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Abstract

Moscatilin, a bibenzyl derivative from the Dendrobium genus, has been traditionally used in Chinese medicine. Recent
studies suggest its potential as a powerful anticancer agent due to its diverse pharmacological properties.This review aims
to consolidate current research on moscatilin’s anticancer mechanisms, structure—activity relationships, and therapeutic
potential to assess its viability for clinical use. A literature search was performed in PubMed/MedLine, Scopus, and Web
of Science.The search focused on “cancer,” “moscatilin,” “anticancer,” “bioactivity,” “dendrobium,” and “pharmacological
properties.” Relevant studies on molecular mechanisms, preclinical and clinical efficacy, and bioavailability were reviewed.
Moscatilin exhibits significant anticancer effects in lung, breast, colorectal, and pancreatic cancers. It induces apoptosis via
the INK/SAPK pathway, inhibits cell proliferation, and suppresses metastasis. Structure—activity relationship studies reveal
that phenolic groups and a two-carbon bridge are crucial for its efficacy. Additionally, moscatilin shows good bioavailability
and a favorable safety profile, with low toxicity to healthy cells. Moscatilin demonstrates considerable potential as an anti-
cancer agent, targeting multiple cancer progression pathways. Further clinical trials are essential to confirm its therapeutic
efficacy and safety in humans.
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ERK1/2  Extracellular signal-regulated kinase ¥2

FAK Focal adhesion kinase

Glu A Glucuronic acid

GSH Glutathione

HDAC3  Histone deacetylase 3

HSP70 Heat shock protein 70

HUVEC  Human umbilical vein endothelial cells

1C50 Half maximal inhibitory concentration

JNK C-Jun NH2-terminal protein kinase

LD50 Lethal dose 50

Me Methyl

MEK1/2  Mitogen-activated protein kinase ¥2

NF-xB Nuclear factor kappa-light-chain-enhancer of
activated B cells

PARP Poly (ADP-ribose) polymerase

PI3K Phosphoinositide 3-kinase

PTEN Phosphatase and tensin homolog deleted on
chromosome 10

ROS Reactive oxygen species

SAPK Stress-activated protein kinases

SCC Squamous cell carcinoma

SO3 Sulfur trioxide

uPA Urokinase plasminogen activator

VEGF Vascular endothelial growth factor

VEGFR2 Vascular endothelial growth factor receptor 2
Introduction

Cancer is the second leading cause of death worldwide, with
an estimated 18.1 million new cases and 9.6 million deaths
in 2018; according to GLOBOCAN, there will be a signifi-
cant increase in both cancer incidence and mortality between
2020 and 2030, reaching 24.6 million new cases and 12.9
million deaths, respectively [1]. Until the year 2020, the
most diagnosed cancers were breast cancer (2.3 million
cases), lung cancer (2.2 million cases), and colorectal can-
cer (1.8 million cases) [1]. Some risk factors for cancer can
include age, lifestyle, family history, environmental factors,
and genetics [2]. This condition is characterized by the can-
cer cells’ ability to invade adjacent tissues, spread to distant
regions of the body, and proliferate in an uncontrolled way.
In this sense, it is important to continue exploring other
potential adjuvant therapies for cancer [3, 4].

Moscatilin, a bibenzyl derivative common in the genus
Dendrobium has been used in traditional Chinese medicine
for decades due to its immunomodulatory, antioxidant and
anti-aging potential [5]. Furthermore, it has been the subject
of several investigations due to its potential use in cancer
therapy [6]. In this regard, distinct authors have demon-
strated that moscatilin has the potential to inhibit the growth
of several cancers, including colon [7], breast [8], pancreatic
[9], and lung cancer [10]. The antitumor potential of this
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compound has been validated through several mechanisms,
including induction of apoptosis, inhibition of cell prolifera-
tion and tumor invasion and migration [10-13]. Besides,
several moscatilin derivatives also exhibit antiproliferative
activity in cancer cell lines, the ability to inhibit the cell
cycle in the G2/M phase in HCT116 cells and anti-angio-
genic effects in vivo zebrafish model [14]. These findings
suggest that moscatilin has the potential to be used as an
anticancer therapeutic.

