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A B S T R A C T

Lung cancer continues to have a high incidence rate, exhibiting a five-year overall survival percentage of merely 
18.6 %. Despite advancements in conventional therapeutic approaches, drug resistance and treatment-associated 
toxicities remain major challenges. Recent research has focused on plant-derived molecules as promising ther
apeutic alternatives due to their low toxicity and significant anticancer effects. Nobiletin, a flavonoid enriched 
with polymethoxylated groups present in citrus peel, has exhibited diverse therapeutic properties, including 
antioxidants, immunomodulatory, neuroprotective, and antitumor activities. This review highlights anti-lung 
cancer activity of nobiletin by modulating critical tumor-promoting signaling pathways thereby suppressing 
cancer cell proliferation, infiltration, and metastasis. Most importantly, nobiletin triggers cancer cell apoptosis by 
caspase-3 activation and poly-(ADP-ribose) polymerase cleavage and functions as a key regulator in mitigating 
drug resistance by regulating various signaling pathways. However, its medical use is constrained by poor 
aqueous solubility and limited bioavailability. To mitigate these challenges, advanced drug delivery systems 
have been explored, including polymeric nanoparticles, nano-dispersed solids, micelles, and nano emulsions. 
Nanotechnology-based formulations such as self-micro emulsifying drug delivery systems, chitosan-based 
microemulsions, and liposomal encapsulation have significantly improved the nobiletin’s stability, solubility, 
and targeted delivery. These approaches enhance its therapeutic efficacy, positioning nobiletin as a potential 
therapeutic strategy for lung cancer treatment.

1. Overview of lung cancer

Lung cancer remains a significant global concern, exhibiting the 
second-highest occurrence rate in man following prostate cancer and in 
female individuals, following breast cancer (de Groot et al., 2018; 
Thandra et al., 2021). According to the American Cancer Society (2025) 
(American Cancer Society, 2025) and the Centers for Disease Control 

and Prevention (2024), lung cancer is the second most diagnosed cancer 
in U.S. men (following prostate cancer) and in women (following breast 
cancer) (Siegel et al., 2024). On a global scale, however, data from 
GLOBOCAN 2020 show that lung cancer is the second most frequently 
diagnosed cancer overall, after breast cancer. Among men worldwide, 
lung cancer is often the most diagnosed, while in women, it typically 
ranks lower—often third or fourth—behind breast cancer, which 
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remains the most prevalent (Sung et al., 2021). Unfortunately, lung 
cancer progression leads to a poor prognosis, reflected in a five-year 
survival rate of just 18.6 %, a stark contrast to colorectal (64.5 %), 
breast (89.6 %), and prostate cancers (98.2 %) (Nojiri et al., 2017). This 
low survival rate is largely due to most lung cancer patients identified at 
advanced or metastatic phases. According to the World Health Organi
zation (WHO), lung cancer represented 12.4 % of newly diagnosed 
cancer cases in 2022 and caused 18.7 % of all cancer deaths worldwide 
(WHO, 2024). Lung cancer is primarily categorized into two types: 
small-cell lung carcinoma (SCLC) and non-small-cell lung carcinoma 
(NSCLC). SCLC, which makes up about 20 % of cases, exhibits the 
highest degree of aggressiveness and rapid growth, strongly linked to 
cigarette smoking. SCLC is characterized by rapid metastasis and is often 
diagnosed at advanced stages. Histologically, SCLC cells are smaller than 
those in NSCLC. SCLC typically originates centrally in the lungs, often 
near the hilum or major airways, and tends to grow along the bronchi 
(Chu et al., 2011). In contrast, NSCLC frequently arises in the peripheral 
regions of the lungs and is more likely to present as a peripheral mass 
(Zappa & Mousa, 2016). Non-small-cell lung cancer (NSCLC) is further 
categorized into several subtypes based on pathological characteristics, 
including squamous cell carcinoma, adenocarcinoma, and less common 
forms like large cell carcinoma (Li et al., 2013). Despite advances in 
treatment options in recent years, the prognosis for NSCLC patients re
mains poor. Presently, treatment strategies are primarily guided by 
histopathological classification. However, this approach has limi
tations—it cannot reliably predict tumor progression, likelihood of 
metastasis, or treatment response. Moreover, patients with NSCLC who 
share similar clinical profiles and tumor stages often experience diver
gent clinical outcomes (Herbst et al., 2008). Emerging research has 
shown that different histological types of lung cancer exhibit distinct 
molecular features, such as variations in mutational patterns, DNA copy 
number changes, and gene expression profiles (Charkiewicz et al., 2017; 
Faruki et al., 2017; Gentles et al., 2015). These findings have led to 
growing interest in classifying cancers based on their molecular ge
netics, which may offer more precise insights for diagnosis and therapy. 
SCLC generally arises centrally within the lungs and invades the walls of 
the major bronchi. Its rapid proliferation and early metastasis pose 
significant treatment challenges, emphasizing the importance of early 
detection and smoking cessation for prevention (Cersosimo, 2002). 
SCLC’s rapid proliferation and early metastasis contribute to poor 
prognosis, making early detection extremely challenging. Although 
diagnosis often occurs at advanced stages due to subtle initial symptoms, 
emerging research into circulating tumor cells (CTCs) and liquid biopsy 
technologies offers potential for earlier identification (Hamilton et al., 
2016). Specific genetic alterations, notably the inactivation of TP53 and 
RB1, as well as amplification of MYC family genes, are nearly universal 
in SCLC and could serve as early molecular biomarkers (George et al., 
2015; Peifer et al., 2012). Environmental exposures, particularly heavy 
tobacco use and occupational contact with carcinogens like radon and 
asbestos, have been strongly implicated in disease development 
(Couraud et al., 2012), reinforcing the critical role of smoking cessation 
and public health interventions in prevention. In lung adenocarcinoma 
(LUAD), key driver mutations include those in KRAS (Kirsten rat sar
coma viral oncogene homolog), EGFR (epidermal growth factor recep
tor), TP53 (tumor protein p53), KEAP1 (Kelch-like ECH-associated 
protein 1), STK11 (serine/threonine kinase 11, also known as LKB1), 
and NF1 (neurofibromin 1) (Pao & Hutchinson, 2012). For lung squa
mous cell carcinoma (LUSC), common mutations are found in TP53 and 
CDKN2A. In SCLC, frequent mutations involve RB1 and TP53, with some 
tumors exhibiting overexpression of MYC family oncogenes such as 
MYC, MYCL, and MYCN (Saab et al., 2020; Skoulidis & Heymach, 2019). 
As research on targeted therapies advances, efforts to classify lung 
cancers based on these mutations have gained momentum (Hung & 
Chirieac, 2020). MET amplification and MET exon 14 skipping muta
tions were identified in a notable proportion of both our patient cohort 
and the TCGA lung adenocarcinoma dataset (“Comprehensive molecular 

profiling of lung adenocarcinoma,’ 2014). When considering all poten
tially targetable genomic alterations responsive to the MET/ALK/ROS1 
tyrosine kinase inhibitor crizotinib, approximately 10 % of lung ade
nocarcinomas exhibit actionable alterations in ALK, ROS1, or MET. The 
rarity of concurrent driver mutations involving multiple genes—such as 
ALK, RET, ROS1, and MET—is likely due to two main factors: (1) the 
inherently low incidence of these genetic alterations in lung cancer (Pan 
et al., 2014); and (2) changes in clinical practice that have promoted 
more comprehensive and systematic testing for such mutations (Hirsch 
et al., 2016).

