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ABSTRACT:

Ginsenosides are hydrolyzed extensively by gut microflora after
oral administration, and their metabolites are pharmacologically
active against lung cancer cells. In this study, we measured the
metabolism of various ginsenosides by gut microflora and deter-
mined the mechanisms responsible for the observed pharmacoki-
netic behaviors of its active metabolite, Compound K (C-K). The
results showed that biotransformation into C-K is the major met-
abolic pathway of ginsenosides after the oral administration of the
red ginseng extract containing both protopanaxadiol and protopa-
naxatriol ginsenosides. Pharmacokinetic studies in normal mice
showed that C-K exhibited low oral bioavailability. To define the
mechanisms responsible for this low bioavailability, two P-glyco-
protein (P-gp) inhibitors, verapamil and cyclosporine A, were used,

and their presence substantially decreased C-K’s efflux ratio in
Caco-2 cells (from 26.6 to <3) and significantly increased intracel-
lular concentrations (by as much as 40-fold). Similar results were
obtained when transcellular transport of C-K was determined us-
ing multidrug resistance 1 (MDR1)-overexpressing Madin-Darby
canine kidney II cells. In MDR1a/b(�/�) FVB mice, its plasma Cmax

and AUC0–24h were increased substantially by 4.0- and 11.7-fold,
respectively. These increases appear to be due to slower elimina-
tion and faster absorption of C-K in MDR1a/b(�/�) mice. In con-
clusion, C-K is the major active metabolite of ginsenosides after
microflora hydrolysis of primary ginsenosides in the red ginseng
extract, and inhibition/deficiency of P-gp can lead to large en-
hancement of its absorption and bioavailability.

Introduction

Ginsenosides, the dammarane-type triterpene saponins, have been
found to be the major components responsible for ginseng’s pharma-
cological activity, especially for the chemoprevention and inhibition
of lung cancer. A major barrier to extending the clinical use of ginseng
or ginsenosides is their low oral bioavailabilities, usually �5% in
rodents (Xu et al., 2003; Qian et al., 2005; Joo et al., 2010). Low oral
bioavailability may cause large variations in systemic exposure during
clinical trials, which may lead to ambiguous results in the trials unless
an extraordinarily large number of patients are enrolled. The latter is
often too expensive to conduct. The low oral bioavailability of gin-
senosides was attributed previously to their poor oral absorption,

which is caused by a large molecular weight and bulky sugar moieties
(Liu et al., 2009).

Compound K (C-K) (Fig. 1) is one of the extensively investigated
ginsenosides that has displayed potent chemoprevention and antican-
cer activities in various cancer cell lines. Although C-K is of low
abundance in raw ginseng or red ginseng extract, previous studies
indicated that it could be the major metabolite after the oral admin-
istration of pure protopanaxadiol (PPD-type) ginsenosides (Akao et
al., 1998a; Bae et al., 2000; Yoo et al., 2011). Earlier publications on
ginsenoside metabolism by gut microflora usually used either pure
20-(S)-protopanaxadiol (PPD) or 20-(S)-protopanaxatriol (PPT) type
ginsenosides (Akao et al., 1998a, 1998b; Tawab et al., 2003; Bae et
al., 2005). However, the red ginseng extract containing both series
(instead of individual ginsenosides) was usually the agent used for
chemoprevention, because large quantities of purified ginsenosides
are too costly for long-term use. Considering the complexity of
ginseng extract, its metabolism profile may be different from that of
single ginsenosides. Therefore, a better understanding of the metab-
olism of both PPD and PPT ginsenosides by gut microflora is neces-
sary to monitor the disposition of ginsenoside by gut microflora.
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Despite the demonstration of the in vivo biotransformation of
ginsenosides to C-K, C-K itself was reported to have low oral bio-
availability (�5%) in rats (Lee et al., 2006; Paek et al., 2006). The
absorption mechanism of C-K is generally considered to be passive
diffusion, because one study showed that there was no difference
between bidirectional transports in Caco-2 cells (Liu et al., 2009).
However, there is evidence that C-K could reverse multidrug
resistance in tumor cells (Hasegawa et al., 1994). In addition, our
previous study on Rh2s, a ginsenoside analog with glucose at-
tached to the C3 position and the same molecular weight and log
P value as C-K, indicates that Rh2 underwent strong P-glycopro-
tein (P-gp)-mediated efflux both in vitro and in vivo (Yang et al.,
2011).

