
R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Thongsom et al. BMC Complementary Medicine and Therapies          (2023) 23:183 
https://doi.org/10.1186/s12906-023-04016-6

BMC Complementary 
Medicine and Therapies

*Correspondence:
Pithi Chanvorachote
pithi.c@chula.ac.th

Full list of author information is available at the end of the article

Abstract
Background Compound with cancer stem cell (CSC)-suppressing activity is promising for the improvement 
of lung cancer clinical outcomes. Toward this goal, we discovered the CSC-targeting activity of resveratrol (RES) 
analog moscatilin (MOS). With slight structural modification from RES, MOS shows dominant cytotoxicity and CSC-
suppressive effect.

Methods Three human lung cancer cell lines, namely H23, H292, and A549, were used to compare the effects of 
RES and MOS. Cell viability and apoptosis were determined by the MTT assay and Hoechst33342/PI double staining. 
Anti-proliferative activity was determined by colony formation assay and cell cycle analysis. Intracellular reactive 
oxygen species (ROS) were measured by fluorescence microscopy using DCFH2-DA staining. CSC-rich populations 
of A549 cells were generated, and CSC markers, and Akt signaling were determined by Western blot analysis and 
immunofluorescence. Molecular docking and molecular dynamics (MD) simulations were used to predict the possible 
binding of the compound to Akt protein.

Results In this study, we evaluated the effects of RES and MOS on lung cancer and its anti-CSC potential. Compared 
with RES, its analog MOS more effectively inhibited cell viability, colony formation, and induced apoptosis in all lung 
cancer cell lines (H23, H292, and A549). We further investigated the anti-CSC effects on A549 CSC-rich populations 
and cancer adherent cells (A549 and H23). MOS possesses the ability to suppress CSC-like phenotype of lung cancer 
cells more potent than RES. Both MOS and RES repressed lung CSCs by inhibiting the viability, proliferation, and lung 
CSC-related marker CD133. However, only MOS inhibits the CSC marker CD133 in both CSC-rich population and 
adherent cells. Mechanistically, MOS exerted its anti-CSC effects by inhibiting Akt and consequently restored the 
activation of glycogen synthase kinase 3β (GSK-3β) and decreased the pluripotent transcription factors (Sox2 and 
c-Myc). Thus, MOS inhibits CSC-like properties through the repression of the Akt/GSK-3β/c-Myc pathway. Moreover, 
the superior inhibitory effects of MOS compared to RES were associated with the improved activation of various 
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Background
Despite advances in early diagnostics, effective drugs, 
and surgical, and radiotherapy improvement, lung cancer 
remains the major cause of cancer-related mortality [1, 
2]. Failures of lung cancer therapy and the development 
of metastatic tumors were found to involve cancer stem 
cells (CSCs), a specific cancer cell subpopulation possess-
ing stem cell properties and tumorigenic potential [3–5]. 
Recent research has pointed CSCs as promising targets 
for cancer treatment [6]. For the molecular signaling 
approach, CSC properties were linked with intracellular 
stem cell-associated signals, and drugs inhibiting such 
CSC signals can benefit the treatment of CSC-driving 
cancers [7].

Currently, CSC-suppressing compounds isolated from 
plants have been reported, and natural product-derived 
compounds have potential to be further developed for 
CSC-targeted therapy [8–10]. Resveratrol (trans-3,5,4′-
trihydroxystilbene, RES), a natural polyphenolic com-
pound with potent antioxidant activity, is one such 
compound that may be useful for CSC suppression [11]. 
In addition, the anticancer activities of RES have been 
well established in various cancer types, such as reducing 
growth rate, inhibiting the production of new blood ves-
sels, and suppressing metastasis [12, 13]. However, RES 
has limited water solubility and poor bioavailability [14]. 
Moscatilin (4,4′-dihydroxy-3,3′,5′-trimethoxybibenzyl, 
MOS) belongs to polyphenolic compounds isolated 
from Dendrobium moschatum, which is a natural trime-
thoxylated RES analog [15]. Structural modification of 
RES by the replacement of hydroxyl with methoxy could 
improve the anticancer activity of RES [16]. Moreover, 
the modification of the hydroxyl group on the phenol 
ring of stilbenes can improve bioavailability, and meth-
ylation of the hydroxyl group can inhibit rapid metabo-
lism and increase lipophilicity [17]. MOS is hypothesized 
to improve bioactivities and increase bioavailability 
compared with RES. Recently, MOS has been shown 
to suppress the growth of several cancer cells and exert 
cytotoxic effects more potent than its parent compound 
RES [18]. However, the therapeutic effect and anticancer 

mechanism of MOS against lung CSCs compared with 
RES have not been clarified before.

Pluripotent transcription factors, including Oct4, 
Nanog, Sox2, and c-Myc, regulate, and maintain CSCs 
and tumorigenicity [19]. Protein kinase B or Akt was sug-
gested to be important for CSC properties in lung can-
cers [20]. Akt can phosphorylate Sox2 at the position of 
T116 and increase Sox2 stability [21]. In addition, c-Myc 
stability was found to be controlled by Akt activity [22]. 
Hence, Akt inhibitor would be a promising strategy for 
CSC suppression [23].

Here, the anticancer effects of RES and its analog 
(MOS) were compared using both lung cancer adherent 
and stem-like cells. The abilities of the two similar com-
pounds to suppress growth, induce apoptosis, and sup-
press CSC phenotypes were evaluated and compared 
in lung cancer cell lines. Furthermore, we evaluated the 
effects of RES and MOS on the modulation of the key 
molecular targets in Akt and their interactions using 
molecular docking and MD simulations.

Methods
Reagents and antibodies
Roswell Park Memorial Institute (RPMI) 1640 medium, 
Dulbecco’s Modified Eagle’s Medium (DMEM), L-glu-
tamine, and Antibiotic-Antimycotic (100X) (Anti-Anti) 
were obtained from Gibco (Grand Island, NY, USA). 
Fetal bovine serum (FBS), phosphate-buffered saline 
(PBS) and 0.25% trypsin-EDTA were purchased from 
HyClone (Logan, UT, USA). RES, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl 
sulfoxide (DMSO), crystal violet, paraformaldehyde, 
2′,7′-Dichlorofluorescin diacetate (DCFH2-DA), N-ace-
tyl-L-cysteine (NAC), RNase A, Hoechst 33342 and prop-
idium iodide (PI) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Radioimmunoprecipitation assay 
(RIPA) lysis buffer and Immobilon Western Chemilumi-
nescent HRP Substrate was purchased from Millipore 
(Billerica, MA, USA) and protease inhibitor cocktail was 
purchased from Roche Molecular Biochemicals (India-
napolis, IN, USA). The primary antibody against CD133 
(ab19898) was purchased from Abcam (Cambridge, 

mechanism, such as cell cycle arrest at G2/M phase, production of ROS-mediated apoptosis, and inhibition of Akt 
activation. Notably, the computational analysis confirmed the strong interaction between MOS and Akt protein. MD 
simulations revealed that the binding between MOS and Akt1 was more stable than RES, with MM/GBSA binding free 
energy of − 32.8245 kcal/mol at its allosteric site. In addition, MOS interacts with Trp80 and Tyr272, which was a key 
residue in allosteric inhibitor binding and can potentially alter Akt activity.

