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solid lipid nanoparticles, liquid crystalline nanoparticles, and liposomes has
enhanced the bioavailability and targeted delivery of pharmaceuticals and

phytoceuticals. This review explores the biological pathways associated

doi:10.1002/1878-0261.13764

with non-small cell lung cancer, a diverse range of phytoceuticals, the can-

cer pathways they act upon, and the pros and cons of several nanoparticle

delivery systems.

1. Background

According to the World Health Organisation Global
Cancer Observatory (GLOBOCAN) Registry 2020, the
leading five causes of cancer deaths worldwide are lung
(18%), colon (9.4%), liver (8.3%), stomach (7.7%),
and female breast (6.9%) [1] (Fig. 1). The total num-
ber of lung cancer deaths from over 2.2 million diag-
noses, resulted in ~1.8 million deaths from the disease
in 2020 [1].

It is not surprising, then, that in Australia, lung can-
cer is also the leading cause of cancer death, with more
than 14 500 new cases in 2022 [2]. With a 5-year sur-
vival rate between 10% and 20%, non-small cell lung
cancer (NSCLC) accounts for 85% of all cases [1,3].
The remaining cases are categorised as small cell lung
cancer (SCLC) [4]. NSCLC, may be further classified as
squamous cell carcinoma, large cell carcinoma, or lung
adenocarcinoma (LUAD) [5]. Smoking, including
tobacco and e-cigarettes, is the major risk factor for
NSCLC, with increasing age and family history also
playing a significant role in the development of the dis-
ease [6]. Air pollution is also a concerning risk factor
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Fig. 1. Global deaths by cancer type as a percentage. Data
extrapolated from “Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in
185 Countries.” Figure created in GrRAPHPAD PRISM v10.2.3 (GraphPad
Software, Boston, MA, USA).

worldwide, with the 2023 World Air Quality Report
indicating that only 10 out of 134 countries meet the
World Health Organisation’s guidelines [6,7]. Neverthe-
less, exposure to risk factors does not guarantee onco-
genesis, nor can the absence of risk factors preclude it,
with 80% of cancers being of unknown aetiology [8].

The literature pertaining to the use of nanoparticle
delivery systems for cancer is increasing. However,
more research is warranted. To compare the available
literature pertaining to research investigating nanopar-
ticle systems with the aforementioned top five cancer
types, the authors completed a database search (April
2024) of four common medical repositories. The data-
bases searched were PubMed, Cumulative Index to
Nursing and Allied Health Literature (CINAHL),
Exerpta Medical Database (EMBASE), and Scopus.
The search terms “nanoparticle delivery AND cancer
type” were used, where cancer type indicates the name
of the cancer in question (e.g. “nanoparticle delivery
AND lung cancer”). Considering NSCLC is the most
common form of lung cancer, a subset search using
“non-small cell lung cancer” for the cancer type was
also examined. In all databases, a date range of 2014
onwards was selected. The limitations of this simplified
database search are recognised in that the Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) would be desirable [9]. This
presents an opportunity for future reviews to perform
robust analyses of the literature.

The results illustrated in Fig. 2 imply that the majority
of cancer-related nanoparticle delivery system research is
for breast cancer, followed by lung, liver, colon, with
stomach cancer returning the fewest records. NSCLC
records (not shown) amounted to 24% of all lung cancer
articles. It is suggested that while lung cancer has the
highest mortality, it is falling behind in the area of nano-
particle delivery research, highlighting the need for fur-
ther research investigating nanoparticle delivery systems
for lung cancer, and specifically NSCLC.

The information within this review may be utilised
for further research to develop revolutionary systems
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Nanoparticle systems and cancer publications
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Fig. 2. Publications of nanoparticle systems and cancer. Records
were searched within PubMed, CINAHL, EMBASE, and Scopus
databases (April 2024) using the search terms “nanoparticle
delivery AND cancer type”, where “cancer type"” indicates the
name of the cancer in question (e.g. “nanoparticle delivery AND
lung cancer”) from 2014 onwards. The cancer types are noted as
the five leading causes of cancer death globally by GLOBOCAN.
Figure created in GRAPHPAD PRISM v10.2.3.

of anticancer phytoceuticals delivery for the treatment
of NSCLC.

1.1. Current treatment interventions and related
challenges

Treatment options for NSCLC include surgery with
neoadjuvant or adjuvant therapy, radiation therapy,
chemotherapy, immunotherapy, molecular targeted
therapy (MTT), as well as different combinations of
these types of interventions [10,11]. Despite the numer-
ous therapeutic options available, ~70% of diagnoses
are with advanced disease stages IIIB or IV, with
S-year survival rates of 10% and 1%, respectively [12].
Additionally, NSCLC is known to rapidly acquire che-
motherapy resistance [13]. MTT is an attractive choice
of treatment and has several advantages compared to
other interventions, such as targeting pathways and
mechanisms that promote tumour cell (TC) apoptosis,
ameliorate angiogenesis within the tumour microenvi-
ronment (TME), and suppress TC proliferation and
migration [14]. However, no intervention is without
risk of physical, psychological, and financial adverse
effects. Surgery may result in post-surgical pain, with
chemotherapy and radiation patients experiencing loss
of appetite, skin irritation, shortness of breath, dys-
phagia, fatigue, nausea, vomiting, hair loss, oesophagi-
tis, and pleural effusion [15,16].

Psychological distress presenting as depression and
anxiety is common in lung cancer patients [17,18].

Phytoceuticals & Nanoparticles for Lung Cancer

Cross-sectional studies have identified depression in at
least 58% of lung cancer patients, as well as a positive
association of increasing anxiety with higher numbers
of chemotherapy sessions [19]. Furthermore, the eco-
nomic burden of NSCLC on society is significant.
While current treatment-related cost data are not
available from Australia, in the US alone, individual
costs range from US$3700 to US$5800 per month
[3,20]. Elsewhere, it has been shown that treatment
cost is directly associated with disease stage [3].

1.2. Major limitations in cancer treatment:
therapeutic resistance

Lung cancer patients often face therapeutic resistance,
resulting in extended treatment times, cancer recur-
rence, metastasis, and a reduced survival rate [21].
Chemoresistance may arise from multiple factors
including, but not limited to, drug efflux and influx
changes, epigenetic  changes, DNA  damage,
epithelial-mesenchymal transition (EMT) changes, and
crosstalk of TME components [21,22].

Therapeutic resistance is not limited to chemother-
apy. Radiation therapy may result in poorer clinical
outcomes due to radiation-induced DNA damage [21],
modification of cell cycle progression genes, and the
dysregulation of signalling pathways such as the phos-
phatidylinositol 3-kinase and serine and threonine
kinase (PI3K/Akt) and the Janus kinase/signal trans-
ducer and activator of transcription/B-cell leukaemia-
lymphoma 2 protein/B-cell lymphoma extralarge
(JAK2/STAT3/Bcl-2/Bcl-XL) survival pathways [23].

While MTT may have fewer side effects compared
to conventional chemotherapy [24], it does not come
without its own challenges. MTT may be ineffective
due to one or more points of failure. The molecular
target must be precise, and inappropriate identification
of disease aetiology, pathogenesis, pathways, or bio-
markers pose the risk of poor outcomes [25]. Addition-
ally, despite initial accurate molecular targeting,
treatment failure occurs if TCs develop alternate path-
ways of propagation that do not coincide with the
original biomarkers targeted by the MTT [14]. There-
fore, novel interventions that prevent disease progres-
sion are not only integral to the survival rate, but also
key to reducing unpleasant side effects, psychological
suffering, and economic burden.

1.3. Growing relevance of phytoceutical-based
treatment options

Plant-based medicines, such as those employed in Tra-
ditional Chinese Medicine (TCM), have been used to
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treat tumours for centuries. The earliest known record
of “malignant sores” and “swelling without ulcera-
tion” was documented by practitioners in the Qin
Dynasty (221-207 B.C.E.) [26]. More recently, isolated
bioactive molecules from plants (phytoceuticals) such
as artemisinin, berberine, boswellic acid, 18- glychr-
rhetinic acid, emodin, fisetin, oridonin, hydroxysafflor
yellow A, ligustilide, ginsenoside Rg3, and taraxasterol
have been shown to provide promise in the treatment
of cancer [27-35]. Nevertheless, maximising the bio-
availability of phytoceutical compounds is a key chal-
lenge. Factors such as limited bioavailability due to
poor water solubility, low permeability, reduced
absorption across the intestinal wall, stability in the
acidic gastric environment, and first-pass metabolic
effects all limit bioavailability [36], and hence the clini-
cal efficacy of phytoceuticals. To overcome these limi-
tations of phytoceuticals, nanodelivery methods such
as polymeric nanoparticles, solid lipid nanostructured
carriers, liquid crystalline nanoparticles, liposomes,
and microemulsions have been thoroughly investigated
to improve absorption, reduce side effects, and lower
the required dosage [37].

Considering the physical, emotional, and financial
impact of NSCLC on patients, the present review
explores the growing relevance of phytoceuticals in
this field. In particular, the review identifies the mech-
anisms of a diverse range of phytoceuticals in target-
ing the various pathways associated with NSCLC
oncogenesis and proliferation, with an exploration of
various nanoparticle systems as a potentially revolu-
tionary means to improve the bioavailability, and
therefore the potential for clinical translation of
phytoceuticals.

2. Non-small cell lung cancer
pathways and genes

Lung cancer is responsible for the majority of cancer-
related deaths, with NSCLC accounting for the vast
majority (85%) [38]. Of the NSCLC subtypes, LUAD
is the predominant type, accounting for 40% of
tumours [38,39]. Depending on the histology, LUAD
is further classified into lepidic, acinar, papillary,
micropapillary, or solid [40]. With such a variety of
NSCLC phenotypes, molecular biology and histopa-
thology assessment is vital for correct pathological
diagnosis and implementation of appropriate treatment
strategies [5]. Once the tumour physiology and charac-
teristics have been distinguished, specific molecular
and genetic pathways can be targeted to inhibit devel-
opment and metastasis [14].

A. Haysom-McDowell et al.

2.1. Cancer development and pro-oncogenic
pathways

Cancer initiation, or oncogenesis and can be the result
of cell signalling dysregulation, gene mutations, oxida-
tive stress, inflammation, and defective immune system
mechanisms [41-43]. A variety of pro-oncogenic path-
ways, which support cancer growth, lead to other
aspects of tumour development, including various hall-
marks of cancer such as cell proliferation, angiogene-
sis, maturity of the TME, inhibition of apoptosis, and
metastasis [42—44].

In lung cancer, the most frequent oncogene muta-
tion occurs on the epidermal growth factor receptor
(EGFR) gene, which results in overexpression in up to
80% of NSCLC cases, with Ki-ras2 Kirsten rat sar-
coma viral oncogene homologue (Kras) being the most
common oncogene-driven subtype of LUAD [38,42].
Cyclooxygenase-2 (COX-2), which regulates the pro-
duction of inflammatory-mediating prostaglandins, is
also overexpressed in LUAD and has been the subject
of a number of preclinical trials [45]. COX-2 appears
to be a worthy target due to its multifaceted functions
in multiple pathways, including oncogenesis, cell pro-
liferation, metastasis, and chemoresistance [45,46].

Mutations of the PI3K-Akt pathway are present in
3-5% of all cancers and lead to uncontrolled cell pro-
liferation [47]. Similarly, abnormal accumulation of
phosphatase and tensin homologue deleted on chromo-
some 10 (PTEN) (an Akt trigger), cellular Myc (c-
Myc), mammalian p38 mitogen-activated protein
kinase (p38 MAPK), and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) result in
aberrant cell proliferation [33,48-50]. Once a tumour
accumulates, ~1 million cells, it requires additional
nutrients and oxygen, which it achieves by promoting
angiogenesis and through the development of the
TME [51,52]. The pathways contributing to these
processes include Bcl-xL, COX-2, matrix metallopro-
teinase-2 (MMP-2), and matrix metalloproteinase-9
(MMP-9) [45,53-55].

