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Abstract: Lung cancer (LC) is the leading cause of cancer deaths worldwide, being non-small lung cancer 
(NSCLC) sub-types the most prevalent. Since most LC cases are only detected during the last stage of the 
disease the high mortality rate is strongly associated with metastases. For this reason, the migratory and 
invasive capacity of these cancer cells as well as the mechanisms involved have long been studied to uncover 
novel strategies to prevent metastases and improve the patients’ prognosis. This narrative review provides 
an overview of the main in vitro migration and invasion assays employed in NSCLC research. While several 
methods have been developed, experiments using conventional cell culture models prevailed, specifically 
the wound-healing and the transwell migration and invasion assays. Moreover, it is provided herewith a 
summary of the available information concerning chemical contaminants that may promote the migratory/
invasive properties of NSCLC cells in vitro, shedding some light on possible LC risk factors. Most of the 
reported agents with pro-migration/invasion effects derive from cigarette smoking [e.g., Benzo(a)pyrene 
and cadmium] and air pollution. This review further presents several studies in which different dietary/
plant-derived compounds demonstrated to impair migration/invasion processes in NSCLC cells in vitro. 
These chemicals that have been proposed as anti-migratory consisted mainly of natural bioactive substances, 
including polyphenols non-flavonoids, flavonoids, bibenzyls, terpenes, alkaloids, and steroids. Some of these 
compounds may eventually represent novel therapeutic strategies to be considered in the future to prevent 
metastasis formation in LC, which highlights the need for additional in vitro methodologies that more 
closely resemble the in vivo tumor microenvironment and cancer cell interactions. These studies along with 
adequate in vivo models should be further explored as proof of concept for the most promising compounds.
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Introduction

Amongst the various types of cancers worldwide, lung cancer 
(LC) is not only the most frequently diagnosed (considering 
men and women combined) (1) but also the leading cause of 
death in oncological patients (1,2). It can be divided into two 
main types: small-cell lung cancer (SCLC) and non-small cell 
lung cancer (NSCLC), being the latter the most common. 
NSCLC includes adenocarcinoma, large-cell carcinoma, and 
squamous cell carcinoma (3). Since most LC cases are only 
detected during the last stage of the disease, i.e., stage IV, the 
high mortality rate is strongly associated with metastases, 
which can be commonly defined as the propagation of cancer 
from the primary site to different organs or tissues (4). This 
process has indeed a great impact on the success of treatment, 
which is not usually achievable with the different therapy 
modalities currently available. The formation of metastasis 
involves cell growth and migration through the extracellular 
matrix (ECM), penetration of vessels, resistance to anoikis 
while in circulation, extravasation at metastatic tissue, and 
formation of a new tumor (3,5). 

The knowledge on the cel lu lar  and molecular 
mechanisms underlying the formation of NSCLC 
metastases is a topic of utmost importance in clinical 
oncology that is continuously being updated and revised. 
Popper (6) highlighted the key importance of angiogenesis, 
hypoxia and stroma as well as the escape from immune 
cell system for tumor growth/establishment and lung 
cancer cell migration. In addition, the features associated 
with the vascular invasion (lymphatic and hematologic), 
extravasation and the creation of a distant metastatic focus 
were also extensively reviewed by this author (6). The wide 
range of organs that may be affected upon lung cancer 
metastization is a distinct feature that contrasts with many 
other types of cancer. The preferential sites for this critical 
event are usually the brain, bone, respiratory system, 
adrenal, and liver (7). While a similar pattern, and thus 
common mechanisms, can be ascribed for the colonization 
of lung cancer cells regardless of the organ affected, 
diverse influencing factors and mechanistic data have been 
described for each of the target organ metastases.

It should be mentioned that the description of the specific 
role of each player and the multiple signaling pathways 
involved in the highly complex metastatic process is beyond 
the scope of our current review article. Comprehensive 
reviews on the factors that influence the formation of 
NSCLC metastasis and several recognized mechanisms 
involved have been recently published (7,8). To properly 

address this topic some aspects need to be considered, 
particularly the role of lung cancer stem cells and tumor 
microenvironment, bearing in mind that the latter not only 
includes the lung cancer cells but also the role of stromal 
cells (e.g., cancer-associated fibroblasts, immune cells, and 
vascular endothelial cells) and the extracellular matrix. 
Xie et al. (8) depicted some of the mechanisms associated 
with the tumor microenvironment and summarized several 
specific factors and their functions. These elements include 
growth factors (e.g., FGRF-1, EGFR and VEGF), adhesion 
molecules (e.g., CADM2, CADM4, E-cadherin, N-cadherin 
and vimentin), chemokines (e.g., CXCL6) and inflammatory 
cytokines (particularly IL-1β and IL-6), lactic acid, oxygen, 
matrix metalloproteinases (e.g., MMP-2 and MMP-9) and a 
number of other additional elements. 

Several genes that might regulate, either positively or 
negatively, NSCLC metastasis formation through a diversity 
of pathways have also been described and reviewed (8).  
In addition, numerous non-coding RNAs, including 
microRNAs (miRNA) have also been pointed to regulate 
the EMT, angiogenesis, among other pathways. Some of 
these miRNAs, including miR-148a-5p/miR-148a-3p (9),  
miR-135b (10), miR-520 (11) and miR-616-5p (12), have 
been shown to be modulated in vitro by xenobiotics. 
Moreover, miR-210 is an important element overexpressed 
in late stages of NSCLC (13) that can be released 
by exosomes, being important to mention that these 
extracellular vesicles are associated with many aspects of 
lung metastization, which are also relevant in a mechanistic 
perspective, through their direct and indirect roles (8).