P-gp is one of the most prevalent efflux transporters (Aller et al.,
2009; Chen et al., 2011) and plays an important role in limiting the
intestinal absorption of many compounds that are its substrates
(Kusuhara and Sugiyama, 2002; del Amo et al., 2009). Inhibition
of P-gp leads to the improvement of oral bioavailability of several
anticancer drugs (Meerum Terwogt et al., 1998; Kemper et al.,
2004; van Waterschoot et al., 2009), including ginsenoside Rh2
(Yang et al., 2011). A better understanding of P-gp involvement in
the transport of ginsenosides and a more quantitative measurement
with regard to if and how P-gp affects their bioavailabilities and
potential drug-drug interactions are important for the development
of ginsenosides as chemopreventive agents, because these studies
are recommended by the Food and Drug Administration in recently
published Drug-Drug Interaction Guidance (February, 2012,
www.fda.gov).

In this study, we first investigated the metabolism of various
ginsenosides present in a red ginseng extract in gut microflora and
identified the major component after biotransformation by the micro-
flora. We continued our efforts by determining the absorption mech-
anism of its major metabolite C-K to better understand the underlying
mechanism responsible for its low oral bioavailability. Therefore, the
aims of this study were as follows: 1) to delineate the dominant
metabolism pathway of ginsenosides in gut bacteria lysate; and 2) to
systemically investigate mechanisms responsible for the poor absorp-
tion of the active component, C-K, by elucidating which efflux
transporter was mainly responsible for the efflux of C-K using a
complementary set of in vitro and in vivo models.

Materials and Methods

Chemicals and Reagents. Ginsenosides Rb1 (purity �98%) was purchased
from the National Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China); Rb2, Rc, Rd, 20-(S)-Rg3, 20-(R)-Rg3, 20-(S)-Rh2,
and 20-(R)-Rh2 (each purity �98%) were purchased from Scholarbio-Tech
(Chengdu, China). C-K and F2 (each purity �98%) were purchased from Must
Bio-technology Co. Ltd. (Chengdu, China). Red ginseng extract was prepared
by extracting red ginseng with water three times, and then the water extracts
were concentrated and finally dried to powder (red ginseng extract) under low
temperature. Rk1/Rg5 mixture (total purity �90%) was purified from pro-
cessed red ginseng extract by silicon column chromatography and identified
using high-resolution mass spectrometry (MS). All of the other chemicals were
of analytical grade and used as received.

Cells. Cloned Caco-2 cells (TC7) cells were cultured as described previ-
ously (Hu et al., 1999). The lung carcinoma LM1 cell line was provided by Dr.
Ming You’s laboratory at the Medical College of Wisconsin. Parental Madin-
Darby canine kidney II (MDCKII) and multidrug resistance 1 (MDR1)-
MDCKII cells were provided by the Netherlands Cancer Institute (Amsterdam,
The Netherlands). The inserts were purchased from Corning Life Sciences
(Lowell, MA). Digoxin, cyclosporine A, verapamil, and Hanks’ balanced salt
solution (HBSS) (powder form) were purchased from Sigma-Aldrich (St.
Louis, MO). Oral suspension vehicle was obtained from Professional Com-
pounding Centers of America (Houston, TX). The bicinchoninic acid (BCA)
protein assay kit was purchased from Thermo Fisher Scientific (Waltham,
MA). All of the other materials (typically analytical grade or better) were used
as received.