In addition to its potential anticancer effects, moscatilin
has been demonstrated to have several pharmacological
properties, including anti-inflammatory [15, 16], antioxidant
[17], antiplatelet aggregation [18], anti-bacterial, anti-fungal
[19], and neuroprotective [20]. Indeed, this was reported to
inhibit the pro-inflammatory enzymes cyclooxygenase-2 and
iNOS after lipopolysaccharide treatment in RAW?264.7 cells
[21]. Also, it was demonstrated to possess neuroprotective
benefits against Alzheimer’s disease, by improving learning
and memory deficits in mice [17]. However, only a few phar-
maceutical manufacturers in China sell moscatilin, which
has a current price of about $ 649 (10 mg), despite having a
wide range of therapeutic benefits [22]. Thus, more clinical
research should be done in this field, to better understand
how it affects human health.

This review highlights the novel aspects of moscatilin,
providing a comprehensive understanding of its antican-
cer mechanisms, including apoptosis induction, cell cycle
arrest, and anti-metastatic activities. It delves into the struc-
ture—activity relationships, identifying critical functional
groups for efficacy. Additionally, this review addresses
gaps in current knowledge by compiling recent findings on
moscatilin’s metabolism, bioavailability, and pharmacoki-
netics, paving the way for future clinical applications. By
incorporating the most recent research, this review offers a
comprehensive and reliable overview of moscatilin’s anti-
cancer properties.

Review methodology

A comprehensive literature search was conducted across
three electronic bibliographic databases: PubMed/MedLine,
Scopus, and Web of Science. The search strategy employed
both Medical Subject Headings (MeSH) and relevant key-
words to identify pertinent studies. The specific MeSH terms
and keywords used included “Cancer,” “Moscatilin,” “Anti-
cancer,” “Bioactivity,” “Dendrobium,” “Drug metabolism,”
“Moscatilin derivatives,” “Anticancer mechanisms,” “Phar-
macological properties,” “Bioavailability,” “Drug safety,”
and “Toxicity.” These terms were used individually and in
various combinations with Boolean operators (AND, OR,
NOT) to refine the search results. The inclusion criteria
for this review were articles published in English, studies
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focusing on the anticancer properties and mechanisms of
moscatilin, research on the bioactivity, pharmacokinetics,
and bioavailability of moscatilin, and papers discussing the
structure—activity relationships of moscatilin and its deriv-
atives. Studies not related to moscatilin or its derivatives,
non-English articles, and papers lacking significant data
on anticancer mechanisms or pharmacological properties
were excluded from this review. To ensure accurate species
identification, the taxonomy of Dendrobium species was
validated using the World Flora Online (WFO) database.
Additionally, chemical structures and related data were veri-
fied using PubChem to confirm the identity and properties
of moscatilin and its derivatives. The most important data
were summarized in tables and figures.

Sources, phytochemistry, and chemical
structure

The use of orchids in herbal medicine has a very long
history. Like many other plants, orchids, produce many
phytochemicals and secondary metabolites, such as phen-
anthrenes, bibenzyls, fluorenones, sesquiterpenes, and
alkaloids, which are responsible for their wide variety of
medicinal properties [23, 24]. Moscatilin (1) is a natural
product isolated, for the first time, from the orchid Dendro-
bium moscatum [25].

Chemically, it corresponds to the 4,4’-dihydroxy-3,3’,5-
trimethoxybibenzyl and can be classified as a bibenzyl or as
a dihydrostilbene (Fig. 1).

It has been extensively reported in Dendrobium plants,
including for example D. rotundatum [26], D. nobile [27],
D. amoenum [28], D. plicatile [29], D. densiflorum [30], D.
loddigesii [18, 31-33], D. polyanthum [34], D. secundum
[35, 36], D. capillipes [36], D. oficinalle [37], D. pulchellum
[38], D. williamsonii [39], D. trigonopus [40], D. ellipso-
phyllum [41], D. fimbriatum Hook [42], D. brymerianum
[43], D. aurantiacum var. denneanum [44],D. moniliforme
[45], D. formosum [46], D. wardianum Warner [47], D.
infundibulum [48], D. palpebrae [49], D. christyanum [50],
D. chrysanthum [51] among approximately 52 species [52,
53].

