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ARTICLE INFO ABSTRACT
Keywords: The hepatocyte growth factor (HGF)/MET signaling pathway plays a pivotal role in cancer progression,
HGF/MET signaling pathway metastasis, and therapeutic resistance, making it an attractive target for anticancer therapies. HGF, a multi-
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functional cytokine, binds to the MET receptor, triggering downstream pathways such as PI3K/AKT, MAPK/ERK,
and STATS3, which regulate cell proliferation, survival, and epithelial-mesenchymal transition (EMT). Dysregu-
lation of this pathway—through mutations, amplifications, or overexpression—contributes to tumorigenesis,
drug resistance, and poor prognosis in various cancers, including lung, breast, gastric, and hepatocellular car-
cinomas. This review explores the molecular mechanisms of HGF/MET in cancer, highlights the therapeutic
potential of natural compounds, and discusses ongoing clinical trials targeting this pathway. Despite advances in
targeted therapies, resistance to MET inhibitors remains a clinical challenge, necessitating alternative strategies.
Natural compounds, including flavonoids, curcumin, ginger derivatives, epigallocatechin-3-gallate (EGCG),
honokiol, metformin, and resveratrol, exhibit potent inhibitory effects on the HGF/MET axis. These phyto-
chemicals modulate MET expression, disrupt downstream signaling, and reverse chemoresistance by targeting
key oncogenic mechanisms such as EMT, cancer stem cell (CSC) maintenance, and tumor microenvironment
interactions. For instance, flavonoids like apigenin and quercetin suppress MET-mediated invasion, while cur-
cumin inhibits PI3K/AKT/mTOR signaling. EGCG and honokiol demonstrate synergistic effects with conven-
tional therapies, overcoming resistance in non-small cell lung cancer (NSCLC) and renal cell carcinoma. By
synthesizing preclinical and clinical findings, this work highlights the therapeutic potential of phytochemicals as
adjunctive or alternative agents, offering innovative approaches to enhance the efficacy and outcomes of cancer
treatments.
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1. Introduction

Cancer remains one of the most significant global health challenges,
imposing substantial psychological and financial burdens on affected
individuals and their families. Its incidence has been rising in recent
years, with epidemiological data indicating that approximately one in
every four individuals may develop cancer during their lifetime,
underscoring its high lifetime risk [1]. The development of effective
cancer therapies remains one of the most extensively studied areas in
biomedical research, owing to the high heterogeneity of tumor cells,
which contributes to the complexity and challenges inherent in cancer
treatment [2]. Cancer progression and normal physiologic processes are
affected by HGF/MET signaling pathway, where HGF functions as a
mitotic protein similar to some of the tumor cytotoxic fibroblast-derived
cells [3,4]. Additionally, a cellular mechanism known as invasive
growth, which facilitates cell proliferation, invasion, and survival, is
mediated by the hepatocyte growth factor (HGF) signaling pathway.
This pathway is activated when HGF binds to its receptor, a tyrosine
kinase encoded by the MET proto-oncogene. Nevertheless, repetitive
activation of MET can result in neoplasm development and metastasis
[5]. Other receptor tyrosine kinase-associated signaling pathways such
as MAPK, NF-xB, PI3K/AKT, RAC1, and STAT3, have been shown to
share overlapping functions with the HGF/MET pathway. These path-
ways contribute to both physiological processes, including embryogen-
esis and postpartum tissue regeneration, as well as pathological
processes such as cell migration, increased mitotic activity, and angio-
genesis [6] (see Table 1).

Natural compounds, specifically plant-based extracts and phyto-
chemicals, have gained greater attention in cancer management and
prevention due to their anti-microorganism, anti-inflammatory, and
antioxidant characteristics, especially as alternative therapeutic regimes
[7]. Notable ingredients inherent to these natural compounds include
Butein [8], kuwanon M [9], and genistein [10,11]. They have shown
efficacy in ovarian cancer through activation of the IL-6/STAT3/Fox0O3a
pathway, lung cancer cells by modulating mitochondrial function, and
colon and breast cancer cells, altering oxidative stress and inflammation,
respectively.

Despite the development of anticancer drugs targeting various
cancer-related mechanisms and molecular pathways, overall survival
rates have not markedly improved. This may be attributed to several
limitations, including the inability of current therapies to comprehen-
sively inhibit complex signaling networks, the emergence of tumor
resistance to therapeutic agents, and significant drug-associated
toxicity. These challenges have spurred growing interest in adjunctive
and alternative therapeutic strategies aimed at enhancing treatment
efficacy while minimizing adverse effects [12].

This review aims to examine the mechanisms of natural compounds
while targeting the HGF/MET pathway, and their effects on angiogen-
esis, invasion, migration, apoptosis, and EMT/stemness, to broaden the
understanding of alternative therapeutic strategies.
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2. Overview of the HGF/MET signaling pathway

Hepatocyte growth factor (HGF), also known as scatter factor (SF),
was discovered in the early 1980s [13]; it functions as a c-MET receptor
ligand (Fig. 1) [14]. The gene encoding pro-hepatocyte growth factor
(pro-HGF) comprises 18 exons and 17 introns and is located on chro-
mosome 7q21.11 [13]. Pro-HGF represents the inactive precursor form
of the growth factor, characterized by a dimeric structure composed of a
57 kDa heavy a-chain and a 26 kDa light f-chain, linked via disulfide
bonds [15]. Serine proteases consisting of hepsin, matripase, and HGF
activator (HGFA) act through pro-HGF activation at the Arg494-Val495
bond [16-18]. Splicing leads to two truncated forms of HGF, including
NK1 and NK2. NK1, comprising the N-terminal domains and a single
kringle domain (K1), acts as a heparin-dependent partial agonist of the
MET receptor, while exhibiting inhibitory effects in the absence of
heparin. The NK2 fragment, consisting of the N-terminal, K1, and K2
domains, acts as a competitive inhibitor of pro-HGF. The production of
HGF in both intrahepatic and extrahepatic tissues is regulated by in-
flammatory cytokines, including tumor necrosis factor-alpha (TNF-a),
interferon-gamma (IFN-y), interleukin-1 (IL-1), and interleukin-6 (IL-6)
[19].

Through transfection analysis of NIH/3T3 cells, MET, which is a
receptor for HGF, found localized on chromosome 7q21-31 [20], has
three distinct domains: extracellular, transmembrane, and intracellular
[21]. There are two parts included in the extracellular domain, which
has HGF binding and activation: a-subunit and partial portion of
B-subunit. Several key regions are included here in this extracellular
domain, which are SEMA domain, PSI domain, and four IPT domains
(Immunioglobulin-like Plexin-Transcription Factor domains). Part of the
portion of p-subunit also makes up this extracellular structure, which
extends partially toward the region of intracellular domain. Three
functional domains are included here in this intracellular segment: the
JM domain, TK domain, and C-terminal docking region. After binding to
MET, autophosphorylation occurs on tyrosine sites Y1234 and Y1235 in
TK domain. It recruits adapter proteins through further phosphorylation
on Y1349 and Y1356 in C-terminal docking region, which activates
downstream pathways. These are PI3K/AKT, STAT3/5, MAPK/ERK, and
focal adhesion kinase (FAK). Other than that, pathway action also occurs
due to pro-inflammatory cytokines, which are IL-1, IL-6, TNF-a, and
basic fibroblast growth factor (b-FGF). Other than that, other extracel-
lular proteins besides GPCRs, proteoglycan CD44, integrins, and recep-
tor tyrosine kinases (such as EGFR, IGF-1R, and ERBB3) also activate
pathways after binding to monomeric MET [22].

