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aluation of new sterol derivatives
as potential antitumor agents†

Xiang Chen, a Yong Jun Gan,b Yu Yu*a and Yuan Zhang*c

The current optimization of tetrazanbigen (TNBG) on the C-ring provided a series of new sterol derivatives

2a–2n. All new synthesized compounds were screened for their anti-proliferation activities against five

human cancer cell lines (HepG2, QGY-7701, SMMC-7721, A-431 and NCI-H23 cell lines) in vitro. Among

them, 2a, 2b, 2c, 2m and 2n exhibited high anti-proliferation activities on SMMC-7721, and their IC50

values approach that of the positive control drug cisplatin. Compound 2a not only showed strong anti-

proliferation activities against QGY-7701 and HepG2 cell lines, with IC50 values (IC50: 6.81 � 0.24 mM,

7.69 � 0.87 mM) better than that of cisplatin (IC50: 8.75 mM, 18.89 � 2.01 mM), but also exhibited good

aqueous solubility (0.15–15 mg mL�1 at pH 7.4 and 2.0). On the most sensitive QGY-7701 cell line, Oil

red O staining and western blot analysis were performed. The results suggested that 2a can inhibit the

growth of cancer cells possibly by interfering with the lipid metabolism balance of tumor cells, resulting

in lipid accumulation and cell apoptosis (lipotoxicity). Moreover, after being treated with 2a, lipid

accumulation of QGY-7701 cell was increased in a time and dose dependent manner. Based on these

promising results, 2a was selected for drug formulation and further pre-clinical development.
Introduction

As we all know, malignant tumors have become the main cause
of death from disease in the world and now threaten all of us.1,2

Although there are many drugs and methods that can be
available for cancer treatment, the successful treatment of
malignant tumours continues to be a challenge on account of
the serious side effects of drugs and the drug resistance of
malignant tumors. Therefore, new anti-tumor drugs with lower
side effects and better efficacy have become an urgent require-
ment at present.3

Malignant cells are characterized by uncontrolled growth
and proliferation. For rapid growth and proliferation, prolifer-
ating cells must take up enough of the right nutrients and
energy to duplicate all macromolecular components and
assemble the components into daughter cells.4,5 Unlike the
energy source of normal cells, the main energy source of cancer
cells relies on a non-oxidation energy source, such as anaerobic
glycolysis that was observed in most cancer cells.6–8 Besides
anaerobic glycolysis, a large number of research results showed
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that in order to meet the requirements of tumor cells growth,
the biosynthesis of lipids in tumor cells is far more than that of
normal cells.9,10 Highly proliferating tumor cells need enough
lipids for membrane production and energy supplement.11,12

Lipid is the main resource of energy and nutrients to keep the
rapid growth and proliferation of cancer cells.6–8,13 But, there are
evidences suggested that an excessive accumulation of lipids in
cancer cells may also cause deleterious effects.14,15 As amatter of
fact, excess lipid accumulation in cancer cells may not only
affect fundamental cellular processes, but also induce cancer
cells apoptosis (collectively termed lipotoxicity).16,17 All the
results indicated that the critical role of lipids in the growth and
proliferation of cancer cells represents a potential candidate
target that could be exploited for cancer therapy. Therefore,
treating cancer through interfering with the lipid metabolism
balance has been supposed to a good strategy bymore andmore
researchers.15,18–20

Subsequently, tetrazanbigen (TNBG, Fig. 1) was found to the
effect which could disturb the lipid metabolism balance of
tumor cells by inducing lipid accumulation.21 TNBG, a novel
Fig. 1 Chemical structure of tetrazanbigen (TNBG) and 1a.

This journal is © The Royal Society of Chemistry 2018
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sterol derivative with isoquinoline moieties, exhibits lower side
effects and strong antitumor efficacy against common solid
tumors, including the liver cancer, the bladder cancer and
human epidermoid carcinoma.22 in vivo experiment, once-daily
administration of TNBG (1.5 mg kg�1 day�1) produces signi-
cant tumor growth inhibition in tumour volume and tumour
weight. Percentage tumor growth inhibition (TGI%) was 87%. It
was interesting to note that the results from pathological
analysis in nude mice demonstrated that TNBG could induce
lipid accumulation specically in cancer tissue rather than in
other normal organs (such as: heart, kidney, lung, blood vessels,
brain, etc.).23,24 TNBG has been undergoing preclinical devel-
opment as potential antitumor agent. However, a problem has
limits its clinical development for a long time: the very poor
water solubility; further study of drug formulation cannot be
conducted. But these ndings indicated that TNBGmay serve as
structural templates for designing and developing novel anti-
tumor drug. Hence, transforming the structure of TNBG so as to
signicantly increase the potential druggability while main-
taining or increasing the anti-tumor activity is the goal of this
work.

In our previous work, a series of TNBG derivatives were
synthesized and their antiproliferative activities against four
tumour cell lines were evaluated by 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide (MTT) assay.25 Unfortunately,
these compounds have not shown sufficiently water-soluble for
further clinical development. But, these work provided the
following information about the structure–activity relationship
(SAR) of TNBG: in the TNBG molecular structure, the iso-
quinoline moiety is essential for the anti-tumor effect. In fact,
some steroid derivatives with isoquinoline moieties exhibited
the ability to induce cellular lipid accumulation in vitro.26 In
addition, when the substituent(s) group on E-ring of TNBG was
a mono electron-withdrawing group (mono-EWGs), such as:
nitro, cyano and so on, the antiproliferative activity showed an
Fig. 2 Synthesis of TNBG and compounds (2a–n).

This journal is © The Royal Society of Chemistry 2018
enhanced trend. It indicated that the introduction of mono-
EWGs on E-ring of TNBG may have a positive effect (such as
compound 1a, the structure of compound 1a was shown in
Fig. 1). But, when the substituent(s) group on the E-ring or the
A-ring of TNBG were mono-donating groups (mono-EDGs) or
double electron- withdrawing groups (double-EWGs), the anti-
proliferative activity of TNBG derivatives showed the weakening
trend.22–24 And thus, regulating electron cloud density on ben-
zopyrazine ring to a proper degree was an important factor
which is expected to maintain or increase the anti-tumor
activity. Based on above results, the structural optimization of
TNBG was mainly focused on C-ring in the current work. And
then, R substituent(s) which are the polar or nonpolar or
ionizable groups were introduced to the nitrogen atom of the C-
ring. Accordingly, a series of TNBG derivatives with different R
groups on the C-ring are reported herein (Fig. 2).
Results and discussion
Synthetic procedures

As was shown in Fig. 2, (1,2,3,4-tetrahydroisoquinolin-1-yl)
methanamine (1b) was allowed to react with 2,3-dichlor-
oquinoxaline (1c) in DMF in the presence of excess K2CO3 at
110 �C to produce TNBG with a yield 60%. This chemical reac-
tion was facilitated by solid alkali. Therefore, a number of
classical solid alkalis were initially screened, including potas-
sium carbonate, sodium hydroxide, sodium carbonate and
sodium bicarbonate, with the highest yield observed for
potassium carbonate. Subsequently, some solvents, such as
toluene and xylene were examined, but none of them surpassed
N,N-dimethylformamide (DMF). The most probably reason of
this situation is that DMF was the excellent solvent for the
reactants. Finally, the effects of temperature were tested,
revealing that decreasing the reaction temperature to 80 �C or
increasing it to 145 �C diminished the yield.
RSC Adv., 2018, 8, 26528–26537 | 26529
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All target compounds were synthesized by TNBG reacting
separately with different halogenated R groups in DMF in the
presence of excess NaH at room temperature with the yield at
30–70%. All target compounds were chromatographed on silica
gel. Elution with EtOAc/petroleum ether gave faint yellow solid.
The TNBG are not novel and their NMR and MS spectra are in
agreement with previous reports in the literature.21 The struc-
tures of compounds 2a–n were conrmed by analytical and
spectral data (1H, 13CNMR and ESI-HRMS).

