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Glycyrrhetinic acid has been usually studied for their anti-tumor activities. However, the low bioavailability and
poor aqueous solubility as well as limited intracellular accumulation have limited their utility. In this present
study, a series of new glycyrrhetinic acid conjugates with a triphenylphosphonium cation (TTP *) moiety, meant
to specifically target them to tumor cells mitochondria, have been designed and synthesized. Among them,
compound 2f possessed excellent antitumor activities against the tested human cancer cells, and simultaneously

exhibited better cell selectivity between cancer cells and normal cells than glycyrrhetinic acid and HCPT.
Moreover, 2f significantly induced cell cycle arrest at the G2/M phase, and effectively inhibited cancer cells
proliferation and migration. Mechanism studies revealed that 2f triggered apoptosis through the mitochondrial
pathway via the collapse of mitochondrial membrane potential, reactive oxygen species production and the
activation of caspase-9 and caspase-3.

1. Introduction

One of the most challenging problems in developing cancer che-
motherapeutics is to increase selectivity and to reduce side effects to-
ward normal cells and tissues [1]. Since tumor cells easily obtain the
ability to escape apoptosis by conferring insensitivity of mitochondria
apoptotic signals for cell death, through disrupting the balance of pro-
apoptotic and anti-apoptotic proteins [2-4]. An increasing number of
studies have found that many human diseases have been linked with
functional mitochondria, such as cancer, neurodegenerative, diabetes,
etc [5-6]. Recent studies suggested that mitochondria are closely as-
sociated with both intrinsic and extrinsic apoptotic pathways, and re-
cognized as one of the most important targets for new drug design in
cancer [7-9]. In addition, mitochondria are vital subcellular organelles
in eukaryotic cells, and mitochondrial dysfunctions have been linked to
multiple aspects of tumorigenesis and tumor progression [10-11]. In
recent years, precise delivery of chemotherapy agents at the subcellular
level has acquired great attention because it can enhance therapy effi-
ciency, reduce side effects, and overcome multi-drug resistance
[12-14]. Moreover, increasing evidence indicated that the mitochon-
drial membrane potential difference between tumor and normal cells
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has offered further confidence for the strategy of mitochondria tar-
geting in drug design [15,16]. The most common strategy to develop
mitochondria targeting therapy agents is to conjugate a mitochondria
targeting moiety such as triphenylphosphonium cation (TPP*) with
parent drugs or to direct drugs into surface-functionalized aggregates
[13]. So far, some successful examples have been reported with im-
proved therapy efficiency, reduced severe toxic side effects for normal
cells and tissues and overcame multi-drug resistance such as doxor-
ubicin, betulinic acid, ursolic acid, chlorambucil and among others
[17-21].

Natural products and their analogues have pharmacological or
biological activity that can be of therapeutic benefit in treating diseases,
especially in the area of cancer therapy [22,23]. Recently, many studies
reported that pentacyclic triterpene compounds including boswellic
acid, oleanolic acid, betulinic acid, ursolic acid and glycyrrhetinic acid
also exhibited a broad spectrum of biological activities, such as anti-
oxidant, anti-bacterial, anti-inflammatory and anti-tumor activities
[19-20,24-26]. Glycyrrhetinic acid (GA), also known as enoxolone, is a
pentacyclic triterpenoid obtained from Glycyrrhiza glabra, and is ef-
fective in the treatment of peptic ulcer as well as expectorant properties
[27,28]. More importantly, GA and their derivatives were also reported
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to exhibit moderate anti-proliferative activity toward various human
cancer cell lines [28,29]. However, unfortunately, the high hydro-
phobicity and poor blood serum solubilization of these compounds
limits their further development as cytotoxic drugs as well as used for
the treatment of cancer. Up still now, a number of studies were at-
tempted by structural modifications to enhance bioavailability, selec-
tively and cytotoxicity [29-33]. Furthermore, mechanistic studies re-
vealed that the antitumor activity of GA and its derivatives are
associated with the mitochondrial apoptotic pathway by mitochondrial
membrane potential depolarization [9,34-36]. This consequently re-
sults in activation of caspase-9, caspase-3 and stimulation of reactive
oxygen species (ROS) production as well as affecting the balance be-
tween pro-proteins and anti-apoptotic proteins, and ultimately causing
to apoptosis. Therefore, we hypothesized that specifically targeting GA
to cancer cell mitochondria could significantly improve their anticancer
activity and selectivity as well as reduce side effects.

In the light of above considerations, in this paper, we report the
rational design and synthesis a series of triphenylphosphonium cation
(TPP*) group containing GA at the OH group in position of C-3 or C-30
These TPP " -GA conjugates were expected to target mitochondria, and
they in vitro cytotoxicity against a number of tumor cell lines and a
human normal liver cell line were also evaluated. In vitro evaluation
revealed that these analogs displayed more cytotoxicity to tumor cells
than normal cells compared to parent compound GA, exhibiting se-
lectivity to cancer cells. Moreover, our results clearly demonstrated that
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compound 2f could markedly attenuate the migration of A549 cells and
effectively induce apoptosis in A549 cells in a dose-dependent manner.
Furthermore, the molecules mechanism of apoptotic pathway induced
apoptosis in A549 cells by the representative of the target compound 2f
was also investigated.

2. Results and discussion
2.1. Chemistry

The general procedures for the synthesis of glycyrrhetinic acid
contained triphenylphosphine derivatives are shown in Scheme 1 and 2.
The triphenylphosphonium cation (TPP*) group was linked to a mo-
lecule of glycyrrhetinic acid at the C-3 or C-30 position of the tri-
terpenoid skeleton through the hydrophobic alkyl spacer. The inter-
mediates synthesis of these analogs is fairly straightforward by
esterification of glycyrrhetinic acid with dibromo alkane or w-bro-
moalkanoic acid following standard conditions. The final compounds
were achieved by substitution of intermediates with triphenylpho-
sphine. As these agents’ anti-cancer activities can be influenced by the
introduction of substituents, we further designed and synthesized ana-
logs by modification of the remaining hydroxyl or carboxyl. The
structures of target compounds were then confirmed by IR,"H NMR, *3C
NMR and high resolution mass spectrometry (HR-MS).

1c: n=2
1d: n=3

Scheme 1. Reagents and conditions: Synthetic route for the final compounds from 18B-glycyrrhetinic acid. (a) DMAP, EDCI, 5-Bromovaleric acid or 7-
Bromoheptanoic acid, DCM, room temperature; (b) CH3l, K,CO3, DMF, room temperature; (c) CH3;CH,Br, K>CO3, acetone, 35 °C; (d) TPP (Triphenylphosphine),

MeCN, reflux; (e) TPP, MeCN, reflux; (f) TPP, MeCN, reflux.
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12: n=3
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Scheme 2. Reagents and conditions: Synthetic route for the final compounds from 18(3-glycyrrhetinic acid. (a) 1,4-dibromobutane or 1,6-dibromhexan, K,CO3, DMF,
room temperature; (b) Jones reagent, acetone, 0 °C; (c) pyridine, 0 °C; (d) TPP, MeCN, reflux; (e) TPP, MeCN, reflux; (f) TPP, MeCN, reflux; (g) TPP, MeCN, reflux.

2.2. In vitro cytotoxicity assay

The in vitro cytotoxicity of compounds 1a-2f were evaluated by MTT
assays on five human cancer cell lines, HepG-2 (hepatocellular), A549
(lung), MCF-7 (breast), HT-29 (colorectal), A2780 (ovarian) and human
normal liver HL-7702 cells, using 10-Hydroxycamptothecin (HCPT) and
GA as the positive controls, respectively. The ICs, values (concentration
required to reduce viability to 50%) were summarized in Table 1. As
shown in Table 1, these GA-derivatives 1a-2f showed a significantly
higher cytotoxic potency against all five human cancer cells compared to
the parent compound GA, respectively. It was noted that compounds 2e
and 2f, the introduction of triphenylphosphonium cation (TPP ™) moiety
at the C-30 position and acetylation of the 3-hydroxy group (C-3) in GA,
possessed higher cytotoxicity against all test cancer cell lines compared
to GA, with ICso values in the range of 8.13 ~ 11.24uM (2e) and
5.25 ~ 9.22 uM (2f), which showed 6.2 ~ 7.1 (2e) and 7.6 ~ 11.0 (2f)
fold increase in activity than those of GA. Especially, 2e and 2f displayed
better anti-tumor activities against all tested human cancer cell lines and
exhibited lower cytotoxicity toward human normal liver HL-7702 cells
compared to HCPT. Interestingly, 2f showed significantly more effective
anti-cancer activity than 2b against the tested five human cancer cells,
indicating that the acetylation at the C-3 position in GA could enhance
the anti-tumor activity. However, after the oxidation of the hydroxyl
group, the oxidized compound 2d showed lower anti-proliferative ac-
tivities against all human cancer cells compared to 2b, suggesting the
oxidation of the hydroxyl group at C-3 position resulted in a decreased

anti-proliferative activity. Moreover, 1f and 1d were slightly more potent
against all tested human cancer cell lines than 1b, suggesting that the
esterification at C-30 could improve the antitumor efficacy. More im-
portantly, it was also noted that six sets of compounds (e.g., 1a and 1b;
1c and 1d; 1e and 1f; 2a and 2b; 2¢ and 2d; 2e and 2f) with different
alkyl chains exhibited antitumor activities increased with the increasing
carbon chain length.

