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Protopanaxadiol (PPD), an aglycon of ginseng saponins,

has shown anticancer activity in earlier studies. Here,

we have reported the semisynthesis of nine PPD

derivatives with acetyl substitutions. Subsequently, the

antiproliferative effects of these nine analogs on different

human cancer cell lines have been investigated.

Compounds 1, 3, and 5 showed more significant and more

potent antiproliferative activity compared with PPD and

other derivatives. A flow cytometric assay indicated that

compounds 1, 3, and 5 arrested cell cycle progression in

the G1 phase and significantly induced apoptosis of

cancer cells. Anti-Cancer Drugs 22:35–45 �c 2011 Wolters

Kluwer Health | Lippincott Williams & Wilkins.
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Introduction
Cancer is the second leading cause of human death in

the United States. The clinical management of cancer

invariably involves diverse conventional modalities, in-

cluding surgery, radiation, and chemotherapy [1]. Novel

therapeutic agents and ethanopharmacological screenings

provide researchers with an alternative avenue to discover

active components and compounds to treat cancer with

traditional medicines such as botanicals. In recent years,

botanicals have become an important source of biologi-

cally active natural products.

Botanicals contain effective anticancer compounds that

could potentially be used alone or as adjuncts to existing

chemotherapy to improve efficacy and reduce drug-

induced adverse events. A series of analyses have shown

the continuing and valuable contributions of botanicals as

sources not only of potential chemotherapeutic agents,

but also of lead compounds for the semisynthesis or total

synthesis of new drugs. In current cancer treatments,

approximately 80% of novel drugs have originated from

natural products [2].

Ginsengs, including Asian ginseng (Panax ginseng C.A.

Meyer) and American ginseng (Panax quinquefolius L.) are

very commonly used herbal medicines in many countries

[3,4]. Ginseng extracts, especially steamed ginseng ex-

tracts, possess significant anticancer properties [5,6] and

confer a radioprotective effect against radiation-induced

damage in DNA [7]. The major active components of

ginseng are ginsenosides, a diverse group of triterpenoid

saponins (Fig. 1) [8]. The antiproliferative effects of

ginseng saponin aglycons, such as protopanaxadiol (PPD),

are even greater than those of ginsenosides. Thus, PPD

could serve as a lead compound, as its derivatives may

exert better anticancer activity [9]. To date, most ginseng

studies have focused on the natural compounds isolated

from ginseng. Limited work has been done on the

synthesis or semisynthesis of PPD derivatives and the

evaluation of their anticancer activity.

We designed and synthesized a series of PPD derivatives

using semisynthetic methods. Our structure modification

was mainly based on reactive sites of PPD. The anti-

proliferative effects of the PPD derivatives on different

cancer cell lines were subsequently evaluated. The

mechanisms of action of selected derivatives were also

investigated. Using chemical and biological data, we also

explored the structural–functional relationship of the

PPD derivatives.

Materials and methods
Materials

All cell culture plastic wares were obtained from Falcon

Labware (Franklin Lakes, New Jersey, USA) and Techno

Plastic Products (Trasadingen, Switzerland). Trypsin,

McCoy’s 5A medium, and phosphate-buffered saline

were obtained from Mediatech Inc. (Herndon, Virginia,

USA). The Dulbecco’s modified Eagle’s medium (DMEM)/

F12 medium was obtained from Lonza (Conshohocken,

Pennsylvania, USA). Penicillin G/streptomycin, methane-

sulfonyl chloride (OMS-Cl) and chloroform-d (CDCl3)

were obtained from Sigma (St Louis, Missouri, USA). A

modified trichrome stain assay kit, CellTiter 96 Aqueous

One Solution Cell Proliferation Assay, was obtained from
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Promega (Madison, Wisconsin, USA). An annexin V–

fluorescein isothiocyanate Apoptosis Detection Kit was

obtained from BD Biosciences (Rockville, Maryland,

USA). Propidium iodide (PI)/ribonuclease staining buffer

was obtained from BD Biosciences Pharmingen (San

Diego, California, USA). Human cell lines, HCT-116,

SW-480, MCF-7, and CRL-1831, were obtained from

American Type Culture Collection.