Determination of aqueous solubility: pH ¼ 7.4 and 2.0

We measured the aqueous solubility (S) of all new synthesized
compounds by using a shake-ask + UV-Vis spectrophotometry
method at pH ¼ 7.4 and 2.0 (the results are presented in Table
1). The aqueous solubility of 2a, 2b, 2c and 2n were better than
that of TNBG at pH ¼ 7.4 and 2.0. Among them, 2a had the best
aqueous solubility (S: 15.68 mg mL�1) at pH 2.0 which repre-
sents a 150 fold increase over that of TNBG (S: 102.55 mgmL�1 at
pH 2.0). At pH 7.4, the aqueous solubility of 2a was 152.55 mg
mL�1 and the aqueous solubility of TNBG cannot be deter-
mined by using the shake-ask + UV-Vis spectrophotometry
method at pH ¼ 7.4. The most probably reason is that the R
substituent of the C-ring has the presence of the amine group
which can serve as H-bond acceptors improving aqueous solu-
bility. Compared with TNBG, the others of the new compounds
showed equivalent aqueous solubility.

CCK-8 cell proliferation assay

All new compounds were tested against ve tumour cells
(HepG2, QGY-7701, SMMC-7721, A-431 and NCI-H23 cell lines)
for antiproliferative activity by the standard Cell Counting Kit-8
(CCK-8) assay. As shown in Table 1, among them, 2a, 2b, 2c, 2m
and 2n exhibited highly anti-proliferation activities on SMMC-
Table 1 Antiproliferative activity of 2a–n in vitro and its aqueous solubil

Comp.

Sa (mg mL�1) IC50
b (mM)

pH 7.4/2.0 HepG2 QGY-770

2a 152.95/15 680 7.69 � 0.87 6.81 � 0
2b 10.25/710.12 8.79 � 0.91 7.58 � 0
2c 21.30/750.60 8.64 � 1.31 7.29 � 0
2d —/— 18.0 � 1.04 —
2e —/— 18.22 � 0.84 —
2f —/— — —
2g —/— >20c —
2h —/535.96 11.28 � 1.12 —
2i —/105.85 12.63 � 0.95 —
2j 9.21/— 12.91 � 0.75 11.31 �
2k —/— 14.37 � 1.21 11.52 �
2l —/— 13.72 � 0.62 —
2m 12.65/— 9.66 � 0.91 9.0 � 0.9
2n 806.32/150.21 8.04 � 1.41 7.42 � 0
TNBG —/102.55 7.9 � 0.28 7.16 � 0
Cisplatin —/— 18.89 � 2.01 8.75 � 0

a The aqueous solubility (S) of all new synthesized compounds were m
spectrophotometry method. The phosphate buffer solution with pH ¼ 2.0
cell lines were measured by CCk8 assay aer 72 h of treatment. Experim
these cell lines at 20 mM was less than 45%. d “—” stands for not determ

26530 | RSC Adv., 2018, 8, 26528–26537
7721, and their IC50 values approach that of the positive
control drugs cisplatin. And compound 2a showed strong anti-
proliferation activities against QGY-7701, the IC50 values (IC50:
6.81 mM) better than that of cisplatin (IC50: 8.75 � 0.26 mM). It
was interesting to note that the A-431 cell and NCI-H23 cell
showed much less sensitivity to all new synthesized compounds
compared with QGY-7701 cell line. For example, the inhibitory
percentage of 2c, 2j, 2k and 2m on A-431 and NCI-H23 cell lines
was less than 45% at 20 mM, and the IC50 values of 2c, 2j, 2k, 2m
on HepG2, QGY-7701 and SMMC-7721 cell lines were in the
range between 7 to 12 mM. In addition, the sensitivity of HepG2
cell line to TNBG derivatives and the positive control drugs
(cisplatin) was considerably different. The HepG2 cells were
more sensitive to TNBG derivatives than to cisplatin, when
comparing the IC50 of TNBG derivatives to that of cisplatin. The
IC50 (7.69� 0.87 mM) of 2a on HepG2 cells was far less than that
of cisplatin (18.89 � 2.01 mM).

Careful examination the differences in activity caused by
different substituents, some new information about the struc-
ture–activity relationship (SAR) of TNBG derivatives were found.
Firstly, the structural frameworks of 2b–c and 2d–g are the same
(R substituent with aromatic rings), but compounds 2b and 2c
were more active than the compounds 2d–g; this may be due to
the nitrogen atom of the pyridine ring can serve as H-bond
acceptors, and may form hydrogen bonds between the pyri-
dine groups of 2b–2c and the target of drug action. Further-
more, the alkaline characteristics of pyridine may help
compounds enriched around tumor cells. Although R substit-
uent(s) of 2a did not have the aromatic rings, it could be viewed
as a specic form of 2b and 2c; compared with 2b and 2c, its
steric hindrance was rather low and its alkaline was much
stronger. However, compared with TNBG, the activities fall
signicantly when nonpolar groups are introduced into the
ity at pH ¼ 7.4/2.0d

1 SMMC-7721 A-431 NCI-H23

.24 10.19 � 0.91 — —

.93 10.78 � 0.96 18.64 � 2.42 17.37 � 2.15

.77 9.34 � 0.91 >20c >20c

— >20c >20c

>20c >20c >20c

— >20c >20c

>20c — >20c

— >20c 17.88 � 0.59
>20c >20c >20c

1.42 13.90 � 0.99 >20c >20c

0.63 18.18 � 1.5 >20c >20c

— >20c >20c

11.30 � 0.76 >20c >20c

.63 9.15 � 0.80 18.03 � 0.61 16.32 � 0.57

.13 9.79 � 1.1 >20c >20c

.26 9.32 � 0.68 — —

easured at pH 7.4/2.0 at 25 �C � 1 �C by the shake-ask + UV-Vis
and pH ¼ 7.4 was chosen as solvent. b IC50 of the compounds in each
ents were repeated at least three times. c The inhibitory percentage of
ined or cannot be determine.

