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A group of nitric oxide (NO)-releasing derivatives of oleanolic acid (OA) (5–13) were 

designed, synthesized and biologically evaluated for their anti-colon cancer activity. It was 

found that the most potent compound 6 preferably released high levels of NO in colon cancer 

cells but not in normal cells, leading to potent cytotoxicity against colon cancer cells. In 

addition, 6 was more prone to produce NO catalyzed by GSTπ relative to GSTα. Furthermore, 

6 significantly inhibited the tumor growth in a mouse xenograft model. Finally, 6 induced 

nitration of tyrosine residues in mitochondrial protein, down-regulated Wnt/β-catenin pathway, 

and inhibited COX-2 centered signaling loop in colon cancer cells. Collectively, our findings 

suggested that 6 could be a promising candidate for the intervention of colon cancer. 

 

Introduction 

 Despite extensive research efforts, colon cancer remains to 

be the fourth leading cause of cancer death worldwide, 

affecting men and women of all racial and ethnic groups. 

Accumulating evidence indicates that colon cancer is caused by 

alterations of multiple signal pathways due to both genetic and 

environmental factors, including Wnt/β-catenin, RAS, p53, 

phosphoinositide-3 kinase (PI3KCA), cyclooxygenase-2 (COX-

2)/prostaglandin (PG), etc.1, 2 Chemotherapy is one of the most 

common treatments for colon cancer. However, the application 

of anticancer agents is often limited by intolerable side effects. 

Therefore, development of novel molecules with low 

systematic toxicity and high activity toward colon cancer is in 

urgent need. 

 There is growing consensus that high levels of nitric oxide 

(NO) released from NO donors can exert a multitude of 

anticancer activities, including enhancement of apoptotic 

stimuli, and inhibition of metastasis, angiogenesis, and hypoxia, 

thus retarding the cancer cell growth in vitro and in vivo.3-5 The 

role of NO-releasing drugs in the treatment of colon cancer has 

also been well documented. For example, NO-aspirin (NO-

ASA) inhibited the growth of human colon cell lines HCT-116 

and HT-29 by both S-nitrosylation and tyrosine nitration of key 

signalling proteins such as p53, β-catenin, and NF-κB.6 More 

recently, it was reported that an NO-releasing derivative of anti-

inflammatory drug (S,R)-3-phenyl-4,5-dihydro-5-isoxasole 

acetic acid (VGX-1027, GIT-27 NO) suppressed the growth of 

colon cancer cells in vitro and reduced tumor volume in 

syngeneic BALB/c mice.7 

 

 
Scheme 1 Chemical structures of O

2
-(2,4-dinitrophenyl) 

diazeniumdiolate derivatives JS-K, PABA/NO, and diazeniumdiolate-

oleanolic acid hybrid 1. 

 O2-(2,4-Dinitrophenyl)diazeniumdiolate is a known NO 

donor able to release NO catalyzed by glutathione S-transferase 

π (GSTπ), which is over-expressed in many human cancer 

cells8 and is a useful biomarker with greater activity in colon 

cancer than in adjacent normal tissues.9-12 The characteristic of 

GSTπ endows compounds containing O2-(2,4-

dinitrophenyl)diazeniumdiolate moiety with increased 

selectivity toward cancer cells. The representative compounds 

JS-K and PABA/NO (Scheme 1) showed potent anticancer 

activity in numerous cancer cell lines.13-15 Our group has also 

developed a number of potent hybrid molecules from O2-(2,4-

dinitrophenyl)diazeniumdiolate and oleanolic acid (OA) with 

selective inhibitory activity against human hepatocellular 

carcinoma (HCC).16, 17 Interestingly, the hybrid 1 (Scheme 1) 

exhibited improved stability toward glutathione (GSH) in the 

absence of GSTπ, enhanced water solubility, and better  
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Scheme 2 The synthetic route of target compounds 5–13. Reactions and conditions: (a) NO, NaOMe-MeOH-Et2O, nanometer-sized TiO2, 25 °C, 48 

h, 80–88%. (b) 1,5-difluoro-2,4-dinitrobenzene, Me2CO, 5% NaHCO3, N2, 0–25 °C, 70–75%. (c) 3b–f, DMF, Et3N, 25 °C, 69–75%. (d) N-Cbz-L-proline 

or N-Cbz-N-methylglycine, EDCI, DMAP, anhydrous CH2Cl2, 25 °C, 88% and 92%. (e) NaOMe-MeOH-CH2Cl2, 0–25 °C, 90% and 87%. (f) H2, Pd-C, 

MeOH-CH2Cl2, 25 °C. (g) 3a or 3c, THF, Na2CO3, 25 °C, 65–82%. 

antiproliferative activity against HCC cells as compared with 

JS-K and PABA/NO.16 Additionally, it is known that OA and 

its derivatives possess chemotherapeutic and chemopreventive 

activities against the carcinogenesis and development of colon 

cancer.18-20 All these findings arise our interest to investigate 

the inhibitory effects of NO-releasing derivatives of OA on 

colon cancer. Accordingly, a new pool of these derivatives (5–

13) were designed, synthesized and biologically evaluated as 

potential anti-colon cancer agents. 

 

Results and discussion 

Rationale for the design of compounds 5–13 

 Our previous study unambiguously indicates that the 

anticancer activity of diazeniumdiolate-based NO-releasing 

derivatives of OA is significantly affected by two moieties. The 

first, secondary amine moiety to build diazeniumdiolate, and 

the second, linker moiety between 2,4-dinitrophenyl ring which 

is attached to diazeniumdiolate, and OA.16 Among the various 

secondary amines we investigated, N-methylethanolamine (see 

compound 1, Scheme 1), the only one with a hydroxyl group, 

was proven to be the optimal for anticancer activity. As for the 

linker, the best results could be achieved when 2-(piperazin-1-

yl)acetic acid was used to link the C-5 position of 2,4-

dinitrophenyl to OA (see compound 1, Scheme 1). Based on the 

above findings, three new secondary amines bearing a hydroxyl 

group including L-prolinol, 4-hydroxypiperidine, and 1-(2-

hydroxylethyl)piperazine (compounds 5–7)  were employed in 

this study. Meanwhile, pyrrolidine and piperidine (compounds 

8 and 9) were used as non-hydroxyl counterparts for 

comparison. On the other hand, 2-(piperazin-1-yl)acetic acid 

and its two analogs L-proline and N-methylglycine were used 

as linkers to connect 2,4-dinitrophenyl to OA, respectively 

(compounds 5–9, and 10–13). In addition, a β-linked galactosyl 

moiety was attached to C28 of OA to improve the aqueous 

solubility of the hybrids.  

