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Design and development of novel 1,2,3-triazole chalcone 
derivatives as potential anti-osteosarcoma agents via inhibition 

of PI3K/Akt/mTOR signalling pathway

ABSTRACT

Osteosarcoma (OS) is an uncommon tumour that mainly af-
fects bone in children and adolescents. The current treatment 
options of OS are of limited significance due to their immense 
side effects. In the present manuscript, we have developed a 
novel series of 1,2,3-triazole chalcone derivatives as potential 
agents against OS. The compounds were synthesized and evalu-
ated for their PI3K and mTOR inhibitory activity using lumi-
nescent kinase assay, and Lance ultra assay, resp. The entire set 
of compounds showed significant to moderate inhibition of 
both kinases in the nanomolar range. The three most active 
compounds: 4e (N-(4-(3-(1-(4-bromophenyl)-1H-1,2,3-triazol-4-
yl)acryloyl)phenyl)-4-nitrobenzamide), 4f (N-(4-(3-(1-(4-
bromophenyl)-1H-1,2,3-triazol-4-yl)acryloyl)phenyl)-4-chloro-
benzamide) and 4g (4-bromo-N-(4-(3-(1-(4-bromophenyl)-1H-
1,2,3-triazol-4-yl)acryloyl)phenyl)benzamide), were evaluated 
for anticancer activity against human OS cancer cell line (MG-
63), liver cancer cell line (HepG2), lung cancer cell line (A549) 
and cervical cancer (HeLa), using MTT assay. Among the tested 
series, compound 4e showed a better inhibitory profile than 
gedatolisib against PI3K and was approximately comparable to 
that of gedatolisib against mTOR. The most significant inhibi-
tory activity was observed for compound 4e against all cell 
lines (MG-63, HepG2, A549 and HeLa), still somewhat lower to 
comparable to that of gedatolisib, but with the highest potency 
against MG-63 cells. Compound 4e was further tested for anti-
cancer activity against other OS cells and showed to be equipo-
tent to gedatolisib against U2OS and Saos-2 cells. Moreover, it 
was also found non-toxic to normal cells (BEAS-2B and MCF 
10A). The effect of compound 4e was further determined on 
apoptosis of Saos-2 cells by Annexin-PI assay, where it signifi-
cantly amplified the percentage of apoptotic cells. Novel 
1,2,3-triazole chalcone derivatives are potential agents against 
OS.
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Production of osteoid or immature bone by the malignant cells causes the develop-
ment of cancer of bone which is known as osteosarcoma (OS). It is a very uncommon tu-
mour and majorly affects bone in children and adolescents. Each year nearly 750 to 900 
new cases of OS are reported alone in the United States (1). In earlier days, surgical resec-
tion was the only option to treat OS which showed a low prognosis. However, the involve-
ment of postoperative adjuvant chemotherapy along with surgical procedures has shown 
remarkable progress in the overall survival of the patients. The current therapeutic regime 
to treat OS relies on multi-drug chemotherapy consisting mainly of methotrexate (MTX), 
adriamycin (ADM), and cisplatin (DDP), with or without ifosfamide (2). Studies have 
shown that these drugs are coupled with serious adverse effects which limit their clinical 
use, such as myelosuppression, cardio-toxicity (anthracycline, antibiotics), bladder toxicity 
(ifosfamide), and gastrointestinal reactions, which typically manifest as nausea and  vomiting 
(3). Therefore, the search for new compounds to treat OS with higher potency is urgently 
needed.

The aberrant activation of kinases has been considered as a major underlying cause 
for various cancers (4). Many compounds have been pursued to target a variety of kinases, 
such as CDK (5), EGFR (6), VEGFR (7), Hsp90 (8), etc. PI3K and mTOR inhibitors have found 
a significant place in anticancer therapeutics and many of them are now under various 
stages of drug development (9, 10).

The phosphatidylinositol-3-kinase (PI3K)/Akt and the mammalian target of rapamy-
cin (mTOR) signalling pathways regulate cell proliferation, growth, cell size, metabolism, 
and motility of cells (9). Upon activation by various growth factor/ligands specific to recep-
tor tyrosine kinase, PI3K phosphorylates PIP2 (phosphatidylinositol 4,5-bisphosphate) and 
converts it to PIP3 (phosphatidylinositol 3,4,5-triphosphate). This second messenger, PIP3, 
acts as a docking site for Akt and results in the phosphorylation of Akt (pAKt) at thr308 
which encourages protein synthesis, cell growth, cell survival and cellular motility, by 
sti mulating the downstream effector mTOR via TSC1/2 (tuberous sclerosis 1/2 complex) 
and upregulating various transcription factors (11). On the other hand, activated mTORC2 
(mTOR complex 2) phosphorylates Akt at ser473 also resulting in hyperactivation of Akt 
(12, 13). Inhibition of this pathway has been shown to lead to regression of human tumours 
and some inhibitors of this pathway are approved by the FDA for clinical use, such as 
duvelisib, copanlisib and idelalisib (13–15).