OMe

OMe (1)

Dendrobium moscatum

Fig. 1 Natural source and chemical structure of moscatilin

The occurrence of the dihydrostilbenes in nature in lim-
ited amounts and inaccessible plant species has driven the
search for synthetic methods for their preparation. Conse-
quently, many synthetic methodologies have been devel-
oped to produce these compounds, but most of them rely
on the hydrogenation of stilbene derivatives which were
obtained by means of Wittig-Horner olefination [54, 55].
Claisen—Schmidt condensation [54], or Mizoroki—Heck
cross-coupling reactions, and the Ramberg-Bicklund rear-
rangement that consists in the conversion of readily available
a- and o’-hydrogen bearing substituted dibenzyl sulfones
into the corresponding stilbenes, followed by the double
bond hydrogenation in the presence of 10% Pd/C to afford
the bibenzyl derivatives [56].

Semi-synthetic derivatives and chemical
structureanticancer activity relationship

Moscatilin and other related natural antimitotic compounds
are capable to interact with tubulin and inhibit microtubule
assembly at nanomolar concentration. Structure—activity
relationship studies have shown that phenolic functional
groups are essential for anticancer activity. In addition, the
length of the bridge that links the two aryl rings is strongly
correlated with the potency of the compound; the two-car-
bon bridge analogs show the maximum activity, while the
one-carbon and three-carbon bridged analogs are less potent
(Fig. 2) [56].

At present, nearly 90 bibenzyl analogs of moscatilin
have been extracted and tested from Dendrobium species,
some of which showed various pharmacological activities
such as, antioxidant, anti-inflammatory, neuroprotective,
antidiabetic, and antitumor. Additionally, with the develop-
ment of novel synthetic routes for the synthesis of biben-
zyls, several synthetic derivatives have been produced and
tested widening the SAR (Structure—Activity Relationship
studies). For example, in 2019, Guan et al. synthesized a
series of substituted moscatilin derivatives (2) and evalu-
ated their antitumor and angiogenesis activity [14, 52]. They
observed that the same compound has distinct potency for
different cancer cell lines. Nonetheless, important effects
of substituent groups on phenyl rings of compound 2 were
observed and a compound was selected for further molecu-
lar docking studies. Among the compounds studied, five
compounds monosubstituted with chloro- or aza- groups
on the B ring showed 1Cs, below the micromolar level in
HCT116 cells. For A549 cells, the most potent compound
presented the methoxy group in the ortho-position of the Y
ring, being more active than moscatilin (1). For compounds
with R3 =2-chloro or R® =2-fluoro, the activity was close to
that of 1. However, these two compounds were more active
than 1 against HepG2 cells. Compounds 3 were less active
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5-Methoxy group is important for
anticancer activity.

Fig.2 Important groups for anticancer activity of moscatilin (1)

than 2, which suggests that 4-hydroxy and 5-methoxy are
important active groups. For compounds 3, all compounds
assessed were active against HepG2 cell with exception of
that with R*=4-fluoro. Surprisingly, when R> =4-chloro,
the compound was fivefold more active than 1. Moscatilin
was the best drug against MDA-MB-231 cells, since all the
other compounds had weaker activity, with exception of
the compound with R® = 3-hydroxy-4-methoxy that showed
similar activity to 1. For MKN-45 cells, some halogenated
compounds showed good activity, especially the compound
2, characterized by the 2,3-dichloro substitution pattern in
the B ring, which showed 300-fold higher activity than 1.

Overall, this study revealed that the anticancer activity
on different cancer cell lines is strongly dependent on the
substitution pattern of these compounds. For example, for
compounds 3, the derivative containing chloro group in the
para-position is most active against HepG2 cells, while the
derivative with the methoxy group in the para-position and
a hydroxy group in the meta-position is more active against
MDA-M-231 cells (Fig. 3).

Compound 2 (R* =2-Cl), which exhibited the best activity
against five cell lines, was selected for molecular docking
with tubulin, and it had a good affinity. The main interac-
tion between this compound and tubulin was revealed to be

4-Hydroxy and 5-methoxy are

important active groups.
K' ()
OMe

The presence of 4-hydroxy groups in the
phenyl rings is crucial for anticancer activity.