Preparation of protopanaxadiol

Total ginsenosides (2.0 g), n-butanol (250 ml), and

sodium hydroxide (10 g) were added to a 500-ml round

bottom flask. The mixture was heated to 1301C while

stirring under argon for 2 days and allowed to cool to room

temperature. The reaction mixture was then washed with

water (2� 100 ml), 1% HCl (2� 100 ml), 5% NaHCO3,

and brine. The organic phase was dried over magnesium

sulfate (MgSO4). The removal of the solvent under

reduced pressure resulted in a sticky oil, which was

purified by a silica gel column to give PPD (120 mg) and

protopanaxatriol (PPT; 110 mg). As PPD and PPT were

obtained from a group of mixed ginsenosides, yield

information was unavailable.

Synthesis of protopanaxadiol derivatives

Compounds 1–9 were semisynthesized from PPD (Fig. 2),

and their structure and purity (> 90%) were confirmed by

1H, 13C, nuclear magnetic resonance (NMR) spectroscopy

and thin layer chromatography.

Compounds 1 and 2

Pyridine (10 ml) and acetic anhydride (0.5 ml) were

added to a 100-ml round bottom flask containing PPD

(120 mg). The mixture was heated to 501C overnight

while stirring under argon. After the reaction mixture

cooled to room temperature, methanol (1 ml) was added

to quench the reaction. Then, all of the solvents were

evaporated under reduced pressure and the residue was

coevaporated with toluene (2� 20 ml). The resulting oil

was purified by a silica gel column producing a 3-acetyl

PPD derivative, compound 1 (3-acetate PPD) in a 30%

yield and a 3,12-diacetyl PPD derivative, compound 2

(3,12-diacetate, 24-oxoheptan PPD) in a 45% yield.

Compound 3

t-Butanol (10 ml), water (10 ml), AD-mix-b (500 mg), and

methanesulfonamide (40 mg) were added to a 100-ml

round bottom flask containing the 3,12-diacetyl PPD

derivative (compound 2, 260 mg). The mixture was stirred

at room temperature for 2 days and then cooled to 01C.

Na2SO3 (400 mg) was added and the mixture was stirred

for 1 h. Then, water (50 ml) was added and the mixture was

extracted with ethyl acetate (50 ml� 2). The combined

Fig. 1
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organic phase was washed with brine and dried over

MgSO4 before all the solvents were evaporated under

reduced pressure. The residue was purified by a silica gel

column to give compound 3 (3,12-diacetate, 24,25-dihy-

droxyl PPD) in an 85% yield.

Compound 4

Ethanol and sodium methoxide were added to a 50-ml

round bottom flask containing 3,12-diacetyl, 24-b, 25-

dihydroxyl-PPD derivative (compound 3). The mixture

was stirred at room temperature for 1 day before acetic

acid was added to adjust the pH to 7.0. Removal of all the

solvents under reduced pressure resulted in an oil

residue, which was purified using a silica gel column

to produce compound 4 (24,25-dihydroxyl PPD) in a

65% yield.

Compound 5

Dichloromethane (10 ml), pyridine (0.3 ml), and metha-

nesulfonyl chloride (0.1 ml) were added to a 50-ml round

bottom flask containing 3,12-diacetyl, 24-b, 25-dihydr-

oxyl-PPD derivative (compound 3, 100 mg). The mixture

Fig. 2
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was stirred at room temperature for 24 h. Another portion

of methanesulfonyl chloride (0.1 ml) was added and the

mixture was stirred for another 8 h. Dichloromethane

(50 ml) was added and the mixture was washed with

NaHCO3 (5%, 50 ml) and brine, and was dried over

MgSO4 before the solvent was removed under reduced

pressure. The resulting oil residue was purified by

running a silica gel column to produce compound 5

(3,12-diacetate, 24-methanesulfonyl, 25-hydroxyl PPD)

in a 68% yield.

Compound 6

Methanol (5 ml), water (0.7 ml), and K2CO3 (150 mg) were

added to a 50-ml round bottom flask containing a

25-hydroxyl-PPD 24-b-mesylate derivative (compound 5,

50 mg) and then the mixture was stirred at room

temperature for 72 h. The solvents were removed under

reduced pressure and the residue was added to dichloro-

methane (50 ml). The mixture was washed with water and

brine, and dried over MgSO4. The resulting oil residue

was purified by running a silica gel column to produce

compound 6 (24-cyclopropane PPD) in a 42% yield.

Compound 7

Methanol (5 ml), water (0.7 ml), and K2CO3 (150 mg)

were added to a 50-ml round bottom flask containing 25-

hydroxyl-PPD 24-b-mesylate derivative (compound 5,

32 mg) before the mixture was stirred at room tempera-

ture for 3 h. Then, dichloromethane (50 ml) was added.