Conclusions Knowledge about the effect of MOS as a CSC-targeting compound and its interaction with Akt is 
important for the development of drugs for the treatment of CSC-driven cancer including lung cancer.
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MA, USA). Sox2 (#3579), phospho-Akt (p-Akt (Ser473), 
#4060), Akt (#9272), phospho-GSK-3β (p-GSK-3β (Ser9), 
#9332), GSK-3β (#9832), c-Myc (#5605), β-actin (#4970), 
and the secondary antibody anti-rabbit IgG (#7074) or 
anti-mouse IgG (#7076) were provided by Cell Signaling 
Technology (Danvers, MA, USA).

Synthesis of MOS
MOS (SM_7)

A solution of 5 (50.0 mg, 0.104 mmol) in Tetrahydro-
furan (THF) (5.6 mL) was hydrogenated over 10% Pd/C 
(55% water, 22.2 mg) at room temperature (RT) for 20 h. 
The catalyst was removed by celite filtration and the fil-
trate was concentrated in vacuo to give MOS (SM_7) 
(33.6 mg, quant) as a colorless solid.
1 H NMR (400 MHz, CDCl3) δ: 6.84 (1 H, d, J = 7.8 Hz), 
6.68 (1  H, dd, J = 1.7, 7.8  Hz), 6.61 (1  H, d, J = 1.7  Hz), 
6.34 (2  H, s), 5.49 (1  H, brs), 5.39 (1  H, brs), 3.84 (6  H, 
s), 3.84 (3  H, s), 2.81 (4  H, s). 13  C NMR (100  MHz, 
CDCl3) δ: 146.8, 146.2, 143.7, 133.6, 132.8, 132.8, 121.0, 
114.1, 111.2, 105.1, 56.2, 55.8, 38.4, 37.9. IR (KBr cm− 1): 
3537, 3010, 2939, 1614, 1515, 1463, 1428, 1325, 1220, 
1149, 1114, 1034, 927, 770, 662, 566, 557, 541, 518, 512, 
500, 486, 457, 532, 426, 420, 412, 407. EI-MS m/z (%): 
274 (M+, 32), 138 (11), 137 (100). HRMS (EI): Calcd for 
C17H29O5, 304.1311; Found: m/z 304.1307.
 
4-(benzyloxy)-3-methoxybenzaldehyde (1)

A solution vanilline (10.0 g, 65.7 mmol) in CH3CN (54 
mL) was added NaHCO3 (6.29 g, 74.9 mmol, 1.14 equiv.) 
and KI (1.09 g, 6.57 mmol, 0.1 equiv.), and the obtained 
solution was heated to 60 °C. After benzyl chloride (8.00 
mL, 69.5 mmol, 1.06 equiv.) was added to this solution, 
refluxed for 5 h. After cooling to RT, the reaction mixture 
was evaporated under vacuum. The residue was diluted 
with HCl solution (2.1 mL, 1 mol/L) and extracted with 
EtOAc (50 mL×3), washed with brine, dried over anhy-
drous Na2SO4, and concentrated. The crude product was 
purified over SiO2 column (n-Hex. : EtOAc = 7 : 3) to give 
1 (8.33 g, 52%) as a colorless solid.
1 H NMR (300 MHz, CDCl3) δ: 9.84 (1 H, s), 7.30–7.45 
(7 H, m), 6.99 (1 H, d, J = 8.2 Hz), 5.25 (2 H, s), 3.95 (3 H, 
s).
 
(4-(benzyloxy)-3-methoxyphenyl)methanol (2)

A solution of 1 (3.00  g, 12.4 mmol) in methanol (30 
mL), tetrahydrofuran [(THF) 30 mL], and H2O (3 mL) 
was added NaBH4 (515 mg, 13.6 mmol, 1.1 equiv.) at 0 °C, 
and the reaction mixture was stirred for 1  h. The reac-
tion was diluted with Et2O (30 mL) and quenched with 
HCl solution (11 mL, 1  mol/L). The obtained solution 
was evaporated under vacuum. The residue was diluted 
with H2O (10 mL) and extracted with EtOAc (60 mL×3), 

washed with brine, dried over anhydrous Na2SO4, and 
concentrated to give 2 (2.99 g, 100%) as a colorless solid.
1 H NMR (400 MHz, CDCl3) δ: 7.43 (2 H, d, J = 7.1 Hz), 
7.36 (2 H, t, J = 7.1 Hz), 7.30 (1 H, t, J = 7.1 Hz), 6.95 (1 H, 
d, J = 1.6 Hz), 6.86 (1 H, d, J = 8.4 Hz), 6.82 (1 H, dd, J = 1.6, 
8.4 Hz), 5.16 (2 H, s), 4.61 (2 H, s), 3.91 (3 H, s).
 
diethyl (4-(benzyloxy)-3-methoxybenzyl)phosphonate (3)

A solution of NBS (7.65  g, 43.0 mmol, 3.5 equiv.) in 
CH2Cl2 (44 mL) was added dimethylsulfide (3.77 mL, 
51.6 mmol, 4.2 equiv.) at 0  °C over 7  min. The reaction 
mixture was stirred at this temperature for 10  min. A 
solution of 2 (3.00 g, 12.3 mmol) in CH2Cl2 (44 mL) was 
cooled at − 18 °C and was added above solution. The reac-
tion mixture was stirred at − 18  °C for 3 h. The reaction 
mixture was warmed to 0  °C and diluted with H2O and 
extracted with CH2Cl2 (80 mL×3), washed with satu-
rated NaHCO3 solution and H2O, dried over anhydrous 
Na2SO4, and concentrated. The crude product was dis-
solved in triethyl phosphite (2.79 mL, 16.1 mmol, 1.24 
equiv.). The reaction mixture was stirred at 140 °C for 4 h. 
After cooling to RT, the reaction mixture was evaporated 
under vacuum. The residue was purified over SiO2 col-
umn (n-Hex. : EtOAc = 1 : 9) to give 3 (2.01 g, 45%) as a 
yellow oil.
1 H NMR (400 MHz, CDCl3) δ: 7.29–7.44 (5 H, m), 6.89 
(1 H, s), 6.82 (1 H, d, J = 8.0 Hz), 6.75 (1 H, d, J = 8.0 Hz), 
5.13 (2 H, s), 3.93–4.11 (4 H, m), 3.89 (3 H, s), 3.04 (2 H, 
d, J = 21.2 Hz), 1.20 (6 H, t, J = 7.1 Hz).
 
4-(benzyloxy)-3,5-dimethoxybenzaldehyde (4)

A solution syringaldehyde (10.0  g, 54.9 mmol) in 
CH3OH (33 mL) was added K2CO3 (9.1  g, 65.9 mmol, 
1.2 equiv.) and benzyl bromide (7.82 mL, 65.9 mmol, 1.2 
equiv.), and the obtained solution was refluxed for 20 h. 
After cooling to RT, the reaction mixture was filtered, 
and the obtained filtrate was evaporated under vacuum. 
The residue was diluted with H2O and extracted with 
CHCl3 (50 mL×3), washed with brine, dried over anhy-
drous Na2SO4, and concentrated. The crude product was 
purified over SiO2 column (n-Hex. : EtOAc = 7 : 3) to give 
4 (9.40 g, 63%) as a yellow oil.
1 H NMR (400 MHz, CDCl3) δ: 9.86 (1 H, s), 7.47 (2 H, 
dd, J = 1.6, 7.3 Hz), 7.28–7.38 (3 H, m), 7.11 (2 H, s), 5.13 
(2 H, s), 3.90 (6 H, s).
 