Increase or reduction of the lenght of the saturated
carbon bridge gives less potent compounds.

T\

Glu-200 (bond length: 1.8 A), and the residue of Tyr-202
(length: 3.1 A) forms two hydrogen bonds with the hydroxy
group. In addition, the B-ring stretched into the hydropho-
bic pocket composed of Leu-255, Ala-316, Ala-317, and
Thr-353, forming a stable hydrophobic bond. Ala-316 and
Ala-317 residues form a CH-n interaction with the 2’-chlo-
rophenyl group. Overall, this compound has a “V-shaped”
conformation in the pocket of tubulin contributing to a
strong activity on tumor cells [25, 26].

Other substituted bibenzyls related to moscatilin 4-9
(Fig. 4) have been isolated from D. williamsonii and were
screened for cytotoxic activity against five human tumor
lines (HL-60, SMMC-7721, A-549, MCF-7, and SW-480).
All these compounds showed very weak cytotoxicity when
compared with the positive control taxol. However, aloifol
I (5) and moscatilin (1) displayed similar activity against
HL-60 with ICy, values of 4.48 uM and 5.10 pM, respec-
tively, followed by moniliformine (2) with ICs, of 10.69 pM
[57].

R3 Activity against HCT116 cells increases
for R® = chloro- or aza- groups.
R® = 2-methoxy increases activity against
A549 cells compared to moscatilin 1.
When R3 = 2-chloro or 2-fluoro, activity
against HepG2 cells is better than with 1.

— N

Activity on different cancer cell lines is dependent of the

A
MeO \B |

MeO : 3

R? substitution pattern of B-ring:
R3 = 4-Cl best activity against HepG2 cells.
R3 = 3-OH-4-OMe best activity against MDA-M-231 cells.

Fig. 3 Structure-anticancer activity relationship studies for moscatilin analogs 2 and 3
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Fig.4 Structures of bibenzyl
derivatives related to moscatilin
(1) isolated from Dendrobium
williamsonii

Bioavailability and pharmacokinetics
of moscatilin

Drug metabolism is the process by which medications
are chemically changed within the body to allow for their
removal. The process typically involves three phases:
phase I, through which drug molecules are exposed to liver
enzymes, changing their structure to make them more acces-
sible for phase II metabolism; phase II, where the biotrans-
formed drug molecules are attached to molecules known
as conjugates, making them more water-soluble; and phase
III, where the drugs are eliminated from the body [58]. To
the best of our knowledge, just a few studies have been per-
formed on moscatilin metabolism and only phases I and II
were evaluated and proposed.

A study conducted by Zhang et al. determined the mosca-
tilin metabolites by LC-MS (Liquid Chromatography-
Mass Spectrometry) and suggested the activation routes of
the metabolites, using rat, dog, monkey, and human liver
microsomes. Six NADPH-dependent metabolites were iden-
tified in phase I, the majority of which were produced via
hydroxylation and demethylation reactions (Fig. 5) [6]. Yet,
the process of dehydrogenation also generated a metabolite.
Moreover, a metabolite formed from demethylation and sub-
sequent hydroxylation was found in monkey but not in rat,
dog, and human liver microsomes, suggesting that differ-
ent species have different metabolic pathways. In phase I,
eight metabolites conjugated with glutathione (GSH) were
detected, producing reactive metabolites. In the liver hepato-
cytes of the aforementioned species as well as of mice, Hu
et al. reported a total of 18 metabolites, with seven com-
pounds related to phase I and 11 to phase II [59]. Glucuro-
nidation and sulfation were observed in phase II, in addition
to the metabolic pathways reported by Zhang et al. [6]. Five
of the detected metabolites were not recognized in human
hepatocytes, which is a significant point to make because
the success of the treatment must always be adjusted to the
species. Dealkylation in conjunction with GSH was also
observed in moscatilin metabolism. Both experiments sug-
gested that moscatilin can be transformed into ortho-quinone
and quinone-methide intermediates, which can interact with