The mixture was washed with water and brine, and dried

over MgSO4. The resulting oil residue was purified by

running a silica gel column to produce compound 7 (3-

acetate 24-cyclopropane PPD) in a 55% yield.

Compound 8

A premixed solution of CrO3 (150 mg), pyridine (0.25 ml)

and acetic anhydride (0.15 ml) in dichloromethane (5 ml)

was added to a 50-ml round bottom flask containing

compound 1 (32 mg) before the reaction mixture was

stirred at room temperature for 1 h. Ethyl acetate

(100 ml) was then added and the mixture was filtered

to eliminate the solid. The filtrate was concentrated

under reduce pressure and the residue was purified by a

silica gel column to produce compound 8 (3-acetate, 12-

oxoheptan PPD acid) in a 65% yield.

Compound 9

A premixed solution of CrO3 (150 mg), pyridine

(0.25 ml), and acetic anhydride (0.15 ml) in dichloro-

methane (5 ml) was added to a 50-ml round bottom flask

containing compound 2 (30 mg) and the reaction mixture

was stirred at room temperature for 1 h. Ethyl acetate

(100 ml) was then added and the mixture was filtered to

eliminate the solid. The filtrate was concentrated under

reduce pressure and the residue was purified by a silica

gel column to produce compound 9 (3,12 diacetate PPD

acid) in a 70% yield.

Cell culture

The human colorectal cancer cell lines, HCT-116 and

SW-480, human breast cancer cell line, MCF-7, and

normal human colon epithelial cell line, CRL-1831

(American Type Culture Collection, Manassas, Virginia,

USA), were routinely grown in McCoy’s 5A medium (for

HCT-116), Leibovitz’s L-15 medium (for SW-480),

DMEM medium (for MCF-7), or DMEM/F12 medium

(for CRL-1831). All the media were supplemented with

10% fetal bovine serum and penicillin/streptomycin

(50 units/ml). The cells were maintained in a tissue

culture flask and kept in a humidified incubator (5% CO2

in air at 371C). The medium was changed every 2–3 days.

When the cells reached 70–80% confluence, they were

trypsinized, harvested, and seeded into a new tissue

culture flask.

Antiproliferative assay

The effect of PPD and its derivatives on the proliferation

of HCT-116, SW-480, and MCF-7 cell lines was de-

termined by the modified trichrome stain assay. Cancer

cells were plated into a 96-well plate at a density of

1� 104 cells/well. After seeding for 24 h, the cells were

treated with one of the different concentrations of PPD

or its derivatives. All experiments were performed in

triplicate. At the end of the sample exposure period,

either 24 or 48 h, the medium of each well was discarded

and 100ml of fresh medium and 20ml of CellTiter 96

aqueous solution were added. The plate was returned

to the incubator in which it remained for 1–4 h in a

humidiWed atmosphere at 371C. Then, 60ml of the

medium from each well was transferred to an enzyme-

linked immunosorbent assay 96-well plate, and the

absorbance of the formazan product was measured at

490 nm. A blank control was recorded by measuring the

absorbance at 490 nm with wells containing the medium

mixed with CellTiter 96 aqueous solution, but not the

cells. The results were expressed as a percentage of

control (vehicle set at 100%).

Cell cycle analysis using flow cytometry

HCT-116 cells were seeded in 24-well tissue culture

plates. On day 2, the medium was changed and the cells

were treated with PPD and its derivatives at different

concentrations. The cells were incubated for 48 h before

harvesting. The cells were fixed gently with 80% ethanol

before being placed in a freezer for 2 h. They were then

treated with 0.25% Triton X-100 for 5 min in an ice bath.

The cells were resuspended in 30 ml of PBS containing

40 mg/ml PI and 0.1 mg/ml ribonuclease. The cells were

incubated in a dark room for 20 min at room temperature

before cell cycle analysis with a FACScan flow cytometer

(Becton Dickinson, Mountain View, California, USA). For

each measurement, at least 10 000 cells were counted.
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Apoptotic analysis after staining by annexin

V/propidium iodide

HCT-116 cells were seeded in 24-well tissue culture

plates. After 24 h, the medium was changed and PPD or

its derivatives was added. After treatment for 48 h, the

cells that were floating in the medium were collected.

The adherent cells were detached with 0.05% trypsin.