This journal is © The Royal Society of Chemistry 2018
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Table 2 IC50 of 2a on SMMC-7721 QGY-7701 and LO2

Cell lines IC50
a (mM)

QGY-7701 10.45 � 1.97
HepG2 12.37 � 0.82
LO2 21.46 � 2.08

a IC50 of 2a in SMMC-7721, QGY-7701 and LO2 were measured by CCk8
assay aer 24 h of treatment. Experiments were repeated at least three
times.
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nitrogen atom of the C-ring such as compounds 2d–g and 2k.
Apart from the amine group, carboxyl also exhibited highly anti-
proliferation activities on HepG2, QGY-7701 and SMMC-7721
cell lines; the IC50 values of 2n approach that of TNBG.

Then, we estimated the IC50 of 2a on SMMC-7721, QGY-7701
and the normal liver cell line (LO2) under the same conditions.

As shown in Table 2, the IC50 values on LO2 cells were 2
times higher than those on SMMC-7721, QGY-7701 cell lines.
This nding indicated that LO2 cell showed much less sensi-
tivity to 2a compared with SMMC-7721, QGY-7701 cell lines.
And then, based on these promising results, compound 2a was
selected for further study.
Compound 2a could induce lipid accumulation

Lipid metabolism homeostasis is essential to maintain funda-
mental cellular processes. Lipid metabolism disorder may lead
to multiple deleterious effects, such as lipid droplet (an exces-
sive accumulation of the lipids); and then, an excessive accu-
mulation of these lipids in cancer cells can also induce cancer
cells apoptosis (lipotoxicity). In our previous study, Yuan et al.
pointed out that “the TNBG antitumor mechanism is probably
Fig. 3 The optical microscope photographs (� 200) of QGY-7701 cells s
treated QGY-7701 cells at 24 h. (C) 4 mg mL�1 2a treated QGY-7701 cel

This journal is © The Royal Society of Chemistry 2018
to inuence tumor lipid metabolism, resulting in accumulation
of LDs in tumor cells”.24 Zheng et al. further pointed out that
there is a positive correlation between lipid accumulation
induced by TNBG and tumor cell apoptosis in tumor cells.23

During the in vivo antitumor activities of 2a was tested by the
CCK-8 assay, a large number of red granular substances were
found in the tumor cells. Oil Red O is a lipid specic dye which
could be used to quickly and easily quantify the extent of lipid
accumulation.27 Therefore, the Oil Red O was employed. Aer
treatment with 2a for 24 h, a large number of red granular
substance were found in QGY-7701 cells; Oil red O staining
conrmed it that was accumulated lipid droplets (Fig. 3B). The
lipid droplets were not found in untreated group (Fig. 3A). Aer
treatment with 2a for 48 h and 72 h, respectively, the lipid
droplet volumes grow larger and increasingly obvious (Fig. 3C
and D); eventually, the accumulated lipid droplets caused cell
membrane rupture, cell apoptosis, and cell number reduction.

For the sake of further understanding the correlation
between the lipid accumulation and the antiproliferative
activity of 2a, the quantitative analysis of lipid accumulational
factors were performed. QGY-7701 cells were exposed to
different concentrations (0, 1, 2, 4, 8 mg mL�1) of compound 2a
for 24, 48, and 72 hour, respectively. In different concentration
and time, the accumulated lipid was stained with Oil red O, and
then isopropyl alcohol was added to the stained culture dish
and determining the amount of extracted dye at 510 nm. The
time- and dose-dependent curves of lipid droplets accumulation
in QGY-7701 cell lines were obtained (Fig. 4).

As shown in Fig. 4, in the range between 0 to 8 mg mL�1, the
lipid droplets increased with increasing concentration of 2a in
the 24 h treatment group. In the other two treatment groups
(48 h and 72 h), the absorbance curves of lipid accumulation
tained by oil red O. (A) Untreated control cells at 72 h; (B) 4 mg mL�1 2a
ls at 48 h. (D) 4 mg mL�1 2a treated QGY-7701 cells at 72 h.

RSC Adv., 2018, 8, 26528–26537 | 26531
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Fig. 4 The time- and dose-dependent curves of lipid droplets accu-
mulation in QGY-7701 cells. (n ¼ 3).

Fig. 6 Expression of MTTP and SREBP-1 in 2a-treated cells. b-Actin
was used as the internal control to indicate equal protein loading in all
lanes. (1) Control group; (2) 3 mg mL�1 2a treated group; (A) expression
of MTTP; (B) expression of SREBP-1.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

/1
0/

20
25

 8
:0

2:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
were analogical. And in the range between 0 and 4 mg mL�1, the
lipid droplets increased with increasing concentrations of
compound 2a; however, in the range between 4 and 8 mg mL�1,
the absorbance curves of lipid accumulation decreased with
increasing concentrations of compound 2a. And it was probably
due to cell apoptosis and cell number reduction caused by the
powerful antiproliferative activity of compound 2a. At the same
concentration conditions, the absorbance curves of lipid accu-
mulation increased with time (Fig. 4). All these results showed
that the amount of accumulated lipid droplets induced by
compound 2a was proportional to time and dose below certain
concentration.

At the meantime, QGY-7701 cells were exposed to different
concentrations (2, 3, 4, 5, 6, 7, 8, 9 mg mL�1) of compound 2a for
24, 48, and 72 hour, respectively. In different concentration and
time, the relative inhibition rates of tumor cell growth were
evaluated by the CCK-8 assay. As shown in the Fig. 5, it was
found that the relative inhibition rates of QGY-7701 cell growth
increased with increasing time and dose. All these results
further indicated that the anti-proliferation activity of 2a
increased in a time- and dose- dependent manner below certain
concentration.

Western blot analysis

Sterol regulatory element binding protein-1 (SREBP-1), a tran-
scription factor, plays a vital role in lipid homeostasis and lipo-
protein metabolism. Upregulation of SREBP-1 can promote
intracellular lipid synthesis.28 Microsomal triglyceride transfer
protein (MTTP) is a lipid-binding protein, which is involved in the
transport and metabolism of intracellular lipid and mainly exists
in the endoplasmic reticulum lumen of cell. Absolute or relative
Fig. 5 The relative inhibition rates of QGY-7701 cell growth.

