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This study focuses on determining the pharmacokinetics,

biodistribution, and efficacy of the ginsenoside aglycone

protopanaxadiol (aPPD) administered as a single agent in a

novel oral dosage formulation. To obtain these data and to

characterize the stability of aPPD, appropriate analytical

assay development was carried out. The solubility and

stability of aPPD were determined, and the compound was

formulated for oral gavage. aPPD levels in blood and

tissues following oral administration to nu/nu nude mice

were determined using liquid chromatography–mass

spectrometry/mass spectrometry. The efficacy of aPPD

was determined upon oral administration to nu/nu nude

mice bearing PC-3 human prostate cancer xenograft

tumors. Immunohistochemical analysis of tumor tissues

was performed to establish apoptotic indices and Ki-67

expression as markers of proliferation. The maximum

solubility of aPPD in ethanol was 68.4 mg/ml. aPPD

administered at a dose of 70 mg/kg yielded a Tmax of

approximately 40 min and a Cmax value of 3.9 ± 1.4 lg/ml,

and no toxicity was observed. aPPD accumulated largely in

the stomach and small intestine and was also present in

the brain. This dose engendered a significant delay in PC-3

tumor growth, an increase in apoptotic index, and a

decrease in Ki-67 levels. We have shown that aPPD is a

stable compound that can be formulated for oral gavage.

Pharmacokinetic studies demonstrate the ability of this

compound to be absorbed after oral administration. Future

studies will assess the activity and pharmacokinetics of

aPPD when administered in combination with standard

chemotherapy. Anti-Cancer Drugs 23:543–552 �c 2012
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Introduction
It is known that cancer patients often take complemen-

tary and alternative medicines while being treated with

the best available treatment options [1]. Most patients

consider use of complementary and alternative medicines

because they feel the product will not do harm, based on

an assumption of lack of toxicity [1], while also providing

potential therapeutic benefits. As one example, ginseng

(Panax ginseng C.A. Meyer) has been used for medicinal

purposes for a long time, and proponents for its use claim

that ginseng extracts are effective in treating a wide range

of disorders, including cancer [2–5]. Although the use of

ginseng extracts for the treatment of prostate cancer can

be questioned, it is now well established that there are

many active compounds within a given ginseng extract

that exhibit measurable anticancer effects [6–10]. It is

not unreasonable to pursue the development and use of

these active components for treatment of cancer, and our

research team has an interest in developing selective

ginsenosides for use in treatment of advanced prostate

cancer.

From a nutraceutical perspective, this approach has been

criticized in part because it can be argued that the

therapeutic benefits arising from ginseng extracts are a

result of the nutraceutical ‘cocktail’ that exists in the

extract. It is suggested that the combination of active

ingredients acts synergistically to produce therapeutic

effects greater than that which can be achieved with single

active components [11–14]. It is obviously difficult to

address this without first establishing the activities of

individual components and their metabolites. This work is

complex and arduous, even if one assumed that all active

components could be identified and isolated. Our approach

has been to consider the development of isolated ginseno-

sides in combination with medicines that are a part of

existing standards of care [14]. Here again, it is critical to

first define the therapeutic effects achieved when the

identified ginsenoside is used alone, before considering its

use in combination with other chemotherapeutic drugs.

Our laboratory has recently reported on the antiprostate

cancer activity of the ginsenoside Rh2 [15]. Rh2 is a
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triterpenoid glycoside saponin found in trace quantities

in extracts from the roots of P. ginseng C.A. Meyer.

However, it is one of the major in vivo metabolic products

of ginseng when taken orally [16,17]. Others have

demonstrated that Rh2 can be degraded, through a

deglycosylation reaction, to aglycone protopanaxadiol

(aPPD; Fig. 1a), and it has been suggested [18] that this

degradation occurs in the intestine after oral administra-

tion of Rh2. Although we anticipated that treatment with

Rh2 would result in systemic exposure to both Rh2 and

aPPD, the liquid chromatography/mass spectrometry

(LC/MS) methods used to assess the plasma concentra-

tion of these agents indicated that there was no

detectable level of aPPD in the plasma or tissues

extracted from Rh2-treated mice [15]. Further, as aPPD

has been reported to exert its own therapeutic effects

(including (a) inducing cell-cycle arrest in G [19], (b)

inducing apoptosis [20,21] and/or autophagy [22,23], and

(c) exhibiting antiestrogen activity [22]), it is important

to characterize its effect when used as a single agent

in vivo. The studies described here evaluate the

pharmacokinetic and biodistribution behavior of aPPD

formulated for oral administration. In addition, a pre-

liminary assessment of treatment-induced toxicities and

therapeutic activity was carried out. Overall, the research

described here is significant and relevant to the devel-

opment of aPPD as a therapeutic agent for castrate-

resistant prostate cancer.