Animals. Male FVB and A/J mice (6–10 weeks of age) were purchased
from Harlan (Indianapolis, IN). Male MDR1a/b knockout mice (6–10 weeks
of age) were purchased from Taconic Farms (Germantown, NY). They were
acclimated in an environmentally controlled room (temperature 25 � 2°C,
humidity 50 � 5%, 12-h dark/light cycle) for at least 1 week before the
experiments. The mice were fed with rodent diet (LabDiet 5001, www.labdiet.com)
and fasted overnight before starting the pharmacokinetic studies.

Cell Culture. The Caco-2 cell culture has been maintained routinely in this
laboratory over the last two decades (Hu and Borchardt, 1990, 1992). The
culture conditions for growing Caco-2 cells were the same as those described
previously (Yang et al., 2010). The transendothelial electrical resistance value
�445 �/cm2 was used as a quality control to test the tightness of the tight
junction in Caco-2 cells. Parental MDCKII and MDR1-MDCKII cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 1% nonessential amino acids, 100 U/ml penicillin, and genta-
micin. The expression levels of MDR1 in MDR1-MDCKII cells were moni-
tored by Western blot analyses. LM1 is a metastatic cell line derived from A/J
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FIG. 1. Chemical structures of ginsen-
osides of the PPD or PPT series. Glu, �-D-
glucose; Arap, �-L-arabinose (pyranose);
Araf, �-L-arabinose (furanose); Rha, �-L-
rhamnose. These structures are shown here
because their concentrations appear to have
changed during the incubation of the red
ginseng extract with microflora.
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mice (Zhang et al., 2003), which is the strain used for lung cancer carcino-
genesis and chemoprevention studies (Yan et al., 2007). LM1 cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, 2 mM glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin, and 1%
nonessential amino acids. LM1 cells were seeded at 5 � 103 cells per well
(96-well plate). LM1 cells were fed every day, and cells were ready for use 2
to 3 days after seeding.

Hydrolysis of Ginsenosides by Glycosidases Prepared from Mouse Gut
Microflora. Fresh feces were collected using the A/J mice. One part of
feces was mixed with 10 parts (volumes) of 0.1 mM ice-cold potassium
phosphate buffer. They were vortexed for 30 s and sonicated in an ice-cold
water bath for 30 min. The suspension was subjected to centrifugation at
1000 rpm and 4°C for 30 min. The final supernatant of the fecal homog-
enate was stored in aliquots at �80°C until use. Protein concentrations
were determined by the BCA protein assay kit, using bovine serum albumin
as the protein standard.

Frozen fecal homogenate was thawed, and 200 �l was added to the dispos-
able glass vials. The homogenate was diluted with ice-cold potassium phos-
phate buffer to 2 ml. Red ginseng extract then was added to make the final
concentration 1 mg/ml, and the study was performed in triplicate. The mixture
was incubated at 37°C and shaken at 120 rpm for 24 h. Samples (100 �l) were
taken at 0, 4, and 24 h, and the reaction was stopped with the addition of 500
�l of 2.5 �M testosterone (internal standard) in 100% acetonitrile. After
centrifugation, 10 �l of the supernatant solution was injected into the quad-
rupole time-of-flight (TOF) mass spectrometer for analysis.

Transcellular Transport Study. The transcellular transport study was
performed as described previously, and the permeabilities from the apical to
basolateral side (Pa-b) and the basolateral to apical side (Pb-a) were calculated
based on the method we described previously (Yang et al., 2011). In brief, 2.5

ml of C-K solution was loaded onto one side of the cell monolayer, and 2.5 ml
of blank HBSS was loaded onto the other side. Five sequential samples (0.5
ml) were taken at different times (0, 1, 2, 3, and 4 h) from both sides of the cell
monolayer. The same volumes of C-K solution and receiver medium (fresh
HBSS) were added immediately to replace the volume lost as the result of
sampling. The pH values of HBSS on both the apical and the basolateral sides
were 7.4.

Intracellular concentrations of C-K were determined at the end of a transport
study. The protocol for determining C-K’s intracellular amounts in the cells
was the same as that described previously (Yang et al., 2011). The protein
concentration of the cell lysate was measured using the BCA protein assay kit.

