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Abstract

Purpose—The ability of bacteria in the intestinal microbiome to convert naturally occurring
primary ginsenosides in red ginseng extract or RGE to active secondary ginsenosides was
investigated.

Methods—The anti-proliferative activity of ginsenosides was tested using the mouse lung cancer
LML cells. Their permeabilities were evaluated in Caco-2 cell monolayers. Systemic exposure of
secondary ginsenosides was determined in A/J mice. 16S rRNA gene pyrosequencing was used to
determine membership and abundance of bacteria in the intestinal microbiome.
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Results—Secondary ginsenoside C-K exhibited higher anti-proliferative activity and
permeability than primary ginsenosides, and significant amounts of secondary ginsenosides (F2
and C-K) were found in the blood of A/J mice following oral administration of the primary
ginsenoside Rb1. Because mammalian cells did not hydrolyze ginsenoside, we determined the
ability of bacteria to hydrolyze ginsenosides and found that the primary ginsenoside Rb1
underwent stepwise hydrolysis to Rd, F2, and then C-K. Formation of F2 from Rd was the rate-
limiting step in the biotransformation of Rb1 to C-K.

Conclusion—This is the first study to characterize the A/J mouse intestinal microbiome and
reveal the presence of certain bacterial families capable of efficiently converting inactive primary
ginsenosides to active secondary ginsenosides in vivo.

Keywords

ginsenosides Rb1, Rd, F2 and C-K; ginseng; permeability; pharmacokinetic profile; stepwise
metabolism; rate-limiting step; microbiome; 16S rRNA gene sequencing

1. Introduction

Lung cancer remains the leading cause of cancer deaths for both men and women in the
United States (1). The administration of medication or alteration of diet to prevent or delay
the development of cancer is coined “chemoprevention” and has recently drawn public
attention due to the low cure rates of advanced lung cancer using traditional approaches,
such as chemotherapy and surgery (2-13).

The efficacy of red ginseng extract (RGE) as a chemopreventive agent has been examined
over the past 30 years (6, 14-18), and accumulated evidence supports the notion that RGE is
a potent agent for the prevention of lung cancer. A recent study by You, et al. indicated that
RGE (10 mg/ml in drinking water) prevented benzopyrene induced lung carcinogenesis with
a significant reduction (70%) of tumor load (6).

The primary, or most abundant, naturally occurring ginsenosides present in RGE include
Rb1 and Rd (19, 20). However, secondary, less abundant, ginsenosides such as Rh2
demonstrate excellent inhibitory activities in both lung adenocarcinoma cells (21) and in A/J
mice (22). Additionally, secondary ginsenosides appear to have better permeability in
Caco-2 cells and hence better bioavailability (see later). Mammalian cells do not express
enzymes that hydrolyze ginsenosides (23-26) suggesting that the in vivo transformation of
secondary ginsenosides occurs via the action of the intestinal microbiota.

The intestinal microbiome produces different types of glycosidases, including p-
glucosidases, the predominant enzymes responsible for the hydrolysis of ginsenosides.
Bacterial p-glucosidases are hydrolytic enzymes that release terminal glucose residues
successively (27). Primary ginsenosides are hydrolyzed stepwise to produce secondary
ginsenosides and finally the aglycone. Secondary ginsenosides exhibit the much higher anti-
proliferative activity against lung cancer cells and possess higher permeability across
membranes of mammalian cells. Therefore, enhancing the production of secondary
ginsenosides will likely benefit the lung cancer chemoprevention efficacy of RGE.
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Recent investigations showed that the primary ginsenoside Rb1 is hydrolyzed stepwise to
different secondary ginsenosides, such as Rg3, Rh2, F2, and C-K, by fecal extracts and
specific microorganisms (28-36). However, these studies failed to investigate the kinetics of
RGE stepwise hydrolysis necessary to elucidate the rate-limiting step in the production of
active ginsenosides. Identification of the rate-limiting step and the microorganism that
catalyzes it could allow us to manipulate the rate and production of desired ginsenosides
with anti-cancer activity. Furthermore, the microorganisms studied do not represent the
whole spectrum of the intestinal microbiome. Studies using fecal specimens failed to define
the gut microbiota capable of ginsenoside hydrolysis (37-39). Therefore, these studies leave
open the potential to discover probiotic candidates that could be administered concurrently
with RGE to improve its efficacy.