Migration and invasion of cancer cells, such as LC cells, 
are processes intrinsically related to metastasis formation, 
and therefore extremely relevant as potential targets for 
new therapeutic alternatives (4). In general terms, migration 
corresponds to the movement of the cell on top or within 
a substrate while moving from one location to another. 
There are essentially two types of cell migration, i.e., 
single-cell and large cluster movement (or collective) (14). 
The first type can be subdivided in amoeboid, when there 
is no adhesion involved, and in mesenchymal migration 
when there is cell attachment to the extracellular matrix (5). 
Mesenchymal migration is associated with the epithelial 
to mesenchymal transition (EMT), considered a key 
mechanism that has been denoted as critical for cancer cell 
invasiveness (15). Collective cell migration consists of the 
progression of a large cluster of cells that do not undergo 
EMT and maintain cell-cell junction integrity. The traction 
is caused by a re-organization of the actin cytoskeleton and 
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there is an organization of the tasks of mobile and non-
mobile cells in the cluster (16,17). The invasion processes 
are also crucial in carcinogenesis. Invasion refers to cell 
migration, that occurs through a 3D matrix in a destructive 
manner. It involves not only the ability of cells to migrate 
but also to adhere and to modify the surrounding tissues (17). 
In malignant tumors, this type of cell movement occurs 
during the infiltration of metastatic tissues (5,14).

The effect of several compounds on the migration/
invasion of LC cells in vitro has been the main focus of 
many experimental studies performed in the last decade. 
Some reports aim at better understanding which exogenous 
factors could significantly promote the progression of 
cancer cells towards a more aggressive phenotype. In fact, 
these studies often explore the aforementioned underlying 
mechanisms associated with these changes, being important 
to further identify chemicals that may constitute risk 
factors for LC. Additionally, various bioactive substances 
of natural origin have shown inhibitory properties on the 
migration and/or invasion of NSCLC cells. In this sense, 
some of these chemicals have been investigated as putative 
therapeutic agents against LC. They are usually natural 
compounds that are likely to display better safety profiles in 
healthy normal cells as compared with the drugs classically 
used in standard LC chemotherapy. 

In the present review, the most common migration/
invasion  in vitro assays are firstly described. This 
introductory section intends to highlight the main 
characteristics of a given migration/invasion endpoint 
(Table S1). This may be relevant to better understand the 
main findings obtained in the studies performed with the 
migration/invasion modulators. In addition, an overview 
of the in vitro studies regarding the effect of xenobiotics, in 
particular chemical contaminants as well as dietary/plant-
derived compounds, on NSCLC cell migration and invasion 
is then provided. This work was performed with the aim 
of elucidating which compounds have been proposed as 
promoters (Table S2) or inhibitors (Table S3) of the in vitro 
migration and/or invasion of NSCLC cells, expecting that 
this may shed some light on putative LC risk factors or 
alternative bioactive drugs, respectively. 

We present the following article in accordance with the 
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/tlcr-21-121).

Methods

In vitro studies were selected after an extensive search 

via PubMed, accessed between May and November of 
2020. A publication date interval was defined as from 
1999 to 2020 and only articles written in English were 
included. The main keywords used for the identification 
of the research articles were a combination of “non-small 
cell lung cancer”/“NSCLC”, “migration”, “invasion”,  
“in vitro”, “inhibition”, “promotion”, “extract”, “xenobiotic” 
and “compound”. All in vitro studies identified that did 
not include migration and/or invasion experiments with 
NSCLC cell lines were excluded. Additional recent articles, 
including review articles addressing mechanisms of NSCLC 
metastization were also included in this work. 

In vitro experimental approaches to assess 
migration and invasion features 

As above mentioned, when referring to in vitro assays, the term 
“migration” defines the movement of cells on a 2D surface 
and the term “invasion” describes the movement of cells on 
a 3D extracellular matrix. In this section, a summary of the 
most frequently used migration and invasion methods for 
NSCLC research is shown in Table S1. Nevertheless, other 
methods and different experimental procedures can also be 
used within this field. Moreover, for some of the assays herein 
mentioned, the experimental procedures are not detailed since 
this description is beyond the scope of the review. 

Migration assays 

For the evaluation of the migratory behavior of NSCLC 
cells in vitro, the two main assays frequently used are: (I) 
transwell migration assay and (II) wound-healing assay. 
Other assays (III), although less frequently applied, include 
the fence assay (18), time-lapse cell tracking (19,20), cell 
exclusion zone assay (19,21,22), and spheroid migration 
assay (23).

(I) Transwell migration assay (Boyden chamber). This 
method is used for single-cell migration studies 
and consists of two chambers separated by plastic 
inserts with a membrane that can have various 
pore sizes depending on the cell type of interest. 
For this reason, it can be adapted to various types 
of cell lines and has been extensively used in 
NSCLC cells (11,24-40), where it has proven to 
be very useful. In the transwell assay, cells migrate 
vertically through the membrane from the upper 
chamber to the lower. The movement is promoted 
by using a chemoattractant, such as fetal bovine 

https://cdn.amegroups.cn/static/public/TLCR-21-121-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-121-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-121-supplementary.pdf
http://dx.doi.org/10.21037/tlcr-21-121
http://dx.doi.org/10.21037/tlcr-21-121
https://cdn.amegroups.cn/static/public/TLCR-21-121-supplementary.pdf
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serum (FBS) or N-Formyl-Met-Leu-Phe (FMLP), 
in the lower chamber medium (5,41). There are 
two main methods for the quantification of the 
cells that migrated through the membrane. Both 
methods start with the removal of non-migrated 
cells and the fixation of the cells that migrated (e.g., 
paraformaldehyde, methanol or 70% ethanol). The 
first uses cytological staining (e.g., crystal violet, 
hematoxylin, or Giemsa), after which the cells are 
counted, or the dye is eluted and quantified by 
absorbance. In the second method, as an alternative, 
cells can be stained with fluorescent dyes, namely 
Hoechst 33342 (27,29,39) and DAPI (36).  
This assay is simple to execute and there is no 
need for specific equipment besides the culture 
inserts. However, one difficulty relies on the 
need for optimization of the duration of analysis 
according to each cell type (5). There is also a 
need for ascertaining non-toxic concentrations of 
the desirable compounds to be tested since toxic 
concentrations would interfere with cell viability 
and hide possible effects in cell migration and 
invasion processes.