Pro-inflammatory cytokines released by CD8" T cells and neutro-
phils can activate the MET signaling pathway. In turn, HGF contributes
to the upregulation of several pro-inflammatory cytokines, including IL-
1B, IL-4, MIP-1p, and GM-CSF. This upregulation enhances antigen
presentation in immune cells such as monocytes, thereby amplifying the
immune response [15]. Furthermore, although the pathway has been
implicated in pro-inflammatory responses, accumulating evidence also
highlights its anti-inflammatory roles, particularly through the modu-
lation of dendritic cell (DC) function. This includes the suppression of
DC activation via the induction of interleukin-10 (IL-10) secretion and

Table 1
Effects of HGF/MET signaling on the immune system and anti-tumor response.
Immune effect Mediator/Mechanism Cellular target Functional outcome Reference
Pro-inflammatory 1 IL-1, IL-4, MIP-1p, GM-CSF induced by Monocytes, CD8" T cells, 1 Antigen presentation, immune stimulation [15]
activation HGF Neutrophils
HGF secretion by cytokines IL-1, IL-6, TNF-, IFN-y — 1 HGF production  Stromal and immune cells Amplifies inflammatory signaling via MET [19]
Dendritic cell suppression HGF — 1 IL-10 secretion Dendritic cells (DCs) | DC activation, | antigen presentation [24]
Promotion of immune 1 PD-L1 expression Tumor cells, APCs T cell suppression via immune checkpoint [24]
tolerance activation
Regulatory T cell expansion 1 IL-27 secretion Naive T cells 1 Treg differentiation and expansion [24]
Tolerogenic DC induction 1 GILZ expression (via TGF-p, IL-10, Dendritic cells Promotes immune tolerance, suppresses adaptive [15,24]
glucocorticoids) immunity
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the inhibition of antigen presentation, thereby promoting autocrine
regulatory mechanisms [24]. Additionally, regulatory T cell expansion
has been associated with increased expression of interleukin-27 (IL-27)
and programmed death-ligand 1 (PD-L1). Moreover, the tolerogenic DC
marker glucocorticoid-induced leucine zipper (GILZ) has been found to
be upregulated in environments enriched with transforming growth
factor-beta (TGF-p), glucocorticoids, and IL-10 [15]. Collectively, these
mechanisms support the pathway’s anti-inflammatory role, as demon-
strated in multiple models of inflammatory disorders, including in-
flammatory bowel disease [25,26], arthritis [27], and chronic airway
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inflammation [28].

Moreover, research has demonstrated the modulatory roles of TGF-f
in regulating the HGF/MET axis, showing the activation of the TGF-§
receptor II-deleted fibroblast-related axis, which enhances HGF-
mediated triggering of Ron and MET, subsequently resulting in the
activation of STAT3 and MAPK signaling, thereby facilitating mammary
tumor invasion [23]. Furthermore, in c-MET-positive models, TGF-p
induces a reverse correlation with the axis in glioblastoma cell models
through TGF-p receptor I (ALK-5)/SMAD-related signaling, in which the
mechanism is also mediated by ERK and PI3K/AKT signaling pathways
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Fig. 1. Schematic illustration of the HGF/MET signaling pathway and its downstream effects. Created with BioRender.com.
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in restraining the HGF/MET cascade. Nevertheless, the inhibitory
function of which relies on the activity of MET, as TGF-p-related
response failed to be distinguished in c-MET-negative models, empha-
sizing on the intertwined correlation of MET modulation and TGF-$
[24].

3. Role of HGF and MET in tumorigenesis
3.1. Effect of cancer biology

The MET proto-oncogene encodes a receptor tyrosine kinase that is
widely expressed across various cell types, including hematopoietic cells
[30], melanocytes [31], neurons [32], hepatocytes [17], and endothelial
cells [33]. Initially identified in N-methyl-N'-nitrosoguanidine-induced
osteosarcoma cells [34], MET has been implicated in the development
and progression of numerous malignancies, including epithelial tumors,
renal carcinoma, mesothelioma, small cell lung cancer, breast and
ovarian cancer, central nervous system neoplasms, and gastrointestinal
cancers (gastric, colon, and rectal) [35]. Its overexpression and dysre-
gulation are frequent in these cancers and are associated with poor
prognosis.

Various genetic alterations, such as point mutations, gene amplifi-
cation, insertional mutations, chromosomal translocations, and retro-
viral transduction, can lead to aberrant MET activation, resulting in
enhanced cell proliferation, resistance to apoptosis, and sustained
oncogenic signaling [36,37]. Dysregulation of MET contributes to can-
cer hallmarks including invasion, angiogenesis,
epithelial-to-mesenchymal transition (EMT), metastasis, and chemo-
resistance [38-41]. Overexpression of MET can arise from increased
transcription driven by Ets and Spl transcription factors or
hypoxia-inducible factor-la (HIF-1a). In addition, loss of regulatory
microRNAs (e.g., miR-1, miR-34, miR-449a) also contributes to elevated
MET expression [42,43]. Oncogenic stimuli such as K-RAS activation
and chronic inflammation may further enhance MET expression and
ligand-independent activation, amplifying oncogenic pathways and
correlating with reduced survival in several cancers, including glio-
blastoma, hepatocellular carcinoma, and colorectal cancer [35,44].

Gene amplification is a major mechanism of MET overexpression.
Increased MET copy number (CNG) has been documented in non-small
cell lung cancer (NSCLC), particularly in EGFR inhibitor-resistant tu-
mors, as well as in metastatic colorectal cancer where liver metastases
exhibit higher CNG compared to primary tumors [45]. In hereditary
papillary renal carcinoma, MET amplification due to exon 16 mutations
and trisomy of chromosome 7 has also been reported [46]. MET
amplification is commonly assessed using methods such as quantitative
PCR and fluorescence in situ hybridization (FISH), though variability in
detection criteria has led to inconsistent reporting across studies [47].

Mutations affecting key functional domains of the MET pro-
tein—namely the juxtamembrane (JM), kinase, and SEMA
domains—also contribute to oncogenesis. These mutations can activate
downstream pathways such as Ras-Raf-MEK-ERK and PI3K-AKT, pro-
moting unchecked proliferation and apoptosis resistance [48]. Specific
mutations in the kinase domain (e.g., Thr1191Ile, Tyr1248Cys,
Asp1228Val) have been identified in cancers such as hepatocellular
carcinoma, papillary renal carcinoma, NSCLC, and head and neck can-
cers [49-51]. JM domain mutations (e.g., Tyrl010Ile, Pro1009Ser,
Arg988Cys) are found in several cancer types, including lung and
gastrointestinal malignancies [49]. Although SEMA domain mutations
(e.g., Asn375Ser, Leu299Phe) have not been as extensively studied, they
are hypothesized to alter MET structure and function [52-54].

