exhibit remarkable anticancer -effects
(Dhanasekaran et al., 2009). A study led by
Subash-Babu and collaborators on the anti-
tumor activity of epoxy clerodane diterpene
against MCF-7 cells demonstrated its ability
to upregulate Cdkn2A, pRb1, and p53 pro-
teins, while simultaneously downregulating
MDMZ2. The increase in p53 expression acti-
vated the Bax apoptotic pathway, contributing
to the suppression of MDM2 expression
(Subash-Babu et al., 2017). Another bioactive
diterpene, oridonin, derived from the tradi-
tional Chinese herb Rabdosia rubescens, ex-
hibits a wide range of biological activities,
particularly anticancer, antibacterial, and anti-
inflammatory effects (Xu et al., 2018). A
study by Zhu et al. (2019) reported that
oridonin stimulates p53-mediated cell cycle
arrest and apoptosis in neuroblastoma cells by
promoting the cleavage of MDM2-p60 (Zhu
etal., 2019).

Studies on the ortho-diphenolic diterpene
carnosol, found in sage (Salvia officinalis)
and rosemary (Rosmarinus officinalis), have
demonstrated its potent antioxidant and anti-
cancer effects (O’Neill et al., 2020). In vitro
anticancer studies using the U87MG human
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glioblastoma cell line model revealed that car-
nosol modulates cellular proliferation by ele-
vating intracellular p53 levels. This was
achieved by promoting the transcriptional re-
activation of p53, disrupting the p53-MDM2
interaction, and inducing cell cycle arrest and
apoptosis (Giacomelli et al., 2016). Continu-
ing their research, Giacomelli and collabora-
tors reported that carnosol decreases CD44
gene expression. This effect is associated with
inhibition of the MDM2-p53 complex and the
subsequent increase in intracellular p53 levels
(Giacomelli et al., 2017).

Ginsenosides, a group of steroid glyco-
sides and triterpene saponins found exclu-
sively in the roots of Panax ginseng, a highly
renowned herb in traditional Asian medicine,
have demonstrated strong anticancer activity
in both in vitro and in vivo studies. Com-
pounds such as  20(R)-dammarane-
3B,12pB,20,25-tetrol and 20(S)-25-methoxyl-
dammarane-3,12p,20-triol (also known as
25-OH-PPD and 25-OCHs-PPD, respec-
tively) have shown potent anti-prostate cancer
effects by regulating cell proliferation, apop-
tosis, cell cycle progression, and tumor
growth. 25-OH-PPD also decreased MDM2
levels without affecting p53 expression, de-
creased cell survival, suppressed prolifera-
tion, and triggered apoptosis, leading to Gi
cell cycle arrest in both LNCaP and PC3 cells
(Wang et al., 2008b). Furthermore, 25-OCHs-
PPD was found to decrease the levels of cy-
clin D1, CDK2, E2F1, and MDM2 while in-
creasing or activating cleaved caspase-3, -8,
-9, and cleaved PARP (Wang et al., 2008a).
Similar results were observed in breast cancer
cells, where 25-OCHs-PPD downregulated
MDM2 expression at both transcriptional and
posttranslational levels in a time- and dose-
dependent manner, irrespective of p53 status
(Wang et al., 2012). A study on the antiprolif-
erative and pro-apoptotic effects of 20(S)-gin-
senoside Rg3 in MDA-MB-231 cells demon-
strated that it reduced mutant p53 levels in
both a concentration- and time-dependent
fashion. Concurrently, 20(S)-ginsenoside
Rg3 increased the association of MDM2 with
p53 in these cells (Kim et al., 2014). Another