Methods
Test compounds and materials

Ginsenoside aglycone aPPD (molecular weight 460 g/mol),

as a white powder, was purchased from LKT Laboratories

Inc. (St Paul, Minnesota, USA) or was generously supplied

by Panagin Pharmaceuticals Inc. (Richmond, British

Columbia, Canada). Taxotere (docetaxel) was manufac-

tured by Aventis Pharma Inc. (Saint-Laurent, Québec,

Canada) and purchased from BC Cancer Agency Pharmacy

(Vancouver, British Columbia, Canada) as a 40 mg/ml

solution in polysorbate 80. Cholic acid (M.W. 408.58 g/mol)

and all other chemicals were obtained from Sigma-Aldrich

Canada Ltd (Oakville, Ontario, Canada).

Liquid chromatography/mass spectrometry analysis

of aPPD

Instrumentation and conditions

The high-performance liquid chromatography (HPLC)

system consisted of an integrated Waters Alliance 2695

Fig. 1
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(a) Chemical structure of aglycone protopanaxadiol (aPPD). (b) Stability of aPPD in 100% ethanol for 28 days. Conditions are 41C (empty circles),
room temperature (RT, filled squares), and 601C (filled triangles), n = 3. (c) Mean plasma concentration–time profile of aPPD in mice after oral
administration of 70 mg/kg; n = 3 per time point.
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quarternary solvent delivery system with low-pressure

mixing, plus an autosampler and a 996 photodiode array

detector (Waters Corp., Milford, Massachusetts, USA).

aPPD and cholic acid were resolved on an Exterra C18

column (3.5 mm, 50� 2.1 mm; Waters, Milford, Massa-

chussets, USA) with mobile phases A, B, C, and D,

double distilled water (ddH2O), methanol, acetonitrile,

and 0.5% acetic acid, respectively. The following gradient

profile was used: t = 0–2 min, 40% A, 50% B, 10% D;

t = 3–6 min, 10% A, 70% B, 10% C, 10% D; t = 7 min, 70%

B, 20% C, 10% D; t = 8 min, 50% B, 40% C, 10% D;

t = 8.5–9.0 min, 50% B, 50% C; t = 10–14 min, 100% C;

t = 15–22 min, 40% A, 50% B, 10% D. The flow rate was

0.2–0.25 ml/min. A Waters/Micromass ZQ 2000 detector

(Milford, Massachusetts, USA) was used for quantitative

analysis of aPPD and cholic acid. The ZQ 2000 detector

settings were as follows: capillary: 3 kV; desolvation

temperature: 3001C; source temperature: 1201C; cone

temperature: 201C; extractor, RF lens, and multiplier

voltages: 1.0, 0.5, and 650 V, respectively; and desolvation

and cone gas flows: 350 and 50 l/h, respectively. For single

ion recording functions, m/z of 519.01 and 407.2 were

selected for aPPD and cholic acid, respectively, with 0.1 s

dwell and cone voltages of 50 V. MassLynx version 3.4

(Micromass UK Ltd, Manchester, UK) was used to

perform peak integration.

Solubility

To define the solubility of aPPD in ethanol, standard

solutions of aPPD in ethanol were prepared at concentra-

tions between 1 and 10mmol/l (1, 2.5, 5, 7.5, and 10mmol/l)

and were analyzed in triplicate by HPLC. A calibration

curve of peak area versus concentration was generated, and

a linear relationship was seen. Three sets of saturated

solutions of aPPD were then prepared at room temperature

by incubating an excess of the compound in 2 ml of 100%

ethanol. The mixture was mixed and stored at room tem-

perature. After 30 min, material that was not dissolved

precipitated in the tube. The amount of aPPD in the clear

supernatant was quantified by HPLC.

Stability of samples at 48C, at room temperature, and

at 608C

Stability studies were carried out by first preparing a

solution of 120 mg of aPPD dissolved in 1.8 ml of 100%

ethanol, a concentration based on the maximum solubility

of 68.4 ± 10.0 mg/ml as determined using the methods

described above. This solution was pipetted (200 ml) into

each of nine Eppendorf tubes. One set of three tubes was

stored at 41C, at room temperature, and at 601C. The

concentration of aPPD in these solutions was determined

by HPLC on days 1, 2, 3, 7, 14, 21, and 28.