In the present study we (1) determine the rate-limiting step in the kinetics of stepwise
metabolism from ginsenoside Rb1 to C-K in A/J mouse fecal matrix; and (2) use 16s rRNA
gene sequencing to define the A/J mouse intestinal microbiome to aid future studies
investigating bacterial metabolism of ginsenosides from this and other laboratories.

2. Materials and Methods

Chemicals and reagents

Ginsenosides Rb1, Rd and F2 (>99% pure) were purchased from LKT Laboratories (St.
Paul, MN). Ginsenoside C-K (>95% pure) was kindly provided by Dr. Zhi-Hong Jiang from
Hong Kong Baptist University. Red Ginseng powder and LM1 cells were provided by Dr.
Ming You from Medical College of Wisconsin. Testosterone was purchased from Sigma-
Aldrich (St. Louis, MO). Simulated intestinal fluid was purchased from VWR (Houston,
TX). BCA protein assay kit was purchased from Thermo Scientific (Rockford, IL). Other
chemicals (analytical grade or better) were used as received.

LM1 cell culture model and anti-proliferative assays

LMZ1 cells were grown in plastic tissue culture flasks in minimal essential medium (MEM)
mixed with 2 mM glutamine, 50 units/ml penicillin, 50 pg/ml streptomycin, 1% nonessential
amino acids from Cellgro (Catalog number: 10-010-CV), and supplemented with 10% fetal
bovine serum from HyClone (Catalog number: SH30088-03). Cells were incubated at 37°C
and 5% CO,, with media changes every two days. Cells were passaged 10 times, and one
split (1:20) was used each week.

LM1 cells were seeded onto 96-well plates at a density of 5 x 103 per well and incubated in
MEM without red phenol from Cellgro (Catalog number: 17-305-CV). After 24 hr,
ginsenosides, RGE, 5-flurouracil (positive control) or 1% DMSO (negative control) was
added to the medium for 48 hr. Cells were then incubated with MTT (0.5 mg/ml) for 4 hr.
The formazan precipitate was dissolved in 100 pl DMSO, and the absorbance at 570 nm was
detected with a Benchmark Microplate Reader (Bio-Rad, California). Cell survival was
calculated by the following formula: % cell survival = (mean absorbency in test wells)/
(mean absorbency in control wells) x 100. The effective dose to inhibit 50% growth (EDsq)
was calculated for the ginsenosides and the positive control, using non-linear regression
analysis. Each test was performed in triplicate.
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Caco-2 cell culture and transcellular transport experiments

Caco-2 cells were cultivated as described previously (40). Porous polycarbonate cell culture
inserts (3 um pore size) from Corning (Catalog No: 3414) were used to seed cells at a
density of 100,000 cells/cm?. After the cell monolayers reach maturity and become ready to
use in 19-21 days, they were tested for integrity (minimal transepithelial electrical resistance
value of 465 Q/cm2), and then used for the transcellular transport as described previously
(40). Briefly, 2.5 ml of ginsenoside solution (2 or 10 uM) in Hanks’s balanced salt solution
or HBSS was loaded on apical side of the cell monolayer and 2.5 ml of blank HBSS onto the
basolateral side. Five sequential samples (0.5 ml) were taken at time points 0, 1, 2, 3and 4
hr from both sides of the cell monolayer. Ginsenoside solution and HBSS media was added
to donor or receiver side immediately to compensate for sampling volume lost. The pH of
HBSS in both the apical and basolateral side was 7.4. A volume of 125 pl of an internal
standard (1 uM formononetin in 100% acetonitrile) was added to the samples right after
sampling. Caco-2 samples were blown dried by purified air and reconstituted with 200 pl of
100% methanol for UPLC-MS/MS analysis.

The apparent unidirectional permeability, from apical to basolateral side (P,_p), was
obtained according to the following equation (Eq.1):

ac |4

ap="gr x SCy (1)

where % is the rate of concentration change in the receiver chamber (equals to the slope of
the regression line derived for the amount transported vs. time profile), V is the chamber
volume (2.5 ml), S is the surface area of the monolayer (4.65 cm?), and Cq is the initial
concentration in the donor side. Permeability from apical to basolateral side (P,_p) was
calculated according to the above equation.

