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Abstract: We report herein the design and synthesis of a series of novel acridine-triazole and acridine-
thiadiazole derivatives. The newly synthesized compounds and the key intermediates were all
evaluated for their antitumor activities against human foreskin fibroblasts (HFF), human gastric
cancer cells-803 (MGC-803), hepatocellular carcinoma bel-7404 (BEL-7404), large cell lung cancer
cells (NCI-H460), and bladder cancer cells (T24). Most of the compounds exhibited high levels of
antitumor activity against MGC-803 and T24 but low toxicity against human normal liver cells (LO2),
and their effect was even better than the commercial anticancer drugs, 5-fluorouracil (5-FU) and
cis-platinum. Further, pharmacological mechanisms such as topo I, cell cycle, cell apoptosis, and
neovascularization were all evaluated. Only a few compounds exhibited potent topo I inhibitory
activity at 100 µM. In addition, the most active compounds with an IC50 value of 5.52–8.93 µM
were chosen, and they could induce cell apoptosis in the G2 stage of MGC-803 or mainly arrest T24
cells in the S stage. To our delight, most of the compounds exhibited lower zebrafish cytotoxicity
but could strongly inhibit the formation of zebrafish sub-intestinal veins, indicating a potential for
clinical application.

Keywords: acridine-triazole; acridine-thiadiazole; topoisomerase I; anti-angiogenesis; zebrafish

1. Introduction

Today, cancer is one of the major health problems in the world. With the development
of molecular biology and molecular pharmacology, the pathogenesis of cancer is being
explored at the gene level. Pharmacological mechanisms such as signal transduction,
neovascularization, telomerase, topoisomerase, cell cycle and cell apoptosis have major
impacts on cancerous cells and can be used as targets in cancer therapy [1].

Acridines are an important classe of nitrogen-containing heterocyclic compounds. Due
to their structural characteristics as planar tricyclic aromatic molecules, acridines intercalate
tightly but reversibly to the DNA helix [2,3]. These compounds reveal a wide variety of bi-
ological activities, including anticancer [4], antimicrobial [5,6], anti-acetylcholinesterase [7],
etc. A number of acridine derivatives serve as chemotherapeutic agents, especially in
the field of antitumor DNA-binding agents [8]. An example of one such compound is
9-amsacrine, which has been clinically used for the treatment of leukemia [9].

Due to their beneficial characteristics, triazole and thiadiazole derivatives can serve as
potential antitumor agents and thus are of pharmaceutical interest. In drug development,
the triazole ring is often used to replace the amino group to reduce the resistance of
some anticancer drugs and enhance their anticancer activity [10]. Thiadiazole groups are
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commonly introduced in the design of anticancer drugs because of their high anticancer
activity. Kumar et al. recently reported the synthesis and anticancer activity of a series of
benzpyrole-thiadiazole derivatives and revealed the important role of the thiadiazole ring
in cytotoxicity [11].

Designing hybrid drugs with multiple effects is a common strategy in the recent search
for new anticancer drugs [12]. In recent years, many structurally diverse hybrid molecules
at the 9-position of the acridine skeleton have been reported for the enhancement of anti-
cancer activity. Examples of such compounds include acridine-mycophenolic acid hybrid
(a) [13], acridine-thiazolidinedione hybrid [14] (b), and acridine-chlormethine hybrid (c) [15]
(Figure 1).
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Considering these facts, our strategy was to couple an acridine and a triazole or
thiadiazole nucleus to obtain a new class of compounds such as the acridine-triazole hybrid
or acridine-thiadiazole hybrid (Figure 2). The anticancer activities of the synthesized
compounds were assessed based on various mechanisms of action and molecular docking.
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2. Results and Discussion
2.1. Chemistry

The general synthetic approach for aroyl thiourea derivatives (4), acridinyl 1,2,4-
triazole derivatives (5) and acridinyl 1,2,4-thiadiazole derivatives (6) is illustrated in
Scheme 1.
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NHNH2; (v) Na2CO3, reflux, or
98% H2SO4, 0 ◦C.

The target compounds of 1,2,4-triazolethiones (5) and 1,2,4-thiadiazoles (6) were
synthesized by means of a ring closure reaction using aroyl thiourea derivatives (4) in
sodium carbonate or concentrated sulfuric acid conditions, respectively. The synthesis of
aroyl thiourea derivatives (4) was carried out according to the known procedure of the
addition of substituted hydrazides to acridin-9-yl isothiocyanate (3). It is important to note
that the precipitate 3a is formed at room temperature, while 3b needs to be cooled in an ice
bath. The key intermediates (4) were obtained in 95% EtOH without purification with a
yield of 73–92% w/w.

As expected, auto-condensation cyclization proceeded effectively in the refluxing
condition of 5% Na2CO3 or 98% concentrated sulfuric acid in an ice bath. It is reported
that acridinyl 1,2,4-triazole derivatives (5) possibly exist in one of two tautomeric forms
(Figure 3), thione (a) or thiol (b) [16]. And the thione form (a) was established by comparison
of the HSQC and HMBC spectra and DFT calculations. To further confirm the structure
of our synthesized products, a single crystal of compound 5b was cultivated in absolute
ethyl alcohol, and the molecular structure was confirmed as indicated in Figure 3c. The
corresponding single crystal structural data for compound 5b is provided in the supporting
information (CCDC 2214949).
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The success of the cyclization of compound 6 mainly depended on reaction tempera-
ture and reaction time. The reaction temperature had to be maintained below 0 ◦C. When
R2 was an electron-withdrawing group such as pyridyl and nitrophenyl, the reaction time
had to be extended almost to 48 h. Interestingly, the final structure of compound 6 was not
the desired acridine skeleton (a, Figure 4) for the compound. The N-10 atom of the acridinyl
moiety captured a proton and thus resulted in the formation of a 9′,10′-dihydroacridine
structure (b, Figure 4), which was verified through X-ray crystallographic analysis (c). The
corresponding single crystal structural data of compound 6d is provided in the supporting
information (CCDC 2214923). The exchangeable NH protons of acridine thiosemicarbazides
are reported in the literature (Figure 5) [16].
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2.2. In-Vitro Anticancer Activity Assay and Structure-Activity Analysis

All newly synthesized acridinyl derivatives (4–6) were screened for their anticancer
activities in comparison to the reference compounds, 5-FU and cis-platinum. Compounds
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4–6 were tested for their in vitro antitumor activities against HFF, MGC-803, BEL-7404,
NCI-H460, and T24 tumor cell lines, and human normal liver cells (LO2), and the results
are shown in Table 1. Most of the compounds had strong selective potency against MGC-
803 and T24 cancer cells. In the MGC-803 cell line assay, almost all of the compounds
displayed better cytotoxicity than the positive control 5-FU (IC50 = 30.45 ± 2.87 µM),
with an IC50 of 5.52–34.99 µM. This indicates that the introduction of the triazole and
thiadiazole groups on the acridine skeleton could improve the antitumor activity against
MGC-803. In addition, except for compounds 4c, 4d, 4e, 4i, 4j, 5a, 5g, 6b, 6d, and 6i,
almost all of the compounds demonstrated better cytotoxicity inhibition than cis-platinum
(IC50 = 15.97 ± 1.53 µM). Particularly, the IC50 values of compounds 5d, 5g, 5i, 6g, 6e,
and 6h were all below 10 µM, and the IC50 of them were 5.52 ± 1.04 µM, 8.5 ± 1.85 µM,
8.92 ± 0.99 µM, 9.01 ± 1.32 µM, 9.95 ± 1.03 µM, and 6.85 ± 0.84 µM, respectively. In the
T24 cell line assay, many compounds, especially the series of compound 4, had significant
activity against T24. This implies that there is a significant increase in potency after
the introduction of the aroyl thiourea group. Among these compounds, R1 = -CH3 and
R2 = -OCH3 might help to improve the antitumor activity of acridine nuclear, such as
compounds 4h, 5h and 6h, all of which exhibited the best inhibition compared with other
analogues, with IC50 values of 8.05± 1.06, 11.25± 1.16, and 8.93± 1.25 µM, respectively. In
particular, compounds 4h and 6h had better antitumor activities than the two commercial
anticancer drugs 5-FU (IC50 = 32.04 ± 1.23) and cis-platinum (IC50 = 9.13 ± 1.54 µM). To
our delight, most 1,2,4-triazolethiones (5) and 1,2,4-thiadiazoles (6) have low toxicity to
LO2 compared with the positive control. Compounds 5d and 6h were the most active but
had lower toxicities than 5-FU and cis-platinum. Therefore, compounds 5d and 6h or 4h
and 6h exhibited good cytotoxicity inhibition against MGC-803 or T24 cancer cells and
were selected for further exploration to identify their mechanisms of cancer cell growth
inhibition.

Table 1. Effect of compounds 4, 5 and 6 against cell viability of different cell lines # (µM).

