
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 2

9/
10

/2
02

5 
8:

47
:4

0 
A

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
View Journal  | View Issue
Carbohydrate-co
aHubei Provincial Collaborative Innova

Transformation and Utilization, College of

Engineering University, Hubei, 432000, P. R
bGuangdong Institute of Gastroenterology,

Colorectal and Pelvic Floor Diseases, The

University, Guangzhou, Guangdong, 510655
cState Key Laboratory of Oncogenes and Re

Renji Hospital, Shanghai Jiaotong Universit

China
dDepartment of Pharmaceutical Sciences, R

University, Texas, 78363, USA

Cite this: RSC Adv., 2018, 8, 40760

Received 21st September 2018
Accepted 24th November 2018

DOI: 10.1039/c8ra07860b

rsc.li/rsc-advances

40760 | RSC Adv., 2018, 8, 40760–407
njugated 4-(1,3,2-dithiarsolan-2-
yl)aniline as a cytotoxic agent against colorectal
cancer

Boqiao Fu, *a Xiaolin Wang,b Yingjie Li,b Jingying Hu,c Dai Lu,d Wei Li,a

Kewang Zheng a and Caiqin Qin*a

Arsenic trioxide (As2O3) has been approved for the treatment of acute promyelocytic leukemia (APL);

however, its use in the treatment of solid tumors is limited due to its pharmacokinetic properties.

Organic arsenic compounds provide better options for pharmaceutical optimization. p-Aminophenyl

arsenoxide (p-APAO), an organic arsenic compound, was found to interact with the promyelocytic

leukemia–retinoic acid receptor alpha (PML–RARa) fusion protein in a similar manner to arsenic trioxide.

Analogs of p-APAO such as 4-(1,3,2-dithiarsolan-2-yl)aniline (p-APDTAs) were recently found to show

improved cytotoxicity toward several solid tumor cell lines with lower toxicity to normal cells. Here, we

synthesized a carbohydrate-conjugated 4-(1,3,2-dithiarsolan-2-yl)aniline (p-APDTAs) and showed that it

exhibited reduced cytotoxicity to normal cells, suggesting a feasible approach to improve the

therapeutic index of arsenic-containing compounds as chemotherapeutic agents.
Arsenic trioxide (As2O3) has been used for various purposes in
ancient China and Greece for more than 2400 years.1,2 Use of
arsenic-containing compounds to treat hematologic disorders
such as leukemia, Hodgkin's disease, and pernicious anemia
has been reported since the 1700s.3 In the 1970s, a group of
physicians in China reported that a formulation of arsenic
trioxide induced complete remission in a small group of
patients with acute promyelocytic leukemia (APL).1 Later on, the
follow-up clinical trials by American investigators conrmed the
clinical efficacy of arsenic trioxide in the management of APL.
Subsequently, arsenic trioxide (Trisenox™) was approved by the
U.S. Food and Drug Administration (FDA) in 2000 for the
treatment of relapsed or refractory APL.4

Investigations to decipher the mechanism of action of
arsenic trioxide revealed that the drug is able to promote the
catabolic degradation of an oncogenic fusion protein that
derives the proliferation of APL cells and has been found in over
98% of cases of human APL.5 The oncogenic fusion protein is
the result of chromosomal rearrangements that juxtapose the
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promyelocytic leukemia (PML) gene and the retinoic acid receptor
alpha (RARa) gene.6 Arsenic trioxide is capable of covalently
modifying a cysteine-rich region of the PML moiety of the PML–
RARa fusion protein, leading to proteasome-dependent degra-
dation of the oncogenic PML–RARa fusion protein.7,8 Further
studies have shown that arsenic trioxide can induce apoptosis
of hematologic cancer cells and solid tumor cells via a myriad of
mechanisms such as disruption of mitochondrial functions and
cellular redox processes, activation of different caspases, and
downregulation of Bcl-2 expression.9,10

Despite the remarkable success of arsenic trioxide in the
treatment of APL, the inorganic arsenic compound has certain
limitations as a chemotherapeutic such as the systemic toxicity
associated with a high amount of arsenic compounds in the
blood, and poor pharmacokinetic properties.2,11 Although
arsenic trioxide has shown efficacy for solid tumors in many
preclinical studies, the therapeutic effects of low-dose arsenic
oxide for solid tumors have not been clinically proven yet. This
may be attributed to the rapid renal clearance of arsenic trioxide
metabolites. This likely results in an insufficient amount of
arsenic oxide at the tumor sites.2