Then, the culture medium containing 10% fetal bovine

serum (and floating cells) was added to inactivate the

trypsin. When gentle pipetting was completed, the cells

were centrifuged for 5 min at 1500 g. The supernatant

was removed and the cells were stained with annexin

V–fluorescein isothiocyanate and PI according to the

manufacturer’s instructions. Untreated cells were used as

control for double staining. Immediately after staining,

the cells were analyzed by a FACScan flow cytometer. For

each measurement, at least 20 000 cells were counted.

Statistical analysis

The data are presented as mean ± SE. A one-way analysis

of variance determined whether the results had statistical

significance. In some cases, Student’s t-test was used

for comparing the two groups. The level of statistical

significance was set at P less than 0.05.

Results
Route of semisynthesis and identification

of compounds

As shown in Fig. 1, PPD and PPT were prepared from

ginsenosides by alkaline hydrolysis. The routes of

semisyntheses of compounds 1–9 are shown in Fig. 2.

Compounds 1 and 2 were acetylated from PPD and iso-

lated using column chromatography. Compound 8 was

synthesized from compound 1. Other compounds were

synthesized from compound 2.

Protopanaxadiol NMR (CDCCl3 , 500 MHz)
1H NMR: delta 5.11 (t, J = 5.0 Hz, 1H), 3.16 (dd, J = 5.0,

11.0 Hz, 1H), 2.12 (m, 1H), 2.00 (m, 2H), 1.80 (m, 1H),

1.70 (m, 1H), 1.66 (s, 3H), 1.59 (s, 3H), 1.23–1.50

(m, 16H), 1.14(s, 3H), 0.95 (s, 3H), 0.94 (s, 3H), 0.84

(s, 3H), 0.83 (s, 3H), 0.74 (s, 3H); 13C NMR: d 131.58,

125.02, 78.82, 74.25, 70.88, 55.84, 53.45, 51.58, 50.06,

47.57, 39.70, 38.99, 38.91, 37.06, 34.75, 34.58, 31.19,

31.00, 28.03, 27.29, 26.70, 26.45, 25.76, 22.31, 18.26,

17.74, 16.81, 16.13, 15.67, 15.41.

Protopanaxatriol NMR (CDCCl3 , 500 MHz)
1H NMR: delta 5.14 (t, J = 7.0 Hz, 1H), 4.09 (m, 1H),

3.57 (m, 1H), 3.17 (dd, J = 5.0, 7.0 Hz, 1H), 2.15 (m,

1H), 2.03 (m, 2H), 1.72 (m, 1H), 1.69 (s, 3H), 1.63

(s, 3H), 1.31(s, 3H), 1.18 (s, 3H), 1.05 (s, 3H), 0.98

(s, 3H), 0.92 (s, 3H), 0.90 (s, 3H); 13C NMR: d 131.83,

124.88, 78.53, 74.36, 70.62, 68.59, 61.07, 53.40, 51.37,

49.50, 47.32, 46.88, 40.92, 39.27, 39.11, 38.78, 34.42,

31.02, 30.95, 30.88, 26.96, 26.88, 26.42, 25.78, 22.32,

17.77, 17.22, 17.18, 16.82, 15.53.

Compound 1 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 5.16 (t, J = 7.0 Hz, 1H), 4.48 (d, J = 5.5,

6.0 Hz, 1H), 3.60 (m, 1H), 2.17 (m, 1H), 2.05 (s, 1H),

1.85 (m, 2H), 1.7 (s, 3H), 1.64 (s, 3H), 1.2–1.6 (mm,

10H), 1.19 (s, 3H), 0.99 (s, 3H), 0.91 (s, 3H), 0.89

(s, 3H), 0.89 (s, 6H); 13C NMR: d 171.03, 131.81, 124.96,

80.81, 74.38, 70.82, 55.92, 53.47, 51.57, 49.96, 47.76,

39.75, 38.63, 37.85, 37.01, 34.69, 34.44, 31.21, 30.96,

27.98, 26.98, 25.77, 23.66, 22.35, 21.31, 18.15, 17.75,

16.81, 16.19, 15.70.

Compound 2 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 5.15 (t, J = 7.0 Hz, 1H), 4.72 (m, 1H),

4.48 (d, J1 = 4.5, 6.5 Hz, 1H), 3.01 (s, 1H), 2.20 (m, 1H),

2.03 (s, 9H), 1.70 (s, 3H), 1.63 (s, 3H), 1.12 (s, 3H), 1.00

(s, 3H), 0.94 (s, 3H), 0.87 (s, 3H), 0.84 (s, 6H); 13C

NMR: d 170.81, 169.56, 131.27, 125.18, 80.51, 76.53,

73.63, 55.85, 52.86, 52.66, 49.88, 44.83, 39.70, 38.48,

37.85, 37.04, 36.06, 34.48, 31.43, 28.22, 27.95, 27.14,

26.19, 25.75, 23.53, 22.23, 21.50, 21.26, 18.09, 17.67,

17.24, 16.46, 16.22, 15.56.