Oral pharmacokinetic dosing studies using Rbq in A/J mice

The study was approved by the Institutional Animal Care and Use Committee at the
University of Houston. Male A/J mice (20-25 g) were purchased from Harlan Laboratory
(Indianapolis, IN) at 6-8 weeks of age. They were housed individually in an
environmentally controlled room (temperature: 25 + 2°C, humidity: 50 £ 5%, 12-hr light-
dark cycle) for one week before the experiments. Drinking water and diet were supplied ad
libitum. The body weight of mice was measured every other day for the duration of the
study.

Ginsenoside Rb1 dispersed in oral suspending vehicle was given by oral gavage to 4 A/J
mice at a dose of 20 mg/kg. Blood samples (20-25 pl per sample) for each mouse were
collected in heparinized tubes at 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12 and 24 hr by snipping the tail
and stored at —20°C until analysis. The internal standard solution (200 pl of 1 uM
formononetin in methanol) was added to each 20 pl aliquot of blood. The samples were
vortexed for 30 sec and centrifuged at 15, 000 rpm for 15 min. The supernatant was blown
dried by purified air and reconstituted in 100 pl of 100% methanol, and 10 ul of the sample
was injected into the UPLC-MS/MS for analysis.
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Hydrolysis of ginsenosides in fecal lysate

Fecal lysate preparation—Feces of nine A/J mice were collected and stored at —80°C
until use. Feces (500 mg) were mixed with 5 ml ice-cold 0.1 mM phosphate buffer solution
or PBS (pH 7.4) and vortexed for 5 sec followed by centrifugation at 1,000 rpm and 4°C for
15 min. The pellet was further washed twice using 0.1 mM PBS, followed by resuspension
in 10 ml ice-cold PBS, sonicated in ice water bath for 45 min and centrifuged at 15,000 rpm
and 4°C for 30 min. The supernatant was aliqoted and stored at —80°C. Protein
concentrations were determined by the BCA protein assay kit using bovine serum albumin
as the standard.

Stepwise metabolism of ginsenoside Rb1—Thawed fecal lysate (200 pl) was
transferred to disposable glass vials from VWR (Houston, TX) and diluted with ice-cold 0.1
mM PBS to 2 ml. Ginsenoside Rb1 was added to the samples to a final concentration of 45
UM. The mixture was incubated at 37°C and 120 rpm in an orbital shaker from Thermo
Scientific (Asheville, NC) for 24 hr. Samples (100 pl) were collected with low adhesion
surface tips from VWR (Houston, TX) to minimize binding to the micro-centrifuge tubes
from Corning (Pittston, PA) at 0, 0.5, 1, 2, 4, 8, 12 and 24 hr. The reaction was stopped with
the addition of 500 pl of 2.5 uM testosterone (internal standard) in 100% acetonitrile. The
samples were vortexed for 15 sec and centrifuged at 15,000 rpm for 15 min. A 540 pl
portion of supernatant was air dried and reconstituted with 100 ul of 30% acetonitrile, and
10 pl of the sample was injected into the UPLC for analysis. The experiments were
performed in triplicate.

Determination of the rate-limiting step in stepwise metabolism of
ginsenosides—Fecal lysate protein concentration, incubation conditions, and sampling
time were optimized to ensure less than 30% of the metabolite would appear such that the
calculated metabolic rate closely approximates the initial rate. Ginsenosides Rb1, Rd and F2
and C-K were added to the diluted fecal lysate described in previous section, making the
final substrate concentration of 20 or 5 uM. The sample processing procedures were
performed as described above, in triplicates. Amounts of metabolite formed were
determined by UPLC and protein concentrations were determined using BCA protein assay.
The appearance rates of Rb1, Rd, F2, and C-K were normalized by protein concentration
and reaction time. Recovery of total ginsenosides was determined to ascertain that the mass
balance fell in the range of 80% to 120% (i.e., no other metabolites were present in
significant quantities)