Pharmacokinetic Studies of C-K in Wild-Type and MDR1a/b(�/�)
FVB Mice. The animal protocols used in this study were approved by the
University of Houston’s Institutional Animal Care and Uses Committee. Phar-
macokinetic studies of C-K were performed in wild-type and MDR1a/b(�/�)
FVB mice to investigate the role of MDR1 or P-gp in limiting the bioavail-
ability of C-K. C-K dispersed in the oral suspending vehicle was given by
gavage to each group of mice at 10 mg/kg. The ingredients of the oral
suspending vehicle are shown in Supplemental Table 1. Each pharmacokinetic
study was performed using five mice, and 10 timed blood samples (20–25 �l)
were taken by snipping their tails after the mice were anesthetized with
isoflurane gas. The blood samples were collected in heparinized tubes and
stored at �20°C until analysis.

Qualitative Determination of Microflora-Generated Secondary Ginsen-
osides. An ACQUITY ultra-performance liquid chromatography (UPLC) sys-
tem (Waters, Milford, MA) coupled to a MicroTOF mass spectrometer
(Bruker, Newark, DE) with an electrospray ionization source was used to
qualitatively identify the metabolites of ginsenosides in gut microflora. Iden-
tification of ginsenosides and related metabolites was achieved by comparing
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FIG. 2. UPLC-TOF-MS chromatograms of ginsenosides present in the red ginseng extract incubated in gut bacteria collected from A/J mice at 0 (A), 4 (B), and 24 h (C),
blank fecal extraction without ginsenosides (4 h; D), and overlaid chromatograms of F2, C-K, Rg3r, and Rg3s at different time points where 0 h was marked as blue, 4 h
was marked as green, and 24 h was marked as red (E) (n � 3).
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the retention times with those of authentic compounds in combination with
accurate mass. The chromatography and MS parameters are shown in Supple-
mental Table 2.

Quantitative Determination of C-K. An API 3200 Qtrap triple-
quadrupole mass spectrometer (Applied Biosystems/MDS Sciex, Foster
City, CA) equipped with a TurboIonspray source, operated in a positive ion
mode, was used to quantitatively measure C-K in various matrices. The
quantification was performed using multiple reaction monitoring mode
with 645.0/203.0 (m/z) for C-K and 269.2/197.1 (m/z) for formononetin
(internal standard). The other MS and UPLC parameters are shown in
Supplemental Table 3.

The standard curves of C-K were linear in the concentration range from 19.5
nM to 10 �M, and the lower limit of quantitation was 9.8 nM in mouse blood.
The intraday and interday precisions were within 15% for all of the quality
control samples at three concentration levels (2.5, 0.3125, and 0.039 �M). A
volume of 200 �l of methanol (containing 1 �M formononetin) was added to
a 20-�l aliquot of a mouse blood sample. The supernatant was evaporated to
dryness at 40°C under air and reconstituted in 100 �l of 100% methanol (v/v),
and a 10-�l portion of each sample was injected into the UPLC-MS/MS
system for analysis.

Pharmacokinetic Analysis. WinNonlin 3.3 (Pharsight Corporation, Moun-
tain View, CA) was used for C-K and F2 pharmacokinetic analysis. The
noncompartmental model was applied for the pharmacokinetic analysis of C-K
profiles. Pharmacokinetic parameters, including Cmax, Tmax, ke, half-life, mean
residence time (MRT), and AUC, were derived directly from WinNonlin.

Statistical Analysis. The data in this article are presented as mean � S.D.,
if not specified otherwise. Significant differences were assessed by using
Student’s t test or one-way analysis of variance. A p value of �0.05 was
considered statistically significant.