2.3. Cellular uptake of 2f in the mitochondria of A549 cells

In order to demonstrate that the increased cytotoxicity of the GA
derivative 2f was a result of mitochondria targeting, the uptake of 2f to
the mitochondria was investigated in human lung cancer A549 cells. As
shown in Fig. 1, the mitochondrial uptake of 2f was increased 2.5-fold
after treatment of A549 cells for 4 h compared to parent compound GA.
In shorts, these results indicated that the TPP™ group significantly
delivered GA to the mitochondria.

2.4. Compound 2f induced apoptotic cell death

In order to investigate if the observed cytotoxicity of 2f is due to
induction of apoptosis, A549 cells were treated with various indicated
concentrations of 2f for 24 h, and then, the cells were harvested, stained
with Annexin V-FITC and PI, and detected by flow cytometry. Q1, Q2,
Q3, and Q4 represent four different cell states: necrotic cells, late
apoptotic or necrotic cells, apoptotic cells and living cells, respectively.
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Table 1

Cytotoxicity (ICso values in uM) of 1a-2f in a panel of various cancer cell lines including human normal liver HL-7702 cells.
Compd. ICso (UM)*

HepG-2 A549 MCEF-7 HT-29 A2780 HL-7702

la 21.03 + 1.19° 18.51 = 2.01 23.27 + 2.08 19.05 = 1.89 23.06 + 2.23 71.37 + 3.41
1b 18.54 + 1.87 15.33 = 2.04 16.35 = 1.76 21.33 * 1.63 20.25 * 2.19 65.53 = 3.01
1c 19.55 + 2.21 16.79 + 1.88 21.03 + 2.28 17.08 = 1.75 21.03 = 1.51 63.87 = 4.39
1d 15.24 = 1.41 13.07 = 1.36 18.21 = 1.52 13.06 = 1.17 18.01 = 1.46 70.87 = 4.21
le 14.11 + 1.32 15.08 + 1.33 18.03 = 1.68 12.05 = 1.25 17.54 = 1.63 67.36 + 3.63
1f 9.36 = 1.02 10.71 = 1.53 12.03 = 1.31 10.01 = 1.41 10.27 = 1.45 64.39 * 4.15
2a 16.23 += 1.33 15.21 = 1.22 17.03 = 2.13 15.25 = 1.55 18.16 = 2.28 70.21 = 4.09
2b 13.61 + 1.29 13.18 + 1.44 15.83 = 1.71 11.24 = 1.50 16.04 = 1.91 65.33 + 3.91
2c 26.38 = 2.34 20.13 * 1.96 25.04 = 2.70 24.18 + 2.29 27.36 = 2.61 67.51 = 4.24
2d 22.36 = 2.15 17.67 = 2.01 22.80 = 2.61 21.05 = 2.11 23.65 + 248 63.91 = 4.18
2e 9.11 = 0.96 8.13 = 0.53 9.81 = 1.02 10.31 = 1.08 11.24 = 0.93 66.14 = 4.13
2f 7.58 = 0.89 5.25 = 0.84 7.23 = 1.01 8.71 = 1.06 9.22 + 1.16 68.22 + 3.87
GA 64.51 = 3.75 57.85 * 3.67 60.51 + 3.49 66.35 = 3.58 70.15 + 4.35 64.31 = 4.14
HCPT® 12.01 = 1.14 11.27 += 1.54 10.71 = 1.26 13.13 = 1.66 12.09 = 1.28 15.03 = 2.01

2 ICsp values are presented as the mean + SD (standard error of the mean) from five independent experiments.
b Significant difference from the viability of control (p < 0.05).
¢ 10-Hydroxy camptothecin.

As illustrated in Fig. 2, compound 2f induced cell apoptosis in a dose- 2.5. Hoechst 33258 staining assay

dependent manner. When the A549 cells were incubated with 2f at 5,

10 and 20 pM for 24 h, the percentages of early and late apoptosis cells In order to further validate the morphological changes of cell death,
were 18.49%, 30.82%, and 45.0%, respectively. These results indicated compound 2f treated with A549 cells were stained with Hoechst 33258.
that the observed cytotoxicity of 2f in A549 cells is mainly through the As shown in Fig. 3, A549 cells with smaller nuclei and condensed

apoptotic pathway. chromatin were rarely observed in the control groups. When the A549
A B
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Fig. 1. Cellular uptake of 2f to the mitochondria in human lung cancer A549 cells. A549 cells were treated with 20 uM 2f or GA for 4 h, then mitochondria were
isolated and 2f and GA were extracted with organic solvent for analysis. (A) RP-HPLC chromatograms of GA standards and of extracts from the mitochondria of A549
cells. (B) RP-HPLC chromatograms of 2f and of extracts from the mitochondria of A549 cells. (C) Quantitative data of 2f and GA in mitochondria after normalization
to the protein content. The experiments were performed three times, p < 0.05.
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Fig. 2. Compound 2f induced the apoptosis of A549 cells. Cells were treated with 2f at the tested concentrations (5, 10 and 20 uM) for 24. Then, the cells were
harvested, stained with Annexin V-FITC and PI, and analyzed by flow cytometry, respectively. The experiments were performed three times, and the results of the

representative experiments are shown.

Control 5uM

10 pM 20 uM

Fig. 3. Morphological changes in the nuclei (typical of apoptosis) of A549 cells treated with 2f at the tested concentrations (5, 10 and 20 uM) for 24 h, respectively.
Then, the cells were harvested, and stained by Hoechst 33258. The experiments were performed three times, and the results of the representative experiments are

shown.

cells were incubated with 2f at 5, 10 and 20 uM for 24 h, nuclei mor-
phology of the cells slightly changed; most of A549 cells emitted bril-
liant blue fluorescence and revealed typical apoptotic morphology (in
the web version), respectively. These results revealed that 2f could
induce apoptosis toward A549 cells.

2.6. Cell cycle effects.

In order to explore if the cytotoxicity of 2f was due to the cell cycle
arrest, we further examined the effect on cell cycle progression using
propidium iodide (PI) staining by flow cytometry analysis in A549 cells.
As illustrated in Fig. 4, compound 2f induced cell cycle arrest at the G2
phase in a dose-dependent manner. When A549 cells were treated with
2f from 5 to 20 uM for 24 h, the percentage of cells at the G2 phase
increased sharply. The percentage of G2 peak increased from 10.66%
(control group) to 13.21% at 5puM of compound 2f, while at higher
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concentrations, more than 53.33% of the A549 cells were arrested in G2
stage after 24 h treatment. In short, these results revealed that 2f ar-
rested the cell cycle of A549 cells at the G2 stage.

2.7. Migration assay.

Recently, many studies demonstrated that the metastatic cancer
cells exhibited great capability of migration and invasion [37,38].
Moreover, migration is a pivotal step during tumor metastasis. Thus, a
well-established wound-healing assay was conducted to examine if 2f
could prevent the migration of human lung cancer A549 cells. As illu-
strated in Fig. 5, 24 h after wounding, untreated A549 cells could be
seen to have migrated into the denuded area. As expected, compound 2f
was able to inhibit the basal migration of A549 cells at the indicated
concentrations (5, 10 and 20 uM) after 24 h of treatment.
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Fig. 4. Cell cycle arrest effect of compound 2f. A549 cells treated with 2f at the tested concentrations (5, 10 and 20 uM) for 24 h. The cells were trypsinized, harvested
and washed three times with ice-PBS for PI-stained DNA content detected by flow cytometry. The experiments were performed three times, and the results of the

representative experiments are shown.
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Fig. 5. Compound 2f inhibited the migration of A549 cells in vitro. At the different concentrations of 2f suppressed A549 cells migration. The experiments were
performed three times, and the results of the representative experiments were shown.

2.8. Effects on the mitochondrial membrane potential by 2f

Increasing evidence has demonstrated that mitochondria play an
important role in both extrinsic and intrinsic apoptosis [39,40]. De-
creased mitochondrial membrane potential (MMP) has been implicated
as an early event in apoptotic cells [40]. Since the new analogs were
designed to target the mitochondria, we therefore decided to in-
vestigate the influence of 2f on the MMP of A549 cells using JC-1
staining assay. As illustrated in Fig. 6, compared to control cells,
treatment of A549 cells with 2f at the indicated concentrations (5, 10
and 20 pM) induced significant loss of MMP as reflected by the increase
of J-monomers (exhibiting green fluorescence and suggesting depolar-
ized mitochondria) and concurrent decrease of Jaggregates (exhibiting
red fluorescence and suggesting hyperpolarized mitochondria). In
shorts, these results further suggested that 2f significantly induced
MMP collapse and mitochondrial dysfunction, and eventually triggered
apoptotic cell death.

2.9. Role of reactive oxygen species (ROS) in apoptosis

Recent studies indicated that mitochondria are the main source of
ROS in mammalian cells, and ROS has been indicated to have a double
sword role in the cytotoxicity in cancer cells [40,41]. Hence, in-
tracellular ROS generation was thus investigated via 2/, 7’-di-
chlorodihydrofluorescein diacetate (DCFH-DA) staining. As illustrated
in Fig. 7, no obvious green fluorescence was observed in the control
cells, while 2f effectively caused ROS production at the indicated
concentrations (5, 10 and 20 uM) as by the presented increase green
fluorescence in cytoplasm.