A recent complementary genomic and pathway analysis identified PI3K/mTOR path-
way aberrations in a subset of osteosarcoma samples (16). Based on this information, two 
dual PI3K/mTOR inhibitors (GSK2126458, BEZ-235) and a PIK3CA-specific inhibitor 
(PIK75) were tested against human- and murine-derived cell lines. All three drugs inhi-
bited cell proliferation in all cell lines; PIK75 and GSK2126458 induced apoptosis as demon-
strated by caspase 3/7 activation and poly(ADP-ribose) polymerase (PARP) cleavage (17). 
A recent report from the French Sarcoma Group of off-label use of targeted therapies for 
osteosarcoma found that those who received rapamycin (with or without cyclophospha-
mide) compared to a group of tyrosine kinase inhibitors (sunitinib, sorafenib, and pazo-
panib) had a superior progression-free survival (PFS) (18). Therefore, in view of the scar-
city of active agents available for the treatment of recurrent and refractory osteosarcoma, 
inhibition of PI3K and mTOR may present a viable treatment strategy deserving the clini-
cal investigation.
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1,2,3-Triazole containing organoplatinum compounds showed significant activity 
against OS cells (MG-63) (19). The study also showed that 1,2,3-triazole-coumarin hybrids 
inhibit proliferation and promote apoptosis by sub-G1 phase arrest of the cell cycle in MG-
63 cells (20). On the other hand, trans-chalcone, a chalcone derivative, inhibits the growth 
of human osteosarcoma cell lines by modulating Sp1 down-regulation at the transcrip-
tional level and up-regulating p53 expression at the post-translational level (21). In  another 
study, flavokawain B, a kava chalcone, inhibits the growth of human osteosarcoma cells 
through G2/M cell cycle arrest and apoptosis (22). Two novel chalcone derivatives, 4′-amino- 
-1-naphthyl-chalcone (d14) and 4′-amino-4-methyl-1-naphthyl-chalcone (d15) suppress 
 migration and invasion of OS cells mediated by p53 regulating EMT-related genes (21). 
1,2,3-Triazole-chalcone hybrids are well known for their diverse array of pharmacological 
properties, for instance, antibacterial, anticancer, anti-HIV, anti-inflammatory and anti-
tubercular (23, 24). In particular, they have shown significant inhibitory activity against 
various cancers, such as lung, breast, leukaemia, melanoma (25). Despite the immense 
significance of PI3K/mTOR in OS, till now, no single study has developed 1,2,3-triazole- 
-chalcone as PI3K/mTOR inhibitor, to act as an anticancer agent against OS. Prompted by 
the above, in the present study, we intend to devise and develop novel 1,2,3-triazole- 
- chalcone hybrids as putative inhibitors against OS and to study their mechanism of action.

EXPERIMENTAL

Chemistry

The chemicals and solvents were procured from Sigma-Aldrich (USA) and used with-
out further purification. Mettler Toledo (USA) melting point apparatus (MP70) was used 
to record the melting points of compounds in sealed tubes. Thin-layer chromatography 
was conducted on aluminium TLC plates; silica gel was pre-coated with fluorescent indica-
tor F254 (Sigma-Aldrich, USA). RX-I spectrophotometer (PerkinElmer, USA) was used to 
record IR spectra (in KBr, 2.0 cm–1, flat, smooth) in the range of 4000–400 cm−1. 1H and 13C 
NMR spectra were recorded on a Bruker Avance 400 (USA) at 400 MHz and 100 MHz, 
resp., using dimethyl sulfoxide (DMSO-d6) as solvent and TMS as internal standard. 
Chemical shifts are shown in δ ppm. VG Auto Spec 3000 spectrometer (Waters, USA) with 
electrospray ionization (ESI) was used for recording mass spectra. The source conditions 
for EI were: accelerating voltage 7 kV and temperature 250 °C. Elemental analysis was 
performed on a 2400 CHNSO PerkinElmer analyzer.

Synthesis of compounds 1, 2 and 3 was performed as previously described (26). Ini-
tially, the synthesis has been started by stirring 1-azido 4-bromobenzene (0.5 mmol) and 
prop-2-yn-1-ol in tert-butyl alcohol, in the presence of Cu(OAc)2 which acts as a catalyst, 
under click reaction conditions, to afford compound 1 (1-(4-bromophenyl)-1H-1,2,3-triazol- 
-4-yl)methanol)]. Furthermore, compound 1 was oxidised to the reaction intermediate, 
 aldehyde, 1-(4-bromophenyl)-1H-1,2,3-triazole-4-carbaldehyde (2). Namely, compound 1 
(0.5 mmol) was reacted with Jones reagent (CrO3, aq. H2SO4, 3 mL) to afford compound 2. 
In the second step, compound 2 (0.5 mmol) reacted with 1-(4-aminophenyl)ethanone 
(0.5 mmol) in ethyl alcohol, using aq. NaOH (10 %), to furnish (E)-1-(4-aminophenyl)-3-(1- 
-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)prop-2-en-1-one (3) in good yield (Tables SI and SII).
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General procedure for the synthesis of target compounds 4a-h (26, 27)