(E)-2-(benzyloxy)-5-(4-(benzyloxy)-3-methoxystyryl)-
1,3-dimethoxybenzene (5)

A solution of 3 (400 mg, 1.10 mmol, 1.2 equiv.) in THF 
(5.5 mL) was stirred at − 78  °C and added t-BuOK solu-
tion in THF (1.46 mL, 1.46 mmol, 1.6 equiv., 1.0 M) over 
30 min. The reaction mixture was stirred for 20 min. at 
the same temperature, and was added 4 (249  mg, 0.915 
mmol) in THF (1.0 mL) over 20 min. and the mixture was 
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stirred for 1 h at − 78 °C and for 10 min. at 0 °C. Then, the 
reaction mixture was stirred for 2 h at RT. The reaction 
mixture was cooled to 0  °C and diluted with saturated 
NH4Cl solution and extracted with EtOAc (60 mL×3), 
washed with saturated NH4Cl solution and H2O, dried 
over anhydrous Na2SO4, and concentrated. The crude 
product was purified over SiO2 column (CH2Cl2) to give 
5 (231 mg, 52%) as a colorless solid.
1 H NMR (400 MHz, CDCl3) δ: 7.49 (2 H, d, J = 6.8 Hz), 
7.44 (2  H, d, J = 7.3  Hz), 7.27–7.39 (6  H, m), 7.07 (1  H, 
d, J = 2.0  Hz), 6.97 (1  H, dd, J = 2.0, 8.3  Hz), 6.94 (1  H, 
d, J = 16.1  Hz), 6.88 (1  H, d, J = 16.1  Hz), 6.86 (1  H, d, 
J = 8.3 Hz), 6.70 (2 H, s), 5.17 (2 H, s), 5.02 (2 H, s), 3.95 
(3  H, s), 3.87 (6  H, s). 13  C NMR (100  MHz, CDCl3) δ: 
153.6, 149.8, 148.0, 137.8, 137.0, 136.6, 133.3, 130.8, 
128.5, 128.5, 128.1, 127.8, 127.8, 127.2, 127.0, 119.6, 
114.0, 109.3, 103.4, 75.1, 71.0, 56.1, 56.0. IR (KBr cm− 1): 
3547, 3019, 2399, 1507, 1331, 1214, 1030, 928, 753, 668, 
501, 476, 454, 441, 435, 429, 407, 401. EI-MS m/z (%): 482 
(M+, 13), 392 (28), 391 (100), 91 (62). HRMS (EI): Calcd 
for C31H30O5, 482.2093; Found: m/z 482.2092.

Cell culture
Human lung cancer H23, H292, and A549 cells were 
purchased from the American Type Culture Collection 
(Manassas, VA, USA). H23 and H292 cells were cul-
tured in RPMI medium (Gibco). A549 cells were cultured 
in DMEM medium (Gibco). The medium was supple-
mented with 10% FBS (HyClone), 2 mM L-glutamine 
(Gibco), and 1X Anti-Anti (Gibco). Cells with 70 − 80% 
confluence were trypsinized with 0.25% trypsin–EDTA 
(HyClone) and subcultured in the same media. The cells 
were maintained at 37 °C in an incubator with a humidi-
fied atmosphere containing 5% CO2.

Preparation of compounds solution
The stock solutions of RES and MOS was prepared at 
concentration of 50 and 12.5mM in DMSO (Sigma) and 
stored in aliquots at − 20  °C. RES and MOS with desig-
nated final concentrations (0 − 200 µM) were diluted with 
cell culture media for subsequence experiments with a 
maximal DMSO concentration less than 0.5% DMSO. 
DMSO was used as the vehicle control.

Cell viability assay
The effect of RES and MOS on cell viability in lung can-
cer cells was assessed by using MTT assay. Briefly, lung 
cancer cell lines (H23, H292, and A549) were seeded 
overnight at a density of 1 × 104 cells per well in 96-well 
plates. The cells were then treated for 24  h with dif-
ferent concentrations (0 − 200 µM) of RES or MOS. 
After desired incubation, MTT solution (0.5  mg/mL) 
was added and the cells were incubated in dark for 3  h 
at 37  °C in the incubator containing 5% CO2. The MTT 

solution was replaced with DMSO (100 µL/well) to dis-
solve the purple formazan crystal. The absorbance was 
measured at 570  nm using a microplate reader (Perkin 
Elmer, Waltham, MA, USA). Percentage of cell viability 
in relation to the non-treated control was calculated from 
the optical density (OD) ratio of treated to non-treated 
control cells. IC50 values were calculated using regression 
analysis from dose-response curves (GraphPad Prism7 
software, San Diego,USA). The cancer selectivity index 
(SI) was calculated by the following equation: SI = mean 
IC50 against normal cells/mean IC50 against cancer cells.

Colony formation assay
Lung cancer cells (H23, A549, and H292) were plated 
in triplicate into 6-well plates at 300 cells/well. Follow-
ing overnight attachment, cells were treated with vari-
ous concentrations (0 − 25 µM) of RES or MOS for 24 h. 
After treatment, the medium containing RES or MOS 
was replaced with the fresh medium. The colonies were 
allowed to form for 7 days, and the medium was changed 
every two days. For colony staining, colonies were washed 
once with PBS, then fixed by adding fixative (methanol: 
acetic acid (3:1, v/v)) for 5 min and stained with crystal 
violet (0.05% (w/v)) in 4% paraformaldehyde for 30 min. 
The excess crystal violet was washed with distilled water 
several times and let air dry at RT. The colonies were pho-
tographed with a digital camera, and the acquired images 
were analyzed using the ImageJ software (National Insti-
tutes of Health (NIH), Bethesda, MD, USA).

Cell cycle analysis
The cell cycle distribution was determined by flow 
cytometry. A549 cells were plated into 6-well plates at 
1 × 105 cells/well overnight and synchronized by serum 
deprivation for 48  h before treatment. The cells were 
treated with RES or MOS at 0, 1, 2.5, and 5 µM for 24 h. 
After treatment, cells were stained with PI using the 
methods previously described [24]. Flow cytometry was 
performed on a Guava easyCyte HT flow cytometer 
(Merck Millipore, Billerica, MA, USA). The DNA content 
in sub-G1, G0/G1, S, and G2/M phases of the cell cycle 
was assessed using the Guava InCyte software (Merck 
Millipore).

Measurement of intracellular ROS
The intracellular accumulation of reactive oxygen spe-
cies (ROS) was assessed by fluorescence microscopy. 
The lung cancer cell lines (A549 and H23) were seeded 
in 96-well black plates with clear bottom at 1 × 104 cells/
well overnight and treated with various concentrations at 
0, 2.5, and 5 µM of RES or MOS for 2 h. After treatment, 
the cells were stained with 10 µM DCFH2-DA  (D6883, 
Sigma-Aldrich) for 30  min at 37  °C in the dark. Sub-
sequently, stained cells were photographed under a 
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fluorescent microscope (Nikon ECLIPSE Ts2, Tokyo, 
Japan).