No. HFF MGC-803 BEL-7404 NCI-H460 T24 LO2

4a 75.79 ± 3.52 10.89 ± 1.82 26.93 ± 2.58 36.41 ± 3.12 >100 21.96 ± 1.71
4b 72.56 ± 3.57 14.47 ± 2.06 25.78 ± 2.83 42.27 ± 2.15 29.82 ± 2.85 34.37 ± 2.05
4c 63.74 ± 2.59 21.04 ± 1.55 13.33 ± 1.37 52.37 ± 3.67 11.23 ± 2.51 19.45 ± 1.69
4d 65.28 ± 3.82 34.99 ± 3.57 43.91 ± 2.59 40.54 ± 4.52 13.01 ± 1.64 25.12 ± 1.33
4e 66.84 ± 4.52 25.55 ± 1.97 25.95 ± 2.17 73.25 ± 3.67 10.32 ± 1.07 10.23 ± 1.12
4f 55.21 ± 1.36 11.24 ± 0.96 34.37 ± 2.24 53.66 ± 3.04 9.66 ± 1.54 10.08 ± 0.96
4g 70.11 ± 3.97 13.54 ± 1.59 20.17 ± 4.13 39.01 ± 2.05 25.84 ± 1.51 14.34 ± 1.52
4h >100 11.25 ± 1.46 27.10 ± 2.91 25.36 ± 3.16 8.05 ± 1.06 9.01 ± 0.93
4i 60.73 ± 2.31 22.34 ± 1.35 23.32 ± 1.33 60.40 ± 2.95 9.89 ± 1.45 11.76 ± 1.38
4j 61.53 ± 1.85 16.37 ± 1.56 24.45 ± 3.53 32.22 ± 2.36 19.95 ± 1.32 20.53 ± 1.39
5a 74.50 ± 4.03 22.41 ± 1.32 22.06 ± 2.72 36.45 ± 2.96 21.17 ± 2.72 41.99 ± 2.31
5b 53.58 ± 2.78 15.81 ± 1.94 27.65 ± 2.97 42.08 ± 3.74 22.05 ± 1.85 58.28 ± 3.25
5c 75.51 ± 2.92 15.13 ± 0.98 28.71 ± 2.24 36.45 ± 3.92 29.29 ± 1.91 >100
5d 62.93 ± 1.90 5.52 ± 1.04 25.07 ± 2.89 19.44 ± 1.58 15.92 ± 1.38 51.79 ± 3.46
5e 74.93 ± 3.35 8.50 ± 1.85 34.66 ± 2.64 35.13 ± 1.94 18.45 ± 1.64 >100
5f 69.22 ± 2.16 15.24 ± 1.08 44.21 ± 2.68 58.79 ± 3.22 15.72 ± 1.58 46.78 ± 2.93
5g 68.31 ± 2.74 19.35 ± 1.38 20.54 ± 1.13 30.64 ± 2.21 19.36 ± 2.17 44.55 ± 2.35
5h 68.07 ± 2.64 10.88 ± 0.97 40.33 ± 2.06 26.32 ± 2.51 11.25 ± 1.16 37.67 ± 2.47
5i 70.85 ± 2.99 8.92 ± 0.99 31.66 ± 2.36 28.31 ± 1.32 14.26 ± 1.27 >100
5j 64.69 ± 3.36 13.51 ± 1.91 45.87 ± 2.48 21.78 ± 2.46 13.06 ± 1.70 36.44 ± 2.65
6a 68.82 ± 1.87 14.31 ± 1.29 19.21 ± 1.30 25.34 ± 3.57 10.18 ± 0.96 40.24 ± 2.74
6b 79.32 ± 2.48 23.27 ± 1.97 32.29 ± 2.82 47.51 ± 3.51 49.36 ± 4.59 >100
6c 65.21 ± 3.92 12.13 ± 1.22 25.11 ± 2.15 30.23 ± 2.45 24.27 ± 2.34 >100
6d >100 26.66 ± 3.35 >100 >100 >100 >100
6e 44.71 ± 1.44 9.01 ± 1.32 21.33 ± 2.81 27.88 ± 3.97 14.88 ± 1.30 33.64 ± 2.01
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Table 1. Cont.

No. HFF MGC-803 BEL-7404 NCI-H460 T24 LO2

6f 45.38 ± 2.18 12.35 ± 1.96 40.26 ± 2.19 55.72 ± 3.28 13.86 ± 1.37 37.22 ± 2.12
6g 76.45 ± 2.79 9.95 ± 1.03 31.25 ± 3.27 25.87 ± 1.83 19.33 ± 1.05 >100
6h 33.90 ± 1.28 6.85 ± 0.84 20.25 ± 1.59 13.33 ± 1.39 8.93 ± 1.25 43.77 ± 2.63
6i 91.95 ± 2.99 22.92 ± 1.85 43.66 ± 2.36 36.41 ± 3.15 29.89 ± 2.45 >100
6j 56.23 ± 3.16 12.99 ± 1.89 48.47 ± 3.06 13.88 ± 1.83 15.47 ± 1.98 51.17 ± 3.09

5-FU 25.45 ± 1.27 30.45 ± 2.87 34.52 ± 1.18 44.04 ± 0.54 32.04 ± 1.23 40.15 ± 1.65
cis-platinum 10.85 ± 0.34 15.97 ± 1.53 10.01 ± 0.52 7.126 ± 1.24 9.13 ± 1.54 21.38 ± 1.25

# human foreskin fibroblasts (HFF); human gastric cancer cells-803 (MGC-803); hepatocellular carcinoma bel-7404
(BEL-7404); large cell lung cancer cells (NCI-H460); and bladder cancer cells (T24); LO2 human normal liver cells
(LO2).

2.3. Antitumor Mechanism Studies
2.3.1. Apoptosis and Cell-Cycle Analysis

Apoptosis and the cell-cycle play a central role in cancer, since their induction in
cancer cells is critical to a successful therapy [17,18]. Therefore, the most active compounds,
including 5d and 6h or 4h and 6h were selected to study their effect on apoptosis and cell
cycle profiles in the MGC80-3 or T24 cell lines, respectively.

The apoptosis ratios of MGC80-3 or T24 cell lines induced by the selected compounds
at the concentration of IC50 and 0.5 IC50 were quantitatively determined by flow cytometry.
Four quadrant images (Q1, Q2, Q3 and Q4) were observed by flow cytometric analysis.
The results of apoptosis ratios (including the early and late apoptosis ratios) after 12 h are
presented in Figure 6 (MGC80-3) and Figure 7 (T24). Figure 6 revealed that compounds 5d
and 6h could induce apoptosis in MGC80-3 cells in a concentration dependent manner. The
apoptosis percentage of compound 5d measured at different concentrations were found
to be 6.616% (2.76 µM) and 17.51% (5.52 µM), while the value for control was 0.586%.
Treatment was also accompanied by a decrease in the percentage of live cells, with values
of 93.0% in control and 81.2% in treated cells. After treatment with compound 6h, 5.62%
(3.43 µM) and 14.25% (6.85 µM) of the cells were apoptotic. These were higher percentages
than the one observed in the control (0.586%). These results further demonstrate that
apoptosis was induced by compounds 5d and 6h in addition to cell proliferation inhibition.
From the results of Figure 7, compounds 4h and 6h led to an increase in the number of
apoptotic cells in T24 with the increase of the concentration (from 0.5 IC50 to IC50), and
their apoptosis ratios at their IC50 concentrations were increased to 12.377% and 10.749%,
respectively, when compared with the control (1.18%). All compounds had little effect on
late apoptosis of MGC80-3 or T24, and some normal cells were found to be necrotic in Q1
region. The results evidently illustrate that representative compounds 5d and 6h or 4h and
6h could suppress cell proliferation by inducing apoptosis in the early apoptotic period.
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Figure 6. Apoptosis ratio detection of compounds 5d and 6h by Annexin V-FITC and PI. (a,d) The
MGC80-3 cells not treated with compounds 5d or 6h were used as controls; (b,c) compound 5d
treated MGC80-3 cells for 24 h at concentrations of 2.76 and 5.52 µM, respectively; (e,f) compound 6h
treated MGC80-3 cells for 24 h at concentrations of 3.34 and 6.85 µM, respectively.
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T24 cells for 24 h at concentrations of 4.03 and 8.05 μM, respectively; (e,f) compound 6h treated T24 
cells for 24 h at concentrations of 4.50 and 8.93 μM, respectively. 
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and MGC80-3 cells, respectively. As shown in Figure 8a,b, the S-phase population of T24 
cells increased by 30.04% compared to the control cells (22.89%), indicating that 
compound 4h might inhibit the growth of tumor cells by arresting the cells in S phase 
during the DNA synthesis period. However, compound 5d could induce a significant cell 
cycle arrest in the G2 phase, resulting in a concomitant population increase (13.32%) 
compared with the control cells (8.91%) at a concentration of 5.52 μM (Figure 8c,d). These 
results suggest that compound 5d may inhibit the growth of tumor cells by arresting cells 
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Figure 7. Apoptosis ratio detection of compounds 4h and 6h by Annexin V-FITC and PI. (a,d) The
T24 cells not treated with compounds 4h and 6h were used as controls; (b,c) compound 4h treated
T24 cells for 24 h at concentrations of 4.03 and 8.05 µM, respectively; (e,f) compound 6h treated T24
cells for 24 h at concentrations of 4.50 and 8.93 µM, respectively.

The cell cycle distributions of T24 and MGC80-3cells after 48 h of treatment with the
most active compounds, 4h and 5d, at their IC50 concentrations are shown in Figure 8.
Compared to control, both compounds 4h and 5d interfered with the cell cycles of T24 and
MGC80-3 cells, respectively. As shown in Figure 8a,b, the S-phase population of T24 cells
increased by 30.04% compared to the control cells (22.89%), indicating that compound 4h
might inhibit the growth of tumor cells by arresting the cells in S phase during the DNA
synthesis period. However, compound 5d could induce a significant cell cycle arrest in
the G2 phase, resulting in a concomitant population increase (13.32%) compared with the
control cells (8.91%) at a concentration of 5.52 µM (Figure 8c,d). These results suggest that
compound 5d may inhibit the growth of tumor cells by arresting cells in the G2 phase in
the late stage of DNA synthesis.
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cells not treated with compounds 4h and 5d were used as control, (a,c). (G1: Prophase of DNA 
synthesis; S: stage of dna synthesis; G2: Late stages of DNA synthesis). 
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activity at 100 µM. Compounds that have little to no inhibitory activity may have other 
mechanisms for their anticancer effects. Molecular docking studies of the selected 
compounds were carried out by the Surflex-Dock algorithm of Sybyl-X 2.0 (Tripos Inc., St. 
Louis, MI, USA). The molecular docking approach was verified by our previously 
published methods (RMSD (root-mean-square deviation) value was 0.4438 Å) [19]. The 
binding affinities of protein-ligand complexes were expressed as a total score and shown 
in Figure 10. compounds 4e, 5c and 6h exhibited good binding affinities, with total scores 
of 9.79, 7.81 and 9.66, respectively. Potent Topo I inhibitory activity of these compounds 

Figure 8. Cell cycle analysis of compound 4h treated T24 cells (b) and compound 5d treated MGC80-3
cells (d) at their IC50 concentrations (8.05 µM and 5.52 µM) for 48 h. And the T24 and MGC80-3 cells
not treated with compounds 4h and 5d were used as control, (a,c). (G1: Prophase of DNA synthesis;
S: stage of dna synthesis; G2: Late stages of DNA synthesis).