Oral gavage formulation

We recently described a formulation methodology suita-

ble for Rh2 [15], and this method was also used for aPPD.

In brief, 120 mg of aPPD was dissolved and mixed in

1.8 ml of 100% ethanol (on the basis of a maximum

solubility of 68.4 mg/ml). Subsequently, 700 ml of ddH2O

and 5.5 ml of propylene glycol were added and mixed.

The resulting clear solution was then used for oral

administration to mice. The highest daily dose of aPPD

achievable using this formulation was 70 mg/kg, assuming

a maximum gavage volume of not more than 150 ml.

Pharmacokinetic and biodistribution studies

Male nude mice (Harlan Sprague Dawley Inc.) that were

6–8 weeks old and weighing 25–31 g were randomly

assigned to different treatment groups on the basis of

their weight. Five groups of three mice each were dosed

by oral gavage with aPPD at 70 mg/kg (117–145 ml) or

with the vehicle control at an equivalent volume based on

weight. Mice were killed by CO2 asphyxiation, upon

which blood (obtained by cardiac puncture) and major

tissues (stomach, small intestine, liver, kidney, spleen,

brain, and lung) were promptly collected 30, 60, 120, and

200 min after administration. Typically, 500–700 ml of

blood was obtained and then placed into a Plasma

Separator tube (Microtainer; Becton Dickinson, New

Jersey, USA), mixed, and placed on ice. Tissues were

collected and flash frozen before placing the samples in

storage at –801C. To assess aPPD extraction efficiencies,

blank plasma and tissue homogenate samples (obtained

from vehicle treated mice) were spiked with aPPD and

cholic acid to obtain three concentrations (0.5, 2.0, and

10.0 mg/ml). The spiked samples were subsequently

extracted and analyzed using the HPLC method

described above.

Plasma: solid-phase sample preparation

C18 Sep-Pak extraction columns (Waters, Massachusetts,

USA) mounted on a vacuum extraction manifold were

first equilibrated with 1 ml of 100% methanol and 1 ml of

ddH2O. After loading with 200 ml of plasma spiked with

10 ml of cholic acid (internal standard), each column was

subsequently washed with 1 ml of ddH2O followed by

1 ml of 30% methanol. The column was then eluted twice

with 1 ml of 100% methanol into Eppendorf tubes, and

the eluate was dried in a speed-vac (Labconco Centrivap,

Kansas City, Missouri, USA) at 351C. The residue was

reconstituted with 100 ml of 100% methanol, mixed

vigorously, sonicated, and transferred into HPLC auto-

sampler vials. A noncompartmental method using the

nonlinear least squares regression program WinNonlin

(Scientific Consulting Inc., Cary, North Carolina, USA)

was used to analyze the plasma concentration data at four

time points: 30, 60, 120, and 200 min. The area under the

plasma concentration versus time curve (AUC) was

calculated using the trapezoidal rule extrapolated to

infinity. Pharmacokinetic parameters were generated,

including the terminal half-life (t1/2), the systemic

clearance (Cl), the peak plasma concentration (Cmax),

and the time to reach Cmax after oral administration

(Tmax).
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Tissues

Tissue samples were ultrasonicated in 4�w/v of 0.01 mol/l,

pH 7.8, phosphate buffer. A volume of 200ml of the

homogenate was spiked with cholic acid (internal standard)

and vortexed for 1 min. Ice-cold acetonitrile (800ml) was

added to the homogenate and vortexed for 1 min for

protein precipitation. The sample was then centrifuged at

12 000 g for 15 min at 41C. The supernatant was dried at

351C, the residue was reconstituted in 200ml of 100%

methanol, vortexed and sonicated, and injected into the

HPLC column. Standard calibration curves were analyzed

at five concentrations (n = 3): 0.5, 2.0, 5.0, 10.0, and

20.0mg/ml.