R20

R'O

MeO

5R'=R2=R*=R%=H, R®= OMe

6 R"=R*=R5=H, R?= Me, R® = OMe
7R'=R*=R%=H, R%= Me, R® = OH
8R"=R3¥=R*=H, R?= Me, R5 = OH
9R'"R?=CH,, R®*=R%=H, R*=0OH

cytochrome P450 enzymes and result in inhibition, lead-
ing to pharmacological interactions. In fact, ortho-quinone
methide species are reactive metabolites that can show anti-
tumor activity when they are activated in the body through
oxidation reactions [60]. These findings can contribute for a
better understanding of moscatilin bioavailability and phar-
macokinetics in the future.

Mechanism of antitumor action of moscatilin

The existing data indicate that moscatilin exhibits encourag-
ing anticancer properties in vitro and in vivo against differ-
ent forms of cancer cells including: lung, prostate, breast,
cervical, ovarian, gastrointestinal (colorectal, gastric,
oesophageal), hepatocellular cancers, sarcoma and mela-
noma—Tables 1 and 2 [7, 9, 13, 14, 38, 41, 43, 61, 62].
Moscatilin has been extensively studied in vitro using
diverse cancer cell lines. The data reveal that lung cancer
is one of the most frequently investigated cancer types with
moscatilin, highlighting its significant cytotoxic effects. For
instance, in H292 lung cancer cells, moscatilin demonstrates
an IC50 of 226 + 6 pM, inducing apoptosis and reducing
metastasis [41]. Similarly, in H23 lung adenocarcinoma
cells, moscatilin shows an IC50 in the range of 0-5 pM,
effectively reducing metastasis and cancer cell migration by
decreasing endogenous hydroxyl radical levels and inhib-
iting the phosphorylation of FAK and Akt [10]. In mela-
noma, the A375 cell line exhibits sensitivity to moscatilin,
with IC50 values between 6.25 and 50 puM. The compound
induces apoptosis, modulates Hsp70 and caspase-3 activi-
ties, and decreases cell viability in a concentration-depend-
ent manner [13]. Colorectal cancer cell lines, including
HCT-116 and HT-29, also respond significantly to mosca-
tilin, with IC50 values of 4.48 pM and 4.4 pM, respectively.
The mechanisms involve tubulin depolymerization, DNA
damage, and JNK1/2 phosphorylation, leading to cell cycle
arrest and increased apoptosis [7].Breast cancer cells, nota-
bly the MDA-MB-231 and MCF-7 cell lines, show varying
responses to moscatilin. In MDA-MB-231 cells, mosca-
tilin reduces cell migration and proliferation by inhibiting
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[Ortho-quinone]

MeO

OMe

O GSH
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Fig.5 Structures of the distinct moscatilin metabolites detected in phase I or phase II. Adapted from [6, 59]. Glu A, glucuronic acid; GSH, glu-

tathione; Me, methyl; SO;, sulfur trioxide

HDACS3 and increasing the acetylation status of histones H3
and H4 [62]. Prostate cancer cells, such as the PC-3 cell line,
are also notably affected, with IC50 values around 4.95 pM,
although specific mechanistic details are less extensively
documented [63].

In vivo studies further validate the antitumor efficacy of
moscatilin. For example, in an A549 xenograft lung cancer
mouse model, moscatilin administered at 100 mg/kg intra-
peritoneally 3 times a week significantly reduces tumor
growth and vasculature without impacting body weight
[32]. In breast cancer models, nude mice treated with
100 mg/kg/day of moscatilin show a dramatic decrease
in HDAC3 protein levels, reduced tumor growth, and
prolonged survival [62]. Similar antitumor effects are
observed in pancreatic and colorectal cancer models,
with significant reductions in tumor weight and volume,

@ Springer

highlighting the compound’s potential for broad-spectrum
anticancer activity without apparent toxicity [7, 9].