Chemistry 

 The synthetic route for the target compounds 5–13 is 

depicted in Scheme 2. The corresponding secondary amines 

were treated with NO gas in the presence of catalytic amount of 

nanometer-sized TiO2 under atmospheric pressure at room 

temperature,21 forming diazeniumdiolate sodium salts 2a–f. The 

O2 anion of the diazeniumdiolate nucleophilically substituted 

for one of two fluorine atoms in 1,5-difluoro-2,4-

dinitrobenzene, yielding O2-(2,4-dinitro-5-fluorophenyl) 

diazeniumdiolates 3a–f. Finally, substitution of the other 

fluorine atom by the terminal piperazine nitrogen in 4, which 

were prepared as previously reported,16 provided target 

products 5–9. In addition, the 3-OH of 2,3,4,6-tetra-O-acetyl-β-

D-galactopyranosyl oleanate (14)22 was coupled with either N-

Cbz-protected L-proline or N-Cbz-N-methylglycine in the 

presence of EDCI and DMAP, affording esters 15a and 15b, 

respectively. Their acetyl groups in the galactosyl were 

hydrolyzed using NaOMe to give hydroxyl compounds 16a and 

16b. Subsequently, Pd/C-mediated hydrogenation of the Cbz 
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group led to free secondary amines, which were conjugated 

with O2-(2,4-dinitro-5-fluorophenyl)diazeniumdiolates 3a and 

3c to afford target compounds 10–13, respectively. 

 
Fig. 1 Inhibitory activities of selected compounds against colon cell 

lines. (a) Dose-response curves showing the anti-proliferative effects 

of 1 and 6 in HCT-116 (left) and HCT-15 (right) cell lines after an 

incubation of 72 h. Data are means ± SD of the cell viability (%) from 

three independent experiments. (b) Comparison of the inhibitory 

effects of 6 on colon cancer cells and normal colon cells (CCD-841). 

Cells were incubated with different concentrations of 6 for 72 h. Cell 

proliferation was determined using a MTT assay. Data are means ± SD 

of the inhibition (%) from three independent experiments. (c) Effects 

of GSTπ inhibitor etacrynic acid (EA) on the cytotoxicity of 6 in HCT-116 

cells. Cells were pretreated with 0.03 mM EA for 4 h, followed by 

incubation with 0, 1, 2, and 4 μM of 6 for 72 h, and the cell viability 

was determined by MTT assay. Data are means + SD of the cell viability 

(%) from three independent experiments. **P < 0.01 vs. 6 alone 

treated groups. 

Table 1 IC50 values (μM) of selected compounds against colon 
cancer cell lines

a 

Compounds HT-29 HCT-15 HCT-116 

JS-K 1.26 ± 0.14 0.875 ± 0.07 1.49 ± 0.13 

PABA/NO 15.9 ± 1.20 6.63 ± 0.72 13.2 ± 1.03 

1 1.14 ± 0.09 2.19 ± 0.18 1.40 ± 0.08 

5 9.87 ± 0.75 8.52 ± 0.90 12.3 ± 1.32 

6 1.01 ± 0.07 0.924 ± 0.05 0.803 ± 0.07 

7 10.0 ± 1.23 13.2 ± 1.14 11.3 ± 0.85 

8 > 50 > 50 42.3 ± 3.27 

9 > 50 > 50 > 50 

10 9.67 ± 0.88 7.43 ± 0.56 8.05 ± 0.91 

11 7.71 ± 1.02 5.46 ± 0.36 8.32 ± 0.82 

12 7.86 ± 0.91 7.05 ± 0.55 4.89 ± 0.65 

13 4.21 ± 0.32 6.20 ± 0.74 7.01 ± 0.81 

aThe inhibitory effects of individual compounds on the proliferation of colon 

cancer cell lines were determined by the MTT assay with a 72 h treatment. 

Data are expressed as mean ± SD of three independent experiments. 

 

Assessment of in vitro anti-proliferative activity on colon cell 

lines 

 Compounds 5–9 with newly introduced secondary amine in 

the diazeniumdiolate moiety and 2-(piperazin-1-yl) acetic acid 

as a linker were firstly examined respectively for their 

cytotoxicity against three human colon cancer cell lines (HT-

29, HCT-15, HCT-116) by MTT assay using JS-K, PABA/NO, 

and 1 as controls. As shown in Table 1, both 1 and 6 exhibited 

considerable cytotoxicity on all the three colon cancer cell 

lines, superior to PABA/NO and comparable with JS-K. 

Evidently, 6 was the most potent, which inhibited the 

proliferation of HCT-15 and HCT-116 cells with 

submicromolar IC50 values (0.924 and 0.823 µM, respectively) 

(Fig. 1a). Compounds 5 and 7, the other two compounds with a 

hydroxyl group in the diazeniumdiolate moiety, showed 

attenuated activity with IC50 values around 10 µM, similar to 

that of PABA/NO. However, a dramatic decrease in anti-

proliferative activity was observed for 8 and 9, which are non-

hydroxyl counterparts of 5 and 6, respectively. These results 

suggest that the hydroxyl group in the diazeniumdiolate moiety 

might be pivotal for anticancer activity, and 4-

hydroxypiperidine be better than N-methylethanolamine. Next, 

the contribution of linkers L-proline and N-methylglycine to the 

anticancer activity of 10–13 was evaluated. While all of them 

exhibited moderate to high activity (Table 1), none of them 

exceeded 6. Also, 6 showed remarkable inhibitory effects on 

breast cancer, liver cancer, ovarian cancer, leukemia cell lines, 

etc (see Supporting Information). In sharp contrast, 6 had much 

less inhibitory activity on normal colon cells CDD-841. It can 

be seen from Fig. 1b, at 1.25 µM, 6 inhibited the proliferation 

of HT-29, HCT-15, and HCT-116 cells by 51.4%, 58.5%, and 

79.5%, respectively, whereas inhibited that of CDD-841 cells 

only by 6.33% under the same condition. The cancer cell-

selective cytotoxicity of 6 might result from the lower activity 

of GSTπ in normal cells as compared with cancer cells. 

Furthermore, pretreatment of HCT-116 cells with GSTπ 

inhibitor etacrynic acid (EA) significantly diminished the 

cytotoxicity of 6 (Fig. 1c). These results suggest that GSTπ may 

be responsible, at least partly, for the anticancer activity of 6. 

Assay of intracellular NO release 

 The amounts of NO released in HCT-116 cells by 5–13 

were measured using Griess assay. A positive correlationship 

between the anticancer activity and intracellular NO levels was 

observed from Fig. 2a and Table 1. Among all the tested target 

compounds, 6 produced the largest levels of NO in HCT-116 

cells, comparable to JS-K and PABA/NO. Noticeable levels of 

NO production were also detected from active compounds 1 

and 12, whereas the two most inactive compounds 8 and 9 

produced the lowest levels of NO in the colon cancer cells. 

