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Abstract. Alkylglycerone phosphate synthase (AGPS) is 
an oncogene and can be considered as an antitumor drug 
target. The aim of the present study was to design novel 
nitrogenous heterocyclic compound improving targetability by 
computer-aided drug design technology targeting AGPS. A total 
of 12 nitrogenous heterocyclic compounds were designed and 
predicted the absorption, distribution, metabolism and excretion 
parameters/toxicity. Their activity in terms of proliferation 
inhibition, cell cycle arrest and apoptosis induction was then 
measured using an MTS assay and a high-content screening 
system in U251 cells. The results showed that anti-glioma activity 
was present in compounds N4, N5, N6, N7, N8 and N12, which 
was in accordance with the computer prediction. Therefore, 
these compounds may be suitable for the development of a novel 
glioma therapeutic drug.

Introduction

Malignant glioma is a disease that severely impairs human 
health. In our previous study, alkylglycerone phosphate 
synthase (AGPS) was found to be an oncogene, and the 
hypothesis was made that AGPS may be a target of glioma 
inhibitors (1,2). The aim of the present study was to design 
nitrogenous heterocyclic compounds via computer-aided 
design and determine the molecular biological differences 
between tumor cells and normal cells, in order to improve 

selectivity and enhance the current research on targetability of 
the nitrogenous heterocyclic compounds. AGPS was selected 
as the target around which to structure a two-dimensional 
(2D) and 3D structure-activity model via computer-aided drug 
design (CADD) technology to make macromolecular docking. 
Nitrogenous heterocyclic compounds were designed and a 
database was established in an effort to obtain a comprehen-
sive understanding of the structure-activity relationship among 
candidate compounds.

It has been found that the onset and progression course 
of a tumor is often accompanied with lipid metabolic confu-
sion (3). The inactivation of key enzymes synthesized by 
AGPS can lower the ether ester level of tumor cells and reduce 
the pathogenicity of the cancer, while their overexpression can 
raise the ether ester level of the tumor cells and enhance cell 
proliferation and movement ability, thereby promoting growth 
and invasion of tumor (4). This indicates the potential of AGPS 
to become a novel target for antineoplastic agents, and its 
specific inhibitor will provide advantages which surpass those 
provided by traditional chemotherapy. Our previous study also 
validated the use of RNA interference technology to silence 
the expression of AGPS in glioma and hepatoma cells in order 
to inhibit their proliferation and invasion, and to improve the 
sensitivity of cells that are resistant to medicine (5).

Based on the aforementioned study (6), AGPS was selected 
as target to structure 2D and 3D structure-activity association 
models via CADD technology in the present study. A total of 
12 nitrogenous heterocyclic compounds were designed and a 
database was established, in order to obtain a comprehensive 
understanding of the structure-activity associations among 
the candidate compounds and then further optimize the lead 
compound structure.

Materials and methods

Protein structure and the database. A 3D structure model 
[Protein Data Bank (PDB) ID: 2UUV] of human AGPS was 
downloaded from PDB (7). The amino acid residue in the 
crystal structure did not mutate. Crystal structure resolution 
was <2.6.
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Ligand preparation. Ligand preparation was designed by 
chemical drug experience and utilized ChemBioDraw Ultra 11.0 
in the ChemOffice 2010 software package (PerkinElmer, 
Inc., Waltham, MA, USA) to plot the micromolecule planar 
construction. The plotted planar construction was then imported 
into ChemBio3D Ultra 11.0 to generate a spatial structure, which 
was then saved in *.mol2 format. The file in *.mol2 format was 
imported into Discovery Studio 3.5 software (BIOVIA, San 
Diego, CA, USA) for docking and Erwin Schrodinger 2009 
software (Schrodinger, LLC, Portland, OR, USA) for absorption, 
distribution, metabolism and excretion (ADME) analysis, and 
the LigPrep module was adopted to optimize the micromolecule, 
desalt and add an electric charge to produce ionization consistent 
with human body pH. The force field of the optimization molecule 
was OPLS_2005, which is the same as that of the optimization 
receptor, thereby forming a tautomeride of the molecule. The 
alloisomerism treatment adopted the input spatial structure to 
perform the chiral method of molecular docking.

Molecular docking. Molecular docking was conducted using 
the ‘docking’ module in the Discovery Studio 3.5 software, 
with ‘receptor box producing’ selected and centered on the 
original ligand micromolecule to automatically generate the 
receptor box file. Flexible docking with standard accuracy 
was adopted. All calculations were conducted using the Dell 
Precision T5500 workstation (Dell Inc., Round Rock, TX, 
USA) with the Red Hat Enterprise Linux 6.0 operating system 
(Red Hat, Raleigh, NC, USA).