The treatment modalities (Fig. 1) for lung cancer involve surgical 
procedures, cytotoxic chemotherapy, immune-based therapies, radio
therapeutic techniques, and precision-targeted agents. Classification is 
critically important in lung cancer because it directly guides treatment 
decisions (Hirsch et al., 2017; Travis et al., 2015). By identifying the 
specific type of lung cancer—whether it’s small-cell or non-small-cell, 
and further subtypes like adenocarcinoma or squamous cell 
carcinoma—as well as molecular features (such as EGFR mutations or 
ALK rearrangements) (Lindeman et al., 2013; Mok et al., 2009), clini
cians can select the most effective therapies for each patient. For 
example, certain genetic mutations may make tumors responsive to 
targeted therapies or immune checkpoint inhibitors, while others may 
require chemotherapy or radiotherapy (Garon et al., 2015; Hanna et al., 
2017). Without proper classification, patients might receive treatments 
that are less effective or more toxic (Reck et al., 2013). In short, accurate 
classification enables personalized treatment plans, improves outcomes, 
and reduces unnecessary side effects (Reck et al., 2013). Immuno
therapy, particularly immune checkpoint inhibitors (ICIs) such as 
nivolumab, atezolizumab, and pembrolizumab has emerged in the last 
two decades as a promising treatment approach (Jain et al., 2018). In 
spite of medical advancements, lung cancer persists as the foremost 
cause of cancer-related deaths, with around 1.8 million deaths reported 
globally in 2020 (Cao et al., 2021). Several factors contribute to the 
limited effectiveness and severe side effects of current therapies, 
including the toxicity of drugs like carboplatin, cisplatin, oxaliplatin, 
and docetaxel. Beyond immunotherapies, radiotherapies, and chemo
therapies, therapeutic resistance is a critical issue in lung cancer treat
ment, often resulting in tumor relapse, metastasis, and reduced patient 
survival. This resistance can be either intrinsic or acquired and involves 
several well-characterized mechanisms. One major factor is the emer
gence of secondary genetic mutations, such as the EGFR T790M muta
tion, which can restore signaling through pathways that were initially 
blocked by targeted drugs (Yu et al., 2013). Tumors may also activate 
bypass signaling pathways, for example, through MET or HER2 ampli
fication—that allow them to maintain growth and survival despite 
treatment (Gainor et al., 2013). Additionally, phenotypic trans
formation, such as the shift from non-small-cell lung cancer (NSCLC) to 
small-cell lung cancer (SCLC), can occur under therapeutic pressure, 
making the disease more aggressive and less responsive to previously 
effective treatments (Yu et al., 2013). Other mechanisms include the 
overexpression of drug efflux pumps like P-glycoprotein, which actively 
remove chemotherapeutic agents from cancer cells, and alterations in 
the tumor microenvironment that reduce immune cell infiltration or 
increase immunosuppressive signaling, diminishing the effectiveness of 
immunotherapy. Furthermore, defects in apoptotic pathways—such as 
the overexpression of anti-apoptotic proteins—enable tumor cells to 
evade cell death (Holohan et al., 2013). Understanding these resistance 
mechanisms is essential for developing more durable and effective 
treatment strategies in lung cancer. Beyond immunotherapies, radio
therapies, and chemotherapies, therapeutic resistance is a critical issue, 
leading to the re-emergence of cancer, metastasis, and shorter patient 
lifespans (Vasan et al., 2019). This has fueled interest in exploring 
alternative treatments, particularly plant-derived metabolites, which 
have shown promise in inhibiting tumor cell metabolism and prolifer
ation (Luo et al., 2019). Recent advancements in pharmaceutical tech
nology have addressed safety concerns by improving the bioavailability 
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and delivery of these compounds, making plant metabolites a viable 
option for lung cancer treatment. With low cytotoxicity and high 
effectiveness, these agents offer a hopeful alternative in the ongoing 
fight against lung cancer (Salehi et al., 2020). Compounds such as cur
cumin (from Curcuma longa), resveratrol (from grapes), berberine (from 
Berberis species), and quercetin (found in many fruits and vegetables) 
have demonstrated anti-cancer properties by targeting pathways such as 
PI3K/Akt/mTOR, AMPK, and NF-κB (Choudhari et al., 2019; Memarzia 
et al., 2023). Recent advancements in pharmaceutical technology, 
including nanoparticle-based drug delivery and structural modification 
to improve bioavailability, have helped address previous safety and ef
ficacy concerns, making plant metabolites increasingly viable candi
dates for lung cancer therapy. With low cytotoxicity and high 
effectiveness, these agents offer a hopeful alternative in the ongoing 
fight against lung cancer (Salehi et al., 2020).

Lung cancer treatment involves multiple modalities, each custom
ized based on the type and stage of disease progression. Standard 
treatment modalities include surgical resection, chemotherapy, immu
notherapy, radiotherapy, and targeted therapeutic strategies, often used 
in combination to improve patient outcomes. Surgical excision is the 
preferred treatment for early-stage non-small cell lung cancer (NSCLC) 
when the tumor is localized and there is no distant metastasis. Chemo
therapy is a key therapeutic approach in the management of lung cancer, 
particularly for SCLC and advanced NSCLC. It involves cytotoxic agents 
that target and eliminate rapidly dividing cancer cells. Lung cancer 
treatment has been revolutionized by immunotherapy, which enhances 
the immune system’s ability to target and eliminate malignant cells. It 
shows significant efficacy in NSCLC with elevated PD-L1 expression and 
certain (Society, 2024). In treating localized lung cancer, brain metas
tases, and for palliative purposes, radiation therapy remains a critical 
therapeutic approach. It employs high-energy radiation to target and 
destroy cancer cells. Targeted therapies aim at molecular changes within 
lung cancer cells, making them more precise than chemotherapy. They 
are particularly effective in genetically driven NSCLC (Dempke et al., 
2010; Mohiuddin & Choi, 2005).

2. Overview of nobiletin

Nobiletin (NOB), classified as a polymethoxylated flavonoid, is a 
major phytochemical constituent of citrus peels, particularly from tan
gerines, oranges, and lemons (Keshtkar et al., 2019; Nakajima & Ohi
zumi, 2019). Nobiletin has a molecular weight of 402.399 g/mol, with 
the chemical formula C21H22O8 (Yarım et al., 2017). Due to its broad 
spectrum of potential therapeutic effects, nobiletin has gained signifi
cant attention. Studies have highlighted its diverse biological and 
therapeutic effects mostly on preclinical animal model and in vitro assay 
(Fig. 2), such as anti-diabetic (Keshtkar et al., 2019), anti-oxidant 
(Zhang et al., 2019), osteoprotective (Lin et al., 2019), 
anti-inflammatory (Tsuboi et al., 2020), hepatoprotective (Yuk et al., 
2018), cardioprotective (Youn et al., 2019), and neuroprotective activ
ities (Nohara et al., 2019), anti-microbial (Yao et al., 2012), anti-allergic 
(Onishi et al., 2014), anti-obesity (Lee et al., 2013) Alzheimer’s disease 
(Kimura et al., 2018), in addition to its anticancer properties (Kisacam, 
2023). Studies on the biotransformation of nobiletin have identified 
three main mono-demethylated metabolites: 6-desmethylnobiletin, 
7-desmethylnobiletin, and 4′-desmethylnobiletin, with a ratio of 
1:8.2:2.8. Among these, 7-desmethylnobiletin showed the highest 
enzymatic activity, primarily mediated by the cytochrome P450 enzyme 
CYP3A4 (Koga et al., 2011). In comparison, 6-desmethylnobiletin dis
played reduced activity, whereas the development of 4′-desmethylno
biletin involved enzymes CYP1A1, CYP1A2, and CYP1B1, which showed 
high activity (R. W. Li, Theriault, et al., 2006). Due to nobiletin’s rapid 
metabolism and due to low bioavailability, Various approaches have 
been investigated to enhance its bioavailability and therapeutic effec
tiveness. One such approach involves the use of ionic liquid CAGE (a 
combination of choline and geranic acid). Studies have demonstrated 
that CAGE significantly improves nobiletin’s bioavailability, potentially 
through enhanced absorption via hydrogen bonding interactions. 
Research performed both in vitro and in vivo demonstrate that CAGE 
enhances bioavailability by up to 20-fold and significantly improves 
transdermal delivery efficiency. The reported enhancement of 
bioavailability by up to 20-fold using choline and geranic acid (CAGE) 

Fig. 1. Therapeutic Approaches of Lung cancer treatment.
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for transdermal delivery was observed in rat as an animal model. In a 
study investigating the transdermal administration of nobiletin—a 
flavonoid with poor water solubility—CAGE significantly improved its 
solubility and facilitated its absorption through the skin. The in vivo 
experiments demonstrated that the area under the concentration-time 
curve (AUC) for nobiletin was substantially increased when delivered 
transdermal with CAGE compared to oral administration of nobiletin 
crystals. This enhancement in bioavailability was accompanied by a 
notable hypoglycemic effect, indicating the therapeutic potential of this 
delivery method in rats (Hattori et al., 2019). Another strategy for 
improving nobiletin’s delivery is through the use of plant exine capsules, 
which have a high loading capacity for nobiletin (around 770 mg/g) and 
provide sustained release, making them a promising delivery method 
(Wu et al., 2020). Additionally, nanotechnology-based solutions, such as 
nobiletin-loaded nano emulsions, have emerged as an effective means to 
increase the therapeutic effects of nobiletin. For example, micelle for
mulations with small particle sizes (124 nm), high loading efficiency 
(7.6 %), and Substantial encapsulation (76.34 %) have been applied to 
treat bone loss (Wu et al., 2020).