To a solution of compound 3 (1-(4-aminophenyl)-3-(1-(4-bromophenyl)-1H-1,2,3-tri-
azol-4-yl)prop-2-en-1-one) (1.0 mmol in 10 mL of anh. DCM), triethylamine (2.5 mmol) and 
the corresponding acyl chloride (2.5 mmol) were added in small portions, at 0 oC. The 
 resulting reaction mixture was allowed to stand at room temperature for the next 16 h. 
After that, the resulting mixture was diluted with DCM (40 mL) and washed with HCl 
(2 mol L–1), NaOH (1 mol L–1) and saturated NaCl solution. The resulting crude product 
was purified by flash column chromatography (n-hexane/ethyl acetate, 8:2) to afford title 
 compounds 4a-h in good yields (73–86 %).

Targeted novel N-(4-(3-(1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)acryloyl)substituted 
phenyl)benzamide derivatives 4a-h were synthesized as indicated in Scheme 1. The struc-

Scheme 1

ture of title compounds 4a-h was ascertained by elemental analysis and spectroscopic 
methods such as FT-IR, 1H NMR, 13C NMR and mass spectrometry (Tables I and II).

Compounds 4a-h were tested against kinase activities at ten concentrations within the 
range 1 × 10−4 – 3 × 10−9 mol L–1 (in 0.4 % DMSO).

Pharmacological activity

Cell culture. – Human osteosarcoma cancer cell lines (MG-63, Saos-2, and U2OS), liver 
cancer cell line (HepG2), lung cancer cell line (A549), cervical cancer cells (HeLa), normal 
human lung cells (BEAS-2B), and non-tumorigenic epithelial cell line (MCF 10A) were ob-
tained from ATCC (USA) and cultured as per the instructions. The cells were maintained in 
a complete growing media (RPMI-1640) (Sigma-Aldrich). All media were supplemented with 
10 % of fetal bovine serum (FBS) (PAA, Austria) and 1 % of penicillin-streptomycin (P/S) 
(Gibco, USA). The control group receives vehicles (0.4 % DMSO).

PI3K enzyme assay. – Inhibition of PI3K activity was determined using ADP-Glo kinase 
assay from Promega Corporation (USA) (28). Briefly, the test compounds were serially 
 diluted to the desired concentrations and then 1 μL of each was added to a 384-well plate 
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(Corning, USA) as an assay plate. Four microliters of PIP2:3PS lipid kinase substrate working 
solution was added to each well, followed by 4 μL of kinase, except for the control well, 
where 4 μL of kinase reaction buffer was added. To this, 5 μL of ADP-Glo™ reagent (with 
10 mmol L–1 MgCl2) were added and incubated at room temperature for 40 min. Afterwards, 
10 μL of kinase detection reagent were added and incubated at room temperature for 30 min. 
The mixture was shaken for 1 min and equilibrated for 40 min before the reading of lumi-
nescence on a plate reader was taken. Finally, conversion data was collected on Flex station 
and RLU (relative light unit) values were converted to inhibition values as per the kit protocol. 
All of the compounds were tested three times, and the results are expressed as IC50.

mTOR enzyme assay. – The mTOR kinase activity of all the compounds was determined 
using LANCE® ultra time-resolved fluorescence resonance energy transfer (TR-FRET) assay 
(Invitrogen, USA), following the manufacturer’s instructions (29). Briefly, mTOR enzyme (0.1 
μg mL–1), ATP (3 μmol L–1), GFP-4EBP1 peptide (0.4 μmol L–1) and test compounds were di-
luted in kinase buffer. The reactions were performed in black 384-well proxiplates (Corning, 
USA) at room temperature for 1 h and stopped by adding EDTA (10 mmol L–1). Tb-antiphospho- 
-4EBP1 (Thr37/46) antibody (PerkinElmer) was then added to each well to a final concentra-
tion of 2 nmol L–1, and the mixture was incubated at room temperature for 30 min. The inten-
sity of the light emission was measured with Spectramax 190 reader (Molecular Devices, 
USA) in TR-FRET mode (excitation at 320 nm and emission at 665 nm). All of the compounds 
were tested three times, and the results are expressed as IC50.

Cell proliferation assay on various cancer cells. – Cell proliferation was determined by 
MTT assay as per the adapted procedure (6). Briefly, the cells were harvested, counted and 
seeded at 1  ×  104 cells per well in the 96-well plate for 24 hours. The following day, cells 
were treated with various concentrations of compounds 4e, 4f, 4g and gedatolisib ranging 
from 100 to 1.25 μg mL–1 in 0.4 % DMSO, and incubated for 48 hours at 37 °C with 5 % CO2. 
After the medium was aspirated, 20 μL of 5 mg mL–1 MTT reagent (Merck, USA) was  added 
to each well and incubated for 3 hours. The excessive liquid was gently removed and 
100 μL of DMSO (0.4 %) were added to the wells. Then, the plate was read at 575 nm by 
using the microtiter plate reader (μQuant, Bio-Tek Instrument, USA). The experiment was 
performed in triplicate, and cell survival was calculated as the percentage of MTT-formation 
inhibition.