study reported that the survival of NOZ and
GBC-SD gallbladder cancer cells was inhib-
ited in a dose-dependent manner by 20(S)-
ginsenoside Rg3. This inhibition was
achieved through G: phase arrest, promoting
senescence and apoptosis by inhibiting
MDM2 levels, leading to the accumulation of
p53 and p21 1 (Zhang et al., 2015).
Ganoderic acids, a group of triterpenes
isolated from Ganoderma mushrooms, have
been shown to possess various biological ac-
tivities, including antitumor properties
(Kimura et al., 2002). Bin et al. demonstrated
that ganoderic acid A has an inhibitory effect
on LNCaP prostate cancer cells in a concen-
tration-dependent manner by promoting p53-
mediated apoptosis (Bin et al., 2019). A pre-
vious virtual screening study of Ganoderma
lucidum triterpenoids predicted a strong bind-
ing affinity of ganoderic acid A for MDM2
(Froufe et al., 2013). Recent research con-
firmed these findings, showing that ganoderic
acid and its amide derivatives regulate the
MDM2-p53 pathway in MCF-7 cells (Jia et
al., 2023). Chen et al. demonstrated that
ganoderic acid T promotes cell aggregation,
suppresses cell migration, and inhibits cell ad-
hesion in HCT-116 human colon cancer cells
in a concentration-dependent manner, high-
lighting the important role of p53 in its anti-
invasion effects (Chen and Zhong, 2011). A
study on the cytotoxicity and cell cycle arrest
capabilities of ganoderic acid against highly
metastatic human colon tumor HCT-116
cells, p53-null lung cancer H1299 cells, and
lung cancer 95-D cells demonstrated remark-
able effects in both a concentration- and time-
dependent manner. In 95-D and HCT-116
p53*/* cells, the cell cycle was arrested at the
G: phase, while in H1299 and HCT-116
p53~" cells, ganoderic acid was able to arrest
the cell cycle in the S phase or at the G1/S tran-
sition. Based on these findings, Chen and
Zhong suggested that ganoderic acid may tar-
get p53 (Chen and Zhong, 2009). Aqueous
and methanol extracts from Ganoderma lu-
cidum have been shown to inhibit interleukin-
3-dependent lymphoma cell (DA-1) prolifer-
ation (Calvifio et al.,, 2011). Western blot
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analysis revealed that the aqueous extracts el-
evated Bax levels after 13 hours, as well as
p53 and Mdm2 levels after 19 hours, with a
subsequent reduction in all these proteins at
24 hours. Similarly, the methanol extract in-
creased p53 and Mdm2 levels at 19 hours, fol-
lowed by a decrease at 24 hours (Calvifio et
al., 2011).

Cucurbitacins are another class of terpe-
noids with notable anticancer activity (Attar
et al., 2022). Among the more than 10 groups
of cucurbitacins, the most commonly isolated
and studied are A, B, E, and | (Attar et al.,
2022). Zhou et al. demonstrated that cucur-
bitacin B inhibits the proliferation of benign
prostatic hyperplasia epithelial cell line
(BPH-1). Molecular analysis showed that cu-
curbitacin B increased the mRNA levels of
MDM2 and thrombospondin 1 (THBS1). Im-
munocytochemistry results further indicated
that cucurbitacin B treatment elevated the
protein expressions of p53 and MDM2 (Zhou
et al., 2023).

An in vitro and in vivo study on the
triterpenoid saponin platycodin D demon-
strated its ability to inhibit cell growth in hu-
man breast cancer MDA-MB-231 cells by
suppressing MDM2 and MDMX, and by re-
ducing mutant p53 expression levels (Kong et
al., 2016). Another study found that
platycodin D treatment induced apoptosis in
MDA-MB-231 cells by upregulating PUMA,
a modulator of p53-mediated apoptosis (Chen
etal., 2022b).

An in silico study reported the binding af-
finity of fucoxanthin to the p53 gene, CDK2,
and tubulin (Indra Januar et al., 2012). Wang
et al. (2014b) evaluated the anticancer activity
of fucoxanthin against the human bladder
cancer T24 cell line and revealed its inhibitory
effects on both cell growth and colony for-
mation. Additionally, fucoxanthin was able to
induce apoptosis and Go/G: phase cell cycle
arrest by suppressing the mortalin-p53 com-
plex and reactivating p53 (Wang et al.,
2014Db).

Several in silico screening studies have
identified new MDM2-p53 inhibitors, includ-
ing lithocholic acid, which demonstrated dual

inhibitory activity against both MDMX-p53
and MDM2-p53 interactions. Another study
showed that lithocholic acid induced apopto-
sis in wild-type p53 HCT116 cells in vitro
(Vogel et al., 2012). Similarly, Muhseen and
Li reported the strong binding affinity of 3-
trans-p-coumaroyl maslinic acid, betulonic
acid, and silvestrol to the active site of
MDM2, comparable to the binding affinity
exhibited by Nutlin-3a, a known inhibitor of
the p53-MDM2 interaction. Results suggest
that these compounds occupied the p53 bind-
ing regions of MDM2, thereby inhibiting the
p53-MDM2 interaction (Muhseen and Li,
2019). Comparable results were found in a re-
cent study, which demonstrated the strong
binding affinity of three compounds—justin
A, 6-hydroxy justicidin A, and 6'-hydroxy
justicidin B—at the active site of MDM2, sur-
passing the binding affinity of Nutlin-3a
(Shoaib et al., 2023).