Hoechst 33,342 and PI staining assay
Apoptosis was detected by co-staining with Hoechst 
33342 and PI. Nuclear morphology was assessed using 
the DNA dye Hoechst 33342. The lung cancer cell lines 
(H23, A549 and H292) were seeded in 96-well plates at 
1 × 104 cells/well and treated with various concentrations 
(0 − 10 µM) of RES or MOS for 24 h. For MOS treatment 
with NAC, the cells were pretreated with 5 mM NAC for 
30 min before being exposed to MOS at 2.5 and 5 µM for 
24 h. The cells were stained with Hoechst 33342 (10 µg/
mL) and PI (1 µg/mL) for 30 min at 37 °C. Then, the cells 
were visualized under fluorescent microscope (Nikon 
ECLIPSE Ts2, Tokyo, Japan) and the percentages of apop-
totic cells were determined.

Western blot analysis
A549 and H23 cells were plated overnight. The cells were 
treated with MOS at 0, 1, 2.5, and 5 µM for 24 h. Follow-
ing specific treatments, cells were lysed and prepared for 
Western blotting as was described previously [24]. Non-
specific binding was blocked with 5%  skim milk before 
incubation with the primary antibody (CD133, Sox2, 
p-Akt, Akt, p-GSK-3β, GSK-3β, c-Myc, and β-actin) at 
dilution 1:1,000 for overnight at 4  °C. The appropriate 
secondary antibody (goat anti-rabbit IgG (HRP) or rab-
bit anti-mouse IgG (HRP)) was diluted at dilution 1:5,000 
and incubated for one hour at RT. The enhance chemi-
luminescence (Immobilon Western HRP Substrate, Mil-
lipore) was used to detect protein bands and analyzed by 
ImageJ (NIH, Bethesda, MD, USA).

Spheroid formation assay
To generate CSC-rich population, A549 cells were grown 
in a 24-well ultralow attachment plates at a density of 
1.5 × 103 cells/well in DMEM medium containing 1% FBS 
for 7 days to form primary spheroids. At day 7, primary 
spheroids were harvested and resuspended as single cells 
using 0.25% trypsin–EDTA (HyClone) and seed onto 
24-well ultralow attachment plates for 14 days to form 
secondary spheroids. After 14 days of secondary spher-
oid development, each secondary spheroid was collected, 
dissociated into a single spheroid of the same size, and 
treated with non-cytotoxic concentrations (0 − 2.5 µM) 
of RES or MOS for 3 days. Phase-contrast images of sec-
ondary spheroids were captured (day 0, 1, and 3) after 
treatment using a phase-contrast microscope (Nikon 
ECLIPSE Ts2). At day 3, a single spheroid was co-stained 
with Hoechst 33342 and PI at 37 °C for 15 min and pho-
tographed under a fluorescence microscope (Nikon 
ECLIPSE Ts2).

Immunofluorescence assay
For staining cell monolayers, A549 and H23 cells were 
seeded at a density of 1 × 104 cells per well in 96-well 
plates overnight. The cells were then treated with 5 µM of 
RES or MOS and incubated for 24 h. Following fixation 
with 4% paraformaldehyde for 15 min, cells were perme-
abilized with 0.2% (v/v) Triton X-100 and blocked with 
10% (v/v) FBS for 20 min at RT. The cells were incubated 
overnight at 4 °C in the presence of p-Akt or CD133 pri-
mary antibodies at a dilution of 1:100 in 4% FBS. After 
incubation, Alexa Fluor 488 or Alexa Fluor 594 con-
jugated with goat anti-rabbit IgG secondary antibody 
at a ratio of 1:500 in 4% FBS was added and incubated 
for 1 h at RT in the dark. Cell nuclei were stained with 
Hoechst 33342 (10  µg/mL) for 15  min at RT and then 
photographed under a fluorescent microscope (Nikon 
ECLIPSE Ts2, Tokyo, Japan).

For staining spheroid (3D), A549 cells were allowed 
to form primary and secondary spheroids as described 
before. At day 14 of secondary spheroid development, 
CSC-rich populations were treated with 1 µM of RES 
or MOS for 24 h, and then the cells were stained follow-
ing the same procedure as described previously for cell 
monolayer staining.

Molecular docking
The binding of investigated compounds to Akt1 was per-
formed through molecular docking. The crystal structure 
of Akt1 (PDB code: 5KCV) bound to miransertib, an oral 
allosteric Akt inhibitor [25], was downloaded from the 
Protein Data Bank (PDB). The integrated “loops/refine-
ment” model of UCSF Chimera (version 1.16) [26] was 
used to reconstruct in the missing residues. The top-
ranked model was selected for further analysis. The 3D 
structures of the natural compounds were downloaded 
from the PubChem database [27] and optimized with 
the XTB (version 6.5.0) program package [28] using the 
GFN2-xTB method with extreme level [29]. UCSF chi-
mera was used to prepare the ligands and receptors, 
and AutoDock Vina (version 1.2.3) with the Vina force-
field [30] was used to predict the binding modes of com-
pounds. The docking parameters used in this research 
were the same as in previous reports [31].

Molecular dynamics (MD) simulations and free energy 
calculations
The predicted binding modes of targeted compounds 
from molecular docking studies were used as initial 
structures for the molecular dynamics (MD) simulation 
using the Amber18 and AmberTools19 packages. The 
protein and compound parameters were used for the 
FF14SB force field [32] and generalized AMBER force 
field version 2 (GAFF2) plus AM1-BCC [33, 34]. All 
complex systems were immersed in a 10  A° truncated 
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octahedral box of pre-equilibrated TIP3P water mol-
ecules, and all system charges were neutralized by adding 
three chloride counterions. The systems were subjected 
to energy minimizations using the first 2500 steps of the 
steepest descent (SD) method followed by 2500 steps of 
the conjugate gradient techniques in the Sander module. 
Next, NVT equilibration reached 310  K. All hydrogen 
bond atoms were constrained by the SHAKE method, 
and the particle mesh Ewald (PME) algorithm was used 
to treat long-range electrostatic interactions under peri-
odic boundary conditions. Finally, MD simulations were 
carried out for 100 ns. The stability between the natural 
compounds and Akt1 was measured by the root mean 
square deviation (RMSD) using the module implemented 
in AMBER 18. The Molecular Mechanics Generalized 
Born Surface Area (MM/GBSA) method [35] using the 
MMPBSA.py module in AMBER18 calculated the bind-
ing free energy for the complex systems [36]. The UCSF 
ChimeraX (version 1.4) program was used to visualize 3D 
molecular structures and interactions [37].

Statistical analysis
All experiments were performed at least three times, and 
all results are expressed as the mean ± standard devia-
tion. Statistical analyses were performed using Graph-
Pad Prism 7.0 (GraphPad Software, La Jolla, CA, USA). 
The unpaired t-test was used for the statistical analyses 
between two groups. P < 0.05 was considered statistically 
significant.