Further results showed that 6 concentration- and time-

dependently produced high levels of NO in HCT-116 cells but 

not in normal colon cells CCD-841 (Figs. 2b and 2c). As 

expected, pretreatment with GSTπ inhibitor EA or NO 

scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
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1-oxyl 3-oxide (Carboxy-PTIO), decreased the NO generation 

by 6 in HCT-116 cells (Fig. 2d). These results suggest that NO 

mediated by GSTπ may make an important contribution to the 

cytotoxicity of 6. 

 
Fig.2 Intracellular NO release behaviours of indicated compounds and 

their correlation with in vitro anti-proliferative activities. (a) 

Quantitative measurement of intracellular NO production (presented 

as nitrite). HCT-116 cells were treated with indicated compounds (30 

μM) for 6 h, and the intracellular NO were determined using a 

colorimetric Griess reaction assay. Data are expressed as mean + SD 

from three separate experiments. (b) HCT-116 and CCD-841 cells were 

incubated with the indicated concentrations of 6 for 24 h and the 

levels of intracellular nitrite were determined using a colorimetric 

Griess reaction assay. Data are expressed as mean + SD from three 

separate experiments. **P < 0.01 vs. CCD-841 group. (c) Generation of 

NO from 6 (4 μM) in HCT-116 and CCD-841 cells during 48 h 

determined by Griess assay. Data are expressed as mean ± SD from 

three separate experiments. (d) Effects of GSTπ inhibitor EA and NO 

scavenger Carboxy-PTIO on the amounts of NO generated in HCT-116 

cells. HCT-116 cells were pretreated with 30 μM of EA or 25 μM of 

Carboxy-PTIO for 1 h, followed by incubation with indicated 

concentrations of 6 for 24 h, and the nitrite was determined by Griess 

assay. Data are means + SD from three independent experiments. **P 

< 0.01 vs. 6 alone. 

Stability evaluation of 6 in the absence of GST 

 Our previous study has proved that one of the most 

attracting characteristic of hybrid 1 is its improved resistance 

toward GSH-induced decomposition in the absence of GSTπ, 

facilitating the selective accumulation of 1 in cancer cells. This 

enhanced stability was at least partially attributed to the 

increased electron density in 2,4-dinitrophenyl ring imparted by 

the conjugation of OA through a proper linker. Given that the 

structural difference between 1 and 6 exists only in the 

diazeniumdiolate part, it is possible that 6 may possess the 

similar stability like 1. This assumption was verified by 

examining the decomposition behaviour of 6 in GSH solution. 

JS-K, PABA/NO, and 6 were incubated in pH 7.4 PBS buffer 

containing 4 mM GSH at 37 °C, and their reactions with GSH 

were monitored using HPLC (Fig. 3a). Both JS-K and 

PABA/NO significantly decomposed within 20 min while most 

of 6 remained almost intact after 160 min. Compound 6 was 

next tested in cysteine-rich protein bovine serum albumin 

(BSA) or homocysteine (Fig. 3b). It was observed that 75.4% 

and 85.0% of 6 were recovered after a 50 min incubation with 

BSA and homocysteine, respectively. These results 

demonstrated that similarly to 1, 6 was much more stable than 

JS-K and PABA/NO. 

GSTπ-promoted metabolism of 6  

 The catalytic effects of GSTπ on the GSH-induced 

metabolism of 6 was investigated and compared with that of 

GSTα which predominantly exists in many normal tissues.23 To 

this end, various concentrations of 6 (10–60 µM) were 

incubated in pH 7.4 buffer containing 1 mM GSH and a 

catalytic amount of GSTπ or GSTα (5 µg⋅mL-1). The initial 

decomposition rate of 6 at each concentration was measured 

(see Supporting Information), and kinetic parameters were 

obtained according to Michaelis-Menten equation. As shown in 

Table 2, GSTπ catalyzed the metabolism of 6 by GSH with a 

high catalytic efficiency (18.76 mM-1
⋅s-1), 3.4-fold greater than 

GSTα (5.53 mM-1
⋅s-1). 

 

 
Fig.3 Stability evaluation of 6 in the absence of GST enzymes. (a) 

Compounds 6, JS-K and PABA/NO (40 μM for all compounds) were 

individually incubated in pH 7.4 PBS buffer containing 4 mM GSH at 37 

°C, and their decomposition behaviors were measured using HPLC. 

Data for the percentage of undecomposed compound are expressed 

as mean ± SD from three independent experiments. (b) HPLC traces of 

a reaction mixture containing 40 μM of 6 at 37 °C in pH 7.4 buffer 

containing 4 mM BSA (left) or homocystein (right). 

 

Table 2 Kinetic data for human GST isoenzymes with compound 6 
as the variable substrate 

Enzymea 
Km 

(µM) 

Vmax  

(µmol⋅min-1
⋅mg-1) 

kcat (s
-1) 

kcat/Km
b 

(mM-1
⋅s-1) 

GSTπ 595.1 24.27 11.16 18.76 

GSTα 168.5 2.03 0.93 5.53 

aMolecular weight used for calculation of kcat: GSTα, 25.6 kDa; GSTπ, 27.6 

kDa. bCatalytic efficiency. 

 The NO-releasing capacity of 6 in PBS buffer in the 

presence of GSH/GSTπ or GSH/GSTα was further studied. 

Evidently, 6 was more prone to produce NO under the catalysis 

of GSTπ when compared with that of GSTα, and co-incubation 

of 6 with GSTπ inhibitor EA partially decreased the NO levels 

(Fig. 4). Taken together, the metabolism of 6 by GSH to 

liberate NO was more efficiently catalyzed by GSTπ. 
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Table 3. Effects of 6 on the tumor weights and volumes in vivo
a 

Entry Dose Tumor volume (cm3) Tumor weight (g) Inhibitory ratio (%, w/w) 

Control 0.4 mL/mouse 1.274 ± 0.205 1.04 ± 0.31 
 

6 
7.5 mg/kg 0.645 ± 0.147b 0.52 ± 0.12b 50.18 

15 mg/kg 0.589 ± 0.140b 0.41 ± 0.10b 60.98 

aData shown are the mean ± SD of tumor weights or volumes for each group of mice (n = 8). bP < 0.01 vs. control. 

 

Fig.4 The effects of GSTπ and GSTα on NO-releasing ability of 6. Compound 6 

was incubated in pH 7.4 buffer at 37 °C containing GSH (4 mM), GSH (4 

mM)/GSTπ (5 μg⋅mL
-1

), GSH (4 mM)/GSTα (5 μg⋅mL
-1

), and GSH (4 mM)/GSTπ (5 

μg⋅mL
-1

)/EA (40 μM), respectively. NO production under each condition was 

quantified by Griess assay after 40 min. Data are expressed as mean + SD from 

three independent measures. *P < 0.05 vs. GSH/GSTπ group, **P < 0.01 vs. 

GSH/GSTπ group. 