Exon 14 skipping mutations in MET, which disrupt the CBL-binding
site at Tyr1003 in the JM domain, impair MET ubiquitination and
degradation, leading to prolonged MET signaling and oncogenic activity
[55-58]. These mutations occur in 3-5 % of NSCLC cases, particularly in
pulmonary sarcomatoid carcinoma, and are also present at lower fre-
quencies in other malignancies [59-62]. Their identification has
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therapeutic relevance, as MET inhibitors may be particularly effective in
tumors harboring these alterations (Fig. 2). Research investigating the
topic has led to the design of several MET tyrosine kinase inhibitors,
such as sevolitinib, capmatinib, and tepotinib. NSCLC patients with MET
exon 14 skipping mutations. Also, in patients with MET gene amplifi-
cation, while capamatinib exhibited a poor response with lower-than-10
gene copy numbers and a moderate success rate of 40 % in high-level
amplification rates, tepotinib has demonstrated to manifest with the
best response in the treatment-naive subgroup of patients with MET
amplification with an objective response rate of 71.4 % [25,26].

Cytoskeleton remodeling and cellular migration is noted to be one of
the key mechanisms driving cancer invasion through HGF/MET
signaling, as Gab1 recruits Dock7 to c-MET, triggering isolated RAC1,
leading to cell migration while leaving the proliferation rate unchanged
[27]. Furthermore, MET-AXL complex gets arranged through HGF
stimulation, leading to the Tyr-779 level-transphosphorylation of AXL
by c¢-MET, subsequently resulting in GAS6-independent plasma
membrane-level RAC1 activation through ELMO2-DOCK180 complex
[28]. RAC1 activation has also been demonstrated to be correlated with
the RhoA-ROCK1 pathway, enhancing the stress fiber setup and
contractility of the cytoskeleton, accelerating the tumor invasion, a
cascade that was shown to be negatively affected through a known
natural compound named paeoniflorin, which acts by halting the
phosphorylation of c-MET and its downstream RhoA-ROCK1 pathway
[29]. Studies investigating the HGF/MET-related cancer invasion and
cell migration, have also identified the CDCP1-SRC-ARHGEF7-RAC1
signaling pathway as a main modulator of which SRC stimulates the
PI3K-MET pathway through a transmembrane protein, named CDCP1,
resulting in the accumulation of PIP3, which subsequently triggers RAC1
by recruiting ARHGEF7, leading to remodeling of actin cytoskeleton and
increased cellular motility [30].

3.2. Mechanisms of HGF/MET-mediated chemoresistance

Chemoresistance has emerged as a major obstacle in cancer therapy,
prompting extensive investigations into the genetic and microenviron-
mental determinants that underlie tumor insensitivity to conventional
treatments [63]. In hepatocellular carcinoma (HCC), the tumor micro-
environment—particularly the infiltration of hepatic stellate cells such
as LX-2—has been shown to enhance MET receptor activity, thereby
promoting epithelial-to-mesenchymal transition (EMT). This process is
characterized by reduced nuclear translocation of p-catenin, down-
regulation of E-cadherin, and increased expression of vimentin and
N-cadherin. Simultaneously, MET activation contributes to the induc-
tion of cancer stem cell (CSC)-like traits via upregulation of K1f4, Bmil,
and CD133, ultimately diminishing cisplatin sensitivity. Notably, sup-
pression of HGF signaling can reverse these EMT-related changes,
highlighting the central role of the HGF/MET axis in therapy resistance
and CSC enrichment [63].

Further evidence demonstrates that cancer-associated fibroblast
(CAF)-derived CD73 mediates resistance to sorafenib and cisplatin
through HGF-dependent activation of the MET and MEK-ERK1/2 path-
ways [64]. A functional crosstalk between the HGF/MET and
Wnt/f-catenin pathways has also been implicated in chemoresistance
via MET overexpression and nuclear accumulation of B-catenin, which
promotes EMT through activation of the transcription factor Snail [65].

In breast cancer, MET is overexpressed in tumor tissues compared to
normal breast tissue. This overexpression correlates with increased Ki-
67 levels and reduced expression of topoisomerase II (TOPO II), sug-
gesting that HGF/MET signaling may suppress TOPO 1II as part of a
broader mechanism driving drug resistance [66].

In non-small cell lung cancer (NSCLC), CAF-secreted HGF induces
overexpression of glucose-regulated protein 78 (GRP78), which acti-
vates the MET and PI3K/AKT pathways, subsequently reducing
apoptosis in A549 cells and enhancing resistance to chemotherapy [67].
Similarly, in small cell lung cancer (SCLC), the HGF/MET axis has been
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Fig. 2. Overview of MET dysregulation in cancer; MET is broadly expressed in various normal tissues (e.g., neurons, liver, blood, melanocytes, endothelial cells). Its

overexpression or mutation is associated with multiple cancers, promoting proliferation, survival, angiogenesis, invasion, EMT, metastasis, and chemoresistance.
MET activity is regulated by transcription factors, miRNAs, and oncogenic signaling. Created with BioRender.com.
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implicated in EMT-mediated resistance, with MET inhibition restoring
therapeutic response [68].

In ovarian cancer, stromal-derived factors including HGF, uPAR, IL-
6, and adipocyte-conditioned medium contribute to platinum resistance
via the HGF/MET pathway. Notably, the dual MET/ALK inhibitor cri-
zotinib has been shown to reverse this resistance, underscoring the
therapeutic potential of targeting this pathway [69]. Additionally,
HGF-driven activation of the MET/PI3K/AKT pathway suppresses
miR-199a-3p expression, which in turn enhances stemness and chemo-
resistance—highlighting miR-199a-3p as a potential therapeutic target
[70].

In pancreatic cancer, pancreatic stellate cells (PSCs) secrete HGF,
activating MET signaling and promoting EMT in pancreatic cancer cells
(PCCs), thereby conferring resistance to gemcitabine. Inhibition of MET
(via AMG102 or PHA665752) or downstream PI3K/AKT signaling (via
LY294002) can reverse EMT features and restore drug sensitivity [71].
Moreover, inflammatory cytokines such as IL-1a induce HGF expression
in PSCs, linking inflammatory signaling, desmoplasia, and chemo-
resistance [72].

In gastric cancer, interferon-induced transmembrane protein 3
(IFITM3)—a marker associated with poor prognosis—interacts with
MET and its downstream effector AKT. This interaction suppresses
FOXO03 expression and increases c-MYC levels, thereby promoting CSC
properties and resistance to chemotherapy, further implicating the
HGF/MET axis in gastric cancer pathogenesis [73].

Finally, in head and neck squamous cell carcinoma (HNSCC), resis-
tance to EGFR-targeted therapies (e.g., erlotinib, cetuximab, gefitinib) is
often attributed not to EGFR mutations, but to compensatory activation
of alternative pathways, particularly HGF/MET signaling [74]. Inhibit-
ing MET in EGFR-overexpressing HNSCC subtypes has been shown to
sensitize tumors to EGFR inhibitors, reinforcing MET’s role as a critical
modulator of therapeutic resistance [20,31] (Fig. 3).

4. Mechanisms of action of natural compounds on HGF/MET
pathway in cancer

HGF/MET signaling pathways play a critical role in promoting cell
proliferation, survival, migration, invasion, angiogenesis, and metas-
tasis [32]. Cancers often exhibit aberrant activation of this pathway.
HGF/MET axis modulation has been shown to be impacted by several
natural compounds. Several natural compounds have been shown to
modulate the HGF/MET axis in cancer by inhibiting its signaling
through various molecular mechanisms.