During the processes of proliferation, angiogenesis,
and establishment of the TME, tumours require strate-
gies to mitigate the immune system from triggering
apoptosis, and this is where the Bcl-2, focal adhesion
kinase-extracellular signal-regulated kinasel/2 (FAK-
ERK1/2), NF-kB, and programmed death-ligand 1
(PD-L1) pathways work to maintain tumour cell via-
bility [34,41,50,56]. If the immune system succeeds in
reducing cancer cell wviability by triggering
apoptosis, or perhaps restricting nutrients by inhibiting
angiogenesis, the tumour may metastasise [57]. Here,
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RNA-specific adenosine deaminase (ADARI) and
intercellular adhesion molecule 1 (iCAM-1) join forces
with COX-2 and EGFR/Kras as cell migration
enablers [58,59].

2.2. Anti-oncogenic pathways

While the inventory of pro-oncogenic pathways is
extensive, there is an equally broad list of antionco-
genic pathways that work to inhibit tumour angiogen-
esis, constrain cell proliferation, and promote
apoptosis [60—63]. Triggering cancer cell apoptosis is a
function of multiple pathways, including adenosine
monophosphate-activated protein kinase (AMPK),
Bcl-2 associated protein X (Bax), Caspase-3, -7, -8, -9,
H2A histone family member X (H2AX), and protein
kinase R (PKR)-like endoplasmic reticulum kinase
(PERK)/Eukaryotic Initiation Factor 2o (elF2a)/acti-
vating transcriptional factor 4 (ATF4)/CCAAT-
enhancer-binding protein homologous protein (CHOP)
[60,61,63-65].

Numerous factors have multifaceted antioncogenic
pathways. AMPK regulates mechanistic target of
rapamycin (mTOR) signalling and inhibits cancer
proliferation by downregulating COX-2 while simul-
taneously inducing p53 expression [60], as does p53
upregulated modulator of apoptosis (PUMA) [66].
In turn, p53 upregulates Bax, which triggers apopto-
sis and suppresses cell proliferation [35,64]. There
are also pathways that hold dual roles, both positive
and negative for cancer, often depending on the spe-
cific molecular and cellular context. The protein
E-cadherin has been studied for its function in
suppressing tumour growth signalling [67]. When
expression of E-cadherin and cyclin-dependent
kinase inhibitors 1A/1B (CDKI 1A/1B) is enhanced,
there is an arrest of the cell cycle and a suppression
of proliferation in lung cancer [32,68]. However,
while metastatic cancers are often found to coincide
with a reduced expression of E-cadherin, its overex-
pression has been implicated in an aggressive form
of breast cancer [62,67].

Tumour necrosis factor-o (TNF-a) is a known
proinflammatory cytokine associated with multiple
cancer hallmarks including cancer cell proliferation,
angiogenesis, invasion, and metastasis, notably as a
prominent NF-kB activator [69,70]. Conversely,
TNF-a is able to bind to tumour necrosis factor recep-
tor 1 (TNF receptor 1), a death domain receptor with
the ability to induce apoptosis, making it a potential
anticancer target [71]. A number of natural and
synthetic compounds, including 17-allylamino-17-
demethoxygeldanamycin, parthenolide, wogonin, and

Phytoceuticals & Nanoparticles for Lung Cancer

luteolin have been shown to inhibit TNF-o activated
NF-kB pathways, resulting in TNF-a induced cytotox-
icity of tumour cells [71-74].

Figure 3 illustrates the various pro-oncogenic and
antioncogenic pathways associated with the hallmarks
of lung cancer (including NSCLC) such as angiogene-
sis, cell proliferation, and metastasis.

3. Anticancer molecular mechanisms
of phytoceuticals against NSCLC

Historically, herbal medicines utilised whole plants or
complete parts thereof, such as flowers, seeds, leaves,
bark, or roots [75]. In 1805, the first isolated com-
pound from a medicinal plant was extracted. This was
the phenanthrene alkaloid from opium, called mor-
phine [76,77]. Following this, a diverse range of phyto-
chemical classes and molecular compounds, many with
anticancer properties, has been identified [78-80].
These phytochemical groups include polyphenols, ter-
penes, sulphurous compounds, nitrogenous com-
pounds, phthalides, phytosterols, and carotenoids,
each with characteristic molecular structures [80-84].
According to their molecular structure, bioavailability
is determined by properties such as lipophilicity, mole-
cule size, electron distribution, hydrogen bonding, and
structural flexibility [85]. In the next section, we
explore various phytochemical groups and describe
their molecular structures.

3.1. Phytochemical groups

The polyphenols group, identified by having at least
one hydroxyl group attached to an aromatic ring,
encompasses no less than 8000 compounds, each
grouped into subclasses based on the number of phe-
nol rings and binding structural elements [86]. Within
the polyphenols group, phenolic acids are compounds
with one carboxylic acid group [86,87]. Flavonoids are
identified as having two aromatic rings bonded by
three carbon atoms, whereas stilbenes are identified
with two phenyl moieties linked by a two-carbon
methylene bridge [86]. Lignans are polyphenolic
binaphthalene compounds, more specifically, stereospe-
cific dimers of monolignols [88,89].

Terpenoids are a separate phytochemical group to
polyphenols and are modified versions of terpenes,
with five carbon isoprene units and varying functional
groups [82]. Nitrogenous and sulphurous compounds,
as the names suggest, contain at least one nitrogen or
sulphur atom, respectively, in their molecular struc-
ture [90,91]. The phthalides group contains at least 133
compounds, which are further -categorised into
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Fig. 3. Pro-oncogenic and anti-oncogenic pathways associated with the hallmarks of lung cancer (including NSCLC) such as angiogenesis,
cell proliferation, and metastasis. Proteins and genes shown are activating transcriptional factor 4 (ATF4), adenosine monophosphate-
activated protein kinase (AMPK), B-cell leukaemia-lymphoma 2 protein (Bcl-2), B-cell lymphoma extralong (Bcl-xL), Bcl-2 associated protein X
(Bax), caspase-3, -7, -8, -9, CCAAT-enhancer-binding protein homologous protein (CHOP), cellular Myc (C-myc), cyclin-dependent kinase
inhibitors 1A/1B (CDK inhibitor 1A/1B), cyclooxygenase-2 (COX-2), e-cadherin, epidermal growth factor receptor (EGFR), eukaryotic initiation
factor 2o (e1F2a), focal adhesion kinase-extracellular signal-regulated kinase 1/2 (FAK-ERK 1/2), H2A histone family member X (H2AX),
intercellular adhesion molecule 1 (iCAM-1), keratin 18 (KRT-18), kirsten rat sarcoma virus-extracellular signal-regulated kinase (Kras-ERK),
mammalian p38 mitogen-activated protein kinase (p38 MAPK), matrix metalloproteinase 2 (MMP-2), matrix metalloproteinase 9 (MMP-9),
mechanistic target of rapamycin (mTOR), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), p53 upregulated modulator
of apoptosis (PUMA), phosphatase and tensin homologue deleted on chromosome 10 (PTEN), phosphatidylinositol 3-kinase and serine and
threonine kinase (PI3K-AKT), phosphoinositide-3 kinase (PI3K)-regulated pathway (PIP3), programmed death-ligand 1 (PDL-1), protein kinase
R (PKR)-like endoplasmic reticulum kinase (PERK), RNA-specific adenosine deaminase (ADAR1), tumour necrosis factor-o. (TNF-o), and
tumour protein p53 (p53). Figure created with pRocreaTE v5.3.9 (Savage Interactive, Hobart, Australia) and ADOBE ILLUSTRATOR v2023 (Adobe
Inc., San Jose, CA, USA).

monomeric, hydroxy, and polymeric subgroups, groups include phytosterols, carotenoids, coumarins,
with the majority having a monomeric 1(3H)- and tannins [81,83,84]. Figure 4 illustrates and summa-
isobenzofuranone core structure [80]. Additional rises these aforementioned phytochemical groups.

6 Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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Fig. 4. Phytochemical groups and their associated subcategories from which phytoceutical compounds with anticancer mechanisms may be
extracted. Figure created with minomupP v4.44.65 (Sauf Pompiers Limited, Leigh-On-Sea, UK).

3.2. Polyphenols

Polyphenols are cited as offering valuable protection
against a variety of diseases such as diabetes, cardio-
vascular diseases, neurodegenerative diseases, and can-
cer [86]. Polyphenols undergo molecular modification
during absorption due to conjugation and hepatic
metabolism, hence the resulting serum concentration is
not equitable to the intake from food [86]. Phenolic
acids, mostly contained within the pericarp of fruits,
vegetable leaves, and seeds, are divided into cinnamic
acids and hydroxybenzoic acids (HBA), with gallic
acid (GA) being the most researched of these [87].
Within the cinnamic acid subgroup is ferulic acid
(FA), caffeic acid, p-coumaric acid (pCA), and sinapic
acid [86]. Studies show that GA and pCA, from

Dimocarpus longan, have high levels of intestinal
absorption and bioavailability [86,87]. While pCA, has
a higher bioavailability profile than GA [92,93], the
latter appears to be of interest, as it exhibits dual func-
tions of enhancing antioncogenic pathways while inhi-
biting pro-oncogenic factors in NSCLC cell lines [94].

Within the flavonoids group, quercetin, myricetin,
kaempferol, hydroxysafflor yellow A (HSYA), genis-
tein, daidzein, and fisetin are commonly studied
[32,81,86,95]. HSYA, a quinochalcone-C-glycoside
from Carthamus tinctorious flos, has been researched
for post-stroke cognitive impairment and has been
shown to downregulate pro-oncogenic factors
[31,95,96].

Fisetin, found in apples and grapes amongst other
fruits, has its highest concentrations in Fragaria x
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ananassa, otherwise known as strawberries [32]. Fisetin
has been investigated for its function in modulating
cancer-preventative pathways including inflammation,
apoptosis, and angiogenesis [32,97,98]. Furthermore,
fisetin has shown potential as an adjunct to chemo-
therapy. When applied with paclitaxel (PTX) or cyclo-
phosphamide, the result is an increased apoptosis of
the NSCLC adenocarcinoma cell line (A549) cells
and inhibited angiogenesis within the TME, respec-
tively [97,98].

Emodin is an anthraquinone extracted from Radix
et rhizome rhei (rhubarb root), which also offers syner-
gistic actions when applied with PTX [99]. Emodin
together with PTX has been shown to enhance expres-
sion of pro-apoptotic factors, while decreasing pro-
oncogenic factors in A549 cells [99].

While resveratrol is the most investigated stilbene,
its structural analogue, pterostilbene, has a four times
higher bioavailability [86,100]. Sourced from Vacci-
nium sect cyanococcus (blueberries), pterostilbene’s
enhanced bioavailability is due to the molecule con-
taining two methoxy groups, resulting in enhanced
lipophilic absorption [100]. Pterostilbene has been
shown to upregulate antioncogenic pathways in a vari-
ety of lung cancer cell lines [101,102].

The lignans, honokiol and magnolol, are separated
only by a change to the hydroxyl group position,
resulting in two beneficial compounds is [103]. Isolated
from the bark of Magnoliae officinalis, they can both
cross the blood-brain-barrier to exhibit neuroprotec-
tive effects [103—-105]. Both have been shown to down-
regulate pro-oncogenic factors, resulting in reduced
cell viability in several NSCLC cell lines [106,107].