Results

Hydrolysis of Ginsenoside by Glycosidases Derived from Gut
Microflora Homogenate. After incubation with glycosidases pre-

pared from gut microflora, the concentrations of Rb1, Rb2, and Rc in
the red ginseng extract decreased with time (Fig. 2). Rc was hydro-
lyzed completely, whereas Rb1 and Rb2 were hydrolyzed �80%
(estimated from peak area) at 24 h (Fig. 2, A and C). As a result, they
were transformed into serial deglycosylated products, Rd, F2, and
C-K. Both F2 and C-K kept increasing at 4 and 24 h compared with
0 h, whereas Rd did not show any obvious change in terms of peak
area (Fig. 2, A–C), probably because it is the key intermediate of
hydrolysis. Blank fecal extraction did not interfere with ginsenoside
analytes in chromatography (Fig. 2D). In contrast, PPT-type ginsen-
osides (Re, Rg1, and Rg2) were not found to be metabolized during
the 24-h incubation period (Fig. 3). To better visualize metabolites
change with time, UPLC-TOF-MS chromatograms from different
time points were overlaid (Fig. 1E), and F2 and C-K kept increasing,
whereas both Rg3 and Rh2 decreased slightly with time (the peak of
Rh2 was not shown). The likely metabolic scheme of PPD-type
ginsenosides Rb1, Rb2, and Rc in the presence of PPT-type ginsen-
osides (as in the red ginseng extract) was proposed (Supplemental Fig.
1); however, it is noted that Rc may be converted to C-K via a
different metabolic pathway (Shin et al., 2003; Yoo et al., 2011).

Transcellular Transport of C-K across Caco-2 Cell Monolay-
ers. C-K was the major metabolite formed during the hydrolysis of red
ginseng extract by mouse fecal homogenate. C-K has been shown to
be active against multiple cancer cells (Chae et al., 2009; Kim et al.,
2010; Wang et al., 2012), including against LM1 cells (Supplemental
Fig. 2). Therefore, its absorption mechanisms were investigated fur-
ther to better understand the reasons for its low oral bioavailability.
The transcellular transport of digoxin was measured as the positive
control before the C-K transport study was performed using Caco-2
cell monolayers. The results showed that the transcellular transport of
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digoxin displayed a significant efflux ratio (21.0), and Pa-b was
1.48 � 10�6 cm/s, which was similar to our previous results (Yang et
al., 2011). In the presence of 20 �M cyclosporine A, the efflux ratio
of digoxin decreased from 21 to 1.2.

The results indicated that the transcellular transport of C-K (2 �M)
across the Caco-2 monolayers from the basolateral (B)-to-apical (A)
side (as measured by Pb-a) was significantly higher than the transport
from the A-to-B side (Fig. 4A), and the efflux ratios (Pb-a/Pa-b) were
26.6 (Table 1). Two P-gp inhibitors, 50 �M verapamil or 20 �M
cyclosporine A added to the apical side, were able to greatly inhibit
the efflux transport of C-K (Fig. 4, B and C), and the efflux ratios
were decreased to 2.9 (for verapamil) and 1.1 (for cyclosporine A),
respectively. In the presence of inhibitors, Pa-b was increased signif-
icantly by 2.9- and 2.8-fold, and Pb-a was decreased significantly by
3.1- and 8.5-fold after verapamil and cyclosporine A treatment, re-
spectively (Table 1). Consistent with the permeability results, two
P-gp inhibitors also significantly increased the intracellular accumu-
lation of C-K after treatment with 50 �M verapamil (from 0.01 to 0.50
nmol/mg) or 20 �M cyclosporine A (from 0.01 to 0.15 nmol/mg).

Transcellular Transport of C-K in MDR1-MDCKII Cells. Human
MDR1/P-gp-overexpressing MDCKII cells were used to confirm the
predominant role of P-gp in the transport of C-K. Before the transport
studies of C-K, 2 �M digoxin was used as a positive control in the

MDR1-MDCKII cell transport study. The efflux ratio of digoxin was
64.0 in MDR1-MDCKII cells, and Pa-b is 2.98 � 10�7 cm/s, showing
the normal expression of P-gp in MDR1-MDCKII cells.