2.3.2. Evaluation of Topo I Inhibitory Activity

DNA topoisomerase I (topo I) has become the main molecular target in anticancer
drugs on account of its significance in all living organisms, participating in replication,
transcription, recombination, and repair in many cellular metabolic processes. The topo I
inhibitory activity of the compounds with the known topo I inhibitor camptothecin (CPT) is
depicted in Figure 9. Only compounds 4e, 5c, and 6h exhibit potent topo I inhibitory activity
at 100 µM. Compounds that have little to no inhibitory activity may have other mechanisms
for their anticancer effects. Molecular docking studies of the selected compounds were
carried out by the Surflex-Dock algorithm of Sybyl-X 2.0 (Tripos Inc., St. Louis, MI, USA).
The molecular docking approach was verified by our previously published methods (RMSD
(root-mean-square deviation) value was 0.4438 Å) [19]. The binding affinities of protein-
ligand complexes were expressed as a total score and shown in Figure 10. compounds
4e, 5c and 6h exhibited good binding affinities, with total scores of 9.79, 7.81 and 9.66,
respectively. Potent Topo I inhibitory activity of these compounds may be attributed to the
formation of hydrophobic residue, hydrogen bond, and π–π stacking with the same amino
acid residue DA113, DC112, TGP11 as CPT.
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2.3.3. Toxicity and Anti-angiogenesis in the Zebrafish Model

Many antitumor drugs inevitably have side effects on normal cells, such as bone
marrow suppression, liver and kidney injury, and abnormal blood cells. Therefore, in order
to improve the possibility of clinical application of acridine-heterocyclic derivatives, the
effective and low-toxicity antitumor drugs were screened using a zebrafish model. In this
experiment, 2% DMSO was used to dissolve the target products, and the abnormal rate
(MAR) and mortality rate (MOR) of zebrafish embryos (72 hpf) were used for statistics. At
different concentrations (1–2 mg/mL) of the selected compounds, various deformities were
observed, such as failure to hatch, embryo necrosis, severe angulation of the spine and
severe pericardial edema (Figure 11). The mortality and malformation rates of embryos
increased with a dose-effect relationship (Table 2). Almost all compounds in the compound
4 series were toxic. Particularly, compounds 4a, 4b, 4f and 4h had a total mortality and
malformation rate of 100% at 2.0 mg.L−1, exhibiting the strongest embryonic toxicity. It is
worth mentioning that compounds 5d and 5h displayed high levels of antitumor activities
but were less toxic to zebrafish embryos. At the highest concentration of 2.0 mg.L−1, the
mortality rate of zebrafish embryos was close to 0% and the malformation rate was less
than 15%. Moreover, there was hardly any toxicity observed in compound 6 at lower con-
centrations (1.0 mg.L−1). Compound 6i exhibited very low toxicity at a high concentration
of 2.0 mg.L−1 with 0% mortality rate and 25% malformation rate.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 11 of 21 
 

 

Figure 10. The best pose of the binding mode of compounds (4e, 5c, 6h and CPT) with DNA Topo I 
complex (PDB:1T8I). 

2.3.3. Toxicity and Anti-angiogenesis in the Zebrafish Model 
Many antitumor drugs inevitably have side effects on normal cells, such as bone 

marrow suppression, liver and kidney injury, and abnormal blood cells. Therefore, in 
order to improve the possibility of clinical application of acridine-heterocyclic derivatives, 
the effective and low-toxicity antitumor drugs were screened using a zebrafish model. In 
this experiment, 2% DMSO was used to dissolve the target products, and the abnormal 
rate (MAR) and mortality rate (MOR) of zebrafish embryos (72 hpf) were used for 
statistics. At different concentrations (1–2 mg/mL) of the selected compounds, various 
deformities were observed, such as failure to hatch, embryo necrosis, severe angulation 
of the spine and severe pericardial edema (Figure 11). The mortality and malformation 
rates of embryos increased with a dose-effect relationship (Table 2). Almost all 
compounds in the compound 4 series were toxic. Particularly, compounds 4a, 4b, 4f and 
4h had a total mortality and malformation rate of 100% at 2.0 mg.L−1, exhibiting the 
strongest embryonic toxicity. It is worth mentioning that compounds 5d and 5h displayed 
high levels of antitumor activities but were less toxic to zebrafish embryos. At the highest 
concentration of 2.0 mg.L−1, the mortality rate of zebrafish embryos was close to 0% and 
the malformation rate was less than 15%. Moreover, there was hardly any toxicity 
observed in compound 6 at lower concentrations (1.0 mg.L−1). Compound 6i exhibited 
very low toxicity at a high concentration of 2.0 mg.L−1 with 0% mortality rate and 25% 
malformation rate. 

 
Figure 11. Normal and abnormal zebrafish embryos (a) Normal zebrafish embryos (b) Normal 
zebrafish (c) Normal pericardium of zebrafish (d) Embryo necrosis (e) Severe angulation of the spine 
(f) Severe pericardial edema. 

Figure 11. Normal and abnormal zebrafish embryos (a) Normal zebrafish embryos (b) Normal
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Currently, the zebrafish has emerged as a valuable model organism to substitute
traditional models for studying angiogenesis inhibitors [20]. The genes of zebrafish show
70–80% similarity to humans, and the vascular structure of zebrafish has high similarity to
that of other vertebrates [21–23]. Therefore, the subintestinal veins (SIVs) in the zebrafish
embryos are used as evaluation indicators for anti-angiogenesis inhibitors. In this study,
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NBT/BCIP vascular staining was used to observe the angiogenesis effect of representative
drugs (4h, 4f, 5d, 5h, 6g and 6h) in a zebrafish model. As shown in Figure 12, SIVs grew
well in the blank group, naturally extending into a network in the abdomen with many
branches. The length of SIVs of zebrafish was measured by Image J software and is shown
in Figure 10b. Compared with the blank control group, the area of the meshed pattern vessel
and the number of vascular branches in the network decreased after the administration of
compounds 4h, 5d, 5h and 6h. Among these compounds, compounds 5d and 5h exhibited
the strongest antiangiogenic effects that led to a nearly 50% reduction in the vessel length
compared to the mean vessel length for the controls. Compounds 4a and 6g could reduce
the area of blood vessels, but at the same time, additional blood vessels were formed on
the blood vessel edge.

Table 2. The mortality rate (MOR) and malformation rate (MAR) of some of the selected compounds.

NO.
Sample Concentration

Control 2% DMSO 2 mg/mL 1.5 mg/mL 1 mg/mL
MOR MAR MOR MAR MOR MAR MOR MAR MOR MAR

4a 0 0 0 0 45% c 55% c 40% c 60% c 15% c 85% c

4b 0 0 0 0 40% a 55% a 15% a 70% a 15% a 70% a

4c 0 0 0 0 35% a 50% a 25% a 60% a 45% a 50% a

4f 0 0 0 0 85% b 15% b 20% b 80% b 10% b 60% b

4h 0 0 0 0 65% a 35% a 15% a 85% a 15% a 35% a

5d 0 0 0 0 0 10% c 0 10% a 0 5% b

5h 0 0 0 0 0 15% a 0 10% a 0 5% a

5j 0 0 0 0 0 15% a 0 5% a 0 0
6a 0 0 0 0 5% b 90% b 0 95% b 0 15% b

6e 0 0 0 0 65% c 35% c 30% c 70% c 10% c 10% c

6h 0 0 0 0 15% b 65% b 0 80% b 0 35% b

6i 0 0 0 0 0 25% c 0 10% b 0 0

Note: a = p < 0.01; b = p < 0.001; c = p < 0.002, compared with the control group.
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Figure 12. Effects of representative compounds (4f, 4h, 5d, 5h, 6g and 6h) and control on the
subintestinal veins (SIVs) length of 72 hpf zebrafish embryos (x ± s, n = 12), p < 0.05.

3. Materials and Methods

All commercially available chemicals were reagent grade and bought from Aladdin
Reagent Co., LTD (Shanghai, China); NBT/BCIP kit was bought from Tiangen Biochemical
Technology Co., LTD (Shanghai, China); AnnexinV-FITC apoptosis detection kit was bought
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from Nanjing KGI Biotechnology Development Co., Ltd. (Nanjing, China); The spectra
such as NMR, MS, and IR were all evaluated and recorded on a Bruker DRX-400 (1H: 400
MHz, 13C: 100 MHz) (Rheinstetten, Germany), a Thermo Fisher LCQ Fleet (ESI) instrument
(Waltham, MA, USA), and FT-IR Thermo Nicolet Avatar 360 using a KBr pellet (Waltham,
MA, USA). And the melting points were measured by the XT-4 A melting point apparatus
(Shanghai, China) without correction. Other instruments include BD FACSAria II Flow
cytometer (Franklin Lakes, NJ, USA), MCO96 carbon dioxide incubator (Osaka, Japan) and
Bio Tek EL × 800 microplate reader (Winooski, VT, USA), etc.

3.1. Synthesis Methods
3.1.1. Synthesis of N-phenyl-o-aminobenzoic acid (1) and 9-chlorine acridine (2)

The synthesis of N-phenyl-o-aminobenzoic acid (1) and 9-chlorine acridine (2) was
carried out according to our previously published procedure, with slight modifications [24].
Compound 1 could proceed to the next step without further purification.

2-methoxyl-9-chlorine acridine (2a): Yellow-green needle crystal, yield 85.2%, m.p.
158–159 ◦C. ESI-MS m/z: 244 ([M + H]+); 1H NMR (CDCl3, 400 MHz) 8.00 (dd, 2H, J = 8.00,
ArH), 7.93 (d, 2H, J = 8.20, ArH), 7.55–7.60 (m, 2H, ArH), 7.50 (d, 1H, J = 8.40, ArH), 7.30 (s,
1H, ArH), and 3.73 (s, 3H, -OCH3).

2-methyl-9-chlorine acridine (2b): Pale green needle crystal, yield 78.5%, m.p. 122–
123 ◦C. ESI-MS m/z: 228 ([M + H])+ 1H NMR (CDCl3, 400 MHz), δ: 8.05 (dd, 2H, J = 8.00,
ArH), 8.00 (d, 2H, J = 9.20, ArH), 7.61–7.68 (m, 2H, ArH), 7.50 (d, 1H, J = 5.40, ArH), 7.43 (s,
1H, ArH), 2.35 (s, 3H, -CH3).

3.1.2. Synthesis of 9-acridinyl Isothiocyanate (3)

To a solution of chlorine acridine 2 (5 mmol) in acetone (50 mL), NaSCN (0.81 g,
10 mmol) and tetrabutylammonium bromide (0.32 g, 1 mmol) were added, and the mixture
was then refluxed at 60 ◦C for 1 h. After cooling to room temperature, crystals of 3a were
immediately precipitated in the reaction mixture, and crystals of 3b were precipitated in an
ice bath. At the end of the procedure, the crystals were filtered, washed with water, and
dried under vacuum, and no further purification was carried out.

2-methoxyl-9-acridinyl isothiocyanate (3a): bright yellow crystal, yield 88.0%, m.p.
149–150 ◦C; ESI-MS m/z: 267 ([M + H]+); 1H NMR (CDCl3, 400 MHz), δ: 8.25 (d, 2H,
J = 8.50, ArH), 8.15 (d, 1H, J = 9.20, ArH), 7.77–7.81 (q, 1H, ArH), 7.66–7.68 (t, 1H, ArH), 7.51
(d, 1H, J = 8.00, ArH), 7.40 (s, 1H, ArH), 4.08(s, 3H, -OCH3); 13C NMR (CDCl3, 100 MHz)
δ: 158.66, 130.48, 127.54, 127.04, 123.48, 122.62, 122.28, 98.50, 55.90; IR (KBr) ν: 2967, 2098
(-N=C=S), 1356–1557 cm−1.