2.10. Mechanistic studies of the apoptotic effects triggered by 2f

In order to further confirm that the observed apoptotic effects in
A549 cells by the 2f was exerted through the mitochondrial pathway,
we therefore examined the expression levels of Bcl-2, Bax, Cleaved-
caspase-3, and Cleaved-caspase-9 using western blotting method. As
illustrated in Fig. 8, compared to control cells, 2f dramatically up-
regulated the expression of pro-apoptotic protein Bax and correspond-
ingly down-regulated the expression of anti-apoptotic protein Bcl-2 in a
dose-dependent manner. Moreover, treatment with 2f at 5, 10 and
20uM for 24h significantly increased in the expression of Cleaved-
caspase-3 and Cleaved-caspase-9, respectively, compared to control
cells (Fig. 8). Also, we detected the effect of 2f on dihydrofolate re-
ductase (DHFR) by Western blotting. Western blot analyses revealed
that 2f had litter effect on the protein levels of DHFR (Fig. S1). These
results further demonstrated that 2f caused MMP collapse and mi-
tochondrial dysfunction, altered the expression of apoptosis related
proteins, and ultimately triggered apoptotic cell death.

3. Conclusion

Many studies indicated that the trans-membrane potential of mi-
tochondria of cancer cells is higher than the trans-membrane potential
of normal cells, which contributed to the selective cytotoxicity of anti-
cancer substances [42,43]. Thus, conjugation with a lipophilic mi-
tochondriotropic triphenylphosphonium cation (TPP*) has been widely
used to improve selectivity and reduce side effects of mitochondria
targeted anti-tumor agents. In this paper, based on the hypothesis that
the cytotoxicity of a given compound to cancer cells is closely asso-
ciated with its accumulation in the mitochondria, we hence designed

Control

10 pM 20 uM

Fig. 6. Compound 2f decreased the MMP of A549 cells. The A549 cells were treated with 2f at the tested concentrations (5, 10 and 20 uM) for 24 h followed by
incubation with the fluorescence probe JC-1 for 30 min. Then, the cells were visualized by fluorescence microscope. The experiments were performed three times,

and the results of the representative experiments are shown.
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Fig. 7. Intracellular production of ROS by 2f following a 24 h incubation visualized by fluorescence microscope. The experiments were performed three times, and

the results of the representative experiments are shown.
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Fig. 8. A549 cells were incubated with 2f at the tested concentrations (5, 10 and 20 uM) for 24 h. The expressions of Bax, Bcl-2, Cleaved-Caspase-3 and Cleaved-
Caspase-9 were determined by western blotting assay. B-Actin antibody was used as reference control. Data are expressed as the mean + S.D. of three independent

experiments, P < 0.05.

and synthesized twelve TPP-linked derivatives of GA and compared
their biological activity with GA. Our results suggested that the anti-
proliferative effects of these analogues are evidently compared with the
parent compound GA against the tested human cancer cells. Interest-
ingly, the lower toxicities of these analogues to the human normal liver
HL-7702 cells compared to human hepatoma carcinoma HepG-2 cells
were also observed. Especially, 2f displayed excellent anti-tumor ac-
tivities against the tested human cancer cells and exhibited lower cy-
totoxicity toward human normal liver HL-7702 cells compared with
HCPT. Preliminary mode of action studies indicated that 2f caused
accumulation of cells in the G2/M phase of the cell cycle and induced
apoptosis in A549 cells. More importantly, 2f obviously caused loss of
MMP and effectively induced ROS production, altered the expression of
mitochondrial-apoptosis related proteins, and eventually triggered
apoptotic cell death. In shorts, these results of our studies provide
further evidence that natural pentacyclic triterpene compounds can be
optimized by the mitochondria-targeting strategy to increase potency
and selectivity.

4. Experimental section
4.1. General information.

All chemicals (reagent grade) used were purchased from Aldrich
(U.S.A) and Sinopharm Chemical Reagent Co., Ltd (China). Separation
of the compounds by column chromatography was carried out with
silica gel 60 (200-300 mesh ASTM, E. Merck). The quantity of silica gel
used was 30-70 times the weight charged on the column. Then, the
eluates were monitored using TLC (thin-layer chromatography).
Melting points were uncorrected and were taken in an open capillary

m Control
5 5 uM
T 45 "10 pM
- . I
g 35 20 pM
s 3 I &=
% 2.5
g 2 =
S 15 = ]
Z 1
= 05 -
0
" e )
x’ ns &
d ? &
D J

tube on a Stuart melting point apparatus (Stuart Scientific, Redhill, UK).
The IR spectra of the compounds were recorded on BB Bomem FT-IR
spectrometer MB 104 with KBr pellets. ESI mass spectra were obtained
on a Mariner System 5304 mass spectrometer, and '"H NMR and '3C
NMR spectra were recorded on Bruker AV-300 or 500 spectrometer
with chemical shifts reported as ppm (in CDCl;, TMS as the internal
standard).

4.2. Experimental section.

4.2.1. General procedure for preparation of compound 1 and 2

A solution of glycyrrhetinic acid (470 mg, 1 mmol) in DCM (20 mL)
was stirred. EDCI (482 mg, 2.5 mmol), DMAP (49 mg, 0.4 mmol) and 5-
bromovaleric acid (750mg, 4 mmol) or 7-bromoheptanoic acid
(836 mg, 4 mmol) were added successively, and the mixture was stirred
at 25 °C until the reaction was complete based on TLC detection. The
solvent was removed under diminished pressure, and the residue was
purified by column chromatography using 10:1:0.1 petroleum ether/
ethyl acetate/formic acid to obtain the target product of compound 1
(518.2mg, 82%) and 2 (514.8 mg, 78%) as a white powder.

18p-3-0-(5’-Bromovaleryl)-11-oxo-olean-12-en-30-oic acid (1). H
NMR (300 MHz, CDCl3) § 5.71 (s, 1H), 4.53 (dd, J = 11.3, 4.8 Hz, 1H),
3.42 (t, J = 6.5Hz, 2H), 2.80 (d, J = 13.5Hz, 1H), 2.36 (d, J = 7.1 Hz,
2H), 2.33 (s, 1H), 2.19 (d, J = 9.6 Hz, 1H), 2.07 — 1.92 (m, 4H), 1.88 —
1.67 (m, 6H), 1.65 - 1.40 (m, 8H), 1.37 (s, 3H, CH3), 1.26 (s, 2H), 1.23
(s, 3H, CHs), 1.15 (d, J = 10.7 Hz, 6H, 2 x CH;), 1.03 (d, J = 13.0 Hz,
2H), 0.88 (s, 6H, 2 x CH3), 0.84 (s, 3H, CH3).

18p-3-0-(7’-Bromoheptanoyl)-11-oxo-olean-12-en-30-oic acid (2). H
NMR (300 MHz, CDCl3) § 5.71 (s, 1H), 4.53 (dd, J = 11.3, 4.8 Hz, 1H),
3.40 (t,J = 6.7 Hz, 2H), 2.80 (d, J = 13.6 Hz, 1H), 2.37 (s, 1H), 2.31 (t,
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J = 7.5Hz, 2H), 2.19 (d, J = 11.3 Hz, 1H), 2.09 - 1.82 (m, 8H), 1.71 -
1.58 (m, 8H), 1.50 — 1.42 (m, 6H), 1.37 (s, 3H, CHs), 1.36 — 1.30 (m,
2H), 1.22 (s, 3H, CHs), 1.15 (d, J = 10.8 Hz, 6H, 2 x CHy), 1.03 (d,
J = 12.0 Hz, 2H), 0.88 (s, 6H, 2 X CHs), 0.84 (s, 3H, CHs).

4.2.2. General procedure for preparation of compound 3 and 4

A solution of compound 1 (303 mg, 0.48 mmol) or compound 2
(317 mg, 0.48 mmol) in DMF (20 mL) was stirred. Then, CH3I (127.5 pL,
2.04 mmol) and K,CO3 (284.5mg, 2.04 mmol) were added, and the
mixture was stirred at 25 °C until the reaction was complete based on
TLC detection. The reaction solution was extracted by DCM (3 X 5mL)
and ice cold water to remove DMF and K,CO3. The combined organic
phases were dried (Na;SO4) and concentrated. The residue was purified
by column chromatography using 10:1 petroleum ether/ethyl acetate to
obtain the target product of compound 3 (263.6 mg, 85%) and 4 (252.3,
78%) as a white solid.

18B-3-0-(5’-Bromovaleryl)-11-oxo-olean-12-en-30-oicacidmethyl ester
(3). '"H NMR (300 MHz, CDCl3) & 5.60 (s, 1H), 4.46 (dd, J = 11.4,
5.0Hz, 1H), 3.62 (s, 3H, CHjs), 3.33 (t, J = 6.8 Hz, 2H), 2.73 (d,
J = 13.9 Hz, 1H), 2.30 (s, 1H), 2.26 (d, J = 7.4 Hz, 2H), 2.04 - 1.70 (m,
9H), 1.61 — 1.53 (m, 6H), 1.44 — 1.37 (m, 4H), 1.30 (s, 3H, CHj), 1.26 —
1.22 (m, 2H), 1.09 (d, J = 4.9 Hz, 6H, 2 x CH3), 1.06 (s, 3H, CH3), 0.96
(d, J = 13.6 Hz, 2H), 0.81 (d, J = 2.6 Hz, 6H, 2 x CHs), 0.74 (s, 3H,
CHs).

