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A series of novel furoxan-based nitric oxide (NO)-releasing derivatives of glycyrrhetinic acid (GA) were
designed, synthesized, and evaluated for their in vitro cytotoxicity against human hepatocellular carci-
noma (HCC) and non-tumor liver cells. Five furoxan/GA hybrids, 7b-d, 7f, and 7g, displayed potent cyto-
toxicity against HCC cells (ICsp: 0.25-1.10 pM against BEL-7402 cells and 1.32-6.78 uM against HepG2
cells), but had a little effect on the growth of LO2 cells, indicating that these compounds had selective
cytotoxicity against HCC cells. Furthermore, these compounds produced high concentrations of NO in

gg’vgg;'isr" HCC cells, but low in LO2 cells and treatment with hemoglobin partially reduced the cytotoxicity of
Furoxan the hybrid in HCC cells. Apparently, the high concentrations of NO produced by NO donor moieties

and the bioactivity of GA synergistically contribute to the cytotoxicity, but the NO is a major player
against HCC cells in vitro. Potentially, our findings may aid in the design of new chemotherapeutic
reagents for the intervention of human HCC at clinic.
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Nitric oxide (NO) is a critical regulator of the biological process
involved in many physiological functions.! However, high concen-
trations of NO can induce cell cycle arrest and apoptosis, particu-
larly for some tumor cells.>* Indeed, the NO-based anti-cancer
reagents have been investigating for their potential application
for cancer therapy at clinic.>~” Furoxans, an important class of
NO donors, can produce high concentrations of NO and exhibit
strong anti-cancer activity.8-!! However, due to their broad biolog-
ical effects, furoxan-based anti-cancer reagents may result in se-
vere adverse effect. Therefore, development and discovery of new
derivatives of furoxan that can selectively produce high concentra-
tions of NO in tumor cells will be of great significance in the inter-
vention of human tumors, such as hepatocellular carcinoma (HCC)
with little adverse effect.

Glycyrrhetinic acid (GA) is the pentacyclic triterpene aglycone
of glycyrrhizic acid. GA and glycyrrhizic acid have been shown to
possess anti-inflammatory, anti-oxidative, anti-ulcer, anti-aller-
genic, anti-cancer, and immunomodulatory activities.? Further-
more, GA at a high concentration can induce apoptosis of HCC
cells.” More importantly, GA can bind to the epidermal growth
factor receptor (EGFR)!* and steroid receptors'> with high affinity
and protect hepatocytes from the carbon tetrachloride and other
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toxicant-induced hepatotoxicity in mice and rats.'®-!® The high
affinity of GA binding to hepatocytes and its protective activity
make GA as an ideal leading compound for the design of novel
furoxan/GA hybrids, which may selectively produce high concen-
trations of NO in HCC cells, leading to potent cytotoxicity against
HCC cells, but little side effect on healthy hepatocytes.

To generate fruoxan/GA hybrids, the phenylsulfonylfuroxans
1a-h were synthesized from benzenethiol in a four-step sequence,
as previous reports.'® Simultaneously, GA solution of methanol
was refluxed in the presence of p-toluenesulfonic acid (p-TSA) to
yield glycyrrhetinic acid methyl ester 2,2 which was in turn esteri-
fied with succinic anhydride in the presence of DMAP to form
3-0-hemisuccinate GA methyl ester 3.2! Subsequently, compound
3 was further reacted with 1a-h in the presence of 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) and
4-dimethylaminopyridine (DMAP) to generate the target com-
pounds 4a-h in 65-70% yields (Scheme 1).22