(II) Wound-healing (scratch) assay. This assay consists 
of the infliction of a wound or a scratch in culture 
plates where cells were grown to form a confluent 
monolayer. The wound is commonly achieved 
using a micropipette tip and the cells are allowed to 
migrate into the wound space (42). Cell migration 
can be determined according to the decrease in the 
wound area or in the distance between the wound 
edges since the cells will migrate towards the 
closure of this gap space. The subsequent analysis 
is usually performed by monitoring the distance in 
wound closure under a microscope during a defined 
time period or by time-lapse imaging and compared 
to an initial control (time 0 h) (5,42-44). The major 
advantages of this method include the low price, 
simplicity of setup and analysis, and applicability in 
different cell types. One major disadvantage is the 
possibility of mechanical cell damage as well as the 
inability to completely control wound size since it is 
performed manually. Another issue is the presence 
of possible interfering factors, such as cytotoxicity, 
variation of cell-cell adhesions, and cell crowding, 
that can affect the results obtained (42). 

(III) Other migration assays. In what concerns other 
methodologies, the fence and cell exclusion zone 

assays are essentially the opposite of each other. 
They are similar to the wound-healing assay with 
the advantage of reproducing same size cell-free 
zones and no risk of causing cell damage. In the 
fence assay, a fence is placed on a culture dish 
and cells are seeded inside it. The fence is then 
removed and the migration of cells out of the initial 
area is analyzed. In contrast, in the cell exclusion 
zone assay, the cells are seeded outside of the fence, 
and the migration inward into the cell-free zone is 
analyzed (5).
Time-lapse cell tracking consists of using time-
lapse microscopy together with a specific computer 
software to follow the migratory trajectory of single 
cells in a certain time period. For example, Huang et 
al. (19) combined the cell exclusion zone assay with 
time-lapse tracking for 20 h after the removal of 
the fence. Using this technique, besides measuring 
the migration area, the authors also obtained 
information regarding the trajectories and velocity. 
In the spheroid migration assay, multicellular 
spheroids are placed in chamber slides or other 
plastic surfaces and cells start migrating to the 
area surrounding each spheroid. This area is then 
quantified by microscopy. Rao et al. (23) used this 
method to evaluate the effect of an adenovirus 
expressing an antisense transcript for the gene 
expressing the matrix metalloproteinase-9 (MMP-
9) and the gene of urokinase-type plasminogen 
activator receptor (uPAR) on the migration of the 
NSCLC cell line A549. 

Invasion assays 

Regarding the evaluation of invasion properties of NSCLC 
cells in vitro, the standard method is the transwell invasion 
assay. The major difference between this assay and the 
transwell migration assay is the incorporation of an ECM-
mimic coating on the membrane of the inserts. This coating 
only allows the passage of invasive cells that, in contrast 
with the non-invasive counterparts, can degrade ECM. 
In NSCLC cell studies the most used matrix is Matrigel 
(25,36,40). 

Another assay which has been frequently used is the 
gelatin zymography assay (26,28,45,46). This method 
evaluates the activity of matrix metalloproteinases with 
gelatinase activity, that have an essential role in the 
migration and invasiveness of tumor cells. Usually, their 



2702 Albuquerque et al. Xenobiotics modulate NSCLC cell migration/invasion

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2021;10(6):2698-2714 | http://dx.doi.org/10.21037/tlcr-21-121

activity can be measured by electrophoresis in a sodium 
dodecyl sulfate (SDS)-polyacrylamide gel with gelatin.

The spheroid gel invasion assay (21,47) and 3D cell 
tracking (47) have also been reported. In the former, cell 
spheroids are transferred to a 3D matrix, such as collagen I 
gel or fibrin, and invasive cells will separate from this cluster 
and degrade the matrix, closely mimicking invasion in vivo. 
The second assay is similar to the time-lapse migration 
assay, it also uses time-lapse microscopy together with a 
specific computer software (5), such as Image-Pro (Media 
Cybernetics Inc., Silver Spring, MD), and is able to track 
single-cell invasion (47). 

Lastly, other complementary methodologies have been 
used to characterize invasiveness, such as the cell matrix-
adhesion assay (26,28,46,48). This assay consists of the 
quantification of cells adherent to a specific substrate, 
usually type I collagen. Most commonly, cells are incubated 
in multi-well plates coated with the substrate in conditions 
adapted to each cell type. Subsequently, nonadherent cells 
are removed and the adherent cells are stained with Crystal 
Violet, being the absorbance then measured. The results are 
expressed as percent of adhesion.

Exposure to lung carcinogens and other toxic 
xenobiotics increases the migration and 
invasion potential of NSCLC cells 

There have been extensive data published concerning 
the potential  contribution of exposure to certain 
contaminants and known carcinogens in the development 
and progression of LC. Particularly, in NSCLC, the 
xenobiotics that may promote the migration and invasion 
of cancer cells can be organized into two main groups: 
(I) tobacco smoke carcinogens and (II) air pollution 
contaminants. In addition to these two groups, other 
chemical agents reported to increase the migration/
invasion properties of NSCLC should also be considered, 
being allocated in a third group (III). However, it should 
be of note that some carcinogens herein described can 
indeed belong to more than one category, since it is well 
known that we can be exposed to them by different ways, 
e.g., benzo(a)pyrene [B(a)P] or cadmium (Cd). An overview 
of some relevant in vitro studies available focusing on this 
subject is provided in Table S2. In this table, we present 
information on the key findings reported by the authors 
in their original studies mainly using the migration and 
invasion assays. Nonetheless, some of these findings were 
achieved using other methodologies. It is also important 

to mention that additional major conclusions from these 
studies have been emphasized by the authors, albeit not 
mentioned in Table S2. 

Tobacco smoke contaminants

Tobacco smoke is the most recognized risk factor for LC 
(35,49) and, regarding migration and invasion of NSCLC, 
four particular carcinogens have been highlighted: nicotine, 
nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), B(a)P, and Cd. It has been proposed 
that nicotine, an alkaloid of tobacco plants, promotes 
invasion and migration of NSCLC cells via the α7 nicotinic 
acetylcholine receptors (α7-nAChRs) (50) and through 
the induction of Stathmin-3 (STMN3) and G1 to S phase 
transition 1 (GSPT1) genes (51). More recently, it was 
shown that this alkaloid could also affect proliferation, 
migration, and invasion of NSCLC cells  through 
overexpression of long intergenic non-protein coding RNA 
460 (LINC00460), which, in turn, induces the activation of 
the phosphatidylinositol 3-kinase/protein kinase B (PI3K/
Akt) signaling pathway (52). 