3.3. Terpenes

Terpenes, often found in grapes, flowers, fruits, wood,
and roots, have a five-carbon isoprene unit 2-methyl-
1,3-butadiene [108]. Terpenoids, which are modified
terpenes with different functional groups, are
further categorised as monoterpenes, sesquiterpenes,
diterpenes, sesterpenes, triterpenes, and meroterpenes
[82]. All have exhibited anticancer mechanisms
[27,34,82,109,110].

Diterpenes are found in species such as Rabdosia
rubescens, Gingko biloba, Coffea arabica, as well
as Propolis, a biproduct produced by honeybees
[30,111-113]. The tetracyclic diterpene, oridonin, is
known for its antiinflammatory, cardioprotective,
hepatoprotective, and neuroprotective mechanisms
[114]. In chronic lung diseases, mechanisms associated
with inflammation lead to airway remodelling, charac-
terised by excessive extracellular matrix (ECM)

A. Haysom-McDowell et al.

deposition, EMT, and airway obstruction [115]. Over
time, the production of lung fibroblasts and ECM
deposition lead to stiffening and loss of elasticity
known as fibrosis [116], which is known to increase the
risk of oncogenesis [117]. Oridonin’s benefits to
NSCLC stem not only from ameliorating pulmonary
fibrosis, but its ability to inhibit the EMT process and
promote cancer cell apoptosis [30,114,118]. The sesqui-
terpene artemisinin, from Artemisia annua, has tradi-
tionally been used as an antimalarial [119]. However,
more recently, artemisinin has been shown to inhibit
metastasis of Lewis Lung Cancer (LLC) and promote
apoptosis of A549 cells [27,109].

Within the triterpenes group, approximately 30 gin-
senosides have been isolated from Panax ginseng [120].
While ginsenoside Rbl (Rbl) and ginsenoside Rgl
(Rgl) are the most abundant saponins in Panax gin-
seng [120], ginsenoside Rg3 (Rg3) has been shown to
inhibit cisplatin resistance-associated PD-L1 expression
in A549 cells [34].

3.4. Nitrogenous compounds

This group is divided into alkaloids, cyanogenic
glucosides, and non-protein amino acids [81]. Alka-
loids, further classified into isoquinoline, indole, and
pyridine-like groups, are known to have poor solubil-
ity and low bioavailability [121,122]. Berberine, an iso-
quinoline sourced from the rhizome of Coptis chinensis
and other Berberis species, has long been used in tradi-
tional medicines for a variety of conditions, including
inflammatory bowel disease, type 2 diabetes, bacillary
dysentery, pertussis, and eczema [122-124].

There has been a marked increase in global interest
of identifying the interactions of berberine and various
cancers over the last two decades. This is illustrated by
Yuan et al. [125], who show that published articles
relating to berberine and tumours rose from <10 in the
12 months of 2002 to almost 180 in 2018, with
NSCLC being the 4th highest researched.

3.5. Phthalides

Phthalides are predominantly found in essential oils
from species such as Angelica sinensis, Ligusticum
chuanxiong, and Cnidium officinale [80,126]. The
monomeric phthalide, ligustilide, is the main phyto-
chemical compound of A. sinensis and L. chuanxiong
[33,127]. These plants have been used in traditional
medicine for menstrual disorders, recovery from cere-
bral infarction, and wound healing due to their ability
to promote angiogenesis, inhibit cell apoptosis, and
promote cell growth [128-130]. While these properties
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seem counterintuitive to cancer therapy, these cell-
preserving mechanisms of ligustilide do not maintain
NSCLC cells in the same manner. Jiang et al. [33]
demonstrated in vitro that ligustilide reduced cell via-
bility and induced apoptosis of A549 and H1299 cells
by dampening NSCLC aerobic glycolysis. Conversely,
ligustilide did not induce apoptosis of BEAS-2B cells.
This result suggests that ligustilide may be used to
inhibit NSCLC cells while preserving healthy bronchial
epithelial tissue [33].

Cancer cells benefit from the hypoxic environment of
the TME, with tumour hypoxia correlating with
advanced malignancy [131,132]. NSCLC cells take
advantage of this environment with energy pathway
adaptations for glycolytic metabolism [33]. Ligustilide
inhibits NSCLC glycolysis by mediating the PTEN/
AKT signalling pathway and increasing caspase-3, -7,
resulting in reduced TME angiogenesis and increased
tumour cell apoptosis [33]. Ligustilide has a reduced
effect on cell viability and proliferation of human lung
epithelial cells, suggesting that ligustilide has potential
as a targeted therapy for NSCLC [33].

3.6. Isolated compounds versus whole extracts

Prior to the isolation of molecular compounds, tradi-
tional remedies relied on extracting medicinal compo-
nents by boiling, decocting as teas, macerating and
chewing, and infusing as ointments [133]. It has been
argued that methods such as these, using whole plant
components, provide a synergy of compounds resulting
in multitarget effects [134]. Conversely, it is recognised
that some compounds may antagonise each other,
thereby inhibiting each other’s actions [134]. While
examples of each effect are published, it appears that
further investigation into whole-plant synergism and
antagonism compared to isolated compounds is war-
ranted [134].

3.7. Phytoceutical compounds with actions
against NSCLC in the literature

While clinical trials investigating the actions of various
phytoceuticals against cancer are limited, a few studies
have shown an inverse relationship between higher
intake of certain compounds and incidences of cancer
[135]. Those studies pertaining to lung cancer and the
intake of flavonoids such as epicatechin, catechin, quer-
cetin, and naringin identified that a higher intake
resulted in an inverse relationship with the development
of the disease [136-138]. Studies assessing kaempferol
have returned mixed outcomes, with Cui et al. [138]
indicating that intake is associated with fewer lung

Phytoceuticals & Nanoparticles for Lung Cancer

cancer cases in smokers but not nonsmokers. The meta-
analysis compiled by Tang et al. included data from
eight prospective studies and four case—control studies
encompassing 5073 lung cancer cases and 237 981 non-
cases. These authors concluded that the highest flavo-
noid intake was positively associated with a reduced
risk of lung cancer. Furthermore, a 10% decrease in the
risk of lung cancer was associated with an increased fla-
vonoid intake of 20 mg-day ™' [137].

Table 1 outlines an examination of the literature per-
taining to numerous isolated compounds and whole plant
extracts (WPE), with the phytoceutical molecular struc-
tures illustrated in Fig. 5. It is shown that both WPE and
isolated compounds can inhibit pro-oncogenic factors,
activate antioncogenic factors, and enhance chemother-
apy drug actions. The NSCLC pathways and targets
addressed by these WPEs and isolated compounds
include many of the hallmarks of cancer, including EMT,
tumour proliferation and growth, tumour angiogenesis,
tumour metastasis, and cell apoptosis. Elsewhere, isolated
compounds have been shown to inhibit cancer-related
pain [139]; however, they have not been included here and
may be the subject of future investigations.

4. Phytoceutical loaded nanodelivery
systems

4.1. The challenge of bioavailability

The bioavailability of compounds is an ever-present
challenge. Molecular properties, hepatic and gut
metabolism, intestinal wall absorption, delivery
methods, solubility, gastric pH, gut microflora, and
excretion all impact the final amount of active ingredi-
ent at its target site [36,140]. Lipinski’s ‘Rule of
5’ (Ro5) attempts to pinpoint specific molecular prop-
erties that provide maximum bioavailability [36]. These
properties include 5 or fewer hydrogen (H) bond
donors, 10 or fewer H bond acceptors, a molecular
mass of fewer than 500 daltons, a calculated logarithm
of the octanol-water partition coefficient log P-value
(clogP) of 5 or fewer, and no more than 10 rotatable
bonds [36]. However, as Schultz highlights, since the
Ro5 concept was first disseminated in 1997, the aver-
age molecular weight of oral drugs has increased to
over 500 daltons, and there has been a statistically sig-
nificant increase in the number of H bond acceptors
[141]. Additionally, as Benet ef al. [142] remind us, the
Ro5 is only relevant for compounds that are not sub-
strates for active transporters. It is no surprise, then,
that as of 2022, 50% of new oral drugs approved by
the U.S. Food and Drug Administration do not fit
within the Ro5 framework [143]. Without an
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Fig. 5. Phytochemical molecular structures of berberine, emodin, oridonin, fisetin, hydroxysafflor yellow A, honokiol, magnolol, gallic acid,
ligustilide, [6]-shogaol, artemisinin, dihydroartemisinin, pterostilbene, ginsenoside Rg3, and taraxastero,| which have mechanisms to
downregulate pro-oncogenic and/or upregulate anti-oncogenic factors, as expanded in Table 1.

pplicable framework, the bioavailability of novel anti-
cancer phytoceuticals with complex chemical com-
pounds is inadequately defined [140].

Hepatic and gut metabolism primarily involve glucuro-
nidation and cytochrome P450 enzymatic pathways, key
mechanisms for removing unwanted substances from the
body, ultimately reducing a compound’s bioavailability
[36,144,145]. Glucuronidation can be inhibited by deliver-
ing a molecule with a co-agent such as quercetin, which
reduces uridine 5-diphospho-glucuronosyltransferase
(UGT) [36,146]. Curcumin is an example of an antionco-
genic phytoceutical with poor solubility and low intestinal
absorption [146]. Grill et al. [146] identified quercetin, tan-
geretin, and silibinin as effective co-agents to improve the
bioavailability of curcumin in vivo via inhibition of UGT.
Piperine has also been shown as an effective adjuvant
compound to improve curcumin’s bioavailability up to
2000%; however, this function is primarily via an increase
in intestinal brush border membrane fluidity, and hence
intestinal absorption, rather than UGT inhibition
[146,147]. In addition to metabolic considerations, novel
delivery systems that increase bioavailability are also
being widely investigated.

Many phytochemicals such as flavonoids, tannins,
and terpenoids are highly water soluble, poorly
absorbed due to large molecular sizes, and are unable to
pass through the lipid membranes of cells [37]. These
challenges can be addressed by loading a nanoparticle
with the phytochemical compound to deliver the phyto-
chemical to its intended target. [37,146,148—151].

4.2. Nanoparticle delivery systems

Nanoparticle delivery systems enable optimised drug
delivery, sustained drug release, reduced drug degrada-
tion, and decreased toxicity [152]. They include, but
are not limited to, solid lipid nanoparticles (SLN),
polymeric nanoparticles (PMN), liquid crystalline
nanoparticles (LCN), liposomes, dendrimers, and
microemulsions [37,148,151,153-155].

4.2.1. Solid lipid nanoparticles

Solid lipid nanoparticles, first developed in the late
20th century, gained popularity as a delivery system
due to their high physiochemical stability and efficient
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mass production [37]. With a size ranging from 10 to
1000 nm, SLNs contain highly purified triglycerides,
which remain mostly solid at room temperature,
thereby reducing molecular degradation [37]. SLNs are
suitable for a range of delivery routes including oral,
parenteral, and transdermal [155]; however, due to the
structure of SNLs, they have a poor drug loading
capacity and are prone to drug expulsion [150,156].

4.2.2. Polymeric nanoparticles

Similar in size to SLNs, PMNs are made from natural
or artificial biodegradable polymers, although
natural materials have the beneficial capacity to deliver
multiple components simultaneously and can be tar-
geted to specific sites [37]. The size of PMNs varies
greatly, which risks inefficient tissue diffusion and
poor surface functionality [157,158]. Additionally, per-
sistent exposure on living cells may result in a range of
adverse effects in humans [159].