Quantitation of ginsenosides in biological matrices—For Caco-2 and mouse blood
samples, a UPLC/MS-MS method was used to quantify ginsenosides. The LC conditions for
the analysis were the same as those for the quantitation of ginsenoside Rh2 (41). A triple
quadruple mass spectrometer (API 3200 Qtrap, Applied Biosystems, Foster City, CA) was
used to perform the analysis of the eluent from the UPLC. The ion spray voltage and ion
source temperature were set to 5500 kV and 600°C, respectively. Nebulizer gas, turbo gas,
and curtain gas were optimized to 40, 40, and 20 psi, respectively. Multiple reactions
monitoring (MRM) mode was used to monitor ginsenoside Rb1, Rd, F2, C-K and
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formononetin (internal standard). The compound dependent parameters were listed in Table
1.

Processed samples were injected into an Acquity UPLC BEH C18 column (50 mmx2.1 mm,
1.7 um, Waters, Milford, MA) and run for 6.5 min with a flow rate of 0.5 ml/min. The
elution gradient was as follows: initial, 80% A (100% water) and 20% B (100%
acetonitrile), 0-0.5 min, 20% B, 0.5-1 min, 20-35% B, 1-2 min, 35% B, 2-3 min, 35-50%
B, 3-4 min, 50% B, 4-4.5 min, 50-75%, 4.5-5 min, 75-90% B, 5-5.2 min, 90-100% B;
5.2—6 min 100% B, 6-6.5 min 100-20% B. UPLC analysis was performed on a Acquity
UPLC (Waters, Milford, MA) with photodiode-arrayed (PDA) detector. Quantitation was
performed at 200 nm wavelength. The column temperature and sample temperature were set
to 45°C and 20°C, respectively. The injection volume was 10 pl. The chromatograph and
UV spectrum of Rb1, Rd, F2, C-K, and testosterone are shown in Supplemental Figure 1.

The standard curves for Rb1 and Rd in fecal lysate were linear in the concentration range of
0.39 — 50 pg/ml with correlation coefficient values >0.999. The lower limit of quantification
(LLOQ) was 0.39 pg/ml for both Rb1 and Rd. The standard curves for F2 were linear in low
concentration range of 0.306 — 4.9 ug/ml and in high concentration range of 4.9 — 39.2
pg/ml. As for C-K, standard curves were linear in low concentration range of 0.243 — 3.89
pg/ml and in high concentration range of 3.89 — 31.1 pug/ml. The correlation coefficient
values were 0.9994, 0.9937 for F2 and 0.9999, 0.9916 for C-K, respectively. The LLOQ was
0.306 pg/ml and 0.243 pg/ml for F2 and C-K, respectively. Intra-day and Inter-day precision
and accuracy were well within the 15% acceptance range for all quality control (QC)
samples at three concentrations levels in fecal lysate (Supplemental Table 1). The mean
extraction recoveries determined using three replicates of QC samples at three concentration
levels in fecal lysate fell in the range of 51.4% to 98.1% (Supplemental Table 1). The
stability of 20 uM Rb1, Rd, F2, and C-K in PBS (37°C, 4 hr), A/J mouse liver, small
intestine, and colon S9 (37°C, 24 hr), the long term stability of glycosidases in fecal lysate
(-80°C, 1 month), and three cycles of freeze-thaw effect were evaluated in triplicates. All
the samples displayed 90-120% recoveries in the stability tests (Supplemental Fig. 2).