26532 | RSC Adv., 2018, 8, 26528–26537
absence of MTTP in cell may result in decrease of the intracellular
lipid transport activity. The lipid accumulates when the pathway of
lipid excreted from cells by the form of lipoprotein was sup-
pressed.29,30 Western blot analysis was used to detect the changes
in SREBP-1 and MTTP in QGY-7701 cell. As shown in the Fig. 6,
western blot analysis demonstrated that SREBP-1 was in up-
regulation and MTTP was in relative absence in the 2a-treated
QGY-7701 cell line. These results indicated that 2a can result in the
lipid droplet accumulation of the cancer cell by inducing upregu-
lation of SREBP-1 and down regulation of MTTP. Excess lipid
droplet accumulations in cancer cells may interfere with the lipid
metabolism balance of tumor cells and result in further lipid
accumulation and cells apoptosis (lipotoxicity).
Experimental
Reagents, cell lines and culture and equipment

All reagents were purchased from Sigma Chemical Co. (St.
Louis, MO, USA) and the solvents were purchased from
Chengdu Chron Chemicals Co,. Ltd (Chengdu, China). (1,2,3,4-
Tetrahydroisoquinolin-1-yl)methanamine (1b, purity > 95%)
and 2,3-dichloroquinoxaline (1c, purity > 95%) were synthesized
by Research Laboratory of Pharmaceutical Chemistry School of
Pharmacy, Chongqing Medical University, China. Unless
otherwise noted, all reagents were used as received without
further purication. The HRMS analysis was performed on
Hybrid Quadrupole-TOF LC/MS/MS Mass Spectrometer. The
NMR spectrum was recorded by Innovative Drug Research
Centre, School of Pharmaceutical Sciences Chongqing Univer-
sity, China. All the ve human cancer cell lines were obtained
from Sichuan Kelun Pharmaceutical Research Institute
(Sichuan, China).

Synthesis of D-carbon-1,4,6,9-tetraazabenzo[2,3-a]
nonane-1(10),2,4,13,15,17-hexene (TNBG). (1,2,3,4-
Tetrahydroisoquinolin-1-yl)methanamine (1b) (1.6 g 0.098 mol),
2,3-dichloroquinoxaline (1c) (2.39 g 0.012 mol) and DMF (20
mL) were mixed in an 100 mL dried round bottom ask. At
room temperature, the mixture was stirred until it dissolves.
And then K2CO3 (4.15 g 0.03 mol) was added to the mixture. The
reaction mixture was slowly heated to 120 �C under an
This journal is © The Royal Society of Chemistry 2018
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atmosphere of dry N2. Aer the reaction mixture was stirred for
10 h at 120 �C, it was cooled to room temperature. The cooled
reaction mixture was slowly poured into 500 mL ice-water and
ltered. The lter cake was washed with water (50 mL � 3) and
then dried at 80 �C for 5 h. Recrystallization from methylene
dichloride (250 mL) gave a yellow solid, yielding 60%. Mp
198 �C. 1H-NMR (600 MHz, DMSO-d6): d 7.82 (d, 1H, NH), 7.43
(t, J ¼ 8.37 Hz, 2H, ArH), 7.38–7.34 (d, J ¼ 7.93 Hz, 1H, ArH),
7.29–7.22 (m, 3H, ArH), 7.21–7.15 (m, 2H, ArH), 5.0 (ddd, J ¼
7.37 Hz, 5.04 Hz, 2.25 Hz, 1H, c-CH), 4.81 (dd, J ¼ 9.91 Hz,
3.05 Hz, 1H, c-CH2), 4.0 (dt, J ¼ 11.39 Hz, 3.43 Hz, 1H, c-CH2),
3.31–3.27 (m, 1H, ArCH2), 3.09 (td, J ¼ 12.23 Hz, 3.45 Hz, 1H, c-
BnCH2N), 2.98 (td, J ¼ 16.20 Hz, 5.22 Hz, 1H, c-CH2), 2.92–2.86
(d, 1H, ArCH2); MS/ESI (m/z): 289.2 (M + H)+.
General procedure for the synthesis of compounds 2a–n

To a suspension of 0.3 g of NaH (60% oil dispersion, 0.008 mol)
in dimethylformamide (DMF 10 mL) was added TNBG (0.58 g
0.002 mol). The mixture was cooled to 0 �C, and then haloge-
nated R groups (0.008 mol) was slowly added dropwise between
0 to 5 �C. Aer the reaction mixture was stirred for 3 h at 0 �C,
and ethanol (20 mL) was carefully added dropwise to the reac-
tion mixture. Then, the reaction mixture was poured into
100 mL ice-water; the mixture was extracted with methylene
dichloride (50 mL � 3). And the organic phase was washed with
H2O (20 mL � 3), brine (20 mL � 3), and then dried with
anhydrous sodium sulfate and ltered. The ltrate was removed
under vacuum to give amber oil. This was chromatographed on
silica gel. Elution with 0–15% EtOAc/petroleum ether gave
a faint yellow solid.

D-Carbon-6-(2-dimethylaminoethyl)-1,4,6,9-tetraazabenzo
[2,3-a]nonane-1(10),2,4,13,15,17-hexene (2a). Mp ¼ 121–123 �C;
1H-NMR (600 MHz, CDCl3): d 7.58–7.50 (m, 2H, ArH), 7.28–7.20
(m, 6H, ArH), 5.18 (q, J ¼ 7.73 Hz, 1H, c-CH), 4.81 (dd, J ¼
10.24 Hz, 2.93 Hz, 1H, c-BnCH2), 4.05 (m, 1H, c-CH2), 3.93 (dd, J
¼ 11.62 Hz, 3.47 Hz, 1H, c-BnCH2N), 3.80 (m, 1H, c-CH2), 3.57 (t,
J ¼ 10.60 Hz, 1H, ArCH2), 3.14–3.03 (m, 2H, CH2), 2.92–2.84 (m,
1H, ArCH2), 2.74–2.62 (m, 2H, CH2), 2.36 (s, 6H, CH3);

13C-NMR
(600 MHz, CDCl3): d 142.8, 142.3, 136.9, 136.2, 134.9, 132.7,
128.8, 126.6, 126.0, 124.9, 124.6, 124.0, 123.6, 55.7, 52.5, 45.8,
45.2, 38.7, 28.4; HRMS (ESI) m/z calcd for C22H26N5 (M + H)+

360.2182, found 360.2178.
D-Carbon-6-(6-chloropyridin-3-methyl)-1,4,6,9-tetraaza-

benzo[2,3-a]nonane-1(10),2,4,13,15,17-hexene (2b). 1H-NMR
(600 MHz, DMSO-d6): d 8.55 (s, 1H, PyH), 7.97–7.92 (dd, J ¼
8.27 Hz, 2.15 Hz, 1H, PyH), 7.51–7.40 (m, 4H, ArH, PyH), 7.30–
7.20 (m, 5H, ArH), 5.13-5.07 (d, J ¼ 14.63 Hz, 1H, PyCH2), 5.03–
4.96 (m, 2H, c-CH, PyCH2), 4.88–4.82 (d, J¼ 15.77 Hz, 1H, c-CH2),
4.26–4.21 (dd, J ¼ 11.64 Hz,3.02 Hz, 1H, c-CH2), 3.52–3.46 (t, J ¼
10.84 Hz, 1H, ArCH2), 3.16–3.07 (td, J ¼ 12.67 Hz, 3.52 Hz, 1H, c-
BnCH2), 3.04–2.95 (td, J¼ 16.19 Hz, 5.28 Hz, 1H, c-BnCH2), 2.93–
2.86 (d, J¼ 15.95 Hz, 1H, ArCH2);