In vivo tumor retarding effects of 6 

 To evaluate the in vivo anti-colon cancer activity of 6, 

BALB/c nude mice were inoculated subcutaneously with colon 

carcinoma cells HCT-116. After the establishment of solid 

tumor, two groups of the mice were intravenously treated with 

7.5 and 15 mg/kg of 6, respectively. It could be seen from Fig. 

5 that in comparison with the vehicle-treated controls (1.04 ± 

0.31 g, p < 0.01, Table 3), treatment with 6 at 15 mg/kg 

significantly inhibited the grow of implanted colon cancer cells, 

and the tumor weights in the mice were significantly reduced 

by 60.98%. 

 

Fig.5 Inhibitory effects of 6 on the growth of HCT-116BALB/c mice 

xenografts in vivo. Mice were randomized to three groups, which were 

treated with vehicle, 7.5 mg/kg of 6, or 15 mg/kg of 6, respectively. 

The volume of tumors were measured every second day. Data are 

shown as mean ± SD from each group of mice (n = 8). 

3-Nitrotyrosine formation induced by 6 in vitro and in vivo 

 The generation of highly reactive nitrogen species (RNS) 

such as peroxynitrite (ONOO-) has been regard as one of the 

main mechanisms underlying the cytotoxicity of NO against 

cancer cells.24 ONOO- is capable of nitrating tyrosine residues 

in many proteins, forming 3-nitrotyrosine (3-NT),25 which is an 

indirect marker for ONOO- production, as well as an indicator 

for NO-mediated cell damage.26 Mitochondrial proteins such as 

cytochrome C (Cyt-c) are important targets for nitration.27 

Meanwhile, the nitration of tyrosine residues in Cyt-c can lead 

to alteration of protein function and cell apoptosis. 

Accordingly, 3-NT levels of mitochondrial Cyt-c in 6-treated 

HCT-116 cells were measured using Western blot assay. As 

shown in Fig. 6a, 6 at 4 µM significantly increased the 3-NT 

levels in HCT-116 cells, similarly to JS-K and PABA/NO. As 

expected, pretreatment of cancer cells with either NO scavenger 

Carboxy-PTIO (25 µM, 1 h) or GSTπ inhibitor EA (30 µM, 1 

h) led to diminished 3-NT formation by 6. These results 

demonstrated the ability of 6 to release NO into the 

mitochondria of colon cancer cells under the catalysis of GSTπ. 

It was further found that 6 induced 3-NT formation in a dose-

dependent manner (Fig. 6b). Moreover, we also observed that 

treatment with 6 at 15 mg/kg for three weeks doubled the 

amounts of 3-NT in a xenograft mouse model (Fig. 6c). 

 

Fig.6 Compound 6 induced the formation of 3-NT in mitochondrial Cyt-

c. (a) HCT-116 cells were treated with 4 μM of JS-K, PABA/NO, or 6 for 

24 h. Pretreatment of HCT-116 cells with carboxy-PTIO (25 μM, 1 h) or 

EA (30 μM, 1 h) were used to validate the roles of NO and GSTπ in 3-

NT formation. The levels of 3-NT produced in mitochondrial Cyt-c were 

detected by Western blot assay using specific 3-NT antibody. (b) HCT-

116 cells were treated with indicated concentration of 6 for 24 h, the 

3-NT levels were detected by Western blot assay. (c) In vivo 3-NT levels 

were measured in xenografts harvested from above described mice 
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study (Fig. 5). Data are expressed as means + SD from three separate 

experiments. **P < 0.01 vs. control, 
##

P < 0.01 vs. 6 alone. 

Effects of 6 on Wnt/β-catenin pathway 

 Wnt/β-catenin signaling plays an essential role in the tumor 

genesis.28 In normal cells, β-catenin degradation is under the 

control of Wnt signaling. However, mutation in β-catenin is 

often observed in colon cancer, which stabilizes β-catenin and 

constitutively activates Wnt signaling, leading to hyperactive 

proliferation of cancer cells.29 Thus, Western blot assay was 

then performed to evaluate the effects of 6 on β-catenin and 

Wnt-3a, one member of the Wnt protein family. It was found 

that the relative expression levels of Wnt-3a and β-catenin in 

HCT-116 cells were remarkably decreased by treatment with 4 

µM of 6, slightly superior to the effects of JS-K and PABA/NO 

at the same concentration (Fig. 7). 

 
Fig.7 Effects of 6 on the expression of Wnt-3a and β-catenin in colon 

cancer cells. HCT-116 cells were incubated with indicated 

concentrations of 6, JS-K, or PABA/NO for 24 h, and the levels of the 

indicated protein expression were detected by a Western blot assay 

using specific antibodies. **P < 0.01 vs. control. 

Effects of 6 on COX2/PGE2 pathway 

 The COX/PG axis represents another important pathway 

involved in colon cancer pathogenesis. There is evidence 

showing that COX-2 and PGE2 expression is up-regulated in 

colon carcinomas, resulting in increased tumor cell 

invasiveness and aggressiveness. Pharmacological inhibitors of 

the COX-2/PGE2 axis reduce the occurrence of colon cancer in 

both experimental models and humans.30-32 Western blot assay 

was conducted to examine the effects of 6 on COX-2/PGE2 

pathway. The results showed that incubation of HCT-116 cells 

with 6 led to a concentration-dependent reduction of both 

COX-2 and PGE2 protein levels (Fig. 8a).  

 The phosphorylation of mitogen-activated protein kinase 

p38 was reported to be responsible for the COX-2 expression in 

cancer cells, and p38-MAPK pathway inhibitors are able to 

suppress the COX-2 expression in colon cancer cells.33-35 In 

consistence with these statements, it was observed that 6 at 4 

µM significantly inhibited p38 phosphorylation (Fig. 8a). This 

result is interesting and thought-provoking, because NO 

stimuli, generally speaking, is supposed to activate the MAPK 

pathway by increase the phosphorylation of MAPK family 

members such as ERK, JNK, and p38. This MAPK-activating 

effect was previously observed with both PABA/NO13 and our 

NO-OA hybrids.16, 17 Therefore, the current results suggest that 

NO might exert a unique effect on p38 activation in colon 

cancer cells compared with that in other cells. To test this 

hypothesis, HepG2 cells were treated with various 

concentrations of 6, and the phosphorylated p38 (p-p38) levels 

were detected using Western blot. As opposed to the case in 

HCT-116 cells, treatment of HepG2 cells with 6 induced p38 

phosphorylation (Figs. 8b and 8c).  

 Moreover, it is known that COX-2 up-regulation in colon 

cancer was associated with hypoxia-inducible factor-1α (HIF-

1α) induction.36 In addition, increased levels of PGE2 in 

hypoxic colorectal tumor cells enhance HIF-1 transcriptional 

activity by activating MAPK pathway.36 Accordingly, Western 

blot assay was performed to examine the effects of 6 on COX-2 

centered signaling loop in colon cancer cells. The results 

indicated that HIF-1α expression in HCT-116 cells was 

suppressed by 4 µM of 6 (Fig. 8a). Taken together, 6 negatively 

regulated the COX-2/PGE2 pathway and related signaling loop 

in colon cancer cells. 