Pyrosequencing of gut microbiome using 16s rRNA

Fecal samples (500 pl) were homogenized in 1.5 ml of Fecal Bead Solution (MoBio,
Carlsbad, CA), centrifuged for 5 min at 2000x g, and 500 pl supernatant was transferred to
PowerBead Tubes (MoBio, Carlsbad, CA). Samples were heated for 10 min at 65°C and
95°C to aid bacterial lysis. Genomic DNA was isolated using PowerSoil DNA Isolation Kit
purchased from MoBio Laboratories (Carlsbad, CA) starting at step 2 of the manufacturer’s
protocol. DNA concentration and purity was determined by spectrometry on the NanoDrop
ND-2000 (Thermo Scientific). Variable regions 3 to 5 (V3-V5) of the 16S rRNA gene were
amplified using barcoded primers 357F (CTGCTGCCTCCCGTAGG) and 926R
(CCGTCAATTCMTTTRAGT). Polymerase chain reaction (PCR) (total volume 20 pl)
contained AccuPrime PCR Buffer 11 (Invitrogen, Carlsbad, CA), AccuPrime Tag DNA
Polymerase High Fidelity (Invitrogen, Carlsbad, CA), 4 nM barcoded primers, and 2 ul of
template DNA. PCR was performed on Mastercycler ep gradient S (Eppendorf, Hamburg,
Germany) with the following cycling conditions: 2 min at 95°C and 30 cycles of 20 sec at
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95°C, 30 sec at 50°C, and 5 min at 72°C. DNA concentration of PCR products was
determine by PicoGreen (Invitrogen, Carlsbad, CA) and on an Agilent Bioanalyzer 2100
DNA 1000 chip (Agilent Technologies, Santa Clara, CA). Pyrosequencing was performed
on Roche 454 FLX Titanium platform (Branford, CT) according to the manufacturer’s
instructions.

Sequences were pre-processed using Mothur (42). Reads were removed from subsequent
analysis if they had a quality score of <35 over a 50 bp window, contained ambiguous bases
or homopolymer repeats of >8 bp, had >1 bp mismatch from the barcode sequence, or had
>2 bp mismatch from the primer sequence. Sequences were binned based on barcode
followed by trimming of the barcode and primer sequences. Sequences were analyzed using
the CloVR 16S pipeline (43).

Statistical analysis

3. Results

The data in this paper are presented as mean + SD, if not specified otherwise. For enzyme
function studies, significance is assessed by one way ANOVA and Student’s-test. A p-value
of < 0.05 was considered statistically significant. Relative abundance and mean relative
abundance were determined for each taxa found in the microbial communities.

Anti-proliferation activities of ginsenosides

We determined the anti-proliferative activities of related primary and secondary
ginsenosides in LM1 cells, a metastatic lung cancer cell line derived from the A/J mouse
(44). While primary ginsenosides are well represented in RGE, secondary ginsenosides are
derived from the primary ginsenosides by the metabolic action of glycosidases (Fig.1). The
MTT assay showed that secondary ginsenosides, but not primary ginsenosides, significantly
inhibit proliferation of LM1 cells (Fig. 2). No anti-proliferation activity was observed for
RGE, where the major species are primary ginsenosides. The 1Csq value of ginsenoside F2
was more than 100 pg/ml in the LML cell line, while the activity of C-K was the highest
among the tested ginsenosides, with a 1Csq value of approximately 13 pug/ml. These results
show that the anti-proliferation activities of ginsenosides may be closely correlated to the
number of sugars attached.

Transcellular transport of ginsenosides across Caco-2 cell monolayers

We determined the permeability of ginsenosides Rb1, Rd, F2, and C-K in Caco-2 cell
monolayers, a model employed to mimic human intestinal absorption characteristics (45,
46). Transport of 10 uM Rb1 and Rd, 2 uM F2 and C-K from apical side to basolateral side
(A-B) in Caco-2 cells were studied at pH 7.4. The results from Figure 3 show that the
permeability of ginsenosides Rb1, Rd and F2 were less than 1 x 1078 cm/sec (corresponding
to incomplete absorption in humans(46), indicating that ginsenosides with more than one
glucose were poorly permeable. Whereas ginsenoside C-K, with only one glucose attached,
exhibited moderate permeability (Papp between 1 %1078 cm/s and 10 x1076 cm/s,
corresponding to good absorption in humans(46). This pattern of distinctive permeabilities
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between primary and second ginsenosides was similar to the correlation of ginsenoside anti-
proliferation activity and the number of sugar moieties.

Oral pharmacokinetics of Rb1 in A/J mice

The plasma concentrations of ginsenoside Rb1 and its metabolites in A/J mice were
determined following oral administration of Rb1 at 20 mg/kg. The results from Figure 4
show that significant amounts of secondary ginsenosides F2 and C-K were observed in
blood, reaching peak concentrations higher than 1 uM. A/J mouse liver, small intestine, and
colon S9 fraction (which contains epithelium-derived enzymes) did not hydrolyze Rb1
(Supplemental Fig. 2). This is consistent with the fact that B-glucosidases are responsible for
hydrolysis of ginsenosides Rb1 and none of the 3-glucosidases identified so far are from
mammalian cells (23-26). Therefore, the presence of secondary ginsenosides F2 and C-K
were attributed to the action of bacterial glycosidases in the intestinal microbiome.