13C-NMR (600 MHz, DMSO-d6):
d 148.29, 147.70, 144.89, 141.86, 141.73, 140.26, 138.52, 138.02,
134.20, 132.22, 131.52, 130.82, 130.06, 129.95, 129.48, 129.34,
129.24, 57.56, 56.31, 53.15, 45.36, 33.19; HRMS (ESI)m/z calcd for
C24H21ClN5 (M + H)+ 414.1481, found 414.1480.
This journal is © The Royal Society of Chemistry 2018
D-Carbon-6-(pyridin-3-methyl)-1,4,6,9-tetraazabenzo[2,3a]
nonane-1(10),2,4,13,15,17-hexene (2c). 1H-NMR (600 MHz,
DMSO-d6): d 8.50–8.45 (d, J ¼ 4.58 Hz,1H, PyH), 7.72–7.65 (td, J
¼ 7.66 Hz, 1.40 Hz, 1H, ArH), 7.47–7.41 (dd, J¼ 7.20 Hz,1.64 Hz,
1H, ArH), 7.39–7.29 (m, 3H, ArH, PyH), 7.25–7.12 (m, 6H, ArH,
PyH), 5.30–5.23 (d, J ¼ 15.48 Hz, 1H, PyCH2), 5.03–4.97 (m, 1H,
c-CH), 4.97–4.92 (dd, J¼ 9.96 Hz, 2.80 Hz, 1H, PyCH2), 4.90–4.82
(d, J ¼ 15.91 Hz, 1H, c-CH2), 4.23–4.14 (dd, J ¼ 11.63 Hz,
3.60 Hz,1H, c-CH2), 3.64–3.56 (t, J¼ 11.24 Hz, 1H, ArCH2), 3.15–
3.04 (td, J ¼ 12.11 Hz, 3.54 Hz, 1H, c-BnCH2), 3.04–2.92 (td, J ¼
15.94 Hz, 5.03 Hz, 1H, c-BnCH2), 2.92–2.82 (d, J ¼ 15.94 Hz, 1H,
ArCH2);

13C-NMR (600 MHz, DMSO-d6): d 157.66, 149.54,
143.51, 143.04, 137.15, 136.91, 135.36, 133.76, 129.45, 127.40,
126.77, 125.98, 125.25, 125.06, 124.64, 124.28, 122.58, 122.20,
53.06, 52.64, 52.32, 40.51, 28.46; HRMS (ESI) m/z calcd for
C24H22N5 (M + H)+ 380.1873, found 380.1870.

D-Carbon-6-(4-triuoromethylbenzyl)-1,4,6,9-tetraazabenzo
[2,3-a]nonane-1(10),2,4,13,15,17-hexene (2d). 1H-NMR (600
MHz, DMSO-d6): d 7.71–7.61 (m, 4H, ArH), 7.60–7.56 (d, J ¼
7.88 Hz, 1H, ArH), 7.47–7.33 (m, 2H, ArH), 7.29–7.16 (m, 5H,
ArH), 5.30–5.21 (d, J¼ 15.09 Hz, 1H, ArCH2), 5.08–490 (m, 3H, c-
CH, ArCH2, c-CH2), 4.24–4.14 (dd, J ¼ 11.62 Hz, 4.96 Hz, 1H, c-
CH2), 3.53–3.43 (t, J ¼ 11.22 Hz, 1H, c-ArCH2), 3.20–3.08 (t, J ¼
11.22 Hz, 1H, c-BnCH2), 3.08–2.97 (td, J¼ 16.08 Hz, 5.08 Hz, 1H,
c-BnCH2), 2.97–2.85 (d, J ¼ 15.02 Hz 1H, c-ArCH2);

13C-NMR
(600 MHz, CDCl3): d 143.46, 142.98, 142.88, 137.05, 136.96,
135.41, 133.66, 129.43, 128.97, 127.42, 126.74, 125.99, 125.70,
125.27, 125.12, 124.71, 124.45, 52.63, 51.58, 50.75, 40.51, 28.41;
HRMS (ESI) m/z calcd for C26H22F3N4 (M + H)+ 447.1794, found
447.1791.

D-Carbon-6-(2-chloro-6-uorobenzyl)-1,4,6,9-tetraazabenzo
[2,3-a]nonane-1(10),2,4,13,15,17-hexene (2e). 1H-NMR (600
MHz, DMSO-d6): d 7.49–7.45 (q, J ¼ 5.70 Hz, 3.30 Hz, 1H, ArH),
7.45–7.36 (m, 3H, ArH), 7.29–7.20 (m, 6H, ArH), 7.20–7.15 (s, 1H,
ArH), 5.16–5.11 (d, J ¼ 13.90 Hz,1H, ArCH2), 4.99–4.92 (d, J ¼
14.43 Hz, 2H, c-CH, ArCH2), 4.88–4.83 (d, J ¼ 7.22 Hz, 1H, c-
CH2), 4.06–3.99 (dd, J ¼ 12.05 Hz,3.18 Hz, 1H, c-CH2), 3.49–3.42
(t, J ¼ 10.47 Hz, 1H, c-ArCH2), 3.16–3.08 (td, J ¼ 12.31 Hz,
2.86 Hz, 1H, c-BnCH2), 3.04–2.95 (td, J ¼ 16.52 Hz, 5.25 Hz, 1H,
c-BnCH2), 2.92–2.84 (d, J ¼ 15.73 Hz, 1H, c-ArCH2);

13C-NMR
(600 MHz, DMSO-d6): d 163.05, 161.40, 143.42, 142.79, 137.05,
135.59, 133.75, 130.75, 130.67, 129.53, 127.50, 126.87, 126.15,
125.51, 125.31, 125.21, 124.67, 124.56, 123.37, 123.25, 115.14,
114.99, 52.94, 51.26, 43.75, 40.61, 28.35; HRMS (ESI) m/z calcd
for C25H21ClFN4 (M + H)+ 431.1435, found 431.1433.

D-Carbon-6-(3-uoro-6-cyanobenzyl)-1,4,6,9-tetraazabenzo
[2,3-a]nonane-1(10),2,4,13,15,17-hexene (2f). 1H-NMR (600
MHz, DMSO-d6): d 8.01–7.96 (m, 1H, ArH), 7.51–7.45 (d, J ¼
8.92 Hz, 2H, ArH), 7.46–7.41 (d, J¼ 4.46 Hz, 1H, ArH), 7.40–7.36
(d, J¼ 7.08 Hz, 1H, ArH), 7.36–7.31 (td, J¼ 8.36 Hz, 2.17 Hz, 1H,
ArH), 7.30–7.18 (m, 5H, ArH), 5.17–4.97 (m, 4H, c-CH, ArCH2, c-
CH2), 4.33–4.26 (dd, J ¼ 11.58 Hz,3.23 Hz, 1H, c-CH2), 3.71–3.62
(t, J ¼ 11.21 Hz, 1H, c-ArCH2), 3.19–3.09 (td, J ¼
12.41 Hz,2.83 Hz, 1H, c-BnCH2), 3.07–2.98 (td, J ¼
16.07 Hz,4.61 Hz, 1H, c-BnCH2), 2.96–2.89 (d, J ¼ 15.93 Hz, 1H,
c-ArCH2);

13C-NMR (600 MHz, DMSO-d6): d 170.71, 169.03,
RSC Adv., 2018, 8, 26528–26537 | 26533
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151.34, 151.28, 148.31, 147.68, 142.05, 141.59, 140.29, 138.54,
134.23, 132.23, 131.55, 130.81, 130.06, 130.01, 129.51, 129.38,
122.38, 121.31, 121.14, 120.64, 120.46, 112.63, 57.67, 57.38,
55.46, 45.34, 33.26; HRMS (ESI) m/z calcd for C26H21FN5 (M +
H)+ 422.1776, found 422.1776.