Compound 3 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 4.74 (m, 1H), 4.48 (m, 1H), 3.43 (d,

J = 10.0 Hz, 1H), 2.04 (d, J = 2.0 Hz, 1H), 1.25–2.0

(m, 15H), 1.25 (s, 3H), 1.18 (s, 3H), 1.14 (s, 3H), 1.01

(s, 3H), 0.95 (s, 3H), 0.882 (s, 3H), 0.85 (s, 6H); 13C

NMR: d 170.92, 169.56, 80.56, 79.06, 76.58, 73.90, 73.29,

55.86, 52.84, 52.72, 49.95, 44.91, 39.73, 38.49, 37.86,

37.06, 34.45, 32.77, 31.56, 28.26, 27.96, 27.27, 26.66,

26.46, 25.70, 23.53, 23.19, 21.53, 21.29, 18.09, 17.38,

16.46, 16.24, 15.56.

Compound 4 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 3.57 (m, 1H), 3.32 (d, J = 1.5 Hz, 1H),

2.70 (dd, J = 1.5, 11.0 Hz, 1H), 2.08 (m, 3H), 1.20

(s, 3H), 1.19 (s, 3H), 1.18 (s, 3H), 1.04 (s, 3H), 0.98

(s, 3H), 0.95 (s, 3H), 0.80 (s, 3H); 13C NMR: d 79.22,

78.12, 73.22, 72.56, 70.75, 55.90, 53.95, 51.23, 50.01,

48.13, 47.11, 39.58, 38.89, 38.64, 36.82, 34.58, 32.12,

30.63, 27.26, 26.62, 26.01, 25.27, 24.86, 24.02, 23.89,

18.04, 15.77, 15.38, 14.83, 14.75.

Compound 5 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 4.72 (m, 1H), 4.65 (dd, J = 10.0, 2.0 Hz,

1H), 4.47 (dd, J = 11.5, 4.5 Hz, 1H), 3.36 (s, 1H), 3.13

(s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 1.30 (s, 3H), 1.26

(s, 3H), 1.11 (s, 3H), 1.03 (s, 3H), 0.95 (s, 3H), 0.84

(s, 3H); 13C NMR: d 170.89, 169.46, 91.66, 80.58, 76.67,

73.57, 72.65, 55.92, 52.88, 52.41, 50.14, 44.82, 39.75,

38.80, 37.08, 34.43, 32.77, 31.82, 28.28, 27.95, 27.77,

27.36, 26.11, 24.60, 23.58, 23.54, 21.50, 21.28, 18.08,

17.44, 16.44, 16.27, 15.29.
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Compound 6 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 3.85 (dd, J = 7.0, 9.0 Hz, 1H), 3.52 (m,

1H), 3.19 (dd, J = 4.5, 10.5 Hz, 1H), 2.19 (m, 1H), 2.02

(m, 1H), 1.88 (m, 3H), 1.39–1.72 (mm, 9H), 1.29

(s, 3H), 1.27 (s, 3H), 1.11 (s, 3H), 0.99 (s, 1H), 0.97 (s,

3H), 0.91 (s, 3H), 0.86 (s, 3H), 0.73 (d, J = 9.0, 1H); 13C

NMR: d 86.52, 85.43, 78.86, 71.01, 70.10, 56.01, 52.04,

50.53, 49.43, 47.98, 39.75, 38.97, 38.94, 37.16, 34.84,

32.63, 31.35, 31.23, 28.61, 28.00, 27.94, 27.61, 27.46,

26.14, 25.03, 18.30, 18.18, 16.33, 15.39, 15.28.