3. Synergistic effect of nobiletin with chemotherapy agents

Tumor progression in lung cancer is caused by diverse cellular in
teractions, which renders single-agent therapies largely ineffective. 
Combination drug therapy, therefore, has gained the status of a gold- 
standard strategy of chemotherapy, carrying certain inherent advan
tages: simultaneous targeting of principal molecular pathways; lower 
doses of less toxic drugs that could be better tolerated by patients (van 
den Bent et al., 2020). Synergistic effects of drug combinations have 
been a focus of investigation in biomedical research, especially toward 
the treatment of cancer (Martínez-García et al., 2022). Uesato et al. 

discussed Nobiletin in combination with chemotherapeutic agents 
paclitaxel and carboplatin exerted a synergistic inhibition against 
human non-small-cell lung carcinoma (NSCLC) cell lines A549 and H460 
proliferation whereas, in antitumor activity assays, it was shown that 
this combination inhibited subcutaneous growth in nude mice of the 
A549 tumor xenograft (Leirdal & Sioud, 2000). According to Kok-Tong 
Tan et al. paclitaxel (PTX) in combination with 5-demethylnobiletin 
(5-DMN) synergistically inhibited CL1–5 lung cancer cell proliferation, 
as evidenced by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide) and propidium iodide assays. These low-dose com
bination treatments reduced cell viability in CL1–5 cells, leading to a 
concurrent increase in apoptosis. Moreover, this combination therapy 
remarkably inhibits tumor progression in a nude mouse xenograft model 
(Goodwin et al., 2018). Yu-Qian et al. reported that nobiletin and vor
inostat synergistically inhibited SCLC H82 cell proliferation by inducing 
apoptosis and autophagic cell death. This combination suppressed 
tumor growth in xenograft models by inhibiting the PI3K-AKT-mTOR 
pathway and promoting Beclin 1-mediated autophagy (Wen et al., 
2020). Wenzhe Ma et al. found that nobiletin enhanced chemosensitivity 
in ABCB1(ATP-Binding Cassette Subfamily B Member 1)-overexpressing 
A2780/T and A549/T cells (Paclitaxel-resistant A549 lung cancer cells), 
significantly reversing MDR (Multidrug Resistance) to paclitaxel and 
other drugs. This impact was connected to the inhibition of the 
AKT/ERK/Nrf2 pathway, reducing Nrf2 expression and AKT/ERK 
phosphorylation (Wen et al., 2018). Edy Meiyanto et al. reported that 
nobiletin enhanced the cytotoxic effect of doxorubicin in MCF-7 cells but 
not in T47D cells. The combination of 15 μmol/L nobiletin and 200 nM 
doxorubicin exhibited strong synergism in inducing apoptosis in MCF-7 
cells (Mason et al., 2012). According to Sen-Ling et al., nobiletin inhibits 
the Nrf2/AKT/ERK pathways, leading to increased paclitaxel accumu
lation in tumors and effectively reversing paclitaxel resistance in a 

Fig. 2. Overview of the therapeutic actions of nobiletin.
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multidrug-resistant xenograft cancer model (Chinnaiyan et al., 2013). In 
our previous studies, Feng Sen et al. found that nobiletin enhanced the 
accumulation of chemotherapeutic agents in ABCB1-overexpressing 
cancer cells by inhibiting P-gp. Additionally, it suppressed the 
Nrf2/AKT/ERK pathways, thereby enhancing the anticancer effects of 
paclitaxel in drug-resistant cancer cells (D. J. Ma, Galanis, et al., 2015). 
Novel approaches are urgently required to enhance the effectiveness and 
minimize the side effects of cancer treatment medications. In this di
rection, chemotherapy drugs combined with natural compounds are 
being investigated for their potential benefits. Treatment of HT-29 
human colon cancer cells with 4′-DMN (36 μmol/L) or atorvastatin 
(18 μmol/L) alone inhibited growth by 25.89 % and 20.89 %, respec
tively. The inhibition rates were, however, significantly upregulated to 
53.84 % when atorvastatin (7.2 μmol/L) and 4′-DMN (14.4 μmol/L) 
were used in combination, mediated by initiation of cellular apoptosis 
through upregulation of p53 and cleaved caspase-3 with subsequent 
greater suppression of cancer cells (Wick et al., 2016). In a similar 
manner, the combined effects of paclitaxel, carboplatin, and nobiletin 
synergistically inhibited the proliferation of A549 and H460 lung cancer 
cell lines. At increased concentrations, however, of nobiletin, paclitaxel, 
and carboplatin, a decrease in the proportion of apoptotic cells was seen 
(Galanis et al., 2005). In an alternative combination therapy wherein the 
concurrent administration of sorafenib and nobiletin markedly 
enhanced apoptotic cell death and G0/G1 cell cycle arrest for PC-3 
prostate cancer cells, this ability was equal to elevated expression of 
Bax, Rb1, and CDKN1A (p21) relative to monotherapy with either agent. 
In a mouse xenograft model using adriamycin-resistant A549 NSCLC 
cells, a combination of adriamycin (10 mg/kg) and nobiletin (40 mg/kg) 
reduced tumor volume by over 84 % compared to controls. Tumor size 
was measured with calipers over a 2–4-week period. This suggests 
nobiletin can significantly enhance the effectiveness of adriamycin in 
resistant lung cancer (Lassen et al., 2013). Nobiletin was shown to 
inhibit the Akt/GSK3/β-catenin/MYCN signaling pathway and knock 
down MDR1 expression, enhancing adriamycin influx. Moreover, it 
triggered apoptosis with enhanced activation of caspase-3, PARP 
cleavage, and sub-G1-phase cell death compared to adriamycin alone 
(Dasgupta & Gutmann, 2003). A study by Zhang et al. demonstrated that 
MYCN is overexpressed in NSCLC tumor tissues and cell lines, and this 
overexpression correlates with a more invasive tumor phenotype and 
poor prognosis. In vitro experiments showed that MYCN promotes 
NSCLC cell proliferation, while its knockdown leads to cell cycle arrest 
at the G0/G1 phase (Grunblatt et al., 2020). The synergistic effect of 
Nobiletin (NOB) with various chemotherapy agents has shown prom
ising potential in enhancing the effectiveness of cancer treatments as 

shown in Table 1. These findings highlight the potential of Nobiletin as 
an adjunct to chemotherapy, offering a dual advantage of enhanced 
therapeutic efficacy and reduced toxicity. The use of Nobiletin in com
bination with chemotherapy agents could provide a novel approach to 
overcome the limitations of single-agent therapies, paving the way for 
more effective cancer treatments with fewer side effects.

4. Safety evaluation, cytotoxicity, and potential adverse 
reactions

In toxicity studies, nobiletin has shown promising safety profiles. A 
90-day chronic exposure study evaluating oral toxicity revealed that 
nobiletin was non-mutagenic, non-genotoxic, and caused no toxicity or 
Side effects observed at doses up to 540 mg/kg/day (Nakajima et al., 
2020). Additionally, studies involving nobiletin combined with other 
polymethoxylated flavones confirmed their non-genotoxicity in vitro 
(Delaney et al., 2001). A study demonstrated that nobiletin could trigger 
apoptosis in cancer cells but had a low toxicity towards normal cells (M. 
Ashrafizadeh, Farhood, et al., 2020). Other studies, such as those by Wu 
et al. showed no substantial change in body weight was observed be
tween the nobiletin-treated and control groups, suggesting the absence 
of overt toxicity (Wu et al., 2006). Similarly, Abe et al. reported no 
cytotoxicity in adipocytes treated with 50 μmol/L of nobiletin for 24 and 
48 h (Abe et al., 2023). A 28-day study on immunogenicity found that 
long-term exposure to a nobiletin-polymethoxylated flavones mixture at 
high doses slightly inhibited natural killer (NK) cell activity, without 
affecting humoral immunity (Delaney et al., 2002). These results imply 
that nobiletin is a potent therapeutic agent with minimal toxicity at the 
recommended dosage levels as shown in Table 2.

5. Signaling mechanisms in lung cancer

Lung cancer develops due to disruptions in normal cellular functions, 
with factors such as oxidative stress, genetic mutations, and alterations 
in signaling pathways playing key roles (Yuan et al., 2022). Among 
these, receptor tyrosine kinases (RTKs) such as EGFR, MET, ALK, and 
ROS1 have been extensively studied for their role in driving carcino
genesis (Abolfathi et al., 2023). These transmembrane receptors activate 
intracellular signaling cascades that upregulate the pro-survival onco
genes, including XIAP, Mcl-1, survivin, and Bcl-2 (Iksen et al., 2021). 
Additionally, RTK signaling inhibits pro-apoptotic gene expression, such 
as FOXO, thereby facilitating cell proliferation, survival, and tumor 
progression (Alam et al., 2023). RTK signaling pathways, such as 
PI3K/AKT and MAPK/ERK, promote tumor cell survival by inhibiting 

Table 1 
Synergistic effects of nobiletin with chemotherapeutic agents in cancer models.

Study Combination Cancer Model Main Outcome Mechanism Involved

Uesato et al. (Uesato et al., 
2014)

Nobiletin + Paclitaxel +
Carboplatin

NSCLC (A549, H460 cells, 
mouse xenografts)

Synergistic inhibition of tumor 
proliferation and growth

Not specified

Kok-Tong Tan et al. (Tan 
et al., 2019)

5-DMN + Paclitaxel CL1–5 lung cancer cells, 
mouse xenografts

Increased apoptosis and reduced tumor 
progression

Activation of apoptosis pathways

Yu-Qian et al. (Li et al., 
2023)

Nobiletin + Vorinostat SCLC (H82 cells, xenograft 
models)

Induced apoptosis and autophagic 
death, inhibited tumor growth

PI3K-AKT-mTOR inhibition, Beclin 1- 
mediated autophagy

Wenzhe Ma et al. (W. Ma, 
Galanis, et al., 2015)

Nobiletin A2780/T, A549/T cells (MDR 
models)

Reversed MDR to paclitaxel and other 
drugs

Inhibition of AKT/ERK/Nrf2 pathways

Edy Meiyanto et al. (
Meiyanto et al., 2012)

Nobiletin + Doxorubicin MCF-7 breast cancer cells Strong synergism in apoptosis 
induction

Not specified

Sen-Ling et al. (S.-L. Feng, 
Tian, et al., 2020)

Nobiletin + Paclitaxel MDR lung cancer models Increased paclitaxel accumulation and 
reversed resistance

Inhibition of Nrf2/AKT/ERK pathways

Feng Sen et al. (W. Ma, 
Galanis, et al., 2015)