4.1. Compounds with direct inhibitory impacts on HGF/MET

4.1.1. Ginger

Plants in the Zingiberaceae family include ginger (Zingiber officinale
Roscoe) [33]. Ginger is the most commonly used herbal drug in many
countries [34]. Ginger has antioxidant and anti-inflammatory proper-
ties, but a less-studied bioactivity may relate to its neuroprotective
properties [35]. Zingiber officinale is one of the medicinal plants that
have beneficial health effects and are widely used in pharmaceuticals
and food products [36]. In traditional medicine, ginger rhizomes have
been used as a spice or dietary supplement for centuries [37]. Inte-
grating computational docking, molecular dynamics simulation, and
pull-down assay revealed that ginger extract directly acts on overex-
pressed c-MET in osteosarcoma (OS) tissues. Two of the chief compo-
nents of ginger extract, 6-gingerol and 6-shogaol exerted high binding
affinity to c-MET as supported by stable docking and simulation results.
Pull-down assays also confirmed physical interaction between ginger
extract and c-MET in OS cells. Functionally, the treatment with ginger
extract inhibited c-MET activation and thwarted downstream signaling
cascades such as PI3K/AKT, ERK, and STAT3. The same was replicated
after knockdown of c-MET that downregulated OS cell growth,
decreased colony formation, and promoted apoptosis. All these results
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suggest that ginger extract displays anti-osteosarcoma activity by direct
inhibition of c-MET and its signal cascade [38] (Fig. 4).

4.1.2. Resveratrol

Resveratrol (3,4',5-trihydroxy-transstilbene) is a nutraceutical "mir-
acle" in the fight against cancer. Phytoalexins like resveratrol protect
plants from stress and pathogens [39]. Resveratrol has been shown to
suppress the HGF/c-Met signaling pathway in human hepatocellular
carcinoma (HCC) cells, contributing to its antitumor effects. Short-term
treatment with resveratrol significantly attenuates HGF-induced acti-
vation of the c-Met pathway, while prolonged exposure results in a
marked reduction in c-Met phosphorylation. Additionally, resveratrol
impairs HGF-driven cellular invasion, an effect that is diminished upon
c-Met knockdown, indicating that resveratrol’s anticancer efficacy is at
least partly mediated through c-Met inhibition. In vivo xenograft studies
further confirmed the compound’s antitumor potential, substantially
reducing tumor growth [93]. In epithelial prostate cancer (CaP) cells,
resveratrol disrupts HGF-dependent stromal-epithelial interactions
required for cellular migration by inhibiting c-Met receptor engagement,
thereby attenuating EMT-related processes [40] (Fig. 4).

4.1.3. Honokiol (HNK)

In addition to possessing antitumor activity against a number of
human cancer cell lines, honokiol ((3',5-di-(2-propenyl)-1,1"-biphenyl-
2,2-diol) is a promising lignan. In vitro and in vivo studies have shown
that honokiol inhibited cancer cell proliferation, invasion, and survival.
Its antineoplastic effects are induced by interfering with signaling
pathways [41]. Using a model of calcineurin inhibitor (CNI)-induced
renal tumor progression, Balan and colleagues investigated how the
c-Met signaling pathway affected the anticancer activity of honokiol
(HNK). Their findings showed that CNI increased both Ras activation
and c-Met expression. Furthermore, HNK treatment led to decreased
c-Met phosphorylation and Ras activity in renal carcinoma cells. Addi-
tionally, HNK suppressed the upregulation of HO-1 driven by both CNI
and c-Met, while promoting apoptosis in tumor cells. Overall, HNK
significantly curtailed CNI-induced renal tumor growth, reduced levels
of phosphorylated c-Met and HO-1, and lowered tumor vascularization
[42]. Sabarwal and colleagues demonstrated that combining rapamycin
with honokiol effectively suppressed Ras activation and cell prolifera-
tion while inducing G1 phase cell cycle arrest in renal carcinoma cells.
This combination also led to a marked increase in ROS production and
apoptotic cell death, even in the presence of active c-Met signaling.
Notably, honokiol downregulated c-Met-driven expression of PD-L1, a
key immune checkpoint molecule that facilitates immune evasion in
renal cancer. Furthermore, the rapamycin-honokiol combination
enhanced immune-cell-mediated cytotoxicity against mouse renal can-
cer cells and Balb/c splenocytes, potentially through PD-L1 suppression
[43] (Fig. 4).

4.1.4. Quercetin

Quercetin, a flavonoid classified within the flavone subclass, pos-
sesses a characteristic C6-C3-C6 three-ring structure comprising rings
A, B, and C. Quercetin plays a multifaceted role in plants by promoting
seed germination, pollen tube elongation, and enhancing photosynthetic
performance and antioxidant capacity. Its potent antioxidative proper-
ties are particularly vital in conferring resilience against various biotic
and abiotic stresses, thereby contributing to improved plant growth,
development, and stress tolerance [44]. HGF-stimulated melanoma cell
invasion and migration were suppressed by quercetin dose-dependently.
C-Met expression was reduced by quercetin’s effect on fatty acid syn-
thase. Moreover, quercetin inhibited signaling molecules downstream
c-Met, such as GRB2-associated-binding protein 1 (Gabl), focal adhe-
sion kinases (FAK), and p2l-activated kinases (PAK). The inhibitory
effect of quercetin on melanoma cell migration was significantly
diminished by overexpression of FAK or PAK [45]. Inhibition of the HGF
signaling pathway represents a promising strategy for preventing and
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Fig. 4. Natural compounds moderating the HGF/MET signaling pathway in cancer. The figure illustrates the chemical structures and molecular impacts of selected
phytochemicals, including Ginger Extract (6-Gingerol & 6-Shogaol), Resveratrol, Honokiol, Quercetin, Berberine, EGCG, Curcumin, Metformin, Apigenin, Silibinin,
Myricetin, and Nobiletin. Compounds are classified based on their mechanisms of action: green denotes compounds that directly inhibit MET, while blue denotes
those that indirectly modulation of the HGF/MET signaling axis. Created with BioRender.com. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

treating human medulloblastoma, given the critical role of HGF and its
receptor, MET, in promoting tumor growth and metastasis. In medul-
loblastoma cell lines, the flavonoids quercetin, kaempferol, and myr-
icetin were shown to suppress MET-induced cellular migration and
inhibit the formation of actin-rich membrane ruffles. Moreover, both
quercetin and kaempferol significantly attenuated HGF-mediated acti-
vation of the AKT signaling pathway, further supporting their potential
as therapeutic agents targeting the HGF/MET axis [46] (Fig. 4).

4.1.5. Berberine

A potential bioactive agent, berberine (BBR), has remarkable health
benefits. Several studies have examined BBR’s anticancer potential,
noting that apoptosis, cell cycle control, and autophagy were all
inhibited by BBR. Downregulation of metastasis-related proteins by BBR
also inhibited tumor cell invasion and metastasis [47]. In a 2022 study
by Chen et al., the combination of berberine (BBR) and osimertinib was
shown to induce apoptosis in multiple MET-amplified, EGFR-mutant
NSCLC cell lines, likely by upregulating the pro-apoptotic protein Bim
and downregulating the anti-apoptotic protein Mcl-1. MET kinase assays
confirmed that BBR directly inhibited MET activity. Notably, this

therapeutic combination significantly suppressed the growth of
osimertinib-resistant, MET-amplified xenograft tumors in nude mice
[48] (Fig. 4).