Alkaloids

Despite the relatively low number of alka-
loids identified from plants (approximately
3,000 molecules), many of them are consid-
ered potent anticancer agents. Numerous re-
ports have demonstrated the ability of alka-
loids to induce self-ubiquitination and degra-
dation of MDM2 by disrupting the MDM2-
DAXX-HAUSP interactions (Dhyani et al.,
2022). The natural isoquinoline alkaloid ber-
berine has been shown to downregulate the
MDMZ2 oncoprotein in wild-type p53 acute
lymphoblastic leukemia (ALL) cell lines,
leading to the induction of apoptosis (Zhang
et al., 2010). A similar study confirmed that
the berberine-induced downregulation of
MDM2 expression also reduced XIAP levels,
promoting apoptosis in ALL cells independ-
ent of p53 status (Liu et al., 2013).

Another alkaloid, matrine, has been re-
ported to inhibit MDM2 expression by reduc-
ing MDM2 mRNA synthesis in liver cancer
cells.  Additionally, matrine  sensitizes
MDMZ2-overexpressing liver cancers to
etoposide-induced apoptosis, independent of
p53 levels. The monoamine alkaloid melato-
nin has been found to inhibit MDM2

1416



EXCLI Journal 2024;23:1397-1439 — ISSN 1611-2156

Received: August 30, 2024, accepted: November 11, 2024, published: November 22, 2024

transcription and post-transcriptional expres-
sion, reduce MDM2 phosphorylation, and
promote p53 acetylation, resulting in p53 ac-
tivation in MCF-7 cells (Proietti et al., 2014).
In human gastric cancer cells, melatonin in-
duced cell cycle arrest and downregulated
CDC25A, phospho-CDC25A, and p21.
Moreover, melatonin upregulated Bax, down-
regulated Bcl-xL, activated caspase-3, and in-
creased levels of cleaved caspase-9. Melato-
nin also increased p53 levels by inhibiting
MDM2 phosphorylation at Ser166 and Akt
phosphorylation at Thr308 (Song et al.,
2018). Another study reported that melatonin
upregulated the Nrf2 signaling pathway by
activating the MDM2-p53-p21 signaling cas-
cade (Tao et al., 2022).

Overall, significant progress has been
made in studying natural products that target
the p53-MDM?2 interaction for cancer preven-
tion and therapy. However, there remains an
urgent need to address key challenges related
to in vivo efficacy, bioavailability, potential
toxicity, and mechanisms of action in clinical
models to develop efficient and safe preven-
tive therapies. A comprehensive summary of
the aforementioned natural products and their
anticancer activities mediated through the
p53-MDM2 interaction is presented in Table
2.

SYNERGISTIC AND COMBINATO-
RIAL APPROACHES USING
NATURAL PRODUCTS

Rationale for combining different natural
products or natural products with
conventional cancer therapies

Natural compounds are an inexhaustible
source of potential pharmaceuticals (Bhagani
et al., 2020; Hossain et al., 2022a; Popovi¢-
Djordjevic et al., 2022; Posadino et al., 2023a,
b, 2024; Ramli et al., 2023b, c, 2024). In this
context, it is becoming increasingly evident
that combining different natural products may
produce a synergistic effect, which is greater
than the sum of their individual effects. This
synergy can enhance their health-related

properties, such as antioxidant potential and
the ability to inhibit cancer cell growth. The
combination of various natural compounds
also increases the likelihood of simultane-
ously targeting multiple signaling pathways,
thereby improving the chances of inhibiting
cancer progression by affecting several
stages, including apoptosis, cell proliferation,
angiogenesis, and metastasis.

Synergistic combinations can achieve the
desired therapeutic effect at lower doses, thus
reducing the risk of side effects and toxicity
compared to high doses of a single natural
compound, which generally exhibit lower
toxicity than synthetic drugs. Furthermore,
the interaction between different natural com-
pounds may improve the bioavailability and
absorption of each compound, enhancing
their overall effectiveness. Combining natural
compounds may also reduce the potential for
cancer cells to develop resistance, a common
issue with single-agent therapies. In addition,
natural compounds can be used in conjunction
with conventional cancer treatments, such as
chemotherapy and radiotherapy, to augment
their efficacy.