Two different studies have investigated the mechanism 
through which NNK could promote migratory and invasive 
features in NSCLC cell lines. Firstly, it was verified by 
Shen et al. (53) that NNK acted through the activation 
of the α7nAChR, which in turn plays an important role 
in the activation of the c-Src/PKCι/FAK loop. Protein 
kinase C (PKC) is involved in cancer cell migration and 
phosphorylates focal adhesion kinases (FAK), which then 
regulate cell motility and tumor invasion by forming a 
complex with c-Src. This kinase phosphorylates PKC and 
FAK creating a signaling loop that is activated by NNK, 
promoting cell migration and metastasis (53). Recently, 
Wang et al. (54) observed that the exposure to NNK 
promoted migration and invasion of cancer cells through 
the increase in Twist protein levels, a transcription factor 
that had been previously associated with migration and 
invasion of different types of tumor cells. This transcription 
factor, in turn, increased N-cadherin mRNA expression, 
downregulated E-cadherin, a marker of epithelial cells, and 
therefore promoted EMT (54). 

Regarding B(a)P, the most carcinogenic and well-known 
member of the large polycyclic aromatic hydrocarbon (PAH) 
group, it was proposed that this compound augmented 
migration and invasion of NSCLC cells partially through 
the increase of Interleukin 8 (IL-8), a cytokine present in 
high levels in LC patients’ serum. In addition, B(a)P also 

https://cdn.amegroups.cn/static/public/TLCR-21-121-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-121-supplementary.pdf
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increased the secretion of two chemokines involved in the 
development and metastasis of different tumors, chemokine 
(C-C motif) ligand 2 (CCL2) and Chemokine (C-C motif) 
ligand 3 (CCL3) (55). Another study showed that B(a)P 
activates the tumor necrosis factor-α (TNF-α) pathway by 
increasing the expression of the protein levels of TNF-α, 
nuclear factor kappa B (NF-κB), caspase-3 and caspase-8, 
and through this activation can promote LC metastasis (56). 

Other studies have focused on the effects of cadmium 
exposure on migration/invasion of LC cells. Although 
this carcinogen is included in the groups of occupational, 
environmental, and food contaminants, the primary source 
for the majority of the population is tobacco smoke, 
followed closely by contaminated food and water (57). 
It was observed that, for the promotion of migration 
and invasion, Cd directly induced Notch1 signaling and 
activated it indirectly through the HIF-1α and Akt/ERK/
S6K1 pathways (58). Additionally, Cd upregulated the 
transcription factor associated with malignant behavior 
high-mobility group AT-hook (HMGA2) (37), upregulated 
phosphorylated extracellular signal-regulated kinase 
(p-ERK) (35), increased reactive oxygen species (ROS) 
levels and autophagy (38) as well as enhanced transforming 
growth interacting factor (TGIF) levels (57).

Air pollution contaminants 

Regarding contaminants present in the air, particulate 
matters with less than 2.5 µm of diameter (PM2.5), 
oxygenated-PAHs (Oxy-PAHs), gaseous nitric oxide (gNO), 
and bisphenol A (BPA) have been proposed as promoters of 
migration and invasion of NSCLC cells. PM2.5 seemed to 
increase intracellular ROS and the expression of loc146880, 
a long non-coding RNA (lncRNA) associated with LC 
metastasis, which promoted cell migration, invasion, and 
autophagy (59). Additionally, concomitant exposure of 
PM2.5 together with cigarette smoke caused an increase in 
the expression of other lncRNA, LCPAT1, that enhanced 
migration and invasion of LC cells (60). Other study 
showed a differential expression of various genes after 
exposure to PM2.5, many of them involved in cell motility, 
proliferation, and invasion. Two genes in particular, matrix 
metalloproteinase-1 (MMP-1) and interleukin-1β (IL-1β), 
were the most up-regulated, and it was proposed that these 
played a critical role in cell migration and invasion (61). 

On the  o ther  hand ,  Oxy-PAHs,  in  par t i cu la r 
9-fluorenone, promoted migration and invasion of LC cells 
by increasing the expression of vimentin and alpha-smooth 

muscle active (α-SMA), markers of mesenchymal cells, 
and downregulating E-cadherin (increasing EMT) (24).  
Regarding gaseous nitric oxide (gNO), despite the fact 
that it can also be present in cigarette smoke, its primary 
source is air pollution by fossil fuel combustion. This 
contaminant promoted cell migration and invasion of 
NSCLC cells via activation of the inducible isoform of 
L-arginine through nitric oxide synthase (iNOS) causing 
an increase in the expression of c-Jun [activator protein 
1 (AP-1) subunit] and NF-κB. Alternatively, gNO could 
directly activate NF-κB, increasing MMP-2 levels and 
simultaneously downregulating the tissue inhibitor of 
MMP-2 (TIMP-2) (62). 

Lastly, BPA is a xenoestrogen that can be associated with 
LC development via inhalation exposure. It was shown that 
cells exposed to BPA had upregulation of metalloproteinases 
MMP-2 and MMP-9 and upregulation of GPER/EGFR/
ERK1/2 signals (34). In a recent study, it was suggested that 
BPA promotes EMT by acting on the Snail-1/Cx43/ERRγ 
signaling pathway. BPA increased the levels of estrogen-
related receptor γ (ERRγ) that in turn activated the known 
EMT markers Snail1/Cx43 signaling (63). 

