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Abstract

Purpose This study assesses the pharmacokinetics, bio-
distribution and efficacy of ginsenoside Rh2 as a single
agent administered in a novel oral dosage formulation.
Methods A novel oral dosage formulation of Rh2 has
been described. Rh2 levels in blood and tissues following

A. G. Musende - A. Eberding - C. Wood - H. Adomat -
L. Fazli - A. Hurtado-Coll - E. T. Guns (IX)

The Prostate Centre, Vancouver General Hospital,
2660 Oak Street, Vancouver, BC V6H 376, Canada
e-mail: emma.guns@vch.ca

A. G. Musende
e-mail: alainmus@gmail.com

A. G. Musende - M. B. Bally

Department of Pathology and Laboratory Medicine,
University of British Columbia, 2211 Wesbrook Mall,
Vancouver, BC V6T 2B5, Canada

W. Jia
Department of Surgery, University of British Columbia,
910 W. 10th Ave., Vancouver, BC V57 4E3, Canada

W. Jia
Brain Research Center, University of British Columbia,
2211 Westbrook Mall, Vancouver, BC V6T 2B5, Canada

M. B. Bally
Department of Advanced Therapeutics, British Columbia Cancer
Agency, 675 W. 10th Ave., Vancouver, BC V5Z 1L3, Canada

M. B. Bally - E. T. Guns
Faculty of Pharmaceutical Sciences, University of British
Columbia, 2146 East Mall, Vancouver, BC V6T 1Z3, Canada

E. T. Guns

Department of Urologic Sciences, University of British
Columbia, 3300-950 W. 10th Ave., Vancouver,

BC V57 4E3, Canada

administration to nu/nu nude mice were determined by
high performance liquid chromatography tandem mass
spectroscopy. Efficacy was determined in an established
PC-3 human prostate cancer model.

Results Rh2 administered at a dose of 120 mg/kg exhib-
ited a peak plasma concentration of 19.0 + 2.0 pg/ml. Rh2
levels were measurable in prostate and tumor tissues, with
as much as 0.3% of the administered dose being detected in
tumors. This formulation exhibited no measurable toxicity
as judged by weight loss or changes in serum levels of
aspartate aminotransferase, alanine aminotransferase, and
creatinine. This dose engendered a significant delay in PC-3
tumor growth, an increase in apoptotic index, and a
decrease in tumor cell proliferation.

Conclusions Rh2 is a stable compound that can be
formulated for oral gavage. Pharmacokinetics studies
demonstrate its ability to be absorbed following oral
administration. Future studies will assess the pharmacoki-
netics of Rh2 when administered in combination with
docetaxel.

Keywords Ginsenoside Rh2 - Prostate cancer -
Pharmacokinetics - Biodistribution - Efficacy

Introduction

Prostate cancer is the fifth most common neoplasm world-
wide, and the second most common cancer among men [1].
Surprisingly, there are really no chemotherapeutic drugs that
are considered highly effective when used to treat prostate
cancer patients that have relapsed and/or metastatic disease.
In recent years, drug combinations involving taxanes have
contributed to improvements in treatment outcomes in
prostate cancer [2, 3]. In the context of complementary
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medicines [4], one working assumption is that combinations
of non-toxic effective phytochemicals with established
chemotherapy agents could offer the potential of enhanced
drug efficacy without adding to the toxicity of the conven-
tional drug. We have a particular interest in assessing the
therapeutic potential of Rh2 (Fig. 1a); a biologically active
phytochemical extracted from the roots of Panax ginseng
C.A. Meyer. Rh2 is a tri-terpenoid glycoside saponin with a
chemical structure consisting of a steroid nucleus and a
glucose sugar moiety. Rh2 has a 20(S)-protopanaxadiol
dammarane skeleton aglycone type and has been reported to
inhibit the growth of and induce anti-metastatic activity in
B16 melanoma and ovarian cancer cells [5-7]. In human
breast carcinoma MCEF cells, Rh2 was also found to have a
G1 phase-specific cell cycle arrest with associated suppres-
sion of cdk2 and cyclin E-dependent histone kinase
activities, apparently as a consequence of upregulation of
p21 which binds and inactivates cdk2 [8]. Recently, Wang
et al. investigated possible mechanisms responsible for the
antiproliferative, pro-apoptotic, and cell cycle arrest effects
of Rh2 against LNCaP androgen-sensitive and PC-3 andro-
gen-insensitive prostate cancer cells. They showed that Rh2
increased the expression of the cdk inhibitor p21 and tumor
suppressor protein p53 while decreasing the levels of cdks 2,
4,and 6 [9].