Annexin V/PI assay. – The apoptosis in Saos-2 cells was determined using an Annexin 
V fluorescence kit (BD Pharminogen, USA) as per the earlier reported procedure without 
any modifications (30). Briefly, cells were seeded for 24 hours at a density of 1.8  ×  105 cells 
per well in a 6-well plate. Then, the seeded cells were treated with diverse concentrations 
of compound 4e (2.5, 5 and 10 μmol L–1) and gedatolisib (2.5 μmol L–1) in 0.4 % DMSO. 
After 48 hours the treated cells were harvested and collected as a pellet. Next, the pellet 
was re-suspended in a 400 μL binding buffer, and stained with 5.0 μL of FITC-Annexin V 
and 5.0 μL of PI provided in the kit. Afterwards, the cells were analyzed by BD FACS 
Calibur (Becton Dickinson, USA). The results were analyzed using CellQuest 3.3 software. 
The experiments were performed in triplicate.

Statistical analysis
The data reported as mean ± SEM of three different individual experiments were exa-

mined by one-way analysis of variance using GraphPad Prism 5.0 (GraphPad Software). 
p < 0.05 indicates statistical significance.
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RESULTS AND DISCUSSION

Synthesis of target molecules

Synthesis of compounds 1, 2 and 3 was performed as previously described (26), the 
detailed information on these syntheses are provided in short in the supplementary mate-
rial (Tables SI and SII). Scheme 1 displays the whole synthetic pathway including targeted 
novel N-(4-(3-(1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)acryloyl)substituted phenyl)benza-
mide derivatives 4a-h. They were prepared by reaction of compound 3 with the mentioned 
substituted benzoyl chlorides in dichloromethane by straight acylation. Physico-chemical 
and spectral data for compounds 4a-h are given in Tables I and II.

Kinase inhibitory activity

The designed compounds were tested against PI3K and mTOR and the comparative 
inhibitory activity has been provided in Table III. It has been found that compounds 4a-h 
showed significant to moderate IC50 values against both kinases in the nanomolar range. 
Compound 4a with no substitution showed the lowest inhibitory activity against PI3K 
(IC50 = 67.78 ± 2.60 nmol L–1) with moderate inhibitory activity against mTOR kinase 
(IC50 = 59.27 ± 2.73 nmol L–1). However, upon substitution with a hydroxyl group (4b),  activity 
significantly improved against PI3K with a slight reduction in mTOR kinase activity. The 
inhibitory activity was found to be significantly improved against both the tested kinases 
upon replacing p-hydroxy with p-methyl in the case of compound 4c. The presence of the 
p-methoxy group in 4d was found detrimental for the activity and rendered the compound 
moderately active against both PI3K and mTOR. Interestingly, the introduction of electron- 
-withdrawing groups as substituents, i.e., in compounds 4e, 4f, 4g and 4h showed a signifi-
cant increase in inhibitory activity against the tested kinases (PI3K and mTOR). The presence 
of the p-nitro group in 4h showed the least inhibitory activity among the tested molecules. 
Upon replacing the nitro group with bromine (4g) the activity markedly improved, and it 
further increased in the case of 4f (p-chloro) and 4e (p-fluoro). The comparison of inhibitory 

Table III. Inhibitory activity of compounds 4a-h against PI3K and mTOR kinase

Compd. Substituent
Kinase inhibition (IC50, nmol L–1)a

PI3K mTOR
4a H 67.78 ± 2.60 59.27 ± 2.73
4b OH 56.82 ± 2.31 61.43 ± 2.45
4c CH3 39.30 ± 1.32 27.74 ± 1.42
4d OCH3 45.67 ± 1.34 40.31 ± 1.05
4e F 4.23 ± 0.32 2.30 ± 0.15
4f Cl 10.04 ± 0.56 13.63 ± 0.62
4g Br 19.34 ± 0.27 27.04 ± 0.45
4h NO2 32.26 ± 0.43 30.40 ± 0.56
Gedatolisib (standard) 6.04 ± 0.45 2.50 ± 0.23

a Mean ± SEM of three replicates.
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activity suggests that none of the tested compounds 
showed higher activity than gedatolisib (a standard inhi-
bitor of tested kinases) against both PI3K (IC50 = 6.04 ± 
0.45 nmol L–1) and mTOR (IC50 = 2.5 ± 0.23 nmol L–1), 
 except compound 4e with IC50 of 4.23 ± 0.32 nmol L–1 and 
2.3 ± 0.15 nmol L–1 against PI3K and mTOR, resp. Com-
pound 4e was identified as the most potent inhibitor of 
PI3K and mTOR among the tested series with activity 
comparable to that of gedatolisib, while non-substituted 
derivatives were found least active.