4.1.6. Epigallocatechin-3-gallate (EGCG)

EGCG, a major polyphenolic compound derived from green tea
extract, exhibits both anticancer and anti-inflammatory properties
through modulation of multiple cellular signaling pathways. EGCG has
been shown to inhibit the HGF/c-Met axis in various cancer models,
including immortalized MCF10A and MDA-MB-231 breast epithelial
cells, where it suppressed HGF-induced activation of MET, ERK, and
AKT, thereby blocking cell motility and invasion at concentrations as
low as 0.3-5.0 uM [96]. Furthermore, in hypopharyngeal carcinoma
cells, EGCG inhibited HGF-mediated increases in MMP-9 and
urokinase-type plasminogen activator (uPA) activity, both of which are
crucial for tumor cell invasiveness [97]. EGCG also markedly attenuated
c-Met phosphorylation and downstream signaling via AKT and ERK,
while concurrently activating the pro-apoptotic p38 and JNK pathways
and increasing the cleavage of caspase-3 and poly (ADP-ribose) poly-
merase (PARP), indicating enhanced apoptotic induction. In vivo studies
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confirmed EGCG’s therapeutic efficacy, demonstrating significant tumor
growth suppression and increased apoptosis, thereby supporting its
potential as an HGF/c-Met-targeting chemopreventive agent [95-98]
(Fig. 4).

4.2. Compounds with indirect influences on HGF/MET

4.2.1. Curcumin

The turmeric plant, Curcuma longa, contains curcumin, which has
anti-inflammatory and antineoplastic properties. Curcumin exhibits
potent antineoplastic effects by modulating multiple oncogenic and in-
flammatory pathways. It exerts its anticancer activity through the in-
hibition of pro-inflammatory mediators such as cytokines,
cyclooxygenase-2 (COX-2), and reactive oxygen species (ROS), and by
suppressing key signaling cascades including NF-kB, JNK, and STAT3
[77]. In lung cancer cell lines A549 and PC-9, curcumin attenuated
HGF-induced epithelial-mesenchymal transition (EMT), preventing
associated morphological changes and migratory behavior by blocking
c-Met phosphorylation and downstream signaling through AKT, mTOR,
and S6 [78]. It also restored epithelial markers such as E-cadherin while
downregulating mesenchymal and angiogenic markers including
vimentin, CD34, and VEGF in vivo. In DU145 prostate cancer cells,
curcumin significantly reduced HGF-induced scattering, invasion, and
vimentin expression by suppressing phosphorylated c-Met, ERK, and
Snail, indicating a regulatory role in EMT via the HGF/PI3K/AKT axis
[79]. Similarly, in A549 and PC-9 cells, curcumin downregulated
PI3K/AKT/mTOR signaling, thereby inhibiting angiogenesis and EMT
[80]. In human malignant meningioma models, curcumin disrupted
HGF-mediated proliferation, migration, invasion, and EMT via sup-
pression of the same pathway [81]. In oral squamous cell carcinoma
(OSCCQ) cell lines HSC4 and Ca922, curcumin counteracted HGF-induced
EMT potentially driven by ERK activation [82]. Collectively, these
findings highlight curcumin as a promising candidate for targeting
HGF/MET-driven oncogenic processes, particularly EMT, across various
tumor types including OSCC (Fig. 4).

4.2.2. Metformin

Originally known as metformin (1,1-dimethylbiguanide), this
biguanide-based pharmaceutical is derived from Galega officinalis [49].
In clinical trials, metformin has been shown to be safe and well-tolerated
oral drug for treating type 2 diabetes through LKB1/AMPK-dependent
activity [49]. Both c-Met mRNA and protein levels were decreased in
MDA-MB-468 cells treated with metformin. Compared to 468/C cells,
metformin abrogated inhibition of ALDH1+ cells. Activation of STAT3
and AKT1 and upregulation of Gabl were found to be downstream ef-
fects of c-Met [50]. A conserved kinase complex called AMP-activated
protein kinase (AMPK) facilitates the maintenance of energy homeo-
stasis in cells. In addition, activated AMPK inhibits cell proliferation
under energy-restricted conditions, suggesting that it acts as a tumor
suppressor [51]. Metformin is reducing the risk of HCC in diabetic pa-
tients with chronic liver disease, and it is having protective effects
against the development of HCC as well as chemically induced trans-
genic or diet models of hepatocarcinogenesis [52-54]. Genetic ap-
proaches in vitro confirmed AMPK’s role in alleviating
AKT/c-Met-induced hepatocarcinogenesis induced by metformin. Met-
formin also repressed FASN and HK-2 expression in vitro by targeting
c-Myc through AMPK. In vivo, metformin reduced Cyclin D1 and c-Myc
expression, as well as phospho-ERK (Thr202/Tyr204). In AKT/c-Met
mice, metformin inhibited malignant transformation of hepatocytes.
Furthermore, metformin inhibits PKM2 expression with anti-AMPK
compound C, suggesting that it acts independently of AMPK [55]
(Fig. 4).

4.2.3. Apigenin
4')5,7-trihydroxyflavone, also known as apigenin, is a natural
flavonoid compound found in various fruits, vegetables, and functional
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foods. Studies have shown that apigenin has cytostatic and cytotoxic
effects on cancer cells [56]. Lee et al. examined the effects of several
flavonoids, apigenin, naringenin, genistein, and kaempferol, on
MDA-MB-231 human breast cancer cells induced by HGF. Apigenin
exhibits the strongest anti-migration and anti-invasion properties in the
Boyden chamber assay. In addition to inhibiting HGF-induced cell
migration and invasion, apigenin suppresses cellular motility and scat-
tering in a dose-dependent manner. It selectively inhibits AKT phos-
phorylation, while having no significant effect on the phosphorylation of
MET, ERK, or JNK. This suppression of AKT activation by apigenin is
observed in both MDA-MB-231 breast cancer cells and SK-Hep1 hepa-
toma cells. HGF-induced lamellipodia and clustering of p 4 integrins at
actin-rich adhesive sites are inhibited by apigenin in a PI3K-dependent
manner [57] (Fig. 4).

4.2.4. Silibinin

Known for its antioxidant, antineoplastic, and hepatoprotective
properties, silibinin is derived from milk thistle (Silybum marianum) [58,
59]. A study was conducted to evaluate the antitumor potential of
Silybum marianum total extract (STE), silymarin (Sm), and silibinin (Sb)
in a rat model of chemically induced HCC. Cancerous lesions in rats were
inhibited by STE, Sm, and Sb treatment. HGF/c-Met, and
PI3BK/AKT/mTOR and Wnt p/-catenin pathways were also inhibited
along with Ki-67 expression. It was also noted that the treatment
reduced hepatic lipid peroxide production, increased glutathione con-
tent, and increased antioxidant enzyme activities in rats [60] (Fig. 4).