Stepwise metabolism of ginsenoside Rb1

An in vitro hydrolysis study of ginsenoside Rb1 by A/J mouse fecal lysate was performed to
correlate with the pharmacokinetic profiles seen in Figure 4. Primary ginsenoside Rb1 was
hydrolyzed to ginsenoside Rd, as indicated by the rapid disappearance of Rb1 and
appearance of Rd within 1 hr, while F2 and C-K were rarely found at this time point (Fig.5).
Concentration of Rd plateaued around 2 hr and then began to drop. However, Rd’s
metabolite F2 accumulated only slightly during the course of incubation, suggesting that the
formation of F2 from Rd was the slowest step. C-K’s concentration paralleled F2
concentration initially but increased significantly after 8 hr, compensating for the dramatic
loss of Rd. Also, this pattern of hydrolysis indicated that the formation of C-K from F2 was
rapid. Taken together, primary ginsenoside Rb1 was hydrolyzed stepwise to Rd, F2 and
finally C-K as shown in Figure 1.

Rate-limiting step in Rbq stepwise hydrolysis

Metabolite formation rates of ginsenosides normalized for protein concentration are
presented in Fig. 6. The hydrolysis rates of Rb1 to Rd, Rd to F2, and F, to C-K were 1.13 £
0.04, 0.09 + 0.003, 1.36 + 0.27 nmol/min/mg at 20 uM concentration, and 0.60 + 0.01, 0.09
+0.01, 0.52 = 0.01nmol/min/mg at 5 pM concentration, respectively. The hydrolysis rate of
Rd to F2 was approximately 11 fold and 14 fold lower than the formation of Rd and C-K
(from their corresponding substrate) at 20 uM, respectively. At 5 uM concentration, a
similar hydrolysis pattern was observed. The formation rate of F2 was around 5 fold less
than the formation of Rd or C-K. Formation of aglycone protopanaxadiol (PPD) from C-K
was not observed during incubation, which could be attributed to the low solubility of the
aglycone (data not shown). However, the amount of aglycone formed must be small, since
the recovery was within 80-110% at two concentrations.

Membership and relative abundance of the A/J mouse intestinal microbiota

Presence of bacteria capable of ginsenoside hydrolysis, we performed 16S rRNA gene
pyrosequencing to determine membership and relative abundance of the A/J mouse
intestinal microbiota and identify bacterial species capable of hydrolyzing ginsenosides.
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Relative abundance at the family level of 9 A/J mice demonstrates the low inter-animal
variability of the intestinal microbiome (Figure 7a). The mean relative abundance in Figure
7b demonstrates that 5 major families (“Lachnopiraceae”, “Ruminococcaceae”,
Bacteroidaceae, Porphyromonadaceae, and Prevotellaceae) comprise approximately 80
percent of the A/J mouse intestinal microbiota. An additional 15 minor families account for
10% of the intestinal microbiome.

4. Discussion

RGE shows promise in preventing lung cancer (6). However, the ginsenosides responsible
for the activity of RGE are poorly defined as primary ginsenosides are inactive (Fig.2). In
this study, we systematically investigate the role of intestinal microbiome in activating
primary ginsenosides in RGE using A/J mouse fecal lysate. To our knowledge, this is the
first comprehensive study demonstrating the formation of ginsenoside F2 from Rd is the rate
limiting step in ginsenoside Rb1 stepwise hydrolysis in a mouse intestinal microbiota.
Furthermore, we have begun identifying the intestinal bacteria potentially responsible for
this pattern of stepwise hydrolysis, which should facilitate future studies of this type.