We have previously shown that Rh2 and paclitaxel acted
synergistically in cultured LNCaP cells [10]. In the same
study, we also reported that oral treatment of LNCaP
tumors by Rh2 produced a significant decrease in tumor
growth which was accompanied with a significant decrease
in serum prostate specific antigen (PSA) when combined
with intravenously administered paclitaxel [10]. The pres-
ent study is the first in a series of investigations exploring
the pre-clinical development and efficacy testing of Rh2 in
PC-3, an androgen-insensitive model for prostate cancer.
Rh2 is thus being evaluated as a potential agent for use
in combination with docetaxel for treatment of locally
advanced and metastatic prostate cancer. Docetaxel and
Rh2 are administered intravenously and orally, respec-
tively. Initially, the solubility and stability of Rh2 in

Fig. 1 (a) Chemical structure
of ginsenoside Rh2, a 20(S)-
protopanaxadiol dammarane
skeleton aglycone type. (b)
Stability of Rh2 in 100%
ethanol for 28 days. Conditions
are 4°C (empty circles), room
temperature (R.T., filled
squares), and 60°C (filled
triangles), n = 3
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ethanol was determined. The ethanol solubilized drug was
formulated for oral gavage with propylene glycol and
water. A high performance liquid chromatography tandem
mass spectroscopy (LC/MS) method was then developed
and validated for the quantitation of Rh2. This assay was
used to determine the pharmacokinetic and biodistribution
of Rh2 following oral administration to nude mice. The
dose used for these preliminary pharmacokinetic studies
was determined to be well tolerated and effective when
used to treat animals bearing established PC-3 tumors.
Serum creatinine levels, as a measure of renal toxicity,
were measured using a published HPLC method [11]. Liver
toxicity was assessed by measuring serum levels of
aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) levels [12]. Antitumor activity was associated
with an increase in apoptotic cells and a decrease in the
proliferation marker Ki-67 [13].

Materials and methods
Test compounds and materials

Ginsenoside Rh2 (M.W. 640.89 g/mol), as a white powder,
was purchased from LKT Laboratories Inc., St. Paul, MN
(USA) and generously supplied by Panagin Pharmaceuticals
Inc, Richmond, BC (Canada). Taxotere® (docetaxel) was
purchased from BC Cancer Agency Pharmacy as a40 mg/ml
solution in polysorbate 80, manufactured by Aventis Pharma
Inc. Saint-Laurent, Québec (Canada). Cholic acid (M.W.
408.58 g/mol) and all other chemicals were obtained from
Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada).

LC/MS analysis of Rh2
Instrumentation and conditions

The HPLC system consisted of an integrated Waters
Alliance LC coupled to a Waters Quattro Micro. Rh2 and
cholic acid (internal standard) were resolved on a Waters
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Exterra C18 column (3.5 pm, 50 mm x 2.1 mm) with
Mobile Phases A, B, C, and D; H,O, methanol, acetonitrile,
and 10% acetic acid, respectively. The following gradient
profile wasused: t = 0-0.5 min, 40% A,50% B, 10% D; t =
6-8.5 min, 50% B, 40% C, 10% D, t = 9-13 min, 50% B,
50% C;t = 13.5-20 min, 40% A, 50% B, 10% D with a flow
rate of 0.3 ml min~'. The Quattro Micro detector settings
were as follows: capillary: 3.5 kV, desolvation temperature:
300°C, source temperature: 120°C, cone temperature: 20°C,
desolvation and cone gas flows: 400 and 20 I/h, respectively,
collision cell pressure at ~3e-3 mBar. Data were collected
in ES- mode using Multiple Reaction Monitoring (MRM).
MRM’s of m/z 681 > 59 and 681 > 621 were selected for
Rh2 with cone and collision energies of 40 V and 22 V,
respectively. m/z of 407 > 289 was selected for cholic acid
with cone and collision energies of 75 V and 40 V, respec-
tively. The retention times were 7.1 and 9.3 min for cholic
acid and Rh2, respectively. The 681 ion is the deprotonated
Rh2/acetic acid cluster while the 407 is the deprotonated
cholic acid. MassLynx version 4.0 (Waters/Micromass) was
used to perform peak integration.

Assay validation

Primary standard solutions of Rh2 were prepared in 100%
ethanol and spiked with cholic acid (internal standard).
Secondary standard solutions were obtained by spiking
120 wl of 95% methanol with 10 pl of the primary standard
solution to yield nominal concentrations over a range of
0.01-20.0 pg/ml. All standard solutions were stored at 4°C.

Linearity and range

Five concentrations of Rh2 standard solutions were ana-
lyzed (n = 3): 0.5, 2.0, 5.0, 10.0, and 20.0 pg/ml. The
minimum acceptable correlation coefficient to establish
linearity was set at 0.99. The detector response was cor-
related against analyte concentration by least-squares
regression.

Precision and accuracy

Three concentrations of Rh2 standard solutions were ana-
lyzed (n = 6) over 3 days: 0.5, 2.0, and 10.0 pg/ml. The
mean, standard deviation (SD), coefficient of variation
(CV), and relative error (RE) were determined for the six
replicate runs.