Results
Chemistry
In this study, we explored the anticancer effects of RES 
and its analog MOS against human lung cancer cells. 
The chemical structures of RES and MOS are shown in 
Fig.  1A. The difference between these two compounds 
can be detected by referring to differently labeled ver-
texes, indicating the substitution of the methoxy groups 
at positions 3, 5, and 4´ and hydroxyl group at position 
4. As shown in the synthesis scheme of MOS (SM_7) in 
Fig.  1B, the hydroxy groups of vanilline and syringalde-
hyde are protected as benzyl ethers 1 and 4. The aldehyde 
of 1 was reduced by sodium borohydride to get an alco-
hol 2, which was then converted to a bromide followed 
by the Michaelis–Arbuzov reaction [38] with triethyl 
phosphite to get 3, the key reagent for the Horner–Wad-
sworth–Emmons reaction. The obtained 3 was converted 
to E-stilbene derivatives 5 by the Horner–Wadsworth–
Emmons reaction [39] with aromatic aldehydes 1. Finally, 
5 was catalytically hydrogenated to yield MOS (SM_7). 
1  H and 13  C-NMR were identical to that of the natural 
product [15] (Fig. 1C).

Comparative effects of RES and MOS on cell viability and 
induced apoptosis in lung cancer cells
To compare the effects of RES and MOS on anticancer 
activity, the effects of RES and MOS on cell viability in three 
lung cancer cell lines (H23, H292, and A549) were evalu-
ated. The cells were treated with various doses (0, 1.5625, 
3.125, 6.25, 12.5, 25, 50, 100, and 200 µM) of RES or MOS 
for 24  h, and cell viability was examined with the MTT 
assay. Following treatment with MOS, the viability of lung 
cancer cells was significantly decreased in a dose-dependent 
manner (Fig. 2A), with a half maximal inhibitory concentra-
tion (IC50) value of 30.34, 5.54, and 7.45 µM for H23, H292, 
and A549, respectively, whereas the IC50 values of RES 
were > 200 µM for all lung cancer cell lines (Fig.  2B). The 
IC50 values for MOS were decreased compared with those 
of RES. In H23 cells, the IC50 value of MOS was approxi-
mately 8-fold lower than that of RES. H292 and A549 cells 
appeared to be more sensitive to MOS than H23 cells, 
whereas the IC50 values for MOS were 36- and 27-fold lower 
than those of RES, respectively. These results suggest that 
MOS more strongly suppressed the cell proliferation and 
viability of lung cancer cells than RES. In order to determine 
whether MOS demonstrates specificity toward lung cancer 
cells, normal human lung epithelial cells BEAS-2B was also 
treated with the same range of concentration of MOS to 
determine its sensitivity. The IC50 value for BEAS-2B with 
treatment of MOS was > 200 µM (Fig. 2A and B). Moreover, 
the SIs for MOS were > 6.59, > 36.10, and > 26.85 in H23, 
H292, and A549 cells, respectively (Fig. 2B). A favorable SI 
more than 1.0 indicates a compound with efficacy against 
cancer cells greater than the toxicity against normal cells. 
Regarding RES, since the IC50 in both cancer and normal 
cells were more than 200 µM, the SI could not be calculated. 
These results indicated that MOS was more selectively cyto-
toxic to lung cancer cells than normal cells.

Subsequently, we investigated the effects of RES and 
MOS on the apoptosis of lung cancer cells. The induction 
of apoptosis by RES and MOS was evaluated in lung cancer 
cell lines (H23, H292, and A549). The cells were treated with 
various concentrations (0–10 µM) of RES or MOS for 24 h 
and then subjected to Hoechst 33342/PI double staining 
to determine apoptotic and necrotic cells by fluorescence 
microscope. Hoechst 33342 staining was used to evalu-
ate nuclear condensation and DNA fragmentation, both of 
which are characteristics of apoptosis [40]. PI fluorescent 
dye was utilized to identify necrotic or late apoptotic cells, 
which are distinguished by the loss of plasma and nuclear 
membrane integrity. As shown in Fig.  2C, MOS induced 
apoptotic morphological alterations (chromatin conden-
sation and nuclear fragmentation) in all lung cancer cells, 
whereas RES had no effect. The percentage of apoptotic cells 
was determined according to the stained image. However, 
no necrotic cells were detected. As shown in Fig. 2D, MOS 
dose-dependently increased the percentage of apoptotic 
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cells in all lung cancer cell lines. At maximal concentration 
(10 µM), the rates of apoptotic cells following treatment 
with MOS were 29.7%, 62.4%, and 58.2% for H23, H292, and 
A549, respectively, whereas RES had no effect, with apop-
totic cells below 1% for all cancer cells. These results indi-
cated that MOS induces apoptosis in lung cancer cells more 
effectively than RES, which was consistent with the cell via-
bility assay.

Taken together, our results indicated that MOS had 
a greater capacity to suppress cell growth and induce 

apoptosis in lung cancer cells than RES. Structural activity 
relationship (SAR) is commonly used in drug design and 
discovery, and it involves modifying the chemical struc-
ture of lead compounds to improve their efficacy, potency, 
selectivity, and safety [41] Thus, structural comparison 
of these two compounds reveals various chemical differ-
ences between RES and MOS, suggesting functional group 
substitutions alter compound activity. Modification the 
molecular structure of RES into MOS by the addition of the 
hydroxyl group at the 3’ position of the phenyl ring and the 

Fig. 1 (A) Structure Comparison of RES and MOS. (B) Synthesis scheme of MOS (SM_7). (C) 1 H-NMR and 13 C-NMR analysis of MOS
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replacement of hydroxyl of RES with methoxy appeared to 
enhance the cytotoxicity and induce apoptosis in lung can-
cer cells.

MOS increases intracellular ROS in lung cancer cells
Oxidative stress induced by the anti-cancer agents may be 
responsible for cell death [42, 43]. Several recent reports 
suggested that RES and its derivatives can induce apoptosis 
in cancer cells via ROS-dependent endoplasmic reticulum 

stress [44, 45]. We subsequently compared the effect of RES 
and MOS induced intracellular ROS in lung cancer cell lines 
(A549 and H23). DCFH2-DA fluorescence probe was used 
to detect intracellular ROS levels in the cells by fluorescence 
microscopy. Our results showed that relative fluorescence 
intensity of DCFH2-DA was significantly increased in both 
A549 and H23 cells in a dose-dependent manner (2.5–5 µM) 
at 2 h of MOS treatment (Fig. 3A and B). For further explor-
ing the possible roles of ROS in MOS-mediated apoptosis of 

Fig. 2 Effects of RES and MOS on cell viability and apoptosis in lung cancer cells (H23, H292, and A549) and normal cells (BEAS-2B). A total of 1 × 104 cells 
were seeded in 96-well plates and then treated with RES or MOS at the concentrations indicated in the figure for 24 h. (A) Cell viability of the cells was de-
termined by MTT assay. (B) IC50 of three lung cancer cell lines and normal cells after 24 h of RES or MOS treatment. (C) The apoptotic cells were evaluated 
using Hoechst 33342/PI double staining. (D) Bar graphs showed the quantitative results of C. Each value is the mean (± SD) from triplicate experiments. 
*p < 0.05 and **p < 0.01 vs. control
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lung cancer cells, NAC (a potent ROS scavenger) was used 
to pretreat cancer cells for 30  min before treatment with 
MOS for 24 h. Hoechst 33342/PI double staining revealed 
that pretreated with NAC reduced the percentage of apop-
totic cells induced by treatment with MOS in both A549 
and H23 cells (Fig. 3C and D). These results demonstrated 
that ROS was involved in MOS-induced apoptosis in lung 
cancer cells.