2-methyl-9-acridinyl isothiocyanate (3b): faint yellow needle crystal, yield 94%, m.p.
128–129 ◦C; ESI-MS m/z: 351 ([M + H]+); 1H NMR (CDCl3, 400 MHz), δ: 8.26–8.28 (m,
2H, ArH), 8.15 (d, 1H, J = 8.40 Hz, ArH), 8.04 (s, 1H, ArH), 7.83 (t, 1H, ArH), 7.64–7.70
(m, 2H, ArH), 7.40 (s, 1H, ArH), 2.67 (s, 3H, -CH3); 13C NMR (CDCl3, 100 M Hz) δ: 137.59,
130.46, 127.08, 125.21, 122.92, 122.21, 121.17, 22.12; IR (KBr) ν: 2903, 2143 (-N=C=S), 1411–
1630 cm−1.

3.1.3. General Procedure for the Synthesis of Acridinyl Aroyl Thiourea Derivatives 4a–4f

To a solution of 9-isothiocyanatoacridine 3 (2mmol) in absolute ethyl alcohol (60 mL),
the appropriate substituted hydrazides (2 mmol) were added, and the reaction mixture
was refluxed until the reactants had been consumed (monitored by TLC). The precipitate
of 4a–4f was prepared, filtered off, washed with 95% ethyl alcohol, and dried at room
temperature.

1-2′-methoxyl acridinyl-3-4′-pyridinamide thiourea (4a): Yellow powder, Yield 91%,
m.p. 200–206 ◦C; ESI-MS m/z: 404 ([M + H]+); 1H NMR (400 MHz, DMSO-d6), δ: 11.26 (br,
s, 1H, -NH), 10.41 (br, s, 1H, -NH), 10.22 (br, s, 1H, -NH), 8.80 (s, 1H, ArH), 8.05–8.15 (m,
2H, ArH), 7.93 (s, 1H, ArH), 7.77 (t, 1H, ArH), 7.63 (t, 1H, ArH), 8.15 (d, 1H, J = 8.40 Hz,
ArH), 8.04 (s, 1H, ArH), 7.83 (t, 1H, ArH), 7.53 (d, 1H, J = 9.20 Hz, ArH), 7.45 (s, 1H, ArH),
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4.02 (s, 3H, -OCH3); 13C NMR (DMSO-d6, 100 MHz) δ: 183.19, 167.30, 165.41, 158.40, 150.74,
148.72, 141.00, 139.61, 131.03, 129.59, 125.82, 122.40, 113.46, 109.76, 56.09; IR (KBr) ν: 3108,
2948 (N–H), 1695 (-C=O), 1291 (-C=S) cm−1.

1-2′-methoxyl acridinyl-3-benzoyl thiosemicarbazides (4b): Yellow powder, Yield 76%,
m.p. 190–192 ◦C; ESI-MS m/z: 403 ([M + H]+); 1H NMR (400 MHz, DMSO-d6), δ: 10.96 (br,
s, 1H, -NH), 10.40 (br, s, 1H, -NH), 10.10 (br, s, 1H, -NH), 8.01–8.14 (m, 4H, ArH), 7.76 (s,
2H, ArH), 7.52–7.58 (m, 6H, ArH), 4.02 (s, 3H, -OCH3); 13C NMR (101 MHz, DMSO-d6) δ:
183.14, 166.84, 164.80, 157.06, 156.21, 144.80, 141.24, 139.31, 132.72, 129.80, 128.80, 127.28,
125.95, 122.46, 122.11, 112.10, 111.51, 56.22; IR (KBr) ν: 3102, 2941 (-N—H), 1686 (-C=O),
1289 (-C=S) cm−1.

1-2′-methoxyl acridinyl-3-4′-methoxy benzoyl thiosemicarbazides (4c): Yellow powder,
Yield 87%, m.p. 202–203 ◦C; ESI-MS m/z: 455 ([M + Na]+); 1H NMR (400 MHz, DMSO-d6),
δ: 10.81 (br, s, 1H, -NH), 10.37 (br, s, 1H, -NH), 10.04 (br, s, 1H, -NH), 8.02–8.09 (m, 4H, ArH),
7.32–7.87 (m, 6H, ArH), 7.06 (s, 1H, ArH), 3.82 (s, 3H, -OCH3), 3.32 (s, 3H, -OCH3); 13C
NMR (101 MHz, DMSO-d6) δ: 182.97, 166.60, 162.03, 156.30, 153.82, 140.77, 136.15, 132.16,
129.58, 128.77, 127.25, 125.82, 121.52, 111.00, 108.32, 55.90; IR (KBr) ν: 3107, 2945 (-N—H),
1677 (-C=O), 1256 (-C=S) cm−1.

1-2’-methoxyl acridinyl-3-4′-nitro benzoyl thiosemicarbazides (4d): Yellow powder,
Yield 94%, m.p. 223–227 ◦C; ESI-MS m/z: 448 ([M + H]+); 1H NMR (400 MHz, DMSO-d6),
δ: 11.30 (br, s, 1H, -NH), 10.45 (br, s, 1H, -NH), 10.22 (br, s, 1H, -NH), 8.38 (s, 2H, ArH),
8.26 (s, 2H, ArH), 8.02–8.16 (m, 2H, ArH), 7.53-7.63 (m, 4H, ArH), 7.46 (s, 1H, ArH), 4.02 (s,
3H, -OCH3); 13C NMR (101 MHz, DMSO-d6) δ: 183.22, 167.59, 162.87, 157.42, 149.87, 147.71,
146.73, 140.26, 138.66, 131.49, 131.11, 129.64, 125.67, 124.67, 124.15, 123.98, 117.74, 110.08,
100.87, 56.20; IR (KBr) ν: 3105, 2947 (-N—H), 1697 (-C=O), 1527 (-C=S) cm−1.

1-2’-methoxyl acridinyl-3-4’-nitro benzoyl thiosemicarbazides (4d): Yellow powder,
Yield 94%, m.p. 223–227 ◦C; ESI-MS m/z: 448 ([M+H]+); 1H NMR (400 MHz, DMSO-d6),
δ: 11.30 (br, s, 1H, -NH), 10.45 (br, s, 1H, -NH), 10.22 (br, s, 1H, -NH), 8.38 (s, 2H, ArH),
8.26 (s, 2H, ArH), 8.02-8.16 (m, 2H, ArH), 7.53–7.63 (m, 4H, ArH), 7.46 (s, 1H, ArH), 4.02 (s,
3H, -OCH3); 13C NMR (101 MHz, DMSO-d6) δ: 183.22, 167.59, 162.87, 157.42, 149.87, 147.71,
146.73, 140.26, 138.66, 131.49, 131.11, 129.64, 125.67, 124.67, 124.15, 123.98, 117.74, 110.08,
100.87, 56.20; IR (KBr) ν: 3105, 2947 (-N—H), 1697 (-C=O), 1527 (-C=S) cm−1.

1-2′-methyl acridinyl-3-4′-pyridinamide thiourea (4f): Orange powder, Yield 82%, m.p.
176–180 ◦C; ESI-MS m/z: 410 ([M + Na]+); 1H NMR (400 MHz, DMSO-d6), δ: 11.59 (br, s,
1H, -NH), 10.99 (br, s, 1H, -NH), 10.21 (br, s, 1H, -NH), 8.81 (s, 2H, ArH), 7.89 (s, 3H, ArH),
7.42–7.89 (m, 6H, ArH), 2.33 (s, 3H, -CH3); 13C NMR (101 MHz, DMSO-d6) δ: 183.47, 167.14,
155.61, 150.76, 140.45, 140.16, 138.18, 133.65, 131.24, 126.31, 124.88, 117.52, 111.80, 21.93; IR
(KBr) ν: 3104, 2918 (-N—H), 1556 (-C=O), 1471 (-C=S) cm−1.

1-2′-methyl acridinyl-3-benzoyl thiosemicarbazides (4g): Orange powder, Yield 82%,
m.p. 171–173 ◦C; ESI-MS m/z: 409 [M + Na]+; 1H NMR (400 MHz, DMSO-d6), δ: 10.68 (br,
s, 1H, -NH), 10.41 (br, s, 1H, -NH), 10.13 (br, s, 1H, -NH), 8.58–8.75 (m, 4H, ArH), 7.42–7.57
(m, 5H, ArH), 7.39 (d, J = 8.5 Hz, 2H, ArH), 7.09 (s, 1H, ArH), 2.42 (s, 3H, -CH3); 13C NMR
(101 MHz, DMSO-d6,) δ: 181.29, 166.81, 153.65, 150.24, 148.96, 140.25, 138.24, 133.58, 130.84,
130.35, 126.22, 125.07, 122.13, 121.38, 117.44, 116.40, 111.44, 21.25; IR (KBr) ν: 3102, 2917
(-N—H), 1569 (-C=O), 1471 (-C=S) cm−1.

1-2′-methyl acridinyl-3-4’-methoxy benzoyl thiosemicarbazides (4h): Orange-yellow
powder, Yield 93%, m.p. 210–212 ◦C; ESI-MS m/z: 439 ([M + Na]+); 1H NMR (400 MHz,
DMSO-d6), δ: 10.53 (br, s, 1H, -NH), 10.38 (br, s, 1H, -NH), 10.08 (br, s, 1H, -NH), 7.97–8.18
(m, 4H, ArH), 7.34–7.55 (m, 3H, ArH), 7.34–7.55 (m, 3H, ArH), 7.07 (s, 1H, ArH), 3.44 (s, 3H,
-OCH3), 2.42 (s, 3H, -CH3); 13C NMR (101 MHz, DMSO-d6) δ: 181.09, 166.30, 153.39, 148.81,
140.15, 138.18, 130.79, 130.04, 126.17, 125.32, 121.21, 117.39, 114.12, 111.37, 55.89, 22.24; IR
(KBr) ν: 3094, 2914 (-N—H), 1556 (-C=O), 1471 (-C=S) cm−1.

1-2′-methyl acridinyl-3-4’-nitro benzoyl thiosemicarbazides (4i): Orange-yellow pow-
der, Yield 73%, m.p. 187–188 ◦C; ESI-MS m/z: 457 ([M + Na]+); 1H NMR (400 MHz,
DMSO-d6), δ: 11.56 (br, s, 1H, -NH), 10.76 (br, s, 1H, -NH), 10.15 (br, s, 1H, -NH), 8.41 (d, J
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= 8.5 Hz, 2H), 7.96–8.26 (m, 4H, ArH), 7.26–7.57 (m, 4H, ArH), 7.11 (s, 1H, ArH), 2.44 (s,
3H, -CH3); 13C NMR (101 MHz, DMSO-d6) δ: 183.42, 166.78, 155.67, 149.20, 140.24, 140.14,
131.87, 130.89, 130.41, 124.68, 117.93, 111.56, 22.50; IR (KBr) ν: 3095, 2918 (-N—H), 1598
(-C=O), 1483 (-C=S) cm−1.