18(-3-0-(7’-Bromoheptanoyl)-11-oxo-olean-12-en-30-oicacidmethyl
ester (4). "H NMR (300 MHz, CDCl3) 8 5.67 (s, 1H), 4.53 (dd, J = 11.4,
5.0Hz, 1H), 3.69 (s, 3H, CHj3), 3.42 (t, J = 6.5Hz, 2H), 2.81 (d,
J = 13.6 Hz, 1H), 2.36 (s, 2H), 2.33 (s, 1H), 2.28 - 1.83 (m, 9H), 1.82 -
1.48 (m, 10H), 1.47 - 1.37 (m, 4H), 1.37 (s, 3H, CH3), 1.33 - 1.24 (m,
2H), 1.16 (d, J = 4.7 Hz, 6H, 2 x CH3), 1.13 (s, 3H, CHj3), 1.03 (d,
J = 13.5Hz, 2H), 0.89 (s, 6H, 2 x CH3), 0.81 (s, 3H, CH3).

4.2.3. General procedure for preparation of compound 5 and 6

Anhydrous K;COsz (69.1 mg, 0.5mmol) and CH3;CH,Br (149 pL,
2mmol) were added to a stirred solution of compound 1 (315.6 mg,
0.5 mmol) or compound 2 (330.2 mg, 0.5 mmol) in acetone (10 mL) at
room temperature. The resulting solution was stirred at 35 °C for 48 h.
Progress of the reaction was monitored by TLC. After completion of the
reaction, the acetone was distilled off. The resulting mixture was di-
luted with water (15mL) and extracted with dichloromethane
(830mL X 2). The combined organic layers were washed with brine
(10 mL) and dried over sodium sulfate. After evaporation of the solvent,
the crude residue was purified by column chromatography using 10:1
petroleum ether/ethyl acetate to obtain the target product of compound
5 (273.9mg, 83%) and compound 6 (271.8 mg, 79%) as a white solid.

18B-3-0-(5’-Bromovaleryl)-11-oxo-olean-12-en-30-oic acidethyl ester
(5). 'H NMR (300 MHz, CDCl;) & 5.65 (s, 1H), 4.53 (dd, J = 11.4,
5.0Hz, 1H), 4.16 (dd, J = 9.3, 7.2 Hz, 2H), 3.42 (t, J = 6.5 Hz, 2H),
2.81 (d, J = 13.7 Hz, 1H), 2.36 (d, J = 5.7 Hz, 2H), 2.32 (s, 1H), 2.10
(d, J = 13.4Hz, 1H), 2.06 — 1.85 (m, 6H), 1.84 — 1.58 (m, 8H), 1.56 —
1.38 (m, 4H), 1.37 (s, 3H, CH3), 1.34 - 1.29 (m, 2H), 1.26 (t,
J=7.1Hz, 3H, CH3), 1.17 (s, 3H, CH3), 1.14 (d, J = 4.3Hz, 6H,
2 X CH3), 1.02 (d, J = 15.9 Hz, 2H), 0.88 (d, J = 2.6 Hz, 6H, 2 X CH3),
0.81 (s, 3H, CHj).

18-3-0-(7’-Bromoheptanoyl)-11-oxo-olean-12-en-30- oic acidethyl
ester (6). 'H NMR (300 MHz, CDCl3) 8 5.65 (s, 1H), 4.53 (dd, J = 11.3,
4.9Hz, 1H), 4.22 - 4.11 (m, 2H), 3.40 (t, J = 6.8 Hz, 2H), 2.80 (d,
J=13.6Hz, 1H), 2.37 (s, 1H), 2.31 (t, J =7.4Hz, 2H), 2.10 (d,
J = 13.4Hz, 1H), 2.06 - 1.70 (m, 8H), 1.69 - 1.56 (m, 8H), 1.53 - 1.39
(m, 6H), 1.37 (s, 3H, CHs), 1.30 (s, 2H), 1.27 (t, J = 7.1 Hz, 3H, CHs),
1.17 (s, 3H, CH3), 1.14 (d, J=4.4Hz, 6H, 2 x CH3), 1.03 (d,
J = 15.7 Hz, 2H), 0.88 (d, J = 2.4 Hz, 6H, 2 x CH3), 0.81 (s, 3H, CHa).

4.2.4. General procedure for preparation of compound 7 and 8
A solution of glycyrrhetinic acid (470 mg, 1 mmol) in DMF (10 mL)
was stirred. K,CO3 (552mg, 4 mmol), 1, 4-dibromobutane (864 mg,
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4 mmol) or 1, 6-dibromhexan (976 mg, 4 mmol), were added succes-
sively, and the mixture was stirred at 25°C until the reaction was
complete based on TLC detection. The reaction solution was extracted
by DCM (3 x 10 mL) and ice cold water to remove DMF and K,CO3. The
combined organic phases were dried (Na,SO,4) and concentrated. The
residue was purified by column chromatography using 8:1 petroleum
ether/ethyl acetate to obtain of the target product of compound 7
(501.3mg, 83%) and 8 (505.6 mg, 80%) as a white powder.

18p-11-Oxo-olean-12-en-30-oic acid- (4’-bromobutyl) ester (7). H
NMR (500 MHz, CDCl3) 6 5.67 (s, 1H), 4.17 (t, J = 6.4 Hz, 2H), 3.48 (t,
J = 6.6 Hz, 2H), 3.26 (d, J = 6.3Hz, 1H), 2.83 (d, J = 13.5Hz, 1H),
2.38 (s, 1H), 2.14 (dd, J = 13.5, 3.3 Hz, 1H), 2.10 - 1.82 (m, 9H), 1.72
—-1.61 (m, 6H), 1.53 - 1.43 (m, 3H), 1.41 (s, 3H, CH3), 1.38 - 1.35 (m,
2H), 1.20 - 1.16 (m, 9H, 3 x CH3), 1.05 (s, 3H, CHj3), 1.03 - 0.90 (m,
1H), 0.85 (d, J = 2.1 Hz, 6H, 2 x CHs), 0.74 (d, J = 10.9 Hz, 1H).

18p-11-Oxo-olean-12-en-30-oic acid- (6’-Bromohexyl) ester (8). H
NMR (300 MHz, CDCl3) 6 5.63 (s, 1H), 4.10 (t, J = 6.5 Hz, 2H), 3.41 (t,
J = 6.7 Hz, 2H), 3.22 (d, J = 9.2 Hz, 1H), 2.84 - 2.76 (m, 1H), 2.34 (s,
1H), 2.08 (d, J = 3.6 Hz, 1H), 2.05 - 1.75 (m, 7H), 1.73 - 1.58 (m, 8H),
1.57 -1.40 (m, 7H), 1.37 (s, 3H, CH3), 1.32 - 1.21 (m, 2H), 1.15-1.12
(m, 9H, 3 x CHj), 1.01 (s, 3H, CH3), 0.98 - 0.87 (m, 1H), 0.81 (s, 6H,
2 x CH3), 0.70 (d, J = 11.4 Hz, 1H).

4.2.5. General procedure for preparation of compound 9 and 10

Jones reagent (prepared from 107.9 mg of CrO3) was added to a
solution of 7 (604mg, 1 mmol) or 8 (632mg, 1 mmol) in acetone
(10mL) at 0°C over a period of 30 min till the brown color persisted.
The resulting solution was stirred for further 30 min. Progress of the
reaction was monitored by TLC. After completion of the reaction, iso-
propanol (0.5mL) was added. After evaporation of the solvent, the
crude residue was diluted with dichloromethane (100 mL). The organic
layer was washed with water (25 mL X 2) and brine (25 mL), and dried
over sodium sulfate. The residue was purified by column chromato-
graphy using 10:1 petroleum ether/ethyl acetate to obtain of the target
product of compounds 9 (523.7 mg, 87%) and 10 (535.5 mg, 85%) as a
white powder.

18B-3, 11-Dioxo-olean-12-en-30-oic acid- (4’-bromobutyl) ester (9).
'H NMR (300 MHz, CDCl;) § 5.61 (s, 1H), 4.07 (t, J = 6.2 Hz, 2H), 3.38
(t, J = 6.4 Hz, 2H), 2.93 - 2.84 (m, 1H), 2.62 - 2.50 (m, 1H), 2.37 (s,
1H), 2.34 - 2.24 (m, 1H), 2.05 (d, J = 14.0 Hz, 1H), 1.99 - 1.75 (m,
8H), 1.73 - 1.50 (m, 4H), 1.48 - 1.33 (m, 4H), 1.31 (s, 3H, CH3), 1.28 —
1.24 (m, 2H), 1.20 (s, 3H, CHs), 1.17 - 1.13 (m, 1H), 1.09 (d,
J = 4.0Hz, 6H, 2 X CH3), 1.02 (d, J = 10.7 Hz, 6H, 2 X CHj), 0.95 (s,
1H), 0.76 (s, 3H, CH3).

18p-3, 11-Dioxo-olean-12-en-30-oic acid- (6’-Bromohexyl) ester (10).
H NMR (300 MHz, CDCl3) § 5.61 (s, 1H), 4.04 (t, J = 6.5 Hz, 2H), 3.35
(t, J = 6.7 Hz, 2H), 2.95 - 2.85 (m, 1H), 2.64 - 2.51 (m, 1H), 2.37 (s,
1H), 2.34 - 2.25 (m, 1H), 2.06 (d, J = 13.8 Hz, 1H), 2.00 - 1.78 (m,
6H), 1.75-1.51 (m, 6H), 1.49 - 1.33 (m, 8H), 1.31 (s, 3H, CH3), 1.28 -
1.24 (m, 2H), 1.20 (s, 3H, CH,), 1.14 (s, 1H), 1.09 (d, J = 6.2 Hz, 6H,
2 x CH3), 1.02 (d, J = 10.7 Hz, 6H, 2 x CH3), 0.98 - 0.89 (m, 1H),
0.76 (s, 3H, CHz).