Given that coupling with an amino acid can help in delivering
the compounds to tumor cells,>3>-2> other target compounds were
designed using glycine as a linker and synthesized, as illustrated
in Scheme 2 and 3. First, compounds 1a-g were reacted with N-
Boc-glycine in the presence of dicyclohexylcarbodiimide (DCC)
and DMAP to form N-Boc-glycinates 5a-g in 55-80% yields. Subse-
quently, the Boc group was removed with trifluoroacetic acid to
generate the glycinates 6a-g, which were coupled with GA in the
presence of EDCI and DMAP to generate 7a-g in 45-55% yields
(Scheme 2).2527
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Scheme 1. The synthetic pathway of 4a-h. Reagents and conditions: (a) CH30H, p-TSA, reflux; (b) succinic anhydride, DMAP, dry CH,Cl,, reflux, 15 h; (c) 1a-h, DCC, DMAP,

dry CH,Cly, rt, 24 h.
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Scheme 2. The synthetic pathway of 7a-g.
DMAP, DMF, rt, 24 h.

The condensation of GA with 1h in the presence of EDCI and
DMAP produced 8h in 48% yield. 3-O-Acetylation of GA with acetic
anhydride in the presence of DMAP furnished 9 in 98% yield,®
which was coupled with 1h, 6d, or 6e in the presence of EDCI
and DMAP to produce compounds 10h, 11d, and 11e, respectively.
Alternatively, 9 was treated with oxalyl chloride to form acyl chlo-
ride derivative 12, which was subsequently esterified with 1a, 1b,
1d, 1e, or 1g in the presence of triethylamine (Et3N) to form 13a,
13b, 13d, 13e, and 13g, respectively (Scheme 3).2°

All of the final products were purified by column chromatogra-
phy and their structures were characterized by infrared (IR), mass
spectra (MS), 'H NMR, and elemental analyses.

The cytotoxicity of the target compounds and GA against
human HCC cells (HepG2, BEL-7402) was evaluated by MTT assay
using adriamycin as a positive control (Table 1).3° GA exhibited a
weak cytotoxicity against HCC cells tested, consistent with previ-
ous reports.'>3! In contrast, most of the new furoxan/GA hybrids
displayed potent anti-HCC activity, and some of them were stron-
ger than that of adriamycin. For example, the ICso value of 7d
against HCC BEL-7402 cells was near fourfold less than that of adri-
amycin (0.25 vs 0.90 nM). More importantly, the hybrids 7b-d, 7f,
and 7g had stronger anti-proliferatory activity against BEL-7402
cells than that of their corresponding NO donor moieties 1b-d,
1f, and 1g (ICso = 6.52-13.26 uM), suggesting a synergistic effect
of furoxan and GA on inhibition of HCC cells proliferation. How-

7a-g

Reagents and conditions: (a) Boc-NHCH,CO,H, DCC, DMAP, dry CH,Cl,, rt, 24 h; (b) CF;CO,H, dry CH,Cl,, rt, 2 h; (c) GA, EDCI,

ever, other hybrids displayed various cytotoxicities against HCC
cells.

Next, we examined whether the new furoxan/GA hybrids
could selectively inhibit the proliferation of HCC cells by MTT as-
says.>® We found that the NO donor moieties 1b-d, 1f and 1g, like
adriamycin, inhibited the proliferation of both HCC BEL-7402 cells
and non-tumor human liver LO2 cells with a similar level of
inhibitory activity at the concentration of 10 uM (Fig. 1). In con-
trast, the corresponding hybrids 7b-d, 7f and 7g selectively inhib-
ited the proliferation of BEL-7402 cells, but with a little effect on
LO2 cells. Evidentially, treatment with 7b-d, 7f or 7g inhibited
the proliferation of BEL-7402 cells by 83.52-96.50%, respectively,
and the inhibitory effects of these compounds on LO2 cells were
less than 18.00%. These suggest that these new hybrids may have
little adverse effect and be safe for the intervention of human
HCC.