4.2.3. Liquid crystalline nanoparticles

Existing in a state between crystalline solid and isotro-
pic liquid, liquid crystals are known as mesophases
[37]. Generally classified as either thermotropic (a
phase transition due to temperature alone) or lyotropic
(a phase transition due to temperature and mesogen
concentration), it is the latter form that is most used
for delivery systems [160]. Due to their structural
resemblance to biological membranes, LCNs can
deliver phytoceuticals such as berberine [161-167], nar-
ingenin [168], rutin [169-171], and zerumbone
[172,173] effectively to promote an interaction between
the active molecule and the target site; however, they
are costly to produce [37,174,175]. Novel low-cost
product methods have been developed by Lee et al.
[174], who were able to synthesise a pharmaceutical
(hepatitis C virus inhibitor) loaded LCN of 100 nm
with tissue-specific (liver) distribution. However, the
authors of this study noted challenges. They observed
an increase in particle size when stored for more than
1 week, due to the concentration of drug within the
particle, leading to acceleration of coalescence and
Ostwald ripening. Therefore, it was suggested that the
resultant formulations are best used for laboratory
investigations within 2-3 days of production [174].

4.2.4. Liposomes

Liposomes are an attractive delivery system, as with
one or more phospholipid membranes separated by an
aqueous medium, they can simultaneously transport

A. Haysom-McDowell et al.

multiple payloads, whether hydrophilic, lipophilic, or
both [152]. Recently, Singh et al. [176] demonstrated in
vitro the therapeutic potential of a specialised liposome
delivery system loaded with curcumin, which was suc-
cessful in attenuating expression of proteins associated
with cancer cell growth and metastasis. This study uti-
lised PlexoZome®, a liposomal bilayer formulation
encompassing curcumin and phosphatidylcholine
(CUR-PLXZ). Results of this study showed that the
formulation downregulated the pro-oncogenic proteins
epithelial cell adhesion molecule (EpCAM) and oestro-
gen receptor alpha (ERa) on AS549 cell lines [176].

To deliver an active compound to a specific target,
ligands can be attached to the liposome surface [152].
This was demonstrated by Ma et al. [177] who assessed
in vitro the delivery of berberine and magnolol loaded
liposomes targeted to the cell surface adhesion recep-
tor CD44 (CD44) expressed on A549 cells. The
authors showed that the liposome formulation pro-
moted apoptosis of the A549 cells by upregulating Bax
and Caspace-3 with a concurrent downregulation of
Bcl-2 [178]. Even so, a key challenge of liposome-based
drug delivery is the interaction with biomolecules
including low density lipoproteins (LDLs), high den-
sity lipoproteins (HDLs), and degradation due to the
extracellular protein opsonin [179]. To circumvent
these issues, the surface of liposomes can be modified
with polyethylene glycol (PEG), otherwise known as
PEGylation [180]. PEGylated liposomes have been
shown to enhance drug accumulating within tumour
tissue, while attenuating side effects [181].

Notwithstanding the challenges that researchers face,
advancements in nanoparticle delivery systems are
enabling intelligent features such as bespoke particle
size, adjusted drug release capacity triggered by spe-
cific nanoparticle molecular weight, increased blood
circulation time, amplified stability, and even targeting
of tumour associated macrophages (TAMs) in order
to mitigate tumour proliferation and metastasis
[180,182,183]. Future production methods will improve
and hone precise phytoceutical loading, precision tar-
geting, mitigation of side effects, and enhanced thera-
peutic outcomes in cancer treatment [182].

5. Conclusion and future directions

Lung cancer is the leading cause of cancer deaths
worldwide, with NSCLC accounting for the majority of
lung cancer cases [1,3]. The burden of cancer is high,
with physical, emotional, and financial stress being key
considerations for disease management [3,15,16,20].
Standard treatment protocols such as chemotherapy
and radiotherapy have unwanted side effects that
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reduce the patient’s quality of life [184,185]. Addition-
ally, therapeutic resistance, bioavailability, toxicity, and
targeting of cancer drugs is a challenge [21,36,37]. To
support cancer treatment, a plethora of phytoceutical
compounds has been identified to target specific cancer-
related pathways known as the hallmarks of cancer. As
shown in Table 1, phytoceuticals may be beneficial to
cancer therapy by inhibiting pro-oncogenic pathways,
ameliorating antioncogenic pathways, or by enhancing
the mechanisms of pharmaceutical drugs. However,
many phytoceuticals have poor bioavailability. Various
nanoparticle delivery systems have been shown to
improve the bioavailability of compounds and novel
production methods are enabling multiple compounds
to be delivered simultaneously and with tumour speci-
ficity [182].

Cancer is a multifaceted disease [186], and the develop-
ment of phytoceutical nanoparticle delivery systems is
just as complex. However, as shown in this review, there
is potential for new production methods of nanoparticle
systems loaded with phytoceuticals such as artemisinin,
berberine, emodin, fisetin, and oridonin to become a ben-
eficial adjunct therapy in mitigating NSCLC.

Acknowledgements

The authors are thankful to the Graduate School of
Health, University of Technology Sydney (UTS), Aus-
tralia. AHM is supported by the Australian Govern-
ment with the Research Training Program Offset Fees
(RTPOF) Scholarship further aiding this research. SK
is supported by the Australian Government with the
Research Training Program Offset Fees (RTPOF)
Scholarship further aiding this research and by the
UTS Faculty of Health HDR Industry Collaboration
Funding Scheme 2024. KD, GDR, and KRP are sup-
ported by the Maridulu Budyari Gumal Sydney Part-
nership for Health, Education, Research and
Enterprise (SPHERE) RSEOH CAG and Triple I Seed
Grant 2023 and Extension Grant, Triple I Skills
Advancement Grants 2023 and 2024, and the UTS
Faculty of Health Industry Partnership Grant. GDR is
also supported by the UTS Faculty of Health Cate-
gory 1 Seeding grants for Early Career Researchers.
KRP is supported by a joint fellowship from Prevent
Cancer Foundation (PCF), Alexandria, Virginia, USA
and the International Association for the Study of
Lung Cancer (IASLC), Denver, Colorado, USA.

Conflict of interest

AHM is employed as a Research and Documentation
Consultant with Panaxea International, an herbal

Phytoceuticals & Nanoparticles for Lung Cancer

medicine company producing phytoceutical products
including some to support complimentary cancer care.
Panaxea International was not involved in the produc-
tion, nor benefits from the publication of this article.

Author contributions

All authors contributed to the article conception and
design. Article structure was performed by AHM,
KRP, GDR, and KD. The body of the article written
by AHM. Editing and revisions of the article were
completed by AHM, KRP, SK, TES, SY, DKC, JA,
and KD. Artwork for figures was contributed by
AHM, GDR, and DKC. All authors read and
approved the final article.

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1002/1878-0261.13764.

References

1 Sung H, Ferlay J, Siegel RL, Laversanne M,
Soerjomataram I, Jemal A, et al. Global cancer
statistics 2020: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185
countries. CA Cancer J Clin. 2021;71(3):209-49.

2 Australian Cancer Research Foundation. Lung cancer.
Types of cancer. 2024 [cited 2024 Jan 29]. Available
from: https://www.acrf.com.au/support-cancer-
research/types-of-cancer/lung-cancer/

3 Jovanoski N, Abogunrin S, di Maio D, Belleli R,
Hudson P, Bhadti S, et al. Systematic literature review
to identify cost and resource use data in patients with
early-stage non-small cell lung cancer (NSCLC).
Pharmacoeconomics. 2023;41(11):1437-52.

4 LiJ-Y, YulJ, Du XS, Zhang HM, Wang B, Guo H,
et al. Safflower polysaccharide induces NSCLC cell
apoptosis by inhibition of the Akt pathway. Oncol
Rep. 2016;36(1):147-54.

5 Wang S, Dong L, Wang X, Wang X. Classification of
pathological types of lung cancer from CT images by
deep residual neural networks with transfer learning
strategy. Open Med (Wars). 2020;15:190-7.

6 Thandra KC, Barsouk A, Saginala K, Aluru JS,
Barsouk A. Epidemiology of lung cancer. Contemp
Oncol (Pozn). 2021;25(1):45-52.

7 1QAir. World air quality report. Goldach: IQAir; 2023.
8 Briicher BL, Jamall IS. Epistemology of the origin of
cancer: a new paradigm. BMC Cancer. 2014;14:331.

9 Page MJ, McKenzie JE, Bossuyt PM, Boutron I,
Hoffmann TC, Mulrow CD, et al. The PRISMA 2020

Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 15

85U8017 SUOWIWIOD BA1E81D) 8|l dde 8y Aq peusenob a2 sjolie YO 9SO S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUCD-PUB-SWRI/LIOY"AB | 1M Ale.q 1 jBul [Uo//:Schiy) SUORIPUOD pue SWS | 81 88S *[1202/TT/92] U0 ARiqiaulluo /oM * ABupAs JO AiseAiun - ppred ey Aeusey Aq ¥9.ET T920-8/8T/200T OT/I0P/W0d A8 |mAkeiq i pul|uo'sgey//sdny wouy pspeojumod ‘0 ‘T9208.8T


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13764
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13764
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13764
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13764
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13764
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13764
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/
https://www.acrf.com.au/support-cancer-research/types-of-cancer/lung-cancer/

Phytoceuticals & Nanoparticles for Lung Cancer

10

12

14

15

18

19

20

21

22

16

statement: an updated guideline for reporting
systematic reviews. BMJ. 2021;372:n71.

John AO, Ramnath N. Neoadjuvant versus adjuvant
systemic therapy for early-stage non-small cell lung
cancer: the changing landscape due to immunotherapy.
Oncologist. 2023;28(9):752-64.

Lemjabbar-Alaoui H, Hassan OU, Yang YW,
Buchanan P. Lung cancer: biology and treatment
options. Biochim Biophys Acta. 2015;1856(2):189-210.
Soares M, Antunes L, Redondo P, Borges M,
Hermans R, Patel D, et al. Treatment and outcomes
for early non-small-cell lung cancer: a retrospective
analysis of a Portuguese hospital database. Lung
Cancer Manag. 2021;10(2):Lmt46.

Kim ES. Chemotherapy resistance in lung cancer. In:
Ahmad A, Gadgeel S, editors. Lung cancer and
personalized medicine: current knowledge

and therapies. Cham: Springer International
Publishing; 2016. p. 189-209.

Lee YT, Tan YJ, Oon CE. Molecular targeted
therapy: treating cancer with specificity. Eur

J Pharmacol. 2018;834:188-96.

Altun I, Sonkaya A. The most common side effects
experienced by patients were receiving first cycle of
chemotherapy. Iran J Public Health. 2018;47(8):1218-9.
Morias S, Marcu LG, Short M, Giles E, Potter A,
Shepherd J, et al. Treatment-related adverse effects in
lung cancer patients after stereotactic ablative
radiation therapy. J Oncol. 2018;2018:6483626.

Prapa P, Papathanasiou IV, Bakalis V, Malli F,
Papagiannis D, Fradelos EC. Quality of life and
psychological distress of lung cancer patients
undergoing chemotherapy. World J Oncol. 2021;12
(2-3):61-6.

Naser AY, Hameed AN, Mustafa N, Alwafi H,
Dahmash EZ, Alyami HS, et al. Depression and
anxiety in patients with cancer: a cross-sectional study.
Front Psychol. 2021;12:585534.

Elghazali Bakhiet T, Ali SM, Bakhiet AM. Prevalence
of depression and anxiety among adult patients
undergoing chemotherapy in Khartoum, Sudan: a
cross-sectional study. J Affect Disord Rep.
2021;6:100218.

Apple J, DerSarkissian M, Shah A, Chang R, Chen Y,
He X, et al. Economic burden of early-stage non-
small-cell lung cancer: an assessment of healthcare
resource utilization and medical costs. J Comp Eff Res.
2023;12(11):¢230107.