4.2.5. Myricetin

The flavonoid myricetin (MYR) occurs in a wide variety of natural
plants, for instance, bayberry. MYR was reported to have various bio-
logical activities, for instance, anti-inflammatory and anti-microbial
activities. MYR was reported to be useful for therapy of thrombosis,
diabetes, cerebral ischemia, Alzheimer’s disease and atherosclerosis
[61]. A malignant brain tumour commonly found in children, medul-
loblastoma, was shown to be sensitive to MYR. In medulloblastoma
DAOY cells, MYR inhibited HGF/MET signaling and prevented mem-
brane ruffling induced by actin [62]. MYR’s antineoplastic effects on
HGF signaling were evaluated under lipopolysaccharide (LPS)-induced
inflammatory conditions. Additionally, the anti-osteoclastogenic effects
of MYR were assessed in receptor activator of nuclear factor kappa-B
ligand (RANKL)-stimulated RAW264.7 macrophage cells. MYR did not
affect cell viability, but MMP-1, -2, and -8 mRNA expression and enzyme
activity were [63] (Fig. 4).

4.2.6. Nobiletin

The polymethoxylated flavonoid nobiletin is found in citrus fruit
peels and exerts anti-tumor, anti-inflammatory, anti-oxidative, anti-
apoptotic and cardiovascular effects [64]. Nobiletin has been shown to
inhibit HGF-induced adhesion, invasion, and migration in cell-matrix
adhesion assays. Additionally, nobiletin inhibited the formation of
filopodia and lamellipodia induced by HGF. Nobiletin inhibited phos-
phorylation of c-Met, ERK2, and AKT caused by HGF, but not JNK1/2 or
p38 [65] (Fig. 4).

4.3. Compounds with uncertain or less-defined mechanisms on HGF/MET

4.3.1. Ginsenosides

The main constituents of ginseng are ginsenosides, which have
unique biological properties, including antitumor, anti-apoptotic, anti-
oxidant, and anti-inflammatory [66]. A-Panaxadiol group (for example,
Rb1l, Rb2, Rb3, Rc, Rd, Rg3, and Rh2), B-Panaxatriol group (for
example, Re, Rgl, Rg2, and Rh1), and C-Oleanolic acid group (for
example, Ro) are ginsenosides classified by their sugar moiety position
and quantity [67,68]. In a study by Kwok et al., ginsenoside-Rgl
reverse-regulated MET-tyrosine kinase receptor expression through
miR-23a to induce angiogenesis [69].
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5. Effects of phytochemicals on HGF/MET for modulation of
chemoresistance

Understanding the molecular pathways that afford resistance to
targeted therapies is crucial for developing effective alternative treat-
ments. Investigating the molecular mechanisms underlying drug resis-
tance is essential for improving the efficacy of MET-targeted therapies.
Resistance to MET TKIs may involve alterations, not only in the MET
gene itself, but also in other genes that promote cell survival [4]. The
MET receptor and downstream proliferation pathways are prolongedly
activated in MET dysregulation due to a heterogeneous array of alter-
ations [70]. MET mutations occur in 3-5 % of NSCLC patients, mainly
adenocarcinomas, with an overrepresentation in sarcomatoid cases [71,
72]. It is estimated that 1 %-5 % of patients with NSCLC will develop de
novo MET amplifications, as well as most patients with adenocarcinoma
[73]. About 4 % of patients with NSCLC who are TKI naive have MET
amplifications that may drive oncogenesis [74]. Resistance mechanisms
to EGFR TKI therapy have also been identified in MET exon 14 alter-
ations [75]. MET amplifications were detected in approximately 12 % of
patients with NSCLC with ALK rearrangements who developed resis-
tance to second-generation inhibitors and 22 % of those who progressed
on lorlatinib [70]. Luteolin acts on the HGF-MET-AKT signaling
pathway to counteract resistance to osimertinib. In NSCLC, the T790 M
mutation confered resistance to first- and second-generation EGFR TKIs
[76]. Although osimertinib remained effective initially, acquired resis-
tance often develops. This resistance is frequently driven by MET
amplification and increased AKT activation. However, combining
luteolin with osimertinib has been shown to overcome this resistance,
suggesting that NSCLC patients may potentially benefit from this com-
bination therapy [77]. Radiosensitization and chemotherapy associated
side effects can be reduced by luteolin treatment secondary to the in-
hibition of Nrf2 and HGF-MET-AKT signaling pathways. Due to its
inhibitory effects on NF-kB and p38 MAPK signaling pathways, luteolin
can also alleviate cancer related complications. Consequently, luteolin
holds potential therapeutic value in the management of
cancer-associated cachexia and malignant bone pain. Additionally, it
has been shown to inhibit the PD-1/PD-L1 immune checkpoint inter-
action and to induce autophagy during the early stages of tumor
development [78]. Gabl, a key signal transduction pathway effector in
HGF/MET, mediates alectinib resistance. MET was shown to overcome
alectinib resistance induced by HGF/MET signaling by disrupting the
MET-Gabl complex and modulating downstream signaling pathways
[79].

6. Targeted treatments focusing on the HGF/MET pathway in
cancer

Preclinical studies have identified the dominant roles of HGF/c-MET
signaling in selected cancers that have galvanized efforts to treat
selected patient populations who ideally can have clinical effects by
targeted therapy aimed at the HGF/c-MET pathway. Agents that target
this pathway can, in a very broad sense, be roughly categorized into
several categories: anti-c-MET monoclonal antibodies, anti-HGF anti-
bodies, non-selective c-MET tyrosine kinase inhibitors (TKIs), and se-
lective c-MET TKIs [80]. We discuss the latest clinical trials that focused
on HGF/MET signaling in cancers, either alone or in conjunction with
other drugs.

Early clinical data indicate that administering MET chimeric antigen
receptor (CAR) T-cells directly into breast cancer tumors induced tumor
necrosis, hemorrhage, and infiltration of inflammatory cells, all while
maintaining a favorable safety profile [81]. In a phase I clinical trial
(NCT03060356) assessing for the safety of c-MET-targeted CAR T cells
via intravenous RNA electroporation in melanoma or metastatic breast
cancer, six patients had grades 1 or grades 2 toxicities only. It should,
however, be recalled that there were no cases of severe toxicities (grade
3 and above) or neurotoxicities, and drug discontinuations, which
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therefore mean that the therapeutic strategy remained tolerable and
relatively safe [82]. Cabozantinib, a multi-target MET inhibitor, has
demonstrated notable efficacy in treating ovarian cancer. In contrast,
cabozantinib showed little effect when used as a second or third line
treatment for primary peritoneal, fallopian tube, or clear cell carcinoma
[83,84]. There were no responders to phase I study of sole-agent
regimen of YYB-101, HGF blockade, in ovarian cancer, when YYB-101
had already been given to patients who had failed more than four pre-
ceding regimens [85-87].

Two large phase III clinical trials concluded that overall survival
failed to improve compared to placebo for tivantinib. Twice-daily
administration of 120 mg of tivantinib failed to show convincing sur-
vival advantage compared to placebo administration in advanced MET-
high hepatocellular carcinoma (HCC) patients in METIV-HCC study.
Progression-free survival (PFS) also proved to be the same for both arms.
Subgroups analysis also failed to affirm superiority of tivantinib in all
patient subgroups. Analogously, JET-HCC study, conducted in Japan,
concluded that once-daily administration of oral tivantinib failed to
enhance statistically overall survival or PFS in MET-high HCC patients,
who were relapsed or intolerable to sorafenib, affirming results of
METIV-HCC study [88,89]. Nonetheless, cabozantinib therapy proved to
demonstrate unprecedented survival and PFS improvement in advanced
HCC cases, which proved to have been confirmed in the randomized,
placebo-controlled, phase III study, CELESTIAL [90].