The structure-activity relationship study suggests 
that compounds having an electron-withdrawing group 
showed a better inhibitory profile as compared to their 
electron-donating derivatives. The steric size, lipophili-
city, molecular volume and inductive effect of the elec-
tron-withdrawing group in p-position plays an impor-
tant role in the activity against tested kinases.

Anticancer activity of compounds 4e-g

Based on the good results in kinase inhibitory  assays, 
the top-three ranked compounds (4e-g) were subjected 
to further examinations of anticancer activity against 
diverse cancer cell lines, such as human OS cancer cell 
line (MG-63), liver cancer cell line (HepG2), lung cancer 
cell line (A549) and cervical cancer (HeLa) and the  results 
are displayed in Table IV. The effects of these derivatives 
were also defined on the cells viability experiments 
and the results have been presented in Supplementary 
 materials (Fig. S1). The compounds showed potent to 
moderate activity against all the tested cell lines with 
significant inhibition of the cellular viability which was 
found to be in agreement with the MTT assay. Com-
pound 4g showed the lowest activity among all the 
tested derivatives, against all cell lines, except Hep G2. 
It showed the lowest activity against the A549 with 
 significant activity against the MG-63 cells. The activity 
was shown to considerably increase in the case of com-
pound 4f, except against Hep G2 cells, where it  displayed 
the lowest activity. The most significant anticancer acti-
vity was reported for compound 4e against all cell lines 
with maximum potency against MG-63 cells, namely, 
Saos-2 cells. These results were also found in line with 
cell viability experiments (Fig. S2, Supplementary mate-
rials). However, none of the compounds was found to be 
toxic to normal cells (normal human lung cells BEAS-2B 
and non-tumorigenic epithelial cell line MCF 10A) at the 
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highest tested dose of 200 μmol L–1. Upon closely observing Table IV, gedatolisib was found 
somewhat more active than tested compounds 4e, 4f and 4g against HeLa, MG-63, A549 and 
Hep G2 cells.

Anti-osteosarcoma activity of compound 4e

As shown in Table IV, compound 4e potently inhibits OS cells like Saos-2, with the 
least activity against MG-63 cells. Significant inhibitory activity was reported against 
U2OS cells. In terms of IC50 values, comparable activity of 4e against U2OS and Saos-2 cells 
to that of gedatolisib is evidenced.

As shown in Fig. 1 compound 4e induces the apoptosis of Saos-2 cells in a dose-depen-
dent manner; the greatest apoptotic activity was reported at the highest tested dose of 10 
μmol L–1. Moreover, the standard gedatolisib showed the highest apoptotic activity at the 
dose of 2.5 μmol L–1.

In the previous studies, various 1,2,3-triazole-chalcone derivatives were synthesized 
and found to exhibit significant anticancer activity (31, 32). Fu and co-authors developed a 

Fig. 1. Effect of compound 4e and gedatosilib on apoptosis of Saos-2 cells. a) Flow cytometry: M1 – 
necrotic cells, M2 – late and M4 – early apoptotic cells, M3 – viable cells. Scatter plots are given as a 
function of fluorescence intensity of Annexin V-FITC vs. PI, where X-axis: number of cells positive for 
Annexin V-FITC staining, Y-axis: number of propidium iodide-stained cells. [Emission filters: filter 
530/30 (detector FL-1A) to read Annexin V-fluorescein (FITC channel), and filter 670 LP (detector FL-
3A) to read propidium iodide]. b) Percent of Saos-2 apoptotic cells. Values represent the mean ± SD, 
n = 3. Statistical significance: **p < 0.01 vs. the control group.
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series of 1,2,3-triazole-chalcone hybrids and found that these molecules showed consider-
able anticancer activity against SK-N-SH, HepG2 and MGC-803 cells (32). These com-
pounds caused induction of apoptosis and G1 phase cell cycle arrest, particularly against 
SK-N-SH cancer cells. The same group further developed a series of novel chalcone-1,2,3- 
-triazole-azole derivates and found that these molecules showed marked inhibitory activ-
ity against SK-N-SH cancer cells by inducing apoptosis (33). Our results were found to be 
in agreement with the above studies where the anticancer activity of 1,2,3-triazole-chal-
cone hybrids was attributed mainly to induction of apoptosis. However, our study lacks a 
more detailed mechanistic analysis of the most potent inhibitor 4e against OS cell, like 
Western blot analysis to study the effect of the designed compound on the downstream 
mediator and phosphorylation of PI3K/Akt/mTOR signalling pathway, cell-cycle analysis 
and in vivo study.