Our results showed that secondary ginsenosides exhibited high anti-proliferation potency in
LM1 cells, while primary ginsenosides and RGE did not possess this activity (Fig.2). In
addition, secondary ginsenosides exhibited better intestinal permeability in the Caco-2 cell
monolayers (Fig.3). In contrast to their higher activity and better permeability, secondary
ginsenosides are normally present in very low abundance in RGE (less than 1%). To explain
this apparent discrepancy, we performed a hydrolysis study of primary ginsenoside Rb1
using A/J mouse fecal lysate, since A/J mice were used to demonstrate the efficacy of RGE
invivo (6). Ginsenoside hydrolyzing enzymes are f-glucosidase, -xylosidase, a-L-
arabinofurano-sidase, and a-L-rhamnosidase since the sugars attached to ginsenosides are
glucose, L-arabinopyranoside, L-arabinofuranoside, D-xylose, and/or L-rhamnose (23).
Mammalian cells do not express these enzymes (24—-26), which is consistent with our result
that ginsenoside Rb1 was stable in freshly prepared A/J mouse liver, small intestine, and
colon S9 fraction(Supplemental Fig. 2). The results of in vivo pharmacokinetic study of
ginsenoside Rb1 validated the concept that microbial hydrolysis of primary ginsenosides to
bioactive secondary ginsenoside were occurring in vivo, since oral administration of Rb1
resulted in clear blood level of C-K (Fig. 4). Therefore, the efficacy of RGE demonstrated
previously in A/J mice is largely explained by enzymatic activity of the intestinal
microbiota.

The peak concentration of C-K in vivo (1.5 pM in Fig. 4) following Rb1 oral administration
at 20 mg/kg is around 7% of its in vitro 1Csq value (13 pg/ml in Fig. 2, equivalent to 20.9
UM, MW is 622 g/mol) in LM1 cells. Yang et. al. also reported that the peak concentration
of C-K could reach as high as 1 uM following oral administration of C-K at 10 mg/kg in
FVB mice (47). C-K’s concentration in vivo is expected to increase more than proportion at
higher doses since it is a substrate of P-gp and it serves as a P-gp inhibitor itself (47).
Therefore, it is possible to enhance the efficacy of RGE by increasing the bioavailability of
C-K.
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To enhance the therapeutic efficacy of RGE, recent investigations focused on maximizing
the production of active ginsenosides by microorganisms (29, 30, 32, 33). However, these
microorganisms may not be present in the intestinal microbiome, rendering these results less
physiologically relevant. Furthermore, two key questions need to be addressed before trying
to enhance the efficacy of RGE: (1) what is the rate limiting step of RGE hydrolysis and (2)
which bacterial B-glucosidases catalyze this reaction. In a sequential reaction system, the
rate-limiting step is defined as the slowest step. Here, we determined the metabolite
formation rates in an in vitro hydrolysis assay by optimizing protein concentration,
incubation time, and sampling time such that only one metabolite would be detected.
Formation of ginsenoside F2 from Rd was found to be the rate-limiting step. It has been
reported that Rb1 can be metabolized to Rh2, Rg3, C-K and gypenoside LXXV by different
microorganisms (48), and the results of our study indicated that we should pay attention to
the conversion to C-K and especially the formation of F2 in mice The intestinal microbiome
structure is provided here because this activity may change in different labs and animal
models, due to differences in species, food, and etc. Hence, the publication of our
microbiome structure allows others to compare their results with our results. Taken together,
the formation rate of ginsenoside F2 would likely determine the rate and extent of active
ginsenoside production and hence greatly impacts the efficacy of RGE. Future studies are
ongoing to identify specific bacterial B-glucosidases hydrolyzing ginsenoside Rd to F2.

A viable approach to enhance therapeutic efficacy of RGE is the manipulation of bacterial -
glucosidases responsible for ginsenoside F2 formation. Recent studies have shown that the
abundance of Lactobacillus and Bifidobacteria as well as activities of f-glucosidase(s) can
be significantly increased by probiotic intervention (49-51). Since members of these genera
have been frequently used as probiotics and are known to produce p-glucosidases (49), an
appropriately designed regimen combining probiotic intervention and RGE administration
may serve as a novel approach for the chemoprevention of lung cancer.

In this study, we demonstrated the metabolic pathway of ginsenoside Rb1 and the rate
limiting reaction of the stepwise hydrolysis of RGE in A/J mouse fecal lysates. However,
different metabolic pathways have been reported using various individual microorganisms
(30, 31, 52-55) with unknown in vivo relevance. Therefore, it is imperative to characterize
the intestinal microbiome of relevant mouse models for pre-clinical studies involving RGE
and other compounds. Here, we characterized the A/J mouse intestinal microbiome (Fig. 7)
to aid future studies comparing changes in the microbiome and its effect on conversion of
ginsenosides.