Limit of detection (LOD) and limit of quantitation
(LOQ) of Rh2

Stock solutions of Rh2 were prepared in triplicate at 12
concentrations: 0.001, 0.02, 0.05, 0.5, 2.0, 5.0, 10.0, 20.0,

50.0, 100.0, 200.0, and 500.0 pg/ml. We defined the LOD
as the minimum concentration that could be detected based
on a signal-to-noise (S/N) ratio of 3 to 1. The LOQ was the
minimum concentration that could be quantified based on
S/N ratio of 10 to 1.

Solubility

Standard solutions of Rh2 in ethanol were prepared
between 1 and 10 uM (1, 2.5, 5, 7.5, and 10 uM) and
analyzed by HPLC. A calibration curve of peak area versus
concentration was generated and a linear relationship
shown. Three sets of saturated solutions of Rh2 were then
prepared at room temperature by incubating an excess of
the compound in 2 ml of 100% ethanol in capped test
tubes. The mixture was vigorously mixed and stored at
room temperature for 30 min; this time was determined
to be sufficient for insoluble materials to settle from the
mixture. The clear supernatant was sequentially diluted and
the amount of Rh2 in the diluted solutions quantified by
HPLC.

Stability of samples at 4°C, room temperature,
and 60°C

Rh2 (232 mg) was dissolved in 1.8 ml of 100% ethanol,
a concentration based on the maximum solubility of
130 mg/ml determined using the methods described
above. The mixture was mixed vigorously and 200 pl
pipetted into each of nine eppendorf tubes. One set of
three eppendorf tubes was stored at 4°C (n = 3), the
second set of tubes (n = 3) at room temperature, and the
last set (n = 3) at 60°C. The concentration of Rh2 in
these solutions was determined by HPLC on day 1, 2, 3,
7, 14, 21 and 28.

Oral gavage formulation and stability at room
temperature

232 mg of Rh2 was dissolved in 1.8 ml of 100% ethanol
and mixed vigorously (based on maximum solubility of
130 mg/ml) and stored at 4°C. Prior to administration to
mice, 700 pl of ddH,O was mixed (by vortexing) with
5.5 ml of propylene glycol in a separate container. The
propylene glycol-water mixture was then mixed with the
Rh2-containing ethanol solution. 500 pl was pipetted into
each of twelve eppendorf tubes all stored at room tem-
perature. Each set of three eppendorf tubes was designated
for the determination of the concentration of Rh2 by HPLC
at a specific time point: 0 (immediately following gavage
preparation, n = 3), then, 4, 20, and 24 h following gavage
preparation (n = 3).
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Pharmacokinetic and biodistribution studies

PC-3 cells (1.0 x 106) were inoculated subcutaneously
into 6-8 week old male nude mice (Harlan Sprague
Dawley, Inc.) weighing 25-31 g. After 14 days, the
developing tumors were measured and mice randomly
assigned in different treatment groups based on their
weight. Ten groups of three mice were dosed by oral
gavage with Rh2 at 120 mg/kg (103-128 pl) (highest
achievable dose, limited due to gavage volume limitations
(150 pl) imposed by the institutional animal care com-
mittee) or the vehicle control at an equivalent volume
based on weight. Mice were terminated using CO,
asphyxiation upon which blood (obtained by cardiac
puncture) and major tissues (stomach, small intestine,
liver, kidney, spleen, brain, and lung) were promptly
collected at 30, 60, 120, and 200 min after administration.
Typically, 500-700 pl of blood was obtained and then
placed into a Plasma Separator tube (Microtainer®,
Becton Dickinson, NJ, USA), mixed, and placed on ice.
The prostate and tumors were then collected at 10, 20, 30,
45, 60, 90, 120, 150, and 200 min time points. Tissues
were collected and flash frozen, prior to placing the
samples in storage at —80°C. To assess Rh2 extraction
efficiencies, blank plasma and tissue homogenate samples
(obtained from vehicle treated mice) were spiked with
Rh2 and cholic acid to achieve three concentrations (0.5,
2.0, and 10.0 pg/ml). The spiked samples were subse-
quently extracted and analyzed using the HPLC method
described above.

Plasma: solid-phase sample preparation

C18 Sep-Pak extraction columns mounted on a vacuum
extraction manifold (Waters, Massachusetts, USA) were
first equilibrated with 1 ml of 100% methanol and 1 ml of
ddH,0. After loading with 200 pl of plasma spiked with
10 pl of cholic acid (internal standard), each column was
subsequently washed with 1 ml of ddH,O 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) at
35°C. The residue was reconstituted with 100 pl of 100%
methanol, mixed vigorously, sonicated and transferred into
HPLC auto-sampler vials. A non-compartmental method
using the nonlinear least squares regression program
WinNonlin (Scientific Consulting Inc., Cary, NC, 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 cal-
culated using the trapezoidal rule extrapolated to infinity.
Pharmacokinetic parameters were generated including the
terminal half-life (#,,) (n = 3), the systemic clearance
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(C1), the peak plasma concentration (Cy,.x), and the time to
reach Cp,.x following oral administration (7iax)-

Tissues

Tissue samples were ultrasonicated in 4 x w/v of 0.01 M
pH 7.8 phosphate buffer. 200 pl of the homogenate was
spiked with cholic acid (internal standard) and mixed for
1 min. Ice cold acetonitrile (800 pl) was added to the
homogenate and mixed for 1 min for protein precipitation.
The sample was then centrifuged at 12,000g for 15 min at
4°C. The supernatant was dried at 35°C, the residue was
reconstituted in 200 ul of 100% methanol, vortexed and
sonicated, and injected onto the HPLC column. Standard
calibration curves were analyzed at three concentrations
(n = 3): 0.5, 2.0, and 10.0 pg/ml.