 

Fig.8 Effects of 6 on the expression of COX-2, PGE2, and p-p38 in 

cancer cells. (a) HCT-116 cells were incubated with indicated 

concentrations of 6, JS-K, or PABA/NO for 24 h, and the levels of the 

indicated protein expression were detected by Western blot assay 

using specific antibodies. (b) HepG2 cells were incubated with 

indicated concentrations of 6 for 24 h, and the levels of the indicated 

protein expression were detected by Western blot assay using specific 

antibodies. (c) Comparison of the effects of 6 on p38 phosphorylation 

in HCT-116 and HepG2 cells. Data are expressed as means + SD from 

three separate experiments. **P < 0.01 vs. control groups. 

 

Conclusion 

 The potential use of NO-releasing agents in anticancer field 
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has drawn dramatic attention since first reported in 1987.37 

Notably, several cancer cell lines were proved to be especially 

sensitive to NO-induced cytotoxic effects.38 Furthermore, by 

utilizing cancer-specific features, a much wider range of cancer 

cells could be efficiently targeted by various NO donors such as 

dizeniumdiolates.39 We synthesized and biologically evaluated 

a new group of dizeniumdiolate-based NO-releasing derivatives 

of OA. MTT assay revealed that 6 was the most potent in 

inhibiting colon cancer cell proliferation, while sparing normal 

colon cells. This was demonstrated to be mediated by the 

selective release of high levels of NO in colon cancer cells but 

not in normal cells. Importantly, 6 was resistant to GSH-

induced decomposition in the absence of GSTπ, and was 

preferably catalyzed by GSTπ to produce NO rather than by 

GSTα. The anticancer activity of 6 was further confirmed from 

its tumor-curtailing effects in a mouse xenograft model. 

 In addition to the downstream effects such as the formation 

of 3-NT in vitro and in vivo, NO generated by 6 was able to 

regulate several colon cancer cell-related signaling pathways. 

For example, the expression levels of Wnt-3a and β-catenin in 

HCT-116 cells were reduced by treatment with 6. Moreover, 

the over-expression of COX-2 and PGE2, well known 

hallmarks in colon cancer, was also negatively regulated by 6. 

This was accompanied by inhibition of upstream signalling of 

COX2/PGE2 axis including HIF-1α and p38 MAPK 

phosphorylation. Interestingly, the suppressive effect of 6 on 

p38 activation was only observed in colon cancer cells instead 

of HCC cells, suggesting its unique mechanism of action in 

colonic carcinoma. 

 In summary, 6 as an NO-releasing derivative of OA can be 

selectively activated by GSTπ over-expressed in colon cancer 

cells, and effectively regulate colon cancer-related proteins 

upon activation. As shown in our study, multiple mechanisms 

might be associated with the inhibitory activity of 6 against 

colon cancer cells, and several colonic hallmarks are closely 

involved. Firstly, NO generates ONOO-, which then nitrates 

tyrosine residues of Cyt-c in mitochondria to form 3-NT. 

Secondly, 6 negatively regulates the Wnt/β-catenin pathway in 

colon cancer cells. Thirdly, 6 inhibits the COX-2 centered 

signalling loop in colon cancer cells. All in all, our findings 

suggest that 6 might be a potential anti-colon cancer agent, 

deserving further investigation. 

 

Experimental 

 General. Melting points were determined on a Mel-TEMP 

II melting point apparatus and were uncorrected. 1H NMR and 
13C NMR spectra were recorded with a Bruker Avance 300 

MHz spectrometer at 300 K, using TMS as an internal standard. 

MS spectra were recorded on a Shimadzu GC-MS 2010 (EI) or 

a Mariner Mass Spectrum (ESI) instrument. Analytical and 

preparative TLC was performed on silica gel (200−300 mesh) 

GF/UV 254 plates, and the chromatograms were visualized 

under UV light at 254 and 365 nm. All solvents were reagent 

grade and, when necessary, were purified and dried by standard 

methods. The purity of all compounds tested was characterized 

by HPLC analysis (LC-10A HPLC system consisting of LC-

10ATvp pumps and an SPD-10Avp UV detector) and high 

resolution mass spectrometry (Agilent Technologies LC/MSD 

TOF). Individual compounds with a purity of > 95% were used 

for subsequent experiments (see the Supporting Information). 

Sodium diazeniumdiolates 2a−f were prepared according to the 

method described previously.21 Compound 1, 4, and 14 were 

synthesized using the reported protocols.16, 22 The preparative 

procedures and spectral data for compounds 5−9, 15a, 15b, 16a and 

16b are provided in the Supporting Information. 

 General procedure for the preparation of compounds 5–

9. To a DMF (8 mL) solution of 14 (745 mg, 1 mmol) and 3b–f 

(1 mmol) was added Et3N (0.14 mL, 1 mmol), and the resulting 

solution was stirred at room temperature for 2 h. The mixture 

was then poured into water (100 mL) prior to extraction with 

ethyl acetate (3 × 60 mL). The organic extracts were combined 

and washed sequentially with 1 N HCl (3 × 100 mL) and a 

saturated NaCl solution, and the organic fraction was dried over 

sodium sulfate. After removal of the solvent, the crude product 

was purified by chromatography [1:15 (v/v) MeOH/CH2Cl2] to 

give 5–9. 

 Compound 5. The title compound was obtained in 74% 

yield as a yellow solid: mp 152−154 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.68 (s, 3H, CH3), 0.78 (s, 6H, 2 × CH3), 0.88 (s, 

9H, 3 × CH3), 1.09 (s, 3H, CH3), 2.07−2.27 (m, 4H, prolinol), 

2.61−2.81 (m, 5H, piperazine, C18-H), 3.34 (brs, 4H, 

piperazine), 3.58−3.78 (m, 5H), 3.90−4.11 (m, 5H, prolinol), 

4.57−4.69 (m, 2H, OH, 3α-H), 4.76 (d, J = 5.3 Hz, 1H, OH), 

4.96 (d, J = 5.0 Hz, 1H, OH), 5.16 (brs, 1H, C12-H), 5.21 (d, J = 

7.5 Hz, 1H), 7.20 (s, 1H, ArH), 8.65 (s, 1H, ArH); 13C NMR 

(d6-DMSO, 75 MHz) δ 175.22, 170.73, 154.65, 148.12, 143.43, 

127.26, 125.70, 125.51, 121.47, 98.75, 94.56, 80.54, 75.85, 

73.35, 69.41, 67.68, 65.16, 64.98, 59.85, 58.07, 54.47, 51.46, 

50.78, 46.84, 45.85, 45.50, 41.22, 41.17, 37.51, 37.20, 36.38, 

33.18, 32.68, 32.05, 32.04, 31.56, 30.23, 28.97, 27.60, 27.12, 

25.46, 23.30, 23.06, 22.86, 22.45, 17.69, 16.58, 16.49, 15.00; 

ESI-MS 1070.6 [M + H]+, 1092.4 [M + Na]+; HRMS calculated 

for C53H80N7O16 [M + H]+ 1070.5662, found 1070.5666 (parts 

per million error of 0.4). 