4.2.6. General procedure for preparation of compound 11 and 12

Acetic anhydride (5.0 mL) was added dropwise to a stirred solution
of compound 7 (604 mg, 1 mmol) or compound 8 (632 mg, 1 mmol) in
pyridine (7.5mL) at 0 °C. The resulting solution was stirred at room
temperature for 24 h and then poured into ice water (75 mL), resulting
in the compound 11 (497.4 mg, 77%) and 12 (498.8 mg, 74%) as the
white solid precipitate.

18B-3-0-Acetyl-11-Oxo-olean-12-en-30-oic acid- (4’-bromobutyl) ester
(11). 'H NMR (300 MHz, CDCl;) 8 5.64 (s, 1H), 4.52 (dd, J = 11.4,
5.0 Hz, 1H), 4.14 (t, J = 6.3 Hz, 2H), 3.45 (t, J = 6.5 Hz, 2H), 2.80 (d,
J = 13.6 Hz, 1H), 2.36 (s, 1H), 2.14 - 2.07 (m, 1H), 2.05 (s, 3H, CH3),
2.03 - 1.93 (m, 4H), 1.93 - 1.68 (m, 6H), 1.67 — 1.38 (m, 8H), 1.37 (s,
3H, CH3), 1.33 - 1.21 (m, 2H), 1.16 (d, J = 2.7 Hz, 6H, 2 x CHj3), 1.13
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(s, 3H, CHs), 1.03 (d, J = 13.3 Hz, 2H), 0.88 (s, 6H, 2 x CH3), 0.81 (s,
3H, CHa).

18-3-0-Acetyl-11-Oxo-olean-12-en-30-oic acid- (6’-Bromohexyl) ester
(12). '"H NMR (300 MHz, CDCl,) § 5.64 (s, 1H), 4.52 (dd, J = 11.4,
5.0Hz, 1H), 4.13 - 4.07 (m, 2H), 3.41 (t, J = 6.7 Hz, 2H), 2.80 (dd,
J =10.2, 3.4 Hz, 1H), 2.36 (s, 1H), 2.09 (s, 1H), 2.05 (s, 3H, CH3), 2.03
-1.74 (m, 7H), 1.73 - 1.58 (m, 8H), 1.54 — 1.39 (m, 7H), 1.37 (s, 3H,
CHs), 1.33 - 1.22 (m, 2H), 1.17 - 1.13 (m, 9H, 3 x CH3), 1.03 (d,
J = 13.7 Hz, 2H), 0.88 (s, 6H, 2 x CHj), 0.81 (s, 3H, CH3).

4.2.7. General procedure for preparation of compound 1a and 1b

Triphenylphosphine (262 mg, 1 mmol) was added to a solution of
compound 1 (151.5mg, 0.24mmol) or compound 2 (158.5mg,
0.24 mmol) in CH3CN (10 mL). The mixture was then stirred at 80 °C
until the reaction was complete according to TLC detection. The solvent
was subsequently removed under diminished pressure, and the residue
was purified by column chromatography using 25:1 CH,Cl,/CH30H to
obtain of the target product of compound 1a and 1b.

18B-3-0-(5’-Triphenylphosphonio-pentanoate bromide)-11-oxo-olean-
12-en-30-oic acid (1a). Light yellow solid; Yield: (79.4 mg, 37%); mp:
242-245°C; [a] = +92.1° (¢ = 0.5, CHCl3); IR vpmax 2928, 2867, 1716,
1647, 1544, 1437, 1386, 1259, 1209, 1111, 996, 722, 688, 529,
506 cm™'. '"H NMR (300 MHz, CDCl,) § 7.82 - 7.77 (m, 7H), 7.74 -
7.68 (m, 8H), 5.64 (s, 1H), 4.41 (dd, J = 11.5, 4.5 Hz, 1H), 3.60 (s, 2H),
2.72 (d, J = 13.3Hz, 1H), 2.38 (t, J = 6.5 Hz, 2H), 2.33 (s, 1H), 2.21
(d, J = 14.4Hz, 1H), 2.14 — 1.96 (m, 4H), 1.95 - 1.69 (m, 6H), 1.68 —
1.45 (m, 8H), 1.36 (s, 3H, CH3), 1.28 — 1.25 (m, 2H), 1.18 (s, 3H, CH3),
1.11 (s, 6H, 2 x CH3), 0.99 - 0.96 (m, 1H), 0.82 - 0.78 (m, 9H,
3 x CHj), 0.73 (s, 1H). *C NMR (75MHz, CDCl3) § 200.2, 180.2,
172.8, 169.9, 135.2, 135.1, 133.6, 133.5, 130.6, 130.4, 128.3, 118.7,
117.6, 80.7, 61.6, 55.0, 48.2, 45.4, 43.7, 43.2, 41.0, 38.7, 38.0, 36.9,
33.6, 32.6, 31.8, 31.0, 28.5, 28.1, 26.5, 26.4, 25.7, 25.5, 23.5, 23.3,
22.5, 21.8, 18.7, 18.5, 17.3, 16.7, 16.4. HR-MS (m/2z) (ESI): calcd for
Cs3HegOsP ™ [M-Br] *: 815.47989; found: 815.47910.

18p-3-0-(7’-Triphenylphosphonio-heptanoate bromide)-11-oxo-olean-
12-en-30-oic acid (1b). Light yellow solid; Yield: (77.5 mg, 35%); mp:
158-161°C; [a] = +81.7° (c = 0.5, CHCl3); IR vpax 2928, 2868, 1727,
1644, 1437, 1383, 1251, 1209, 1143, 1112, 984, 722, 689, 533,
507 cm ™~ '. 'H NMR (300 MHz, CDCl,) § 7.90 — 7.82 (m, 6H), 7.81 -
7.78 (m, 3H), 7.74 — 7.68 (m, 6H), 5.67 (s, 1H), 4.46 (dd, J = 11.3,
4.8 Hz, 1H), 3.78 (s, 2H), 2.76 (d, J = 13.2Hz, 1H), 2.35 (s, 1H), 2.24
(d, J = 7.4 Hz, 2H), 2.16 (s, 1H), 2.08 — 1.67 (m, 8H), 1.66 — 1.52 (m,
10H), 1.49 - 1.39 (m, 4H), 1.36 (s, 3H, CH3), 1.32 - 1.28 (m, 2H), 1.20
(s, 3H, CH3), 1.13 (d, J = 5.5Hz, 6H, 2 x CHj), 1.04 (d, J = 7.8 Hz,
2H), 0.83 (d, J = 5.6 Hz, 9H, 3 x CH3). °C NMR (75 MHz, CDCl;) §
200.2, 180.7, 173.4, 169.6, 135.0, 134.9, 133.7, 133.6, 130.5, 130.4,
128.3,118.9,117.8, 80.3, 61.6, 55.0, 48.1, 45.4, 43.7, 43.2, 40.9, 38.7,
38.0, 37.7, 36.9, 34.4, 32.6, 31.8, 30.9, 30.0, 29.8, 28.4, 28.4, 28.0,
26.3, 24.5, 23.5, 23.3, 23.0, 22.4, 22.3, 18.6, 17.3, 16.7, 16.3. HR-MS
(m/z) (ESI): caled for CssH;20sP™ [M-Br] *: 843.5112; found:
843.5108.

4.2.8. General procedure for preparation of compound 1c and 1d
Compound 1c and 1d were obtained from compound 3 and 4, ac-
cording to the procedure of compound 1a and 1b.
18B-3-0-(5’-Triphenylphosphonio-pentanoate bromide)-11-oxo-olean-
12-en-30-oicacidmethyl ester (1c). Light yellow solid; Yield: (93.7 mg,
43%); mp: 153-155°C; [a] = +95.1° (c = 0.5, CHCL3); IR vpax 2945,
2868, 1721, 1651, 1437, 1386, 1257, 1213, 1155, 1111, 995, 722, 689,
530, 507 cm ™~ . 'H NMR (300 MHz, CDCl;) § 7.92 — 7.84 (m, 6H), 7.84
- 7.80 (m, 3H), 7.76 - 7.70 (m, 6H), 5.69 (s, 1H), 4.42 (dd, J = 11.5,
4.4Hz, 1H), 3.96 - 3.86 (m, 2H), 3.72 (s, 3H, CHj3), 2.76 (d,
J = 13.7 Hz, 1H), 2.42 (t, J = 6.5 Hz, 2H), 2.36 (s, 1H), 2.15 - 1.93 (m,
9H), 1.86 - 1.61 (m, 6H), 1.56 — 1.44 (m, 4H), 1.38 (s, 3H, CH3), 1.32
(s, 2H), 1.17 (s, 3H, CH3), 1.14 (s, 6H, 2 x CH3), 1.05 (d, J = 13.5Hz,
2H), 0.82 (d, J = 2.6 Hz, 9H, 3 x CHj). '>C NMR (75 MHz, CDCl3) §
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200.1, 176.9, 172.8, 169.4, 135.0, 134.9, 133.7, 133.6, 130.5, 130.4,
128.4,118.9,117.7, 80.6, 61.7, 55.0, 51.7, 48.4, 45.3, 44.0, 43.2, 41.1,
38.7, 37.9, 37.7, 36.9, 33.7, 32.6, 31.8, 31.1, 28.5, 28.3, 28.0, 26.4,
25.7, 23.5, 23.3, 22.8, 22.2, 21.9, 18.6, 17.3, 16.7, 16.3. HR-MS (m/2)
(ESD): caled for Cs4H;00sP " [M-Br] *: 829.49554; found: 829.49308.