Efficacy and toxicity of Rh2

PC-3 cells (1.0 x 106) were inoculated subcutaneously
into 6-8 week old male nude mice (Harlan Sprague
Dawley, Inc.) weighing 25-31 g. After 14 days, the
developing tumors were measured and mice randomly
assigned in different treatment groups based on tumor size.
n = 8 for the Rh2 and docetaxel groups while n = 6 for
the oral gavage control and saline groups. A caliper was
used to measure the three perpendicular axes of each
tumor. The formula V = (L x W x H)§ where L is the
length, W the width, and H the height, was used to calculate
the tumor volume. Mice bearing measurable tumors qual-
ified for the study and the average tumor volume when
treatment was initiated was 120 mm>. Mice were weighed
5 days a week and tumors measured twice a week for
25 days. Four different treatment groups were defined: (i)
Rh2 solubilized in ethanol:propylene glycol:water (2:7:1
ratio) was administered by oral gavage at a dose of
120 mg/kg (103-128 pl volume range) using a QD x 5
schedule each week for 4 weeks; (ii) vehicle control con-
sisting of ethanol:propylene glycol:water (2:7:1 ratio)
given at an equivalent dose of 120 mg/kg (103-128 pl
volume range) using a QD x 5 schedule each week for
4 weeks; (iii) docetaxel, used as a positive treatment con-
trol, was administered intravenously via the lateral tail vein
at a dose of 20 mg/kg (100-124 pl volume range) using a
Q7D x 4 dose schedule; and (iv) saline (100-124 pl vol-
ume range) given Q7D x 4. The mice were monitored
daily for changes in weight and other signs of acute tox-
icity. Serum creatinine levels were determined using an
HPLC system consisting of a Waters 2,695 separations
module paired with a Waters 996 photodiode array detector
(Waters Corp., Milford, MA). Creatinine was resolved on a
3.0 um bore diameter 2.1 x 50 mm Waters Atlantis™
HILIC Silica column with a Mobile Phase consisting of
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95% acetonitrile solution containing 0.025% ammonium
formate. Serum ALT and AST were quantified using
standard ALT and AST kinetic assay kits (Stanbio Labo-
ratory, Boerne, Texas) adapted in 96-well plates. For serum
creatinine, ALT and AST level determination, Rh2 treated
mice were compared to the control and the untreated
groups. We have previously published this method [10, 14,
15] and other investigators have used a similar approach
[16-21].

Analysis of apoptosis and proliferation markers

At the end of the efficacy studies mice were sacrificed and
tumors were excised, formalin-fixed, and then paraffin-
embedded. A Tissue Micro-Array (TMA) was constructed
by extracting four 600-um diameter cores of tumor tissue
from each paraffin block using a Beecher Instruments tis-
sue core extractor and re-embedding these cores into a
gridded paraffin block. After construction, 4-pum tissue
sections were cut and adhered to Fisher SuperFrost Plus
glass slides. Apoptotic cells were then visualized by
terminal deoxynucleotidyl transferase (TdT) mediated
deoxyuridine triphosphate (dUTP) nick-end labeling
(TUNEL) staining which was carried out using the
ApopTag® Peroxidase Kit. Tissues were pretreated with
proteinase K for 15 min. Subsequently, TdT enzyme was
applied and the tissue incubated in a humid chamber at
37°C for 1 h. Anti-digoxigenin peroxidase conjugate was
later applied for 30 min, followed by DAB, and counter-
stain with hematoxylin, as well as Staining Blueing
Reagent. For Ki-67, a Mouse-To-Mouse immunohisto-
chemical detection kit (Chemicon®) was used to decrease
nonspecific staining. Ki-67 (Dako, Carpinteria, California)
(1:200) monoclonal antibodies were used in combination
with immunoperoxidase procedures (LSAB + peroxidase
kit). Antigen retrial was applied 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 standard error of the
mean (SEM) were calculated. Statistical significance and
differences between the described treatment groups were
assessed using the Tukey-Kramer/Student ¢ tests from
within One-way Analysis of Variance (ANOVA) analysis.
For these tests, the level of significance was set at a p value
of at least <0.05. All mean values were reported as
mean + SEM.