Evidence supporting the synergistic effects
of natural compounds on the p53-MDM2
pathway and cancer cell proliferation

A study by Li et al. (2021) demonstrated
that the administration of green tea polyphe-
nols combined with broccoli sprouts inhibited
cancer cell growth by inducing apoptosis and
cell cycle arrest in HER2/neu transgenic
mice. At the molecular level, the authors high-
lighted that this combination upregulated the
expression of phosphatase and tensin homo-
log (PTEN), p53, and p16, while downregu-
lating the myelocytomatosis oncogene
(MYC), polycomb ring finger oncogene
Bmil, and the reverse transcriptase of te-
lomerase, compared to the control group (Li
et al., 2021b). A similar study used a trans-
genic mouse model to investigate the effect of
combining withaferin A-rich Ashwagandha
and sulforaphane-rich broccoli sprouts on
breast cancer prevention (Rahman et al., 2024).
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Table 2: Mechanistic actions and binding modes of some natural compounds that were found to modu-

late the p53-MDM2 interaction

Chemical Structure

Mechanism of action

References

OH O Apigenin

|HDM2 via AKT-mediated
phosphorylation;
stabilizes p53;

I metastasis

Fang et al., 2005,
Sherr, 1998,
Zheng et al., 2005

HO @)
(]
OH

P53,

TNF-kB

1p53 phosphorylation
tApoptosis, tcell cycle arrest
TMDM2 mRNA expression
tcaspase-3 activation

Vidya Priyadarsini
et al., 2010,
Mertens-Talcott et
al., 2005, Tani-
gawa et al., 2008,
Chan et al., 2013,

1Akt-CSN6-Myc signaling Wang et al.,
. 2014a,
OH O Quercetin Yang et al., 2016
IMDM2 expression Li et al., 2005,

OH O Oroxylin A

HO 0]
O | 1p21 levels Gao et al., 2020
|EGFR,
O |STAT3, MDM2, Akt and
OH O JAK1/2
OH

Genistein

|MDM2 expression; Mu et al., 2009
O |MDM2-mediated proteasome
HO 0 degradation of p53
O | tapoptosis

OCH,
0

O

OH O Wogonin

Oo

MDM2 inhibition

1p53 levels

1TRAIL-R2 expression
tc-FLIP downregulation
tCaspase-8

Ding et al., 2012

~
-

OH O Chrysin

MDM2 inhibition

1p53 levels

1TRAIL-R2 expression
tc-FLIP downregulation
1Caspase-8

Ding et al., 2012

OCH,
H

HO

‘Qii>> 4
s

Involucrasin A

o

Akt inhibition
TMDM2 phosphorylation
1p53

Wei et al., 2023
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1p53 phosphorylation, nuclear | Jin et al., 2013
localization
1p53 ubiquitination
IMDM2
OH
OH
Epigallocatechin gallate
OH 1G2/M cell cycle arrest Hsu et al., 2009

