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ABSTRACT: Non-small-cell lung cancer (NSCLC), the most prevalent form
of lung cancer, is associated with an unfavorable prognosis owing to its high
rate of metastasis. Thus, the identification of new drugs with potent anticancer
activities is essential to improve the clinical outcome of this disease. Marine
organisms exhibit a diverse source of biologically active compounds with
anticancer effects. The anticancer effects of jorunnamycin A (JA) derived from
the Thai blue sponge (Xestospongia sp.) and 22-(4′-pyridinecarbonyl)
jorunnamycin A (22-(4′-py)-JA), the semisynthetic derivative of JA, have
been reported. The present study aimed to investigate the impact of 22-(4′-
py)-JA on NSCLC metastasis using in vitro, in vivo, and in silico approaches.
The JA derivative inhibited tumor cell invasion and tube formation in human
umbilical vein endothelial cells (HUVECs). The computational analysis
demonstrated strong and stable interactions between 22-(4′-py)-JA and the
AKT protein. Further examinations into the molecular mechanisms revealed the suppression of AKT/mTOR/p70S6K signaling by
22-(4′-py)-JA, leading to the downregulation of matrix metalloproteinases (MMP-2 and MMP-9), hypoxia-inducible factor-1α
(HIF-1α), and vascular endothelial growth factor (VEGF). Furthermore, 22-(4′-py)-JA suppressed in vivo metastasis by decreasing
the number of colonies in the lung. These findings indicated the antimetastasis activity of 22-(4′-py)-JA, which might prove useful
for further clinical applications.
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Lung cancer exhibits a leading cause of cancer-related
mortality worldwide, and non-small-cell lung cancer

(NSCLC) is the predominant subtype observed in lung cancer
patients.1 Surgical resection serves as the primary treatment for
early-stage NSCLC, and chemotherapy and radiotherapy play
important roles as adjuvant therapies administered before and
after surgery.2 However, the clinical outcome of advanced
NSCLC remains poorly understood. Despite significant
advances in the treatment of this disease, several severe
undesired effects have been reported.3,4 The five-year mortality
rate of patients with NSCLC exceeds 80% primarily due to the
high metastatic potential of this tumor.1 Therefore, studies on
developing a new anticancer drug are crucial to overcome and
treat these exceedingly metastatic tumors.
The process of cancer metastasis is a highly coordinated and

sequential series of events, beginning with the dissemination of
cells from the primary site, followed by the local degradation of
the surrounding basement membrane through proteolytic
activity. The detached cells consequently intravasate and
circulate within the blood and lymphatic systems, eventually
extravasating and establishing secondary tumors at distant
sites.5 Cancer invasion requires a group of proteolytic enzymes

known as matrix metalloproteinases (MMPs), which degrade
the components of the extracellular matrix (ECM).6

Accumulative studies have demonstrated a strong association
between the overexpression of MMPs, specifically MMP-2 and
MMP-9, and cancer metastasis.6,7 Enlargement of the primary
tumor triggers the formation of new blood vessels, a process
known as angiogenesis. Cancer cells respond to a hypoxic
microenvironment by releasing angiogenic factors, particularly
vascular endothelial growth factor (VEGF). These factors
mediate the proliferation and differentiation of endothelial
cells.8 In lung cancer patients, increased VEGF expression has
been reported and is correlated with an unfavorable
prognosis.9,10 The transcription of VEGF is regulated by
HIF-1α, a protein frequently dysregulated and overexpressed
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in cancers, particularly in metastatic cells.11,12 HIF-1α is
controlled by the protein kinase B (AKT)/mammalian target
of the rapamycin (mTOR) signaling,13,14 which serves as an
essential pathway that regulates cancer metastasis.15 Activation
of AKT stimulates the phosphorylation of downstream
effectors, such as mTOR (serine 2448) and p70S6K
(threonine 389), which induce the transcription of several
genes involved with metastasis regulation, including HIF-1α
and MMPs.13,15,16 Inhibition of the AKT/mTOR signaling
pathway was able to decrease the metastatic potential of the
cancer cells by downregulating MMPs.17 Consequently,
targeting the AKT/mTOR/p70S6K signaling pathway repre-

sents a promising therapeutic strategy for attenuating cancer
metastasis.
A significant number of marine derivatives have demon-

strated notable antitumor activity.18−20 Trabectedin, cytar-
abine, and lurbinectedin obtained from marine natural
products have been approved as novel anticancer agents.21−23

Additionally, renieramycin M, renieramycin T, and jorunna-
mycin A (JA) from Xetospongia sp. were reported to display
significant cytotoxicity, attenuation of tumor growth and
metastasis, and inhibition of stemness phenotypes in previous
studies.19,20,24−26 Due to highly potent cytotoxicity, JA was
further structurally modified. Derivatives of JA with fluoro-
benzoyl and trifluoromethyl benzoyl substitutions were