Nobiletin +
Chemotherapeutic agents

ABCB1-overexpressing cancer 
cells

Enhanced chemosensitivity P-gp inhibition, Nrf2/AKT/ERK 
suppression

Xian Wu et al. (Wu et al., 
2018)

4′-DMN + Atorvastatin HT-29 colon cancer cells Enhanced apoptosis and growth 
suppression

p53 and cleaved caspase-3 upregulation

Yu-Qian et al. (Guney 
Eskiler et al., 2019)

Nobiletin + Sorafenib PC-3 prostate cancer cells Enhanced apoptosis, G0/G1 arrest Bax, Rb1, p21 elevation

Sen-Ling et al. (Moon et al., 
2018)

Nobiletin + Adriamycin NSCLC (parental and drug- 
resistant A549 cells)

Strong tumor volume reduction, 
reversal of MDR

Akt/GSK3/β-catenin/MYCN pathway 
inhibition, MDR1 downregulation
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FOXO transcription factors, which normally induce pro-apoptotic genes. 
When activated, AKT phosphorylates FOXO proteins, leading to their 
nuclear exclusion and degradation, thereby blocking apoptosis and 
aiding tumor progression (Tzivion et al., 2011). Oncogenic signaling 
pathways, such as RAF/MEK/ERK, PI3K/Akt/mTOR, and JAK/STAT, 
play a pivotal role in lung cancer, significantly contributing to tumor 
growth and progression. The RAF/MEK/ERK pathway, often activated 
by mutations in KRAS or other oncogenes, regulates cell proliferation 
and survival, promoting lung cancer growth (Montagut & Settleman, 
2009). The PI3K/Akt/mTOR pathway is another critical driver, involved 
in cellular processes like metabolism, growth, and survival. Dysregula
tion of this pathway is frequently observed in non-small cell lung cancer 

(NSCLC) and correlates with resistance to therapies and poor prognosis 
(Sanaei et al., 2022). Additionally, the JAK/STAT pathway, which me
diates immune responses and inflammation, is commonly activated in 
lung cancer, driving tumor progression and metastasis (Zhao et al., 
2024). Together, these signaling pathways contribute to the malignant 
phenotype of lung cancer by enhancing tumor cell survival, growth, and 
invasion. Oncogenic signaling pathways such as RAF/MEK/ERK, 
PI3K/Akt/mTOR, and JAK/STAT, are pivotal in lung cancer, playing a 
key contribution to tumor growth and advancement as shown in Fig. 3, 
Table 3.

Table 2 
Toxicity profile, formulation types, and conclusions on nobiletin (NOB).

Toxicity profile (ref) Designates/specifies Dosage Formulation type Outcomes Conclusions

Cytotoxicity (
Miyamoto et al., 
2008)

HT-29 human colon 
cancer cells

100 
μmol/L

Nobiletin (NOB) 
solution

No effect on cell proliferation was noted. Nobiletin shows low cytotoxicity in 
normal colon cells, indicating 
potential safety for long-term use.

Long - term 
animaltoxicity (
Miyamoto et al., 
2008)

ICR mice (long-term 
feeding)

100 ppm Nobiletin solution After 17 weeks on a NOB-supplemented diet, mice 
showed no significant changes in body or liver 
weight were detected, and NOB intake was not 
associated with toxicity.

Researchers suggest NOB has a 
favorable toxicity profile in chronic 
exposure models.

Prevention of 
apoptosis (S. Li, 
Wang, et al., 2006)

Male Sprague 
Dawley rats 
(cadmium injury 
model)

200 mg/ 
kg body 
mass

Nobiletin solution NOB decreased Neurocellular death induced by 
cadmium exposure. It inhibited the Akt/mTOR 
signaling pathway, highlighting its protective role 
against metal-induced neurotoxicity.

Researchers highlight NOB’s 
neuroprotective and anti-apoptotic 
potential under oxidative stress 
conditions.

Cytotoxicity (Abe 
et al., 2018)

HaCaT human 
keratinocyte cells

100 
μmol/L

NOB solution At a concentration of 100 μmol/L, NOB displayed 
significant growth inhibition; however, it 
triggered autophagy instead of apoptosis in HaCaT 
cells.

Authors noted potential anti- 
proliferative effects via autophagy, 
suggesting selective cytotoxicity.

Cytotoxicity (Huang 
et al., 2019)

H1299 human lung 
cancer cells

5–80 μg/ 
ml

Zein nanoparticles 
(NPs) encapsulating 
NOB

Cytotoxicity was observed in a concentration- 
dependent manner

Encapsulation enhanced cellular 
uptake and anticancer activity 
according to researchers.

Cytotoxicity (Gan 
et al., 2024)

RAW264.7 murine 
macrophage cells

Up to 
37.2 
μmol/L

Solution of NOB and 
NOB nanoemulsion

Cell viability was greater than 95 % at the highest 
concentration.

Researchers concluded NOB 
nanoemulsions are biocompatible 
and suitable for drug delivery.

Fig. 3. Various cell signaling pathways involved in lung cancer progression.
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5.1. RAS-RAF-MEK-ERK signaling cascade

The RAF/MEK/ERK signaling cascade is a central modulator of cell 
growth, apoptosis, and senescence (Henriques et al., 2015; Ritt et al., 
2016). This pathway is implicated in both NSCLC and SCLC (Cristea & 
Sage, 2016). Upon activation by cell membrane receptors like EGFR and 
FGFR, RAS, a guanosine triphosphatase (GTPase), activates downstream 
networks, including the RAS/RAF/MEK/ERK, PI3K/Akt/mTOR, and 
Ral-GEF pathways (Iksen et al., 2021). Experimental elucidation of this 
cascade often utilizes Western blotting for phosphorylation status of 
RAF, MEK, and ERK, immunoprecipitation assays for studying RAF 
dimerization, and mass spectrometry to identify post-translational 
modifications. The Grb2/SOS complex becomes activated by growth 
factor binding to RTKs and subsequently activates RAS (Alam et al., 
2023). The activation of RAS triggers a conformational shift which 
permits GTP binding and recruitment of RAF isoforms (A-RAF, RAF-1 or 
B-RAF) to the cell membrane. At this site, RAF is dimerized and over
comes its self-inhibitory regulation, forming a complex with additional 
Molecular chaperones like heat shock protein 90 (HSP90) (Iksen et al., 
2021). An activated RAF then goes on to phosphorylate and activate 
MEK1 and MEK2, leading to the phosphorylation of ERK1 and ERK2. 
Once activated, ERK migrates to the nucleus and orchestrates the acti
vation of gene expression, including genes such as c-Fos, c-Jun, c-Myc, 
CREB, MSK, and ELK-1 which regulate cell cycle progression and 
proliferation.

5.2. PI3K-akt-mTOR signaling cascade

The PI3K/Akt/mTOR pathway plays a significant contribution to 
lung cancer initiation and advancement of lung cancer. This signaling 
cascade is typically triggered upon the interaction of growth factors with 
RTKs, such as VEGFR, HER2, IGFR, EGFR, and PDGFR. Upon ligand 
binding, the p85 regulatory subunit of PI3K associates with the RTK, 
catalyzing the phosphorylation of phosphatidylinositol 4,5-bisphos
phate (PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate 
(PIP3) by the catalytic subunit p110 (Iksen et al., 2021). PIP3 acts as a 
second messenger, recruiting and activating Akt through phosphoryla
tion by PDK1 and mTOR complex-2. Experimental studies often employ 
phospho-specific antibodies in Western blotting to detect activated Akt 
and mTOR, CRISPR-Cas9 gene editing to knock out PTEN, and flow 
cytometry to assess downstream cell survival and proliferation changes 
(Tan, 2020). Once triggered, Akt dissociates from the membrane into the 
cytoplasm, where it influences mTOR complex-1, 4EBP1, and p70S6K, 
promoting cellular growth, survival, and proliferation. Akt also facili
tates tumor progression through the upregulation of anti-apoptotic 
protein expression like XIAP and Bcl-2 while downregulating the 
expression of pro-apoptotic factors (Papadimitrakopoulou, 2012). In 

normal cells, the tumor suppressor PTEN negatively modulates this 
pathway through the dephosphorylation of PIP3, thereby preventing Akt 
activation. PTEN serves as a negative regulator; its loss—detected via 
Sanger sequencing or PCR-based genotyping—results in unrestrained 
Akt activation (Okudela et al., 2007; Yamamoto et al., 2008). However, 
in NSCLC, this pathway frequently becomes dysregulated due to PTEN 
inactivation or mutations and PIK3CA overexpression (Kawano et al., 
2007). Variations in the helical and kinase segments of PIK3CA enhance 
the activity of the p110 catalytic subunit, further contributing to lung 
cancer progression (Samuels et al., 2004).