Results
Assay validation

The estimated LOD was 2.0 ng/ml while the LOQ that can
be reliably and reproducibly measured was estimated to be
5.0 ng/ml. Standard curves for Rh2 showed linearity over
the selected concentration range (0.01-20.0 pg/ml). The
correlation coefficients were >0.99 throughout the valida-
tion procedure. Inter-day precision and accuracy as,
expressed by the RSD and the CV and RE, were less than
10%.

Solubility, stability and formulation
in the ethanol-propylene glycol-water ternary
solvent system

In order to formulate Rh2 for oral gavage, a strategy based
on the use of the ethanol-propylene glycol-water ternary
solvent system was developed. The first step in this process
was to assess the solubility of Rh2 in 100% ethanol at room
temperature. The maximum solubility of Rh2, as deter-
mined by LC/MS analysis of the supernatant of saturated
solutions, was 130.0 £ 2.3 mg/ml. Ethanol solutions of
Rh2 were stored at 4°C, room temperature and 60°C over a
time frame of 1 month to assess Rh2 stability. The results,
summarized in Fig. 1b, suggest that Rh2 is stable at 4°C and
room temperature. LC/MS analysis of Rh2 indicated that
the drug concentration did not change over the 4 week time
period. Rh2 underwent rapid thermal degradation, mea-
sured as a loss of intact drug, at 60°C. An approximate
decrease of 40% in parent drug concentration was observed
within 2 days and the drug was not detectable by day 28
(Fig. 1b). The rate constant for the observed decrease in
concentration at 60°C, k (60°C), is 0.14 and the represen-
tative compound half-life, #;,, (60°C) was estimated to be
12.5 days. A concentration change of +15% is generally
considered acceptable in stability assays [22], therefore, it
was concluded that ethanol solubilized drug solutions could
be prepared and stored at 4°C for at least a time frame
appropriate for the toxicity and efficacy assessments sum-
marized below. Using the ethanol-propylene glycol-water
ternary solvent system diagram designed by Sorby et al.
[23], the dielectric constant of the ethanol, propylene glycol
and water mixture combined at the 2:7:1 v/v ratio was
estimated to be approximately 31. The maximum solubility
of Rh2 was achieved at this 2:7:1 v/v ratio. The concen-
tration of Rh2 in the ethanol-propylene glycol-water
gavage mixture remained constant over a 24 h period at
room temperature, with a relative standard deviation (RSD)
of <10% (data not shown). Rh2 formulated in the ethanol—
propylene glycol-water mixture was always freshly pre-
pared and administered to animals within 4 h.
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Pharmacokinetics and biodistribution

Extraction efficiencies for Rh2 from mouse plasma and
tissues at three different concentrations (0.5, 2.0, and
10.0 pg/ml) were determined as described in “Methods”
and “Results” summarized in Table la. The extraction
efficiency from plasma was 65.2 + 2.4% and this was not
influenced by the concentration of Rh2 used in these
assays. Extraction efficiencies from tissues varied from
79.6 £ 3.2% in stomach to essentially 100% in the kidney.
Tissue standard calibration curves exhibited excellent lin-
earity (correlation factors of >0.99) (data not shown).
Within 30 min after administration, Rh2 levels in the
plasma peaked at 19 £ 2.0 pg/ml and after 200 min were
below the LOQ. Using these data, the pharmacokinetic
parameters for Rh2 were estimated and summarized in
Table 1b. The half-life (z;,) was 99.6 £+ 6.6 min., the
clearance (Clg,) was 46.5 &= 2.7 ml/min/kg while T,,,x was
30.0 min and the AUC was 1884.3 + 209.2 pg min/ml.
Tissue distribution data have been summarized in Fig. 2.
As expected, given the route of administration, Rh2 levels
appeared to be highest in the small intestines, with
approximately 54% of the intact drug recovered in the
small intestines 30 min after the gavage was administered.
Approximately 27% of the administered Rh2 dose is found
in the liver at the same time point. Rh2 was not quantifiable
in the brain at any of the selected time points and most
tissues exhibited Rh2 levels below the LOD 200 min after
administration. Approximately 0.08% of the administered
dose was found in the prostate after 120 min and the Rh2
levels in this tissue remained quantifiable 200 min after
administration (Fig. 2e). The percent of administered dose
localizing in the PC-3 tumor tissue was 0.3% 90 min

following administration (Fig. 2f). Since we lacked a
suitable intravenous formulation we could not determine
the absolute bioavailability of this formulation, however,
the results provided here clearly suggest that Rh2 is bio-
available after oral gavage.