Along with the inorganic arsenic trioxide, organic arsenic
compounds such as p-aminophenylarsine oxide (p-APAO)5,12,13

and others3,14–16 were investigated either as preclinical and
clinical experimental drugs or as molecular probes in cancer
cells. Arsenic sulde and its derivatives were reported with
potent antitumor activities to solid tumor cell lines such as HCT
116.17,18 In comparison with inorganic arsenic compounds,
organic arsenic compounds offer certain advantages. They are
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Representative arsenic-containing compounds showing anti-
cancer activities.
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generally more chemically stable than inorganic arsenic
compounds and are easier for structural optimization to
improve drug-like properties such as pharmacokinetic proper-
ties, therapeutic efficacy, and target selectivity etc. Some of the
organic arsenic compounds, such as melarsoprol (Fig. 1D) and
ZIO-101 (Fig. 1E) are more efficacious than arsenic trioxide to
induce apoptosis in cancer cells.3 Interestingly, a biotin-
conjugated p-APAO was found capable to bind to PML–RARa
in a manner similar to arsenic trioxide (As2O3).5,13 These sug-
gested that compounds containing a p-APAO moiety may
possess anticancer activities As2O3. However, p-APAO is
a substituted phenyl arsenoxide, which can be easily oxidized to
pentavalent arsenic (AsV) compound and has higher tendency to
form polymers.15,19 Recently, it was reported that p-APAO
analogues 4-(1,3,2-dithiarsolan-2-yl)aniline (p-APDTAs, Fig. 1C)
obtained by protecting the arsenoxide moiety of p-APAO with
dithiols are more efficacious than p-APAO in inducing apoptosis
in several cancer cell lines. Furthermore, the p-APDTAs showed
less cytotoxicity toward normal cells than p-APAO.20 Collectively,
these triggered our interests to employ p-APDTAs (Fig. 1C)
rather than the p-APAO (Fig. 1B) as the arsenic-containing
moiety for developing novel arsenic-containing compounds as
anticancer agents.

In our earlier investigation of detoxication of p-APAO with
various carbohydrates, we found that 1,3,4,6-tetra-O-acetyl-b-D-
glucosamine (OADG) is capable of reducing the toxicity of p-
APAO toward the normal organelle modeled by S. cerevisiae.21

The natural product Jusbetonin is an indolo[3,2-b]quinoline
alkaloid glycoside containing a b-D-glucose moiety. In a struc-
tural optimization, the replacement of its b-D-glucose with
OADG was shown to enhance the cytotoxicity against breast
cancer cell line MDA-231.22 Based on these results, we hypoth-
esized that introducing OADG into organic arsenic compounds
such as p-APDTAs may preserve the anticancer effects of organic
arsenic compounds while the cytotoxicity toward normal cells
can be reduced. Hence, we designed and synthesized OADG-
conjugated p-APAO analogue (8) and p-APDTAs analogue (9).
We assessed the cytotoxicity of the synthesized conjugates
toward the solid tumor cells from three colorectal cancer cell
lines HCT116, DLD1, and RKO and the cytotoxicity toward
normal cells using epithelial NCM460 cells as the model.23
This journal is © The Royal Society of Chemistry 2018
Click chemistry has been frequently applied in conjugation
of bioactive molecules with various pharmaceutical agents and
biomolecules for preclinical and clinical applications.24 Its
typical process involves azide–alkyne [3 + 2] dipolar cycloaddi-
tion to form a 1,4-regioselectivity 1,2,3-triazole-based linker
under the catalysis of CuI. The products from click chemistry
has been proven to be superior in satisfying many criteria in
drug development and biomedical research such as excellent
biocompatibility, selectivity, yield, and stereospecicity.24 Many
known 1,2,3-triazoles have various biological activities such as
anti-HIV, anticancer, and antibacterial activities.25–27 In our
study, the target compound was synthesized through the click
reaction between a carbohydrate (i.e., OADG) moiety function-
alized with an azido group and a p-APDTAs moiety functional-
ized by a propargyl group. The synthetic chemistry employed in
this work is illustrated in Scheme 1 and 2.