5.3. JAK-STAT signaling cascade

The signaling system which consists of Janus kinases (tyrosine 
kinase-2 and JAK1-3) and signal transducers and activators of tran
scription (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6) 
is called JAK-STAT signaling. JAK behaves constitutively, acting upon 
transmembrane receptors, the interleukin-6 receptor, and erythropoi
etin receptor, granulocyte colony-stimulating factor receptor (Thomas 
et al., 2015). Each of the JAK family of proteins has Four distinct 
functional regions: the FERM domain for receptor attachment, the SH2 
domain for recognition of phosphorylated tyrosines, the JH1 domain for 
the phosphorylation activity, and the JH2 domain for negative regula
tion (Hu et al., 2021). These STAT proteins possess specialized protein 
interaction Domains, with an N-terminal region responsible for dimer
ization, a coiled-coil domain for regulation, a DNA-recognizing domain, 
an SH2 domain able to recognize phosphorylated tyrosines, a structural 
adaptability domain, and a transcription-activation domain. Typical 
methodologies include electrophoretic mobility shift assays (EMSA) to 
study DNA binding of STAT dimers, Western blotting for phospho-STAT 
detection, and chromatin immunoprecipitation (ChIP)-qPCR to confirm 
STAT target gene binding (Hu et al., 2021). The pathway triggered upon 
ligand binding to the receptor, causing dimerization of receptors and 
conformational changes in the receptor that activate JAK proteins. 
Phosphorylation of tyrosine residues on the receptor by activated JAKs 
form docking sites for STAT binding. Upon recruitment, phosphorylated 
STAT dissociate from receptor, dimerize through their SH2 domains, 
allowing them to migrate to the nucleus, where they initiate gene acti
vation programs involved in cell growth, differentiation, inflammation, 
and apoptosis (Khanna et al., 2015). Negative regulators exist for control 
of this signaling pathway. For instance, PIAS214 inhibits the activity of 
phosphorylated STATs in a DNA-independent manner, preventing the 
nuclear entry of STATs and thereby blocking gene activation. Protein 
tyrosine phosphatases (PTPs) dephosphorylate the receptor, JAK, and 
STAT, thus switching off the signaling pathway altogether (Lu et al., 
2018). Additionally, Suppressor of Cytokine Signaling (SOCS) proteins 
Prevent STAT from interacting with the receptor and enhance its 
breakdown via ubiquitin-mediated pathways, ensuring proper regula
tion of the signaling process (Espert et al., 2005). Negative regulators 
like PIAS and SOCS proteins are studied through overexpression models 
in cell culture and ubiquitination assays.

5.4. PD-1/PD-L1 signaling cascade

The programmed-cell-death protein-1/programmed-cell-death- 
ligand-1 (PD-1/PD-L1) Signaling cascade contributes significantly to the 
immune evasion of lung cancer cells, actively hindering immune 
detection (Qin et al., 2019). PD-1 and PD-L1 are found on various im
mune compartments, including activated T lymphocytes, B lympho
cytes, and antigen-presenting cells. Functional characterization 
typically involves flow cytometry (for surface PD-1/PD-L1 expression), 
co-culture assays with T cells and tumor cells to assess immune sup
pression, and ELISA to measure cytokine release (e.g., IFN-γ, IL-2) 
(Ghosh et al., 2021; Han et al., 2020). PD-L1 is also upregulated in 
many cancers, allowing these tumor cells to take benefits of the 
PD-1/PD-L1-mediated immunosuppression. When PD-L1 interacts to 

Table: 3 
Signaling pathways targeted by nobiletin and the cellular processes they 
regulate.

S. 
N

Signaling 
pathways

Cellular processes in which Signaling pathways regulate

1. PI3K/Akt/ 
mTOR

Cell proliferation, apoptosis, angiogenesis (Sanaei et al., 
2022)

2. ARP-2/SIRT1/ 
AMPK

Growth inhibition and apoptosis (X. Wang, Lu, et al., 
2021)

3. Src/FAK/STAT3 Angiogenesis (Sp et al., 2017)
4. STAT Cell survival (Hu et al., 2021)
5. p53 Cell survival, proliferation, senescence and apoptosis (

Niazi et al., 2018)
6. ERK (MAP 

kinase)
Control of gene transcription, cellular division, cell 
survival, apoptotic pathways, metabolic function, 
differentiation, and cellular motility (Lee et al., 2020)

7. PI3K Cell division, cellular expansion, survival, metabolic 
alterations, cell movement, and polarization (Lee et al., 
2020)
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PD-1 on activated T lymphocytes, these interactions lead to intracellular 
signaling to phosphorylate PD-1 and inhibit the PI3K/Akt pathway 
within T cells (Ohaegbulam et al., 2015). Ligand-receptor binding leads 
to SHP2-mediated deactivation of the PI3K/Akt pathway, verified 
experimentally via co-immunoprecipitation assays and reporter assays 
(luciferase under PI3K-responsive promoters). This inhibits the expres
sion of pro-survival molecules like Bcl-xL, which in turn results in T cell 
programmed cell death, enabling cancer cells to evade immune detec
tion (Jiang et al., 2019). With the understanding of these complex 
signaling mechanisms, researchers can begin to develop rational thera
pies that will interrupt these oncogenic pathways and allow for better 
treatment modalities for lung cancer.

6. Nobiletin’s therapeutic impact on lung cancer

Nobiletin’s potential impacts treatments for lung cancer as shown in 
Table 4. The epidermal growth factor receptor, a classic receptor tyro
sine kinase, features an extracellular portion that binds ligands, 
including Epidermal growth factor (EGF), transforming growth factor- 
alpha (TGF-α), and an intracellular domain with a high concentration 
of tyrosine residues (Nurwidya et al., 2016). A transmembrane spacer 
links the two domains. Ligand binding leads to dimerization and a 
subsequent conformational change, which leads to intracellular auto
phosphorylation of tyrosine (Antonicelli et al., 2013). This event initi
ates signal transduction through RAS/RAF/MEK/ERK, 
PI3K/Akt/mTOR, or STAT pathways, regulating cell proliferation and 
preventing apoptosis (Bethune et al., 2010). After characterization of 
EGFR mutations in NSCLC tumor, Small-molecule tyrosine kinase in
hibitors have been designed for use in tumors with mutations of EGFR. 
The most common mutation in NSCLC is the replacement of leucine with 
arginine at codon 858 in exon 21 (L858R) and deletions in exon 19 
mutations (Scagliotti et al., 2020). These pathways harbor innumerable 
receptors, signaling, and effector proteins that could act as potential 
therapeutic targets to treat lung cancer (Boolell et al., 2015). However, 

despite these developments, the current treatments still have limited 
efficacy in controlling lung cancer. Recent studies have highlighted the 
anticancer activities of nobiletin, which inhibits proliferation of cancer 
cells, spread and migration (Huang et al., 2022). In the perspective of 
precision oncology, cuproptosis-related lncRNAs may present favorable 
therapeutic avenues for nobiletin concerning lung adenocarcinomas (Ma 
et al., 2022). Furthermore, research has revealed that nobiletin 
dose-dependently inhibited NSCLC cell proliferation (Luo et al., 2008). 
The consequences also involve the suppression of the Notch-1 pathway 
and an increase in miR-200 b expression; thus, suppressing 
hypoxia-driven epithelial-mesenchymal transition in H1299 cells (Gao 
et al., 2015). Suppression of the Notch-1 signaling pathway has been 
shown to inhibit hypoxia-induced epithelial-mesenchymal transition 
(EMT) in cancer cells by modulating microRNA expression. Specifically, 
downregulation of Notch-1 leads to the upregulation of miR-200 b, a 
microRNA that suppresses EMT by targeting transcription factors such 
as ZEB1 and ZEB2, which are responsible for repressing E-cadherin 
expression. In H1299 non-small cell lung cancer cells, this mechanism 
contributes to the inhibition of hypoxia-driven EMT, highlighting the 
interplay between signaling pathways and non-coding RNAs in regu
lating tumor cell plasticity (Patraşcu et al., 2025; Xiao et al., 2021) 
Nobiletin also induces apoptosis in tumor cells via caspase-3 activation 
and poly (ADP-ribose) polymerase (PARP) cleavage, leading to the 
suppression of tumor cell growth (Xiao et al., 2009). Nobiletin may 
inhibit Ras activity and the MEK/ERK pathway, probably through a 
Ca2+ sensitive PKC-dependent mechanism, hence suppressing the pro
liferation of C6 cells within the parameters of Ras-action and MEK/ERK 
signaling pathway (Aoki et al., 2013). Nobiletin facilitated the anti
proliferative and triggering of apoptosis by oxaliplatin in colorectal 
carcinoma (CRC) cells via modulation of the PI3K/Akt/mTOR pathway. 
Considering that PI3K/Akt/mTOR signaling have been documented in 
essential roles in the development of different cancers, this modulation 
may hold employed therapeutic value in many other cancers (N. Li, 
Zhang, et al., 2019). Nobiletin elicits antitumor effects by acting as an 
EGFR antagonist, inhibiting phosphorylation of EGFR, and thus inhib
iting downstream signaling cascades (Bole-Feysot et al., 1998). JAK2 is 
another very potent molecule that contributes to a plethora of signaling 
pathways that contribute to tumorigenesis, phosphorylated by nobiletin 
(Wang et al., 2017). Thereby, nobiletin interferes in the EGFR/JAK2 
signaling axis and its interaction with proteins like STAT3 that influence 
PD-L1 regulation. All these will contribute significantly to tumor 
metastasis and immune evasion (Wu et al., 2017). The EGFR phos
phorylation is in turn causing activation of many downstream targets, an 
event effectively suppressed by nobiletin in exerting its 
cancer-progression role through into the blockage of the 
EGFR/JAK2/STAT3-axis and inhibition of PD-L1 expression in NSCLC 
cells (Sp et al., 2021). By inhibiting PD-L1, nobiletin would prevent PD-1 
binding, counteracting immune suppression, and aiding in blocking 
tumor immune resistance against CD8 cytotoxic T cells (Pardoll, 2012). 
Suppression of PD-L1 levels was also demonstrated in A549, H292, and 
H460 NSCLC cells by nobiletin treatment. By targeting STAT3-mediated 
regulation of PD-L1 expression, nobiletin inhibited tumor progression 
and counteracted immunosuppressive effects through p53-independent 
downregulation of PD-L1 (Sp et al., 2021). Drug resistance can be seen as 
a hindrance in effective cancer treatment. Moon and colleagues asserted 
that nobiletin enhances adriamycin chemoresistance by the regulation 
of the AKT/GSK3β/β-catenin/MYCN/MRP1 pathway in non-small cell 
lung cancer cells (Moon et al., 2018). Nobiletin may likely also serve as a 
regulator of the tumor microenvironment, making it a good candidate 
for NSCLC immunotherapy (Sp et al., 2021). More recently, the nobiletin 
derivative compound 29 d, which was designed to increase solubility 
and thus antitumor activity of Nobiletin has demonstrated to enhance 
paclitaxel (PTX) enrichment in lung cancer cells (A549) through inhi
bition of P-glycoprotein (P-gp) activity (S. Feng, Zhou, et al., 2020). 
Meanwhile, some studies suggest that Nrf2/PI3K/Akt, and ERK 
signaling may be responsible for the observed chemoresistance 