D-Carbon-6-(2-cyanobenzyl)-1,4,6,9-tetraazabenzo[2,3-a]
nonane-1(10),2,4,13,15,17-hexene (2g). 1H-NMR (600 MHz,
DMSO-d6): d 7.88–7.85 (d, J¼ 7.66 Hz, 1H, ArH), 7.65–7.59 (q, J¼
7.66 Hz, 2H, ArH), 7.46–7.43 (m, 2H, ArH), 7.42–7.37 (m, 2H,
ArH), 7.30–7.16 (m, 5H, ArH), 5.14–5.07 (s, 2H, c-CH, ArCH2),
5.06–4.99 (m, 2H, ArCH2, c-CH2), 4.30–4.24 (dd, J ¼
11.68 Hz,3.74 Hz, 1H, c-CH2), 3.66–3.58 (t, J ¼ 10.11 Hz, 1H, c-
ArCH2), 3.17–3.10 (td, J¼ 11.99 Hz, 3.39 Hz, 1H, c-BnCH2), 3.05–
2.98 (td, J ¼ 16.45 Hz,5.21 Hz, 1H, c-BnCH2), 2.94–2.88 (d, J ¼
16.26 Hz, 1H, c-ArCH2);

13C-NMR (600 MHz, DMSO-d6):
d 143.43, 142.87, 142.20, 137.11, 136.90, 135.44, 133.69, 133.65,
133.50, 129.45, 129.02, 128.23, 127.45, 126.79, 125.99, 125.26,
125.21, 124.61, 118.25, 111.44, 52.81, 52.54, 50.48, 40.51, 28.49;
HRMS (ESI) m/z calcd for C26H22N5 (M + H)+ 404.1875, found
404.1870.

D-Carbon-6-ethyl-1,4,6,9-tetraazabenzo[2,3-a]nonane-
1(10),2,4,13,15,17-hexene (2h). Mp ¼ 112–114 �C; 1H-NMR
(600 MHz, DMSO-d6): d 7.49 (d, J ¼ 7.55 Hz, 1H, ArH), 7.46–
7.40 (m, 2H, ArH), 7.31–7.23 (m, 3H, ArH), 7.19 (m, 2H, ArH),
4.99 (dd, J ¼ 9.73 Hz, 2.88 Hz, 1H, c-CH), 4.87 (dd, J ¼ 7.3 Hz,
2.35 Hz, 1H, c-CH2), 4.09 (dd, J ¼ 8.21 Hz, 3.47 Hz, 1H, c-CH2),
3.98 (m, 1H, CH2), 3.59 (m, 1H, CH2), 3.47 (t, J¼ 10.83 Hz, 1H, c-
ArCH2), 3.08 (td, J ¼ 12.17 Hz, 3.38 Hz, 1H, c-BnCH2), 2.98 (td, J
¼ 15.93 Hz, 4.90 Hz, 1H, c-BnCH2), 2.89 (d, 1H, c-ArCH2), 1.20 (t,
J ¼ 6.95 Hz, 3H, CH3);

13C-NMR (600 MHz, DMSO-d6): d 143.5,
142.9, 137.4, 136.6, 135.3, 133.9, 129.4, 127.3, 126.7, 126.1,
125.2, 124.9, 124.5, 123.9, 52.7, 50.7, 42.7, 28.4, 11.6; HRMS
(ESI) m/z calcd for C20H21N4 (M + H)+ 317.1761, found 317.1759.

D-Carbon-6-allyl-1,4,6,9-tetraazabenzo[2,3-a]nonane-
1(10),2,4,13,15,17-hexene (2i).Mp ¼ 89–92 �C; 1H-NMR (600
MHz, CDCl3): d 7.55 (s, 2H, ArH), 7.36–7.11 (m, 6H, ArH), 6.05–
5.83 (m, 1H, ]CH–), 5.38–5.16 (m, 3H, CH2], c-CH), 4.84 (d, J
¼ 8.35 Hz, 1H, c-CH2), 4.46 (s, 2H, CH2), 3.85 (dd, J ¼ 8.45 Hz,
2.82 Hz, 1H, c-CH2), 3.44 (t, J ¼ 10.25 Hz, 1H, c-ArCH2), 3.18–
3.04 (m, 2H, c-BnCH2), 2.97–2.86 (m, 1H, c-ArCH2);

13C-NMR
(600 MHz, DMSO-d6): d 143.4, 142.9, 137.2, 136.8, 135.4,
133.8, 133.2, 129.4, 127.4, 126.7, 125.9, 125.2, 125.0, 124.6,
124.2, 117.8, 52.6, 50.9, 50.0, 28.4; HRMS (ESI) m/z calcd for
C21H21N4 (M + H)+ 329.1761, found 329.1769.

D-Carbon-6-(2-morpholinocarbonylmethyl)-1,4,6,9-tetraaza-
benzo[2,3-a]nonane-1(10),2,4,13,15,17-hexene (2j). Mp ¼ 105–
108 �C; 1H-NMR (600 MHz, DMSO-d6): d 7.49–7.44 (m, 1H, ArH),
7.41–7.35 (m, 2H, ArH), 7.31–7.24 (m, 3H, ArH), 7.23–7.19 (m,
2H, ArH), 5.0 (ddd, J¼ 7.44 Hz, 4.89 Hz, 2.14 Hz, 1H, –CO–CH2),
4.96 (d, J ¼ 16.1 Hz, 1H, c-CH), 4.92 (dd, J ¼ 7.23 Hz, 2.96 Hz,
1H, –CO–CH2), 4.30 (d, J ¼ 16.58 Hz, 1H, c-CH2), 4.11 (dd, J ¼
8.04 Hz, 3.58 Hz, 1H, MOR-CH2), 3.75–3.51 (m, 7H, MOR-CH2, c-
CH2), 3.49–3.37 (m, 2H, MOR-CH2, c-ArCH2), 3.13 (td, J ¼
12.16 Hz, 3.63 Hz, 1H, c-BnCH2), 3.0 (td, J ¼ 16.50 Hz, 5.47 Hz,
1H, c-BnCH2), 2.95–2.88 (d, 1H c-ArCH2);

13C-NMR (600 MHz,
DMSO-d6): d 172.6, 143.4, 142.8, 137.2, 136.7, 135.3, 133.7,
129.4, 127.4, 126.7, 126.0, 125.2, 125.0, 124.6, 124.2, 52.7, 51.9,
26534 | RSC Adv., 2018, 8, 26528–26537
51.8, 44.5, 28.4; HRMS (ESI) m/z calcd for C24H26N5O2 (M + H)+