The studies summarized in the attached tables under-
score the ongoing research into moscatilin’s potential as
a potent anticancer agent. The compound is primarily
derived from extracts of the Dendrobium genus, although
several derivatives have been synthesized to enhance its
bioactivity and therapeutic potential. The recent stud-
ies focus on elucidating the multifaceted mechanisms of
moscatilin, including apoptosis induction, inhibition of
cell migration and metastasis, and antiangiogenic activi-
ties. These findings position moscatilin as a promising
candidate for further clinical investigation and potential
therapeutic application.
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The specific mechanisms by which moscatilin exhibits its
anticancer activity may vary depending on the type of cancer
cell being studied.

Apoptosis induction

Moscatilin is found to induce G2/M phase arrest in placenta
and stomach cancer cells that were treated with a lethal
dose. However, there is no detectable inhibitory effect of
moscatilin on the activity of cyclin B-cdc-2 kinase [65]. Cell
cycle arrest at G2/M phase is also observed in colorectal,
esophageal, ovarian, and lung cancer cells [7, 12, 14, 61].
The apoptosis is a result of inhibition of tubulin polymeriza-
tion, and activation of the intrinsic apoptosis pathway [7].

In paper by Zhang et al. [16], an in vitro study conducted
on several cancer cell lines demonstrated that the apopto-
sis of cancer cells is triggered through the activation of the
c-Jun N-terminal kinase/Stress-activated protein kinase
(JNK/SAPK) pathway and the generation of reactive oxygen
species (ROS) with an increase in apoptotic DNA fragmen-
tation. It also modulates the ratio of pro-apoptotic Bcl-2-as-
sociated X protein (Bax) to anti-apoptotic B-cell lymphoma
2 protein (Bcl2), thereby leading to the caspase-dependent
mitochondrial apoptosis pathway [9]. JNK activation with
subsequent increase in apoptosis-related protein expression
(e.g., cleaved caspase-3, cleaved caspase-7, cleaved cas-
pase-8, cytochrome c, cleaved caspase-9, and Poly (ADP-
ribose) Polymerase [PARP]) is observed also in head and
neck squamous cell carcinoma or colorectal cancer cells [7,
64]. The apoptotic response to moscatilin treatment is also
linked to ROS generation, as well as to increased activity of
Phosphatase and Tensin homolog (PTEN) and suppressed
Heat shock protein 70 (Hsp70) expression in melanoma
cells [13]. PTEN is known to inhibit Phosphatidylinositol-3
kinase/Protein kinase B (PI3K/Akt) pathway influencing
cells survival [67]. There are data showing that moscatilin
can induce apoptosis through epigenetic modifications as
well [62].

Anoikis-sensitizing effect

Anoikis-sensitizing agents enhance cells’ susceptibility to
programmed cell death following detachment or loss of con-
tact with cells’ matrix. These agents may be effective in pro-
moting the death of improperly attached cancer cells, which
are often resistant to anoikis and prone to metastasize. This
effect is a promising therapeutic strategy in cancer treatment
[68]. In vitro studies on lung cancer cell lines showed ability
to support anoikis effect by moscatilin [38, 41].

Inhibition of migration and invasion, antimetastatic
activity

Metastasis is a multistep process that involves the dissemina-
tion of cancer cells from the primary site to distant organs,
involving several key steps such as invasion, survival in
the circulation or migration [69]. Moscatilin is observed
to inhibit the migration and invasion of lung cancer cells
in vitro, possibly by suppressing filopodia formation via
decreased activity of phosphorylated Focal adhesion kinase
(FAK) and phosphorylated Akt, as well as via endogenous
ROS [10]. A separate investigation conducted on lung cancer
cells demonstrated that either the caveolin-1 or the Akt sign-
aling pathway can regulate cell migration [43]. Breast cancer
has been identified as another malignancy that is affected
by aberrations in the Akt pathway. Moscatilin inhibits Akt
and Twist components, which are involved in cell migration,
both in vitro and in vivo. Additionally, it reduces the expres-
sion of N-cadherin, which is known to play a role in epithe-
lial-mesenchymal transition (EMT) that supports cancer cell
migration [12]. The Akt/ Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB) signaling pathway
is implicated in the invasion of hepatocellular carcinoma
cell lines as well. Moscatilin has been found to inhibit this
pathway, resulting in a reduction in cell line invasion and
expression of urokinase-type plasminogen activator (uPA),
a protein that breaks down extracellular matrix proteins.