In vivo efficacy and toxicity

The therapeutic activity of Rh2 was determined using mice
bearing tumors established following subcutaneous injec-
tion 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 x 4 at an established therapeutic dose
(maximum tolerated dose (MTD)). The results summarized
in Fig. 3a clearly demonstrate that Rh2 was effective in
inhibiting PC-3 tumor growth. At the end of the study
(39 days after tumor cell inoculation, 25 days after treat-
ment was initiated), the average tumor volume for saline
treated and vehicle control treated animals was approxi-
mately three times the size of the average tumor volume
determined at the time treatment was initiated. For animals
treated with Rh2 the tumor volume did not change during
this time course. Rh2 treatment group was statistically
different from groups treated with the vehicle control
(p = 0.012) and saline (p = 0.008). Lack of tumor pro-
gression in animals treated with Rh2 is consistent with the
belief that this ginsenoside exerts cytostatic effects rather
than cytotoxic effects. In comparison, docetaxel (20 mg/kg
Q7D x 4) caused established PC-3 tumors to regress. By
day 39, tumors in docetaxel treated animals were still
measurable but were 1/4 the size they were when treatment
was initiated. On day 39, there was no statistically

Table 1 (a) Average extraction efficiencies of Rh2 in plasma and tissues, (b) pharmacokinetic parameters for Rh2 following oral administration
of 120 mg/kg formulated in the ethanol-propylene glycol-water ternary solvent system described in “Methods”

(@

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

652 £24 79.6£32 99.0+ 10.7 929 £26 903+ 100 965+27 111571 108.0=£59 86.2+3.1 934+37

(b)

BOdy Weight (g) tin (mln) Cmax (Hg/ml) Tmax (mm)

Clyra (ml/min/kg) AUC (pg.min/ml)

258 £ 1.3 99.6 &+ 6.6 19.0 2.0 30.0 £ 0.0

46.5 £ 2.7 1884.3 £ 209.2

Extraction standards were completed using three concentrations (0.5, 2.0, and 5.0 pg/ml) of Rh2 and each assay was determined in triplicate.
Since n = 3 per time point, three values were obtained for each parameter listed in the table. Values are reported as mean &= SEM

t1: Half-life

Chnax: Peak concentration

Tmax: Time to peak concentration
Clyra: Apparent oral clearance

AUC: Area under the plasma concentration versus time curve
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Fig. 2 Percentage of administered dose of Rh2 in specified tissues
isolated from mice following oral administration of 120 mg/kg. a
30 min b 60 min ¢ 120 min d 200 min. Percentage of administered
dose of Rh2 in the prostate (e) and tumors (f) isolated from mice 10,

significant difference in tumor size in mice treated with
Rh2 or docetaxel (p = 0.179).

It should be noted that docetaxel administration was
associated with almost 20% body weight loss (Fig. 3b,
filled squares), and this significant (p = 0.025) weight loss
is consistent with what would be expected for docetaxel
administered at its MTD. In comparison, treatment with
Rh2 (Fig. 3b, open triangles) resulted in <8% loss in mean
body weight. This toxicity could be attributed to the
repeated animal handling required for daily gavages since
the vehicle alone (filled circle) engendered similar, albeit
not significant, reductions in mean body weight. Interest-
ingly ALT, AST, and ALT/AST levels in the plasma of
Rh2 treated animals were significantly lower than those
found in plasma of the untreated group (p = 0.0001,
0.0149, and 0.0001, respectively) (Table 2). There was no
statistical difference in serum creatinine levels between the
Rh2 treated animals when compared to the vehicle control
(p = 0.5150) or untreated (p = 0.3247) groups (Table 2).
No statistically significant difference in serum creatinine
level was found between the control and untreated groups
(p = 0.0869). In summary, treatment with Rh2 was
achieved at a dose which was well tolerated by the animals.

As other measures of therapeutic activity, PC-3 tumors
were isolated from mice at the end of the study and pre-
pared for immunohistochemical assessments of apoptosis
and inhibition of Ki-67 labeling. The results, summarized
in Fig. 3d and e, indicate that tumors from mice treated
with docetaxel exhibited the highest apoptotic index. The
average apoptotic index for the control was 9.30%. This

20, 30, 45, 60, 90, 120, 150, and 200 min following oral adminis-
tration of 120 mg/kg. Data were obtained from three animals per time
point and results are expressed as mean values + SEM

increased to 14.4% in tumors from animals treated with
Rh2 and 22.6% in tumors from animals treated with
docetaxel. The apoptotic index observed in the tumors from
mice treated with docetaxel was significantly greater than
the control (p = 0.022) but not significantly different than
that observed in tumors from Rh2 treated animals
(p = 0.127). The apoptotic index in tumors from animals
treated with Rh2 were greater than those observed for
controls, but this difference was not significantly different
(p = 0.079) (Fig. 3d). Ki-67 positive cells in tumors from
mice treated with Rh2 were lower than that determined for
the vehicle control or those tumors derived from docetaxel
treated animals. Of the Rh2 tumors, 6.1% were Ki-67
positive whereas the control group exhibited a significantly
higher level of 23.4% positive staining (p = 0.003) and
tumors from the docetaxel treated groups exhibited 14.4%
(p = 0.014) positive staining (Fig. 3e).