1-2′-methyl acridinyl-3-4′-chloro benzoyl thiosemicarbazides (4j): Orange-yellow
powder, Yield 86%, m.p. 178–179 ◦C; ESI-MS m/z: 443 ([M + Na]+); 1H NMR (400 MHz,
DMSO-d6), δ: 10.77 (br, s, 1H, -NH), 10.48 (br, s, 1H, -NH), 10.08 (br, s, 1H, -NH), 8.18–8.34
(m, 4H, ArH), 7.57–7.83 (m, 3H, ArH), 7.33–7.57 (m, 3H, ArH), 7.07 (s, 1H, ArH), 2.42 (s,
3H, -CH3); 13C NMR (101 MHz, DMSO-d6) δ: 182.61, 166.39, 155.38, 149.09, 140.26, 139.92,
131.03, 130.08, 129.29, 124.20, 117.53, 116.31, 111.58, 104.34, 22.83; IR (KBr) ν: 3094, 2915
(-N—H), 1567 (-C=O), 1480 (-C=S) cm−1.

3.1.4. General Procedure for the Synthesis of Acridinyl 1,2,4-triazole Derivatives 5a–5f

The appropriate acyl thiosemicarbazides (4a–4i, 1 mmol) and 5% aqueous sodium
carbonate (40 mL) were refluxed for 5 h. After cooling, the precipitate was filtered off and
the filtrate was acidified by hydrochloric acid to a pH of 2. The precipitates were formed,
filtered off and then crystallized from ethyl alcohol.

4-(2-methoxyacridin-9-yl)-5-(pyridin-4-yl)-2,4-dihydro-3H-1,2,4-triazole-3-thione (5a):
Light yellow powder, Yield 75%, m.p. 272–273 ◦C; ESI-MS m/z: 384 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6), δ: 14.79 (br, s, 1H, -NH), 8.38 (dd, J = 4.6, 1.5 Hz, 2H, ArH), 8.33–8.11
(m, 2H, ArH), 7.94–7.76 (m, 1H, ArH), 7.08 (dd, J = 4.6, 1.6 Hz, 2H, ArH), 6.87 (d, J = 2.6 Hz,
1H), 3.86 (s, 3H, -OCH3); 13C NMR (100 MHz, DMSO-d6) δ: 169.99, 159.21, 157.94, 150.89,
149.46, 134.90, 130.31, 129.15, 126.69, 125.10, 124.89, 120.97, 56.52; IR (KBr) ν: 3069, 2906,
2745 (-N—H), 1505–1633 (-C=N),1480 (-C=S) cm−1.

4-(2-methoxyacridin-9-yl)-5-phenyl-2,4-dihydro-3H-1,2,4-triazole-3-thione (5b): Light
yellow powder, 60%, m.p. 259–261 ◦C; ESI-MS m/z: 385 ([M + H]+); 1H NMR (400 MHz,
DMSO-d6), δ: 14.56 (s, 1H, -NH), 8.22 (dd, J = 12.2, 9.1 Hz, 2H, ArH), 7.89–7.75 (m, 1H, ArH),
7.70–7.58 (m, 2H, ArH), 7.56 (d, J = 8.6 Hz, 1H, ArH), 7.26 (t, J = 6.6 Hz, 1H, ArH), 7.21–7.07
(m, 4H, ArH), 6.82 (d, J = 2.6 Hz, 1H, ArH), 3.85 (s, 3H, -OCH3); 13C NMR (100 MHz,
DMSO-d6) δ: 169.50, 159.01, 151.69, 147.45, 146.68, 132.13, 131.27, 130.24, 130.13, 129.26,
128.94, 127.42, 126.58, 125.76, 124.95, 123.68, 122.58, 98.59, 56.44; IR (KBr) ν: 3056, 2912, 2749
(-N—H), 1500–1632 (-C=N), 1476 (-C=S) cm−1.

4-(2-methoxyacridin-9-yl)-5-(4-methoxyphenyl)-2,4-dihydro-3H-1,2,4-triazole-3-thione
(5c): Light yellow powder, Yield 58%, m.p. 262–267 ◦C; ESI-MS m/z: 415 ([M + H]+); 1H
NMR (400 MHz, DMSO-d6), δ: 14.45 (s, 1H, -NH), 8.23 (dd, J = 11.8, 9.1 Hz, 2H, ArH),
7.93–7.73 (m, 1H, ArH), 7.64 (s, 2H, ArH), 7.54 (s, 1H, ArH), 7.08 (d, J = 8.9 Hz, 2H, ArH),
6.80 (s, 1H, ArH), 6.70 (d, J = 8.9 Hz, 2H, ArH), 3.85 (s, 3H, -OCH3), 3.58 (s, 3H, -OCH3); 13C
NMR (100 MHz, DMSO-d6) δ: 169.30, 161.33, 159.01, 151.58, 147.51, 146.73, 134.08, 132.17,
130.20, 128.95, 126.56, 125.02, 123.76, 122.59, 117.89, 114.76, 98.57, 56.41, 55.60; IR (KBr) ν:
3066, 2883, 2726 (N—H), 1500–1632 (C=N), 1476 (C=S) cm−1.

4-(2-methoxyacridin-9-yl)-5-(4-nitrophenyl)-2,4-dihydro-3H-1,2,4-triazole-3-thione (5d):
Light yellow powder, Yield 40%, m.p. 253–255 ◦C; ESI-MS m/z: 430 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6), δ: 14.79 (s, 1H, -NH), 8.24 (t, J = 9.3 Hz, 2H, ArH), 8.02 (d, J = 8.9
Hz, 2H, ArH), 7.93–7.75 (m, 1H, ArH), 7.63 (dd, J = 9.5, 2.7 Hz, 2H, ArH), 7.58 (s, 1H, ArH),
7.44 (d, J = 8.9 Hz, 2H, ArH), 6.91 (s, 1H, ArH), 3.87 (s, 3H, -OCH3); 13C NMR (100 MHz,
DMSO-d6) δ: 170.00, 159.22, 149.93, 148.90, 147.47, 146.78, 133.20, 132.22, 131.44, 130.25,
129.15, 128.69, 126.70, 124.93, 124.61, 123.51, 122.38, 98.64, 56.54; IR (KBr) ν: 3066, 2883, 2726
(-N—H), 1421–1633 (-C=N), 1345 (-C=S) cm−1.

4-(4-chlorophenyl)-4-(2-methoxyacridin-9-yl)-2,4-dihydro-3H-1,2,4-triazole-3-thione (5e):
Light yellow powder, Yield 78%, m.p. 286–287 ◦C; ESI-MS m/z: 419 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6), δ: 14.61 (s, 1H, -NH), 8.23 (dd, J = 11.4, 9.2 Hz, 2H, ArH), 7.93–7.76
(m, 1H, ArH), 7.73–7.60 (m, 2H, ArH), 7.55 (d, J = 8.6 Hz, 1H, ArH), 7.25 (d, J = 8.6 Hz,
2H, ArH), 7.17 (d, J = 8.6 Hz, 2H, ArH), 6.85 (s, 1H, ArH), 3.86 (s, 3H, -OCH3); 13C NMR
(100 MHz, DMSO-d6) δ: 169.59, 159.10, 150.72, 147.44, 146.71, 136.12, 133.51, 132.17, 130.22,
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129.54, 129.11, 126.64, 124.93, 124.62, 123.57, 122.49, 98.61, 56.49; IR (KBr) ν: 3056, 2909, 2748
(-N—H), 1344–1632 (-C=N), 1503 (-C=S) cm−1.

4-(2-methylacridin-9-yl)-5-(pyridin-4-yl)-2,4-dihydro-3H-1,2,4-triazole-3-thione (5f):
Light yellow powder, Yield 48%, m.p. 264–268 ◦C; ESI-MS m/z: 370 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6) δ: 14.84 (s, 1H, -NH), 8.37 (d, J = 6.0 Hz, 2H, ArH), 8.29 (d, J = 8.7 Hz,
1H, ArH), 8.23 (d, J = 8.9 Hz, 1H, ArH), 7.96–7.84 (m, 1H, ArH), 7.84–7.74 (m, 1H, ArH),
7.72–7.59 (m, 2H, ArH), 7.50 (s, 1H, ArH), 7.04 (d, J = 6.1 Hz, 2H, ArH), 2.52 (s, 3H, -CH3);
13C NMR (100 MHz, DMSO-d6) δ: 170.32, 150.92, 149.15, 148.75, 148.53, 139.37, 134.60,
134.56, 132.85, 131.15 130.21, 130.00, 129.04, 123.54, 123.40, 122.87, 120.84, 120.70, 56.49; IR
(KBr) ν: 3066, 2917, 2757 (-N—H), 1279–1600 (-C=N), 1426 (-C=S) cm−1.

4-(2-methylacridin-9-yl)-5-phenyl-2,4-dihydro-3H-1,2,4-triazole-3-thione (5g): White
powder, Yield 78%, m.p. 292–293 ◦C; ESI-MS m/z: 369 ([M + H]+); 1H NMR (400 MHz,
DMSO-d6) δ: 14.60 (s, 1H, -NH), 8.26 (d, J = 8.8 Hz, 1H, ArH), 8.20 (d, J = 8.9 Hz, 1H, ArH),
7.90–7.82 (m, 1H, ArH), 7.77 (d, J = 9.0 Hz, 1H, ArH), 7.72–7.56 (m, 2H, ArH), 7.48 (s, 1H,
ArH), 7.30–7.17 (m, 1H, ArH), 7.13 (d, J = 4.4 Hz, 4H, ArH), 2.51 (s, 3H, -CH3); 13C NMR
(100 MHz, DMSO-d6) δ: 169.73, 151.47, 148.71, 148.47, 139.08, 135.20, 134.51, 131.29, 131.07,
130.11, 129.91, 129.28, 128.83, 127.33, 125.66, 123.71, 123.58, 123.02, 120.86, 22.15; IR (KBr) ν:
3066, 2917, 2757 (-N—H), 1279–1600 (-C=N), 1426 (-C=S) cm−1.

4-(4-methoxyphenyl)-4-(2-methylacridin-9-yl)-2,4-dihydro-3H-1,2,4-triazole-3-thione
(5h): White powder, Yield 83%, m.p. 268–269 ◦C; ESI-MS m/z: 399 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6) δ: 14.48 (s, 1H, -NH), 8.27 (d, J = 8.8 Hz, 1H), 8.21 (d, J = 8.9 Hz, 1H,
ArH), 7.86 (t, 1H, ArH), 7.78 (dd, J = 9.0, 1.5 Hz, 1H, ArH), 7.65 (d, J = 6.5 Hz, 1H, ArH), 7.60
(d, J = 8.5 Hz, 1H, ArH), 7.46 (s, 1H, ArH), 7.05 (d, J = 8.9 Hz, 2H, ArH), 6.68 (d, J = 8.9 Hz,
2H, ArH), 3.57 (s, 3H, -OCH3), 2.52 (s, 3H, -CH3); 13C NMR (100 MHz, DMSO-d6) δ: 169.51,
161.33, 151.35, 148.77, 148.53, 139.05, 135.42, 134.49, 131.06, 130.06, 128.85, 123.71 123.02,
120.86, 117.78, 114.78, 55.61, 22.17; IR (KBr) ν: 3095, 2925, 2750 (-N—H), 1360–1613 (-C=N),
1514 (-C=S) cm−1.