tricetin

Apoptosis induction
1p53 phosphorylation

OH O

MDM2 transcription suppres-
sion

1p53 activation

1G2/M cell cycle arrest

Zhang et al., 2022

Hinokiflavone Tapoptosis
o  OH IMDM2 Li et al., 2007,
|PIBK/mTOR/ETS2 Srivastava et al.,
O NN NF Ol | 1p16, 1p21, 1p27 2007,
O O 1Bax Rivera et al.,
HO Curcumin OH 2017,
Li et al., 2015
1p53 She et al., 2001,
OH Cancer cells growth inhibition Ferraz da Costa et
tapoptosis al., 2012,
HO S ‘ 1cell cycle arrest at G Kuo et al., 2002,
1p21 expression Hsieh et al., 2011,
O 1ERK, 1 p38 kinase activation Liu et al., 2019,
1Bax, TPUMA, 1Sirt-1, tAkt, Navarro et al.,
on Resveratrol TMDM2 2017,
tApoptosis, 1p53, 1p21, Brockmueller et
1Bax, 1Cytochrome C al., 2023
O OH 1p53 Gu et al., 2008,
|MDMZ2 expression Zhai et al., 2008,
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Abbreviations: HDM2: human double minute 2, Akt: Ak mouse strain thymoma protein, p53: Tumor suppressor 53, NF-kB: nu-
clear factor-kappa B , MDM2: murine double minute 2, CSN6: OP9 signalosome 6, Myc: MYC proto-oncogene coding gene,
EGFR: epidermal growth factor receptor, STAT3: signal transducer and activator of transcription 3, JAK1/2: Janus kinases 1 and
2, c-FLIP: ellular FLICE-like inhibitory protein, PI3K: phosphoinositide 3-kinase, mTOR: mechanistic target of rapamycin, p16:
cyclin-dependent kinase inhibitor a2, p21: cyclin-dependent kinase inhibitor 1, p27: Cyclin-dependent kinase inhibitor 1B, Bax:
Bcl-2—associated X protein coding gene, ERK: Extracellular signal-regulated kinase, p38: Mitogen-Activated protein kinase,
PUMA: P53 upregulated modulator of apoptosis coding gene, Sirt-1: Sirtuin 1, bcl-2: B-cell lymphoma 2 coding gene, Wafl/CIP1:
CDK-interacting protein 1, VEGF: vascular endothelial growth factor A, Cdkn2A: Cyclin dependent kinase inhibitor 2A, pRb1:
Proline rich protein BstNI subfamily 1, XIAP: X-linked inhibitor of apoptosis protein, Mcl-1: Induced myeloid leukemia cell differen-
tiation protein, E2F1: E2F transcription factor 1, cdks 2 /4: cyclin-dependent kinase 2 and 4, PARP: poly(ADP-ribose) polymerase,

Nrf2: Nuclear factor erythroid 2-related factor 2 , Bcl-xL: B-cell lymphoma-extra-large

The authors’ results revealed that this combi-
nation contributes to reducing tumor growth
by upregulating the apoptosis-associated pro-
teins (BAX and PUMA), the tumor suppres-
sors (P53, P57), and the BAX:BCL-2 ratio
(Rahman et al., 2024). Luo et al. (2020)
demonstrated that a mixture of epigallocate-
chin gallate and doxorubicin upregulated p53
and downregulated MDM2 expression, lead-
ing to inhibition of proliferation, induction of
doxorubicin-mediated apoptosis, and de-
creased migration of bladder cancer cells
(T24 and SW780) (Luo et al., 2020). Another
study revealed the synergistic effect of trip-
tolide and Nutlin-3a (an MDMZ2 inhibitor) in
inhibiting cell proliferation and triggering mi-
tochondrial-mediated apoptosis in vitro and
ex vivo in wild-type p53 AML xenograft leu-
kemia cells. This combination delayed tumor
growth and reduced the leukemia burden by
decreasing mRNA levels of XIAP and Mcl-1
in wild-type p53 cells (Chen et al., 2022a).
Icaritin is a naturally occurring flavonoid
derived from the Epimedium plant, com-
monly known as Horny Goat Weed. This

plant is rich in several classes of flavonoids,
each with specific biological functions
(Zhuang et al., 2023). Li and colleagues eval-
uated the role of icaritin in promoting con-
trolled cell death and inhibiting the prolifera-
tion of hepatic cells via the P53/MDM2 and
AFP pathways. They discovered that the in-
troduction of icaritin enhanced p53 activity by
extending the duration of its response, thereby
repressing the expression of AFP genes. Ad-
ditionally, icaritin stabilized p53, preventing
the expression of MDM2 (L. et al., 2021a).
An in vitro anticancer analysis using the
human glioblastoma cell line model
(U87MG) demonstrated that carnosol, a phe-
nolic diterpene found in rosemary, regulated
cellular proliferation by increasing intracellu-
lar p53 levels, promoting its transcriptional
reactivation, degrading the p53-MDM2 inter-
action, and inducing apoptosis and cell cycle
arrest. In the same study, combining carnosol
with temozolomide resulted in a synergistic
effect, reducing the recurrence of tumor cell
proliferation even after the drug was with-
drawn (Giacomelli et al., 2016). Table 3
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summarizes studies demonstrating the syner-
gistic effects of natural products on the p53-
MDMZ2 interaction in various experimental
cancer models.