To understand their selectivity and diverse cytotoxicity against
HCC and LO2 cells, we examined the production of NO by individ-
ual compounds in HCC and LO2 cells by the Griess assay (Fig. 2).22
The furoxan moieties produced similar concentrations of NO in
HCC and LO2 cells, while treatment with hybrids 7b-d, 7f or 7g
generated high concentrations of NO in HCC cells, which were
3-5-fold higher than that in LO2 cells. The significantly higher
concentrations of NO produced in HCC cells may contribute to
the selective cytotoxicity of these new hybrids against HCC cells.
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Scheme 3. The synthetic pathway of 8h, 10h, 11d, 11e, 13a, 13b, 13d, 13e, and 13g. Reagents and conditions: (a) 1h, EDCI, DMAP, DMF, rt, 24 h; (b) Ac;0, DMAP, reflux, 15 h;
(c) 6d or 6e, EDCI, DMAP, DMF, rt, 24 h; (d) oxalyl chloride, dry CH,Cl,, rt, 4 h; (e) 1a, 1b, 1d, 1e, or 1g, Et3N, dry THF, reflux, 12 h.

Table 1
The inhibitory effects of the target compounds on the proliferation of human HCC
cells

Compound ICs0™ (LM) Compound ICs50” (LM)
HepG2 BEL-7402 HepG2 BEL-7402

ADMP 2.03 0.90 7d 6.78 0.25
GA® >50 >50 7e 5.18 3.78
4a 18.18 7.85 7f 1.32 0.32
4b 13.41 9.22 78 3.39 0.84
4c 26.03 6.03 8h 7.40 2.47
4d 36.52 8.20 10h 23.72 14.16
4e 15.67 19.92 11d 8.39 4.84
4f 7.90 7.37 11e 6.40 9.47
4g 11.55 13.41 13a 14.71 3.84
4h 2.90 2.94 13b 11.52 15.35
7a 9.06 1.38 13d 9.83 5.04
7b 3.79 0.43 13e 31.45 21.38
7c 3.02 1.10 13g 7.50 14.96

@ ICs0 = compound at a concentration required to inhibit tumor cell proliferation
by 50%. Data are expressed as the mean ICsy from the dose-response curves of at
least three independent experiments.

> Adriamycin.

¢ Glycyrrhetinic acid.

To further determine the role of NO in cytotoxicity of these
hybrids against HCC cells, HCC BEL-7402 cells were pre-treated
with varying concentrations of hemoglobin, a well-known NO
scavenger, and then treated with different concentrations of hybrid
compound 7d for the detection of their cytotoxicity and NO pro-
duction in Figure 3. As expected, 7d produced high concentration
of NO and displayed a strong cytotoxicity against the HCC cells
without pre-treatment with hemoglobin. In contrast, pre-treat-

BBEL-7402m LO2
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Figure 1. Cytotoxicity of the furoxan moieties and target compounds against HCC
BEL-7402 cells and non-tumor liver LO2 cells. BEL-7402 and LO2 cells were treated
with 10 uM of the indicated compounds and their cytotoxicities were determined
by MTT. Data are expressed as mean’%+SD of the cytotoxicity of individual
compounds in both cells from three separate experiments. p <0.05, determined by
X2 tests.

ment with different concentrations of hemoglobin dramatically
reduced the concentrations of NO and inhibited the cytotoxicity
of 7d against the BEL-7402 cells. Furthermore, the inhibitory
effects of different concentrations of hemoglobin were dose-
dependent and negatively correlated with the concentrations of
NO (R?=0.87, p <0.01, determined by logistic regression analysis).
More importantly, the cytotoxicities of 7d were positively corre-
lated with the concentrations of NO (R?=0.79, p <0.01). Notably,
treatment with 20 uM of hemoglobin only reduced the cytotoxicity
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Figure 2. Variable levels of NO produced by the compounds in human HCC cells
and non-tumor liver cells. Cells were treated in triplicate with each compound at
100 uM for 30-300 min. The cell lysates were prepared for determining the
contents of NO by Griess assay. Data are expressed as mean of individual
compounds in each type of cells after treatment with the compounds for
300 min. Similar patterns of NO production were detected at other time points
(data not shown).
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Figure 3. The concentrations of NO produced by 7d were correlated with the
cytotoxicities against HCC cells. BEL-7402 cells were cultured in 24-well plates and
pre-treated in triplicate with the indicated concentrations (0, 1, 5, 10, or 20 pM) of
hemoglobin for 1 h. The cells were treated with 5 or 10 uM of 7d for 24 h, and the
cytotoxicity and NO production of 7d were determined by MTT and Griess assays,
respectively. Data are expressed as mean% of the cytotoxicity and mean concen-
trations of NO in individual experimental conditions. The intra-group and inter-
experimental variations were less than 10% and the indicated concentrations of
hemoglobin used did not affect the cell growth (<5%).