Figure 1. Cytotoxicity of 22-(4′-pyridinecarbonyl) jorunnamycin A (22-(4′-py)-JA) and jorunnamycin A (JA) in the H460 and A549 cells. (A)
Chemical structures of 22-(4′-py)-JA and JA. (B) H460 and (C) A549 cells were treated with various concentrations of 22-(4′-py)-JA or JA for 24,
48, and 72 h and cell viability was measured using the MTT assay and presented as a percentage of the cell viability. (D) IC50 value of 22-(4′-py)-
JA and JA in H460 and A549 cells. (E) H460 and (F) A549 cells were incubated with nontoxic concentrations of 22-(4′-py)-JA for 24 and 48 h and
cell proliferation was examined using the MTT assay and presented as a percentage of cell proliferation. Data are presented as the mean ± SEM (n
= 3). *p < 0.05 vs untreated control cells. All data were analyzed by using analysis of variance (ANOVA) followed by the Tukey post hoc test.
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synthesized, which resulted in a significant ten-fold increase in
cytotoxicity compared to the original compound.27 However,
in contrast, the leaving group at the C-22 position of JA is
crucial for its cytotoxic activity. According to the structure of
trabectedin, the incorporation of a 4′-pyridine carbonyl ester
moiety remarkably led to the most substantial improvement in
cytotoxic activity among all of the derivatives tested.27 The
incorporation of the 4′-pyridine carbonyl group at the C-22
position led to the formation of the 22-(4′-py)-JA derivative
(Figure 1A), which displayed a strong cytotoxic activity relative
to the other derivatives27 and induced apoptosis through an
ERK/Bcl-2-dependent mechanism.28 However, the impact of
22-(4′-py)-JA on cancer metastasis remains unknown. The
objective of this study was to evaluate the antimetastatic
activity of 22-(4′-py)-JA, specifically its effect on the
invasiveness and angiogenesis using in vitro NSCLC culture
and in vivo metastasis model. Furthermore, the underlying
mechanisms, particularly the involvement with AKT/mTOR
signaling, were investigated through biochemical analysis and
an in silico molecular docking experiment.

■ RESULTS
Cytotoxicity of 22-(4′-py)-JA on NSCLC Cells. The

cytotoxicity of 22-(4′-py)-JA and JA on NSCLCs was
evaluated using the MTT assay. H460 and A549 cells were
treated with varying concentrations (0−1 μM) of the
compounds for 24, 48, and 72 h. The results demonstrated
significant reductions in the number of viable cells for both
compounds at all time points. Notably, 22-(4′-py)-JA exhibited
significant cytotoxicity at lower concentrations (5 and 10 nM)
in H460 and A549 cells after 24 h, with 50% inhibitory
concentrations (IC50) of 810 ± 33 and 835 ± 30 nM,
respectively, while IC50 of JA was more than 1000 nM for both
cells (Figure 1B−D). At 48 and 72 h, the reduction in cell
viability following treatment with 22-(4′-py)-JA was more
pronounced than that seen after treatment with a similar
concentration of JA, thus indicating the greater potency of the
JA derivative. The antiproliferative effect of 22-(4′-py)-JA was
investigated using nontoxic doses (≤1 nM) to minimize the
interference of the cytotoxic effect of the compound. However,
22-(4′-py)-JA did not significantly affect NSCLC proliferation
in the H460 and A549 cells (Figure 1E,F).

Figure 2. Fluorescent images and bar graphs showing the effects of JA and 22-(4′-py)-JA on NSCLC cell invasion. Following the transwell invasion
assay, the invaded cells were identified by staining with DAPI and imaged by fluorescence microscopy. (A) 22-(4′-py)-JA (dose, ≥0.5 nM)
decreased the number of invading H460 and A549 cells. (B) Same concentration of JA did not demonstrate any significant suppressive activity.
Scale bar, 10 μm. (C) Cells were incubated with nontoxic doses of 22-(4′-py)-JA for 24 h, and MMP-2 and MMP-9 mRNA expressions were
evaluated by qRT-PCR. (D) MMP-2 and MMP-9 activities assessed by gelatin zymography analysis revealed a marked reduction in the gelatinase
activities of both enzymes. Data are presented as mean ± SEM (n = 3). *p < 0.05 vs untreated control group. All data were analyzed by using
analysis of variance (ANOVA) followed by the Tukey post hoc test.
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22-(4′-py)-JA Represses the Invasiveness of NSCLC
Cells by Downregulating the MMPs. The effect of 22-(4′-
py)-JA on NSCLC cell invasion was evaluated using the
transwell invasion assay, wherein H460 and A549 cells were
incubated with a nontoxic concentration range of 0−1 nM of
22-(4′-py)-JA. The results demonstrated that at a dose of ≥0.5
nM, 22-(4′-py)-JA significantly reduced the number of
invading cells (Figure 2A), whereas the same concentration
of JA did not demonstrate any significant suppressive activity
(Figure 2B).
MMPs are required for degrading the extracellular matrix