18p-3-0-(7’-Triphenylphosphonio-heptanoate bromide)-11-oxo-olean-
12-en-30-oicacidmethyl ester (1d). Light yellow solid; Yield: (89.9 mg,
40%); mp: 128-131°C; [a] = +81.1° (c = 0.5, CHCl3); IR vyax 2929,
2859, 1724, 1651, 1436, 1387, 1250, 1212, 1189, 1112, 985, 721, 690,
533, 508 cm ™~ *. 'H NMR (300 MHz, CDCl;) § 7.91 - 7.84 (m, 6H), 7.83
—-7.80 (m, 3H), 7.76 — 7.72 (m, 6H), 5.69 (s, 1H), 4.52 — 4.46 (m, 1H),
3.80 (s, 2H), 3.71 (s, 3H, CH3), 2.80 (d, J = 13.6 Hz, 1H), 2.37 (s, 1H),
2.29 (d, J = 7.2 Hz, 2H), 2.19 - 1.75 (m, 10H), 1.69 - 1.59 (m, 9H),
1.54 - 1.42 (m, 4H), 1.38 (s, 3H, CH3), 1.34 - 1.32 (m, 2H), 1.17 (s, 6H,
2 x CHs), 1.15 (s, 3H, CH3), 1.08 - 1.03 (m, 2H), 0.87 (s, 6H, 2 x CH3),
0.83 (s, 3H, CHs). '*C NMR (75 MHz, CDCl;) § 200.0, 176.9, 173.4,
169.3, 135.0, 134.9, 133.7, 133.6, 130.5, 130.4, 128.5, 119.0, 117.8,
80.4, 61.7, 55.0, 51.7, 48.4, 45.4, 44.0, 43.2, 41.1, 38.8, 38.0, 37.7,
36.9, 34.4, 32.7, 31.8, 31.1, 30.0, 29.8, 28.5, 28.3, 28.1, 26.5, 24.5,
23.6, 23.3, 22.9, 22.5, 22.3, 18.7, 17.4, 16.7, 16.4. HR-MS (m/z) (ESI):
caled for CsgH740sP™ [M-Br] *: 857.5268; found: 857.5268.

4.2.9. General procedure for preparation of compound 1e and 1f

Compound 1e and 1f were obtained from compound 5 and 6, ac-
cording to the procedure of compound 1a and 1b.

18B-3-0-(5’-Triphenylphosphonio-pentanoate bromide)-11-oxo-olean-
12-en-30-oic acidethyl ester (1e). Light yellow solid; Yield: (97.4 mg,
44%); mp: 130-133°C; [a] = +93.3° (c = 0.5, CHCl3); IR vy 2929,
2868, 1718, 1654, 1437,1385, 1323, 1256, 1212, 1173, 1111, 995,
921, 722, 688, 530, 507 cm~*. 'H NMR (300 MHz, CDCly) § 7.83 - 7.75
(m, 6H), 7.74 — 7.69 (m, 3H), 7.67 — 7.60 (m, 6H), 5.58 (s, 1H), 4.33
(dd, J = 11.5, 4.5Hz, 1H), 4.14 - 4.04 (m, 2H), 3.78 (d, J = 13.2Hz,
2H), 2.66 (d, J = 13.8 Hz, 1H), 2.32 (t, J = 6.5 Hz, 2H), 2.27 (s, 1H),
2.06 (s, 1H), 2.01 - 1.70 (m, 8H), 1.68 — 1.46 (m, 6H), 1.43 - 1.32 (m,
4H), 1.29 (s, 3H, CH3), 1.27 - 1.23 (m, 2H), 1.20 (s, 3H, CHj), 1.08 (s,
3H, CHs3), 1.05 (s, 6H, 2 x CH3), 0.93 (s, 2H), 0.73 (s, 9H, 3 X CHj).
13C NMR (75 MHz, CDCl3) 8 200.0, 176.3, 172.8, 169.5, 135.0, 134.9,
133.7,133.6, 130.5, 130.4, 128.4, 118.9, 117.8, 80.6, 61.7, 60.3, 55.0,
48.4, 45.4, 43.8, 43.2, 41.1, 38.7, 37.9, 37.7, 36.9, 33.7, 32.6, 31.8,
31.1, 28.5, 28.3, 28.0, 26.5, 25.7, 25.5, 23.5, 23.3, 22.8, 21.9, 18.7,
17.3, 16.7, 16.3, 14.3. HR-MS (m/2) (ESI): caled for CssH;20sP* [M-
Br] *: 843.5112; found: 843.5115.

18B-3-0-(7’-Triphenylphosphonio-heptanoate bromide)-11-oxo-olean-
12-en-30- oic acidethyl ester (1f). Light yellow solid; Yield: (111.8 mg,
49%); mp: 115-118°C; [a] = +84.1° (¢ = 0.5, CHCls); IR v 2929,
2864, 1719, 1654, 1437, 1385, 1323, 1248, 1210, 1173, 1111, 984,
921, 722, 688, 532, 507 cm~*. 'H NMR (300 MHz, CDCl3) § 7.83 - 7.75
(m, 6H), 7.74 — 7.69 (m, 3H), 7.68 — 7.62 (m, 6H), 5.57 (s, 1H), 4.39
(dd, J = 11.3, 4.7 Hz, 1H), 4.13 - 4.02 (m, 2H), 3.73 (s, 2H), 2.71 (d,
J = 13.6 Hz, 1H), 2.28 (s, 1H), 2.18 (s, 2H), 2.02 (s, 1H), 1.99 — 1.60
(m, 8H), 1.59 - 1.49 (m, 8H), 1.48 - 1.31 (m, 6H), 1.29 (s, 3H, CH3),
1.27 - 1.24 (m, 2H), 1.19 (s, 3H, CH3), 1.07 (d, J = 5.8 Hz, 9H,
3 x CH3), 0.97 - 0.88 (m, 2H), 0.78 (s, 6H, 2 x CHs), 0.74 (s, 3H, CH3).
13C NMR (75 MHz, CDCl;) § 200.0, 176.3, 173.6, 169.4, 135.0, 134.9,
133.7,133.6, 130.5, 130.4, 128.4, 119.0, 117.9, 80.4, 61.7, 60.2, 55.0,
48.4, 45.4, 43.8, 43.2, 41.1, 38.7, 38.0, 37.7, 36.9, 34.4, 32.7, 31.8,
31.1, 30.0, 29.8, 28.5, 28.3, 28.1, 26.5, 24.5, 23.6, 23.3, 22.9, 22.5,
22.3, 18.7, 17.4, 16.7, 16.3, 14.3. HR-MS (m/z) (ESI): calcd for
Cs7H,60sP ™ [M-Br] *: 871.5425; found: 871.5421.

4.2.10. General procedure for preparation of compound 2a and 2b
Compound 2a and 2b were obtained from compound 7 and 8, ac-
cording to the procedure of compound 1a and 1b.
18p-11-Oxo-olean-12-en-30-oic acid- (4’-Triphenylphosphonio-buty-
rate bromide) ester (2a). Light yellow solid; Yield: (81.1 mg, 39%); mp:
157-161°C; [a] = +107.0° (c = 0.5, CHCl3); IR wupax 2925, 2864,
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1716, 1651, 1437, 1385, 1313, 1257, 1208, 1153, 1111, 994, 722, 688,
530, 506 cm ™. 'H NMR (500 MHz, CDCl3) § 7.89 — 7.85 (m, 6H), 7.81
-7.78 (m, 3H), 7.72 - 7.68 (m, 6H), 5.49 (s, 1H), 4.18 — 4.11 (m, 2H),
4.02 - 3.84 (m, 2H), 3.24 (dd, J=11.0, 4.9Hz, 1H), 2.75 (d,
J = 13.4 Hz, 1H), 2.30 (s, 1H), 2.10 (s, 1H), 2.04 — 1.94 (m, 4H), 1.89 —
1.67 (m, 6H), 1.63 — 1.39 (m, 8H), 1.34 (s, 3H, CH3), 1.26 (s, 2H), 1.11
(d, J = 10.9Hz, 6H, 2 X CHj), 1.00 (d, J = 6.0 Hz, 6H, 2 x CH3), 0.96
- 0.87 (m, 1H), 0.80 (s, 3H, CH3), 0.74 (s, 3H, CH3), 0.70 (d,
J =11.2Hz, 1H). *C NMR (125 MHz, CDCl3) § 199.9, 176.2, 169.2,
135.0, 134.9, 133.7, 133.6, 130.5, 130.4, 128.3, 118.5, 117.8, 78.5,
63.0, 61.8, 54.9, 48.2, 45.3, 43.9, 43.1, 41.0, 39.1, 39.1, 37.6, 37.0,
32.7, 31.7, 30.9, 29.5, 29.4, 28.5, 28.2, 28.0, 27.2, 26.4, 26.3, 23.3,
19.3, 18.6, 17.4, 16.3, 15.5. HR-MS (m/z) (ESD): caled for Cs,HggO4P*
[M-Br] *: 787.4850; found: 787.5234.