Efficacy and toxicity of aPPD

For efficacy studies, PC-3 cells (1.0� 106) were inocu-

lated subcutaneously into 6–8-week-old male nude mice

(Harlan Sprague Dawley Inc., Indianapolis, Indiana,

USA) weighing 25–31 g. After 14 days, tumors were

measured and mice were then randomly assigned to

different treatment groups. A caliper was used to measure

each tumor, and the formula V¼ðL�W�HÞ p
6
, where L is

the length, W the width, and H is the height, was used

to calculate the tumor volume. The average tumor

volume when treatment was initiated was 120 mm3. Four

different treatment groups were defined: aPPD [70 mg/kg

(117–145ml volume range), oral QD� 5 schedule each

week for 4 weeks], oral control consisting of ethanol :

propylene glycol : water (2 : 7 : 1 ratio, 117–145ml volume

range, oral QD� 5 schedule each week for 4 weeks),

docetaxel [positive control, 20 mg/kg (100–124 ml volume

range), intravenously (i.v.) through the lateral tail vein,

Q7D� 4 dose schedule], and saline [(100–124ml volume

range), i.v. Q7D� 4 dose schedule]. Mice were weighed

5 days a week, and tumors were measured twice a week for

25 days. For the aPPD and docetaxel groups the number of

mice per group (n) was defined as eight, whereas six mice

per group (n = 6) were used for the oral gavage and saline

control groups. The mice were monitored daily for changes

in weight and other signs of acute toxicity.

Analysis of apoptosis and proliferation markers

Upon completion of the efficacy studies, mice were killed

and tumors were excised, formalin fixed, and paraffin

embedded. A tissue microarray was constructed by

extracting four 600-mm-diameter cores of tumor tissue

from each paraffin block using a Beecher Instruments

tissue core extractor (Sun Prairie, Wisconsin, USA) and re-

embedding these cores into a gridded paraffin block. After

construction, 4-mm tissue sections were cut and adhered

to Fisher SuperFrost Plus glass slides (Fisher Scientific,

Toronto, Ontario, Canada). Apoptotic cells were then

visualized by terminal deoxynucleotidyl transferase

(TdT)-mediated deoxyuridine triphosphate nick-end la-

beling staining, which was carried out using the ApopTag

Peroxidase Kit (Millipore, Billerica, Massachusetts, USA).

Tissues were pretreated with proteinase K for 15 min.

Subsequently, the TdT enzyme was applied and the tissue

was incubated in a humid chamber at 371C for 1 h. The

antidigoxigenin peroxidase conjugate was later applied for

30 min, followed by 3,30-diaminobenzidine, and counter-

staining was performed with hematoxylin and Staining Bluing

Reagent. For Ki-67, a mouse-to-mouse immunohistochemical

detection kit (Chemicon, Billerica, Massachusetts, USA)

was used to decrease nonspecific staining. Ki-67 (Dako,

Carpinteria, California, USA; 1 : 200) monoclonal antibodies

were used in combination with immunoperoxidase proce-

dures (labeled streptavidin biotin + peroxidase kit). Antigen

retrieval was carried out by steaming with citrate buffer for

30 min. The TMA slides were imaged digitally and evaluated

by visual scoring of apoptotic and Ki-67-positive cells. Scores

from individual tumor cores with significant necrosis were

omitted. Scoring was completed by two pathologists blinded

to the study groups.

Statistical analysis

For each studied variable, mean and SEM were calcu-

lated. Statistical significance and differences between the

described treatment groups were assessed using the

Tukey–Kramer/Student t-tests by one-way analysis of

variance. For these tests, the level of significance was set

at a P-value of at least less than 0.05. All mean values

were reported as mean ± SEM.

Results
Solubility, stability, and formulation in the ethanol–

propylene glycol–water ternary solvent system

The maximum solubility of aPPD, as determined by LC/

MS analysis of the supernatant of saturated solutions, was

68.4 ± 10.0 mg/ml. Stability results summarized in Fig. 1b

suggest that aPPD is stable at 41C and room temperature.

LC/MS analysis of aPPD indicated that the drug

concentration did not change over the 4-week time period.

aPPD underwent rapid thermal degradation, measured as a

loss of intact drug, at 601C, with levels significantly

decreasing to an undetectable level by week 2 (Fig. 1b).

The rate constant for the observed decrease in concentra-

tion at 601C, k (601C), is 0.25, and the representative

compound’s half-life, t1/2 (601C), was estimated to be 7.0

days. A concentration change of ± 15% is generally

considered acceptable in stability assays [23]; therefore, it

was concluded that ethanol-solubilized drug solutions could

be prepared and stored at 41C for at least a time frame

appropriate for the toxicity and efficacy assessments

summarized below. Using the ethanol–propylene glycol–

water ternary solvent system diagram designed by Sorby

et al. [24], the dielectric constant of the ethanol, propylene

glycol, and water mixture combined in a 2 : 7 : 1 v/v ratio

was estimated to be approximately 31. The maximum

solubility of aPPD was achieved at this 2 : 7 : 1 v/v ratio.