Compound 7 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 4.34 (dd, J = 5.5, 11.0 Hz, 1H), 3.72 (dd,

J = 6.5, 9.0 Hz), 3.39 (m, 1H), 2.06 (m, 1H), 1.92 (s, 3H),

1.16–1.80 (mm, 16H), 1.15 (s, 3H), 1.14 (s, 3H), 0.97

(s, 3H), 0.86 (s, 3H), 0.77 (s, 3H), 0.75 (s, 3H), 0.72

(s, 6H); 13C NMR: d 170.53, 86.07, 84.98, 80.34, 70.51,

69.65, 55.63, 51.57, 49.99, 48.96, 47.52, 39.33, 38.21,

37.41, 36.64, 34.33, 32.17, 30.89, 30.76, 28.15, 27.50,

27.47, 27.16, 25.70, 24.56, 23.25, 20.86, 17.73, 17.71,

15.96, 14.95.

Compound 8 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 4.47 (dd, J = 5.0, 6.5 Hz, 1H), 2.90 (d,

J = 9.5 Hz, 1H), 2.61 (m, 1H), 2.21 (m, 3H), 2.05

(s, 3H), 1.39–1.93 (mm, 15H), 1.25 (s, 3H), 1.21 (s, 3H),

0.96 (s, 3H), 0.88 (s, 3H), 0.87 (s, 3H), 0.77 (s, 3H); 13C

NMR: d 210.50, 176.96, 170.86, 88.73, 80.30, 56.81,

55.96, 55.79, 54.12, 42.72, 40.41, 39.58, 38.25, 37.86,

37.54, 34.09, 32.45, 31.53, 28.95, 27.95, 24.89, 24.27,

23.45, 21.26, 18.21, 16.41, 16.11, 15.75.

Compound 9 NMR (CDCCl3 , 500 MHz)
1H NMR: delta 4.89 (m, 1H), 4.50 (d, J = 5.0 Hz, 1H),

2.59 (m, 2H), 2.34 (m, 1H), 2.14 (s, 3H), 2.08 (s, 3H),

1.40 (s, 1H), 1.01 (s, 3H), 0.98 (s, 3H), 0.87 (s, 3H),

0.85(s, 6H); 13C NMR: d 176.03, 170.44, 170.42, 89.11,

80.08, 74.05, 55.38, 52.03, 49.30, 48.70, 46.38, 39.16,

38.05, 37.43, 36.59, 33.94, 32.03, 30.91, 28.65, 27.52,

25.99, 23.80, 23.11, 21.45, 20.84, 17.65, 17.16, 16.04,

15.67, 15.05.

Antiproliferative effects of PPD derivatives on three

human cancer cell lines

After treatment with PPD, PPT, or compounds 1–9 for

48 h, the proliferation of HCT-116, SW-480, and MCF-7

cells was markedly suppressed after exposure to com-

pounds 1, 3, and PPD dose-dependently between con-

centrations of 30 and 100 mmol/l (Fig. 3). In the HCT-116

cell line, the IC50 was more than 60 mmol/l for PPD,

57.8 mmol/l for compound 3, 54.7 mmol/l for compound 5,

and 43.3 mmol/l for compound 1, whereas it was more than

60 mmol/l for all other compounds. In the SW-480 cell

line, the IC50 was 59.6 mmol/l for compound 3 and

30.0 mmol/l for compound 1, whereas it was more than

60 mmol/l for all the other compounds. In the MCF-7 cell

line, the IC50 was 54.7 mmol/l for compound 3 and

37.3 mmol/l for compound 1, whereas it was more than

60 mmol/l for all the other compounds. The leading

compound, PPD, showed an antiproliferative effect at

100 mmol/l, but no effect at 30 mmol/l. Compound 1

significantly suppressed the proliferation of all three cell

lines at 30 mmol/l (P < 0.01). Although the antiprolifera-

tive effect of compounds 3 and 5 was less than the effect

of compound 1, the compounds had a significantly

stronger antiproliferative effect than PPD (Fig. 3).

On the basis of the structure and the biological activity,

we selected PPD and compounds 1–3, and 5 for further

testing on different cancer cell lines in the dose-sensitive

Fig. 3
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100mmol/l of compound for 48 h.
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range. The antiproliferative effects of PPD and com-

pounds 1–3, and 5 in the three cell lines at 10, 20, 30, 40,

50, or 60 mmol/l after treatment for 48 h are shown in

Fig. 4. For the cell line, SW-480, compound 1 inhibited

growth significantly at 40 mmol/l (P < 0.01) and for the

HCT-116 and the MCF-7 cell lines, its antiproliferative

activity was most potent (Figs 3 and 4).

In addition, we also selected compound 1 to evaluate its

effects on normal human colon epithelial cells (CRL-1831).