of 7d by near 66%. Apparently, the high concentrations of NO pro-
duced by NO donor moieties and the bioactivity of GA synergisti-
cally contribute to,>* but the NO is a major player in the
cytotoxicity of these new hybrids against HCC cells in vitro.
Analysis of structure and activity relationship (SAR) revealed
that the hybrids with NO moieties coupling to 30-COOH of GA in
general had stronger cytotoxicity than that of 3-OH hybrids (e.g.,
7a or 13a vs 4a, 7b vs 4b, 7c vs 4c, 7d, 11d or 13d vs 4d, 7e or
11e vs 4e, 7f vs 4f, 7g vs 4g). Furthermore, the coupling model of
the NO donor moiety with GA also affected the cytotoxic activity
of these hybrids. For example, compound 4h containing an amide
bond was more active than its corresponding analog 4a containing
two ester bonds. Interestingly, the hybrids 7a-g with a glycine as a
linker were more cytotoxic to HCC cells than their corresponding
analogs without glycine residue (e.g., 7a vs 13a, 7b vs 13b, 7d vs
13d, 7e vs 13e, 7g vs 13g), supporting the notion that introduction
of a glycine residue into compounds can significantly enhance their

cytotoxicity.2>~2> Thus, new hybrid compounds generated by cou-
pling NO donor moieties to 30-COOH of GA with a glycine as a lin-
ker should have potent cytotoxicity selectively against HCC cells.

In summary, a series of furoxan/GA hybrids were designed, syn-
thesized and evaluated for their cytotoxicity against human HCC
and non-tumor liver cells in vitro. Our data indicated that 7b-d,
7f and 7g displayed selective cytotoxicity against human HCC cells,
which was associated with higher concentrations of NO production
in HCC cells and potentially synergistic effect of NO donor moieties
and the bioactivity of GA. Potentially, our findings may aid in the
design of new chemotherapeutic reagents for the intervention of
human HCC at clinic.
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27.

(4 mL) was stirred at room temperature for 2 h. The solvent was removed in
vacuo. The crude residue was dissolved in the solution of DMF (15 mL) and
DMAP (1.60 mmol) with stirring at room temperature for 0.5 h, followed by the
addition of GA (0.43 mmol) and EDCI (1.30 mmol) to the reaction mixture for
another 24 h with stirring at room temperature. The mixture was diluted with
water (200 mL) and extracted with EtOAc (3 x 50 mL). The combined organic
layer was washed with saturated NaCl solution, dried over anhydrous Na,SO4,
and concentrated under reduced pressure. The crude product was purified by
column chromatography (PE/EtOAc = 2:1) to yield 7a-g.