surrounding cancer cells, particularly MMP-2 and MMP-9
associated with an invasiveness of cancer cells;6,7 the impact of
22-(4′-py)-JA on MMP-2 and MMP-9 mRNA expression was
investigated. The present study showed that 22-(4′-py)-JA
significantly downregulated the levels of MMP-2 and MMP-9
mRNA expression, which corresponded with their anti-invasive
activities (Figure 2C). Furthermore, zymography experiments
revealed a marked decrease in the gelatinase activities of MMP-
2 and MMP-9 (Figure 2D), indicating that 22-(4′-py)-JA

inhibits cancer cell invasion by suppressing MMP-2 and MMP-
9 expression.
22-(4′-py)-JA Inhibits Angiogenesis in Human Endo-

thelial Cells by Downregulating the Hif-1α and Vegf
Expressions in NSCLC. Next, the effect of 22-(4′-py)-JA on
angiogenesis was investigated. Human umbilical vein endo-
thelial cells (HUVECs) were exposed in conditioned media
obtained from H460 and A549 cells treated with or without
22-(4′-py)-JA. The tube formation parameters, i.e., the number
of nodes and fragments and the tube length, were analyzed
(Figure 3A). The results revealed that 22-(4′-py)-JA
attenuated the tube formation ability of HUVECs compared
to that of the controls (Figure 3B,C), suggesting that 22-(4′-
py)-JA could attenuate angiogenesis. Since VEGF secreted by
cancer cells in response to a low oxygen environment was
required for mediating new vascularization in endothelial cells,
the expression levels of Hif-1α and Vegf in NSCLCs was
examined. The data indicated that treatment with 22-(4′-py)-
JA led to a gradual decrease in the mRNA expression levels of
Hif-1α and Vegf in H460 and A549 cells (Figure 3D,E),

Figure 3. Effects of 22-(4′-py)-JA on tube formation in HUVECs. (A) Schematic diagram demonstrates the parameters for tube formation analysis
(i.e., the number of nodes and fragments and their length). HUVECs were treated with the medium obtained from (B) H460 cells and (C) A549
cells. After 24 h, tube formation was imaged, and its parameters were quantified using ImageJ software. Plots present the fold change of node
number, fragment number, and fragment length. Scale bar, 100 μm. Bar graphs showing the mRNA expression levels of (D) Hif-1α and (E) Vegf in
H460 and A549 cells incubated with or without a nontoxic dose of of 22-(4′-py)-JA for 24 h. Data are presented as mean ± SEM (n = 3). *p < 0.05
vs untreated control group. All data were analyzed by using analysis of variance (ANOVA) followed by the Tukey post hoc test.
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indicating that 22-(4′-py)-JA attenuated Hif-1α and Vegf
expressions in cancer cells, thereby suppressing an angiogenic
activity in endothelial cells.
22-(4′-py)-JA Inhibits the AKT/mTOR Pathway. The

results demonstrated that treatment with 22-(4′-py)-JA
gradually downregulated phosphorylated AKT (p-AKTS473),
p-mTORS2448, and p-p70S6KT389 in both H460 and A549 cells,
whereas their total forms remained unchanged (Figure 4A,B).
However, 22-(4′-py)-JA did not have a suppressive effect on p-
PI3K and p-ERK1/2 (Figure S1). These findings suggested
that 22-(4′-py)-JA particularly targets AKT signaling. Fur-

thermore, the same concentration of JA showed no effects on
p-AKTS473, p-mTORS2448, and p-p70S6KT389 levels (Figure S2),
thus indicating the greater efficacy of the JA derivative
compared to its parent compound.
To confirm the underlying mechanism involved in this

phenomenon, the H460 and A549 cells were incubated with
22-(4′-py)-JA after pretreatment with the epidermal growth
factor (EGF), an upstream activator of the receptor tyrosine
kinase, or LY294002, an AKT inhibitor. Western blot analysis
demonstrated that the upregulation of p-AKTS473, p-
mTORS2448, and p-p70S6KT389 mediated by EGF was reversely