To synthesize the alkyn-containing reactant (4) for click
reaction, commercially available p-arsanilic acid 1 was rst
converted into 4-aminophenyldichloroarsine (2) according to
reported protocols.20,28,29 The product 2 was easily transformed
into the intermediate 3 through reaction with 1,2-ethandithiol
under aqueous sodium carbonate. Compound 3 reacted with
propiolic acid in the presence of DCC to provide the click
chemistry reactant 4. To synthesize the other reactant of the
click reaction (i.e., azide 6), which bears the 1,3,4,6-tetra-O-
acetyl-b-D-glucosamine (OADG) moiety, the amino group of
commercially available 2-amino-2-deoxy-D-glucose (5) was con-
verted to azido functionality by reaction with tri-
uoromethanesulfonyl azide, followed by acetylation of its
1,3,4,6 hydroxyl groups to yield the key building block 6.30,31

Coupling of 4 with 6 under typical conditions of click reaction
produced the desired conjugate 8, which exists as a mixture of
equilibrium of arsenic oxide 8a and its hydrated analog
arsonous acid 8b. The presence of the arsenic oxide 8a and
arsonous acid 8b was conrmed by NMR and mass spectrom-
etry analysis.32 To obtain the p-APDTAs analogue (9), the
mixture of arsenic compounds 8a and 8b was treated with 1,2-
ethandithiol in anhydrous methanol to provide the target
compound. The reference compound p-APAO (7) was prepared
as previously described,28 and used to compare with other
derivatives of dithiarsolanes in the cytotoxicity assays. Because
of formation of a triazole moiety during the linkage by click
reaction, we synthesized the carbohydrate-triazole-containing
compounds 11 and 15 to study the biological inuence of the
triazole moiety in the structure of 9 (Scheme 2).

It was reported that derivatives of arsenic trioxide (As2O3)
slightly inhibited the proliferation of human colon cancer cell
line HCT116.17,34 To determine the antitumor activities of the
synthesized compounds in colorectal cancer, three common
colorectal cancer cell lines (i.e., HCT116, DLD1, and RKO)33were
selected for cytotoxicity assessment of the synthesized
compounds (3, 4, p-APAO, 8, 9, 11, 15) and the standard
chemotherapeutic for colorectal cancer 5-FU was used as
a positive control drug.35 Their cytotoxicity in intestinal
epithelial cell line NCM460, which is a model of normal cells,
were also evaluated. The half maximal inhibitory concentra-
tions (IC50) of the synthesized compounds are shown in Table 1
RSC Adv., 2018, 8, 40760–40764 | 40761
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Scheme 1 Synthesis routes of compounds 7 and 9. Reaction conditions: (a) SO2, KI, HCl, MeOH; (b) ethane-1,2-dithiol, NaHCO3, MeOH, 82%; (c)
propiolic acid, dicyclohexyl carbodiimide, CH2Cl2, r.t, 64%; (d) (i) TfN3, CuSO4$5H2O, CH3CN; (ii) Ac2O, pyridine; (e) sodium L-ascorbate,
CuSO4$5H2O, microwave, 100 �C, 38.3%; (f) NH3$H2O, N2, 53.9%; (g) ethane-1,2-dithiol, MeOH, 69%.
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and the dose dependent inhibition of proliferation by
compound 9 and 5-FU are illustrated in Fig. 2.

Similar to 5-FU, arsenic containing compounds 3, 4, 8, 9 and
p-APAO all exhibited anti-proliferation activity in the three
colorectal cancer cell lines. Particularly, arsenic compound 4
showed signicantly enhanced activity cross the three colorectal
cancer cell lines in comparison with 5-FU. However, these
compounds showed higher cytotoxicity in normal cells except
the p-APDTAs analogue (9), which exhibited potent activity
against HCT116 cells with IC50 value of 1.29 � 0.21 mM. It also
showed strong activities against DLD1 and RKO cell lines with
IC50 values of 13.96 � 2.05 mM and 12.55 � 1.90 mM, respec-
tively. Compound 9 showed stronger cytotoxicity than 5-FU in
HCT-116 and DLD1 cells, but not in RKO cells. Compare to 5-
FU, compound 9 displayed similar cytotoxicity towards normal
colorectal endothelial cells NCM460, but with over 1.8 fold
increase of cytotoxicity to colorectal cancer HCT-116 cells.
Scheme 2 Synthesis routes of compounds 11 and 15. Reaction condition
propiolic acid, dicyclohexyl carbodiimide, CH2Cl2, r.t, 70%; (c) sodium L-