At a concentration of 20mmol/l, the proliferation of the

CRL-1831 cells was 96.0%, whereas it was 81.9% for the

HCT-116 cells (P < 0.01). At a concentration of 40mmol/l,

the proliferation of the CRL-1831 cells was 80.9%, whereas

it was 58.7% for the HCT-116 cells (P < 0.01). Thus,

compared with normal colon cells, compound 1 has a

significant cytotoxic effect on cancer cells only.

Effects of PPD derivatives on cell cycle distribution

in HCT-116 cells

As PPD and its derivatives had an antiproliferative effect

on cancer cells, we explored the potential mechanisms

through which cell growth was inhibited. The cell cycle

profile was assayed by flow cytometry after staining with

PI, and the assay data from PPD derivatives and PPD

were compared. As shown in Fig. 5, compared with the

control (33.3% of G1 phase, 33.7% of S phase, and 26%

of G2/M phase), treatment with 30–40 mmol/l PPD did

not change the cell cycle profile of HCT-116 cells. At a

50 mmol/l concentration of PPD, the fractions of cells in

different cell cycle phases were 41.5% (G1 phase), 29.5%

(S phase), and 14.5% (G2/M phase). With the treatment

of 50 mmol/l of compound 3, the cell cycle profile was

65.3% (G1 phase), 19.6% (S phase), and 12.7% (G2/M

phase). For treatment with 40 mmol/l of compound 5, the

cell cycle profile was 68.9% (G1 phase), 12.3% (S phase),

and 10.7% (G2/M phase). For treatment with 40 mmol/l of

compound 1, the cell cycle profile was 63.2% (G1 phase),

22.2% (S phase), and 8.2% (G2/M phase). These results

suggest that PPD and its derivatives arrest HCT-116 cells

in the G1-phase.

Apoptotic effects of PPD derivatives on HCT-116 cells

After treatment with PPD derivatives, especially com-

pound 1, the proportions of viable cells decreased in a

dose-dependent manner. In the cell cycle assay, we also

observed that the number of viable cells decreased as the

concentration of PPD derivatives increased. To further

characterize the potential mechanism of the anticancer

effect of PPD derivatives, we performed an apoptotic

assay by flow cytometry after staining with annexin V and

PI. Annexin V can be detected in both the early and late

stages of apoptosis. PI enters the cell in late apoptosis or

necrosis. Viable cells were negative for both annexin V

and PI (lower left quadrant); early apoptotic cells were

positive for annexin V and negative for PI (lower right

quadrant); late apoptotic or necrotic cells displayed both

positive annexin V and PI (upper right quadrant); non-

viable cells that underwent necrosis were positive for PI

and negative for annexin V (upper left quadrant). As an

intermediate between compounds 1 and 3 (Fig. 2), com-

pound 2 did not induce apoptosis. Compared with the

control, it was shown that PPD induced cell apoptosis in

HCT-116 cells. Interestingly, compounds 1, 3, and 5 were

more potent for inducing apoptosis than PPD. After

treatment for 48 h, the percentage of apoptotic cells

induced by compound 1 at 30, 40, and 50 mmol/l was 26.0,

29.6, and 53.8%, respectively; by compound 3, the

percentages were 9.8, 20.2, and 34.8%, respectively; by

compound 5, the percentages were 9.6, 17.3, and 36.3%,

Fig. 4
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respectively, compared with PPD, which was 19.7% at a

concentration of 50 mmol/l (Fig. 6). These results sug-

gested that the antiproliferative effect of PPD derivatives

could be mediated by the induction of apoptosis.

Discussion
Although botanicals are bioactive, structural modification

may be necessary to obtain effective drugs from them.

Through synthetic chemistry modifications, structural

diversity is possible. Structure optimization frequently

entails modification, removal, or introduction of func-

tional groups to improve bioactivities [10].

Data have shown that one of the health benefits of the

ginseng root is its potential for anticancer activities [11–

13]. In an epidemiological study of over a thousand

patients in Korea, those who used Asian ginseng were at

a decreased risk for cancers compared with those who

did not [14,15]. However, the preventive effect against

cancer was not organ specific [15].
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The bioactive constituents in Asian ginseng and Amer-

ican ginseng are dammarane saponins, commonly referred

to as ginsenosides. Shibata et al. [16] carried out the

first isolation and structural characterization studies on

ginsenosides and their corresponding sapogenins [17].

The major ginsenosides can be divided into two classes

on the basis of the aglycons, that is, a PPD group and a

PPT group. The structural difference between the two

lies in the R2 group (Fig. 1). The total assignment of

1H-NMR spectra on these two compounds was shown

recently [18].