Pharmacokinetics and biodistribution

Extraction efficiencies for aPPD from mouse plasma and

tissues at three different concentrations (0.5, 2.0, and
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10.0mg/ml) were determined as described in the Methods,

and the results are summarized in Table 1. The extraction

efficiency from plasma was 59.0 ± 2.4% and this was not

influenced by the concentration of aPPD used in these

assays. Extraction efficiencies from tissues vary from

77.5 ± 4.7% in the stomach to essentially 100% in the

kidney.

The plasma levels of aPPD determined at various time

points after oral administration of aPPD have been

summarized in Fig. 1c. Within 40 min of administration,

aPPD levels in the plasma peaked at 3.9 ± 1.4 mg/ml, and

after 200 min they were below the limit of quantitation

(LOQ). Using these data, the pharmacokinetic para-

meters for aPPD were estimated, and are summarized

in Table 2. The half-life (t1/2) was 28.5 ± 16.7 min, the

Cmax was 3.9 ± 1.4 mg/ml, and the Tmax was approximately

40.0 min. The clearance (Cl) was 195.4 ± 32.4 ml/min/kg

and the AUC was 330.7 ± 51.9 mg min/ml.

Tissue distribution data have been summarized in Fig. 2a–e.

As expected, given the route of administration, aPPD levels

appeared to be highest in the stomach and small intestine

30 min after the gavage was administered, with approxi-

mately 44 and 32% of the drug recovered, respectively.

Approximately 5% of the administered dose is found in

the liver at the same time point. The aPPD level was

quantifiable in the brain with 0.01% of the initial dose

recovered at the 30-min time point. aPPD levels

remained quantifiable in the stomach, small intestine,

and liver 200 min after administration. The results clearly

suggest that aPPD is bioavailable after oral gavage in the

vehicle formulation.

In-vivo efficacy and toxicity

The therapeutic activity of aPPD was determined using

mice bearing tumors established after subcutaneous

injection of PC-3 human prostate cancer cells. This study

included negative control groups (saline and the vehicle

control), as well as a positive treatment control [docetaxel

administered Q7D� 4 at an established therapeutic dose

(maximum tolerated dose (MTD)]. The results summar-

ized in Fig. 3a clearly show that aPPD [70 mg/kg

(117–145ml volume range), oral QD� 5 schedule each

week for 4 weeks] was effective in inhibiting PC-3 tumor

growth. At the end of the study (39 days after tumor cell

inoculation and 25 days after treatment was initiated), the

average tumor volume for saline (100–124ml volume range,

i.v. Q7D� 4 dose schedule)-treated and vehicle control

(117–145ml volume range, oral QD� 5 schedule each week

for 4 weeks)-treated animals increased by approximately

200% from the time treatment was initiated. For animals

treated with aPPD, the tumor volume increased by only

52% during this time course. The aPPD treatment group

was statistically different from the control (P = 0.0044),

saline (P = 0.0159), and docetaxel (P = 0.0148) groups. In

comparison, docetaxel (20 mg/kg Q7D� 4) caused estab-

lished PC-3 tumors to regress. By day 39, tumors in

docetaxel-treated animals were still measurable, but had

decreased by 75% from when treatment was initiated.

It should be noted that docetaxel administration was

associated with almost 20% loss in body weight (Fig. 3b,

filled squares), and this significant (P = 0.0001) weight

loss compared with weight loss on saline administration is

consistent with what would be expected for docetaxel

administered at its MTD. In comparison, treatment with

aPPD (Fig. 3b, filled triangles) resulted in less than 5%

loss in mean body weight. This could be attributed to the

repeated animal handling required for daily gavages as the

vehicle alone (filled circle) engendered similar, albeit not

significant, reductions in mean body weight.

PC-3 tumors were isolated from mice at the end of the

study and prepared for immunohistochemical analysis of

apoptosis and inhibition of Ki-67 labeling. The results,

summarized in Fig. 3c–e, indicate that tumors from mice

Table 1 Average extraction efficiencies of aPPD in plasma and tissues

Plasma (%) Stomach (%) Small intestine (%) Liver (%) Lung (%) Spleen (%) Kidney (%) Brain (%)

59.0 ± 2.4 77.5 ± 4.7 94.9 ± 9.8 91.7 ± 6.9 89.7 ± 12.6 95.4 ± 12.4 104.6 ± 6.1 110.0 ± 2.7

Extraction standards were completed using three concentrations (0.5, 2.0, and 5.0 mg/ml) of aPPD, and each assay was carried out in triplicate.
aPPD, aglycone protopanaxadiol.