The transport of C-K in parental MDCKII cells was used as a
negative control, because they have low expression of human P-gp.
As expected, the efflux ratio of C-K was much lower in parental
MDCKII cells (Fig. 4D) compared with that in MDR1-MDCKII cells
(Fig. 4E) at 2 �M (1.8 versus 18.2). However, Pa-b of C-K was
unexpectedly higher in MDR1-MDCKII cells (1.84 � 10�6 cm/s)
than that of parental MDCKII cells (0.58 � 10�6 cm/s), which may
be due to more effective tight junctions of MDCKII cell monolayers.
The recoveries of C-K were within 85 to 115% in Caco-2 cells and
both variants of MDCKII cells. The transport data also indicated a
possible delay for transcellular transport, which is not uncommon and
was reported in a previous publication (Hu et al., 1994). The intra-
cellular accumulations of C-K also were measured, and the results
showed that C-K accumulation was significantly higher (3.1-fold) in
parental MDCKII cells (0.27 nmol/mg) than that in MDR1-MDCKII
cells (0.08 nmol/mg; Table 1).

Effects of MDR1a/b Deletion on the Oral Bioavailabilities of C-K.
To investigate whether MDR1/P-gp has major effects on the oral
bioavailability of C-K, plasma profiles of C-K were compared be-
tween MDR1a/b (�/�) and wild-type FVB mice after oral dosing of

TABLE 1

Transcellular transport of C-K across monolayers of Caco-2, MDCKII, and MDR1-MDCKII cells in the absence or presence of P-gp inhibitors

Data are presented as mean � S.D. (n � 3). Pa-b refers to the permeability from the apical to basolateral side, and Pb-a refers to the permeability from the basolateral to apical side. The
values of permeability were compared between different directions, and intracellular amounts were compared to the control group. Data are the means � S.D. of three independent experiments.

Cell Model Inhibitor Inhibitor Concentration Pa-b Pb-a Efflux Ratio (Pb-a/Pa-b) Intracellular Amounts

�M �10�6 cm/s �10�6 cm/s nmol/mg

Caco-2 – – 1.16 � 0.33 30.96 � 4.31** 26.6 0.01 � 0
Verapamil 50 3.39 � 0.41 9.89 � 0.11* 2.9 0.50 � 0.01***
Cyclosporine A 20 3.30 � 0.67 3.62 � 0.22 1.1 0.15 � 0.01***

MDCKII – – 0.58 � 0.12 1.13 � 0.11* 1.8 0.27 � 0.03
MDR1-MDCKII – – 1.84 � 0.70 33.64 � 8.08** 18.2 0.08 � 0.01**

–, indicated no inhibitor.
*, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG. 4. Transcellular transport of 2 �M C-K across monolayers of Caco-2, parental MDCKII, and MDR1-MDCKII cells: A, C-K transport alone; B, C-K transport with
20 �M cyclosporine A; C, C-K transport with 50 �M verapamil; D, 2 �M C-K transport in parental MDCKII cells; E, 2 �M C-K transport in MDR1-MDCKII cells.
Transport from A to B is represented by E and that from B to A is represented by F. Data are presented as mean � S.D. (n � 3).
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C-K (10 mg/kg) (Fig. 5). A previous study showed that C-K exhibited
linear pharmacokinetics in terms of AUC, clearance, and volume of
distribution from 3 to 30 mg/kg (Lee et al., 2006); accordingly, the
current dose (10 mg/kg) is appropriate to reveal the role of P-gp in the
pharmacokinetics of C-K. In MDR1a/b(�/�) mice (on a FVB back-
ground), Tmax was prolonged significantly (from 2.8 � 0.84 to 5.6 �
2.19 h, p � 0.05) compared with that of wild-type FVB mice. More
importantly, plasma Cmax was increased significantly by 4.0-fold
(p � 0.05), and AUC0-t and AUC0-	 were increased significantly
(p � 0.001) by 11.7- and 23.5-fold, respectively, compared with those
of wild-type FVB mice (Table 2).

In MDR1a/b(�/�) mice, ke was decreased significantly (by 73%,
from 0.13 � 0.07 to 0.04 � 0.01 h�1, p � 0.05) compared with that
of wild-type FVB mice. As expected, t1/2 of C-K was increased
significantly (by 3.2-fold, from 5.87 � 3.04 to 18.68 � 6.84 h, p �
0.05). Consistently, MRT also was increased significantly from 7.8 h
(wild-type) to 30.8 h (knockout mice).