 Compound 6. The title compound was obtained in 69% 

yield as a yellow solid: mp 141−143 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.69 (s, 3H, CH3), 0.84 (s, 6H, 2 × CH3), 0.88 (s, 

9H, 3 × CH3), 1.11 (s, 3H, CH3), 1.97−2.01 (m, 2H, piperidine), 

2.60−2.81 (m, 5H, piperazine, C18-H), 3.01 (t, J = 9.8 Hz, 2H, 

piperidine), 3.18 (brs, 4H, piperazine), 3.40−3.48 (m, 4H), 

3.49−3.57 (m, 1H), 3.69−3.74 (m, 2H, piperidine), 4.40−4.47 

(m, 1H, 3α-H), 4.49 (d, J = 4.2 Hz, 1H, OH), 4.54−4.56 (m, 1H, 

piperidine), 4.75 (d, J = 5.1 Hz, 1H, OH), 4.79 (d, J = 4.2 Hz, 

1H, OH), 4.96 (d, J = 5.7 Hz, 1H, OH), 5.17 (brs, 1H, C12-H), 

5.22 (d, J = 7.8 Hz, 1H), 6.42 (s, 1H, ArH), 8.50 (s, 1H, ArH); 
13C NMR (d6-DMSO, 75 MHz) δ 176.82, 169.58, 161.54, 

157.98, 143.49, 126.64, 122.24, 110.76, 110.52, 94.80, 75.80, 

73.74, 69.83, 68.74, 60.73, 55.31, 51.65, 50.94, 49.65, 45.81, 

41.53, 41.18, 39.30, 37.95, 37.43, 36.69, 35.73, 33.48, 32.43, 

32.13, 31.75, 30.42, 30.13, 27.48, 27.34, 24.99, 23.15, 22.61, 
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17.95, 16.36, 15.91, 14.60; ESI-MS 1092.6 [M + Na]+, 1108.6 

[M + K]+; HRMS calculated for C53H80N7O16 [M + H]+ 

1070.5662, found 1070.5665 (parts per million error of 0.3). 

 Compound 7. The title compound was obtained in 71% 

yield as a yellow solid: mp 152−155 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.65 (s, 3H, CH3), 0.72 (s, 6H, 2 × CH3), 0.83 (s, 

9H, 3 × CH3), 1.04 (s, 3H, CH3), 2.65 (t, J = 5.2 Hz, 2H, 

NCH2CH2OH), 2.68−2.75 (m, 5H, piperazine, C18-H), 

2.82−2.85 (m, 4H, piperazine), 3.54 (brs, 4H, piperazine), 

3.67−3.79 (m, 11H), 4.44−4.48 (m, 3H, 2 × OH, 3α-H), 4.70 (d, 

J = 4.2 Hz, 1H, OH), 4.91 (d, J = 5.6 Hz, 1H, OH), 5.12 (brs, 

1H, C12-H), 5.18 (d, J = 7.5 Hz, 1H), 5.76 (s, 1H, OH), 6.89 (s, 

1H, ArH), 8.79 (s, 1H, ArH); 13C NMR (d6-DMSO, 75 MHz) δ 

175.26, 170.91, 154.39, 148.15, 143.48, 127.33, 125.95, 

125.63, 121.49, 99.40, 94.58, 80.59, 75.89, 73.36, 69.41, 67.71, 

59.95, 59.87, 58.07, 57.62, 54.53, 52.86, 49.85, 49.79, 46.88, 

45.87, 45.51, 44.95, 41.24, 40.69, 37.56, 37.23, 36.42, 33.09, 

32.71, 32.06, 31.59, 30.27, 27.64, 27.14, 25.48, 23.33, 23.10, 

22.88, 22.46, 17.71, 16.61, 16.54, 15.03, 14.98; ESI-MS 1099.4 

[M + H]+, 1121.4 [M + Na]+; HRMS calculated for 

C54H83N8O16 [M + H]+ 1099.5849, found 1099.5846 (parts per 

million error of 0.3). 

 Compound 8. The title compound was obtained in 75% 

yield as a yellow solid: mp 137−140 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.69 (s, 3H, CH3), 0.82 (s, 6H, 2 × CH3), 0.88 (s, 

9H, 3 × CH3), 1.10 (s, 3H, CH3), 1.91−1.97 (m, 4H, 

pyrrolidine), 2.70−2.77 (m, 5H, piperazine, C18-H), 3.26 (brs, 

4H, piperazine), 3.33−3.51 (m, 4H, pyrrolidine), 3.70 (brs, 5H), 

4.45−4.56 (m, 3H, 2 × OH, 3α-H), 4.51 (d, J = 4.3 Hz, OH), 

4.77 (d, J = 5.3 Hz, 1H, OH), 4.98 (d, J = 5.4 Hz, 1H, OH), 

5.17 (brs, 1H, C12-H), 5.21 (d, J = 7.6 Hz, 1H), 7.10 (s, 1H, 

ArH), 8.64 (s, 1H, ArH); 13C NMR (d6-DMSO, 75 MHz) δ 

175.27, 170.77, 154.94, 148.19, 143.47, 127.35, 125.65, 

125.56, 121.51, 98.48, 94.59, 80.57, 75.89, 73.37, 69.43, 67.72, 

59.70, 57.62, 54.48, 51.41, 46.85, 45.89, 45.53, 41.26, 37.54, 

37.24, 36.42, 33.02, 32.71, 32.08, 31.60, 30.27, 27.64, 27.16, 

24.03, 17.72, 16.62, 16.53, 15.04, 14.05; ESI-MS 1040.4 [M + 

H]+, 1162.4 [M + Na]+; HRMS calculated for C52H78N7O15 [M 

+ H]+ 1040.5478, found 1040.5481 (parts per million error of 

0.3).  