Table 2 Pharmacokinetic parameters for aPPD after oral administration of 70 mg/kg formulated in the ethanol–propylene glycol–water
ternary solvent system described in Methods

Body weight (g) t1/2
a (min) Cmax

b (mg/ml) Tmax
c (min) Cld (ml/min/kg) AUCe (mg min/ml)

26.4 ± 2.9 28.5 ± 16.7 3.9 ± 1.4 40.0 ± 17.3 195.4 ± 32.4 330.7 ± 51.9

As n = 3 per time point, three values were obtained for each parameter listed in the table.
aPPD, aglycone protopanaxadiol.
aHalf-life.
bPeak concentration.
cTime to peak concentration.
dClearance.
eArea under the plasma concentration vs. time curve.
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treated with docetaxel exhibited the highest apoptotic

index. The average apoptotic index for the control was

9.30%. This increased to 15.6% in tumors from animals

treated with aPPD and to 22.6% in tumors from animals

treated with docetaxel. The apoptotic index observed in

mice treated with docetaxel was significantly greater than

that of control (P = 0.0180) but not significantly different

from that observed in tumors from aPPD-treated animals

(P = 0.2305). The apoptotic index in tumors from

animals treated with aPPD was greater than that

observed for controls, but this difference was not

significantly different (P = 0.0716; Fig. 3d).

Fig. 2
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Ki-67-positive cells identified in tumors from mice

treated with aPPD were less abundant than those

determined for the vehicle control or tumors derived

from docetaxel-treated animals. Of the aPPD tumors,

3.2% were Ki-67 positive, whereas the control group

exhibited a significantly higher level of 23.4% positive

staining (P = 0.0107) and tumors from the docetaxel-

treated groups exhibited 14.4% (P = 0.007) positive

staining (Fig. 3e).

Discussion
We have shown that ginsenoside aPPD is a stable

compound and have described a formulation suitable for

oral administration. Pharmacokinetic data demonstrate

that aPPD is absorbed when administered by oral gavage,

and the systemic blood levels achieved are effective when

used to treat mice bearing established PC-3 tumors. At

the highest achievable dose (70 mg/kg), aPPD did not

exhibit any toxicity in the nude mouse model used, and

the systemic blood levels achieved after daily gavage were

sufficient to inhibit growth of established PC-3 tumors.

Biodistribution data indicated that intact aPPD could be

isolated from several tissues after oral administration. In

aggregate, the results presented here provide strong

support for our efforts to develop aPPD for clinical

evaluations, and we are particularly interested in the

potential of using this agent in combination with

docetaxel for treatment of relapsed and hormone-

insensitive metastatic prostate cancer. The discussion

here will therefore consider the potential of aPPD and its

appropriate formulation for use as a well-tolerated drug

with potential to augment the therapeutic effects of

current chemotherapy.

Although we are interested in the development of

systemic formulations for aPPD, the focus here was to

define a suitable formulation for oral administration.

aPPD (Fig. 1a) is an extremely hydrophobic molecule and

presents some formulation challenges as the hydrocarbon

Fig. 3
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(a) In-vivo efficacy of aglycone protopanaxadiol (aPPD) in PC-3-bearing nude mice. Changes in tumor volume were followed up over time for animals
treated with the oral gavage vehicle control (filled circles; ethanol, propylene glycol, and water), saline (empty circles), aPPD (70 mg/kg QD�5; filled
triangles), and docetaxel (20 mg/kg Q7D�4; filled squares). Average tumor volumes are expressed as a percentage of the average initial tumor
volume of each group at day 14, after inoculation of PC-3 cells. Mean value ± SEM is shown with error bars. A statistically significant difference was
found between aPPD and control (P = 0.0044), saline (P = 0.0159), and docetaxel (P = 0.0148) groups on day 39. n = 8 for aPPD and docetaxel
groups. n = 6 for oral gavage control and saline groups. (b) In-vivo toxicity as assessed by decrease in mean body weight. Body weight loss of greater
than 20% is considered severe enough to warrant killing the animals. No animals showed any signs of toxicity other then weight loss in these studies.
Mice administered docetaxel showed a significant weight loss compared with those administered saline (P = 0.0001). n = 8 for aPPD and docetaxel.
n = 6 for the oral gavage control and saline groups. Mean value ± SEM is shown with error bars. (c) Representative tissue microarray spots for PC-3
tumors immunostained using a terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling assay. Apoptotic cells
could be identified in areas of viable tissue, as indicated by arrows. (d) Apoptotic index summarized from ApopTag staining of tissue microarrays. (e)
Summarized Ki-67 staining of tissue microarrays. Mean scores were determined as a percentage of the total number of cells. Four cores of tissue
were extracted per tumor, as well as one tumor per animal. n (total number of cores) = 24 for the control and saline groups and 32 for aPPD and
docetaxel groups. Mean value ± SEM is shown with error bars. *Signifies a statistically significant difference from the control.
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skeleton of the steroid exerts a powerful hydrophobic