Other chemical agents 

Exceptions to the two major sources above mentioned 
are compounds of dietary origin such as riboflavin (64), 
aflatoxin B1 (AFB1) (65) as well as the psychoactive 
alkaloid arecoline (66). Riboflavin (vitamin B2) has been 
associated with the promotion of cell migration in LC 
at high doses (64). In NSCLC, it caused inflammation 
by stimulating the production of the pro-inflammatory 
cytokines Interleukin 6 (IL-6), TNF-α, and vascular 
endothelial growth factor (VEGF). Additionally, riboflavin 
upregulated the expression of the glycoprotein fibronectin, 
which confers resistance to LC therapy. It also upregulated 
the intercellular adhesion molecule 1 (ICAM-1), MMP-
9 and MMP-2 and promoted the activation of NF-κB, 
p50, and p-p38 mitogen-activated protein kinase (MAPK) 
by FAK, resulting in an enhancement of migration and 
invasion. AFB1 is a known food contaminant and a potent 
liver carcinogen produced by the Aspergillus species. Cui 
et al. (65) demonstrated that this mycotoxin induced cell 
migration in NSCLC through interaction with insulin 
receptor substrates (IRS) 1 and 2. It was shown that 
AFB1 induced the phosphorylation of non-receptor 
tyrosine kinase Src, an enzyme that promotes tumor cell 
migration and invasion, which, in turn, upregulated IRS2 
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and downregulated IRS1. In a recent study (66), it was 
proposed that arecoline acted on the EGFR/c-Src/FAK 
signaling pathway via activation of MMPs, resulting in 
the promotion of cell migration in NSCLC. Lastly, it has 
been observed that the anesthetic isoflurane promoted 
proliferation, migration, and invasion of NSCLC cells 
through upregulation of the Akt-mTOR signaling 
pathway (67). 

Impairment of migration and invasion capacities 
of NSCLC cells upon treatment with dietary 
bioactive chemicals 

The search for therapeutic alternatives to reduce metastases in 
LC resorting to phytochemical compounds has also been the 
focus of many research groups. An overview of in vitro studies 
on migration and invasion features of NSCLC cells exposed to 
some of those compounds is shown in Table S3. For NSCLC 
cells, six groups of compounds have been often reported: (I) 
polyphenols non-flavonoids, (II) flavonoids, (III) bibenzyls, (IV) 
terpenes, (V) alkaloids and (VI) steroids. Other compounds 
not included in the above-mentioned groups have also been 
described to impair migration/invasion (VII).

Polyphenols non-flavonoids

The main polyphenols that have shown inhibitory 
properties on migration and/or invasion of these cells 
include curcumin, ephemerantol A, honokiol, mangiferin, 
phoyunnanin E, resveratrol, and rottlerin. Curcumin 
from Curcuma longa has been reported as acting on 
migration and invasion of NSCLC cells by reducing 
MMP-2/9 expression levels and inhibiting the Rho 
GTPase Rac1/PAK1 signaling pathway (68) as well as 
suppressing proliferation and migration via inhibition of 
epidermal growth factor receptor (EGFR) and toll-like 
receptor 4 (TLR4)/MyD88 pathway (69). On the other 
hand, ephemeranthol A, a polyphenol from Dendrobium 
infundibulum, was shown to inhibit cell migration by 
hampering the activation of FAK and Akt, and EMT by 
decreasing vimentin, N-cadherin, and Slug (70).

Another polyphenol that has been proposed as a 
potential inhibitor of migration and invasion in NSCLC 
is honokiol, a compound extracted from Magnolia. Indeed, 
a study was able to demonstrate that this compound 
decreased the production of prostaglandin E2 (PGE2) 
through downregulation of cyclooxygenase-2 (COX-2)  
expression, resulting in degradation of β-catenin and 

decrease of its nuclear accumulation, which is strongly 
associated with tumor cell migration (71). Honokiol 
additionally seems to prevent migration of NSCLC cells by 
inhibiting cellular FLICE (FADD-like IL-1β-converting 
enzyme)-inhibitory protein (c-FLIP) that suppresses NF-
κB and N-cadherin/Snail signaling pathways (72). Lastly, 
it was also proposed that honokiol inhibited migration by 
causing upregulation of miR-148a-3P and miR-148a-5P (9).  
Mangiferin from Mangifera indica showed an inhibitory 
effect on proliferation, induced by lipopolysaccharide 
(LPS) on NSCLC cells by reducing the expression of 
NLR family pyrin domain containing 3 (NLRP3). It also 
reduced the secretion of IL-1β, up-regulated E-cadherin, 
and downregulated vimentin. Importantly, mangiferin 
suppressed migration by decreasing the expression of C-X-C 
chemokine receptor type 4 (CXCR4) (30).

In another study, the suppression of N-cadherin, 
vimentin, Slug and Snail, indicating inhibition of EMT, was 
observed in NSCLC cells after exposure to phoyunnanin E, 
a polyphenol from Dendrobium venustum. This compound 
inhibited migration and invasion by preventing the 
phosphorylation of FAK and Akt and decreasing the level of 
integrins αv and β3 (73).

Resveratrol inhibited proliferation, migration, and 
invasion of NSCLC cells by inhibiting expression of the 
oncogene STAT-3 (74). It has also been proposed that 
resveratrol inhibited EMT, migration, and invasion along 
with promoting senescence in LC by upregulating Rad9, 
an important protein in DNA damage repair which acts 
as a tumor suppressor (75). Lastly, rottlerin, a polyphenol 
from Mallotus philipinensis, was shown to hamper migration 
and invasion in NSCLC by inactivating the well-known 
oncoprotein transcriptional co-activator with PDZ-binding 
motif (TAZ) (76). 

Flavonoids

The compounds from this large group proposed as 
inhibitors include: acacetin, atalantraflavone, anthocyanins, 
artonin E, biochanin A (BIO-A), cycloartobiloxanthone, 
deguelin, epicatechin-3-gallate (ECG), epigallocatechin-
3-gal late (EGCG), f iset in,  genistein,  hesperidin, 
hydroxysafflor yellow A, luteolin, morin, myricetin, 
quercetin, Scutellaria flavonoids, and sotetsuflavone. 

Acacetin was shown to inactivate mixed-lineage protein 
kinase 3 (MLK3), causing the suppression of p38α MAPK 
signaling pathway. Through this mechanism, this compound 
caused a decrease in NF-κB and AP-1 activities, resulting 

https://cdn.amegroups.cn/static/public/TLCR-21-121-supplementary.pdf
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in the downregulation of MMP-2/9 and u-PA expression 
levels (77). Atalantraflavone, in turn, is extracted from 
Atalantia monophylla, and was shown to inhibit migration of 
NSCLC cells by increasing the degradation of Twist-related 
protein 1 (Twist1), a transcription factor strongly associated 
with EMT that promotes the expression of vimentin and 
N-cadherin (78). 