In a clinical investigation conducted in 2017, a phase I run-in study
evaluated the combination of tivantinib with FOLFOX chemotherapy in
solid tumors, followed by a phase II trial assessing its efficacy as a first-
line treatment for esophagogastric cancer. Tivantinib did not confer any
significant therapeutic advantage, with overall response rates compa-
rable to historical data for FOLFOX monotherapy. Furthermore, no
significant correlation was identified between MET protein expression
levels and immunohistochemical (IHC) analysis [91]. In another study,
nine gastric cancer patients were treated with capmatinib; stable disease
was observed in only two patients. Additionally, no clear correlation was
found between treatment response and the different diagnostic tech-
niques used to evaluate MET overexpression [92]. Following clinical
success in several cases of MET-amplified esophagogastric cancer, a
phase II trial was initiated to evaluate crizotinib. Among participants,
tumor responses were observed in 67 % (2 out of 3) of patients with
low-level MET amplification and in 50 % (3 out of 6) of those with in-
termediate amplification. However, the study was prematurely dis-
continued due to insufficient patient enrollment [93]. A subsequent
phase II trial was conducted in patients with previously treated
advanced esophagogastric cancer and other solid tumors to assess the
efficacy of AMG337, a highly selective small-molecule inhibitor target-
ing c-Met signaling. Despite initial promise, the study was terminated
early due to the inability of AMG337 to replicate the previously
observed objective response rate (ORR) of up to 62 % in a small group of
13 patients. Biomarker analysis revealed a mean MET/CEP?7 ratio of 7.7
in the 8 responders and 7.1 in the 39 non-responders, indicating no
significant correlation between MET gene amplification levels and
treatment response. The single-arm design and premature discontinua-
tion of the trial may have limited a comprehensive evaluation of
AMG337’s therapeutic potential [94]. A phase II non-randomized, sin-
gle-arm trial evaluated emibetuzumab in patients with advanced gastric
cancer who had completed second-line chemotherapy. Eligibility was
based on MET protein expression assessed by IHC, with inclusion
requiring 2+ or 3+ staining in over 60 % of tumor cells. Despite this
selection, no patients achieved a partial response. One patient exhibited
a 22 % reduction in the target lesion; however, the development of as-
cites led to classification as progressive disease [95].

In a retrospective cohort analysis of 112 non-clear-cell renal cell
cancer patients treated with cabozantinib, next-generation sequencing
results were available in 54 cases. Most common mutated somatic genes
were MET (patients 11, 20 %) and CDKN2A (12, 22 %). There were
observed therapeutic effects regardless of their presence or absence of
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such clear genetic mutations [96]. No treatment-related fatalities were
reported. A phase III, open-label, randomized multicenter trial involving
60 patients with MET-driven papillary renal cell carcinoma (PRCC)
compared the efficacy of savolitinib monotherapy to sunitinib mono-
therapy. Although progression-free survival (PFS), overall survival (OS),
and objective response rate (ORR) were numerically higher in the
savolitinib group, the difference in median PFS between the two treat-
ment arms did not reach statistical significance [97]. Another study
demonstrated a notable improvement in both progression-free survival
(PFS) and response rate with the use of cabozantinib, a dual inhibitor
targeting both vascular endothelial growth factor (VEGF) and MET
pathways, when compared to sunitinib. Interestingly, sunitinib showed
superior clinical efficacy compared to more selective MET inhibitors
such as crizotinib and savolitinib [98]. Furthermore, sunitinib exhibited
better clinical activity than the more selective MET inhibitors crizotinib
and savolitinib [19]. Additionally, findings from a single-arm phase II
clinical trial indicated that the combination of durvalumab and savoli-
tinib was well tolerated in patients with metastatic papillary renal
cancer (PRC). Among those with MET-driven disease, the confirmed
response rate (cCRR) reached a promising 59 %. Although the combina-
tion did not achieve its primary response endpoint in the overall study
population, favorable trends were observed across key efficacy out-
comes, including PFS, OS, and duration of response [99].

Compared to patients with intermediate (MET/CEP7 ratio >2.2 to
<4) or low (MET/CEP7 ratio >1.8 to <2.2) levels of MET amplification,
those with high-level MET gene amplification (MET/CEP7 ratio >4) as
determined by fluorescence in situ hybridization (FISH) demonstrated a
markedly improved median progression-free survival (PFS) when
treated with crizotinib. Specifically, patients with high-level amplifica-
tion exhibited a median PFS of 6.7 months, in contrast to 1.9 months and
1.8 months for the intermediate and low amplification groups, respec-
tively [100], while a phase II clinical trial demonstrated limited clinical
benefit, with an ORR of 27 % and a median PFS of 4.4 months [101]. A
separate phase II clinical trial reported comparable outcomes. Among
patients with >6 copies of the c-Met gene, the objective response rate
(ORR) reached 16 % and progression-free survival (PFS) was 3.2
months. In comparison, patients across all c-Met mutation cohorts
demonstrated an ORR of 10.7 % and a median PFS of 2.2 months [102].
According to an independent review, tepotinib in patients with
advanced NSCLC who had MET alterations, such as MET exon 14 skip-
ping mutations and MET amplification, was associated with a median
ORR of 46 % and a median PFS of 8.5 months in the phase II VISION
trial. Additionally, there were no discernible differences in the responses
of naive and previously treated patients. Furthermore, tepotinib’s safety
and effectiveness in a subgroup of elderly patients (over 75) with NSCLC
were comparable to those of the other enrolled patients (ORR 39.7 %,
median PFS 8.6 months) [103]. Furthermore, there was no difference in
the intention-to-treat population’s clinical outcomes between a phase 2
study of erlotinib with or without emibetuzumab in patients with
advanced epidermal growth factor receptor (EGFR)-mutated NSCLC.
Nevertheless, a post hoc exploratory assessment showed that the com-
bination regimen had a superior median PFS (20.7 months) versus
erlotinib monotherapy (5.4 months) [104].

7. Bioavailability challenges of natural compounds

A compound’s health benefits cannot be realized before it undergoes
metabolism in the intestines [105]. Bioactive compounds must be
bioavailable to be effective [106]. Investigating dietary bioactive com-
pounds’ health effects may be redundant without knowing their
bioavailability. A key step is determining the bioavailability of food
components and associated health claims, followed by knowing circu-
lating metabolites, which facilitates understanding the mechanism of
action [107].

Compared to pharmaceutical drugs, unraveling the bioavailability of
food constituents is more challenging due to their complexity, several
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factors that influence their transition during digestion, and the different
mechanisms of absorption of water-soluble and lipid-soluble molecules
[107]. To take synthetic/semi-synthetic drugs at the right time and in
the correct dose is essential. Phytochemicals are consumed at irregular
intervals at low and variable levels as part of a regular diet [108].
Phytochemicals are, therefore, difficult to assess for their specific health
benefits. Additionally, due to physicochemical changes, phytochemi-
cals’ oral bioavailability and bioactivity may differ after processing,
long-term storage, and oral intake [108,109].