The interest in this mouse model stems from its application as a pre-clinical model to
determine the efficacy of RGE as a chemopreventive agent against lung cancer. Moreover,
the mouse intestinal microbiome resembles that of the human microbiome in terms of taxa
present (56). Of the 5 families that comprise over 80% of the mean relative abundance of the
A/J mouse intestinal microbiome (Figure 7b), Bacteroidaceae and Prevotellaceae contain
species capable of hydrolyzing ginsenosides present in RGE (35, 57). Lactobacillaceae, less
than 1% of the A/J mouse intestinal microbiome, also contains Lactobacillus species with
ginsenoside hydrolysis activity (57). Additionally, several Lactobacillus species have been
identified as generally-recognized-as-safe (GRAS) food microorganisms by the US FDA
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(ref, http://lwww.fda.gov/Food/FoodIngredientsPackaging/ucm078956.htm). Identification
of GRAS microorganism would be highly desirable for use as probiotics to be administered
to humans in conjunction with RGE to enhance the production of active secondary
ginsenosides, thereby improving efficacy.

5. Conclusion

In summary, we have demonstrated that in vivo conversion of primary ginsenosides in RGE
to the secondary and bioactive ginsenoside C-K was only mediated by microbial
glycosidases. The formation of F2 from Rd was found, for the first time, to be the rate-
limiting step in the biotransformation of Rb1 to C-K. The intestinal microbiome of the A/J
mouse capable of producing C-K was characterized preliminary, which formed the basis for
future studies of how changes in intestinal microbiome will impact bioactivities of RGE in
Vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by a grant from the National Institutes of Health [AT-005522] to Ming Hu at University
of Houston, Ming You at Medical College of Wisconsin and Zhi-hong Jiang at Hong Kong Baptist University.

Abbreviations

C-K ginsenoside compound K
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The proposed metabolic pathway for production of active ginsenoside C-K in A/J mouse

fecal lysate. The superscript denotes the position of the hydroxyl group attached to the
adjacent glucose.
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Figure 2.

Anti-proliferation activity of ginsenosides Rb1, Rd, F2, C-K, and RGE in the lung cancer

LMZ1 cell line. 5-fluorouracil was used as the positive control and 1% DMSO was used as
the negative control. The concentration range of tested agents was 0.46-110.80 ug/ml for

Rb1, 0.39-94.6 pg/ml for Rd, 0.32-78.4 pg/ml for F2, 0.26-62.2 ug/ml for C-K, 2.06-500
ug/ml for RGE and 0.041-10 ug/ml for 5-fluorouracil, respectively.
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Figure 3.
Transcellular transport of ginsenosides Rb1, Rd, F2, and C-K from apical side to basolateral

side in Caco-2 cell monolayers. Data are presented as mean + S.D.; n=3.
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Pharmacokinetic profiles of Rb1 and its metabolites F2 and C-K following Rb1 oral
administration (20mg/kg) in male A/J mice. Data are presented as mean + S.D.; n=4.
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Figure 5.

Metabolic profile of ginsenoside Rb1 (45 pM) in A/J mouse fecal lysate. Mass balance
stands for the total amount of ginsenosides recovered. Data are presented as mean = S.D.;
n=3.
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Figure 6.

Stepwise metabolite formation rates of ginsenosides Rb1, Rd, and F2 in A/J mouse fecal
matrix. Data are presented as mean + S.D.; n=3. With 20 or 5uM ginsenosides as substrates,
fecal lysates were incubated for 30 min. Metabolite formation rates were calculated as the
metabolite concentration divided by protein concentration of the fecal lysate and reaction
time. The “*” symbol indicated p<0.05, analyzed by one-way ANOVA and Student’s t-test.
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Figure 7.

Relative abundance of families in the A/J mouse intestinal microbiome. A: Relative
abundance for individual mice at the family level. B: Mean relative abundance of families in
the intestinal microbiome of 9 mice. C: Mean relative abundance after the 5 most abundant
families are removed. The “*” symbol denotes families containing species capable of
hydrolyzing ginsenosides.
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