40762 | RSC Adv., 2018, 8, 40760–40764
The results from compounds 11 and 15 indicated that the p-
APDTAs moiety is critical for the anticancer effects of
compound 9. The absence of the arsolane group signicantly
reduced antitumor activity as observed from compound 15.
Similarly, the triazole-containing compound 11, which is
derived from 1,3,4,6-tetra-O-acetyl-b-D-glucosamine (OADG),
was not responsible for the anticancer effects of compound 9.
The compound 8 is the OADG-conjugated derivative of p-APAO
and the compound 9 is the OADG-conjugated derivative of p-
APDTAs. In comparison with their non-conjugated count part
(i.e. 8 vs. p-APAO, and 9 vs. 3), the OADG-conjugated organic
arsenic compounds 8 and 9 showed signicantly reduced
toxicity towards normal colorectal cells while their anti-
proliferation activities were generally maintained. We also
found that deacetylation of compound 9 with sodium meth-
oxide and then neutralization with acid resin couldn't give
deacetylation compound. Actually dithiol protective group on
s: (a) sodium L-ascorbate, CuSO4$5H2O, microwave, 100 �C, 61.1%; (b)
ascorbate, CuSO4$5H2O, microwave, 100 �C, 32.5%.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Cytotoxicity of carbohydrate-conjugated and non-conjugated dithiarsolanes in colorectal cancer cells and normal cells

IC50 (mM) � SD (mM)

Compounds 5-FU p-APAO 3 4 8 9 11 15

NCM460a 44.57 � 4.69 3.67 � 0.10 11.11 � 0.82 3.20 � 0.78 16.15 � 2.21 50.75 � 0.97 NDb NDb

HCT-116 3.62 � 1.22 5.03 � 0.66 1.86 � 0.34 0.53 � 0.20 17.69 � 1.44 1.29 � 0.21 >50 43.39 � 4.17
DLD1 >50 2.17 � 0.21 6.90 � 1.81 1.41 � 0.59 14.96 � 2.72 13.96 � 2.05 >50 20.28 � 2.30
RKO 2.09 � 0.87 2.99 � 0.04 3.74 � 0.88 0.79 � 0.05 4.57 � 0.17 12.55 � 1.90 20.03 � 3.38 >50
Selectivity indexc 12.31 0.73 5.97 6.04 0.91 39.34 — —

a NCM460 cell is used as the model of normal cell. b ND¼ not determined. c Selectivity index: the IC50 against HCT116 over the IC50 against NC460.

Fig. 2 Cytotoxicity of compound 9 and 5-FU in HCT-116 (a), DLD1(b), and RKO (c) cells measured by the MTS assay (mean � SD).
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the arsenic compound 9 was also deprotected under acid
resin.36,37 When we used dithiol to protect arsenic acid of
deacetylation carbohydrate-conjugated arsenic compound
again, all the naked hydroxyl groups could be protected. So it is
very difficult to get the deacetyl compound from 9. The useful-
ness of 1,3,4,6-tetra-O-acetyl-b-D-glucosamine (OADG) in anti-
cancer molecules were also demonstrated by others. The acetyl
protective groups were deemed benecial in comparison with
the unprotected b-D-glucosamine bearing analogues.22
Conclusions

In this investigation, it was found that conjugation of cytotoxic
arsenic-containing compound p-APDTAs with b-D-glucose 9
derived 1, 3, 4, 6-O-acetyl-b-D-glucoamine (OADG) can signi-
cantly reduce the toxicity to normal colorectal endothelial cells
while the cytotoxicity towards colorectal cancer cells can be
maintained. The conjugation linker introduced by click chem-
istry did not abolish the anticancer activity of the resultant
compound, which showed anticancer activity comparable to the
standard chemotherapeutic 5-urouraicil (5-FU) in colorectal
cancer models. These results suggested a new approach for the
discovery and development of arsenic-containing compounds
as novel chemotherapeutics for the treatment of solid tumors.
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