Comparative effects of RES and MOS on colony formation 
and cell cycle arrest in lung cancer cells
The colony formation assay was used to determine the 
effectiveness of RES and MOS in decreasing the growth 
and proliferation of lung cancer cells. Three lung cancer cell 
lines, namely, H23, H292, and A549, were treated with RES 
or MOS at concentrations of 0, 5, 10, and 25 µM for 24 h, 

the drugs were then discarded, and colonies were allowed 
to grow for 7 days. As presented in Fig. 4A, MOS strongly 
inhibited the proliferation of all cell lines in a dose-depen-
dent manner, whereas RES had no effect. Compared with 
the control group, MOS significantly reduced the number 
and size of colonies for all lung cancer cell lines (Fig. 4B). 
In addition, MOS at 5 µM inhibited the colony formation 
of H23, H292, and A549 cells by 93.6%, 97.8%, and 93.1%, 
respectively.

Furthermore, we investigated the possibility that the 
suppression of cell proliferation results from cell cycle 
disruption. The effect of RES and MOS on cell cycle dis-
tribution was evaluated using flow cytometry. As shown 
in Fig.  4C, the population of A549 cells in the G2/M 
phase increased significantly after 24  h of MOS treat-
ment in dose-dependent manner (1–5 µM), indicating 

Fig. 3 Effects of RES and MOS on intracellular ROS production and MOS induces ROS-mediated apoptosis in lung cancer cells. H23 and A549 were treated 
with various concentration of RES or MOS at 0, 2.5, and 5 µM. (A) ROS levels were detected by fluorescence microscopy using DCFH2-DA probe. (B) Bar 
graphs showed the quantitative results of A. (C, D) H23 and A549 cells were treated with various concentrations of MOS (0, 2.5, and 5 µM) and also pre-
treated with NAC (5 mM) for 30 min before treating with MOS for 24 h. The apoptotic cells were evaluated using Hoechst 33342/PI double staining. The 
bottom part shows the quantitative results of C and D. Each value is the mean (± SD) from triplicate experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 
control; #p < 0.05 vs. MOS at 2.5 or 5 µM.
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Fig. 4 Effects of RES and MOS on colony formation and cell cycle arrest in lung cancer cells. A total of 300 cells were seeded in 6-well plates and then 
treated with RES or MOS at the concentrations indicated in the figure for 24 h. The colonies were allowed to grow for 7 days and subjected to crystal violet 
staining. (A) Colony formation in lung cancer cell lines following RES or MOS treatment. (B) Bar graphs showed the quantitative results of A. The left part 
shows the colony number and the right part shows colony size. (C) After serum starvation of 48 h, cells were treated with RES or MOS, as indicated, for 
24 h. DNA content was analyzed by flow cytometer using PI staining. The left part shows the summary of percentages of the cells in sub-G1, G0/G1, S, and 
G2/M phases. Each value is the mean (± SD) from triplicate experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control
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that MOS promotes lung cancer cell arrest in the G2/M 
phase. MOS increases the sub-G1 population (apoptotic 
population), which is accompanied by a correspond-
ing reduction of the cells in the G0/G1 phases of the cell 
cycle, whereas RES has no effect (Fig. 4C). These results 
demonstrate that MOS inhibited lung cancer cell prolif-
eration more effectively than RES.

Comparative effects of RES and MOS suppress stem-cell-
like properties of lung cancer cells
To investigate whether RES and MOS suppress stem cell-
like properties in lung cancer cells, CSC-rich tumor sphere 
formation assay was performed to examine whether RES 
and MOS affect the lung CSCs. CSC-rich populations of 
A549 cells were generated as described in the Methods, and 
the CSC populations were treated with nontoxic concentra-
tions of RES or MOS (0–2.5 µM) for 3 days. To measure the 
viability and apoptosis of CSCs, Hoechst 33342/PI double 
staining was performed on day 3 after treatment with the 
compounds. The CSC viability was significantly decreased, 
as indicated by condensed, and fragmented nuclei stained 
with the DNA dye Hoechst 33342. PI-stained CSC appeared 
bright red, indicating cell death, and rupture. In the spher-
oid formation assay, treatment with both RES and MOS 
reduced the spheroid size and suppressed CSC viability in a 
dose-dependent manner compared with the untreated con-
trol (Fig. 5A).

CD133 protein is a key CSC marker for lung cancer and 
has been widely used to indicate lung CSCs [46]. CD133-
positive cancer cells have self-renewal properties and abil-
ity to generate new tumors, whereas CD133-negative 
cancer cells lacked such potentials [47]. Several studies have 
implied that certain Akt-dependent pathways are required 
for the maintenance of CSC proliferation and characteristics 
[20] a and that CD133 regulates CSC growth and chemo-
resistance by activating PI3K-AKT signaling [48]. Then, we 
investigate whether RES and MOS affect CD133 expres-
sion and activated Akt (p-Akt). The CSC-rich population 
was treated with a nontoxic concentration (1 µM) of RES 
or MOS for 24 h, and the expressions of CD133 and p-Akt 
were evaluated by immunofluorescence assay. As shown in 
Fig. 5B, both RES, and MOS reduced CD133 expression in 
CSCs. MOS exhibited a more potent effect on the suppres-
sion of CD133 compared with the parental compound RES. 
In addition, only MOS could reduce phosphorylated Akt 
(p-Akt) levels in CSC compared with the control (Fig. 5C). 
These results suggest that both RES and MOS can suppress 
the cancer stem-like phenotype of lung CSCs. However, 
MOS possesses higher potency to suppress CSCs and can 
inhibit Akt activity.

Effects of MOS on the inhibition of CSC-like phenotypes 
through inhibiting akt signaling pathways
Having shown the effects of RES and MOS on CSC-rich 
populations, we further confirmed the effect of MOS and 
RES on cellular signaling that was known to control CSC 
properties. As shown in Fig.  6A and B, at the same con-
centration (5 µM), MOS significantly reduced the expres-
sion levels of CSC marker CD133 and p-Akt in both A549 
and H23 cells, whereas RES can reduce only p-Akt levels 
in A549 cells. These results suggest that (i) MOS has more 
potency to suppress CSC than RES when used at the same 
concentration, and (ii) MOS suppressed CSC-like pheno-
types at least in part by inhibiting Akt signaling.

Then, we evaluated the effect of MOS on CSC-like pheno-
types involved in the Akt signaling pathway. To determine 
the underlying mechanism of MOS suppression of CSC-like 
phenotypes, A549 and H23 cells were treated with MOS 
(0–5 µM) for 24  h, and the expression levels of CD133, 
Sox2, p-Akt, Akt, p-GSK-3β, and GSK-3β were determined 
by Western blot analysis. MOS significantly reduced the 
expression levels of p-Akt/Akt, p-GSK-3β/GSK-3β, and 
c-Myc in a dose-dependent manner in A549 cell; however, 
the p-GSK-3β/GSK-3β ratio was not altered in H23 cells 
(Fig. 6C and D). In addition, CD133 and pluripotent tran-
scription factors Sox2 were significantly reduced following 
the decrease in p-Akt/Akt in H23 and A549 cells. Significant 
suppression of CD133 and Sox2 was first observed with 2.5 
µM of MOS in H23 (Fig. 6C and D).