influence on its solubility in water and ethanol. Com-

pounds that are largely hydrophobic have a greater

preference for solvents with low or zero dipole moments

and dielectric constants. Ethanol, however, with a

dielectric constant of 24.6 is a better solvent for aPPD

compared with water, which possesses a dielectric

constant of 80.1 [25]. Ethanol was used to dissolve aPPD

at a concentration of 68.4 mg/ml, and this solubilized

material was then mixed with propylene glycol and water

to define an oral dosage formulation. As noted in Fig. 1b,

accelerated stability studies with aPPD in ethanol at

three temperatures suggested that aPPD could be stored

at 41C or at room temperature for at least 1 month

without any significant change in concentration. With a

boiling point of 78.151C for ethanol [26], we also chose to

evaluate the stability of aPPD at 601C, maintaining the

samples in sealed vials to minimize evaporation. aPPD

was unstable when incubated at this higher temperature.

Degradation was observed within 48 h and progressed

rapidly with complete degradation within 14 days.

The final formulation selected for use in oral aPPD

administration comprised ethanol, propylene glycol, and

water mixed at a ratio (v : v) of 2 : 7 : 1. Propylene glycol is

extensively used both as a solvent for water-insoluble

drugs and as a preservative in topical, parenteral, and oral

formulations [27]. Propylene glycol has been shown to be

relatively innocuous (LD50 = 21 g/kg) in acute oral

toxicity studies using rats [27,28]. Using the ethanol–

propylene glycol–water ternary solvent system diagram

designed by Sorby et al. [24], the dielectric constant of

the formulated aPPD oral gavage mixture was estimated

to be 31, ideal for the solubility of aPPD. In addition to

defining a suitable formulation for use in in-vivo studies,

it was essential to have appropriate analytical methods in

place to help assess drug stability, as well as aPPD

pharmacokinetic and biodistribution behavior after ad-

ministration. Therefore, a significant portion of the

work described here concerns the development and

partial validation of an analytical assay for aPPD. As

summarized earlier, the limit of detection was estimated

to be 5.0 ng/ml, whereas the LOQ value was 20.0 ng/ml.

Xie et al. [29] obtained an LOQ of 2 ng/ml for Rh2, the

corresponding glycosylated ginsenoside of aPPD, in rat

plasma and estimated that plasma concentrations of Rh2

could be reliably quantified between 2 and 100 ng/ml.

The mobile phase used by these investigators was

supplemented with ammonium chloride. Using the

method developed here, we previously obtained a limit

of detection and LOQ of 2.0 and 5.0 ng/ml, respectively,

for Rh2 [15], thus demonstrating that this method can be

used reliably for the determination of aPPD in mouse

plasma and tissues. The robustness of our method is

evidenced by the linearity of the tissue calibration curves,

with an excellent correlation factor of 0.97 (data not

shown).

Using the LC/MS assay described above, pharmacokinetic

studies were completed after oral administration of aPPD

in the vehicle control. The data summarized in Fig. 1c

clearly show that aPPD is bioavailable after oral gavage.