CONCLUSIONS

This study presents the discovery of novel 1,2,3-triazole chalcone derivatives as poten-
tial anti-osteosarcoma agents via inhibition of the PI3K/Akt/mTOR signalling pathway. 
Among the tested series, compound 4e (N-(4-(3-(1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)
acryloyl)phenyl)-4-nitrobenzamide), showed a better inhibitory profile than gedatolisib 
against PI3K, while being approximately comparable to gedatolisib against mTOR. How-
ever, its inhibitory activity was somewhat lower to comparable against all the tested cancer 
cell lines as compared to gedatolisib, except for U2OS and Saos-2 cells, where it was found 
approximately equipotent as gedatolisib. It further significantly induced apoptosis in Saos-2 
cells in a dose-dependent manner and was found non-toxic to normal cell lines. However, 
there are still some limitations of the study. First, this study lacks in vivo biological ex-
periments to confirm the anti-osteosarcoma activity of compound 4e. Secondly, a detailed 
mechanistic analysis of the anticancer effect of compound 4e against osteosarcoma is still 
worth being carried out.

Supplementary materials are available upon request.
Conflict of interest. – Authors declare no conflict of interest
Author’s contributions. – QS performed experiments, analyzed the data, BX performed the expe-

riment, ZT performed the experiment and analyzed the data, ZG conceptualized and supervised the 
study. All authors approved the current version of the manuscript.

REFERENCES

 1.  A. Misaghi, A. Goldin, M. Awad and A. A. Kulidjian, Osteosarcoma: A comprehensive review, 
SICOT J. 4 (2018) Article ID 12; https://doi.org/10.1051/sicotj/2017028

 2.  S. S. Bielack, S. Hecker-Nolting, C. Blattmann and L. Kager, Advances in the management of osteo-
sarcoma, F1000Res. 5 (2016) Article ID 2767; https://doi.org/10.12688/f1000research.9465.1

 3.  R. A. Durfee, M. Mohammed and H. H. Luu, Review of osteosarcoma and current management, 
Rheumatol. Ther. 3 (2016) 221–243; https://doi.org/10.1007/s40744-016-0046-y

 4.  J. Zhang, P. L. Yang and N. S. Gray, Targeting cancer with small molecule kinase inhibitors, Nat. 
Rev. Cancer 9 (2009) 28–39; https://doi.org/10.1038/nrc2559

 5.  T. G. Davies, J. Bentley, C. E. Arris, F. T. Boyle, N. J. Curtin, J. A. Endicott, A. E. Gibson, B. T. Gold-
ing, R. J. Griffin, I. R. Hardcastle, P. Jewsbury, L. N. Johnson, V. Mesguiche, D. R. Newell, M. E. M. 



401

Q. Su et al.: Design and development of novel 1,2,3-triazole chalcone derivatives as potential anti-osteosarcoma agents via inhibition 
of PI3K/Akt/mTOR signalling pathway, Acta Pharm. 72 (2022) 389–402.

 

Noble, J. A. Tucker, L. Wang and H. J. Whitfield, Structure-based design of a potent purine-based 
cyclin-dependent kinase inhibitor, Nat. Struct. Biol. 9 (2002) 745–749; https://doi.org/10.1038/nsb842

 6.  J. K. Srivastava, G. G. Pillai, H. R. Bhat, A. Verma and U. P. Singh, Design and discovery of novel 
monastrol-1,3,5-triazines as potent anti-breast cancer agent via attenuating epidermal growth fac-
tor receptor tyrosine kinase, Sci. Rep. 7 (2017) Article ID 5851 (18 pages); https://doi.org/10.1038/
s41598-017-05934-5

 7.  L. Jakobsson, J. Kreuger, K. Holmborn, L. Lundin, I. Eriksson, L. Kjellén and L. Claesson-Welsh, 
Heparan sulfate in trans potentiates VEGFR-mediated angiogenesis, Dev. Cell 10 (2006) 625–634; 
https://doi.org/10.1016/j.devcel.2006.03.009

 8.  G. Garg, A. Khandelwal and B. S. J. Blagg, Chapter three – Anticancer inhibitors of Hsp90 func-
tion: Beyond the usual suspects, Adv. Cancer Res. 129 (2016) 51–88; https://doi.org/10.1016/bs.
acr.2015.12.001

 9.  H. Pópulo, J. M. Lopes and P. Soares, The mTOR signalling pathway in human cancer, Int. J. Mol. 
Sci. 13(2) (2012) 1886–1918; https://doi.org/10.3390/ijms13021886

10.  U. P. Singh, J. K. Srivastava and H. R. Bhat, 161P Discovery of novel 1,3,5-triazine-thiourea based 
dual PI3K/mTOR inhibitor against non-small cell lung cancer (NSCLC), Ann. Oncol. 27(Suppl. 9) 
(2016) ix50; https://doi.org/10.1093/annonc/mdw579.013

11.  N. Hay, The Akt-mTOR tango and its relevance to cancer, Cancer Cell 8(3) (2005) 179–183; https://
doi.org/10.1016/j.ccr.2005.08.008

