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Abstract
Background: Red ginseng has long been used as a traditional medicine for a variety of maladies.
Ginsenosides are the active components of ginseng but are limited by their low oral bioavailability.

Methods: We evaluated several types of red ginseng extracts for their ability to inhibit lung tumor
formation and growth induced by the carcinogen benzo(a)pyrene [B(a)P] in A/J mice. The concentrations
of various ginsenosides were quanti�ed in these ginseng extracts using the methods of ultra-
performance liquid chromatography tandem mass spectrometry analysis to identify the ginsenosides
that may contribute to cancer prevention. We next explored whether inhibition of P-glycoprotein by
verapamil could increase the oral bioavailability of ginsenoside by using CaCo-2 cell transcellular
transport and in situ mouse intestinal perfusion models. The plasma and intestine concentration of
ginsenoside and cancer preventive effect of ginsenoside combined with verapamil in A/J mice were also
detected by using B(a)P-induced mouse cancer model.

Results: We found that treatment with one type of red ginseng (Korean red ginseng B, KRGB) led to a
signi�cant reduction of tumor load compared with other types of red ginseng. KRGB contained the
highest concentration of ginsenoside Rg3 among these red ginseng extracts, suggested that Rg3 may
play an important role in its preventive e�cacy. Our study showed that Rg3 had a relatively poor
bioavailability, and co-administration of verapamil decreased the e�ux ratio of Rg3 in Caco-2 cells,
increased the absorption rate of Rg3 in rat small intestine, increased the plasma and intestine
concentration of Rg3 in A/J mice, and enhanced the cancer preventive effect of Rg3 against B(a)P
induced lung tumorigenesis.

Conclusions: Ginsenosides Rg3 is one of the key components of read ginseng that may be responsible
for its e�cacy against lung carcinogenesis in mice. Rg3 appears to be the substrate of P-glycoprotein,
and inhibition of P-glycoprotein could enhance its oral bioavailability.

Background
Lung cancer is associated with the highest incidence and cancer-related mortality in China and North
America (1, 2), and non-small cell lung cancer (NSCLC) is the most common type of lung cancer.
Smoking, particularly of cigarettes, is the major risk factor for NSCLC (3). Cigarette smoke contains over
60 known carcinogens, including radioisotopes from the radon decay sequence, nitrosamine, and
Benzo(a)pyrene [B(a)P] (4). B(a)P is a polycyclic aromatic hydrocarbon and the major toxic constituent of
tobacco smoke. Several studies including ours have showed that B(a)P forms DNA adducts in the mouse
lung, which are involved in the carcinogenesis of lung cancer, and the B(a)P-induced lung cancer in mice
is similar to human lung adenocarcinomas in histopathology and tumor progression stages (5–7).
Therefore, B(a)P-induced lung cancer offers a relevant model to study the chemopreventive and anti-
cancer effects of natural products.
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One potential strategy to prevent lung cancer in high-risk populations is to use chemopreventive agents to
regress existing intraepithelial neoplastic lesions, prevent the progression of these lesions to cancer, and
inhibit the development of new lesions. A variety of chemopreventive agents have shown e�cacies in
animal studies (8–9). Our previous studies have found that red ginseng is one of the potential lung
cancer preventive agents (10). Ginseng has long been used as a traditional medicine in Asia to improve
physical condition and prolong life, and many investigators have demonstrated the antitumor effects of
red ginseng (11).

Ginsenosides, also known as ginseng saponins, are the active component of ginseng and usually used as
marker compounds for quality assessment of ginseng. some ginsenosides, i.e., Rg1, Re, Rc, Rb2, Rb1, Rd,
Rb3, Rh1, Rg3, Rh2, F1, RK1, and Rg5, are commonly used in quantitative measurements of crude ginseng
extracts (12–13). In this study, we established a B(a)P-induced lung cancer model in A/J mice for
evaluation of the e�cacy of different types and batches of red ginseng extracts from China and Korea.
These extracts were used for ginsenoside component analysis. Herein we demonstrated for the �rst time
the cancer-preventive activity of red ginseng extract in the mouse model and identi�ed the ginsenosides
that may contribute to this activity.

Many active ginsenosides have very poor oral bioavailability (14–15), which may greatly impede the
potency of ginsenosides and affect their clinical applications. The mechanism of the low oral
bioavailability of ginsenosides is unclear, and P-glycoprotein (P-gp) mediated e�ux is reported to be one
possible reason (16). P-gp, a member of the ATP-binding cassette superfamily, is one of the most
prevalent e�ux transporters expressed in multidrug resistance cancer cells and in several organs such as
the intestine, liver, kidney, and blood-brain barrier (17). P-gp plays an important role in limiting the
intestinal absorption of its substrates, and inhibition of P-gp leads to the improvement of bioavailability
of several orally administrated anticancer drugs (16, 18). Some substrates of P-gp, e.g., verapamil and
cyclosporine A, have been reported as P-gp inhibitors (19). In this study, verapamil was used as the P-gp
inhibitor.