These results are consistent with a previous study of Rh2

and ginsenoside K, two ginsenosides sharing a similar

aglycone structure with aPPD. After oral administration,

these two ginsenosides reach a Tmax of 30 min in the plasma

compartment [15,30]. We have obtained a Tmax of 40 min

for aPPD. aPPD is more hydrophobic than both Rh2 and

compound K, which have a sugar moiety attached to their

steroidal structure. aPPD has half the solubility of Rh2 in

100% ethanol (68.4 mg/ml) and is close to insoluble in

water. Our results indicate that aPPD is retained in the

gastrointestinal tract at significant levels for at least 2 h

after administration. The higher hydrophobicity of aPPD is

probably the most significant contributor to its more

extended retention in the gastrointestinal tract. As shown

in Fig. 2a, only 5% of the administered dose reached the

liver 30 min after administration, compared with 28% for

Rh2 [15]. As the pH in the small intestine of mice varies

between 6.5 and 7.1 [31], we suspect that aPPD is poorly

absorbed here, despite its lipophilicity, because it has been

shown to be optimally transported by Caco-2 cells at a pH

of 8.0 [32]. Our results assessing tissue levels of aPPD after

oral gavage suggest that aPPD can cross the blood–brain

barrier. It is established that lipophilic drugs penetrate the

endothelial cells of the blood–brain barrier more easily than

do hydrophobic drugs [33], and passive diffusion permea-

tion rates are correlated to lipophilicity [34]. In addition to

its lipophilicity, we can speculate that the accumulation of

aPPD in the brain is the result of its effectiveness in

stimulating breast cancer resistance protein (BCRP)-

ATPase activity after BCRP inhibition, which would allow

it to be transported by BCRP across the blood–brain

barrier [16]. The biodistribution data presented here are

consistent with the conclusion that aPPD administered

orally in the ethanol, propylene glycol, and water formula-

tion is readily absorbed and accesses key target tissues in an

intact, unmetabolized form.

Importantly, the formulation developed here was well

tolerated when given (70 mg/kg) QD� 5 each week for 4

weeks. The mice monitored in our study showed no acute

signs of toxicity as determined by body weight loss

(Fig. 3b), and this observation is consistent with other

studies [35] that suggest that ginsenosides and their

aglycones cause negligible toxicity, even at the maximal

achievable dose. As mice that we previously treated with

Rh2 also did not show acute signs of toxicity [15], it could

be suggested that aPPD and Rh2, both members of the

20(S)-protopanaxadiol ginsenoside category, share a

similar toxicity profile. Secondary measurements of liver

and kidney toxicities after Rh2 administration in nude

mice showed no increase in serum alanine aminotransfer-

ase and aspartate aminotransferase activities, and serum

creatinine levels were not statistically different from
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serum creatinine levels of the control group, suggesting

no significant toxic effects of Rh2 on these organs [15].

Similar conclusions can be anticipated for aPPD.

aPPD appears to exhibit therapeutic activity when used

to treat established tumors derived after subcutaneous

injection of PC-3 cells (Fig. 3a), and the results suggest

that the activity, albeit lower than docetaxel administered

at its MTD, was significantly different from the activity

of control (P = 0.0044) and saline (P = 0.0159) groups.

To better understand the nature of aPPD-mediated

therapeutic effects, PC-3 tumors were isolated at the end

of the treatment phase of the study and apoptosis (TdT-

mediated deoxyuridine triphosphate nick-end labeling

staining) and proliferation (Ki-67) were measured. The

apoptotic index of the docetaxel group was significantly

higher than the apoptotic index of the control

(P = 0.0180). Although the value determined in tumors

from animals treated with aPPD were greater than that

seen for control tumors, this difference was not

statistically different (P = 0.0716; Fig. 3d). Others have

shown that aPPD and other ginsenoside aglycones are

strong promoters of apoptosis [19,36]. The fact that we

did not observe significant increases in the apoptotic

index may be related to the time points used in our study.

In our study, we demonstrated that aPPD significantly

inhibited cell proliferation, as measured by Ki-67 labeling

(Fig. 3e), and the extent of suppression was significantly

lower than that observed in tumors isolated from animals

treated with docetaxel (P = 0.007).

In summary, the formulation that we describe here is well

tolerated and effective when used to treat established

PC-3 tumors. Pharmacokinetic and biodistribution stu-

dies suggest that aPPD is well absorbed. Future studies

will assess the activity of this ginsenoside when used in

combination with conventional cytotoxic/cytostatic drugs,

in particular docetaxel. The efficacy results shown here

indicate that continuous dosing of aPPD will mediate

effects that suppress tumor growth (i.e. result in stable

disease), but it is understood that tumor growth will recur

once treatment is stopped. This cytostatic effect may be

important when using aPPD in a combination setting

with a chemotherapeutic agent known to cause regression

of established tumors, as was observed here when PC-3

tumor-bearing mice were treated with docetaxel.
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