416.2081, found 416.2083.
D-Carbon-6-(2-methoxycarbonylbenzyl)-1,4,6,9-tetraazabenzo

[2,3-a]nonane-1(10),2,4,13,15,17-hexene (2k). 1H-NMR (600 MHz,
DMSO-d6): d 7.95–7.91 (d, J ¼ 8.25 Hz, 1H, ArH), 7.55–7.31 (m,
2H, ArH), 7.43–7.31 (m, 4H, ArH), 7.28–7.16 (m, 5H, ArH), 5.32
(s, 2H, BnH), 5.08–4.96 (m, 2H, c-CH, c-CH2), 4.15–4.07 (d, J ¼
9.72 Hz, 1H, c-CH2), 3.90 (s, 3H, CH3), 3.59–3.50 (t, J¼ 10.93 Hz,
1H, c-ArCH2), 3.19–3.10 (t, J¼ 11.58 Hz, 1H, c-BnCH2), 3.08–2.99
(td, J ¼ 15.74 Hz, 4.53 Hz, 1H, c-BnCH2), 2.98–2.89 (d, J ¼
15.96 Hz, 1H, c-ArCH2);

13C-NMR (600 MHz, DMSO-d6):
d 167.79, 143.51, 143.24, 139.08, 137.02, 135.46, 133.76, 132.89,
130.87, 129.47, 128.07, 127.46, 127.38, 126.80, 125.94, 125.32,
125.12, 124.69, 124.35, 52.71, 52.61, 52.02, 50.25, 40.61, 28.50;
HRMS (ESI) m/z calcd for C27H25N4O2 (M + H)+ 437.1979, found
437.1972.

D-Carbon-6-benzyloxycarbonylmethyl-1,4,6,9-tetraazabenzo
[2,3-a]nonane-1(10),2,4,13,15,17-hexene (2l). Mp ¼ 117–119 �C;
1H-NMR (600 MHz, DMSO-d6): d 7.51–7.47 (m, 1H, ArH), 7.42–
7.37 (m, 2H, ArH), 7.35–7.22 (m, 10H, ArH), 5.18 (s, 2H, ArCH2),
5.02 (dt, J ¼ 12.75 Hz, 2.07 Hz, 1H, –COCH2), 4.95 (d, J ¼
9.49 Hz, 1H, c-CH), 4.80 (d, J¼ 17.03 Hz, 1H, c-CH2), 4.38 (d, J¼
17.78 Hz, 1H, –COCH2), 4.26 (dd, J ¼ 11.88 Hz, 3.23 Hz, 1H, c-
CH2), 3.60 (t, J ¼ 9.83 Hz, 1H, c-ArCH2), 3.14 (td, J ¼ 12.17 Hz,
3.03 Hz, 1H, c-BnCH2), 2.99 (td, J ¼ 15.78 Hz, 4.66 Hz, 1H, c-
BnCH2), 2.94–2.86 (d, 1H, c-ArCH2);

13C-NMR (600 MHz, DMSO-
d6): d 169.878, 143.3, 142.9, 137.2, 136.7, 136.4, 135.3, 133.6,
129.5, 128.7, 128.3, 127.9, 127.4, 126.8, 125.8, 125.3, 124.8,
124.6, 66.1, 52.8, 52.4, 50.2, 28.5; HRMS (ESI) m/z calcd for
C27H25N4O2 (M + H)+ 437.1972, found 437.1978.

D-Carbon-6-ethoxycarbonylmethyl-1,4,6,9-tetraazabenzo[2,3-
a]nonane-1(10),2,4,13,15,17-hexene (2m). 1H-NMR (600 MHz,
DMSO-d6): d 7.52–7.47 (d, J ¼ 6.83 Hz, 1H, ArH), 7.44–7.37 (m,
2H, ArH), 7.32–7.21 (m, 5H, ArH), 5.06–5.00 (d, J¼ 9.94 Hz, 1H,–
COCH2), 4.98–4.93 (d, J ¼ 7.73 Hz, 1H, c-CH), 4.75–4.69 (d, J ¼
17.01 Hz, 1H, c-CH2), 4.32–4.27 (d, J ¼ 17.40 Hz, 1H,–COCH2),
4.26–4.22 (dd, J ¼ 11.70 Hz, 2.58 Hz, 1H, c-CH2), 4.16–4.11 (q, J
¼ 6.92 Hz, 2H, CH2), 3.63–3.56 (t, J ¼ 11.08 Hz, 1H, c-ArCH2),
3.18–3.10 (td, J¼ 12.80 Hz, 2.80 Hz, 1H, c-BnCH2), 3.07–2.97 (td,
J ¼ 16.14 Hz,3.87 Hz, 1H, c-BnCH2), 2.96–2.89 (d, J ¼ 15.58 Hz,
1H, c-ArCH2), 1.23–1.16 (t, J ¼ 6.96 Hz, 3H, CH3);

13C-NMR (600
MHz, DMSO-d6): d 174.65, 148.20, 147.78, 142.01, 141.16,
140.22, 138.51, 134.30, 132.27, 131.61, 130.67, 130.13, 129.53,
65.66, 57.66, 50.48, 57.18, 54.90, 45.34, 33.26, 19.33; HRMS (ESI)
m/z calcd for C22H23N4O2 (M + H)+ 375.1815, found 375.1811.

2-[6-D-Carbon-1,4,6,9-tetraazabenzo[2,3-a]nonane-1(10),2,4,13,15,17-
hexene]-acetic acid (2n). 1H-NMR (600 MHz, DMSO-d6): d 7.51–7.46
(d, J¼ 6.33 Hz, 1H, ArH), 7.45–7.38 (s, 2H, ArH), 7.32–7.19 (m, 5H,
ArH), 5.07–5.00 (d, J ¼ 10.03 Hz, 1H,–COCH2), 4.98–4.90 (d, J ¼
8.00 Hz, 1H, c-CH), 4.76–4.65 (d, J ¼ 17.53 Hz, 1H, c-CH2), 4.25–
4.12 (m, 2H, –COCH2, c-CH2), 3.65–3.56 (t, J ¼ 10.65 Hz, 1H, c-
ArCH2), 3.17–3.09 (td, J ¼ 10.75 Hz, 1H, c-BnCH2), 3.06–2.96 (t, J
¼ 11.81 Hz, 1H, c-BnCH2), 2.95–2.88 (d, J ¼ 15.90 Hz, 1H, c-
ArCH2);

13C-NMR (600 MHz, DMSO-d6): d 175.99, 148.23, 148.00,
141.90, 141.81, 140.18, 138.63, 134.26, 132.21, 131.59, 130.69,
130.08, 129.39, 57.54, 57.12, 54.99, 45.36, 33.29; HRMS (ESI) m/z
calcd for C20H19N4O2 (M + H)+ 347.1502, found 347.1505.
This journal is © The Royal Society of Chemistry 2018
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General procedure: determination of aqueous solubility: pH¼
1.0 and pH ¼ 7.4

The phosphate buffer solution with pH ¼ 2.0 and pH ¼ 7.4 was
chosen as solvent. According to the “Chinese Pharmacopoeia
(2015)”, the phosphate buffer solution with pH ¼ 2.0 was
prepared using H3PO4 and Na2HPO4, and the phosphate buffer
solution with pH ¼ 7.4 was prepared using NaOH and KH2PO4.
A (0.2 mgmL�1) stock solution of each compound in pH 7.4 and
pH 2.0 phosphate buffered saline was prepared, respectively;
and the stock solutions were diluted to a theoretical concen-
tration of 2, 4, 6, 8 and 10 mg mL�1 to generate a standard curve.
The spectra were recorded in the region 200–400 nm using
a Shimadzu UV-1800 with a 10 mm quartz cell. Proper absor-
bance wavelengths for calculations were selected for each
compound manually based on absorbance maxima.