Ashrafi A, Akter Z, Modareszadeh P, Modareszadeh
P, Berisha E, Alemi PS, et al. Current landscape of
therapeutic resistance in lung cancer and promising
strategies to overcome resistance. Cancers (Basel).
2022;14(19):4562.

De Rubis G, Bebawy M. Extracellular vesicles in
chemoresistance. Subcell Biochem. 2021;97:211-45.

Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

23

24

25

26

27

28

29

30

32

33

34

A. Haysom-McDowell et al.

Gomez-Casal R, Epperly MW, Wang H, Proia DA,
Greenberger JS, Levina V. Radioresistant human lung
adenocarcinoma cells that survived multiple fractions
of ionizing radiation are sensitive to HSP90 inhibition.
Oncotarget. 2015;6(42):44306-22.

Min HY, Lee HY. Molecular targeted therapy for
anticancer treatment. Exp Mol Med. 2022;54(10):1670—
94.

Saijo N. Progress in cancer chemotherapy with special
stress on molecular-targeted therapy. Jpn J Clin Oncol.
2010;40(9):855-62.

Li X, Yang G, Li X, Zhang Y, Yang J, Chang J, et al.
Traditional Chinese medicine in cancer care: a review
of controlled clinical studies published in Chinese.
PLoS One. 2013;8(4):e60338.

Wang J, Zhang B, Guo Y, Li G, Xie Q, Zhu B, et al.
Artemisinin inhibits tumor lymphangiogenesis by
suppression of vascular endothelial growth factor C.
Pharmacology. 2008;82(2):148-55.

Chen J, Huang X, Tao C, Wang L, Chen Z, Li X,

et al. Berberine chloride suppresses non-small cell lung
cancer by deregulating Sin3A/TOP2B pathway in vitro
and in vivo. Cancer Chemother Pharmacol. 2020;86
(1):151-61.

Zhang F-Y, Li RZ, Xu C, Fan XX, Li JX, Meng WY,
et al. Emodin induces apoptosis and suppresses non-
small-cell lung cancer growth via downregulation of
sPLA2-11a. Phytomedicine. 2022;95:153786.
XulL,BiY, XuY, Zhang Z, Xu W, Zhang S, et al.
Oridonin inhibits the migration and epithelial-to-
mesenchymal transition of small cell lung cancer cells
by suppressing FAK-ERK1/2 signalling pathway. J
Cell Mol Med. 2020;24(8):4480-93.

Song L, Zhu Y, Jin M, Zang B. Hydroxysafflor yellow
a inhibits lipopolysaccharide-induced inflammatory
signal transduction in human alveolar epithelial A549
cells. Fitoterapia. 2013;84:107-14.

Rahmani AH, Almatroudi A, Allemailem KS, Khan
AA, Almatroodi SA. The potential role of fisetin, a
flavonoid in cancer prevention and treatment.
Molecules. 2022;27(24):9009.

Jiang X, Zhao W, Zhu F, Wu H, Ding X, Bai J, et al.
Ligustilide inhibits the proliferation of non-small cell
lung cancer via glycolytic metabolism. Toxicol Appl
Pharmacol. 2021;410:115336.

Jiang Z, Yang Y, Yang Y, Zhang Y, Yue Z, Pan Z,
et al. Ginsenoside Rg3 attenuates cisplatin resistance
in lung cancer by downregulating PD-L1 and
resuming immune. Biomed Pharmacother.
2017;96:378-83.

Lu J, Shuai B, Shou Z, Guo W, Zhou C, Ouyang X,
et al. Taraxasterol inhibits tumor growth by inducing
apoptosis and modulating the tumor
microenvironment in non-small cell lung cancer.
Cancers (Basel). 2022;14(19):4645.

85U8017 SUOWIWIOD BA1E81D) 8|l dde 8y Aq peusenob a2 sjolie YO 9SO S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUCD-PUB-SWRI/LIOY"AB | 1M Ale.q 1 jBul [Uo//:Schiy) SUORIPUOD pue SWS | 81 88S *[1202/TT/92] U0 ARiqiaulluo /oM * ABupAs JO AiseAiun - ppred ey Aeusey Aq ¥9.ET T920-8/8T/200T OT/I0P/W0d A8 |mAkeiq i pul|uo'sgey//sdny wouy pspeojumod ‘0 ‘T9208.8T



A. Haysom-McDowell et al.

36

37

38

39

40

Aqil F, Munagala R, Jeyabalan J, Vadhanam MV.
Bioavailability of phytochemicals and its enhancement
by drug delivery systems. Cancer Lett. 2013;334
(1):133-41.

Bonifacio BV, Silva PB, Ramos MA, Negri KM,
Bauab TM, Chorilli M. Nanotechnology-based drug
delivery systems and herbal medicines: a review. Int J
Nanomedicine. 2014;9:1-15.

Sinjab A, Rahal Z, Kadara H. Cell-by-cell: unlocking
lung cancer pathogenesis. Cancer. 2022;14(14):3424.
Khodabakhshi Z, Mostafaei S, Arabi H, Oveisi M,
Shiri I, Zaidi H. Non-small cell lung carcinoma
histopathological subtype phenotyping using high-
dimensional multinomial multiclass CT radiomics
signature. Comput Biol Med. 2021;136:104752.

Solis LM, Behrens C, Raso MG, Lin HY, Kadara H,
Yuan P, et al. Histologic patterns and molecular
characteristics of lung adenocarcinoma associated with
clinical outcome. Cancer. 2012;118(11):2889-99.

52

53

54

55

56

57

Phytoceuticals & Nanoparticles for Lung Cancer

Anderson NM, Simon MC. The tumor
microenvironment. Curr Biol. 2020;30(16):R921-5.
Trisciuoglio D, Tupone MG, Desideri M, di Martile
M, Gabellini C, Buglioni S, et al. BCL-XL
overexpression promotes tumor progression-associated
properties. Cell Death Dis. 2017;8(12):3216.

Wei C. The multifaceted roles of matrix
metalloproteinases in lung cancer. Front Oncol.
2023;13:1195426.

Augoff K, Hryniewicz-Jankowska A, Tabola R, Stach
K. MMP9: a tough target for targeted therapy for
cancer. Cancers (Basel). 2022;14(7):1847.

Sawai H, Okada Y, Funahashi H, Matsuo Y,
Takahashi H, Takeyama H, et al. Activation of focal
adhesion kinase enhances the adhesion and invasion of
pancreatic cancer cells via extracellular signal-regulated
kinase-1/2 signaling pathway activation. Mol Cancer.
2005;4(1):37.

Wang RA, Lu YY, Fan DM. Reasons for cancer

41 Alam M, Hasan GM, Eldin SM, Adnan M, Riaz MB, metastasis: a holistic perspective. Mol Clin Oncol.
Islam A, et al. Investigating regulated signaling 2015;3(6):1199-202.
pathways in therapeutic targeting of non-small cell 58 Yang W, Chen K, Yu Q, Liao R, He H, Peng Y, et al.
lung carcinoma. Biomed Pharmacother. ADARI is a prognostic biomarker and is correlated
2023;161:114452. with immune infiltration in lung adenocarcinoma.
42 Parris BA, O’Farrell HE, Fong KM, Yang IA. Cancer Med. 2023;12(13):14820-32.
Chronic obstructive pulmonary disease (COPD) and 59 Yu JA, Sadaria MR, Meng X, Mitra S, Ao L,
lung cancer: common pathways for pathogenesis. J Fullerton DA, et al. Lung cancer cell invasion and
Thorac Dis. 2019;11:S2155-72. expression of intercellular adhesion molecule-1
43 Choudhary N, Bawari S, Burcher JT, Sinha D, Tewari (ICAM-1) are attenuated by secretory phospholipase
D, Bishayee A. Targeting cell signaling pathways in A2 inhibition. J Thorac Cardiovasc Surg. 2012;143
lung cancer by bioactive phytocompounds. Cancer. (2):405-11.
2023;15(15):3980. 60 Keerthana CK, Rayginia TP, Shifana SC, Anto NP,
44 Hanahan D, Weinberg RA. Hallmarks of cancer: the Kalimuthu K, Isakov N, et al. The role of AMPK in
next generation. Cell. 2011;144(5):646-74. cancer metabolism and its impact on the
45 Yokouchi H, Kanazawa K. Revisiting the role of immunomodulation of the tumor microenvironment.
COX-2 inhibitor for non-small cell lung cancer. Trans! Front Immunol. 2023;14:1114582.
Lung Cancer Res. 2015;4(5):660-4. 61 Kumar S, Dorstyn L, Lim Y. The role of caspases as
46 Szweda M, Rychlik A, Babinska I, Pomianowski A. executioners of apoptosis. Biochem Soc Trans. 2022;50
Significance of cyclooxygenase-2 in oncogenesis. J Vet (1):33-45.
Res. 2019;63(2):215-24. 62 Petrova YI, Schecterson L, Gumbiner BM. Roles for
47 Yi KH, Lauring J. Recurrent AKT mutations in E-cadherin cell surface regulation in cancer. Mol Biol
human cancers: functional consequences and effects on Cell. 2016;27(21):3233-44.
drug sensitivity. Oncotarget. 2016;7(4):4241-51. 63 Lu C, Xiong M, Luo Y, LiJ, Zhang Y, Dong Y, et al.
48 Bahar ME, Kim HJ, Kim DR. Targeting the Genome-wide transcriptional analysis of apoptosis-
RAS/RAF/MAPK pathway for cancer therapy: from related genes and pathways regulated by H2AX in
mechanism to clinical studies. Signal Transduct Target lung cancer A549 cells. Apoptosis. 2013;18(9):1039-47.
Ther. 2023;8(1):455. 64 Alam M, Alam S, Shamsi A, Adnan M, Elasbali AM,
49 Miller DM, Thomas SD, Islam A, Muench D, Sedoris al-Soud WA, et al. Bax/Bcl-2 cascade is regulated by
K. c-Myc and cancer metabolism. Clin Cancer Res. the EGFR pathway: therapeutic targeting of non-small
2012;18(20):5546-53. cell lung cancer. Front Oncol. 2022;12:869672.
50 Rasmi RR, Sakthivel KM, Guruvayoorappan C. 65 Rozpedek W, Pytel D, Mucha B, Leszczynska H,
NF-xB inhibitors in treatment and prevention of lung Diehl JA, Majsterek 1. The role of the
cancer. Biomed Pharmacother. 2020;130:110569. PERK/elF20/ATF4/CHOP signaling pathway in
51 Cooper GM. The cell: a molecular approach. 2nd ed. tumor progression during endoplasmic reticulum
Sunderland, MA: Sinauer Associates; 2000. stress. Curr Mol Med. 2016;16(6):533-44.
Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 17

85U8017 SUOWIWIOD BA1E81D) 8|l dde 8y Aq peusenob a2 sjolie YO 9SO S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUCD-PUB-SWRI/LIOY"AB | 1M Ale.q 1 jBul [Uo//:Schiy) SUORIPUOD pue SWS | 81 88S *[1202/TT/92] U0 ARiqiaulluo /oM * ABupAs JO AiseAiun - ppred ey Aeusey Aq ¥9.ET T920-8/8T/200T OT/I0P/W0d A8 |mAkeiq i pul|uo'sgey//sdny wouy pspeojumod ‘0 ‘T9208.8T



Phytoceuticals & Nanoparticles for Lung Cancer

66

67

68

69

70

71

72

73

74

75

76

77

78

79

18

Yu J, Zhang L. PUMA, a potent killer with or
without p53. Oncogene. 2008;27(Suppl 1):S71-83.
Rubtsova SN, Zhitnyak 1Y, Gloushankova NA. Dual
role of E-cadherin in cancer cells. Tissue Barriers.
2022;10(4):2005420.