In earlier cancer chemoprevention studies using ginseng

constituents, the aglycon of ginsenosides had a stronger

antiproliferative effect than the ginsenosides [19]. Com-

pared with PPT, PPD showed more potent anticancer

activity [20]. We hypothesized that the anticancer poten-

tial of PPD could be enhanced by structural modification.

Fig. 6
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To synthesize PPD derivatives, we prepared the leading

compound, PPD, by hydrolyzing ginsenosides. Taking

PPD as the leading compound, we synthesized a series of

nine compounds, most with acetyl substitutions (Fig. 2).

The reaction conditions were moderate and the synthesis

rates were reasonable. Among the nine compounds, five

(compounds 5–9) are novel.

We determined the antiproliferative effects of all the

PPD derivatives on three human cancer cell lines. In our

in-vitro bioassay, PPD and its derivatives had an anti-

proliferative effect on three cancer cell lines. Compounds

1, 3, and 5 showed significantly higher activity than the

other compounds (Figs 3 and 4). Earlier studies reported

anticancer activities and structure–activity relationships

of ginsenosides [21]. However, no pharmacological evalu-

ation was done using semisynthesis compounds of

ginsenoside derivatives, especially PPT derivatives. Our

study was the first to evaluate the anticancer effects of a

series of novel synthesized PPD derivatives in addition to

compound 1.

Although the mechanism by which ginsenosides and

aglycons exert their inhibitive activity on cancer cell

growth is largely unknown, several mechanisms are possi-

ble: antioxidant properties, regulation of carcinogen meta-

bolism, anti-inflammatory properties, cell cycle regulation,

and induction of apoptosis [22–24]. Among these mechan-

isms, cell cycle regulation and apoptosis are important

pathways for the inhibition of cancer cells by many anti-

cancer agents. According to our preliminary morphological

observations, the inhibitory effects of PPD and its deri-

vatives may not be because of a direct killing of the cancer

cells. Rather, they may be because of cell cycle regulation

or induction of apoptosis.

With the cell cycle and apoptotic assays we showed that

PPD derivatives arrested cancer cells in the G1 phase.

Compounds 1, 3, and 5 reduced the fraction of cells in the

G2/M-phase. After staining with annexin V/PI, apoptosis

of HCT-116 cells by PPD derivatives was also evaluated.

Compounds 1, 3, and 5 induced apoptosis at concentra-

tions of 40–50 mmol/l for 48 h, the percentage of apoptotic

cells was over 30%, and the ratio of early-to-late apoptosis

was approximately 1 : 3. The antiproliferative effect of

PPD derivatives was mediated by cell cycle arrest and the

induction of apoptosis.

On the basis of the chemical structures and observed

biological activities, we explored the structure–activity

relationships of these compounds. First, compared with

PPT, PPD exerted stronger antiproliferative activity.

Hydroxylation at the C6 position negatively influenced

its antiproliferative potential. Second, structural changes

at the C23 did not significantly improve bioactivity.

Compounds 6 and 7 both have structure modification at

this position, and they also showed improved activity, but

less than compounds 1 and 3. In addition, these data

showed that the acid group would reduce anticancer

activity, whereas a substituent at this position with an

epoxy group and hydroxyl group did not affect the activity

of compound 1. When comparing compounds 1–3, it is

shown that not only the modification at the C23 position,

but also acetylation at C12 position would provide nega-

tive effects to the activity (Fig. 2). Finally, as compound 1

had the strongest activity, future work should focus on

structural modifications at the C3 position while keeping

the hydroxyl group at C12.

In this study, we also evaluated the cytotoxic effects of

the test compounds on normal human colon cells. We

selected compound 1, as it has the most potent antipro-

liferative effect. We observed that after treatment with

compound 1, growth inhibition was significantly higher in

cancer cells compared with normal cells, suggesting that

our test compounds had selective cytotoxic effects on

cancer cells. This toxicity evaluation is consistent with

earlier reported studies [25].

In summary, we prepared nine PPD derivatives using the

semisynthetic method. Of these nine compounds, five

compounds, that is, compounds 5–9, are novel. The anti-

proliferative activities of all nine compounds on different

human cancer cell lines were evaluated. Compounds 1

and 3 had significant antiproliferative and apoptotic in-

duction activities compared with PPD and other deriva-

tives. Among the five novel compounds, compound 5

possesses the best anticancer potential.
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