4-(2-methylacridin-9-yl)-5-(4-nitrophenyl)-2,4-dihydro-3H-1,2,4-triazole-3-thione (5i):
Light yellow powder, Yield 53%, m.p. 245–247 ◦C; ESI-MS m/z: 414 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6) δ: 14.79 (s, 1H, -NH), 8.24 (t, J = 9.3 Hz, 2H, ArH), 8.02 (d, J = 8.9 Hz,
2H, ArH), 7.83 (s, 1H, ArH), 7.71–7.59 (m, 2H, ArH), 7.57 (d, J = 8.7 Hz, 1H, ArH), 7.44
(d, J = 8.9 Hz, 2H, ArH), 6.91 (s, H, ArH), 2.51 (s, 3H, -CH3), 13C NMR (100 MHz, DMSO-
d6) δ: 169.99, 150.53, 148.55, 139.72, 135.26, 131.39, 130.41, 129.19, 128.69, 126.71, 124.62,
123.78, 123.49, 120.98, 22.19; IR (KBr) ν: 3054, 2918, 2755 (-N—H), 1432-1633 (-C=N), 1376
(-C=S) cm−1.

4-(4-chlorophenyl)-4-(2-methylacridin-9-yl)-2,4-dihydro-3H-1,2,4-triazole-3-thione (5j):
Yellow powder, Yield 80%, m.p. 259–263 ◦C; ESI-MS m/z: 403 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6) δ: 14.65 (s, 1H, -NH), 8.27 (d, J = 8.8 Hz, 1H, ArH), 8.20 (d, J = 8.9 Hz,
1H, ArH), 7.88 (dd, J = 10.5, 4.0 Hz, 1H, ArH), 7.77 (d, J = 8.8 Hz, 1H, ArH), 7.73–7.57 (m,
2H, ArH), 7.49 (s, 1H, ArH), 7.24 (d, J = 8.5 Hz, 2H, ArH), 7.14 (d, J = 8.5 Hz, 2H, ArH); 13C
NMR (100 MHz, DMSO-d6) δ: 169.85, 150.49, 148.74, 148.52, 139.19, 136.15, 134.86, 134.52,
131.08, 130.17, 129.97, 129.55, 129.00, 124.51, 123.56, 122.98, 120.81, 22.15; IR (KBr) ν: 3097,
2933 (-N—H), 1258-1600 (-C=N), 1497 (-C=S) cm−1.

3.1.5. General Procedure for the Synthesis of Acridinyl 1,3,4-thiadiazol Derivatives (6)

About 3 mL of 98% concentrated sulfuric acid was added to a 50 mL round-bottom
flask and stirred in an ice bath for 10 min at 0 ◦C. Then, intermediate 4 (0.5 mmol) was
added into the solution in small portions over the course of 1 h. The reaction was continued
at room temperature for 24–48 h, and 10 mL pure water was slowly added to reaction
mixture in an ice bath. The final product 6 was precipitated, filtered off, washed with water,
dried, and crystallized from ethyl alcohol.

7-methoxy-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-imine
(6a): Orange solids, Yield 80%, m.p. 272–275 ◦C; ESI-MS m/z: 386 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6), δ: 8.78 (d, J = 5.7 Hz, 2H, ArH), 8.22 (d, J = 8.6 Hz, 1H, ArH), 8.00–7.94
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(m, 3H, ArH), 7.90 (d, J = 6.2 Hz, 2H, ArH), 7.75 (dd, J = 9.3, 2.7 Hz, 1H, ArH), 7.58 (s, 1H,
ArH), 7.53 (dt, J = 8.3, 4.0 Hz, 1H, ArH), 3.86 (s, 3H, -OCH3); 13C NMR (DMSO-d6, 100 MHz)
δ: 156.40, 149.19, 140.03, 135.03, 130.65, 128.43, 127.65, 127.49, 127.29, 126.86, 125.02, 121.72,
119.38, 103.95, 56.20; IR (KBr) ν: 3055, 3011, 2837 (-C—H, -N—H), 1379-1631 (-C=N) cm−1.

7-methoxy-N-(5-phenyl-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-imine (6b):
Orange- yellow solid, Yield 81%, m.p. 263–265 ◦C; ESI-MS m/z: 385 ([M + H]+); 1H NMR
(400 MHz, DMSO-d6), δ: 8.19 (d, J = 8.7 Hz, 1H, ArH), 7.92 (q, J = 9.3 Hz, 3H, ArH), 7.80
(dd, J = 6.6, 2.9 Hz, 2H, ArH), 7.68 (dd, J = 9.2, 2.7 Hz, 1H, ArH), 7.58 (s, 1H, ArH), 7.54–7.44
(m, 4H, ArH), 3.83 (s, 3H, -OCH3); 13C NMR (101 MHz, DMSO-d6) δ: 156.06, 140.22, 136.58,
134.49, 131.24, 130.46, 129.83, 127.72, 126.95, 126.79, 124.37, 121.59, 120.02, 120.33, 119.26,
116.76, 104.39, 56.03; IR (KBr) ν: 2771 (-C—H, N—H), 1329-1632 (-C=N) cm−1.

7-methoxy-N-(5-(4-methoxyphenyl)-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-
9(8aH)-imine (6c): Orange-red solid, Yield 54%; m.p. 230–232 ◦C; ESI-MS m/z: 415 ([M +
H]+); 1HNMR (400 MHz, DMSO-d6) δ: 8.35 (d, J = 8.5 Hz, 1H, ArH), 8.10 (d, J = 8.1 Hz, 3H,
ArH), 8.01 (d, J = 9.8 Hz, 1H, ArH), 7.96 (s, 1H, ArH), 7.91–7.79 (m, 1H, ArH), 7.76–7.55 (m,
3H, ArH), 7.06 (t, J = 9.1 Hz, 1H, ArH), 3.93 (s, 3H, -OCH3), 3.81 (s, 3H, -OCH3); 13C NMR
(101 MHz, DMSO-d6) δ: 156.91, 149.55, 144.54, 140.78, 136.88, 135.34, 129.01, 128.50, 126.77,
124.39, 121.00, 116.85, 112.99, 103.39, 103.21, 56.65, 56.17; IR (KBr) ν: 2771 (-C—H, -N—H),
1567 (-C=N) cm−1.

7-methoxy-N-(5-(4-nitrophenyl)-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-
imine (6d): Orange-red solid, Yield 33%; m.p. 258–260 ◦C; ESI-MS m/z: 430 ([M + H]+);
1H NMR (DMSO-d6

, 400 MHz) δ: 8.32 (d, J = 8.9 Hz, 2H, ArH), 8.29 (d, J = 8.6 Hz, 1H,
ArH), 8.04 (dd, J = 6.9, 4.8 Hz, 5H, ArH), 7.81 (dd, J = 9.3, 2.7 Hz, 1H, ArH), 7.61 (dd, J = 8.5,
2.5 Hz, 2H, ArH), 3.89 (s, 3H, -OCH3); 13C NMR (101 MHz, DMSO-d6) δ: 156.85, 148.76,
145.74, 142.43, 139.80, 136.85, 135.92, 135.35, 129.32, 127.93, 126.55, 125.67, 125.01, 121.90,
120.38, 119.60, 117.03, 103.59, 56.32; IR (KBr) ν: 2829 (-C—H, -N—H), 1346-1633 (-C=N)
cm−1.

7-methoxy-N-(5-(4-chlorophenyl)-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-
imine (6e): Orange-yellow solid, Yield 51%; m.p. 203–205 ◦C; ESI-MS m/z: 419 ([M + H]+);
1H NMR (400 MHz, DMSO-d6) δ: 8.21 (d, J = 8.6 Hz, 1H, ArH), 7.94 (d, J = 8.1 Hz, 3H, ArH),
7.82 (s, 2H, ArH), 7.72 (dd, J = 9.2, 2.6 Hz, 1H, ArH), 7.58 (dd, J = 5.9, 2.6 Hz, 3H, ArH),
7.55–7.41 (m, 1H, ArH), 3.85 (s, 3H, -OCH3); 13C NMR (101 MHz, DMSO-d6) δ: 156.36,
140.09, 135.90, 134.8, 129.89, 129.19, 128.58, 128.25, 126.65, 124.87, 121.70, 120.01, 119.45,
116.90, 104.12, 102.60, 56.21; IR (KBr) ν: 2781 (-C—H, -N—H), 1467 (-C=N) cm−1.

7-methyl-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-imine
(6f): Orange-yellow solid, Yield 43%; m.p. 276–278 ◦C; ESI-MS m/z: 370 ([M + H]+); 1H
NMR (400 MHz, DMSO-d6) δ: 8.34 (d, J = 8.7 Hz, 2H, ArH), 8.23 (d, J = 8.9 Hz, 1H, ArH),
8.14 (d, J = 8.3 Hz, 1H, ArH), 8.05 (t, J = 9.3 Hz, 3H, ArH), 8.01–7.91 (m, 2H, ArH), 7.88 (s,
1H, ArH), 7.51 (d, J = 8.2 Hz, 1H, ArH), 2.48 (s, 3H, -CH3); 13C NMR (101 MHz, DMSO-d6)
δ: 158.09, 155.78, 151.07, 140.54, 135.49, 133.66, 131.53, 127.77, 126.46, 123.78, 121.88, 118.38,
118.11, 116.14, 21.31; IR (KBr) ν: 2824 (-C—H, -N—H), 1347-1600 (-C=N) cm−1.

7-methyl-N-(5-phenyl-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-imine (6g):
Yellow solid, Yield 56%; m.p. 294–296 ◦C; ESI-MS m/z: 369 ([M + H]+); 1H NMR (400 MHz,
DMSO-d6) δ: 8.17 (d, J = 8.5 Hz, 1H, ArH), 8.07 (s, 1H, ArH), 7.97–7.85 (m, 2H, ArH), 7.80 (d,
J = 6.9 Hz, 4H, ArH), 7.59-7.49 (m, 3H, ArH), 7.48–7.34 (m, 1H, ArH), 2.45 (s, 3H, -CH3); 13C
NMR (101 MHz, DMSO-d6) δ: 160.12, 157.49, 140.60, 138.98, 137.32, 135.07, 133.97, 131.26,
130.45, 129.82, 127.17, 127.15, 125.56, 124.06, 119.50, 119.21, 118.10, 117.00, 21.44; IR (KBr) ν:
2792 (C—H, N—H), 1366-1627 (C=N) cm−1.