Wang J, Huang S. Fisetin inhibits the growth and
migration in the A549 human lung cancer cell line via
the ERK1/2 pathway. Exp Ther Med. 2018;15(3):
2667-73.

Aggarwal BB, Vijayalekshmi RV, Sung B. Targeting
inflammatory pathways for prevention and therapy of
cancer: short-term friend, long-term foe. Clin Cancer
Res. 2009;15(2):425-30.

Rajasegaran T, How CW, Saud A, Ali A, Lim JCW.
Targeting inflammation in non-small cell lung cancer
through drug repurposing. Pharmaceuticals. 2023;16
(3):451.

Wang X, Lin Y. Tumor necrosis factor and cancer,
buddies or foes? Acta Pharmacol Sin. 2008;29
(11):1275-88.

Wang X, Ju W, Renouard J, Aden J, Belinsky SA, Lin
Y. 17-Allylamino-17-demethoxygeldanamycin
synergistically potentiates tumor necrosis
factor-induced lung cancer cell death by blocking the
nuclear factor-kB pathway. Cancer Res. 200666
(2):1089-95.

Fas SC, Baumann S, Zhu JY, Giaisi M, Treiber MK,
Mahlknecht U, et al. Wogonin sensitizes resistant
malignant cells to TNFalpha- and TRAIL-induced
apoptosis. Blood. 2006;108(12):3700-6.

Ju W, Wang X, Shi H, Chen W, Belinsky SA, Lin Y.
A critical role of luteolin-induced reactive oxygen
species in blockage of tumor necrosis factor-activated
nuclear factor-kappaB pathway and sensitization of
apoptosis in lung cancer cells. Mol Pharmacol. 2007;71
(5):1381-38.

Petrovska BB. Historical review of medicinal plants’
usage. Pharmacogn Rev. 2012;6(11):1-5.

Yuan H, Ma Q, Ye L, Piao G. The traditional
medicine and modern medicine from natural products.
Molecules. 2016;21(5):559.

Zarin MKZ, Dehaen W, Salehi P, Asl AAB. Synthesis
and modification of morphine and codeine, leading to
diverse libraries with improved pain relief properties.
Pharmaceutics. 2023;15(6):1779.

Kumar A, P N, Kumar M, Jose A, Tomer V, Oz E,
et al. Major phytochemicals: recent advances in health
benefits and extraction method. Molecules. 202328
(2):887.

Godlewska-Zytkiewicz B, Swistocka R, Kalinowska M,
Golonko A, Swiderski G, Arciszewska Z, et al.
Biologically active compounds of plants: structure-
related antioxidant, microbiological and cytotoxic
activity of selected carboxylic acids. Materials ( Basel).
2020;13(19):4454.

Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

A. Haysom-McDowell et al.

Chen Y, Cheng QZ, Lv S, Kang Z, Zeng S. Advances
in the phytochemistry and pharmacology of plant-
derived phthalides. Heliyon. 2023;9(12):€22957.

Razak AM, Tan JK, Mohd Said MM, Makpol S.
Modulating effects of Zingiberaceae phenolic
compounds on neurotrophic factors and their potential
as neuroprotectants in brain disorders and age-
associated neurodegenerative disorders: a review.
Nutrients. 2023;15(11):2564.

Shagufta P. Introductory chapter: terpenes and
terpenoids. In: Shagufta P, Areej A-T, editors.
Terpenes and terpenoids. Rijeka: IntechOpen; 2018.
Ch. 1.

Park CH, Yeo HJ, Kim YJ, Nguyen BV, Park YE,
Sathasivam R, et al. Profiles of secondary metabolites
(phenolic acids, carotenoids, anthocyanins, and
galantamine) and primary metabolites (carbohydrates,
amino acids, and organic acids) during flower
development in Lycoris radiata. Biomolecules. 2021;11
(2):248.

Zhu D, Nystrom L. Phytosterols. In: Johnson J,
Wallace T, editors. Whole grains and their bioactives:
composition and health. Hoboken: Wiley; 2019.

p- 427-66.

Vélez LA, Delgado Y, Ferrer-Acosta Y, Sudrez-
Arroyo 1J, Rodriguez P, Pérez D. Theoretical
prediction of gastrointestinal absorption of
phytochemicals. Int J Plant Biol. 2022;13(2):163-79.
Pandey KB, Rizvi SI. Plant polyphenols as dietary
antioxidants in human health and disease. Oxid Med
Cell Longev. 2009;2(5):270-8.

Kumar N, Goel N. Phenolic acids: natural versatile
molecules with promising therapeutic applications.
Biotechnol Rep (Amst). 2019;24:¢00370.

Zhang J, Chen Z, Huang X, Shi W, Zhang R, Chen
M, et al. Insights on the multifunctional activities of
magnolol. Biomed Res Int. 2019;2019:1847130.
Peterson J, Dwyer J, Adlercreutz H, Scalbert A,
Jacques P, McCullough ML. Dietary lignans:
physiology and potential for cardiovascular disease
risk reduction. Nutr Rev. 2010;68(10):571-603.

Zenk MH, Juenger M. Evolution and current status of
the phytochemistry of nitrogenous compounds.
Phytochemistry. 2007;68(22):2757-72.

Stoewsand GS. Bioactive organosulfur phytochemicals
in Brassica oleracea vegetables—a review. Food Chem
Toxicol. 1995;33(6):537-43.

Konishi Y, Hitomi Y, Yoshioka E. Intestinal absorption
of p-coumaric and gallic acids in rats after oral
administration. J Agric Food Chem. 2004;52(9):2527-32.
Kaur J, Kaur R. p-Coumaric acid: a naturally
occurring chemical with potential therapeutic
applications. Curr Org Chem. 2022;26(14):1333-49.
Kang DY, Sp N, Jo ES, Rugamba A, Hong DY, Lee
HG, et al. The inhibitory mechanisms of tumor PD-LI

85U8017 SUOWIWIOD BA1E81D) 8|l dde 8y Aq peusenob a2 sjolie YO 9SO S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUCD-PUB-SWRI/LIOY"AB | 1M Ale.q 1 jBul [Uo//:Schiy) SUORIPUOD pue SWS | 81 88S *[1202/TT/92] U0 ARiqiaulluo /oM * ABupAs JO AiseAiun - ppred ey Aeusey Aq ¥9.ET T920-8/8T/200T OT/I0P/W0d A8 |mAkeiq i pul|uo'sgey//sdny wouy pspeojumod ‘0 ‘T9208.8T



A. Haysom-McDowell et al.

95

96

97

98

99

100

101

102

103

104

105

106

expression by natural bioactive gallic acid in non-
small-cell lung cancer (NSCLC) cells. Cancers (Basel).
2020;12(3):727.

Yue S, Tang Y, Li S, Duan JA. Chemical and
biological properties of quinochalcone C-glycosides
from the florets of Carthamus tinctorius. Molecules.
2013;18(12):15220-54.

Tang J, Zu G, Yu Y, Liu X, Guo W, Sun Z, et al.
Therapeutic targets and mechanism of
hydroxysafflower yellow a on poststroke cognitive
impairment: network pharmacology, molecular
docking and molecular dynamics simulation. Med
Drug Discov. 2022;15:100130.

Touil YS, Seguin J, Scherman D, Chabot GG.
Improved antiangiogenic and antitumour activity of
the combination of the natural flavonoid fisetin and
cyclophosphamide in Lewis lung carcinoma-bearing
mice. Cancer Chemother Pharmacol. 2011;68(2):445-55.
Klimaszewska-Wisniewska A, Halas-Wisniewska M,
Tadrowski T, Gagat M, Grzanka D, Grzanka A.
Paclitaxel and the dietary flavonoid fisetin: a
synergistic combination that induces mitotic
catastrophe and autophagic cell death in A549 non-

small cell lung cancer cells. Cancer Cell Int. 2016;16:10.

Chen S, Zhang Z, Zhang J. Emodin enhances
antitumor effect of paclitaxel on human non-small-cell
lung cancer cells in vitro and in vivo. Drug Des Devel
Ther. 2019;13:1145-53.

McCormack D, McFadden D. A review of
pterostilbene antioxidant activity and disease
modification. Oxid Med Cell Longev.
2013;2013:575482.

Ma Z, Yang Y, Di S, Feng X, Liu D, Jiang S, et al.
Pterostilbene exerts anticancer activity on non-small-
cell lung cancer via activating endoplasmic reticulum
stress. Sci Rep. 2017;7(1):8091.

Tan KT, Chen PW, Li S, Ke TM, Lin SH, Yang CC.
Pterostilbene inhibits lung squamous cell carcinoma
growth in vitro and in vivo by inducing S phase arrest
and apoptosis. Oncol Lett. 2019;18(2):1631-40.

Ong CP, Lee WL, Tang YQ, Yap WH. Honokiol: a
review of its anticancer potential and mechanisms.
Cancers (Basel). 2019;12(1):48.

Woodbury A, Yu SP, Wei L, Garcia P. Neuro-

modulating effects of honokiol: a review. Front Neurol.

2013;4:130.

Dai X, Xie L, Liu K, Liang Y, Cao Y, Lu J, et al.
The neuropharmacological effects of magnolol and
honokiol: a review of signal pathways and molecular
mechanisms. Curr Mol Pharmacol. 2023;16(2):161-77.
Yang SE, Hsieh MT, Tsai TH, Hsu SL. Effector
mechanism of magnolol-induced apoptosis in human

lung squamous carcinoma CH27 cells. Br J Pharmacol.

2003;138(1):193-201.

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

Phytoceuticals & Nanoparticles for Lung Cancer

Zhang J, Zhang Y, Shen W, Fu R, Ding Z, Zhen Y,
et al. Cytological effects of honokiol treatment and its
potential mechanism of action in non-small cell lung
cancer. Biomed Pharmacother. 2019;117:109058.
Jackson RS. 6 — Chemical constituents of grapes and
wine. In: Jackson RS, editor. Wine science. 3rd ed.
San Diego: Academic Press; 2008. p. 270-331.

Sun Q, Teong B, Chen IF, Chang SJ, Gao J, Kuo
SM. Enhanced apoptotic effects of dihydroartemisinin-
aggregated gelatin and hyaluronan nanoparticles on
human lung cancer cells. J Biomed Mater Res B Appl
Biomater. 2014;102(3):455-62.

Jiao F, Tan Z, Yu Z, Zhou B, Meng L, Shi X. The
phytochemical and pharmacological profile of
taraxasterol. Front Pharmacol. 2022;13:927365.
Huang SH, Duke RK, Chebib M, Sasaki K, Wada K,
Johnston GAR. Ginkgolides, diterpene trilactones of
Ginkgo biloba, as antagonists at recombinant
alphalbeta2gamma2l. GABAA receptors. Eur J
Pharmacol. 2004;494(2-3):131-8.

Moeenfard M, Alves A. New trends in coffee
diterpenes research from technological to health
aspects. Food Res Int. 2020;134:109207.
Aminimoghadamfarouj N, Nematollahi A. Propolis
diterpenes as a remarkable bio-source for drug
discovery development: a review. Int J Mol Sci.
2017;18(6):1290.

Li X, Zhang CT, Ma W, Xie X, Huang Q. Oridonin:
a review of its pharmacology, pharmacokinetics and
toxicity. Front Pharmacol. 2021;12:645824.

De Rubis G, Paudel KR, Liu G, Agarwal V,
MacLoughlin R, de Jesus Andreoli Pinto T, et al.
Berberine-loaded engineered nanoparticles attenuate
TGF-B-induced remodelling in human bronchial
epithelial cells. Toxicol In Vitro. 2023;92:105660.