Table 4 
Impact of nobiletin on lung cancer therapy.

Nobiletin 
dose

Cell line Results Ref.

20, 40, and 
80 μmol/L 
600 μg

A549 and 
H460

G1 phase cell cycle arrest enhances 
cancer cell sensitivity to paclitaxel 
and carboplatin.

Uesato 
et al. 
(2014)

40 μg/ml A549 Nobiletin can trigger p53-induced 
cell cycle arrest followed by 
apoptotic cell death are mediated by 
the regulation of the Bax: Bcl-2 
protein ratio.

Luo et al. 
(2008)

20 μmol/L A549 and 
H1299

Inhibited hypoxia-induced epithelial- 
mesenchymal transition, and 
migration in H1299. This outcome 
was linked to a decreased expression 
of Notch-1 and Jagged1/2, and 
downregulation of their downstream 
target genes, Hey-1 and Hes-1.

Da et al. 
(2016)

50 μmol/L 
(NOB) 
(0.5 μmol/ 
L) (ADR)

A549 The co-administration of nobiletin 
(NOB) and adriamycin (ADR) 
significantly potentiated apoptosis in 
A549 cells, as indicated by increased 
caspase-3 activation, enhanced PARP 
cleavage, and an elevated sub-G1 cell 
population compared to ADR 
monotherapy.

Moon et al. 
(2018)

100 & 200 
μmol/L

A549, 
H292 and 
H460

Nobiletin reduced PD-L1 expression 
through targeting the EGFR/JAK2/ 
STAT3 signaling pathway, 
independent of p53 status. 
Furthermore, miR-197 is key in 
modulating STAT3 and PD-L1 
expression, thus strengthening 
immune defenses against tumor cells.

Sp et al. 
(2021)
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(Wesołowska et al., 2012). The findings concerning Nrf2 suppression by 
compound 29 d through downregulation of ERK and inhibition of the 
PI3K/Akt pathway support the proposal that NOB and its derivatives 
could enhance chemotherapy sensitivity in cancer cells via distinct 
molecular pathways. In parallel, the ability of NOB to boost PTX’s 
antitumor activity was investigated. NOB was shown to enhances 
PTX-stimulated apoptosis in multidrug-resistant lung cancer cells by 
downregulating Nrf2 and suppressing Akt and ERK phosphorylation (S. 
Feng, Zhou, et al., 2020). In terms of its superior advantages in anti
cancer activities, Compound 29 d exhibited any notable influence on 
P-gp in contrast to NOB. Although this is the case, the mechanisms 
illustrated by these differences are duly noted as being more distant from 
one another that further studies are warranted in this regard. The in vitro 
experiments, nonetheless, obviously displayed that NOB induces 
apoptosis in cancer cells via a reduction of cell viability and survival in a 
dose-dependent effect that does not interfere with the cell cycle. Besides, 
the combination of NOB and cisplatin inhibited thyroid cancer cell 
viability better than either drug administered alone. NOB preferentially 
kills cancer cells and spares normal cells; hence, it has a good chance of 
being developed as a candidate for chemo-oncology purposes (Sousa 
et al., 2020). Lung cancer cell lines resistant to P-gp also exhibit 
expression of multidrug resistance-associated protein 1 (MRP1), also 
known as ABCC1. MRP1 stands as one among the very crucial molecules 
constituting the different chemoresistance mechanisms that have im
putations of MYCN. Fibrous sheath-interacting protein 1 (FSIP1) 
through the upregulation of MRP1, promotes further chemoresistance 
while oncosuppressor miR-7 works against MRP1 whilst simultaneously 
sensitizing breast cancer cells to chemotherapy (Sousa et al., 2020). NOB 
also compromises MRP1 activity along with preventing adriamycin 
accumulation within cancer cells, resulting in apoptosis (Moon et al., 
2018). The relationship between MYCN and MRP1 (ABCC1) has been 
well-documented in neuroblastoma studies. Research shows that MYCN 
directly regulates MRP1 expression by binding to E-box elements in the 
MRP1 promoter, leading to increased transcription and protein pro
duction. This upregulation enhances the drug efflux function of MRP1, 
contributing to chemoresistance in neuroblastoma cells (Norris et al., 
1997). Additionally, broader analyses of ATP-binding cassette (ABC) 
transporter genes across various cancer cell lines have demonstrated 
that MYCN expression correlates with several ABC transporters, 
including ABCC1. In neuroblastoma, the induction of MYCN resulted in 
elevating ABCC1 protein levels, while its suppression led to a reduction 
in ABCC1 expression, indicating that MYCN significantly influences 
multidrug resistance mechanisms (Porro et al., 2010; Weiss et al., 1997). 
However, while these findings are established in neuroblastoma, the 
regulatory relationship between MYCN and MRP1 in other cancers, such 
as non-small cell lung cancer (NSCLC), remain unclear and warrants 
further investigation. The studies highlighted in Table 4 collectively 
suggest that nobiletin has a broad range of effects in lung cancer, 
including cell cycle regulation, apoptosis induction, inhibition of cancer 
cell migration, and immune evasion modulation. The doses of nobiletin 
used in these studies vary, with higher doses (e.g., 100 μmol/L) targeting 
immune modulation and lower doses (e.g., 20 μmol/L) focusing on cell 
cycle arrest and migration inhibition. Given nobiletin’s ability to 
enhance chemotherapeutic efficacy and reduce immune evasion, it 
holds potential as an adjunct therapy in lung cancer, especially when 
used in combination with standard chemotherapies like paclitaxel, 
carboplatin, and adriamycin. These findings highlight the importance of 
further investigating nobiletin’s mechanisms of action to optimize its 
use in clinical settings. The variability in the outcomes of the studies also 
underscores the need for dose optimization and a more detailed un
derstanding of how nobiletin interacts with various molecular pathways 
in different lung cancer cell types.

7. Overcoming drug resistance mechanisms with nobiletin

Tumor cells develop resistance to anticancer therapies and radiation 

through dynamic processes, including genetic mutations and other 
adaptive mechanisms. Certain oncogenic mediators within these cells 
enhance their survival while reducing their responsiveness to therapy, 
ultimately leading to decreased treatment effectiveness (Seluanov et al., 
2018). This section explores how nobiletin regulates the expression and 
activity of key factors involved in drug resistance, highlighting its po
tential role in improving therapeutic outcomes.

7.1. Nobiletin’s role in overcoming drug resistance via the NF-κB pathway

NF-κB is a vital element for cell life and death and is one of the 
decisive factors in drug resistance. NF-κB promotes increased expression 
of Cell survival-promoting genes, initiates DNA damage repair mecha
nisms, and upregulates the expression of multiple genes associated with 
multidrug resistance, including the multidrug resistance 1 (MDR1) 
gene) (J. Chen, Creed, et al., 2014). The downregulation of NF-κB is 
facilitated by the inhibitory protein IκB, and the inhibition of this 
mechanism can thus be regarded as a valuable approach for sensitizing 
cancer cells toward being killed by anti-cancer drugs and radiotherapy. 
Other plant-derived compounds recognized for suppressing NF-κB ac
tivity in neoplastic cells include Nobiletin, which might reverse drug 
resistance through modulation of the NF-κB signaling pathway. Kim and 
co-workers studied the impact of NOB on the IκB/NF-κB signaling axis 
and drug resistance triggered by docetaxel in TNBC cells. Nobiletin 
increased IκB levels by inducing RORs. The increase in IκB levels in 
cancer cells resulted in degradation of NF-κB and reduced its activity. 
Nobiletin decreased tumor growth as well as cell viability in vitro and in 
vivo; moreover, it demonstrated a synergistic inhibitory effect when 
combined with docetaxel. The inhibition of NF-κB signaling is crucial for 
halting the proliferation of MIAPaCa-2 pancreatic cancer, prostate 
cancer cell lines PC-3 and DU-145, as well as ovarian cancer cell lines 
OVCAR-3 and CP70, alongside the effects of nobiletin (Chen et al., 2015; 
Jiang et al., 2020). In prostate cancer, this inhibition in turn facilitates 
androgen antagonism (Kim et al., 2022). Another possible mechanism of 
action for nobiletin involves suppression of NF-κB by inducing 
tumor-suppressive microRNA miR-200 b. By inhibiting TGF-β-activated 
kinase 1 (TAK1), a key regulator of NF-κB signaling, the microRNA 
miR-200 b serves to suppress this pathway. Accordingly, Wang et al. 
showed that NOB induces breast cancer cells through the Increase in 
expression of miR-200 b and inhibition of the TAK1/NF-κB axis (J. G. 
Wang, Jian, et al., 2021).