12.  L. Zhang, J. Wu, M. T. Ling, L. Zhao and K.-N. Zhao, The role of the PI3K/Akt/mTOR signalling 
pathway in human cancers induced by infection with human papillomaviruses, Mol. Cancer 14 
(2015) Article ID 87 (13 pages); https://doi.org/10.1186/s12943-015-0361-x

13.  X. Liu, Y. Xu, Q. Zhou, M. Chen, Y. Zhang, H. Liang, J. Zhao, W. Zhong and M. Wang, PI3K in 
cancer: its structure, activation modes and role in shaping tumor microenvironment, Future 
 Oncol. 14(7) (2017) 665–674; https://doi.org/10.2217/fon-2017-0588

14.  B. Wang and J. Li, Piceatannol suppresses the proliferation and induced apoptosis of osteosarco-
ma cells through PI3K/AKT/MTOR pathway, Cancer Manag. Res. 12 (2020) 2631–2640; https://doi.
org/10.2147/CMAR.S238173

15.  Y. Zhang, Q. Weng, J. Han and J. Chen, Alantolactone suppresses human osteosarcoma through 
the PI3K/AKT signaling pathway, Mol. Med. Rep. 21(2) (2020) 675–684; https://doi.org/10.3892/
mmr.2019.10882

16.  M. W. Bishop and K. A. Janeway, Emerging concepts for PI3K/mTOR inhibition as a potential 
treatment for osteosarcoma, F1000Res. 5 (2016) Article ID 1590 (6 pages); https://doi.org/10.12688/
F1000RESEARCH.8228.1

17.  J. A. Perry, A. Kiezun, P. Tonzi, E. M. Van Allen, S. L. Carter, S. C. Baca, G. S. Cowley, A. S. Bhatt, 
E. Rheinbay, C. S. Pedamallu, E. Helman, A. Taylor-Weiner, A. McKenna, D. S. DeLuca, M. S. 
Lawrence, L. Ambrogio, C. Sougnez, A. Sivachenko, L. D. Walensky, N. Wagle, J. Mora, C. de Tor-
res, C. Lavarino, S. Dos Santos Aguiar, J. A. Yunes, S. R. Brandalise, G. E. Mercado-Celis, J. Melen-
dez-Zajgla, R. Cárdenas-Cardós, L. Velasco-Hidalgo, C. W. M. Roberts, L. A. Garraway, C. Rodri-
guez-Galindo, S. B. Gabriel, E. S. Lander, T. R. Golub, S. H. Orkin, G. Getz and K. A. Janeway, 
Complementary genomic approaches highlight the PI3K/mTOR pathway as a common vulnera-
bility in osteosarcoma, Proc. Natl. Acad. Sci. USA 111(51) (2014) E5564–E5573; https://doi.org/10.1073/
pnas.1419260111

18.  M. Penel-Page, I. Ray-Coquard, J. Larcade, M. Girodet, L. Bouclier, M. Rogasik, N. Corradini, N. 
Entz-Werle, L. Brugieres, J. Domont, C. Lervat, S. Piperno-Neumann, H. Pacquement, J.-O. Bay, 
J.-C. Gentet, A. Thyss, L. Chaigneau, B. Narciso, H. Cornille, J.-Y. Blay and P. Marec-Bérard, Off-
label use of targeted therapies in osteosarcomas: data from the French registry OUTC’S (Obser-
vatoire de l’Utilisation des Thérapies Ciblées dans les Sarcomes), BMC Cancer 15 (2015) Article ID 
854 (9 pages); https://doi.org/10.1186/s12885-015-1894-5

https://bmccancer.biomedcentral.com/articles/10.1186/s12885-015-1894-5#auth-Hel_ne-Cornille
https://bmccancer.biomedcentral.com/articles/10.1186/s12885-015-1894-5#auth-Jean_Yves-Blay
https://bmccancer.biomedcentral.com/articles/10.1186/s12885-015-1894-5#auth-Perrine-Marec_B_rard


402

Q. Su et al.: Design and development of novel 1,2,3-triazole chalcone derivatives as potential anti-osteosarcoma agents via inhibition 
of PI3K/Akt/mTOR signalling pathway, Acta Pharm. 72 (2022) 389–402.

 

19.  K. Singh, A. Gangrade, A. Jana, B. B. Mandal and N. Das, Design, synthesis, characterization, and 
antiproliferative activity of organoplatinum compounds bearing a 1,2,3-triazole ring, ACS Omega 
4 (2019) 835–841; https://doi.org/10.1021/acsomega.8b02849

20.  N. S. Goud, V. Pooladanda, G. S. Mahammad, P. Jakkula, S. Gatreddi, I. A. Qureshi, R. Alvala, C. 
Godugu and M. Alvala, Synthesis and biological evaluation of morpholines linked coumarin-
triazole hybrids as anticancer agents, Chem. Biol. Drug Des. 94(5) (2019) 1919–1929; https://doi.
org/10.1111/cbdd.13578