18-11-Oxo-olean-12-en-30-oic acid- (6’-Triphenylphosphonio-
caproate bromide) ester (2b). Light yellow solid; Yield: (96.6 mg, 45%);
mp: 130-132°C; [a] = +83.1° (¢ = 0.5, CHCl3); IR vmay 2927, 2862,
1716, 1651, 1437, 1385, 1314, 1208, 1154, 1112, 994, 722, 688, 533,
507 cm ™~ '. 'H NMR (300 MHz, CDCl;) § 7.90 — 7.82 (m, 6H), 7.80 (d,
J = 7.7 Hz, 3H), 7.75 - 7.69 (m, 6H), 5.54 (s, 1H), 4.09 — 3.99 (m, 2H),
3.82 — 3.73 (m, 2H), 3.27 — 3.19 (m, 1H), 2.63 (d, J = 13.4Hz, 1H),
2.31 (s, 1H), 2.16 (s, 1H), 2.05 - 1.73 (m, 7H), 1.72 - 1.60 (m, 8H), 1.59
- 1.39 (m, 7H), 1.36 (s, 3H, CHs), 1.34 — 1.28 (m, 2H), 1.12 (s, 3H,
CHs), 1.09 (d, J = 4.7 Hz, 6H, 2 x CH3), 1.00 (s, 3H, CH,), 0.94 — 0.87
(m, 1H), 0.79 (d, J = 4.9 Hz, 6H, 2 x CH3), 0.69 (d, J = 11.4 Hz, 1H).
13C NMR (75 MHz, CDCls) § 199.9, 176.2, 169.5, 134.9, 134.9, 133.6,
133.5, 130.4, 130.3, 128.1, 118.8, 117.6, 78.3, 64.1, 61.7, 54.7, 48.4,
45.2, 43.8, 43.1, 41.0, 39.0, 37.5, 36.9, 32.6, 31.7, 30.9, 30.2, 30.0,
28.4, 28.2, 28.0, 27.1, 26.3, 26.2, 25.8, 23.2, 22.9, 22.5, 22.3, 18.6,
17.3, 16.2, 15.5. HR-MS (m/z) (ESD): calcd for Cs4H;,0,P" [M-Br] *:
815.5163; found: 815.5160.

4.2.11. General procedure for preparation of compound 2¢ and 2d

Compound 2c¢ and 2d were obtained from compound 9 and 10,
according to the procedure of compound 1a and 1b.

18B-3, 11-Dioxo-olean-12-en-30-oic acid- (4’-Triphenylphosphonio-
butyrate bromide) ester (2c). Light yellow solid; Yield: (105.8 mg, 51%);
mp: 155-158 °C; [a] = +105.5° (¢ = 0.5, CHCly); IR vpmax 2927, 2866,
1700, 1651, 1458, 1437, 1384, 1313, 1209, 1153, 1111, 996, 748, 722,
688, 529, 507 cm ™~ '. '"H NMR (300 MHz, CDCls) § 7.90 - 7.82 (m, 6H),
7.78 (d, J = 6.9 Hz, 3H), 7.73 - 7.67 (m, 6H), 5.56 (s, 1H), 4.15 (s, 2H),
3.91 (s, 2H), 2.99 - 2.87 (m, 1H), 2.67 — 2.57 (m, 1H), 2.41 (s, 1H), 2.34
(s, 1H), 2.21 (s, 1H), 2.16 — 1.89 (m, 6H), 1.87 — 1.64 (m, 6H), 1.56 —
1.44 (m, 4H), 1.35 (s, 3H, CH3), 1.30 (s, 2H), 1.25 (s, 3H, CH3), 1.21 -
1.19 (m, 1H), 1.15 (s, 3H, CHs), 1.09 (d, J = 11.6 Hz, 6H, 2 X CHy),
0.99 (s, 3H, CH3), 0.91 - 0.82 (m, 1H), 0.76 (s, 3H, CH3). '3C NMR
(75MHz, CDCl3) & 217.0, 199.2, 176.2, 169.8, 135.0, 134.9, 133.7,
133.6, 130.5, 130.4, 128.2, 118.7, 117.6, 63.0, 61.0, 55.3, 48.2, 47.7,
45.2, 43.9, 41.1, 39.8, 37.7, 36.7, 34.1, 32.0, 31.7, 30.9, 29.5, 29.3,
28.6, 28.2, 26.4, 26.3, 23.3, 22.4, 21.7, 21.3,19.3, 18.7, 18.5, 15.6. HR-
MS (m/z) (ESI): caled for Cs,HesO4P+ [M-Br] *: 785.4693; found:
785.4689.

18B-3, 11-Dioxo-olean-12-en-30-oic acid- (6’-Triphenylphosphonio-
caproate bromide) ester (2d). Light yellow solid; Yield: (102.8 mg, 48%);
mp: 128-130°C; [a] = +134.8° (¢ = 0.5, CHCLy); IR Uimax 2929, 2863,
1701, 1651, 1458, 1437, 1384, 1313, 1207, 1154, 1111, 996, 746, 721,
689, 532, 507 cm ™~ '. '"H NMR (300 MHz, CDCls) § 7.88 - 7.81 (m, 6H),
7.79 (d, J = 7.7Hz, 3H), 7.74 — 7.69 (m, 6H), 5.61 (s, 1H), 4.04 (t,
J = 5.8 Hz, 2H), 3.80 (s, 2H), 2.85 - 2.77 (m, 1H), 2.57 (dd, J = 15.9,
10.5Hz, 1H), 2.42 (s, 1H), 2.39 - 2.32 (m, 1H), 2.11 - 1.82 (m, 8H),
1.71 - 1.56 (m, 9H), 1.51 - 1.40 (m, 4H), 1.37 (s, 3H, CH3), 1.33 -1.30
(m, 2H), 1.21 (s, 3H, CHa), 1.16 (s, 1H), 1.14 (s, 3H, CHs), 1.11 (d,
J = 4.7 Hz, 6H, 2 x CH3), 1.06 (s, 3H, CH3), 0.99 (d, J = 10.8 Hz, 1H),
0.80 (s, 3H, CH3). '*C NMR (75MHz, CDCI3) § 217.1, 199.3, 176.3,
170.1, 134.9, 134.9, 133.8, 133.6, 130.5, 130.3, 128.2, 119.0, 117.9,
64.3, 61.0, 55.2, 48.5, 47.7, 45.2, 43.9, 43.3, 41.2, 39.7, 37.6, 36.6,

188

Bioorganic Chemistry 85 (2019) 179-190

34.1, 32.0, 31.8, 31.0, 30.3, 30.0, 28.6, 28.5, 28.3, 26.5, 25.8, 23.3,
22.9, 22.6, 22.2, 21.3, 18.8, 18.5, 15.7. HR-MS (m/z) (ESI): calcd for
Cs4H700,P" [M-Br] *: 813.50062; found: 813.50342.

4.2.12. General procedure for preparation of compound 2e and 2f

Compound 2e and 2f were obtained from compound 11 and 12,
according to the procedure of compound 1a and 1b.

183-3-0-Acetyl-11-Oxo-olean-12-en-30-oic acid- (4’-Triphentylphosphonio-
butyrate bromide) ester (2e). Light yellow solid; Yield: (85.0 mg, 39%); mp:
159-163°C; [a] = +90.5° (c = 0.5, CHCl3); IR vmax 2925, 2858, 1717,
1650, 1437, 1364, 1319, 1247, 1212, 1155, 1112, 1026, 985, 748, 721,
689, 531, 509 cm ~ . 'H NMR (300 MHz, CDCl) & 7.92 — 7.84 (m, 6H), 7.81
- 7.76 (m, 3H), 7.73 - 7.67 (m, 6H), 5.49 (s, 1H), 4.51 (dd, J = 11.3,
4.9 Hz, 1H), 4.21 — 4.12 (m, 2H), 4.05 - 3.83 (m, 2H), 2.77 (d, J = 13.5Hz,
1H), 2.32 (s, 1H), 2.11 (s, 1H), 2.05 (s, 3H, CH3), 2.04 — 1.91 (m, 4H), 1.90 -
1.68 (m, 6H), 1.67 — 1.37 (m, 8H), 1.33 (s, 3H, CHy), 1.27 — 1.22 (m, 2H),
1.13(d, J = 14.4Hz, 6H, 2 x CH3), 1.03 (s, 1H), 0.99 (s, 3H, CH3), 0.89 (s,
6H, 2 X CHa), 0.80 (d, J = 11.2Hz, 1H), 0.74 (s, 3H, CHy). 'C NMR
(75 MHz, CDCls) § 199.7, 176.1, 170.9, 169.3, 134.9, 134.9, 133.8, 133.6,
130.5, 130.3, 128.2, 118.7, 117.6, 80.5, 63.0, 61.7, 55.0, 48.2, 45.3, 43.8,
43.1, 41.0, 38.8, 38.0, 37.6, 36.9, 32.6, 31.7, 30.9, 29.5, 29.3, 28.5, 28.2,
28.0, 26.3, 26.3, 23.5, 23.3, 21.2, 19.3, 18.6, 17.3, 16.6, 16.3. HR-MS (m/2)
(ESI): caled for Cs4H700sP ' [M-Br] *: 829.4955; found: 829.4958.