Regarding anthocyanins, cyanidin 3-rutinoside, cyanidin 
3-glucoside, and peonidin 3-glucoside inhibited migration 
and invasion through the decrease in the secretion of u-PA, 
MMP-2/9, as well as inhibited the activation of AP-1, c-Jun, 
and NF-κB and also decreased the phosphorylation of 
ERK1/2 (40,79). Another study by Kausar et al. (25) showed 
a synergistic effect of the combination of different berry 
anthocyanins in the inhibition of migration and invasion of 
NSCLC cells as well as on apoptosis through suppression of 
Notch and WNT pathways. 

Artonin E, from Artocarpus gomezianus, was shown 
to inhibit migration and invasion of NSCLC cells by 
suppressing FAK, Akt, and guanosine-5'-triphosphatase cell 
division cycle-42 (CDC42) (80). Cycloartobiloxanthone, 
also from Artocarpus gomezianus, had a similar effect on FAK 
and CDC42 (81). Tungsukruthai et al. (81) additionally 
demonstrated that this compound hindered EMT by 
upregulating E-cadherin and decreasing integrins α5, αv, 
and β3. BIO-A, present in chickpeas, suppressed migration 
and proliferation of NSCLC via downregulation of VEGF 
and MMP-2 and reduction of the expression of proliferation 
marker Ki-67, as well as by inducing apoptosis through the 
activation of caspases-3 and 9 (82).

Two different studies have proposed that deguelin acts 
as an inhibitor of migration and invasion. This compound 
inhibited NF-κB, Akt, Ras, and PKC signaling pathways, 
causing a decrease in u-PA and MMP-2/9 expression levels, 
thus hampering migration and invasion (83). In another 
study, the authors demonstrated that deguelin inhibited 
these processes through the suppression of the FAK/Src/
Paxillin signaling pathway by preventing the activation of 
Cathepsin Z (CtsZ) (84).

Epigallocatechin-3-gallate (EGCG), and epicatechin-3-
gallate (ECG), two flavonoids present in green tea, showed 
an inhibitory action in TGF-β-induced EMT and up-
regulated the expression of E-cadherin. EGCG suppressed 
the expression of transcription factors involved in EMT 
such as zinc finger E-box-binding homeobox 1 (ZEB1), 
Snail, Slug, and Twist and reduced the activation of Smad2 
and ERK1/2 (85). ECG, in turn, suppressed MMP-2, 
fibronectin and p-FAK (46).

Several studies have investigated the effect of fisetin 
on NSCLC cells. In general, it was observed that this 
flavonoid inhibited adhesion, migration and invasion 
(4,48) by downregulating the expression of MMP-2, 
u-PA, Twist, N-cadherin, and c-Jun and upregulating 
E-cadherin and ZO-1. It was reported that fisetin inhibited 
the phosphorylation of ERK1/2 and also downregulated 
proteins involved in the induction of EMT, such as STAT-
3, EGFR, and NF-κB (28,86). 

Genistein, a flavonoid from soy, was able to suppress 
migration and invasion of lung cancer stem-like cells 
(LCSLCs) derived from NSCLC cells by regulating the 
expression of manganese superoxide dismutase (MnSOD) 
and Forkhead box protein M1 (FoxM1) (87). Hesperidin 
can be extracted from citrus fruits and a study proposed that 
its inhibitory properties on migration and invasion occur 
via mediation of the SDF-1/CXCR-4 signaling cascade 
by reducing the secretion of stromal cell-derived factor 1 
(SDF-1), resulting in a decrease in CXCR-4, p-p65, p-IκB, 
and p-Akt. Hesperidin also inhibited EMT by decreasing 
levels of MMP-9 and Vimentin (88).

In turn, hydroxysafflor yellow A suppressed migration-
related PI3K/Akt/mTOR and ERK/MAPK signaling 
pathways (89). Luteolin, a flavonoid present in various 
plants, inhibited migration through hampering stress 
fiber formation, a process essential for cell motility (90). 
Furthermore, morin decreased migration by downregulating 
miR-135b, preventing the repression of the CCNG2 tumor 
suppressor gene (10). A study showed that myricetin could 
inhibit migration by suppressing the FAK/ERK signaling 
pathway which, consequently, caused a decrease in MMP-2/9 
expression levels (91). Quercetin, a well-known flavonoid, 
was shown to reduce metastasis by inhibiting Snail, and thus 
inhibiting Akt activation together with suppression of the 
ADAM9 pathway (31). Oroxylin A (OA), a flavonoid from 
Scutellaria radix, also inhibited Snail through the suppression 
of the ERK/GSK-3β signaling pathway, and also reduced 
vimentin and increased E-cadherin expressions (92).

Other flavonoids from Scutellaria, have also been studied, 
i.e., baicalein (93,94), baicalin, and wogonin (94), and were 
suggested to suppress cell invasion and EMT by increasing 
E-cadherin and decreasing vimentin expression. More 
recently, it was also proposed that this suppression together 
with blockage of angiogenesis was achieved through inhibition 
of alpha-7 nicotinic acetylcholine receptor (a7nAChR). This 
effect led to the activation of Rap1, a protein from the Ras 
family of GTPase and associated with cell adhesion and 
integrin-mediated processes, dephosphorylation of Akt and 
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Src, leading to a decrease in Id1 expression, a transcription 
factor that mediates proliferation, angiogenesis, EMT and 
invasion (94). Lastly, a study focusing on sotetsuflavone 
demonstrated that this flavonoid could inhibit migration and 
invasion of NSCLC cells (95).