Bioavailability and bioactivity of phytochemicals are highly depen-
dent on their structure, quantity, and foods they are consumed with
[110,111]. Moreover, phytochemicals possess an enormous range of
molecular weights, charge, functional groups, and polarity, which result
in diverse solubibility, partitioning, stability under various environ-
mental circumstances, and physical states [112]. After oral route
administration, phytochemicals have to dissolve in gastrointestinal
fluids (GIFs), but one of the largest barriers to efficient oral delivery are
their low solubility rates in GIFs. GIFs contains pH ranging 1.2 in
stomach to 6.8 in small intestine, and action of gut enzymes propel their
metabolism. Accordingly, most of phytochemicals are decomposed by
gastric acidity of gut and are subject to metabolism by various enzymes,
which result in low oral bioavailability [113]. In addition, high lip-
ophilicity of phytochemicals results in low absorbability in intestines,
which consequently decrease their bioavailability. Main factors, which
affect phytochemical bioavailability, are lipophilicity, intestinal
absorbability, and gastrointestinal fluids stability [114,115]. Poly-
phenols, e.g., curcumin and tea, are absorbed efficiently via lymphatics
compared to circulatory systems. Phenolic molecular structure, glycone
or aglycone, can affect their absorbability, which result in variability in
their bioavailability [116]. Polyphenol absorbability rates range 0.3 %-—
43 % and their metabolites frequently have low plasma levels [106].
Hydrophilic drugs or polyphenols are always absorbed better than
lipophilic drugs or polyphenols are. Polyphenols found in foods are most
of the time existed in esters, glycosides, or polymers, which are not
absorbed in their undigested conformers [117]. Enzymes found in small
intestine hydrolyze most of polyphenols at brush border of epithelial
cells [118,119]. Flavonoid aglycones are also conjugated by Phase II
enterocyte enzymes, which results in methylated or glucuronidated
derivatives. These are exported to the intestinal lumen by ABC trans-
porters [117,118,120]. Apart from that, unconjugated flavonoids and
their metabolism are also conjugated by hepatocytes, which are secreted
to the bloodstream or bile by the hepatic portal vein. From systemic
circulation, polyphenol metabolism are subsequently excreted in urine
[118,119,121]. Finally, polyphenols are also broken down by the large
intestine’s microbiota and other bigger molecules that are not absorbed
in the small intestine.

8. Conclusion and future perspective

The HGF/MET signaling pathway plays a crucial role in driving
oncogenesis, metastasis, and therapeutic resistance in a wide array of
cancers. Its activation contributes to tumor progression by promoting
unchecked cellular proliferation, resistance to apoptosis, angiogenesis,
and the EMT—a key step in metastasis. Because of its central involve-
ment in cancer biology, this pathway has become a major target for
therapeutic intervention. Despite the development of MET inhibitors,
including monoclonal antibodies, small-molecule TKIs, and combina-
tion therapies, clinical outcomes have often fallen short of expectations.
One major hurdle is the emergence of intrinsic and acquired resistance,
which has prompted a search for alternative or complementary thera-
peutic strategies. Among these, natural compounds are gaining attention
due to their multi-targeted actions and generally favorable safety pro-
files compared to synthetic drugs. Phytochemicals such as flavonoids,
curcumin, EGCG, honokiol, and resveratrol have shown substantial
promise in modulating the HGF/MET axis. These compounds interfere
with the pathway through various mechanisms. For example, apigenin
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and quercetin can directly inhibit MET phosphorylation, thereby
dampening downstream signaling. Curcumin blocks key downstream
effectors such as the PI3BK/AKT/mTOR pathway, while resveratrol
reversed EMT and inhibited HGF-induced invasion, thereby reducing
metastatic potential. Some compounds, like luteolin, enhance the effects
of conventional therapies; in non-small cell lung cancer (NSCLC),
luteolin helped overcome resistance to the EGFR inhibitor osimertinib.

Preclinical studies have consistently demonstrated that natural
compounds not only inhibit tumor growth and metastasis but also
sensitize tumors to chemotherapy and targeted agents. EGCG and hon-
okiol, for example, help re-sensitize resistant cancer cells by disrupting
MET-mediated survival signals. Even metformin, a commonly used
antidiabetic drug, has been shown to suppress MET expression and
downstream pathways, underscoring the anticancer potential of repur-
posed natural agents. These findings support the idea of using natural
compounds as adjuncts in precision oncology. However, several chal-
lenges must be addressed before these promising compounds can be
widely adopted in clinical practice. One of the foremost issues is opti-
mizing their bioavailability and delivery. Many natural compounds are
hindered by poor solubility, rapid metabolism, and limited systemic
availability. To overcome these limitations, innovative drug delivery
systems, such as nanoparticles, liposomes, and polymer-based carriers,
are being developed. For instance, nano-curcumin has shown improved
pharmacokinetic properties in early-phase trials, suggesting a practical
path toward clinical use. A deeper understanding of the mechanisms by
which these compounds modulate the HGF/MET pathway is also
essential. Although numerous studies confirm their anticancer activity,
many questions remain about their specific molecular targets and the
context in which they are most effective. Advanced research tools such
as CRISPR-based functional screens, proteomics, and single-cell RNA
sequencing can help identify critical nodes in the pathway and uncover
resistance mechanisms. Additionally, identifying predictive bio-
markers—such as MET amplification or exon 14 skipping muta-
tions—will be key to selecting patients who are most likely to benefit
from these therapies. Combination strategies represent another prom-
ising avenue. Given the biological complexity and heterogeneity of
MET-driven cancers, natural compounds are unlikely to be effective as
monotherapies in most settings. Rational combinations—such as pairing
flavonoids with immune checkpoint inhibitors, or combining curcumin
with MET TKIs—should be explored in both preclinical and early-phase
clinical trials. These combinations have the potential to overcome
resistance mechanisms while reducing toxicity through dose sparing. To
facilitate the translation of preclinical findings into clinical practice,
rigorously designed clinical trials are urgently required. Much of the
current evidence supporting the use of natural compounds is derived
from in vitro studies or animal models. Human trials, particularly Phase I
and II studies focused on safety, dosing, and early efficacy, are critical
next steps. Examples include the testing of EGCG in MET-amplified
gastric cancer and resveratrol in hepatocellular carcinoma. Random-
ized controlled trials comparing natural compounds as adjuncts versus
standard therapy will be essential for establishing clinical relevance.
Emerging research also suggests that the HGF/MET pathway can
modulate the tumor immune microenvironment. Natural compounds
such as honokiol and quercetin have shown the ability to downregulate
PD-L1 and enhance T-cell responses. This paves the way for exploting
whether these agents can potentiate the effects of immunotherapies in
MET-altered cancers, a possibility that merits further experimentation.
In conclusion, the HGF/MET signaling pathway remains a critical target
in cancer treatment, and natural compounds offer a compelling, low-
toxicity avenue for modulating this pathway. While significant strides
have been made in understanding their mechanisms and potential ap-
plications, bridging the gap between preclinical promise and clinical
implementation will require robust translational research, interdisci-
plinary collaboration, and well-structured clinical trials. By addressing
the current limitations—such as bioavailability challenges, mechanistic
uncertainties, and a lack of clinical validation—natural agents could
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emerge as vital components of next-generation oncology, used alone or
in synergistic combination with existing therapies. Continued invest-
ment in this area holds the promise of improving outcomes for patients
with MET-driven malignancies.
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