 Compound 9. The title compound was obtained in 70% 

yield as a yellow solid: mp 139−142 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.68 (s, 3H, CH3), 0.73 (s, 3H, CH3), 0.80 (s, 3H, 

CH3), 0.87 (s, 9H, 3 × CH3), 1.09 (s, 3H, CH3), 1.90–1.99 (m, 

6H, piperidine), 2.70−2.77 (m, 5H, piperazine, C18-H), 3.24 

(brs, 4H, piperazine), 3.37–3.52 (m, 5H), 3.72 (t, J = 5.6 Hz, 4H, 

piperidine), 4.35−4.46 (m, 3H, 2 × OH, 3α-H), 5.16 (brs, 1H, 

C12-H), 5.21 (d, J = 7.8 Hz, 1H), 6.77 (s, 1H, ArH), 8.90 (s, 1H, 

ArH); 13C NMR (d6-DMSO, 75 MHz) δ 175.26, 168.50, 154.74, 

148.35, 143.47, 127.16, 125.95, 125.75, 121.48, 99.16, 94.58, 

81.69, 75.88, 73.38, 69.43, 67.71, 57.62, 54.82, 54.69, 46.81, 

46.32, 45.88, 45.53, 41.24, 40.70, 39.61, 38.34, 37.45, 37.28, 

36.53, 36.39, 32.70, 32.04, 31.60, 30.26, 27.62, 27.15, 25.50, 

24.33, 23.95, 23.32, 23.10, 22.88, 22.47, 17.67, 16.60, 16.36, 

15.03; ESI-MS 1054.4 [M + H]+, 1176.4 [M + Na]+; HRMS 

calculated for C53H80N7O15 [M + H]+ 1054.5634, found 

1040.5636 (parts per million error of 0.2). 

 General Procedure for the Preparation of Compounds 

10–13. Compounds 15a and 15b were individually dissolved in 

a 1:1 mixture of CH2Cl2 and MeOH. A catalytic amount of 10% 

Pd-C was added to the solution, and the mixture was stirred 

under hydrogen at room temperature for 10 h. After filtration 

through Celite, the filtrate was concentrated to afford the 

corresponding primary amine that was used directly without 

further purification. A mixture of the primary amine (1 mmol), 

3a or 3c (1 mmol), and Na2CO3 (1 mmol) in anhydrous THF 

was stirred at room temperature until the starting material was 

totally consumed as indicated by TLC. The remaining solid was 

filtered off, the filtrate evaporated in vacuo, and the resulting 

residue purified by column chromatography [1:20 (v/v) MeOH/ 

CH2Cl2] to afford the respective title product. 

 Compound 10. The title compound was obtained in 82% 

yield as a yellow solid: mp 127−131 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.68 (s, 6H, 2 × CH3), 0.75 (s, 3H, CH3), 0.83 (s, 

3H, CH3), 0.88 (s, 6H, 2 × CH3), 1.09 (s, 3H, CH3), 1.52−1.82 

(m, 4H, proline), 2.73−2.76 (m, 1H, C18-H), 3.31 (s, 3H, NCH3), 

3.37−3.58 (m, 7H), 3.64−3.67 (m, 2H, NCH2CH2OH), 

3.71−3.72 (m, 1H), 3.73−3.74 (m, 2H, NCH2CH2OH), 4.30 (m, 

1H, proline),4.35−4.50 (m, 3H, 2 × OH, 3α-H), 5.16 (brs, 1H, 

C12-H), 5.21 (d, J = 7.8 Hz, 1H), 6.77 (s, 1H, ArH), 8.90 (s, 1H, 

ArH); ESI-MS 1015.5 [M + H]+; 13C NMR (d6-DMSO, 75 

MHz) δ 175.24, 172.58, 154.91, 148.17, 143.45, 127.35, 

125.63, 125.54, 121.47, 98.49, 94.56, 80.54, 75.86, 73.34, 

69.41, 67.68, 61.20, 59.85, 57.58, 54.71, 54.45, 51.87, 46.82, 

45.86, 45.48, 41.23, 40.68, 37.50, 37.21, 36.39, 33.18, 33.00, 

32.68, 32.03, 31.58, 30.25, 28.95, 27.61, 27.12, 25.47, 25.01, 

23.31, 23.12, 23.05, 22.85, 22.46, 22.43, 17.68, 16.59, 16.50, 

15.02; HRMS calculated for C50H75N6O16 [M + H]+ 1015.5161, 

found 1015.5163 (parts per million error of 0.2). 

 Compound 11. The title compound was obtained in 75% 

yield as a yellow solid: mp 130−132 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.68 (s, 3H, CH3), 0.79 (s, 3H, CH3), 0.85 (s, 3H, 

CH3), 0.88 (s, 9H, 3 × CH3), 1.09 (s, 3H, CH3), 2.73−2.77 (m, 

1H, C18-H), 2.96 (s, 3H, NCH3), 3.33 (s, 3H, NCH3), 3.38-3.52 

(m, 5H), 3.65−3.68 (m, 2H, NCH2CH2OH), 3.70−3.72 (m, 1H), 

3.73−3.74 (m, 2H, NCH2CH2OH), 4.37−4.53 (m, 5H, 2 × OH, 

3α-H, NHCH2COO), 5.16 (brs, 1H, C12-H), 5.20 (d, J = 7.7 Hz, 

1H), 6.93 (s, 1H, ArH), 8.63 (s, 1H, ArH); ESI-MS 1011.5 [M 

+ Na]+; 13C NMR (d6-DMSO, 75 MHz) δ 175.25, 172.19, 

154.85, 148.41, 143.45, 127.41, 125.69, 125.36, 121.48, 98.43, 

94.56, 80.10, 75.87, 73.34, 69.40, 67.69, 59.86, 57.60, 54.75, 

54.52, 46.84, 45.86, 45.50, 42.11, 41.23, 40.69, 37.54, 37.23, 

36.40, 33.17, 32.69, 32.06, 31.57, 30.92, 30.25, 27.69, 27.12, 

25.46, 23.31, 23.09, 23.04, 22.87, 22.45, 17.71, 16.60, 16.57, 

15.02; HRMS calculated for C48H73N6O16 [M + H]+ 989.5005, 

found 989.5008 (parts per million error of 0.3). 

 Compound 12. The title compound was obtained in 65% 

yield as a yellow solid: mp 142−143 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.67 (s, 3H, CH3), 0.79 (s, 6H, 2 × CH3), 0.87 (s, 

9H, 3 × CH3), 1.09 (s, 3H, CH3), 2.72−2.77 (m, 1H, C18-H), 

3.40−3.67 (m, 8H), 3.73−3.82 (m, 4H, piperidine), 4.37−4.40 

(m, 1H, proline), 4.49−4.51 (m, 1H, 3α-H), 4.86 (d, J = 3.7 Hz, 
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1H, OH), 4.96 (d, J = 5.6 Hz, 1H, OH), 5.16 (brs, 1H, C12-H), 

5.20 (d, J = 7.7 Hz, 1H), 6.96 (s, 1H, ArH), 8.63 (s, 1H, ArH); 
13C NMR (d6-DMSO, 75 MHz) δ 175.23, 172.60, 154.63, 

148.10, 143.44, 127.29, 125.76, 125.66, 121.47, 98.83, 94.58, 

80.55, 75.87, 73.39, 69.43, 67.70, 67.02, 60.23, 59.87, 54.89, 

54.51, 51.84, 46.88, 46.19, 46.06, 45.86, 45.52, 41.22, 37.54, 

37.21, 36.40, 32.97, 32.69, 32.07, 31.59, 30.24, 29.12, 27.62, 

27.13, 25.00, 25.46, 23.31, 23.07, 22.87, 22.45, 17.70, 16.59, 

16.49, 15.01; ESI-MS 1063.5 [M + Na]+; HRMS calculated for 

C52H77N6O16 [M + H]+ 1041.5318, found 1041.5322 (parts per 

million error of 0.4). 