Bibenzyls

The chemicals included in this group are: chrysotobibenzyl, 
gigantol, moscatilin, riccardin D and 4,5,40-trihydroxy-
3,30-dimethoxybibenzyl (TDB). Chrysotobibenzyl, from 
Dendrobium pulchellum, caused a decrease in integrins, such 
as αv, β1, and β3, via downregulation of caveolin-1 (Cav-1),  
resulting in the inhibition of migration (27). Likewise, 
gigantol from Dendrobium draconis also inhibited migration by 
downregulating Cav-1, resulting in a decrease in the activation 
of Akt and CDC42 expression. This effect occurred via 
reduction in EMT markers including Slug, N-cadherin, and 
vimentin (29,96). Furthermore, moscatilin inhibited invasion 
and migration through the reduction of endogenous ROS and 
decreased activation of FAK and Akt, proteins that are needed 
for activation of ERK1/2 and of CDC42, respectively (97).  
Another bibenzyl that has been proposed is riccardin D, 
which inhibited migration and invasion via suppression of the 
ERK1/2 signaling pathway, causing a decrease in MMP-2/9 
levels (98). To conclude, Chaotham et al. (39) demonstrated 
that TDB, a bibenzyl from Dendrobium ellipsophyllum, acted on 
migration and invasion by downregulating p-FAK, activated 
Ras-related C3 botulinum toxin substrate 1 (Rac1-GTP) and 
CDC42, and, similarly to chrysotobibenzyl, by decreasing 
integrins α4, αv, β1, and β5.

Terpenes 

The terpenes that have been proposed as potential 
inhibitors of migration and invasion of NSCLC cells 
are: actein, alisol B, betulin, frondoside A, nagilactone 
E, triptolide, and ursolic acid. It was demonstrated that 
actein inhibits migration and invasion but the underlying 
mechanism is yet to be determined (99). Likewise, 
frondoside A was able to suppress these two phenomena in a 
time and dose-dependent manner (100). Alisol B has shown 
an ability to reduce cell migration and invasion, and the 
underlying mechanisms seem to consist, at least partially, of 
inhibiting the PI3K/Akt/mTOR signaling pathway (101). 
Furthermore, betulin, a triterpene from Quercus incana, 
suppressed migration and invasion by reducing MMP-2/9 
expression levels (102). In addition, nagilactone E acts as 

a migration and invasion inhibitor as observed in TGF-
β1-stimulated NSCLC cells. Its mechanism consisted of 
the inhibition of EMT via the suppression of Smad2 and 
Smad3 activation and translocation to the nucleus. This 
compound could also inhibit the up-regulation of MMP-
2/9, integrins αv and β3, as well as the phosphorylation 
of FAK (103). Similarly, triptolide also affected FAK, 
reducing its expression levels and, thus, causing a reduction 
in migration (36). Finally, ursolic acid has been proposed 
as an inhibitor of migration and proliferation as well as an 
inducer of apoptosis due to its ability to downregulate the 
β-catenin/TCF4/CT45A2 signaling pathway (104).

Alkaloids 

The alkaloids that have been shown to inhibit migration 
and invasion are: daurinoline, krukovine, and oxymatrine. 
Daurinoline, an alkaloid from the roots of Menispermum 
dauricum, reversed EMT by causing an increase in 
E-cadherin and a decrease in vimentin and MMP-
2 expression levels (105). Krukovine, from the bark of 
Abuta grandifolia, only inhibited cell migration through 
the suppression of Akt, ERK, phosphoinositide 3-kinases 
(PI3K), p70sk6k, RAF proto-oncogene serine/threonine-
protein kinase (C-RAF) and mTOR (106). Lastly, 
two studies have demonstrated inhibitory functions of 
oxymatrine in NSCLC cell migration and invasion. In the 
first study, the anti-migratory effect of this compound was 
demonstrated but the underlying mechanisms were not 
explored (107). In the second study, it was observed that 
this inhibition was caused by the up-regulation of miR-520, 
causing VEGF inhibition (11).

Steroids 

Three compounds have been proposed in this group: 
bufalin, cardenolides, and ophiopogonin B. The effects of 
bufalin on migration and invasion of NSCLC cells have 
been investigated in three different studies. In the first study, 
it was shown that bufalin suppressed migration in TGF-β-
induced NSCLC cells by inhibiting the phosphorylation 
of Smad2 and Smad3 and by downregulating Twist2 and 
zinc finger E-box binding homeobox 2 (ZEB2) together 
with the suppression of TGF-β receptor I (TβRI) and 
TGF-β receptor II (TβRII) (108). In a second study, it was 
demonstrated that this compound also suppressed migration 
and invasion by reducing the levels of MMP-2/9, PKC, NF-
κB, PI3K, ERK, growth factor receptor-bound protein 2 
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(GRB2), phosphorylated c-Jun NH2-terminal kinase (JNK), 
p-Akt and phosphorylated p38 (26). Huang et al. (109)  
obtained similar results regarding MMP-2 and ERK, and 
additionally found that bufalin also caused a reduction in 
Ras/Rac guanine nucleotide exchange factor 1 (SOS-1), 
Rho A, p-FAK, and E-cadherin. However, contrary to the 
results obtained by Wu et al. (26), this latest study found 
that bufalin increased phosphorylated p38, phosphorylated 
JNK, and Nf-κBp65 (109).

Regarding cardenolides, two different compounds, 
digitoxigenin monodigitoxoside (DGX) and convallotoxin 
(CON) have been studied. Both compounds demonstrated 
to have anti-migratory and anti-invasive effects on NSCLC 
cells by, similarly to bufalin, reducing the levels of MMP-
2/9 and p-FAK (110). To conclude, ophiopogonin B, 
extracted from Radix Ophiopogon Japonicus, was able to 
inhibit migration and invasion by increasing the levels of 
E-cadherin and tight junction protein Zonula occludens-1 
(ZO-1), and reducing the expression of N-cadherin, Slug, 
Snail, and ZEB1 as well as suppressing the EphA2/Akt 
signaling pathway (111).

Other chemical agents

Other compounds have also been suggested as inhibitors 
of migration and/or invasion in NSCLC cells, such as coix 
polysaccharides (112), cordycepin (113), dihydroaustrasulfone 
alcohol (114),  esculetin (115),  evodiamine (116),  
ganoderan (117), glycyrol (118), goniothalamin (119), 
isothiocyanates (12,120-122), magnolin (123), methylene 
chloride (32), renieramycin M (124), salidroside (125), 
sodium new houttuyfonate (126), ∆9-Tetrahydrocannabinol 
(THC) (127), and thymoquinone (45). These compounds 
were mostly associated with the downregulation of STAT3 
and ERK1/2 or the activation of ERK5 signaling pathways. 
Decreases in MMP-2 and 9, VEGF, FAK, Snail, and 
vimentin expression, and an increase in E-cadherin and 
ZO-1 were also observed. Isothiocyanates, in particular, 
have been the focus of numerous migration and invasion 
studies. In addition to the mechanisms referred above, 
isothiocyanates such as sulforaphane and its derivatives 
sulforaphane-cysteine (SFN-Cys) and sulforaphane-N-
acetyl-L-cysteine (SFN-NAC), were shown to act via 
claudins dysfunction and inhibition of autolysosome through 
microtubules (120) as well as suppression of the GSK3β/
β-catenin signaling pathway (12). On the other hand, the 
underlying mechanisms through which evodiamine (116), 
glycyrol (118), renieramycin M (124) and THC (127) 

achieved these effects are yet to be determined (127),  
since the output from the methodologies used was only a 
decrease in migration/invasion. 