Discussion

We have described a novel oral dosage formulation for
ginsenoside Rh2. Pharmacokinetic analysis of Rh2 indicates
that Rh2 is absorbed when administered by oral gavage. At
the highest achievable dose (120 mg/kg), Rh2 proved to be
well tolerated in the nude mouse model and the systemic
blood levels achieved were sufficient to prevent progression
of established PC-3 tumors. Biodistribution data indicated
that intact Rh2 could be isolated from prostate tissue and
established PC-3 tumors following oral administration. In
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Fig. 3 aIn vivo efficacy of Rh2 in PC-3 bearing nude mice. Changes
in tumor volume were followed over time for animals treated with the
oral gavage vehicle control (ethanol, propylene glycol and water,
filled circle), saline (x), Rh2 (120 mg/kg QD x 5, empty triangle),
and docetaxel (20 mg/kg Q7D x 4, filled square). Average tumor
volumes are expressed as a percentage of the average initial tumor
volume of each group at day 14, post PC-3 cells inoculation. Volumes
were calculated using V = (L x W x H)/(n/6). Mean value + SEM
is shown with error bars. A statistically significant difference was
found between Rh2 and the control (p = 0.0122) and saline
(p = 0.0081) on day 39. No statistical difference between Rh2 and
docetaxel (p = 0.1787). n = 8 for Rh2 and docetaxel. n = 6 for the
oral gavage control and saline. b In vivo toxicity as assessed by
decreases in mean body weight. Body weight loss of >20% is
considered severe enough to warrant termination of the animals. No

Table 2 Secondary measures of toxicity in mice serum (n = 4)

animals showed any signs of toxicity other then weight loss in these
studies. Docetaxel showed a significant weight loss compared to
saline (p = 0.0246). n = 8 for Rh2 and docetaxel. n = 6 for the oral
gavage control and saline. ¢ Representative tissue microarray spots
for PC-3 tumors: immunostained using a TUNEL assay by enzymat-
ically labeling the free 3’-OH terminal generated on DNA fragments
of 180-200 bp. Using this method, apoptotic cells could be identified
in areas of viable tissue, as indicated by the 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 and one tumor per animal. n (total
number of cores) = 24 for the control and saline and 32 for Rh2 and
docetaxel. Mean value £ SEM is shown with error bars. *Signifies
statistically significant difference from the control

Group ALT (alanine AST (aspartate ALT/AST Creatinine
aminotransferase) (U/L) aminotransferase) (U/L) (pg/ml)

Rh2 19.57 £ 0.2* 48.39 £ 0.4%* 0.36 + 0.003* 111 £ 0.14%%*

Control 23.09 £ 0.2 54.60 + 0.3 0.48 + 0.005 1.21 + 0.07

Untreated 24.63 £ 0.2 52.06 £+ 0.6 0.47 + 0.006 0.84 + 0.22

Values are reported as mean == SEM
U/L: Units per liter
P values—Rh2 compared with the untreated group

* P = 0.0001
% P = 0.0149
w0k P = 0.3247

aggregate, the results presented here provide strong support
for our efforts to develop Rh2 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.

As noted in Fig. 1b, accelerated stability studies with
Rh2 in ethanol at three temperatures suggested that Rh2

@ Springer

could be stored at 4°C or room temperature for at least
1 month without any significant change in concentration.
Using the ethanol-propylene glycol-water ternary solvent
system diagram designed by Sorby et al. [23], the dielectric
constant of the formulated Rh2 oral gavage mixture was
estimated to be 31 (24.6-30.0 and 80.1 for ethanol and
water, respectively [24, 25]), ideal for the solubility of Rh2.
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The concentration of Rh2 in the formulated mixture was
stable for at least 24 h at room temperature.

As summarized earlier, the LOD was estimated to be
2.0 ng/ml while the LOQ value was 5.0 ng/ml. Xie et al.
estimated that rat plasma concentrations of Rh2 could be
reliably quantitated between 2 and 100 ng/ml [26]. We
have since shown that the method developed here can
reliably be used for the determination of Rh2 in mouse
plasma and tissues, including prostate and tumor tissues
(correlation factors of >0.99 for tissue calibration). Since
we lacked a suitable intravenous formulation we could not
determine the absolute bioavailability of this formulation,
however, the results provided here clearly suggest that Rh2
is bioavailable after oral gavage. These results are consis-
tent with a previous study of ginsenoside K (one glucose
moiety at C-20 instead of C-3), a compound of similar
structure to Rh2. Following a 20 mg/kg oral administration
of ginsenoside K in rats, the T,,,x was reached at 30 min
(comparable to the data presented here for Rh2) while the
AUC obtained was 341.0 (pig min/ml) [27]. The Rh2 AUC
determined in mice (Table 1b) was six times that value,
however, the dose administered here was six times greater
than that used by Paek et al. Thirty minutes following
administration, <2% of the administered dose could be
found in the stomach, with 54% and 27% in the small
intestine and the liver, respectively (Fig. 2a). Considering
that Rh2 is being investigated for the treatment of prostate
cancer, mouse prostates and tumors were harvested at more
frequent intervals, compared to the other tissues. Approx-
imately 0.08% of the administered dose could be isolated
from prostate tissue 120 min after administration (Fig. 2e).
Similarly, in the subcutaneous PC-3 tumors, approximately
0.3% of the administered dose could be isolated from the
tumor 90 min after administration (Fig. 2f). The biodistri-
bution data presented here are consistent with the
conclusion that Rh2 administered orally in the ethanol,
propylene glycol and water formulation is readily absorbed
and accesses key target tissues in an intact, unmetabolized
form. Paek et al. determined the transport rate of ginse-
noside K in Caco-2 cell monolayers to be 3-6 x 107° cm/s
and concluded that it should be well absorbed by the
intestine [28]. The biodistribution data summarized in
Fig. 2 is consistent with the ginsenoside K results. In fact,
Hasegawa et al. [29] showed that ginsenoside K also
accumulated in the liver following oral administration.
They concluded that this accumulation was due, in part, to
the presence of hepatocyte receptors capable of recogniz-
ing and binding the associated glucose moiety.