5 mL of phosphate buffer solution was accurately measured
and saturated with an excess of the test compound, and then
equilibrated at 25 �C on a water-bathing constant temperature
vibrator for 24 h. The mixed solutions were ltered. According
to experiment needs, the ltrate may be diluted to the appro-
priate concentration and tested by UV–Vis spectro-photometry
at the proper absorbance wavelengths. The solubility of
compounds was calculated by Microso Excel. For each
compound, three measurements were performed.
Cell proliferation assay

The anti-tumor growth effects of all new synthesized compounds
in vitro were studied via measuring the viability of ve tumour
cells (HepG2, QGY-7701, SMMC-7721, A-431 and NCI-H23 cell
lines) using the Cell Counting Kit-8 (CCK8) according to the
manufacturer's instruction. In short, tumour cells were seeded in
96-well plates (1 � 104 of cells per well in a nal volume of 200
mL); followed by exposure to different concentrations (0, 2, 3, 4, 5,
6, 7, 8 mg mL�1) of compounds for 24, 48 and 72 h, respectively.
Aer washed with PBS, (10 mL) CCK-8 was added into each well,
and the cells were incubated for an additional 1 h at 37 �C. The
OD values were determined at 450 nm using a microplate reader.
The relative inhibition rates of cancer cell growth and IC50 values
were calculated by GraphPad Prism 5. Experiments were repeated
at least three times.
Oil red O staining and quantication of lipids

QGY-7701 cells were seeded in 96-well plates (1 � 104 of cells
per well in a nal volume of 200 mL); the cells were divided into
(0, 1, 2, 4, 8 mg mL�1) 5 treatment groups. Each treatment group
was treated with the corresponding concentration of compound
2a for 24 hours, 48 hours, and 72 hours, respectively. And then,
the cell culture solution was decanted. The cells were carefully
washed with phosphate-buffered saline (PBS). Cultures were
xed for at least 1 h with 10% formalin at room temperature
and rinsed with bidistilled water. The xed cells were stained
for 1 h by complete immersion in the working solution of Oil
red O. Aer the Oil Red O staining was performed, the
morphological changes in the formation and accumulation of
lipid droplets were observed by imaging with Olympus inverted
This journal is © The Royal Society of Chemistry 2018
microscope. In order to determine the extent of lipid accumu-
lation, 200 mL of isopropyl alcohol was added per well, the
extracted dye was immediately removed by gentle pipetting and
its absorbance was determined at 510 nm.

Preparation of the working solution of Oil red O: 1.05 g oil red
O was accurately weighed and dissolved in isopropanol (300 mL).
Then, the solution was le overnight at room temperature and
ltered. 225 mL double distilled water was added and le at 4 �C
for the night and then ltered. The ltrate was stored for use.
Western blot assay

QGY-7701 cells were seeded in 6-well plates (1 � 104 of cells
per well in a nal volume of 200 mL), and followed by exposure
to 3 mg mL�1 2a for 72 h. And then, the cell culture solution
was decanted. The cells were carefully washed with ice-cold
phosphate-buffered saline (PBS) and lysed with lysis buffer.
And then according to the instruction of Subcellular Structure
Protein Extraction Kit, the membrane protein was extracted.
The membrane proteins were separated by 12% SDS-PAGE and
transferred to polyvinylidene uoride (PVDF) membrane. Aer
the membranes were incubated with 5% nonfat milk at 4 �C
for the night, the corresponding primary antibodies (1 : 200
3% BSA PBST dilutions) were added and incubated at 4 �C for
the night and then rinsed in PBST (15 min � 1, 5 min � 4).
The corresponding secondary antibody (1 : 2500 3% BSA
dilutions) were added and shook at 25 �C for 1 h and then
rinsed in PBST (15 min � 1, 5 min � 4). The protein expres-
sion was detected with the Super Signal West Pico Substrate
(Pierce, Rockford, IL, USA).
Conclusions

In summary, our earlier work directed us to design and
synthesize 14 new sterol derivatives. All new synthesized
compounds were screened for their anti-proliferation activities
against ve human cancer cell lines (HepG2, QGY-7701, SMMC-
7721, A-431 and NCI-H23 cell lines) in vitro. Among them, 2a,
2b, 2c, 2m and 2n exhibited highly anti-proliferation activities
on SMMC-7721, and their IC50 values approach that of the
positive control drugs cisplatin. And compound 2a not only
showed strong anti-proliferation activities against QGY-7701
and HepG2 cell lines, the IC50 values (IC50: 6.81 � 0.24 mM,
7.69 � 0.87 mM) better than that of cisplatin (IC50: 8.75 mM,
18.89 � 2.01 mM), but also exhibited good aqueous solubility
(0.15–15 mgmL�1 at pH 7.4 and 2.0). In addition, the sensitivity
of ve human cancer cell lines to TNBG derivatives was
considerably different. The A-431 cell and NCI-H23 cell showed
much less sensitivity to all new synthesized compounds
compared with HepG2, QGY-7701 and SMMC-7721 cell lines.
Themost sensitivity to TNBG derivatives was QGY-7701 cell line.

Some new information about the structure–activity rela-
tionship (SAR) of TNBG derivatives were found that the R
substituent on the 6-positions of the ring C was modiable and
could maintain or increase the anti-tumor activity; when the R
substituent is an amino group, the highest antitumor activity
and the appropriate water-solubility are observed. The most
RSC Adv., 2018, 8, 26528–26537 | 26535
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probably reason of this situation is that the R substituent of the
C-ring have the presence of the amine group which can serve as
H-bond acceptors improving aqueous solubility and anti-
proliferation activities.

Further studies of 2a on the most sensitive QGY-7701 cell
line suggested that 2a can inhibit the growth of the cancer cell
possibly by interfering with the lipid metabolism balance of
tumor cells and resulting in lipid accumulation and cells
apoptosis (lipotoxicity). And aer being treated with 2a, lipid
accumulation of QGY-7701 cell was increased in a time and
dose dependent manner. So far, 2a exhibited the requisite
biological properties necessary for a useful drug. Based on these
promising results, compound 2a was selected for drug formu-
lation and further pre-clinical development.
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