We also confirmed the effect of MOS suppressed CSC-
like phenotype via Akt signaling compared to PI3K/Akt 
pathway inhibitor LY294002. Inactivation of PI3K using 
LY294002 has been demonstrated to suppress the Akt 
activity through inhibiting the phosphorylation of Akt 
at both T308 and S473, consequently inducing cell cycle 
arrest and apoptosis [49, 50]. To investigate whether the 
effect of MOS on p-Akt and CD133 protein levels was 
similar to that of LY294002. A549 and H23 cells were 
treated with MOS, LY294002, or the combination at the 
same concentration (5 µM) for 24 h. Fluorescence analy-
sis revealed that both MOS and LY294002 suppressed 
p-Akt and CD133, while it was more strongly inhibited 
by the MOS/LY294002 combination (Fig.  7A and B). 
Thus, MOS mediated inhibition of CSC-like phenotypes 
in lung cancer cells via Akt signaling.

Molecular docking and MD simulations
To predict the possible binding mode of RES and MOS with 
Akt, a molecular docking study was performed. RES and 
MOS were docked into the allosteric binding site of Akt1 
using AutoDock Vina. The values of the binding affinities 
of compounds are presented in Fig.  8A. As presented in 
the visualization of the compound’s binding poses (Fig. 8B), 
as expected, the compounds are well-contained within 
the allosteric binding site of Akt1. Based on the predicted 
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binding affinities and binding pose, the compounds were 
further selected for MD simulations using AMBER18.

A 100-ns MD simulation of each Akt1/ligand complex 
was conducted to optimize the docking-predicted binding 
modes of two natural compounds. To explore the dynamic 
stability of the two systems, the root mean square deviation 
(RMSD) values were calculated during 100-ns MD simula-
tions. As shown in Fig. 8C, the RMSD plot indicated that all 
two systems reached equilibrium after 70 ns. Based on the 

stable MD trajectory, MM/GBSA binding free energy was 
calculated to evaluate the binding affinities of two natural 
compounds to Akt1. As summarized in Table 1, compounds 
RES and MOS had − 17.0134 and − 32.8245  kcal/mol to 
Akt1, respectively. The MOS complex had the highest 
binding free energy, which was attributed to the dominant 
contribution of the van der Waals forces. In comparison, 
RES had weakened binding affinities, which were mainly 
associated with decreased van der Waals forces. However, 

Fig. 5 Effects of RES and MOS on suppression of the CSC-like phenotype in lung cancer cells. (A) The single spheroid from CSC-rich population of A549 
cells were treated with non-toxic concentrations of RES and MOS (0 − 2.5 µM) for 3 days, and CSC viability was determined using Hoechst 33,342/PI double 
staining. The single spheroid from CSC-rich population of A549 cells were treated with 1 µM of RES or MOS for 24 h. (B) The expression levels of CD133 
and (C) p-Akt were determined using anti-CD133 and anti-p-Akt (Ser473) antibody followed by Alexa Fluor 488-labeled secondary antibody or Alexa Fluor 
594-labeled secondary antibody and Hoechst 33,342. The expression was visualized by fluorescence microscopy
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electrostatic energy plays a particular role in all systems. 
A strong influence was observed from the gas-phase free 
energy when assessed against it, with minor contributions 
from the solvation-free energy. As a result, the hydrophobic 

contact may be crucial to the efficient binding relationship 
between ligands and the allosteric site of Akt1.

The per-residue binding energy decomposition was per-
formed to obtain details of Akt1–ligand complexes and 

Fig. 6 MOS reduces CSC marker and pluripotency transcription factor. (A) A549 and H23 cells were treated with 5 µM of RES or MOS for 24 h. The ex-
pression levels CD133 and p-Akt were determined using anti-CD133 and anti-p-Akt (Ser473) antibody followed by Alexa Fluor 488-labeled secondary 
antibody or Alexa Fluor 594-labeled secondary antibody and Hoechst 33342. The expression was visualized by fluorescence microscopy. (B) Bar graphs 
showed the quantitative results of A. (C) A549 and H23 cells were treated with MOS (0–5 µM) for 24 h, the levels of CD133, Sox2, p-Akt, total Akt, p-GSK-
3β, total GSK-3β, and c-Myc were examined by Western blot analysis. β-actin was utilized as a loading control. The original image of blotting bands was 
shown in Additional file 1. (D) Bar graphs showed the quantitative results of C. Each value is the mean (± SD) from triplicate experiments. *p < 0.05 and 
**p < 0.01 vs. control
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identify the key residues responsible for ligand binding. 
Generally, the residue would be considered necessary for 
binding when the binding energy is more negative than 
− 2  kcal/mol. Trp80 and Tyr272 have been reported as 
essential residues for the potent allosteric Akt-1 inhibitor in 
clinical trials [25, 51]. As shown in Fig. 9, the MD binding 
pose shows that MOS is the most promising Akt1 inhibitor. 
MOS formed two hydrogen bonds with Gln79 and Thr211 
and hydrophobic interactions with Trp80 and Thr82 in the 

PH domain and Leu210, Tyr 272, Thr291, and Asp292 in 
the kinase domain (Fig. 9B). These results suggest that MOS 
might inhibit Akt1 via an allosteric mechanism.

Discussion
CSCs in cancer were found to resist chemotherapeutic 
drugs and induce disease recurrence after therapy [52]. 
CSCs can regenerate tumors through self-renewal and dif-
ferentiation to create heterogeneous tumor cells [53]. In 

Fig. 7 MOS suppresses CSC-like phenotypes by inhibiting Akt signaling pathways. H23 and A549 cells were treated with 5 µM of MOS and also pretreated 
with LY294002 (5 µM) for 30 min before treating with MOS for 24 h. (A) The expression levels of CD133 and p-Akt were determined using anti-CD133 and 
anti-p-Akt (Ser473) antibody followed by Alexa Fluor 488-labeled secondary antibody and Hoechst 33342. The expression was visualized by fluorescence 
microscopy. (B) Bar graphs showed the quantitative results of A. Each value is the mean (± SD) from triplicate experiments. *p < 0.05, **p < 0.01, and 
***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. MOS at 5 µM
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Fig. 8 Molecular docking and MD simulation of RES and MOS with Akt. (A) Binding affinities of compounds docked with the allosteric site of Akt1 (B) 
The superimposed docking poses of RES (red), moscatillin (green), and minransertib (yellow). (C) RMSD values of the backbone atoms of Akt1/ligand 
complexes
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this study, we utilized RES, a well-known natural product-
derived compound with anticancer activity as the lead 
compound for the CSC-targeting activity. The modifica-
tion of the chemical structure of RES to MOS was found to 
enhance CSC-specific suppression through Akt inhibition. 
From our results, MOS was more potent in suppressing 
cell viability and colony formation and inducing apoptosis 
of lung cancer cells than RES (Figs. 2 and 4). MOS can sup-
press cell viability in lung cancer cell lines A549 and H292 
with IC50 of less than 10 µM, implying that MOS might be 

a promising anticancer agent for the treatment of lung can-
cer. In addition, MOS exhibits low toxicity to normal cells 
(Fig.  2A and B), indicating a positive therapeutic index. 
Colony formation assay was performed to detect the inhibi-
tory effect of RES and MOS on the proliferative ability. The 
assay is currently widely used to examine the effect of agents 
with potential clinical applications [54], and it demonstrates 
the capacity of cancer cells to generate viable colonies fol-
lowing drug treatment. Interestingly, H23 appears to be less 
sensitive to MOS with an IC50 of > 30 µM, however, at low 