Conclusions and future perspectives

LC corresponds to a group of cancer diseases with poor 
prognosis, being this outcome clearly associated with the 
highly migratory and invasive behavior of these malignant 
cells. Understanding the underlying mechanisms involved 
in these features is crucial for the knowledge of putative risk 
factors in NSCLC as well as for the development of new 
therapeutic alternatives. 

In this report, a relatively large number of in vitro studies 
were considered, as seen in Table S1. It is clear that the 
vast majority of the reports on the assessment of migration/
invasion of NSCLC cells in vitro resorted to the wound-
healing migration assay and the transwell invasion and 
migration assays. Still, some other methods have been 
employed, namely the fence assay, the time-lapse cell 
tracking, the cell exclusion assay and the spheroid migration 
assay for migration evaluation and spheroid gel invasion and 
cell tracking for invasion. 

These assays have allowed better insights on the effects 
of certain contaminants on NSCLC development and 
progression. It has been proposed that several cigarette smoke 
contaminants have a key role in promoting migration and/or 
invasion, including NNK (53,54) and B(a)P (55,56), as well 
as some air pollutants such as Oxy-PAHs (24). Such studies 
are relevant to understand the development and progression 
of carcinogenesis and also to bring awareness to risks that 
should be avoided. On the other hand, a great variety of 
plant-extracted compounds, such as various polyphenols 
non-flavonoids, flavonoids, and bibenzyls, among others, 
have been investigated and exhibited inhibitory functions 
on migration and invasion of NSCLC in vitro. These could 
potentially represent new opportunities for innovative 
therapeutic strategies to prevent or hamper metastases in LC. 
A compilation of compounds that display either pro or anti-
migration and invasion capabilities in NSCLC cells in vitro is 
depicted in Figure 1.

The studies discussed in this review can indeed 
play an important role, either directly or indirectly, 
in the prevention and prognosis of LC in the future. 
Nevertheless, one shortcoming of the drug development 
process underlying these issues is the lack of predictive, 
pathophysiologically relevant preclinical models of invasive 
tumor phenotypes. Indeed, most of the in vitro experiments 

https://cdn.amegroups.cn/static/public/TLCR-21-121-supplementary.pdf
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employ conventional 2D cell culture methods that are not 
able to closely mimic the in vivo tumor microenvironment 
and cancer cell interactions. Thus, it is important that 
additional in vitro methodologies should be explored to 
consider the interactions between cancer cells and stroma, 
and between the tumor and tissue specific cells. 3D 
migration and invasion models such as spheroid migration 
or spheroid gel invasion assays have been used only in a few 
NSCLC studies (21,23,47). Using multicellular spheroid 
models would be more feasible to activate migration and 
invasion mechanisms that are not clearly observed in 
simpler models, since cancer cells face a greater number of 
obstacles, such as hypoxia and ECM (128). Additionally, 
other assays such as the spheroid/monodispersed cell 
invasion assay and the spheroid confrontation assay 
will provide a better evaluation of tumor invasion by 
representing the invasive capacity of cancer cells into a 
tissue that consists of an assortment of different cells (5). 
In addition, circulating tumor cell (CTC) clusters in the 
blood of lung cancer patients, which have greater potential 

to metastasize and have more survival advantages than 
single CTC cells, should be taken into consideration 
(129,130). Spheroid models could be proven beneficial for 
the study of these cells in vitro (129). Lastly, microfluidic 
devices facilitate the assessment of cancer cells' response 
to different external physical factors, such as ECM density, 
that affect the ability of cells to migrate and invade. These 
devices also enable the use of chemotaxis in combination 
with haptotaxis signals, simulating different migratory 
behaviors. The possibility to use different cell types in the 
same device contributes to a better understanding of the 
influence of multiple cells in cancer cell migration (131,132). 
Microfluidic technology could prove to be extremely useful 
in the study of cell communication, cell-to-cell interactions 
and tumor cell interactions with ECM in NSCLC and 
the influence of those factors on migration, invasion, and 
metastasis processes. 

Furthermore, the use of animal models in the study of 
metastasis to better mimic tumor microenvironment and 
clarify the tumor development process should be explored. 

Figure 1 Summary of contaminants/carcinogens and phytochemical compounds that exhibit promoting (+) or inhibitory (-) 
functions in NSCLC migration and invasion. ECG, Epicatechin-3-gallate; EGCG, Epigallocatechin-3-gallate; NNK, nitrosamine 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; PM2.5, particulate matters with less than 2.5 µm of diameter; TDB, 4,5,40-trihydroxy-
3,30-dimethoxybibenzyl; THC, ∆9-Tetrahydrocannabinol.
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These models could include transgenic mouse models, 
human tumor xenograft, orthotopic lung cancer models 
or induced lung tumors (133). Each animal model can 
resemble only a fraction of the spectrum of a metastasis’s 
molecular mechanism, thus, it is necessary to use multiple 
animal models that complement each other, allowing for an 
accurate study of this process.

In conclusion, the information gathered in this review 
will surely be updated in the next years, constituting an 
interesting topic for discussion in NSCLC. Moreover, the 
impact of many other xenobiotics will be revealed using 
in vitro migration and invasion assays. Albeit many of the 
findings and conclusions resultant from these experiments 
should be further confirmed or reinforced using more 
sophisticated in vitro models and/or adequate in vivo 
experiments, they clearly constitute a valuable approach that 
should be considered. 
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