 Compound 13. The title compound was obtained in 72% 

yield as a yellow solid: mp 152−155 °C; 1H NMR (d6-DMSO, 

300 MHz) δ 0.68 (s, 3H, CH3), 0.77 (s, 3H, CH3), 0.83 (s, 3H, 

CH3), 0.88 (s, 9H, 3 × CH3), 1.09 (s, 3H, CH3), 2.73−2.77 (m, 

1H, C18-H), 2.94 (s, 3H, NCH3), 3.39−3.51 (m, 5H), 3.63−3.73 

(m, 2H, piperidine), 3.74−3.86 (m, 2H, piperidine), 4.39−4.55 

(m, 3H, piperidine, 3α-H, OH), 4.78 (d, J = 3.7 Hz, 1H, OH), 

4.98 (d, J = 5.6 Hz, 1H, OH), 5.17 (brs, 1H, C12-H), 5.22 (d, J = 

7.8 Hz, 1H), 6.95 (s, 1H, ArH), 8.62 (s, 1H, ArH); 13C NMR 

(d6-DMSO, 75 MHz) δ 175.25, 170.64, 154.89, 147.58, 143.46, 

127.26, 126.22, 125.93, 121.45, 99.15, 94.56, 82.02, 75.86, 

73.34, 69.40, 67.68, 67.05, 54.90, 54.76, 54.71, 54.33, 46.77, 

45.86, 45.50, 41.23, 40.68, 37.37, 37.19, 36.35, 33.89, 32.02, 

32.00, 31.57, 30.25, 27.54, 27.13, 25.48, 24.69, 23.31, 23.05, 

22.87, 22.46, 21.99, 17.62, 16.58, 16.35, 14.97; ESI-MS 1037.5 

[M + Na]+; HRMS calculated for C50H75N6O16 [M + H]+ 

1015.5161, found 1015.5165 (parts per million error of 0.4). 

MTT Assay. The inhibitory effects on cell proliferation of test 

compounds were investigated by the MTT method. HT-29, HCT-15, 

HCT-116, or normal human colon cell line CCD-841 cells at a final 

density of 1.0 × 104 cells/well were placed in 96-well cell plates 

overnight and treated with or without different concentrations of test 

compounds for various periods of time. During the last 4 h culture, 

the cells were exposed to MTT (5 mg/mL), and the resulting 

formazan crystals were dissolved in 150 µL of DMSO and measured 

using a spectrophotometer (Tecan) at a test wavelength of 570 nm. 

Experiments were conducted in triplicate. Inhibition rate (%) = 

[(Acontrol − Atreated)/Acontrol] × 100%.  

Nitrite Measurement by the Griess Assay. The levels of NO 

generated by individual compounds in the cells are presented as 

nitrite and were determined by the colorimetric assay using the 

nitrite colorimetric assay kit (Beyotime, Nanjing, China), according 

to the manufacturer’s instructions. Briefly, HCT-116 or CCD-841 

cells were treated with the indicated concentrations of test 

compounds, and the nitrite contents of the cell lysates were detected 

by the Griess assay. The absorbance was read at 540 nm on a 

spectrophotometer (Smart spec, Bio-Rad). The amount of nitrite in 

the lysates was calculated using a NaNO2 standard curve in 

accordance with the manufacturer’s instructions (Beyotime).  

Stability in absence of GSTπ Monitored by HPLC. Individual 

test compounds (40 µM) were incubated with a 0.1 M PBS (pH 7.4) 

buffer containing 4 mM of GSH, BSA, or homocystein. The mixture 

was allowed to react at 37 °C, and the reaction was monitored by 

HPLC (Shimadzu) at the indicated time points. The HPLC 

conditions utilized consisted of a 70:30 acetonitrile/water mixture 

with 0.1% formic acid and a flow rate of 1 mL/min. Detection 

wavelengths were 339, 298, and 310 nm for 6, JS-K, and PABA/NO, 

respectively.  

Enzymatic Decomposition of 6 in the presence of GST. To a 

200 µL 0.1 M PBS (pH 7.4) reaction mixture containing 1 mM GSH 

and 1 µg of GSTπ (PROSPEC) or GSTα (PROSPEC) was added an 

appropriate amount of 21 (DMSO stock solution). The final 

concentrations of 6 varied from 0 to 60 µM, and its decomposition 

behavior was monitored at room temperature using a microplate 

reader (SH-1000, Shimadzu) at its λmax (339 nm). The parameters 

were calculated using the Michaelis−Menten equation.  

In vivo Antitumor Effects of 6. Male BALB/c nude mice 3–5 

weeks of age (Silaike Experiment Animal Co.,Ltd, Shanghai, China) 

were inoculated subcutaneously with 1 × 107 SMMC-7721 cells. 

After the formation of a solid tumor with a volume of about 75 mm3, 

the tumor-bearing mice were randomly divided into three groups 

with eight mice in each group. The groups with compound 6 

treatment received two dosages (7.5 or 15 mg/kg) by intravenous 

injection every day. At the end of the experiment, the mice were 

sacrificed, their tumors were dissected, and the tumor size and 

weight were measured. The tumor inhibitory ratio was calculated by 

the following formula: tumor inhibitory ratio (%) = [(Wcontrol − 

Wtreated)/Wcontrol] × 100%. Wtreated and Wcontrol were the average tumor 

weights of the treated and control mice, respectively. The tumor 

diameters were measured with calipers, and the tumor volume was 

calculated by the formula V (mm3) = d2 × D/2, where D is the largest 

diameter and d the smallest diameter.  

Western Blot Assay. HCT-116 cells were extracted with a cell 

lysis buffer (Beyotime). The total protein concentration was 

measured and adjusted to equal concentrations across different 

samples. The protein was separated on a 12% sodium dodecyl 

sulfate−polyacrylamide gel electrophoresis gel and transferred onto a 

polyvinylidene difluoride (PVDF) membrane (Millipore). The PVDF 

membranes were incubated with the indicated primary antibodies 

overnight at 4 °C and then incubated with the secondary antibodies 

conjugated to horseradish peroxidase. The proteins were visualized 

by a Keygen ECL system (Kaiji, Nanjing, China) and scanned with a 

Clinx ChemiScope chemiluminescence imaging system (Gel Catcher 

2850). The relative optical densities of the specific proteins were 

determined with a ChemiScope analysis program.  
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