Suppression of cancer growth/proliferation

Decreased cancer cell proliferation was seen in in vitro stud-
ies on lung and esophageal cancer cell lines [12, 14]. These
results were confirmed by in vivo data: the growth of human
esophageal xenografts in mice was significantly inhibited by
moscatilin, without any observable impact on body weight,
liver, renal, or bone marrow function [63]. Similar results
were confirmed for ovarian cancer studies [61]. Cell cycle
arrest described previously can be one of the mechanisms
responsible for that proliferation inhibition.

Antiangiogenic activity

In both in vitro and in vivo studies, moscatilin inhibits the
growth of lung cancer cells and neovascularization, as well
as the proliferation, migration, and tube formation of human
umbilical vein endothelial cells (HUVECS) in response to
Vascular endothelial growth factor (VEGF) and basic Fibro-
blast growth factor (bFGF). It achieves this by blocking
essential signaling pathways in HUVECS, such as Extracel-
lular signal-regulated kinase 1/2 (ERK1/2)/Akt, which sug-
gest that moscatilin may be a promising therapy for cancer
by inhibiting angiogenesis [32]. In a dose-dependent man-
ner, moscatilin was observed to hinder the development of

@ Springer
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Cellular mechanisms of Moscatilin's anticancer effects
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Fig.6 Diagram with mechanisms underlying moscatilin’s anticancer
effects. The figure delineates four primary mechanisms: (1) Apoptosis
Induction: Moscatilin promotes apoptosis through enhanced PTEN
activity, increased reactive oxygen species (ROS) production, activa-
tion of the caspase cascade, cell cycle arrest, microtubule depolymeri-
zation, and DNA damage. Additionally, moscatilin sensitizes cancer
cells to anoikis, a form of programmed cell death. (2) Suppression of
Proliferation: Moscatilin inhibits tumor growth by inducing cell cycle
arrest at the G2/M phase and modulating the Akt and MEK1/2 sign-
aling pathways. (3) Antimetastatic Activity: Moscatilin reduces cell
migration and invasion by inhibiting the Akt pathway, focal adhesion
kinase (FAK) activity, and epithelial-mesenchymal transition (EMT),

capillary-like tubes in HUVECs that were induced by VEGF.
Additionally, it blocked the activation of VEGF Receptor
2, ERK1/2, proto-oncogene c-Raf, and mitogen-activated
protein kinase 1/2 (MEK1/2), all of which are involved in
the VEGF signaling pathway [70].

Moscatilin is a promising candidate for further explora-
tion as a cancer treatment. An overview of its activity is
provided in Fig. 6. In addition, there are other mechanisms
proposed in the literature, such as its potential to enhance
the sensitivity of cancer cells to radiation therapy [63, 71],
or its immunomodulating activity [16].

Toxicity, side effects and safety
In terms of this medication’s safety, moscatilin does not

cause cytotoxicity in healthy cells and may precisely and
successfully act on cancer cells at low concentrations [71].

@ Springer
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and downregulates the expression of metastasis-related genes such as
urokinase plasminogen activator (uPA) and N-cadherin. (4) Antian-
giogenic Activity: Moscatilin blocks angiogenesis by interfering with
VEGEF signaling pathways in human umbilical vein endothelial cells
(HUVEGsS), targeting VEGFR2, ERK1/2, Akt, and MEK1/2 path-
ways. Akt protein kinase B, EMT epithelial-mesenchymal transition,
ERK1/2 extracellular signal-regulated kinase Y2, FAK focal adhesion
kinase, HUVEC human umbilical vein endothelial cells, MEK1/2
mitogen-activated protein kinase Y2, PTEN phosphatase and tensin
homolog, ROS reactive oxygen species, uPA urokinase plasminogen
activator, VEGF vascular endothelial growth factor, VEGFR2 vascu-
lar endothelial growth factor receptor 2