Data for selected compounds: 7b: yield 50%, white solid, mp 87-89 °C; IR (KBr,
cm™1): 3442, 2958, 2867, 1751, 1652, 1616, 1550, 1525, 1452, 1384; 'H NMR
(300 MHz, CDCl3): 6 0.80-1.43 (m, 21H, 7 x CH3), 2.33 (s, 1H, CHC=0), 2.78 (br
s, 1H, OH), 3.20-3.25 (m, 1H, CHOH), 3.74-3.76 (m, 2H, NHCH,), 4.38 (t, 2H,
J=6.0Hz, OCH;), 4.53 (t, 2H, J = 6.0 Hz, OCH,), 5.72 (s, 1H, CH=), 6.17 (br s, 1H,
NH), 7.61-7.66 (m, 2H, Ar-H), 7.74-7.79 (m, 1H, Ar-H), 8.05 (d, 2H, J= 7.2 Hz,
Ar-H); MS (ESI) m/z=810 [M+1]"; Anal. Calcd for C43Hs9N301,S: C, 63.76; H,
7.34; N, 5.19. Found: C, 63.66; H, 7.38; N, 5.25. Compound 7c: yield 55%, white
solid, mp 96-98 °C; IR (KBr, cm™'): 3450, 2960, 2869, 1741, 1649, 1625, 1548,
1519, 1452, 1386; 'H NMR (300 MHz, CDCl3): & 0.80-1.45 (m, 21H, 7 x CHs),
2.33 (s, 1H, CHC=0), 2.78 (br s, 1H, OH), 3.20-3.25 (m, 1H, CHOH), 4.07 (m, 2H,
NHCH,), 4.11 (t, 2H, J = 6.0 Hz, OCH,), 4.51 (t, 2H, ] = 6.0 Hz, OCH,), 5.71 (s, 1H,
CH=), 6.17 (br s, 1H, NH), 7.62-7.65 (m, 2H, Ar-H), 7.72-7.77 (m, 1H, Ar-H),
8.05 (d, 2H, J=7.4Hz, Ar-H); MS (ESI) m/z=824 [M+1]"; Anal. Calcd for
C44H61N3010S: C, 64.13; H, 7.46; N, 5.10. Found: C, 64.05; H, 7.66; N, 4.94.
Compound 7d: yield 50%, white solid, mp 80-82 °C; IR (KBr, cm™!): 3429, 2956,
2869, 1749, 1654, 1616, 1552, 1450, 1384; 'H NMR (300 MHz, CDCls): 5 0.80-
1.49 (m, 21H, 7 x CH3), 2.33 (s, 1H, CHC = 0), 2.78 (br s, 1H, OH), 3.20-3.25 (m,
1H, CHOH), 4.04-4.10 (m, 2H, NHCH,), 4.27 (t, 2H, ] = 6.0 Hz, OCH>), 4.46 (t, 2H,
J=6.0Hz, OCH,), 5.72 (s, 1H, CH=), 6.18 (br s, 1H, NH), 7.60-7.65 (m, 2H, Ar-H),
7.74-7.79 (m, 1H, Ar-H), 8.05 (d, 2H, J=7.2 Hz, Ar-H); MS (ESI) m/z = 822
[M—1]"; Anal. Calcd for C44Hg1N3040S: C, 64.13; H, 7.46; N, 5.10. Found: C,
64.25; H, 7.55; N, 5.02. Compound 7f: yield 50%, white solid, mp 113-115 °C;
IR (KBr, cm’l): 3436, 2950, 2867, 1751, 1654, 1610, 1548, 1450, 1359; 'H NMR
(300 MHz, CDCl5): 6 0.80-1.45 (m, 21H, 7 x CH3), 2.35 (s, 1H, CHC=0), 2.78 (br
s, 1H, OH), 3.20-3.25 (m, 1H, CHOH), 4.05-4.20 (m, 2H, NHCH;), 4.74 (m, 2H,
OCH,), 5.05 (m, 2H, OCH,), 5.20-5.25 (m, 2H, 2 x CH=), 5.70 (s, 1H, CH=), 7.60-
7.65 (m, 2H, Ar-H), 7.74-7.79 (m, 1H, Ar-H), 8.06 (d, 2H, J = 7.5 Hz, Ar-H); MS
(ESI) m/z =822 [M+1]"; Anal. Calcd for C44Hs9N3010S: C, 64.29; H, 7.23; N, 5.11.
Found: C, 63.93; H, 7.34; N, 5.22. Compound 7g: yield 55%, white solid, mp 91—
93 °C; IR (KBr, cm™'): 3436, 2956, 2867, 1757, 1652, 1620, 1544, 1454, 1359;

28.
29.