The compound structure was imported into Discovery 
Studio 3.5, and the preparation work for the micromolecule 
prior to docking was completed using the prepare ligands tool 
module in the software package, including restoring valence, 
generating 3D conformation and minimizing the energy of 
the micromolecule. Molecular docking was performed by the 
CDOCKER module in Discovery Studio 3.5, with the original 
ligand molecule as the center and 9Å as the radius, to automati-
cally generate docking region. The result used ‘CDOCKER 
ENERGY’ as the scoring index. The larger the value was, the 
larger the affinity of receptor docking.

ADME analysis. ADME was an important part in the 
medicine discovery process to select and optimize the 
compound. The downloaded AGPS target crystal structure 
(2UUV) was imported into Schrodinger 2009 for ADME 
analysis in order to first correct the chemical bond in the 
protein structure, treat the metallic ions, hydrogenate, make 
the amino acid residue at end N and end C neutral, reserve the 
original ligand and protein, and remove impurity atoms and 
water molecules. The OPLS_2005 position was selected to 
optimize the protein structure, and sample water orientations 
served as the parameters to optimize the hydrogen bond, with 
the convergence standard being RMSD0.5Å.

Toxicity analysis. Toxicity prediction was also important in the 
selection of a potential drug. Toxicity analysis was conducted 
using the ‘TOPKAT’ module in Discovery Studio 3.5 soft-
ware. Toxicity parameters included rodent carcinogenicity, 
mutagenicity, the ames test, skin irritancy, ocular irritation, 
aerobic biodegradability, and whether the molecule was a 
non-carcinogen, non-mutagen and non-degradable.

Cell culture. AGPS was demonstrated to be overexpressed in 
glioma in a previous study (8), so the glioma U251 cell line was 
used to explored the activity of compounds at first, provided 
by the Type Culture Collection of the Chinese Academy 
of Sciences (Shanghai, China). The cells were cultured in 
Dulbecco's modified Eagle's medium with 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) in a cell incubator with 5% CO2 at 37˚C.

MTS assay. A total of 5x103 U251 cells in suspension with 
Dulbecco's modified Eagle's medium with 10% fetal bovine 
serum were added to 96-well plates at 37˚C for 24 h, and 
N1-N12 (designed by the School of Pharmacy, Tianjin Medical 
University, Tianjin, China; synthesized by Werian Biotech Co., 
Jinan, China) at different concentrations (0, 2, 5, 10, 20, 50, 
100 and 200 µM) were added at 37˚C for 72 h. Then MTS 
(Promega Corporation, Madison, WI, USA) solvent was added 
and incubated at 37˚C for 1 h and the OD value was measured 
using a Multiskan FC Microplate Reader (Thermo Fisher 
Scientific Inc.). The cell proliferation was then measured 
by MTS assay. Inhibition rate was calculated as follows: 
Inhibition rate (%)=(1‑optical density valuetreatment group/optical 
density valuecontrol group) x100. The half maximal inhibitory 
concentration (IC50) was calculated by Graphpad Prism 6.0 
(GraphPad Software, Inc., La Jolla, CA, USA).

High‑content screening (HCS) assay. The cell cycle and apop-
tosis were measured by HCS platform CellInsight CX5 (Thermo 
Fisher Scientific, Inc.) via fluorescence intensity. For the cell 
cycle measurement, 8x103 U251 cells in suspension were added 
to 96‑well plates with Premo Cdt1‑red fluorescent protein and 
Premo geminin‑green fluorescent protein (both Thermo Fisher 
Scientific, Inc.) at 37˚C for 24 h. N1‑N12 (100 µM) [with 100 µl 
phosphate-buffered saline (PBS) as the negative control] were 
added for 24 h, and then the cell cycle was measured and 
analyzed by HCS platform at 488 nm excitation.

For the cell apoptosis measurements, 8x103 U251 cells in 
suspension were added to 96-well plates for 24 h, and 100 µM 
compounds (with PBS as the negative control) were added 
for 24 h. The cells were then incubated with Annexin V and 
Hoechst 33258 (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) in the dark at room temperature for 15 min, and the 
cell apoptosis was measured and analyzed by HCS platform at 
488 nm excitation.

Statistical analysis. The experimental data were statistically 
analyzed with SPSS 11.0 statistical software (SPSS, Inc., 
Chicago, IL, USA) and are expressed as the mean ± standard 
deviation. The statistical analysis was performed using 
one-way analysis of variance with the Tukey-Kramer post 
hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Analysis on affinity. A total of 12 compounds were designed 
for the analysis on affinity, which is represented by the docking 
score (a high docking score indicates a high affinity) (Fig. 1). 
The 2D combined mode with amino acid residue (Fig. 2) 
and the 3D combined mode (Fig. 3) with AGPS show the 
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Table I. Absorption, distribution, metabolism and excretion prediction of nitrogenous heterocyclic compounds.