7-methyl-N-(5-(4-methoxyphenyl)-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-
imine (6h): Orange-yellow solid, Yield 84%; m.p. >300 ◦C; ESI-MS m/z: 399 ([M + H]+); 1H
NMR (400 MHz, DMSO-d6) δ: 8.33 (d, J = 8.7 Hz, 1H, ArH), 8.18 (s, 1H, ArH), 8.10–8.01 (m,
3H, ArH), 7.98 (d, J = 8.8 Hz, 2H, ArH), 7.91–7.77 (m, 1H, ArH), 7.68 (dd, J = 8.6, 2.3 Hz, 1H,
ArH), 7.62 (dd, J = 14.4, 7.9 Hz, 1H, ArH), 7.08 (d, J = 8.7 Hz, 1H, ArH), 2.48 (s, 3H, -CH3);
13C NMR (101 MHz, DMSO-d6) δ: 162.17, 159.02, 140.47, 139.22, 137.04, 136.13, 135.63,
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128.91, 127.11, 127.06, 126.92, 126.85, 125.57, 125.06, 120.71, 120.03, 119.59, 118.29, 117.35,
113.02, 56.20, 21.52; IR (KBr) ν: 3090, 2920, 2830 (-C—H, -N—H), 1486-1628 (-C=N) cm−11.

7-methyl-N-(5-(4-nitrophenyl)-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-
imine (6i): Purple-red solid, Yield 53%; m.p. 224–226 ◦C; ESI-MS m/z: 414 ([M + H]+); 1H
NMR (400 MHz, DMSO-d6) δ: 12.17 (s, 1H, -NH), 8.35 (d, J = 8.9 Hz, 2H, ArH), 8.15 (d,
J = 8.9 Hz, 2H, ArH), 7.96 (d, J = 5.1 Hz, 2H, ArH), 7.72 (t, J = 7.0 Hz, 1H, ArH), 7.65–7.56 (m,
2H, ArH), 7.54 (d, J = 8.5 Hz, 1H, ArH), 7.18 (t, J = 7.6 Hz, 1H, ArH), 2.35 (s, 3H, -CH3); 13C
NMR (100 MHz, DMSO-d6) δ: 165.41, 148.81, 143.72, 140.52, 139.40, 138.81, 136.22, 135.69,
135.63, 127.93, 126.99, 125.65, 125.02, 120.12, 119.72, 118.15, 117.34, 113.14, 21.54; IR (KBr) ν:
2918 (-C—H, -N—H), 1340-1627 (-C=N) cm−1.

7-methyl-N-(5-(4-chlorophenyl)-1,3,4-thiadiazol-2-yl)-10,10a-dihydroacridin-9(8aH)-
imine (6j): Orange-yellow solid, Yield 67%, m.p. 258–260 ◦C; ESI-MS m/z: 403 ([M + H]+);
1H NMR (400 MHz, DMSO-d6) δ: 8.23 (d, J = 8.6 Hz, 1H, ArH), 8.12 (s, 1H, ArH), 8.04–7.93
(m, 2H, ArH), 7.88 (s, 2H, ArH), 7.81 (d, J = 8.5 Hz, 2H, ArH), 7.58 (d, J = 8.5 Hz, 2H, ArH),
7.51 (t, J = 7.5 Hz, 1H, ArH), 2.49 (s, 3H, -CH3); 13C NMR (101 MHz, DMSO-d6) δ: 160.71,
146.36, 140.56, 139.09, 137.87, 135.87, 135.50, 129.89, 129.14, 128.58, 127.04, 125.34, 124.71,
119.72, 119.37, 118.16, 117.13, 21.47; IR (KBr) ν: 2795 (-C—H, -N—H), 1366–1627 (-C=N)
cm−1.

3.1.6. Preparation of Single Crystal Compounds 5b and 6d and Their X-ray Single Crystal
Diffraction Method

A single crystal of 5b and 6d suitable for X-ray diffraction study was cultivated
from 95% ethyl alcohol and N, N-dimethylformamide respectively, by a slow evapo-
ration method at room temperature. All measurements were performed with Mo Kα
radiation (λ = 0.7107 Å) on a Brucker SMART 1000 CCD X diffractometer (Billerica, MA,
USA). The structure was solved by direct methods with SHELXS-97 [25] and refined by
SHELXL-97 [26]. All non-hydrogen atoms were refined with anisotropic thermal parame-
ters. The final full-matrix least-squares refinement of 5b gave R = 0.0914, ω = 1/[s2(Fo2)
+ (0.0431 p)2 + 0.2721 p] where p = (Fo2 + 2Fc2)/3, S = 1.043, (∆/σ)max = 0.237 and
(∆/σ)min = −0.267 e/Å3. In addition, the final full-matrix least-squares refinement of
6d gave R = 0.0914, ω = (1/[s2(Fo2) + (0.0650 p)2 + 0.0224 p] where p = (Fo2 + 2Fc2)/3,
S = 1.028, (∆/σ)max = 0.236 and (∆/σ)min = −0.197 e/Å3.

3.2. In-Vivo Antitumor Activity
3.2.1. Antiproliferative Activity

Test samples, including compounds 4–6 and commercial classical anticancer drugs
(5-FU and cis-platinum), were screened for their anti-cancer activity against HFF human
foreskin fibroblast cells, MGC-803 human gastric cancer cells, BEL-7404 human hepatocel-
lular carcinoma cells, NCI-H460 human large cell carcinoma cells, and T24 human bladder
carcinoma cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) assay method cited in the literature [27]. The initial concentration of all the test
samples was 100 µg/mL, which was serially diluted in complete medium with ten-fold
dilutions to give six concentrations per compound. Their cytotoxicity was determined
in 96-well flat bottomed microtiter plates. All the test samples were tested in triplicate.
The results were expressed as the drug concentration that inhibited cell growth by 50%
as compared to the controls (IC50). The IC50 values were calculated from regression lines
obtained from the percent cell growth inhibition plotted as a function of the logarithm of
the dose.

3.2.2. Apoptosis and Cell Cycle Analysis

The apoptosis assay and the cell cycle analysis were carried out by cytometry (FACS-
Verse, BD, Piscataway, NJ, USA) at an excitation wavelength of 488 nm according to the
method described in the literature with slight modifications [28]. The cells were seeded at
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2 × 106/well and washed by cold PBS. The buffer solutions were prepared using 0.1 M pH
7.4 Hepes/NaOH, 1.4 M NaCl, and 25 mM CaCl2.

3.2.3. Topo I Inhibitory Activity

Topo I and pBR322 were obtained commercially from Takara Bio Inc. (Shiga, Japan).
And the enzyme inhibitory activity was determined by our previous methods [19].

3.2.4. Anti-Angiogenic Effect Using the Zebrafish Model

(a) Zebrafish toxicity assay

The zebrafish embryos were collected at 6 hpf and randomly divided into naive control
(embryos maintained in distilled water), vehicle control (embryos treated with 2% DMSO),
and drug groups. Stock solutions of all drugs were prepared in 2% DMSO as a solubilizing
agent and diluted to three concentrations (0.5 mg/mL, 1 mg/mL, and 2 mg/mL). Each
group had 20 embryos per test concentration. The zebrafish embryos were maintained in
an incubator at 28 ◦C and read at 72 hpf for their mortality and teratogenicity (including
non-hatching, egg condensation, spinal curvature, pericardial enlargement, etc.). Each
compound was evaluated in three independent biological experiments.

(b) Angiogenesis assay

The 24 hpf zebrafish embryos were dechorionated with a 1 gL−1 pronase treatment and
maintained in distilled water in 12-well cell culture plates (each well contained 20 embryos).
A negative control group containing zebrafish embryos in distilled water and a vehicle
treatment group that was treated with 2% dimethyl sulfoxide (DMSO) were prepared.
The anti-angiogenic compounds were diluted to 1 mg/mL. After incubating at 28 ◦C for
72 h, the embryos were immersed in 4% paraformaldehyde and dehydrated by gradient
ethanol. Subsequently, the embryos were balanced in NTMT buffer (5 M NaCl + 1 M Tris
[pH 9.0–9.5] + 1 M MgCl2+ 10% Tween), and nitrotetrazolium blue chloride (NBT) and
p-toluidine salt (BCIP) staining were performed. To evaluate the effect of compounds on
the angiogenesis of zebrafish embryos, the growth of embryonic sub-intestinal veins (SIVs)
at 72 hpf was observed using an IX71 Olympus microscope (Hamburger, Germany). The
length of the SIVs was calculated using the image J 1.8.0 software (Bethesda, MD, USA).

4. Conclusions

A new series of acridine-triazole and acridine-thiadiazole derivatives were synthesized
and characterized by spectral studies. All the synthesized compounds were evaluated
for their in vitro cytotoxic activities against HFF, MGC-803, BEL-7404, NCI-H460, and
T24 by the MTT assay method. Most of the compounds were sensitive to MGC-803
and T24 cell lines. Compared to all the prepared compounds, 4a, 5d and 6h exhibited
the best anticancer activity against MGC-803 cell lines, and compounds 4h, 5h and 6h
showed the most excellent antitumor activity against T24. Preliminary studies of antitumor
mechanisms revealed that the representative compounds (5d and 6h or 4h and 6h) could
suppress cell proliferation by inducing apoptosis in the Q3 period of MGC-803 or T24 cell
lines. Compound 5d might inhibit the growth of tumor cells by arresting cells in the G2
phase, while compound 4h had a great effect on the S phase. In the zebrafish experiment,
compound 5d displayed a superior antiangiogenic effect and lower toxicity than other
compounds. Therefore, compound 5d has the potential to be an antitumor drug with high
efficiency and low toxicity.

Author Contributions: Contributed to the synthesis of compounds, L.H., X.L. and H.X.; performed
pharmacological activity testing and docking studies of the target products, R.C., Y.N., Z.J. and Y.L.;
wrote the manuscript, L.H. and R.C.; supervision of the project and design of experiment, L.H., R.C.
and R.L.; contributed to improvising the manuscript, provided intellectual inputs, and edited the
language of the manuscript, Y.J. and L.W. All authors have read and agreed to the published version
of the manuscript.



Int. J. Mol. Sci. 2023, 24, 64 20 of 21

Funding: This work acknowledges the support of the National Natural Science Foundation of
China (22067001) and the Inheritance and innovation team of Guangxi Traditional Chinese Medicine
(2022B005). We also thank the Guangxi Key Laboratory of Zhuang and Yao Ethnic Medicine [(2013)
No. 20], the Collaborative Innovation Center of Zhuang and Yao Ethnic Medicine [(2014) No. 32], the
Guangxi Key Discipline Zhuang Pharmacology ((2013) No. 16), the First-class Discipline in Guangxi
of traditional Chinese Pharmacology (Direction of Ethnic Medicine) ((2018) No. 12) and Guangxi
Joint Graduate education Base (Guangxi Degree (2021) No. 6).