Peng Y, Zhang Y, Zhang Y, Wang X, Xia Y.
Pterostilbene alleviates pulmonary fibrosis by
regulating ASIC2. Chin Med. 2021;16(1):66.

Park J, Kim DS, Shim TS, Lim CM, Koh Y, Lee SD,
et al. Lung cancer in patients with idiopathic
pulmonary fibrosis. Eur Respir J. 2001;17(6):1216-9.
Liu JJ, Huang RW, Lin DJ, Peng J, Wu XY, Pan XL,
et al. Anti-proliferative effects of oridonin on SPC-A-1
cells and its mechanism of action. J Int Med Res.
2004:32(6):617-25.

Brown GD. The biosynthesis of artemisinin
(Qinghaosu) and the phytochemistry of Artemisia
annua L. (Qinghao). Molecules. 2010;15(11):7603-98.
Shi Z, Chen H, Zhou X, Yang W, Lin Y.
Pharmacological effects of natural medicine
ginsenosides against Alzheimer’s disease. Front
Pharmacol. 2022;13:952332.

Sindhoor MS, Naveen NR, Rao GK, Gopan G,
Chopra H, Park MN, et al. A spotlight on alkaloid

Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 19

85U8017 SUOWIWIOD BA1E81D) 8|l dde 8y Aq peusenob a2 sjolie YO 9SO S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUCD-PUB-SWRI/LIOY"AB | 1M Ale.q 1 jBul [Uo//:Schiy) SUORIPUOD pue SWS | 81 88S *[1202/TT/92] U0 ARiqiaulluo /oM * ABupAs JO AiseAiun - ppred ey Aeusey Aq ¥9.ET T920-8/8T/200T OT/I0P/W0d A8 |mAkeiq i pul|uo'sgey//sdny wouy pspeojumod ‘0 ‘T9208.8T



Phytoceuticals & Nanoparticles for Lung Cancer

122

123

124

125

126

127

128

129

130

131

132

133

134

135

20

nanoformulations for the treatment of lung cancer.
Front Oncol. 2022;12:994155.

Peng J, Zheng TT, Li X, Liang Y, Wang LJ, Huang
YC, et al. Plant-derived alkaloids: the promising
disease-modifying agents for inflammatory bowel
disease. Front Pharmacol. 2019;10:351.

Zhao HL, Sui Y, Qiao CF, Yip KY, Leung RKK,
Tsui SKW, et al. Sustained antidiabetic effects of a
berberine-containing Chinese herbal medicine through
regulation of hepatic gene expression. Diabetes.
2012;61(4):933-43.

Wang J, Wang L, Lou GH, Zeng HR, Hu J, Huang
QW, et al. Coptidis rhizoma: a comprehensive review
of its traditional uses, botany, phytochemistry,
pharmacology and toxicology. Pharm Biol. 2019;57
(1):193-225.

Yuan R, Tan Y, Sun PH, Qin B, Liang Z. Emerging
trends and research foci of berberine on tumor from
2002 to 2021: a bibliometric article of the literature
from WoSCC. Front Pharmacol. 2023;14:1122890.
Leén A, del-Angel M, Avila JL, Delgado G.
Phthalides: distribution in nature, chemical reactivity,
synthesis, and biological activity. Prog Chem Org Nat
Prod. 2017;104:127-246.

Zhuang Y-Q, Zou J, Zhang SY, Wu JM, Long L,
Chen XB, et al. Oxidative aromatization mechanism of
ligustilide. Chem Commun. 2023;59(64):9742-5.

Wu YC, Hsieh CL. Pharmacological effects of radix
Angelica sinensis (Danggui) on cerebral infarction.
Chin Med. 2011;6:32.

Ning S, Zang J, Zhang B, Feng X, Qiu F. Botanical
drugs in traditional Chinese medicine with wound
healing properties. Front Pharmacol. 2022;13:885484.
Lam H-W, Lin HC, Lao SC, Gao JL, Hong SJ,
Leong CW, et al. The angiogenic effects of Angelica
sinensis extract on HUVEC in vitro and zebrafish in
vivo. J Cell Biochem. 2008;103(1):195-211.

Finger EC, Giaccia AJ. Hypoxia, inflammation, and
the tumor microenvironment in metastatic disease.
Cancer Metastasis Rev. 2010;29(2):285-93.

Kim Y, Lin Q, Glazer P, Yun Z. Hypoxic tumor
microenvironment and cancer cell differentiation. Curr
Mol Med. 2009;9(4):425-34.

Tugume P, Nyakoojo C. Ethno-pharmacological
survey of herbal remedies used in the treatment of
paediatric diseases in Buhunga parish, Rukungiri
District, Uganda. BMC Complement Altern Med.
2019;19(1):353.

Caesar LK, Cech NB. Synergy and antagonism in
natural product extracts: when 1 + 1 does not equal 2.
Nat Prod Rep. 2019;36(6):869-88.

Rudziniska A, Juchaniuk P, Oberda J, Wisniewska J,
Wojdan W, Szklener K, et al. Phytochemicals in
cancer treatment and cancer prevention-review on

Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

136

137

138

139

140

141

142

143

144

145

146

147

148

149

A. Haysom-McDowell et al.

epidemiological data and clinical trials. Nutrients.
2023;15(8):1896.

Cutler GJ, Nettleton JA, Ross JA, Harnack LJ,
Jacobs DR Jr, Scrafford CG, et al. Dietary flavonoid
intake and risk of cancer in postmenopausal women:
the lowa Women’s health study. Int J Cancer.
2008;123(3):664-71.

Tang NP, Zhou B, Wang B, Yu RB, Ma J.
Flavonoids intake and risk of lung cancer: a meta-
analysis. Jpn J Clin Oncol. 2009;39(6):352-9.

Cui Y, Morgenstern H, Greenland S, Tashkin DP,
Mao JT, Cai L, et al. Dietary flavonoid intake and
lung cancer — a population-based case-control study.
Cancer. 2008;112(10):2241-8.

Harrison AM, Heritier F, Childs BG, Bostwick JM,
Dziadzko MA. Systematic review of the use of
phytochemicals for management of pain in cancer
therapy. Biomed Res Int. 2015;2015:506327.

Stielow M, Witczyniska A, Kubryn N, Fijatkowski £,
Nowaczyk J, Nowaczyk A. The bioavailability of
drugs-the current state of knowledge. Molecules.
2023;28(24):8038.

Shultz MD. Two decades under the influence of the
rule of five and the changing properties of approved
oral drugs. J Med Chem. 2019;62(4):1701-14.

Benet LZ, Hosey CM, Ursu O, Oprea TI. BDDCS,
the rule of 5 and drugability. Adv Drug Deliv Rev.
2016;101:89-98.

Carmichael N, Day PJR. Cell surface transporters and
novel drug developments. Front Pharmacol.
2022;13:852938.

Vuppalanchi R. 4 — Metabolism of drugs and
xenobiotics. In: Saxena R, editor. Practical hepatic
pathology: a diagnostic approach. Saint Louis: W.B.
Saunders; 2011. p. 45-52.

Yang G, Ge S, Singh R, Basu S, Shatzer K, Zen M,
et al. Glucuronidation: driving factors and their
impact on glucuronide disposition. Drug Metab Rev.
2017;49(2):105-38.

Grill AE, Koniar B, Panyam J. Co-delivery of
natural metabolic inhibitors in a self-microemulsifying
drug delivery system for improved oral
bioavailability of curcumin. Drug Deliv Transl Res.
2014;4(4):344-52.

Srinivasan K. Black pepper and its pungent principle-
piperine: a review of diverse physiological effects. Crit
Rev Food Sci Nutr. 2007;47(8):735-48.

An H, Deng X, Wang F, Xu P, Wang N. Dendrimers
as nanocarriers for the delivery of drugs obtained
from natural products. Polymers. 2023;15(10):2292.
Wang J, Zhou T, Liu Y, Chen S, Yu Z. Application
of nanoparticles in the treatment of lung cancer with
emphasis on receptors. Front Pharmacol.
2022;12:781425.

85U8017 SUOWIWIOD BA1E81D) 8|l dde 8y Aq peusenob a2 sjolie YO 9SO S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUCD-PUB-SWRI/LIOY"AB | 1M Ale.q 1 jBul [Uo//:Schiy) SUORIPUOD pue SWS | 81 88S *[1202/TT/92] U0 ARiqiaulluo /oM * ABupAs JO AiseAiun - ppred ey Aeusey Aq ¥9.ET T920-8/8T/200T OT/I0P/W0d A8 |mAkeiq i pul|uo'sgey//sdny wouy pspeojumod ‘0 ‘T9208.8T



A. Haysom-McDowell et al.

150

151

152

153

154

155

156

157

158

159

160

161

Zhao F, Wang P, Jiao Y, Zhang X, Chen D, Xu H.
Hydroxysafflor yellow a: a systematical review on
botanical resources, physicochemical properties, drug
delivery system, pharmacokinetics, and
pharmacological effects. Front Pharmacol.
2020;11:579332.

Yadav KS, Soni G, Choudhary D, Khanduri A,
Bhandari A, Joshi G. Microemulsions for enhancing
drug delivery of hydrophilic drugs: exploring various
routes of administration. Med Drug Discov.
2023;20:100162.

Eloy JO, Claro de Souza M, Petrilli R, Barcellos JPA,
Lee RJ, Marchetti JM. Liposomes as carriers of
hydrophilic small molecule drugs: strategies to enhance
encapsulation and delivery. Colloids Surf B
Biointerfaces. 2014;123:345-63.

Arredondo-Ochoa T, Silva-Martinez GA.
Microemulsion based nanostructures for drug delivery.
Front Nanotechnol. 2022;3:753947.

Mittal P, Saharan A, Verma R, Altalbawy FMA,
Alfaidi MA, Batiha GE, et al. Dendrimers: a new race
of pharmaceutical nanocarriers. Biomed Res Int.
2021;2021:8844030.

Mukherjee S, Ray S, Thakur RS. Solid lipid
nanoparticles: a modern formulation approach in
drug delivery system. Indian J Pharm Sci. 2009;71
(4):349-58.

Kim SJ, Puranik N, Yadav D, Jin JO, Lee PCW.
Lipid nanocarrier-based drug delivery systems:
therapeutic advances in the treatment of lung cancer.
Int J Nanomedicine. 2023;18:2659-76.

Begines B, Ortiz T, Pérez-Aranda M, Martinez G,
Merinero M, Argilielles-Arias F, et al. Polymeric
nanoparticles for drug delivery: recent developments
and future prospects. Nanomaterials (Basel). 2020;10
(7):1403.

Yousefi Rizi HA, Hoon Shin D, Yousefi Rizi S.
Polymeric nanoparticles in cancer chemotherapy: a
narrative review. fran J Public Health. 2022;51(2):226—
39.

Parhi P, Mohanty C, Sahoo SK. Nanotechnology-
based combinational drug delivery: an emerging
approach for cancer therapy. Drug Discov Today.
2012;17(17):1044-52.

Leu JSL, Teoh JJX, Ling ALQ, Chong J, Loo YS,
Mat Azmi ID, et al. Recent advances in the
development of liquid crystalline nanoparticles as drug
delivery systems. Pharmaceutics. 2023;15(5):1421.
Alnugaydan AM, Almutary AG, Azam M,
Manandhar B, de Rubis G, Madheswaran T, et al.
Phytantriol-based berberine-loaded liquid crystalline
nanoparticles attenuate inflammation and oxidative
stress in lipopolysaccharide-induced RAW264.7
macrophages. Nanomaterials. 2022;12:4312. https://doi.
org/10.3390/nano12234312

162

163

164

165

166

167

168

169

170

171

Phytoceuticals & Nanoparticles for Lung Cancer

Alnugaydan AM, Almutary AG, Azam M,
Manandhar B, Yin GHS, Yen LL, et al. Evaluation of
the cytotoxic activity and anti-migratory effect of
berberine-phytantriol liquid crystalline nanoparticle
formulation on non-small-cell lung cancer in vitro.
Pharmaceutics. 2022;14(6):1119.