Figure 4. Effects of of 22-(4′-py)-JA on the AKT/mTOR/p70S6K signaling pathway. Western blot images and bar graphs showing the levels of p-
AKT, AKT, p-mTOR, mTOR, and p-p70S6K relative to the control in (A) H460 and (B) A549 cells treated with or without nontoxic
concentrations of 22-(4′-py)-JA for 24 h. Western blot images and bar graphs showing the levels of p-AKT, AKT, p-mTOR, mTOR, and p-p70S6K
relative to the control in (C) H460 and (D) A549 cells pretreated with either EGF (100 ng/mL) or LY294002 (10 μM) for 1 h and incubated with
1 nM 22-(4′-py)-JA for 24 h. The upregulation of p-AKTS473, p-mTOR S2448, and p-p70S6KT389 mediated by EGF was reversely declined in
response to 22-(4′-py)-JA in both cell types. Data are expressed as mean ± SEM (n = 3). *p < 0.05 vs untreated control group. #p < 0.05 vs
indicated group. All data were analyzed by using analysis of variance (ANOVA) followed by the Tukey post hoc test.
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declined in response to 22-(4′-py)-JA (Figure 4C,D). In
contrast, the inhibitory effect of LY294002 on these
phosphorylated molecules was notably pronounced when
cotreated with 22-(4′-py)-JA. These findings suggest that 22-
(4′-py)-JA mediated its antimetastasis effects by suppressing
AKT/mTOR signaling in NSCLC.
22-(4′-py)-JA Interacts with AKT. We next hypothesized

that the inhibition of AKT phosphorylation by 22-(4′-py)-JA
was attributed to its binding with AKT. To confirm this, an in
silico molecular docking experiment was conducted between
22-(4′-py)-JA and AKT (PDB: 3MVH). The docking score of
22-(4′-py)-JA with AKT at the ATP-binding site was −9.3
kcal/mol and the ligand efficiency was −0.211 kcal/mol/heavy
atom (Figure 5A,B), while the binding energy and ligand
efficacy of JA were −8.1 and −0.225 kcal/mol/heavy atom,
respectively (Figure S3). Both 22-(4′-py)-JA and JA bound to
AKT through hydrogen bonding and van der Waals,
hydrophobic, and electrostatic interactions (Table S1), with
22-(4′-py)-JA having a higher number of bonding to AKT in
correspondence to the binding energy. The interaction of 22-
(4′-py)-JA and AKT was then subjected to molecular dynamic
analysis. The complex between 22-(4′-py)-JA and AKT
remained stable during the equilibrium phase for 100 ns, and
the average root-mean-square deviation (RMSD) of the ligand
conformation was 1.49 ± 0.01 Å. These findings indicated that
22-(4′-py)-JA interacted with AKT and interfered with AKT
phosphorylation.
22-(4′-py)-JA Inhibits Lung Cancer Metastasis In Vivo.

To confirm the antimetastatic effect of 22-(4′-py)-JA, an in vivo
tail vein metastasis assay was conducted using A549 cells
injected into the tail vein of nude mice. The next day, mice
were administrated 22-(4′-py)-JA (1 mg/kg body weight),
erlotinib (100 mg/kg body weight), or a vehicle (5% DMSO in
phosphate-buffered saline (PBS)) (Figure 6A). No significant
differences in body weights were observed among the
treatment groups (Figure 6B). The serum profiles of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
at the end of the experiment were found to be within the

normal ranges (Figure 6C), thus indicating that 22-(4′-py)-JA
had less hepatotoxicity. Interestingly, the number of metastatic
nodules was significantly reduced in the 22-(4′-py)-JA and
erlotinib (a positive control) groups compared to those in the
vehicle control group (Figure 6D,E). Microscopic examination
using hematoxylin and eosin staining confirmed a high density
of metastatic tumor cells in the lung tissue of the vehicle group,
which was remarkably lower in the 22-(4′-py)-JA and erlotinib
groups (Figure 6F). These findings confirmed the potent
antimetastatic activity of 22-(4′-py)-JA in NSCLC.

■ DISCUSSION
The discovery of an effective therapeutic for NSCLC is
urgently needed due to the rapid progression of the disease,
especially cancer metastasis. The natural compound 22-(4′-
py)-JA semisynthesized from the marine sponge Xestospongia
sp. exhibits a promising anticancer activity.19 Evidence from in
vitro studies shows that 22-(4′-py)-JA induces apoptosis in
multiple NSCLC cell lines via an ERK/Bcl-2-dependent
mechanism.28 The present study explores an antimetastasis
activity and elucidates its underlying molecular mechanism.
The results indicate that 22-(4′-py)-JA effectively inhibits in
vitro invasion and angiogenesis and in vivo metastasis through
the AKT/mTOR pathway. Its efficacy was more potent than
erlotinib with the effective dose in a micromolar range (Figure
S4). This EGFR inhibitor is commonly employed in the
therapeutic management of NSCLC. However, this drug does
not exert direct inhibitory effects on AKT and mTOR, and the
suppression of EGFR activity can effectively attenuate
downstream signaling cascades involving AKT and mTOR.29

This finding emphasized the potential of 22-(4′-py)-JA for
further exploration in drug research and development with
clinical implications.
Numerous studies have consistently reported the significant

involvement of MMPs in tumorigenesis, contributing the
establishment of a complex microenvironment that supports
malignant transformation within lung tissue.30,31 Conse-
quently, the inhibition of MMP expression or activity has