Institutional Review Board Statement: There are no any ethical issues with animals.

Informed Consent Statement: These studies were not involving humans.

Data Availability Statement: We have presented all of our main data in the form of tables and figures.
CCDC 2214949 contain supplementary crystallographic data for compound 5b and CCDC 2214923
contain supplementary crystallographic data for compound 6d. These datas can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (accessed on 20 December 2022)
or the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
+44-1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cheng, G.X.; Gao, Y. Progress in the study of the mechanism of action of anti-tumor drugs. Jilin Med. 2009, 30, 3080–3083.
2. Martins, C.; Gunaratnam, M.; Stuart, J.; Makwana, V.; Greciano, O.; Reszka, A.P.; Kelland, L.R.; Neidle, S. Structure-based

design of benzylamino-acridine compounds as G-quadruplex DNA telomere targeting agents. Bioorg. Med. Chem. Lett. 2007, 17,
2293–2298. [CrossRef]

3. Kamal, A.; Srinivas, O.; Ramulu, P.; Ramesh, G.; Kumar, P.P. Synthesis of C8-linked pyrrolo[2,1-c][1,4]benzodiazepine-
acridone/acridine hybrids as potential DNA-binding agents. Bioorg. Med. Chem. Lett. 2004, 14, 4107–4111. [CrossRef]

4. Demeunynck, M.; Charmantray, F.; Martelli, A. Interest of acridine derivatives in the anticancer chemotherapy. Curr. Pharm. Des.
2001, 7, 1703–1724.

5. Graham, J.A.; Gordon, W.R.; Bruce, C.B.; William, A.D. Potential antitumor agents. 50. in vivo solid-tumor activity of derivatives
of N-[2-(Dimethylamino) ethy]acridine-4-carboxamide. J. Med. Chem. 1987, 30, 664–669.

6. Wainwright, M. Acridine-a neglected antibacterial chromophore. J. Antimicrob. Chemother. 2001, 47, 1–13. [CrossRef]
7. Hamulakova, S.; Janovec, L.; Soukup, O.; Jun, D.; Kuca, K. Synthesis, in vitro acetylcholinesterase inhibitory activity and

molecular docking of new acridine-coumarin hybrids. Int. J. Biol. Macromol. 2017, 104, 333–338. [CrossRef]
8. Denny, W.A. Acridine Derivatives as Chemotherapeutic Agents. Curr. Med. Chem. 2002, 9, 1655–1665. [CrossRef]
9. Lee, Y.C.; Chen, Y.J.; Huang, C.H.; Chang, L.S. Amsacrine-induced apoptosis of human leukemia U937 cells is mediated by the

inhibition of AKT- and ERK-induced stabilization of MCL1. Apoptosis 2017, 22, 406–420. [CrossRef]
10. Mi, J.L.; Wu, J.; Zhou, C.H. Research progress of triazole antitumor drugs. West China J. Pharm. Sci. 2008, 23, 84–86.
11. Kumar, D.; Kumar, N.M.; Chang, K.H.; Shah, K. Synthesis and anticancer activity of 5-(3-indolyl)-1,3,4-thiadiazoles. Eur. J. Med.

Chem. 2010, 45, 4664–4668. [CrossRef]
12. Joubert, J.P.; Smit, F.J.; du Plessis, L.; Smith, P.J.; N’Da, D.D. Synthesis and in vitro biological evaluation of aminoacridines and

artemisinin-acridine hybrids. Eur. J. Pharm. Sci. 2014, 56, 16–27. [CrossRef]
13. Malachowska-Ugarte, M.; Cholewinski, G.; Dzierzbicka, K.; Trzonkowski, P. Synthesis and biological activity of novel mycophe-

nolic acid conjugates containing nitro-acridine/acridone derivatives. Eur. J. Med. Chem. 2012, 54, 197–201. [CrossRef]
14. Barros, F.W.A.; Silva, T.G.; da Rocha Pitta, M.G.; Bezerra, D.P.; Costa-Lotufo, L.V.; de Moraes, M.O.; Pessoa, C.; de Moura, M.A.F.B.;

de Abreu, F.C.; de Lima, M.D.C.A.; et al. Synthesis and cytotoxic activity of new acridine-thiazolidine derivatives. Bioorg. Med.
Chem. 2012, 20, 3533–3539. [CrossRef]

15. Chen, C.-H.; Lin, Y.-W.; Zhang, X.; Chou, T.-C.; Tsai, T.-J.; Kapuriya, N.; Kakadiya, R.; Su, T.-L. Synthesis and in vitro cytotoxicity
of 9-anilinoacridines bearing N-mustard residue on both anilino and acridine rings. Eur. J. Med. Chem. 2009, 44, 3056–3059.
[CrossRef]

16. Tomascikova, J.; Imrich, J.; Danihel, I.; Bohm, S.; Kristian, P.; Pisarcikova, J.; Sabol, M.; Klika, K.D. Regioselectivity and
Tautomerism of Novel Five-Membered Ring Nitrogen Heterocycles Formed via Cyclocondensation of Acylthiosemicarbazides.
Molecules 2008, 13, 501–518. [CrossRef]

17. Pommier, Y. Diversity of DNA topoisomerases I and inhibitors. Biochimie 1998, 80, 255–270. [CrossRef]
18. Ismail, M.M.F.; Rateb, H.S.; Hussein, M.M.M. Synthesis and docking studies of novel benzopyran-2-ones with anticancer activity.

Eur. J. Med. Chem. 2010, 45, 3950–3959. [CrossRef]
19. Chen, R.; Huo, L.N.; Jaiswal, Y.; Wei, J.H.; Li, D.P.; Zhong, J.; Williams, L.; Xia, X.; Liang, Y. Synthesis and Evaluation of Anticancer

Activity of New 4-Acyloxy Derivatives of Robustic Acid. Int. J. Mol. Sci. 2019, 20, 5336. [CrossRef]
20. Zhang, J.; Gao, B.L.; Zhang, W.C.; Qian, Z.J.; Xiang, Y. Monitoring antiangiogenesis of bevacizumab in zebrafish. Drug Des. Dev.

Ther. 2018, 12, 2423–2430. [CrossRef]

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://doi.org/10.1016/j.bmcl.2007.01.056
http://doi.org/10.1016/j.bmcl.2004.04.087
http://doi.org/10.1093/jac/47.1.1
http://doi.org/10.1016/j.ijbiomac.2017.06.006
http://doi.org/10.2174/0929867023369277
http://doi.org/10.1007/s10495-016-1307-5
http://doi.org/10.1016/j.ejmech.2010.07.023
http://doi.org/10.1016/j.ejps.2014.01.014
http://doi.org/10.1016/j.ejmech.2012.04.040
http://doi.org/10.1016/j.bmc.2012.04.007
http://doi.org/10.1016/j.ejmech.2008.07.016
http://doi.org/10.3390/molecules13030501
http://doi.org/10.1016/S0300-9084(98)80008-4
http://doi.org/10.1016/j.ejmech.2010.05.050
http://doi.org/10.3390/ijms20215336
http://doi.org/10.2147/DDDT.S166330


Int. J. Mol. Sci. 2023, 24, 64 21 of 21

21. Howe, K.; Clark, M.D.; Torroja, C.F.; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Humphray, S.; McLaren, K.; Matthews, L.;
et al. The zebrafish reference genome sequence and its relationship to the human genome. Nature 2013, 496, 498–503. [CrossRef]
[PubMed]

22. Gore, A.V.; Monzo, K.; Cha, Y.R.; Pan, W.; Weinstein, B.M. Vascular development in the zebrafish. CSH Perspect. Med. 2012, 2,
a006684. [CrossRef] [PubMed]

23. Schuermann, A.; Helker, C.S.M.; Herzog, W. Angiogenesis in zebrafish. Semin. Cell Dev. Biol. 2014, 31, 106–114. [CrossRef]
24. Huo, L.N.; Chen, R.; Liao, Y.F.; Liu, H.G.; Li, P.Y.; Lu, R.M.; Zhong, Z.G. Synthesis, crystal structure and biological evaluation of

acridine-1, 2, 3-triazole derivatives. Chin. J. Struct. Chem. 2016, 35, 698–704.
25. Bruker. APEXII Software, Version 6.3.1; Bruker AXS Inc.: Madison, WI, USA, 2004.
26. Sheldrick, G.M. SHELXS-97 and SHELXL-97, Program for X-ray Crystal Structure Refinement; University of Göttingen: Göttingen,

Germany, 1997.
27. Su, W.; Zhang, B.Q.; Peng, B.H.; Tang, Z.F.; Li, P.Y. Synthesis and Anticancer Activity of a New Di-nuclear Ruthenium Arene

Compound with Thiosemicarbazones. Chin. J. Struct. Chem. 2020, 39, 1112–1118.
28. Huang, R.Z.; Wang, C.Y.; Li, J.F.; Yao, G.Y.; Pan, Y.M.; Ye, M.Y.; Wang, H.S.; Zhang, Y. Synthesis, antiproliferative and apoptosis-

inducing effects of novel asiatic acid derivatives containing α-aminophosphonates. RSC Adv. 2016, 6, 62890–62906. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/nature12111
http://www.ncbi.nlm.nih.gov/pubmed/23594743
http://doi.org/10.1101/cshperspect.a006684
http://www.ncbi.nlm.nih.gov/pubmed/22553495
http://doi.org/10.1016/j.semcdb.2014.04.037
http://doi.org/10.1039/C6RA11397D

	Introduction 
	Results and Discussion 
	Chemistry 
	In-Vitro Anticancer Activity Assay and Structure-Activity Analysis 
	Antitumor Mechanism Studies 
	Apoptosis and Cell-Cycle Analysis 
	Evaluation of Topo I Inhibitory Activity 
	Toxicity and Anti-angiogenesis in the Zebrafish Model 


	Materials and Methods 
	Synthesis Methods 
	Synthesis of N-phenyl-o-aminobenzoic acid (1) and 9-chlorine acridine (2) 
	Synthesis of 9-acridinyl Isothiocyanate (3) 
	General Procedure for the Synthesis of Acridinyl Aroyl Thiourea Derivatives 4a–4f 
	General Procedure for the Synthesis of Acridinyl 1,2,4-triazole Derivatives 5a–5f 
	General Procedure for the Synthesis of Acridinyl 1,3,4-thiadiazol Derivatives (6) 
	Preparation of Single Crystal Compounds 5b and 6d and Their X-ray Single Crystal Diffraction Method 

	In-Vivo Antitumor Activity 
	Antiproliferative Activity 
	Apoptosis and Cell Cycle Analysis 
	Topo I Inhibitory Activity 
	Anti-Angiogenic Effect Using the Zebrafish Model 


	Conclusions 
	References