7.2. The PI3K/Akt pathway

Activation of apoptosis favors angiogenesis, metastasis, and protec
tive autophagy (Collins et al., 2018). This activity can, nevertheless, be 
inhibited by the tumor suppressor protein PTEN. Mutations PTEN in 
tumor cells often come together with downregulation of the protein, 
hence compounding PI3K/Akt signaling (Narayanankutty et al., 2023). 
This pathway, in turn, triggered by the emission of the growth factors 
transforming growth factor (TGF)-β, epidermal growth factor (EGF), and 
insulin-like growth factor-1 (IGF-1) (Stefani et al., 2021; Yazdan et al., 
2024). PI3K/Akt signaling induces phosphorylation that serves to acti
vate mTOR, STAT3, and many other drug resistance mediators (Park 
et al., 2020). A pool of phosphorylated PI3K and Akt can increase the 
expression of survival-promoting proteins such as Bcl-2 and NF-κB and 
matrix metalloproteinases, thereby enabling Cancer cells’ ability to 
evade programmed cell death, invasion and metastasis, and treatment 
(Muscella et al., 2021). Therefore, one therapeutic avenue would be 
inhibiting or disrupting this pathway to extinguish the viability of can
cer cells, inhibit angiogenesis and metastasis, and restore sensitivity to 
chemotherapy and radiotherapy (Xu et al., 2020). Nobiletin, a natural 
compound, has shown the potential to target PI3K-Akt pathways to 
restore drug resistance in malignancy. The PI3K-Akt pathway was sup
pressed by nobiletin, thereby reducing cell survival, while increasing 
apoptosis in human ovarian cancer cells (Chen et al., 2015). NOB 
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inhibited the proliferation of MDA-MB-468 breast cancer cells and 
triggered apoptosis by inhibiting Akt, where, for the HER2+ SK-BR-3 
and hormone receptor-positive MCF-7 breast cancer cell types, nobile
tin acted independent of Akt (C. Chen, Creed, et al., 2014). It was shown 
that nobiletin has the potential to increase the susceptibility of colon 
cancer cells to oxaliplatin by inhibiting the PI3K/Akt signaling pathway. 
Stimulation of PI3K/Akt/mTOR signaling by IGF-1 countered the 
inhibitory apoptotic effects exerted by nobiletin, confirming that this 
pathway is indeed a mediator of drug resistance. This also suggests a role 
for this pathway in mediating apoptosis and chemo sensitization of 
colorectal cancer cells (N. Li, Zhang, et al., 2019). In addition, nobiletin 
decreased bladder cancer cell viability and triggered apoptosis by 
inhibiting the PI3K/Akt pathway (Goan et al., 2019). Taken together, 
through its suppression of the PI3K/Akt pathway, there is a suggestion 
that nobiletin could be connected to potential drug resistance in many 
cancers (Bentires-Alj et al., 2003; Seluanov et al., 2018). PD-L1 plays a 
significant role in promoting tumor progression by not only inhibiting 
immune responses but also fostering angiogenesis and facilitating 
metastasis. It achieves this by interacting with various signaling path
ways, including the PI3K/Akt pathway and NF-κB, which are known to 
contribute to drug resistance (Tang et al., 2022). In the context of 
nobiletin, research suggests that it may modulate these processes, 
potentially reducing PD-L1 expression and disrupting its ability to 
enhance angiogenesis and metastasis, thus inhibiting tumor progression 
(Chen et al., 2020; Naugler & Karin, 2008)."Through PD-L1 and the 
promotion of angiogenesis and metastasis, it supports tumor progression 
(Milad Ashrafizadeh, Farhood, et al., 2020; Yu et al., 2021). Besides, it 
positively crosstalk with other drug resistance pathways like the 
PI3K/Akt pathway and NF-κB.

7.3. STAT3

Upon stimulation by certain ligands and receptors including EGFR 
and cytokines like IL-1 and IL-6, cancer cells activate STAT3 toward 
further epigenetic modulation (Li et al., 2020; Wang et al., 2016). In
hibition of STAT3, either upstream or downstream, has triggered cell 
death in cancer cells and reduced drug resistance and evasion (Mohan 
et al., 2022; Zou et al., 2020). Nobiletin is known to inhibit malignant 
cell STAT3 activation, thereby implicating inhibition of the EGFR/
JAK2/STAT3 signaling pathway in the NSCLC cells (Sp et al., 2021). 
Inhibition of Akt by nobiletin is thought to decrease phosphorylation of 
STAT3 (Wei et al., 2019). STAT3 downmodulation also reduces 
chemotherapy resistance for prostate cancer cells (Ma et al., 2020). 
Thus, the inhibition of STAT3 seems to be another important mechanism 
to induce drug sensitivity, and nobiletin could represent a natural in
hibitor in targeting this pathway.

7.4. P-glycoprotein

A multidrug-resistance pump that is encoded by the ABCB1 gene and 
is essential for multidrug resistance is called P-glycoprotein 1. Resis
tance due to overexpression of ABCB1(Engle & Kumar, 2022). P-glyco
protein pumps drugs out of the cell. Essentially, overexpression and 
function of P-glycoprotein in cancer cells lower the anti-cancer drug 
intracellular concentration, thus reducing the effectiveness (Kimura 
et al., 2007). P-glycoprotein antagonists have been proposed as one 
approach to reverse drug resistance in cancer (W. Feng, Zhang, et al., 
2020). Some of the compounds Isolated from plant sources have also 
been investigated, and proposed, for their ability to reverse multidrug 
resistance due to inhibition of P-glycoprotein (Efferth et al., 2021). The 
anti-cancer activities of nobiletin were shown in studies conducted by 
Ma et al. to modulate the transport activity of P-glycoprotein and 
thereby reverse multidrug resistance. The feasibility of nobiletin in 
reversing drug resistance was studied using chemotherapy agents’ 
paclitaxel, docetaxel, and doxorubicin in ABCB1-overexpressing ovarian 
A2780/T and colorectal carcinoma Caco-2 cell lines. The result indicates 

that the accumulation of chemotherapy drugs was lower in 
ABCB1-overexpressing A2780/T cells compared to A2780 cells and 
other types of cancer. In contrast, in the presence of nobiletin, A2780/T 
was seen to accumulate more drugs during chemotherapy. Strangely 
enough, nobiletin did not alter ABCB1 expression in cancer cells but was 
shown to enhance the ATPase activity of P-glycoprotein to hamper its 
ability to transport drugs. Moreover, such findings were proved in 
colorectal cancer cells, where nobiletin was effective against P-glyco
protein-mediated drug resistance (Wenzhe Ma, Galanis, et al., 2015). 
Such experiments suggest that nobiletin can be utilized to counteract the 
malignant multidrug resistance associated with P-glycoprotein transport 
activity and may represent a great potential to enhance chemotherapy 
efficacy.

7.5. WNT/β-catenin signaling cascade

The WNT/β-catenin signaling cascade is crucial in the maintenance 
of stem cells, acting as a promoter of malignancy in the initiation and 
development of numerous cancers (Zhan et al., 2017). Modulating this 
pathway has been suggested as a treatment strategy to disrupt uncon
trolled growth and spread of cancerous cells (Chatterjee et al., 2022). 
The WNT/β-catenin signaling pathway is modulated by many proteins 
and epigenetic modulators. GSK3 is an example of an inhibitor of 
WNT/β-catenin signaling, while SOX5 and SOX9 promote it (Liu et al., 
2021). Nobiletin was found to potentially inhibit the development of 
therapeutic resistance through the WNT/β-catenin signaling pathway. 
Investigating the downregulation of WNT/β-catenin signaling activity in 
nobiletin-treated non-small cell lung cancer (NSCLC) cells, it was found 
to promote miR-15–5p expression while decreasing cancer stemness, 
invasion, and migration. Apoptosis in NSCLC cells was significantly 
enhanced by this downregulation of the WNT/β-catenin signaling 
pathway (Han et al., 2021). Nobiletin may also affect some of the up
stream modulators of WNT/β-catenin signaling. Evident studies sug
gesting nobiletin negatively regulating SOX5 (Yazdan et al., 2024) and 
positively regulating expression of GSK3, a well-known WNT/β-catenin 
suppressor (You et al., 2022). Much still remains to be explained, 
however, concerning interaction of these mediators with WNT/β-cate
nin signaling in various cancer cell types after treatment with NOB. 
These observations place nobiletin on the list of probable therapeutic 
agents inhibiting the WNT/β-catenin pathway, which may enhance 
treatment outcome by limiting cancer progression and therapy resis
tance development.