21.  G. Silva, M. Marins, A. L. Fachin, S.-H. Lee and S. J. Baek, Anti-cancer activity of trans-chalcone 
in osteosarcoma: Involvement of Sp1 and p53, Mol. Carcinog. 55(10) (2016) 1438–1448; https://doi.
org/10.1002/mc.22386

22.  T. Ji, C. Lin, L. S. Krill, R. Eskander, Y. Guo, X. Zi and B. H. Hoang, Flavokawain B, a kava chalcone, 
inhibits growth of human osteosarcoma cells through G2/M cell cycle arrest and apoptosis, Mol. 
Cancer 12 (2013) Article ID 55 (11 pages); https://doi.org/10.1186/1476-4598-12-55

23.  D. Dheer, V. Singh and R. Shankar, Medicinal attributes of 1,2,3-triazoles: Current developments, 
Bioorg. Chem. 71 (2017) 30–54; https://doi.org/10.1016/j.bioorg.2017.01.010

24.  K. Bozorov, J. Zhao and H. A. Aisa, 1,2,3-Triazole-containing hybrids as leads in medicinal 
 chemistry: A recent overview, Bioorg. Med. Chem. 27(16) (2019) 3511–3531; https://doi.org/10.1016/j.
bmc.2019.07.005

25.  Z. Xu, S.-J. Zhao and Y. Liu, 1,2,3-Triazole-containing hybrids as potential anticancer agents: Cur-
rent developments, action mechanisms and structure-activity relationships, Eur. J. Med. Chem. 183 
(2019) Article ID 111700; https://doi.org/10.1016/j.ejmech.2019.111700

26.  S. Vanaparthi, R. Bantu, N. Jain, S. Janardhan and L. Nagarapu, Synthesis and anti-proliferative 
activity of a novel 1,2,3-triazole tethered chalcone acetamide derivatives, Bioorg. Med. Chem. Lett. 
30(16) (2020) Article ID 127304.; https://doi.org/10.1016/j.bmcl.2020.127304

27.  S. Li, J. Wawrzyniak, Y. Queneau and L. Soulère, 2-Substituted aniline as a simple scaffold for 
LuxR-regulated QS modulation, Molecules 22(12) (2017) Article ID 2090 (10 pages); https://doi.
org/10.3390/molecules22122090

28.  J. Hu, Y. Zhang, N. Tang, Y. Lu, P. Guo and Z. Huang, Discovery of novel 1,3,5-triazine derivatives 
as potent inhibitor of cervical cancer via dual inhibition of PI3K/mTOR, Bioorg. Med. Chem. 32 
(2021) Article ID 115997; https://doi.org/10.1016/j.bmc.2021.115997

29.  T.-T. Wu, Q.-Q. Guo, Z.-L. Chen, L.-L. Wang, Y. Du, R. Chen, Y.-H. Mao, S.-G. Yang, J. Huang, J.-T. 
Wang, L. Wang, L. Tang and J. Q. Zhang, Design, synthesis and bioevaluation of novel substi-
tuted triazines as potential dual PI3K/mTOR inhibitors, Eur. J. Med. Chem. 204 (2020) Article ID 
112637; https://doi.org/10.1016/j.ejmech.2020.112637

30.  C.-H. R. Or, H.-L. Su, W.-C. Lee, S.-Y. Yang, C. Ho and C.-C. Chang, Diphenhydramine induces 
melanoma cell apoptosis by suppressing STAT3/MCL-1 survival signaling and retards B16-F10 
melanoma growth in vivo, Oncol. Rep. 36(6) (2016) 3465–3471; https://doi.org/10.3892/or.2016.5201

31.  H. F. Ashour, L. A. Abou-zeid, M. A.-A. El-Sayed and K. B. Selim, 1,2,3-Triazole-chalcone hybrids: 
Synthesis, in vitro cytotoxic activity and mechanistic investigation of apoptosis induction in mul-
tiple myeloma RPMI-8226, Eur. J. Med. Chem. 189 (2020) Article ID 112062; https://doi.org/10.1016/j.
ejmech.2020.112062

32.  D.-J. Fu, S.-Y. Zhang, Y.-C. Liu, X.-X. Yue, J.-J. Liu, J. Song, R.-H. Zhao, F. Li, H.-H. Sun, Y.-B. Zhang 
and H.-M. Liu, Design, synthesis and antiproliferative activity studies of 1,2,3-triazole-chalcones, 
MedChemComm 7(8) (2016) 1664–1671; https://doi.org/10.1039/c6md00169f

33.  S.-Y. Zhang, D.-J. Fu, X.-X. Yue, Y.-C. Liu, J. Song, H.-H. Sun, H.-M. Liu and Y.-B. Zhang, Design, 
synthesis and structure-activity relationships of novel chalcone-1,2,3-triazole-azole derivates as 
antiproliferative agents, Molecules 21(5) (2016) Article ID 653 (13 pages); https://doi.org/10.3390/
molecules21050653