Figure 5. Molecular docking analysis and dynamic interaction of 22-(4′-py)-JA with AKT1. Interactions between 22-(4′-py)-JA and AKT1 (PDB
ID: 3MVH) are shown in (A) 3D and (B) 2D images. Molecular docking was performed using PyRx Autodock Vina, and schematization of the
interaction between 22-(4′-py)-JA and AKT1 was obtained using the BIOVIA Discovery Studio Visualizer. (C) RMSD ligand conformation
represents the stable interaction between 22-(4′-py)-JA and AKT1.
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emerged as an interesting strategy employed by several
anticancer agents.17,32,33 Erianthridin effectively suppressed
both in vitro and in vivo lung cancer metastasis by
downregulating MMP-2 and MMP-9, together with their
respective activities.17 The reduction of both MMP-2 and
MMP-9 expressions and gelatinolytic activities by sinulariolide
and stellettin B successfully impeded cancer cell migration and
invasion in bladder cancer and hepatocellular carcinoma
cells.32,33 Furthermore, this study also substantiates the ability
of 22-(4′-py)-JA to downregulate MMP-2 and -9, consequently
inhibiting cancer cell invasion.
Angiogenesis plays an essential role in facilitating cancer

metastasis by providing necessary nutrients and prosurvival

factors to the tumor as well as establishing a pathway for tumor
cells to metastasize to distant sites.34 In response to the
hypoxic microenvironment, primary tumors release growth
factors and cytokines to stimulate endothelial growth and
differentiation within the tumor mass. HIF-1α, a member of
the transcription factor family, is activated under low oxygen
conditions, which participated in the regulation of angiogenesis
by inducing the transcription of Vegf in cancer cells.11,12 VEGF,
a crucial growth factor, binds to its receptor on endothelial
cells, promoting their proliferation and differentiation and
leading to new blood vessel formation.9 Elevated levels of
VEGF have been observed in the serum of patients with
various cancer types, including NSCLC,10,11 and it is well

Figure 6. Effects of 22-(4′-py)-JA on metastasis in vivo. (A) Timeline overview of the in vivo metastasis experiment. The tail veins of female BALB/
C nude mice were intravenously injected with A549 cells (5 × 106 cells), followed by the intraperitoneal injection of either 22-(4′-py)-JA or a
vehicle (5% DMSO in PBS) the next day (twice a week), or erlotinib administered orally (once per week). After 6 weeks, the lungs and blood were
collected for biochemical analyses. (B) Body weights of the mice throughout the experiment showed no significant differences. (C) Serum profiles
of AST and ALT at the end of the experiment were found to be within the normal ranges. (D) The number of metastatic nodules was significantly
decreased in the 22-(4′-py)-JA and erlotinib groups compared to those in the vehicle control group. Data are presented as a percentage of mean ±
SEM (n = 6). *p < 0.05 vs the vehicle group. (E) Macroscopic images showing the reduction of lung nodules in the 22-(4′-py)-JA and erlotinib
groups compared to those in the vehicle control group. (F) Hematoxylin and eosin staining demonstrated a high density of metastatic tumor cells
in the lung tissue in the vehicle group, which was significantly lower than those in the 22-(4′-py)-JA and erlotinib groups. Arrowheads indicate the
tumors formed on the lungs. Scale bar, 200 μm for the upper panel, and 100 μm for the lower panel.
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recognized that HIF-1α plays a pivotal role in regulating this
phenomenon.12 Inhibition of HIF-1α/VEGF expression has
been shown to reduce vascularization in cancer,35−37

suggesting a potential antiangiogenic activity of 22-(4′-py)-JA
through an HIF-1α/VEGF mechanism.
Several studies have highlighted the role of AKT/mTOR/

p70S6K signaling pathway in the regulation of cancer
metastasis, with its overactivation being observed in lung
cancer.15,38 Activation of this signaling pathway enhances the
phosphorylation of mTOR and its downstream target, p70S6K,
initiating cascades that upregulate various oncogenes, including
MMPs, HIF-1α, and VEGF. The upregulation of these
proteins is associated with increased invasiveness and angio-
genesis in cancers.39,40 Inhibition of AKT activity has been
shown to result in the downregulation of MMP-2 and MMP-9,
consequently impeding cancer cell metastasis.17,32 Addition-
ally, AKT inhibition has been reported to attenuate the EGFR-
mediated increase in VEGF and the endothelial tube-forming
process.41,42 In the context of this study, 22-(4′-py)-JA exhibits
molecular signaling in lung cancer metastasis through the
AKT/mTOR mechanism, effectively inhibiting EGF-mediating
AKT/mTOR activation. It is worth noting that there is a
crosstalk between AKT and ERK signaling,43 and a recent
study demonstrated that 22-(4′-py)-JA suppressed ERK
activity, contributing to apoptosis induction.28 However, in
the present study, the phosphorylated ERK level was
unaffected by a low dose of 22-(4′-py)-JA in suppressing
cancer invasion and angiogenesis. This discrepancy may be
potentially attributed to the concentration-dependent efficacy
of the compound. In pharmacology, it is widely recognized that
compounds can selectively target specific signaling pathways or
molecular targets at lower doses, resulting in the suppression of
specific cellular processes. As the dose increases, the
compound’s effects may extend to additional signaling
pathways or targets, exhibiting a more widespread impact.
This phenomenon, known as a dose−response relationship, is
commonly observed.44 Furthermore, it is important to
consider that ERK signaling has an upstream regulator that
may be regulated differently.45 At low doses, 22-(4′-py)-JA
might not be sufficiently potent to influence this upstream
regulator, thereby not affecting the ERK pathway in the
present study.
The concept of molecular docking can be used to accurately