Compound MW (Da) donorHB accptHB QPlogPo/w QPlogS PSA

N1 353.299 4.75 13.75 -2.350 -2.809 215.170
N2 394.349 5.50 14.00 -2.247 -2.459 230.122
N3 270.250 3.50 10.50 -1.464 -2.210 148.217
N4 323.310 4.75 8.75 -0.409 -3.568 170.861
N5 329.315 4.75 9.50 -0.617 -3.307 178.267
N6 350.336 4.75 8.75 0.100 -3.810 172.853
N7 362.390 3.50 9.50 0.008 -2.991 144.227
N8 376.417 3.50 9.50 0.259 -3.435 143.247
N9 376.417 3.50 10.50 0.488 -2.838 142.237
N10 376.417 3.50 9.50 0.505 -2.489 135.360
N11 376.417 4.00 10.50 0.340 -2.651 139.990
N12 380.449 3.50 9.50 0.506 -2.749 139.842

MW, molecular weight; donorHB, hydrogen bond donor; accptHB, hydrogen bond receptor; QPlogPo/w, lipid water partition coefficient; 
QPlogS, water solubility partition coefficient; PSA, polar surface area.

Figure 1. Structure and docking score of nitrogenous heterocyclic compounds N1-N12.

https://www.spandidos-publications.com/10.3892/ol.2018.8873
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hydrophobic bond (green circle and green line), hydrogen 
(pink circle and blue line) and pi bond (a covalent bond, orange 
line) interactions of the compounds (the dotted lines in Fig. 2).

ADME prediction. ADME properties are an important index 
to check whether clinical candidates can reach the required 
standard (9). Bad properties imply a high risk of failure for 
this candidate, which may become a less than ideal drug. The 
ADME of an ideal medicine is as follows: Hydrogen bond 
donor, ≤5; hydrogen bond receptor, <10; molecular weight, 
<500 Da; lipid water partition coefficient, <5; water‑solubility 
partition coefficient, ‑6.5<logS<‑0.5; and polar surface area, 
7.0-200.0 (10).

Table I shows the ADME results of the nitrogenous hetero-
cyclic compounds, with some that satisfied the aforementioned 
qualifications. N4, N5, N6, N7, N8 and N12 were considered to 
exhibit potential drug properties.

Toxicity prediction. Table II shows the toxicity prediction 
results of the nitrogenous heterocyclic compounds. All 
compounds were found to exhibit suitable toxicity for drug 
development.

Effect of nitrogenous heterocyclic compounds on the prolif‑
eration of U251 cells. Table III and Fig. 4 show the IC50 
of the nitrogenous heterocyclic compounds for 72 h. It was 
found that compounds N4, N5, N6, N7, N8 and N12, which 
had IC50 values of <100 µM, were suitable for drug develop-
ment.

Effect of nitrogenous heterocyclic compounds on the cell 
apoptosis of U251 cells. Table IV shows the effect of the 
nitrogenous heterocyclic compounds on cell apoptosis for 24 h. 
Compounds N4, N5, N6, N7, N8 and N12 induced a >10% cell 
apoptosis rate at a 100 µM concentration (Fig. 5).

Figure 2. 2D combined mode of nitrogenous heterocyclic compounds N1-N12. The green circle and green line represent the hydrophobic bond, the pink circle 
and blue line represent the hydrogen bond, and the orange line represents the pi bond (a covalent bond) in interactions of the compounds. 2D, two-dimensional.
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Effect of nitrogenous heterocyclic compounds on the cell cycle 
of U251 cells. Table V shows the effect of nitrogenous hetero-
cyclic compounds on the cell cycle for 24 h. It was found that 
compounds N2, N3, N4, N5, N6, N7, N8, N11 and N12 induced 
a >10% cell cycle arrest at a 100 µM concentration (Fig. 6).

Discussion

Malignant glioma is a disease that seriously damages 
human health; it accounts for ~70% of primary malignant 
brain tumors, with an annual incidence of ~5/100,000 indi-
viduals (11,12). The number of new cases every year exceeds 
14,000. As for glioblastoma (World Health Organization 
stage IV) patients, median survival time is only between 
14.6 and 17 months, and the annual number of associated 
mortalities reaches 30,000 (13-15). The chemical features 
comprise: The hydrogen bond receptor, hydrogen bond 
donor, hydrophobic center, positive charge center, negative 

charge center and aromatic ring center (16-18). In the present 
study, compounds N1‑N12 were first docked, resulting in 
high docking scores with the target AGPS. This implies their 
potential ability to inhibit AGPS.