Strategies for optimizing combination ther-
apies regarding dosage, timing and delivery
While generally considered safe in terms
of toxicity, natural compounds can become
harmful to cells and the body depending on
their concentration and environmental condi-
tions (Pasciu et al., 2010; Giordo et al., 2013;
Posadino et al., 2013, 2015, 2019; Shaito et
al., 2020a). In this regard, determining the op-
timal concentrations of these compounds is an
important step. This can be achieved by con-
ducting dose-response experiments to identify
the concentrations at which each compound is
most effective in vitro, as well as preclinical

studies to establish the effective dose range
for each compound. Identifying combinations
that exhibit synergistic effects, which allow
for lower doses of each compound while
maintaining or enhancing efficacy, is essen-
tial. The potential toxicity of mixtures should
also be checked by conducting in vitro and in
vivo toxicity studies to ensure that the com-
bined compounds do not exceed toxicity
thresholds. Dosages should be adjusted to
minimize adverse effects while maintaining
therapeutic benefits. Further optimization
could involve exploring the timing of com-
pound administration, which may include: i)
Sequential Administration: Analyzing the ef-
fects of compounds administered in a specific
sequence. ii) Simultaneous Administration:
Analyzing the effects of compounds when ad-

Table 3: Synergistic effects of natural compounds on the p53-MDM2 pathway and cancer cell prolifer-

ation
Natural Compounds Experimental Key Findings References
Model
Green tea polyphenols + | HER2/neu mice Induces cell cycle arrest and Lietal.,
Broccoli sprouts apoptosis; upregulates PTEN, 2021b
p16, p53; downregulates MYC,
Bmil, telomerase
Sulforaphane-rich Broc- Transgenic mice Upregulates p53, p57, BAX, Rahman et
coli sprouts + Withaferin PUMA,; increases BAX al., 2024
A-rich Ashwagandha ratio;
reduces tumor growth
Epigallocatechin gallate + | Bladder cancer Upregulates p53;
Doxorubicin cells downregulates MDM2; Luo et al
(T24, SW780) inhibits proliferation; N
. e 2020
induces apoptosis;
decreases migration
Triptolide + Nutlin-3a Wild-type P53 Suppresses cell proliferation; in- Chen et al.,
AML xenograft duces mitochondrial-mediated 2022a
leukemia cells apoptosis; delays tumor growth;
reduces leukemia burden
Carnosol + Human glioblas- Increases P53 levels; Giacomelli et
Temozolomide toma cell line reactivates P53 transcription; al., 2016
(UB7TMG) degrades p53-MDM2 interaction;
induces apoptosis and cell cycle
blockade

Abbreviations: AFP: alpha-fetoprotein; AKT: Ak mouse strain thymoma protein; AML: acute myeloid leukemia; BAX: Bcl-2—
associated X protein; BCL: B-cell lymphoma 2 protein; Bmil: polycomb ring finger oncogene; CDK: cyclin-dependent kinase;
EGFR: epidermal growth factor receptor; HER2/neu: human epidermal growth factor receptor 2; Mcl-1: myeloid cell leukemia 1;
MDM2: murine double minute 2; MYC: myelocytomatosis oncogene; P16: cyclin-dependent kinase inhibitor 2A; P21: cyclin-de-
pendent kinase inhibitor 1; P27: cyclin-dependent kinase inhibitor 1B; PTEN: phosphatase and tensin homolog; PUMA: p53 up-
regulated modulator of apoptosis; SW780: human bladder cancer cell line; T24: human bladder cancer cell line; U87MG: human

glioblastoma cell line
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ministered simultaneously to target multiple
pathways at once. iii) Chronotherapy: Ana-
lyzing the effects of compounds when admin-
istered in alignment with the body’s biologi-
cal rhythms (circadian rhythms) to enhance
efficacy and reduce side effects. Additional
optimization may include improving com-
pound delivery. This can involve using nano-
particles, liposomes, or other delivery sys-
tems to target compounds specifically to can-
cer cells, thereby enhancing efficacy and re-
ducing systemic toxicity (Sanna et al., 2011;
Quispe et al., 2021; Giordo et al., 2022a). Bi-
odegradable controlled-release formulations
can also be developed to provide controlled
release of compounds over time, maintaining
therapeutic levels and reducing the frequency
of administration. In this context, the use of
combined delivery vehicles may be explored
to carry multiple compounds, ensuring they.