anticipate the optimal orientation of a ligand on its target at the
atomic level, facilitating a detailed understanding of the
ligand’s behavior at the binding site of the target protein.44

This approach provides valuable insights into the underlying
biochemical processes and aids in the development of new
drugs with improved selectivity and effectivity.46 Our finding
demonstrated that 22-(4′-py)-JA exhibits stable interaction
with AKT, characterized by more negative energy values and
stronger bonds compared to JA. A great negative energy value
indicates better ligand-binding properties.17,47 This suggests
that 22-(4′-py)-JA may exert a more pronounced suppressive
effect on AKT activation. Furthermore, the complex formed by
22-(4′-py)-JA and AKT demonstrated less fluctuation in the
RMSD value throughout the 100 ns stimulation, indicating a
stable interaction between the compound and protein
target.48,49 The investigation of the interaction between AKT
and 22-(4′-py)-JA in an in vitro setting would indeed provide
further support for our findings. Collectively, the present study
provided crucial preclinical evidence of the antimetastatic
activity and molecular mechanism of 22-(4′-py)-JA in NSCLC.

These findings suggest that 22-(4′-py)-JA might be considered
as a significant candidate for further drug research and
development.
In relation to the pharmacokinetic parameters encompassing

absorption, distribution, metabolism, excretion, and toxicity, it
is worth noting that both compounds fall within the acceptable
range as indicated in Table S2. These compounds demonstrate
the potential to serve as substrates for CYP3A4 and undergo
metabolism in the liver. Therefore, it is crucial to identify their
respective metabolites in order to determine whether they may
play a role in mediating the anticancer effects of the
compounds. Although both compounds may induce hepato-
toxicity, 22-(4′-py)-JA exhibits a lower level of oral rat chronic
toxicity. Taking into account its high molecular weight and low
water solubility, further study aims to develop a formulation of
the compound as a lyophilized powder suitable for intravenous
injection. This approach will enhance compound stability,
minimize the impact of first-pass metabolism, and improve
drug bioavailability. Nevertheless, further investigation is
required to obtain a more comprehensive understanding of
the pharmacokinetic and physiochemical characteristics
associated with these compounds.

■ CONCLUSIONS
The current study highlights the remarkable antimetastatic
properties of 22-(4′-py)-JA in NSCLC through in vitro, in vivo,
and in silico approaches. With potent efficacy demonstrated at
the nanoscale level, 22-(4′-py)-JA effectively inhibited cell
invasion in NSCLC and angiogenesis in HUVECs. These
effects were attributed to the compound’s interaction with
AKT and subsequently suppression of the AKT/mTOR/
p70S6K signaling pathway. Consequently, the downstream
targets including MMPs, Hif-1α, and Vegf were downregulated.
These findings provide valuable insights into the potential of
22-(4′-py)-JA as a novel compound, which can be further
explored for its clinical application in the management of
metastasis in NSCLC.

■ MATERIAL AND METHODS
Preparation of 22-(4′-py)-JA. 22-(4′-py)-JA (Figure 1A)

was semisynthesized from JA (25 mg) with slight modification
by mixing with 4-dimethylaminopyridine (DMAP) (30.9 mg),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlor-
ide (EDCI·HCl) (48.56 mg), and isonicotinoyl chloride
(45.08 mg). The stock solution was prepared by solubilizing
22-(4′-py)-JA in dimethyl sulfoxide (DMSO; Merck Millipore,
Billerica, MA, USA), which was further diluted with cell culture
medium to achieve the desired working concentration for
experimental use. The concentration of DMSO was less than
0.5% and was nontoxic to the cells.
Cell Culture. Human NSCLC cell lines, H460 and A549, as