8. Approaches to formulation development and drug delivery 
systems for nobiletin

With these health benefits and positive safety data, flavonoids are 
receiving noteworthy interest in therapeutic application. Most flavo
noids, however, are BCS Class IV compounds: poorly water-soluble and 
low-permeable (Lipinski et al., 2001). In the search that targets over
coming challenges regarding dissolution, absorption, and systemic 
availability, various formulation strategies such as solubilization, 
emulsification, and the creation of amorphous solid dispersions, mi
celles, and nanoparticles are studied extensively (Amidon et al., 1995; 
Lin et al., 2017). Nobiletin: This polymethoxy flavone derived from 
citrus has been shown to exhibit broad-spectrum action in a number of 
diseases, specifically targeting the key pathophysiological processes in 
cancer progression and metastasis impacting ovarian, breast, and cer
vical cancers (Lin et al., 2003; Nagase et al., 2005; Seki et al., 2013). 
Nevertheless, poor solubility and stability of nobiletin keep it out of 
reach in clinical applications despite its far-reaching prowess; therefore, 
some biopharmaceutical attributes of NOB must be probed toward 
evolving a commercially viable therapeutic product (J. Li, Zhang, et al., 
2019). Solving that would imply solving issues regarding poor water 
solubility, primarily in neutral or acidic medium; a low tendency to 
remain in stability in the crystallized form across the temperature of the 
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body and room, and exceedingly low bioavailability. Therefore, for
mulations should be designed to encapsulate and sustain NOB along its 
delivery pathway while augmenting solubility and bioavailability (Li 
et al., 2009). In dealing with the limitations just stated, nanoparticulate 
systems have been actively proposed for solution. Nanotechnology has 
enhanced chemical stability, bioavailability, and clinical efficacy of 
NOB. Through nanoparticles, localized delivery or increased metabolic 
degradation rate in the body of the drug can be ensured for controlling 
the fate of encapsulated NOB (Majumdar & Sahay, 2009). Multiple ap
proaches have been designed to enhance the performance of NOB 
encapsulated with various polymeric matrices, including natural 
polymer-based nanoparticles, proteins, nano-dispersed solids, polymeric 
micelles, and nano emulsions (Baghel et al., 2016; He & Ho, 2015). 
Amorphous solid dispersions of NOB (ASDs) constitute an alternative 
approach to enhancing solubility and gastrointestinal absorption of NOB 
with low aqueous solubility. ASDs homogeneously blend NOB in the 
amorphous state with selected excipients that increase drug concentra
tion through enhanced solubility and preventing recrystallization (Saito 
et al., 2003). The most commonly used excipients include synthetic 
polymers such as polyvinyl pyrrolidone (PVP) and polyethylene glycol 
(PEG), along with some cellulose chemical derivatives, including 
hydroxypropyl cellulose (HPC) and hydroxypropyl methylcellulose 
(HPMC) (Hu & Jiang, 2012). The advancement in pharmaceutical 
technology has further opened up the sophisticated drug delivery sys
tems that include among others SMEDDS (Yao, Lu, & Zhou, 2008); 
chitosan-based microemulsions (Yao, Zhou, et al., 2008); SNEDDS and 
inclusion complexes (Onoue et al., 2011) in sec, while liposomes, den
drimers, and HPMC-stabilized emulsions grant significance in enhancing 
aqueous solubility and targeted delivery for NOB and NOB-like hydro
phobic compounds. In research conducted by Ning et al. NOB/SD 
effectively preserved NOB in a stable amorphous form within matrix 
carriers and formed self-assembled NOB-loaded nano micelles in 
aqueous solutions. These Nano micelles exhibited increased solubility, 
enhanced release characteristics, and improved cellular uptake, while 
also showing anti-apoptotic effects in vitro. The findings suggest that 
NOB/SD holds potential as an effective hepatoprotective nano-drug 
delivery system, offering superior bioavailability and protection 
against APAP-induced acute liver injury (Ning et al., 2023). In research 
conducted by Bayoumi et al. nobiletin was encapsulated in vesicles using 
the thin film hydration method, resulting in the lowest IC50 value. As a 
result, it was chosen for an in vivo study, where it improved skin con
dition in mice with DMBA-induced skin carcinogenesis. This improve
ment was confirmed through histological and immunohistochemical 
analysis, biochemical assessment of skin oxidative stress biomarkers, 
and evaluations of miRNA21 and miRNA29A expression levels, both of 
which are known to play significant roles in regulating inflammation, 
oxidative stress, and cellular response to carcinogenesis. These evalua
tions supported the therapeutic effects observed by highlighting the 
modulation of key miRNAs involved in skin cancer progression 
(Bayoumi et al., 2021; Kumarswamy et al., 2011). In research conducted 
by Ana G. et al. Reported that nobiletin-loaded chitosan nanoparticles 
achieved an association efficiency of 69.1 % and a loading efficiency of 
7.0 %. These nanoparticles demonstrated notable anticancer effects, 
with an IC50 value of 8 μg/ml, suggesting their promising potential for 
use in cancer chemotherapy (Luque Alcaraz et al., 2012). In the inves
tigation carried out by Wang et al., NOB-loaded poly-(ethylene 
glycol)-block-poly (ε-caprolactone) (NOB-PEG-PCL) nanoparticles were 
synthesized using the dialysis method, exhibiting an encapsulation ef
ficiency of 76.34 ± 3.25 % and a drug loading capacity of 7.60 ± 0.48 
%. These nanoparticles effectively suppressed osteoclast differentiation 
in bone marrow-derived macrophages (BMMs) by regulating the 
RANKL-induced MAPK signaling pathway. Furthermore, they signifi
cantly attenuated bone loss and improved bone mineral density in an 
ovariectomized (OVX) mouse model (Wang et al., 2019).

9. Future perspectives

The therapeutic potential of NOB in lung cancer therapy is prom
ising, particularly in targeting key oncogenic cascade such as RAF/MEK/ 
ERK, PI3K/Akt/mTOR, and JAK/STAT. However, its clinical translation 
requires further investigation into its precise molecular mechanisms and 
pharmacokinetic properties. A major limitation of NOB is its poor 
aqueous solubility and bioavailability, necessitating advanced drug de
livery approaches. Emerging nanotechnology-based strategies, 
including polymeric nanoparticles, liposomes, dendrimers, and self- 
nanoemulsifying drug delivery systems (SNEDDS), have exhibited Sig
nificant advancements in the stability and therapeutic effectiveness of 
NOB. Additionally, exploring hybrid drug delivery systems, such as 
ligand-targeted nanoparticles and stimuli-responsive carriers, could 
enhance tumor-specific accumulation while minimizing systemic 
toxicity. Another critical avenue for future research involves under
standing NOB’s role in modulating the tumor microenvironment (TME). 
Given its ability to regulate immune responses and inflammatory path
ways, further studies should assess its potential synergy with immune 
checkpoint inhibitors and its effects on immune cell infiltration in lung 
tumors. Moreover, nobiletin’s role in reversing drug resistance through 
the modulation of NF-κB, PI3K/Akt, STAT3, P-glycoprotein, and WNT/ 
β-catenin signaling highlights its potential as a supportive therapy in 
non-small cell lung cancer (NSCLC). Future preclinical and clinical 
studies should focus on optimizing the dosage regimen, evaluating 
combinatorial therapeutic strategies, and conducting comprehensive 
pharmacokinetic and toxicological assessments to facilitate its transition 
from bench to bedside.

10. Conclusion

Lung cancer remains among the most aggressive cancers, with 
restricted therapeutic approaches and high drug resistance rates. Nobi
letin, a polymethoxylated flavonoid isolated from citrus rinds, has 
demonstrated significant anticancer efficacy through different mecha
nisms, such as triggering apoptosis and suppressing cell proliferation 
and suppression of metastasis via modulation of key signaling pathways. 
Moreover, its ability to overcome chemoresistance through the regula
tion of oncogenic and tumor suppressor pathways further establishes its 
significance in lung cancer therapy. Despite its immense therapeutic 
promise, the therapeutic use of NOB is hindered by its poor solubility, 
poor systemic availability, and rapid metabolism. Advances in 
nanotechnology-driven Therapeutic delivery mechanisms, like polymer- 
based micelles, nano-dispersed solids, and inclusion complexes, have 
shown potential in addressing these limitations. Furthermore, the inte
gration of NOB into combination therapy regimens with existing che
motherapeutics or targeted therapies may provide enhanced treatment 
efficacy while mitigating resistance mechanisms.

In summary, while nobiletin represents a promising candidate for 
lung cancer treatment, further extensive research is needed to improve 
its formulation, enhance its pharmacological properties, and confirm its 
clinical effectiveness through well-designed pre-clinical and clinical 
studies. The future of nobiletin-based therapy lies in the development of 
novel and refined delivery mechanisms and its incorporation into 
multimodal treatment approaches, potentially transforming the land
scape of lung cancer therapeutics.
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