Chakraborty A, Paudel KR, Wang C, de Rubis G,
Chellappan DK, Hansbro PM, et al. Anti-
inflammatory and anti-fibrotic effects of berberine-
loaded liquid crystalline nanoparticles. EXCLI J.
2023;22:1104-8.

Paudel KR, Manandhar B, Singh SK, Gupta G,
Hansbro PM, Chellappan DK, et al. Cytotoxic
mechanisms of berberine-phytantriol liquid crystalline
nanoparticles against non-small-cell lung cancer.
EXCLI J. 2023;22:516-9.

Paudel KR, Mehta M, Yin GHS, Yen LL, Malyla V,
Patel VK, et al. Berberine-loaded liquid crystalline
nanoparticles inhibit non-small cell lung cancer
proliferation and migration in vitro. Environ Sci Pollut
Res. 2022;29(31):46830-47.

Paudel KR, Panth N, Manandhar B, Singh SK, Gupta
G, Wich PR, et al. Attenuation of cigarette-smoke-
induced oxidative stress, senescence, and inflammation
by Berberine-loaded liquid crystalline nanoparticles: in
vitro study in I6HBE and RAW264.7 cells.
Antioxidants. 2022;11:873. https://doi.org/10.
3390/antiox 11050873

Mehta M, Malyla V, Paudel KR, Chellappan DK,
Hansbro PM, Oliver BG, et al. Berberine loaded
liquid crystalline nanostructure inhibits cancer
progression in adenocarcinomic human alveolar basal
epithelial cells in vitro. J Food Biochem. 2021;45(11):
e13954.

Wadhwa R, Paudel KR, Chin LH, Hon CM,
Madheswaran T, Gupta G, et al. Anti-inflammatory
and anticancer activities of naringenin-loaded liquid
crystalline nanoparticles in vitro. J Food Biochem.
2021;45(1):e13572.

Paudel KR, Wadhwa R, Tew XN, Lau NJX,
Madheswaran T, Panneerselvam J, et al. Rutin loaded
liquid crystalline nanoparticles inhibit non-small cell
lung cancer proliferation and migration in vitro. Life
Sci. 2021;276:119436.

Mehta M, Paudel KR, Shukla SD, Shastri MD, Satija
S, Singh SK, et al. Rutin-loaded liquid crystalline
nanoparticles attenuate oxidative stress in bronchial
epithelial cells: a PCR validation. Future Med Chem.
2021;13(6):543-9.

Paudel KR, Wadhwa R, Mehta M, Chellappan DK,
Hansbro PM, Dua K. Rutin loaded liquid
crystalline nanoparticles inhibit lipopolysaccharide
induced oxidative stress and apoptosis in bronchial
epithelial cells in vitro. Toxicol In Vitro.
2020;68:104961.

Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 21

85U8017 SUOWIWIOD BA1E81D) 8|l dde 8y Aq peusenob a2 sjolie YO 9SO S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUCD-PUB-SWRI/LIOY"AB | 1M Ale.q 1 jBul [Uo//:Schiy) SUORIPUOD pue SWS | 81 88S *[1202/TT/92] U0 ARiqiaulluo /oM * ABupAs JO AiseAiun - ppred ey Aeusey Aq ¥9.ET T920-8/8T/200T OT/I0P/W0d A8 |mAkeiq i pul|uo'sgey//sdny wouy pspeojumod ‘0 ‘T9208.8T


https://doi.org/10.3390/nano12234312
https://doi.org/10.3390/nano12234312
https://doi.org/10.3390/antiox11050873
https://doi.org/10.3390/antiox11050873

Phytoceuticals & Nanoparticles for Lung Cancer

172

173

174

175

176

177

178

179

180

181

182

183

22

Paudel KR, Clarence DD, Panth N, Manandhar B, de
Rubis G, Devkota HP, et al. Zerumbone liquid
crystalline nanoparticles protect against oxidative
stress, inflammation and senescence induced by
cigarette smoke extract in vitro. Naunyn Schmiedebergs
Arch Pharmacol. 2024;397(4):2465-83.

Manandhar B, Paudel KR, Clarence DD, de Rubis G,
Madheswaran T, Panneerselvam J, et al. Zerumbone-
incorporated liquid crystalline nanoparticles inhibit
proliferation and migration of non-small-cell lung
cancer in vitro. Naunyn Schmiedebergs Arch
Pharmacol. 2024;397(1):343-56.

Lee DR, Park JS, Bae IH, Lee Y, Kim BM. Liquid
crystal nanoparticle formulation as an oral drug
delivery system for liver-specific distribution. Int J
Nanomedicine. 2016;11:853-71.

Chavda VP, Dyawanapelly S, Dawre S, Ferreira-
Faria I, Bezbaruah R, Rani Gogoi N, et al.
Lyotropic liquid crystalline phases: drug delivery and
biomedical applications. Int J Pharm.
2023;647:123546.

Singh M, de Rubis G, Kokkinis S, Paudel KR, Yeung
S, Hansbro PM, et al. Curcumin-loaded liposomes
modulating the synergistic role of EpCAM and
estrogen receptor alpha in lung cancer management.
Pathol Res Pract. 2024;257:155317.

Ma X, Sui X, Liu C, Li H, Han C, Xu T, et al. Co-
delivery of berberine and magnolol targeted liposomes
for synergistic anti-lung cancer. Colloids Surf A
Physicochem Eng Asp. 2023;673:131773.

Zalpoor H, Nabi-Afjadi M, Forghaniesfidvajani R,
Tavakol C, Farahighasreaboonasr F, Pakizeh F, et al.
Quercetin as a JAK-STAT inhibitor: a potential role
in solid tumors and neurodegenerative diseases. Cell
Mol Biol Lett. 2022;27(1):60.

Sharma S, Parveen R, Chatterji BP. Toxicology of
nanoparticles in drug delivery. Curr Pathobiol Rep.
2021;9(4):133-44.

Nosova AS, Koloskova OO, Nikonova AA, Simonova
VA, Smirnov VV, Kudlay D, et al. Diversity of
PEGylation methods of liposomes and their

influence on RNA delivery. Medchemcomm. 2019;10
(3):369-77.

Taher M, Susanti D, Haris MS, Rushdan AA,
Widodo RT, Syukri Y, et al. PEGylated liposomes
enhance the effect of cytotoxic drug: a review. Heliyon.
2023;9(3):e13823.

Sun L, Liu H, Ye Y, Lei Y, Islam R, Tan S, et al.
Smart nanoparticles for cancer therapy. Signal
Transduct Target Ther. 2023;8(1):418.

Hu G, Guo M, Xu J, Wu F, Fan J, Huang Q, et al.
Nanoparticles targeting macrophages as potential
clinical therapeutic agents against cancer and
inflammation. Front Immunol. 2019;10:1998.

Molecular Oncology (2024) © 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

184

185

186

187

188

189

190

191

192

193

194

195

A. Haysom-McDowell et al.

Seol KH, Bong SH, Kang DH, Kim JW. Factors
associated with the quality of life of patients with
cancer undergoing radiotherapy. Psychiatry Investig.
2021;18(1):80-7.

Lewandowska A, Rudzki G, Lewandowski T,
Préchnicki M, Rudzki S, Laskowska B, et al. Quality
of life of cancer patients treated with chemotherapy.
Int J Environ Res Public Health. 2020;17(19):6938.
Zhu L, Yang X, Zhu R, Yu L. Identifying
discriminative biological function features and rules
for cancer-related long non-coding RNAs. Front
Genet. 2020;11:598773.

Cheng Y-L, Chang WL, Lee SC, Liu YG, Chen CJ,
Lin SZ, et al. Acetone extract of Angelica sinensis
inhibits proliferation of human cancer cells via
inducing cell cycle arrest and apoptosis. Life Sci.
2004;75(13):1579-94.

Lang SJ, Schmiech M, Hafner S, Paetz C, Steinborn
C, Huber R, et al. Antitumor activity of an Artemisia
annua herbal preparation and identification of active
ingredients. Phytomedicine. 2019;62:152962.

Pan Y, Zhang F, Zhao Y, Shao D, Zheng X, Chen
Y, et al. Berberine enhances chemosensitivity and
induces apoptosis through dose-orchestrated AMPK
signaling in breast cancer. J Cancer. 2017;8(9):1679—
89.

Zhang C, Sheng J, Li G, Zhao L, Wang Y, Yang W,

et al. Effects of berberine and its derivatives on cancer:

a systems pharmacology review. Front Pharmacol.
2020;10:1461.

Shen Y, Ma H. Oridonin-loaded lipid-coated calcium
phosphate nanoparticles: preparation, characterization,
and application in A549 lung cancer. Pharm Dev
Technol. 2022;27(5):598-605.

SulJ, Yan Y, Qu J, Xue X, Liu Z, Cai H. Emodin
induces apoptosis of lung cancer cells through ER
stress and the TRIB3/NF-«kB pathway. Oncol Rep.
2017;37(3):1565-72.

Peng S, Wang J, Lu C, Xu Z, Chai JJ, Ke Q, et al.
Emodin enhances cisplatin sensitivity in non-small cell
lung cancer through Pgp downregulation. Oncol Lett.
2021;21(3):230.

Kang L, Miao MS, Song YG, Fang XY, Zhang J,
Zhang YN, et al. Total flavonoids of Taraxacum
mongolicum inhibit non-small cell lung cancer by
regulating immune function. J Ethnopharmacol.
2021;281:114514.

Warin RF, Chen H, Soroka DN, Zhu Y, Sang S.
Induction of lung cancer cell apoptosis through a p53
pathway by [6]-shogaol and its cysteine-conjugated
metabolite M2. J Agric Food Chem. 2014;62(6):1352—
62.

85U8017 SUOWIWIOD BA1E81D) 8|l dde 8y Aq peusenob a2 sjolie YO 9SO S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUCD-PUB-SWRI/LIOY"AB | 1M Ale.q 1 jBul [Uo//:Schiy) SUORIPUOD pue SWS | 81 88S *[1202/TT/92] U0 ARiqiaulluo /oM * ABupAs JO AiseAiun - ppred ey Aeusey Aq ¥9.ET T920-8/8T/200T OT/I0P/W0d A8 |mAkeiq i pul|uo'sgey//sdny wouy pspeojumod ‘0 ‘T9208.8T



	Outline placeholder
	1. Background
	1.1. Current treatment interventions and related challenges
	1.2. Major limitations in cancer treatment: therapeutic resistance
	1.3. Growing relevance of phytoceutical-based treatment options

	2. Non-small cell lung cancer pathways and genes
	2.1. Cancer development and pro-oncogenic pathways
	2.2. Anti-oncogenic pathways

	3. Anticancer molecular mechanisms of phytoceuticals against NSCLC
	3.1. Phytochemical groups
	3.2. Polyphenols
	3.3. Terpenes
	3.4. Nitrogenous compounds
	3.5. Phthalides
	3.6. Isolated compounds versus whole extracts
	3.7. Phytoceutical compounds with actions against NSCLC in the literature

	4. Phytoceutical loaded nanodelivery systems
	4.1. The challenge of bioavailability
	4.2. Nanoparticle delivery systems
	4.2.1. Solid lipid nanoparticles
	4.2.2. Polymeric nanoparticles
	4.2.3. Liquid crystalline nanoparticles
	4.2.4. Liposomes


	5. Conclusion and future directions
	 Acknowledgements
	 Conflict of interest
	 Author contributions
	 Peer review
	 References