183-3-0-Acetyl-11-Oxo-olean-12-en-30-oic acid- (6’-Triphenylphosphonio-
caproate bromide) ester (2f). Light yellow solid; Yield: (83.2 mg, 37%); mp:
142-145°C; [a] = +91.9° (c = 0.5, CHCl3); IR v 2927, 2856, 1720,
1651, 1437, 1365, 1319, 1247, 1213, 1154, 1112, 1027, 985, 744, 722,
689, 532, 507 cm ™. "H NMR (300 MHz, CDCl3) & 7.90 - 7.82 (m, 6H), 7.80
- 7.75 (m, 3H), 7.74 - 7.68 (m, 6H), 5.56 (s, 1H), 4.50 (dd, J = 11.3,
5.0 Hz, 1H), 4.07 — 4.00 (m, 2H), 3.87 — 3.77 (m, 2H), 2.67 (d, J = 13.5Hz,
1H), 2.32 (s, 1H), 2.05 (s, 3H, CHjy), 2.02 (d, J = 3.7 Hz, 1H), 1.99 — 1.72
(m, 7H), 1.71 - 1.59 (m, 8H), 1.58 - 1.38 (m, 7H), 1.36 (s, 3H, CHj), 1.29 —
1.22 (m, 2H), 1.11 (d, J = 4.4 Hz, 9H, 3 x CHs), 1.01 (d, J = 13.4 Hz, 2H),
0.88 (s, 6H, 2 x CHs), 0.78 (s, 3H, CHs). 3C NMR (75MHz, CDCLy) §
199.8, 176.3, 170.9, 169.6, 134.9, 134.9, 133.7, 133.6, 130.5, 130.3, 128.2,
118.9,117.8, 80.5, 64.2, 61.6, 54.9, 48.5, 45.3, 43.9, 43.2, 41.1, 38.7, 38.0,
37.6, 36.9, 32.6, 31.8, 31.0, 30.2, 30.0, 28.5, 28.3, 28.0, 26.4, 26.3, 25.8,
23.5, 23.3, 22.6, 22.4, 21.2, 18.6, 17.3, 16.6, 16.3. HR-MS (m/z) (ESI): calcd
for CsgH740sP* [M-Br] *: 857.5268; found: 857.5266.

4.3. Cell culture and maintenance

All human cancer cell lines including human normal liver HL-7702
cells in this study were purchased from China Life Science Collage
(Shanghai, PRC). Culture medium Dulbecco’s modified Eagle medium
(DMEM), fetal bovine serum (FBS), phosphate buffered saline (PBS,
pH = 7.2), and Antibiotice-Antimycotic came from KeyGen Biotech
Company (China). Cell lines were grown in the supplemented with 10%
FBS, 100 units/ml of penicillin and 100 g/ml of streptomycin in a hu-
midified atmosphere of 5% CO, at 37 °C.

4.4. Cytotoxicity assay

The anticancer activity of the title compounds were dissolved in
DMSO and evaluated in five human cancer cells (HepG-2, A549, MCF-7,
HT-29 and A2780) and human normal cells (HL-7702), respectively.
About 1.0 x 10° cells/mL cells, which were in the logarithmic phase,
were grown in each well of 96-well plates and incubated for 12h at
37 °C in 5% CO,. Compounds at six different concentrations (2.5, 5, 10,
20, 40 and 80 uM) were also added to the test well and then the cells
were incubated at 37 °C in a 5% CO, atmosphere for 72h. An enzyme
labeling instrument was used to read absorbance with 570/630 nm
double wavelength measurement. Cytotoxicity was detected on the
percentage of cell survival compared with the negative control. The
final ICso values were calculated by the Bliss method (n = 5). All of the
tests were repeated in triplicate.
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4.5. Measurement of mitochondrial uptake of compounds 2f and GA.

HPLC was used to detect and quantify 2f and GA. For this purpose,
A549 cells were grown in 100 mm dishes and then treated with 2f or GA
at 10 uM for 4 h. After the treatment, the cells were washed twice with
ice-cold PBS. Mitochondrial isolation was then performed using the cell
mitochondrial isolation kit (Beyotime) according to themanufacturer’s
recommended protocol. The mitochondria pellet was diluted in PBS and
extracted twice with a dichloromethane/methanol (4:1) mixture. After
the organic layers were combined and dried, the dry residue was dis-
solved in methanol containing 0.1% of formic acid and was then used
for HPLC analysis. The extract of GA-treated cells was dissolved in
methanol containing 0.1% of formic acid, and 20 pL of the solution was
injected into the HPLC system (Agilent Technologies, CA, USA).
Analyses were performed on a ZORBAX SB-C18 column (5pm,
4.6 x 250 mm) using methanol: 1.0% formic acid solution (90:10) as
the mobile phase, and peaks were detected at 254 nm. Meanwhile, the
extract of 2f-treated cells was dissolved in methanol containing 0.1%
formic acid, and the mobile phase was methanol: 1.0% formic acid
solution (90:10). The wavelength for the detection of 2f was 254 nm.

4.6. Apoptosis analysis

Apoptosis was also evaluated by flow cytometric analysis of annexin
V/PI staining. A549 cells were grown in each well of six-well plates at
the density of 5.0 x 10* cells/mL of the DMEM medium with 10% FBS
to the final volume of 2mL. The plates were incubated for overnight
and treated with 2f at the indicated concentration (5, 10 and 20 uM) for
24 h. Briefly, cells were harvested and washed with twice ice-cold PBS,
and then suspended cells in the annexin-binding buffer at a con-
centration of 5 X 10° cells/ml. cells were then incubated with 5 pL of
annexin V-FITC and 5 pL of Plin the dark at 4 °C for 30 min. The cells
were detected by system software (Cell Quest; BD Biosciences).

4.7. Hoechst 33258 staining

A549 cells were grown in each well of six-well plates at the density
of 5.0 x 10* cells/mL of the DMEM medium with 10% FBS to the final
volume of 2 mlL. The plates were incubated for overnight and treated
with 2f at the indicated concentration (5, 10 and 20 uM) for 24 h. After
the treatment period, the cells were then washed twice with ice-PBS
and incubated with 0.5 mL of Hoechst 33,258 at dark for 30 min. After
30 min incubation, the cells were washed twice with cold PBS and the
results were analysis by fluorescence microscope using 350 nm excita-
tion and 460 nm emissions.

4.8. Flow cytometry analysis of cell cycle distribution

A549 cells were grown on 6-well plates and treated with 2f at the
indicated concentration (5, 10 and 20 ptM) and maintained with of the
proper culture medium in 5% CO, at 37 °C for 24 h. After completion of
incubation, cells were harvested and washed three times with ice-cold
PBS, fixed with ice-cold 70% ethanol at — 20 °C for overnight. The cells
were treated with 100 pg/mL RNase A for 30 min at 37 °C after washed
with twice ice-cold PBS, and finally stained with 1 mg/ml propidium
iodide (PI) in the dark at 4 °C for 30 min. Analysis was performed with
the system software (Cell Quest; BD Biosciences).

4.9. Migration assay

The migration effects of 2f on A549 cells were detected by wound-
heal assay. A549 cells were grown on 6-well plates and treated with 2f
at the indicated concentration (5, 10 and 20 uM) and maintained with
of the proper culture medium in 5% CO- at 37 °C for 24 h. After com-
pletion of incubation, the extent of wound heal was observed by ima-
ging with fluorescence microscope.
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4.10. Mitochondrial membrane potential assay

A549 cells were grown on 6-well plates and treated with 2f at the
indicated concentration (5, 10 and 20 pM) and maintained with of the
proper culture medium in 5% CO, at 37 °C for 24 h. After for 24 h, the
JC-1 fluorescent probe was added 20 min after replacing with fresh
medium. Cells were harvested at 2000 rpm and washed twice with ice-
cold PBS and the lost of mitochondrial membrane potential were in-
vestigated by fluorescent microscope. Mitochondrial depolarization is
indicated by an increase in the green/red fluorescence intensity ratio.
The emission fluorescence for JC-1 was monitored at 530 and 590 nm,
under the excitation wavelength at 488 nm, respectively.

4.11. ROS assay

A549 cells were grown on 6-well plates and treated with 2f at the
indicated concentration (5, 10 and 20 uM) and maintained with of the
proper culture medium in 5% CO, at 37 °C for 24 h. On the following
treatment, cells were collected at 2000 rpm and washed twice with ice-
cold PBS, and then resuspend cells in 10 mM DCFH-DA dissolved in cell
free medium at 37 °C for 20 min in dark, and then washed twice with
ice-cold PBS. Cellular fluorescence was analyzed by fluorescent mi-
croscope at an excitation of 485 nm and an emission of 538 nm.

4.12. Western blot analysis

A549 cells were grown on 6-well plates and treated with 2f at the
indicated concentration (5, 10 and 20 uM) and maintained with of the
proper culture medium in 5% CO at 37 °C for 24 h, respectively. After
incubation for 24 h, cells were collected, centrifuged, and washed twice
with ice-cold PBS. The pellet was then resuspended in lysis buffer. After
the cells were lysed on ice for 30 min, lysates were centrifuged at
20000g at 4 °C for 5 min. The protein concentration in the supernatant
was examined using the BCA protein assay reagents (Imgenex, USA).
Equal amounts of protein per line were was separated on 12% SDS
polyacrylamide gel electrophoresis and transferred to PVDF Hybond-P
membrane (GE Healthcare). Membranes were incubated with 5% skim
milk in Tris-buffered saline with Tween 20 (TBST) buffer for 1 h and
then the membranes being gently rotated overnight at 4 °C. Membranes
were then incubated with primary antibodies against Bcl-2, Bax,
Cleaved-caspase-9, Cleaved-caspase-3 and DHFR for overnight at 4 °C.
Membranes were next incubated with peroxidase labeled secondary
anti-bodies for 2h, and then all membranes were washed with TBST
three times for 15 min and the protein blots were detected with che-
miluminescence reagent (Thermo Fischer Scientifics Ltd.). The X-ray
films were developed with developer and fixed with fixer solution.

4.13. Statistical analysis

All statistical analysis was performed with SPSS Version 10. Data
was analyzed by one-way ANOVA. Mean separations were performed
using the least significant difference method. Each experiment was re-
plicated thrice, and all experiments yielded similar results.
Measurements from all the replicates were combined, and treatment
effects were analyzed.
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