In reality, the compound was found to be a much more tar-
geted medication for cancer cell lines and less hazardous
for healthy cells by Pujari et al. [22], using the MTT cell
proliferation assay. Despite the lack of information about the
safety of this bibenzyl derivative, long-term consumption of
dendrobium was shown to be safe in several studies, disclos-
ing its potential as a supplement or medicine [72]. The Meng
et al. study further confirmed the security of dendrobium
composition and showed that it had no adverse effects on
skin irritability [73]. However, a better understanding of the
performance of isolated compounds is required because this
impact was only shown in the mixture of plant chemicals.
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Limitations and clinical gaps

Bioactive compounds, such as moscatilin, often exhibit a wide
range of pharmacological properties, including antiviral effects
against various viruses, antioxidant activities, antibacterial
effects, and other therapeutic benefits [74—76]. This versatil-
ity underscores moscatilin’s potential as a potential therapeutic
agent for cancer treatment, with multifaceted molecular mech-
anisms and promising clinical prospects. Despite the prom-
ising anticancer potential of moscatilin, several limitations
and clinical gaps need to be addressed to fully understand its
therapeutic viability and facilitate its translation from bench to
bedside. The clinical data on moscatilin’s safety and efficacy in
humans remain limited, with most evidence derived from pre-
clinical studies involving various cancer cell lines and animal
models. Comprehensive data on moscatilin’s bioavailability,
metabolism, and excretion in humans are lacking, hindering
accurate predictions of its behavior in the human body. While
the mechanisms of action, such as apoptosis induction, inhibi-
tion of proliferation, and suppression of metastasis, are well-
documented, the precise molecular pathways involved require
further elucidation to optimize therapeutic potential and mini-
mize off-target effects. Additionally, potential mechanisms of
resistance to moscatilin in cancer cells have not been thor-
oughly investigated, which is crucial for ensuring long-term
efficacy. Furthermore, optimal dosing regimens for mosca-
tilin are not yet established, necessitating the determination
of appropriate doses that maximize therapeutic efficacy while
minimizing toxicity. There is an urgent need for early-phase
clinical trials (Phase I/II) to assess the safety, tolerability, and
preliminary efficacy of moscatilin in cancer patients, providing
critical data to inform subsequent larger-scale studies. Inves-
tigating the potential of moscatilin in combination with exist-
ing chemotherapeutics, targeted therapies, or immunotherapies
could enhance its anticancer efficacy; thus, research into syn-
ergistic effects and optimal combination strategies is required.
Studies exploring the specificity of moscatilin’s anticancer
effects across different tumor types and genetic backgrounds
are necessary to identify which patient populations may ben-
efit the most from this treatment. Identifying biomarkers that
predict response to moscatilin could enable personalized
treatment approaches, improving outcomes and minimizing
unnecessary exposure for non-responders. Lastly, long-term
safety studies are needed to evaluate potential adverse effects
and ensure that prolonged use of moscatilin does not lead to
unacceptable toxicities or secondary malignancies.

Conclusion and prospects

Moscatilin and related bibenzyl analogues present signifi-
cant development prospects due to their broad pharmaco-
logical effects, particularly their potent anticancer activity,
and their extensive natural sources. These compounds can
be synthesized efficiently, facilitating large-scale production.
Although only a limited number of studies have explored the
structure—activity relationships of these compounds, criti-
cal functional groups essential for anticancer efficacy have
been identified, with the presence of phenolic groups and
a two-carbon linker between aryl rings being particularly
favorable. Moscatilin has demonstrated substantial antican-
cer properties, including the inhibition of cell proliferation,
induction of apoptosis, and suppression of metastasis across
various studies, underscoring its potential as a robust can-
didate for cancer therapy. Despite these promising findings,
comprehensive and extensive clinical investigations into
moscatilin’s pharmacokinetics, bioavailability, and metab-
olism in humans are crucial. These studies are necessary
to ensure patient safety, determine therapeutic efficacy, and
optimize dosing regimens. Moreover, rigorous clinical tri-
als are essential to confirm the preliminary findings and to
explore potential synergistic effects when combined with
existing cancer treatments. Identifying predictive biomark-
ers for moscatilin response will enhance its therapeutic
application by enabling personalized treatment strategies.
Addressing these research gaps will be critical in advancing
moscatilin from a promising natural compound to a clini-
cally viable anticancer therapy, ensuring its safe and effec-
tive use in cancer prevention and treatment.
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