Discussion

This comprehensive study demonstrates unequivocally that C-K is a
solid substrate of P-gp and that P-gp mediates the efflux of C-K in vitro
and in vivo. Our results suggest that the inhibition of P-gp may represent
a good strategy to improve the bioavailability of C-K. Because C-K is an
active ginsenoside generated by intestinal microflora, its bioavailability
may serve as a major indicator of in vivo bioavailability of PPD-type
ginsenosides present in the red ginseng extract.

Our conclusion contradicts a previously published report that
suggests passive diffusion as the major absorption mechanism for
C-K, which was based on comparable bidirectional permeability
values in the Caco-2 cell culture model (Liu et al., 2009). The
discrepancy may due to the high substrate concentration (as much
as 50 �M) they used, which may not be soluble or could have
saturated the efflux process. Another major difference between the

two studies is that we used Caco-2 TC7 (cloned) cells, whereas Liu
et al. (2009) used wild-type Caco-2 cells. Published data indicated
similar expression levels of P-gp in these two cell lines (Raeissi et
al., 1999; Engman et al., 2001). Thus, we are not certain as to why
there is this discrepancy, but our earlier article showed that our
permeability results using Rh2 (Yang et al., 2011) also did not
match their results using Rh2 (Liu et al., 2009). Our in vitro results
obtained using chemical inhibitors of P-gp and the MDR1-over-
expressing cell line support the conclusion that P-gp is the pre-
dominant efflux transporter responsible for C-K’s in vitro dispo-
sition. These in vitro results are also consistent with our studies
using P-gp knockout mice.

Our study using P-gp knockout mice suggests that in vivo bioavail-
ability of C-K can be increased by inhibiting P-gp, because plasma
AUC0–24h of C-K was 12-fold higher in P-gp knockout mice than that in
wild-type mice. Considering the oral bioavailability of C-K is reported to
be �5% in rodents (Lee et al., 2006; Paek et al., 2006), the current study
demonstrated that the inhibition of P-gp should lead to significantly
increased oral bioavailability of C-K. Our previous publication showed
that the bioavailability of Rh2s, another active ginsenoside with a similar
structure and also a solid substrate of P-gp, was increased from 1 to
�30% by coadministering cyclosporine A in mice (Yang et al., 2011).

The mechanisms responsible for increased bioavailability of C-K in
P-gp knockout mice appear to be decreased ke and increased t1/2 com-
pared with those of wild-type mice (Table 2) and increased absorption
(Table 1). The trend of slow elimination in MDR1a/b(�/�) mice was
very obvious, although our last sample time was not long enough (�2
times t1/2) to determine ke and t1/2 with high accuracy (Fig. 5). Consid-
ering the results of the transport studies using Caco-2 and MDR1-MDCK
cell monolayers, increased absorption of C-K likely contributed to the
increased plasma Cmax and oral bioavailability of C-K in
MDR1a/b(�/�) mice. Moreover, the slower elimination and longer
half-life may be attributed to less biliary excretion during the terminal
phase, assuming that the absorption phase would end sooner in P-gp
knockout mice because of faster absorption of the same dose. Taken
together, P-gp-mediated efflux appears to be responsible for C-K’s low
bioavailabilities, and in absence of this efflux mechanism, C-K would
have a much higher oral bioavailability. This conclusion differs signifi-
cantly from the previous observation that passive diffusion is the major
absorption mechanism for this ginsenoside (C-K) (Liu et al., 2009).