30.

31.

32.

33.

Y. Lai et al./Bioorg. Med. Chem. Lett. 20 (2010) 6416-6420

TH NMR (300 MHz, CDCl3): 6 0.80-1.43 (m, 21H, 7 x CH3), 2.33 (s, 1H, CHC=0),
2.78 (br s, 1H, OH), 3.20-3.25 (m, 1H, CHOH), 4.03-4.20 (m, 2H, NHCH,), 4.82
(s, 2H, CH,), 5.11 (s, 2H, CH,), 5.71(s, 1H, CH=), 6.13 (br s, 1H, NH), 7.61-7.66
(m, 2H, Ar-H), 7.75-7.80 (m, 1H, Ar-H), 8.07 (d, 2H, J = 7.5 Hz, Ar-H); MS (ESI)
mfz=820 [M+1]"; Anal. Calcd for C44H57N3040S: C, 64.45; H, 7.01; N, 5.12.
Found: C, 64.25; H, 7.06; N, 5.03.

Sakano, K.; Ohshima, M. Agric. Biol. Chem. 1986, 50, 763.

General procedure for the synthesis of the target compounds 13a, 13b, 13d, 13e
and 13g: 3-Acetoxy-glycyrrhetinic acid 9 (6.0 mmol) dissolved in dry
dichloromethane (20 mL), was added oxalyl chloride (3.0 mL) by slow dropwise.
The mixture was stirred at room temperature for 4 h, followed by concentration
under reduced pressure to 3-acetoxy-11-oxo-olean-12-en-30-oyl chloride 12. A
mixture of 12 (0.52 mmol) and appropriate phenylsulfonylfuroxans la-g
(0.53 mmol) in dry THF (20 mL) was refluxed in presence of triethylamine
(0.2 mL) for 12 h. The solution was cooled to room temperature. After filtration,
the filtrate was evaporated in vacuo and the crude product was purified by column
chromatography (PE/EtOAc = 5:1) to obtain pure 13a,13b, 13d, 13e and 13gin 80-
85% yield.

In vitro cell growth inhibition assay: The human hepatocellular carcinoma
(HepG2, BEL-7402) and non-tumor liver (LO2) cells (all from Shanghai
Institutes for Biological Science, Chinese Academy of Sciences) were cultured
in 10% heat inactivated fetal calf serum DMEM medium (Gibco, USA) at 37 °C,
5% CO,. The inhibitory effects of different compounds on the growth of these
cells were tested by MTT assay. Briefly, cells at 3 x 10°/well were cultured in
96-well plates overnight and treated in triplicate with different concentrations
of individual compounds for 24 h. Cells cultured in medium alone or treated
with vehicle were used as negative controls. During the last 4 h incubation, the
cells were exposed to MTT (5 mg/mL, sigma) and the resulting formazan
crystals were dissolved in 200 M DMSO, followed by measuring at 570 nm on
a microplate reader (Thermo, USA).

Chintharlapalli, S.; Papineni, S.; Jutooru, I.; McAlees, A.; Safe, S. Mol. Cancer Ther.
2007, 6, 1588.

Nitrate/nitrite measurement in vitro: The human hepatocellular carcinoma
(HepG2, BEL-7402) and non-tumor liver (LO2) cells were cultured in the
24-well plates for 24 h and treated in triplicate with 100 pM of individual
compounds for 30-300 min. The cells were harvested longitudinally and their
lysates were prepared. The levels of nitrate/nitrite in the lysates were
determined using the nitrate/nitrite colorimetric assay kit, according to
manufacturers’ instruction (Beyotime, China).

Lee, C. S.; Kim, Y. ].; Lee, M. S.; Han, E. S.; Lee, S. Life Sci. 2008, 83, 481.
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