well as HUVEC cells were obtained from the American Type
Culture Collection (Manassas, VA). H460 cells were cultured
in Roswell Park Memorial Institute (RPMI) 1640, A549 cells
were maintained in Dulbecco’s modified Eagle medium, and
the HUVECs were cultivated in M199. All culture media were
supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, and 100 U/mL penicillin/streptomycin. The media
and supplements were purchased from GIBCO (Grand Island,
NY). All cells were incubated at 37 °C in a humidified
atmosphere with 5% CO2.
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Cell Viability Assay. Cell viability was assessed using the
MTT (Invitrogen, Carlsbad, CA) colorimetric assay. A549 and
H460 cells (5 × 103 cells/well) were seeded onto 96-well
plates and allowed to adhere overnight. Subsequently, cells
were treated with various concentrations of 22-(4′-py)-JA
(ranging from 0 to 1 μM) for 24, 48, and 72 h. After the
treatment period, the cells were incubated with MTT solution
(0.5 mg/mL) at 37 °C for 4 h. The formed purple formazan
crystal was dissolved in DMSO (100 μL/well), and the
intensity was measured at 570 nm using a microplate reader
(Victor, PerkinElmer). The mean optical density in each
experimental group was calculated as a percentage of the cell
viability, with the control group set as 100%.
Cell Proliferation Assay. The A549 and H460 cells (2 ×

103 cells/well) were seeded onto 96-well microplates and
allowed to attach to the plate overnight. Then, the cells were
treated with 22-(4′-py)-JA (0−1 nM) for 24 and 48 h,
following which MTT solution (0.5 mg/mL) was added to
each well and incubated for another 4 h at 37 °C. The
formazan crystals were dissolved by DMSO, and the intensity
was measured at 570 nm using a microplate reader (Victor,
PerkinElmer) as described above. The mean optical density
was calculated as a percentage of cell proliferation.
Transwell Invasion Assay. The A549 and H460 cells (5 ×

104 cells/well) were cultured in the upper chamber of a 24-well
transwell plate consisting of a membrane insert coated with 10
μg/mL of Matrigel (BD Biosciences, Bedford, MA), and
subsequently treated with 22-(4′-py)-JA (ranging from 0 to 1
nM) in serum-free medium, while the lower chamber of the
transwell plate contained cell culture medium supplemented
with 10% FBS. After 24 h of incubation, the cells that remained
in the upper chamber were removed. The cells that had
invaded through the Matrigel-coated membrane and reached
the lower side of the insert were fixed and stained with DAPI
(Sigma-Aldrich Corporation, St. Louis, MO) for 30 min.
Images of the invaded cells were captured using a fluorescence
microscope (Nikon Inverted Microscope Eclipse Ti-U Ti-U/B,
NY) from at least five different fields in each group.
Gelatin Zymography Assay. The effects of 22-(4′-py)-JA

on the activities of MMP-2 and -9 were assessed by gelatin
zymography. A549 and H460 cells (1 × 106 cells/well) were
seeded onto a 60 mm culture dish. The cells were treated with
various concentrations of 22-(4′-py)-JA (ranging from 0 to 1
nM) for 24 h. After the treatment period, the medium was
collected and centrifuged at 2000g for 5 min at 4 °C to remove
any cellular debris. The supernatant was transferred to a gel
and subjected to gelatin-polyacrylamide gel electrophoresis
under nonreducing conditions. The gels were subsequently
washed with a solution containing 50 mM Tris-HCl (pH 7.5)
and 2.5% Triton X-100, followed by rinsing with 10 mM Tris-
HCl (pH 6.8). The gels were then incubated in a gelatinase
buffer at 37 °C for 72 h to facilitate gelatin digestion. After
incubation, the gels were stained with Coomassie Blue staining
solution until clear bands representing gelatinolytic activity by
MMPs appeared against a blue background. The clear bands
indicating MMP activity were visualized and measured using
the ImageJ (NIH) software to quantify the gelatinolytic
activity.
Quantitative Real-Time Polymerase Chain Reaction

(qRT-PCR). To assess the mRNA expression levels of MMP-2
and -9, qRT-PCR was performed. A549 and H460 cells (3 ×
105 cells/well) were seeded onto a 6-well plate. The cells were
treated with different concentrations of 22-(4′-py)-JA (ranging

from 0 to 1 nM) for 24 h. RNA isolation was performed using
the GENEzol reagent (Geneaid Biotech, Shijr, New Taipei,
Taiwan), following the manufacturer’s protocol. RNA was
reverse transcribed to cDNA using ProtoScript II Reverse
Transcriptase (Carlsbad, CA), following which the cDNA was
mixed with a specific primer (Table S3) using the SensiFAST
SYBR No-ROX Kit (Bioline, Taunton, MA). Amplification of
the target genes was conducted using a T100 thermal cycler
(Bio-Rad, California) under the following conditions: (1)
denaturation at 95 °C for 30 s, (2) extension for 40 cycles at
95 °C for 5 s, and (3) annealing at a temperature based on the
specific primer sequences indicated in Table S3 for 10 s. The
relative expression levels of the genes were analyzed using the
ΔΔCt method.
Tube Formation Assay. HUVECs (1.5 × 104 cells/100