It should be noted that others have shown [30] and
suggested [31] that Rh2 could be metabolized through
deglycosylation to aPPD, its aglycone derivative. Second-
ary metabolites of ginsenosides such as Rh2 have also been
suspected of forming in the liver and being responsible for

the observed pharmacological activities [29]. Importantly,
the LC/MS method developed here could also detect aPPD
(results not shown) yet there was no evidence of aPPD in
the plasma or tissues extracted from Rh2 treated mice. We
have demonstrated the presence of intact, unmetabolized
Rh2 in the blood and every harvested tissue examined.
Future investigation might involve detection and quanti-
tation of possible esterified secondary metabolites from the
liver of Rh2 treated mice.

Importantly, the formulation developed here was well
tolerated. 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 [32] that suggest that ginsenosides in general, and
Rh2 in particular, cause negligible toxicity, even at the
maximal achievable dose. As shown in Table 2, secondary
measures of liver toxicity also suggest the drug is well
tolerated. Serum ALT and AST activity following Rh2
administration were not increased. Serum ALT and AST
values for all three groups were within the expected range
for normal mice (ALT < 50 U/l and AST < 150 U/) [33].
Serum creatinine levels were determined as a measure of
kidney toxicity and the results suggest that there was no
statistical difference in serum creatinine levels between the
Rh2 and the control (p = 0.5150) or untreated group
(p = 0.3247) (Table 2). The untreated group was also not
statistically different from the control group (p = 0.0869).
Despite the apparent difference in serum creatinine level
between the untreated and control group, values for all
three groups were within the expected range for normal
mice (0.05-0.15 mg/dl) [11], suggesting no significant
toxic effects of Rh2 on this organ.

Consistent with previous findings [6], Rh2 appears to
exhibit therapeutic activity when used to treat established
tumors derived following subcutaneous injection of PC-3
cells (Fig. 3a) and the results suggest that the activity,
albeit lower, was comparable to that achieved when treat-
ing mice with docetaxel administered at its MTD. Nakata
et al. demonstrated that a daily oral administration of Rh2
in nude mice bearing HRA human ovarian cancer xeno-
graft caused an inhibitory effect comparable to a weekly
administration of 4 mg/kg cisplatin [6]. Rh2 treated mice
showed no signs of toxicity while nearly half of cisplatin-
treated mice had to be terminated due to acute body weight
loss. Interestingly, Nakata et al. attributed the therapeutic
effects of Rh2 to enhanced NK activity, however, our work
was completed in immunocompromised mice and this
suggests that additional mechanisms must contribute to the
compounds therapeutic effects [6]. To better understand the
nature of Rh2 mediated therapeutic effects, PC-3 tumors
were isolated at the end of the treatment phase of the study
and measures of apoptosis (TUNEL staining) and prolif-
eration (Ki-67) were made. The apoptotic index of the
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docetaxel group was significantly higher than the control
(p = 0.022) while the value determined in tumors from
animals treated with Rh2 group were 50% greater than that
seen for control tumors, this difference was not statistically
significant (p = 0.079) (Fig. 3d). Others have shown that
ginsenosides are strong promoters of apoptosis [6, 8, 34—
37]. The fact that we did not observe significant increases
in the apoptotic index may be related to the time point used
in our study. We demonstrated that Rh2 significantly
inhibited cell proliferation as measured by Ki-67 labeling
(Fig. 3e) and the extent of suppression was significantly
lower than what was observed in tumors isolated from
animals treated with docetaxel.

In summary, the formulation that we describe here is
well tolerated and effective when used to treat established
PC-3 tumors. Pharmacokinetic and biodistribution studies
suggest that Rh2 is well absorbed. Future studies will
assess the activity of this ginsenoside when used in com-
bination with conventional cytotoxic/cytostatic drugs, in
particular docetaxel, in vitro and in vivo.
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