Table 1 Binding free energies of the Akt1 and natural compound complexes
Compounds VDW ELE EGB ESURF ΔG gas ΔG solv ΔTOTAL
RES −29.6305 −8.9856 26.1967 −4.5940 −38.6161 21.6027 −17.0134

MOS −41.6353 −15.9726 30.4154 −5.6320 −57.6079 24.7834 −32.8245
All units are given in kcal/mol. Abbreviations: VDW, the van der Waals forces; ELE, the electrostatic energy; EGB, the solvation free energy; ESURF, the nonpolar 
contribution to the solvation free energy; ΔG gas, the gas-phase free energy; ΔG solv, the solvation free energy; ΔTOTAL, the total free energy.

Fig. 9 MM/GBSA per-residue binding energy decomposition of (A) RES and (B) MOS in complex with Akt1
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doses of MOS (5 µM) can suppress colony formation by 
more than 90%, similar to other lung cancer cell lines A549 
and H292 (Fig. 4A and B). Cell cycle regulation plays a cru-
cial role in lung cancer cell growth and survival. We dem-
onstrated that MOS triggered G2/M phase arrest at a low 
concentration (1 µM), resulting in reduced cell proliferation 
and apoptosis in a dose-dependent manner in lung cancer 
cells (Figs. 2 and 4). Our findings are consistent with studies 
on colorectal [55] and esophageal [56] cancer cell in which 
MOS activated cell apoptosis by inducing G2/M arrest. 
These outcomes inferred that MOS might be qualified for 
both lung cancer treatment and prevention.

Several studies have demonstrated that various anti-
cancer agents induce cancer cell apoptosis through ROS 
generation [57]. It has been reported that NAC treatment 
effectively reduced the increase in ROS level of pancreatic 
cancer cells Panc-1 caused by MOS, as well as inhibited the 
ROS-mediated activation of the JNK/SAPK signaling path-
way and induced apoptosis [58]. The present study revealed 
that treatment with MOS led to an increase in ROS produc-
tion, and as expected, NAC can reduce MOS-induced cell 
apoptosis in lung cancer cells A549 and H23 (Fig. 3C and 
D). These results indicate that the anticancer activity of 
MOS was caused by increasing ROS generation.

MOS was demonstrated to have a superior activity to sup-
press CSCs than RES at the same concentration, indicated 
by the reduction of CSC marker, pluripotent transcription 
factor, and stem cell-like phenotypes (Figs. 5 and 6). Lung 
cancer is a CSC-containing cancer, and studies utilized spe-
cific protein markers and spheroid formation behavior for 
CSC detection [59]. In this study, we used the CSC marker 
CD133 as it was demonstrated to be suitable for CSC detec-
tion in lung cancer [60]. In terms of the upstream signal-
ing pathway, Akt is an important protein in regulating CSC 
[20]. Interestingly, CD133 interacted with the PI3K–AKT 
pathway. Wei et al. showed that the PI3K/Akt signaling 
pathway can be activated by CD133/p85 interaction [61]. 
The CD133/Akt signal was found to be associated with the 
increase in tumorigenicity. The CD133-positive cancer cells 
also had a higher level of activated Akt than CD133-nega-
tive cancer cells [61]. Moreover, we found a concomitant 
decrease in CD133 and phosphorylated Akt in response to 
MOS treatment in both adherent (monolayer) and CSC-rich 
spheres (Figs. 5 and 6A, and 6B). Our results show that the 
expression levels of p-Akt and Sox2 significantly decreased 
in response to MOS treatment (Fig. 6C and D). Consistent 
with our findings, the inhibition of Akt signaling suppresses 
the self-renewal ability and expansion of CSC together with 
Sox2 reduction [62].

GSK-3β was recognized as a downstream effector of Akt 
and has been indicated as a cellular regulator of growth, 
drug resistance, metastasis, and CSC maintenance [63]. Akt 
can phosphorylate GSK-3β at Ser9, resulting in its deacti-
vation [64]. Several transcription factors, including c-Myc, 

are regulated by GSK-3β activity. c-Myc functions as a 
proto-oncoprotein transcription factor that activates the 
expression of genes controlling cell division, differentiation, 
and maintenance of stem characteristics [22, 65]. GSK-3β 
regulates c-Myc via phosphorylation at Thr58, resulting 
in ubiquitin-dependent degradation of c-Myc [66]. The 
expression levels of p-Akt, p-GSK-3β (Ser9)/GSK-3β, and 
c-Myc proteins significantly decreased in response to MOS 
(Fig.  6C and D), suggesting that MOS may suppress lung 
CSCs through the Akt/GSK-3β/c-Myc pathway. We also 
confirmed that combination of MOS with the Akt inhibitor 
LY294002 more effectively suppresses Akt activity (p-Akt) 
and expression of stemness markers CD133 compared to 
MOS or LY294002 treatment, demonstrating that MOS 
could suppress CSC-like phenotypes partly through down-
regulation of p-Akt.

Compounds possessing the ability to inhibit Akt are 
under investigation in a clinical setting [67]. The majority of 
drug actions for Akt inhibition are through interaction with 
the ATP-binding site or binding to the allosteric site of Akt 
[51]. To confirm our hypothesis that RES or MOS might be 
potential Akt inhibitors, we performed molecular docking, 
and MD simulation. The results revealed that MOS acted 
as a potential allosteric inhibitor of Akt rather than RES. 
The binding affinity of MOS with Akt was − 8.70 kcal/mol, 
the binding free energy of MM/GBSA was − 32.8245 kcal/
mol, and MOS can interact with Trp80 and Tyr272, which 
were reported as essential residues for the potent allosteric 
Akt1 inhibitor in clinical trials. These results demonstrate 
that MOS can bind to the Akt protein through an allosteric 
mechanism.

Conclusion
In this study, we have unraveled the anticancer activity 
of RES and its modified analog MOS against CSC of lung 
cancer cells. MOS was more potent than its parental com-
pound in terms of cytotoxicity and CSC suppression. This 
study demonstrated that MOS suppresses lung CSCs via the 
Akt/GSK-3β/c-Myc pathway. Furthermore, molecular dock-
ing, and MD simulation revealed the possibility that MOS 
interacts with the Akt molecule. The binding affinity to the 
allosteric site of the Akt protein of MOS was greater than 
that of RES. Our findings highlight the therapeutic potential 
of MOS in the treatment of lung CSCs and support further 
research toward the clinical development of this compound.
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