μL) were seeded onto a 96-well plate coated with 80 μL of
Corning Matrigel (Fischer Scientific, Loughborough, U.K.)
and incubated with conditioned medium obtained from lung
cancer cells treated with 22-(4′-py)-JA (0−1 nM) at 37 °C for
24 h. Images of the tube formation were randomly taken from
at least three different fields/group using an inverted light
microscope (Nikon Inverted Microscope Eclipse Ti-U Ti-U/B,
NY). The number of nodes and fragments and their lengths
were quantified using the ImageJ (NIH) software.
Western Blot Analysis. Cells at a density of 3 × 105 cells/

well were seeded onto 6-well plates and treated with 22-(4′-
py)-JA for 24 h. After the treatment, cells were lysed using
TMEM lysis buffer supplemented with a protease inhibitor
cocktail (Roche Diagnostics). The protein content in the
lysates was determined using the bicinchoninic acid (BCA)
protein assay kit (Pierce, Rockford, IL). After being separated
by sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel
electrophoresis, proteins were transferred onto a poly-
(vinylidene difluoride) (PVDF) membrane (Bio-Rad, Cal-
ifornia). To block nonspecific binding, the membranes were
incubated with 5% non-fat milk, subsequently incubating with
specific primary antibodies at 4 °C overnight. After washing,
the membranes were incubated with the appropriate secondary
antibody at room temperature for 2 h. The following
antibodies were used in this study: anti-p-PI3K (no. 4228),
anti-PI3K (no. 4257), anti-p-AKT (no. 9271), anti-AKT (no.
9272), anti-p-mTOR (no. 5536), anti-mTOR (no. 2938), anti-
p-p70S6K (no. 9234), anti-GAPDH (no. 97166), anti-rabbit
horseradish peroxidase (HRP; no. 7074), and anti-mouse HRP
(no. 7076), which were obtained from Cell Signaling
Technology (Massachusetts). The protein bands were
visualized using an enhanced chemiluminescence kit (EMD
Millipore, Darmstadt, Germany) and quantified using the
ImageJ software (NIH) to analyze the protein expression
levels.
Computational Molecular Docking and Molecular

Dynamic. The X-ray crystal structure of AKT1 (3MVH) was
obtained from the Protein Data Bank (PDB). The two-
dimensional (2D) structure of 22-(4′-py)-JA was drawn using
ChemDraw Ultra 15.0 (PerkinElmer, Waltham, MA). To
convert the 2D structure into a three-dimensional (3D)
structure, ChemDraw 3D (PerkinElmer, Waltham, MA) was
utilized. The molecular docking of 22-(4′-py)-JA with AKT1
was performed using the PyRx Virtual Screening Tool (version
0.8). The docking process generated multiple ligand
conformations, and the conformations with the highest
number of clusters were analyzed for their free binding energy
(ΔG), which indicates the strength of the ligand−protein
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interaction. The interactions between the ligand and protein
targets were visualized and analyzed using PyMOL (Schrö-
dinger, New York, NY) and BIOVIA Discovery Studio
Visualizer 2022 (Biovia, San Diego, CA). The best ligand-
target trajectory of docked complexes was analyzed through
100 ns of molecular dynamic simulation by using YASARA
dynamics with the AMBER14 plugin.
In Vivo Tail Vein Metastasis. The animal studies

conducted in this research were approved by the Institutional
Animal Care and Use Committee of Chulalongkorn University
(Approval No: 21-33-003). All procedures were carried out
following the guidelines and regulations set by the committee.
Eighteen female BALB/c nude mice were obtained from
Nomura Siam International Co. Ltd (Bangkok, Thailand) and
were housed under specific pathogen-free conditions through-
out the study. To establish the metastasis model, A549 cells (5
× 106 cells/100 μL PBS) were injected into the tail vein of
mice. The following day, mice were randomly divided into
three groups (n = 6/group). The groups received either a
vehicle (5% DMSO in PBS) via an intraperitoneal (i.p.)
injection twice a week, 22-(4′-py)-JA at a dose of 1 mg/kg BW
via i.p. injection twice a week, or erlotinib at a dose of 100 mg/
kg BW via oral administration once a week. After 6 weeks of
treatment, the mice were anesthetized, and the lungs were
excised. The lung nodules or metastatic colonies were counted
using the dissecting microscope. Subsequently, the lung tissues
were fixed, sectioned, and stained with hematoxylin and eosin.
Histological analyses were performed on randomly selected
sections using an inverted light microscope (Nikon Inverted
Microscope Eclipse Ti-U Ti-U/B, NY).
Statistical Analysis. All experimental data were analyzed

and presented as means ± standard error of the mean (SEM)
derived from at least three independent experiments. Statistical
analysis was performed using Prism 9 (San Diego, CA). One-
way analysis of variance (ANOVA) followed by a post hoc test
was conducted to analyze the obtained results. A p-value of less
than 0.05 was considered statistically significant, indicating a
significant difference between groups or conditions.
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