CHALLENGES AND FUTURE
DIRECTIONS

Targeting the P53-MDM2 pathway in
cancer using natural compounds poses several
challenges. The intricate nature of the P53-
MDMZ2 interaction, which encompasses sev-
eral complex regulatory mechanisms and
feedback loops, necessitates a thorough un-
derstanding of these interactions to develop
effective therapies. Detailed mechanistic
studies are necessary to uncover how natural
compounds affect the P53-MDM2 pathway
and related cellular processes. Variability in
the biological activity and therapeutic effi-
cacy of natural products due to differences in
plant sources, cultivation conditions, and ex-
traction methods poses a significant chal-
lenge, resulting in reproducibility issues
(Maaliki et al., 2019; Shaito et al., 202043, b;
Alsamri etal., 2021). Moreover, their poor bi-
oavailability and stability hinder many natural
compounds' clinical efficacy. Addressing
these issues necessitates the creation of ad-
vanced delivery systems, including nanopar-
ticles and liposomes, and other nanocarriers,
to enhance the delivery and absorption of
these compounds (Shaito et al., 2020a, b;
Posadino et al., 2024).

Although natural products are perceived
as safer alternatives to synthetic drugs, they
can still cause toxicity and adverse effects at
therapeutic doses (Pasciu et al., 2010; Giordo
etal., 2013; Posadino et al., 2013, 2015, 2019;
Shaito et al., 2020a). Consequently, ensuring
safety requires comprehensive toxicity as-
sessments. In addition, cancer cells can de-
velop resistance to therapies targeting the
P53-MDM2 pathway, necessitating an in-
depth understanding of resistance mecha-
nisms to develop effective counterstrategies.
The absence of standardized protocols for the
extraction, preparation, and clinical evalua-
tion of natural products further complicates
their development and approval as anticancer
therapies. Advanced screening methods are
essential to overcome many of these chal-
lenges. High-throughput screening and com-
putational modeling can aid in identifying and
optimizing natural compounds that effec-
tively target the P53-MDM2 pathway. These
methods can also facilitate the exploration of
synergistic effects when natural compounds
are combined with each other or with conven-
tional cancer therapies, potentially enhancing
efficacy and reducing side effects. Preclinical
and clinical trials are vital to assess the safety,
efficacy, and optimal dosage of natural com-
pounds targeting the P53-MDM2 pathway,
facilitating the translation of promising com-
pounds from bench to bedside. Personalized
medicine approaches, which tailor natural
compound-based therapies to individual pa-
tients' genetic and molecular profiles, hold
promise for improving treatment outcomes.
Finally, efforts towards international regula-
tory harmonization are necessary to stream-
line the approval process for natural com-
pound-based therapies, thereby facilitating
their development and accessibility to pa-
tients.

CONCLUSION

The intricate interplay between the p53 tu-
mor suppressor and MDM2 ubiquitin ligase is
vital for regulating cell cycle, apoptosis, and
genomic stability. Disruption of this interac-
tion is a hallmark of various cancers,
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contributing to poor prognosis and resistance
to conventional therapies. An in-depth under-
standing of this interaction's molecular mech-
anisms may yield valuable insights into po-
tential therapeutic targets. Natural products
have emerged as promising candidates for tar-
geting the p53-MDM2 pathway, offering var-
ious compounds capable of modulating this
important interaction. Polyphenols, terpe-
noids, and alkaloids have shown significant
potential in inhibiting MDM2 expression,
preventing the p53-MDM2 binding, and sta-
bilizing p53, thereby restoring its tumor sup-
pressor functions. These compounds not only
exhibit anticancer properties but also lay the
groundwork for the development of novel
chemotherapeutic agents with reduced tox-
icity. Despite the promising results, translat-
ing these findings into clinical applications re-
mains challenging. These natural compounds'
bioavailability, efficacy, and safety need to be
addressed through rigorous preclinical and
clinical studies. Furthermore, a deeper under-
standing of the complex regulatory networks
involving p53 and MDM2 will aid in the cre-
ation of more effective therapeutic strategies.
In conclusion, the p53-MDMZ2 axis represents
an important target in cancer therapy, and nat-
ural products offer a valuable reservoir of bi-
oactive compounds for therapeutic interven-
tion. Continued research in this area holds
great promise for developing innovative treat-
ments that can improve cancer prognosis and
patient outcomes.
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