Our results showed that PPD-type ginsenosides (Rb1, Rb2, and Rc)
were metabolized extensively, whereas PPT-type ginsenosides (Rg1
and Re) were not metabolized significantly by glycosidases derived
from the intestinal microflora of A/J mice. Two pieces of evidence
demonstrate that Rg1 and Re were not metabolized. First, the peak
area of Rg1 and Re stayed unchanged from 0 to 24 h. Second, if Rg1
and Re were metabolized, then we should have observed the forma-
tion of their metabolites, Rg2, Rh1, and/or F1, but none of these
metabolites was found (Fig. 3). Our findings are different from those
of previous reports on the metabolism of PPT-type ginsenosides by
human intestinal microflora. Tawab et al. (2003) showed that Rg1 and

0.001

0.01

0.1

1

0 5 10 15 20 25 30

Pl
as

m
a 

co
nc

en
tr

a�
on

s 
(u

M
)

Time (hr)

FVB

MDR1_KO

FIG. 5. The plasma concentrations of C-K in wild-type and MDR1a/b(�/�) FVB
mice after the oral administration of C-K at 10 mg/kg. Data are presented as mean �
S.D. (n � 5).

TABLE 2

The pharmacokinetic parameters of C-K (10 mg/kg) in FVB and MDR1a/b(�/�) FVB mice after oral administration

Data are presented as mean � S.D. (n � 5).

Animal Strain Tmax Cmax ke t1/2 MRTinf AUC0-t AUC0-	

h �M h�1 h h h � �M h � �M

Wild-type FVB 2.8 � 0.84 0.13 � 0.03 0.13 � 0.07 5.87 � 3.04 7.82 � 1.73 0.66 � 0.19 0.75 � 0.21
MDR1a/b(�/�) FVB 5.6 � 2.19* 0.53 � 0.23* 0.04 � 0.01†,* 18.68 � 6.84†,* 30.72 � 8.62†,* 7.70 � 2.27*** 17.58 � 16†,***

*, P � 0.05; **, P � 0.01; ***, P � 0.001.
† Estimated pharmacokinetic parameters may not be very accurate due to limited sample time (24 h) in MDR1a/b(�/�) mice.
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Re could be metabolized extensively in human intestine by micro-
flora, and Bae et al. (2005) showed that human fecal specimens could
metabolize Re via stepwise deglycosylation to Rg1, F1, and aglycone.
These results suggested that in A/J mouse microflora the metabolism
of PPD-type ginsenosides is the predominant metabolic pathway
compared with PPT-type ginsenosides when both of them were pres-
ent (as in the red ginseng extract). The plasma profile of C-K after the
oral administration of red ginseng extract at 200 mg/kg in A/J mice
further confirmed the conversion of primary PPD-type ginsenosides
into C-K by gut microflora in vivo (Supplemental Fig. 2).

C-K showed significant anticancer activity with IC50 � 18.45 �M,
whereas F2 and the red ginseng extract did not show a significant
antiproliferative effect in LM1 cells (Supplemental Fig. 3). Likewise,
ginsenosides with the number of sugars greater than that of F2,
including Rb1, Rb2, Rd, and Rc, also had lower activities (against
LM1 cells) than F2 (Z. Yang and M. Hu, unpublished observations).
The results were consistent with several structure-activity relationship
studies, which showed that the anticancer activity of ginsenoside is
correlated inversely to the number of sugars, which means the degly-
cosylation products have stronger anticancer activities than the pre-
cursor ginsenosides (Li et al., 2009; Musende et al., 2009). Because
intestinal microflora are mainly responsible for this deglycosylation reaction,
gut bacteria play an important role in ginsenoside effects in vivo.

In summary, we demonstrated clearly that C-K is the major me-
tabolite of primary PPD-type ginsenosides in the red ginseng extract
after they were hydrolyzed by glycosidases present in the gut micro-
flora. C-K has low but significant oral bioavailability and displayed
high in vitro inhibitory effects against lung cancer cells. Taken to-
gether, these findings may explain why ginsenosides such as C-K are
active in vivo after the oral administration of the red ginseng extract
that contains large quantities of primary ginsenosides that are inactive.
Because C-K is a good substrate of P-gp and its absorption was
greatly impeded by P-gp efflux, the inhibition of P-gp via increased
absorption and/or decreased elimination may offer a viable strategy to
significantly increase its oral bioavailability in vivo.
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