In previous years, the medicine discovery phase mainly 
focused on the discovery of active compounds, and other 
problems, including pharmacokinetics, toxicity, solubility and 
stability, were not considered until the development phase. 
Thus, solely analyzing the affinity of the compound and target 
cannot ascertain the possibility of these compounds becoming 
potential medicines (19). ADME properties are an important 
index to check whether clinical candidates can reach the 
required standard. Bad properties imply a high risk of failure 
for this candidate, which may then become a less than ideal 
drug. According to a previous study, ~40% of failures to 
develop a medicine in the development phase are due to poor 
biopharmaceutical properties (PK and bioavailability) (20). 

High development expenses make such failures a primary 

Figure 3. 3D combined mode of nitrogenous heterocyclic compounds N1-N12. 3D, three-dimensional.

https://www.spandidos-publications.com/10.3892/ol.2018.8873
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economic loss in medicine development. Thus, ADME has 
become an indispensable part of the medicine discovery 
process, and it can be used to supervise the selection and 
optimization of precious lead compounds. The QikProp 
module (in part of the Erwin Schrodinger 2009 software) can 
predict the following properties of compounds: the logarithm 
value of brain to plasma concentration ratio, water solubility, 
liposolubility, MDCK cell line and Caco-2 cell line for 
permeability, general central nervous system activity, K ion 
channel blocking of human ether-a-go-go related gene log 
IC50 and the bonding activity of serum albumin (log Khsa). 
The present study experiments predicted water solubility, 
polar surface area, MDCK cell permeability, and oil and 
water partition coefficient. It was found that N4, N5, N6, N7, 
N8 and N12 exhibited potential drug properties. The toxicity 
predictions of the compounds were also investigated with 
Discovery Studio using the TOPKAT protocol, and the toxicity 
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Table III. IC50 of nitrogenous heterocyclic compounds in U251 
cells.

Compound IC50, µM

N1 251.7
N2 128.5
N3 106.8
N4 86.7
N5 73.5
N6 97.5
N7 88.2
N8 92.8
N9 168.7
N10 205.6
N11 153.8
N12 71.7

IC50, half maximal inhibitory concentration.

Table IV. Apoptosis rate of nitrogenous heterocyclic 
compounds in U251 cells.

Compound Apoptosis rate, %

PBS control 1.1
N1 8.7
N2 6.2
N3 6.3
N4 18.7
N5 24.5
N6 15.6
N7 21.8
N8 17.2
N9 6.3
N10 8.7
N11 5.5
N12 23.7
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of the compounds was found to be suitable for the development 
into a medical drug.

HCS was the novel technology used for the drug activity 
screening in the present study, and it was able to analyze the 
effect on cell proliferation, cell apoptosis and the cell cycle by 
high throughput and quick screening using the HCS platform. 
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Figure 4. MTS assay showed that nitrogenous heterocyclic compounds 
suppressed the proliferation of U251 cells and the IC50 was determined. IC50, 
half maximal inhibitory concentration.

Figure 5. Effect of nitrogenous heterocyclic compounds on the cell apoptosis 
of U251 cells. HCS assay showed that nitrogenous heterocyclic compounds 
induced cell apoptosis of U251 cells. *P<0.05 compared with the PBS group. 
PBS, phosphate-buffered saline.

Figure 6. Effect of nitrogenous heterocyclic compounds on the cell cycle 
of U251 cells. HCS assay showed that nitrogenous heterocyclic compounds 
induced cell cycle arrest in the G2/M phase of U251 cells. *P<0.05 compared 
with the PBS group. PBS, phosphate-buffered saline.

https://www.spandidos-publications.com/10.3892/ol.2018.8873


ZHU et al:  ADME/TOXICITY PREDICTIONS AND NITROGENOUS HETEROCYCLIC COMPOUND ACTIVITY1438

The effect on proliferation, apoptosis and the cell cycle by 
12 nitrogenous heterocyclic compounds was analyzed, and N4, 
N5, N6, N7, N8 and N12 were shown to be most active in vitro 
according the ADME prediction, showing the accuracy of the 
CADD screening model.

In conclusion, 12 nitrogenous heterocyclic compounds 
were designed in the present study, 6 of which presented 
with suitable ADME parameters and toxicity predictions; 
these 6 may be suitable for development into novel glioma 
therapeutic drugs. This study provides a foundation for the 
study into novel nitrogenous heterocyclic anti-glioma drugs 
and future studies will investigate the toxicity in animal 
models.
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