Therefore, the aims of this study were: (1) to investigate the cancer preventive effect of different types of
red ginseng extracts in the B(a)P-induced lung tumor mouse model, and to identify the ginsenosides that
may contribute to cancer prevention; (2) to demonstrate that inhibition of P-gp by verapamil could
increase the oral bioavailability of ginsenoside; and (3) to enhance the cancer preventive effect of
ginsenoside through P-gp inhibition using verapamil.

Methods

Animals and reagents
Female A/J mice at 6–7 weeks of age with body weight of 20 ± 1 g were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA) and allowed to acclimate to laboratory housing for 1 week before
initiating the experiments. Male Wistar rats with body weight of 250 ± 20 g were purchased from the
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institution of model animal at Wuhan University (Wuhan, China). Caco-2 cells were obtained from China
Center for Type Culture Collection (Wuhan, China). B(a)P and tricaprylin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The Chinese red ginseng (CRG) extract was purchased from Hong Kong
Baptist University (Hong Kong, China). The different batches of Korean red ginseng extracts, including
Korean red ginseng A (KRGA) extract, Korean red ginseng B (KRGB) extract, and Korean red ginseng C
(KRGC) extract were purchased from the Korea Cancer Center Hospital (Seoul, South Korea). Puri�ed
ginsenosides Rg3r, Rg3s, and verapamil were purchased from Chengdu Must Bio-Technology Co., Ltd
(Chengdu, China).

Administration of red ginseng extracts in B(a)P-treated A/J mice and tumor load measurement in the lung

B(a)P-induced A/J mouse cancer model was established as reported previously (5–6). Animal studies
were conducted in accordance with approved protocols by the Institutional Animal Care and Use
Committee at the University and were in compliance with the Association for Assessment and
Accreditation for Laboratory Animal Care policies. Mice were fed ad libitum and maintained in an
environment with a 12-hour light/dark cycle, a temperature range of 65.9-74.10F, and humidity of 30–
70%. At 8 weeks of age, the female A/J mice were given a single intraperitoneal injection of 100 mg/kg
B(a)P dissolved in 0.2 mL tricaprylin. One week later, the mice were randomly divided into 5 treatment
groups, i.e., control (drinking water), 20 mg/kg CRG, 20 mg/kg KRGA, 20 mg/kg KRGB, and 20 mg/kg
KRGC (n = 15 per group). The ginseng extracts were diluted in drinking water and administered once daily
via oral gavage. The mice were sacri�ced by CO2 asphyxiation after 20 weeks of treatment. The lungs
were collected and �xed in the Tellyesniczky's solution overnight, followed by �xation in 70% ethanol. The
�xed lungs were evaluated under a dissecting microscope for surface tumor count and individual tumor
size measurement. Tumor volume (V) was calculated using the tumor diameter (r) based on the following
formula: V (mm3) = 4/3πr3. The total tumor volume was the sum of all tumor volumes in a mouse lung.
Tumor load was the averaged total tumor volume in each group. The whole blood and intestine samples
were collected and kept at -800C for ultra-performance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS) analysis.

Sample Processing and UPLC-MS/MS Analysis
The red ginseng extracts, blood, and intestine samples from the mouse studies were stored at -80 °C until
analysis. The tissues were thawed, weighed, and transferred into a 12 × 75 mm heavy wall glass test
tube. A 0.8 mL methanol solution containing internal standards (0.5 µM phloridzin) was added to the test
tube. The tissue was homogenized into a homogeneous mixture with a Tissue Tearor and transferred into
a 1.5 ml micro-centrifuge tube. The samples were washed twice by the same methanol solution. All
solutions were then combined in the centrifuge tube and centrifuged at 15,500 rpm for 15 min. The
supernatant (1.0 mL) was removed and dried under nitrogen. The residual was reconstituted in 200 µL
methanol for UPLC-MS analysis. A standard curve was prepared in blood with the same procedure, and
this curve was used for quanti�cation of all compounds in different tissues as recovery was similar
among the tissues.
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The UPLC conditions for measuring ginsenosides were: Waters Acquity™ with DAD detector; column:
Waters BEH C18 column (100 × 2.1 mm I.D., 1.7 µm); mobile phase A: water; mobile phase B (MPB):
acetonitrile; gradient for ginseng material analysis: 5% MPB at 0-0.5 min, 5–20% MPB at 0.5-4.0 min, 20–
30% MPB at 4.0–5.0 min, 30% MPB at 5.0–12.0 min, 30–50% MPB at 12.0–13.0 min, 50% MPB at 13.0-
14.5 min, 50–55% MPB at 14.5–15.0 min, 55% MPB at 15.0–18.0 min, 55–85% MPB at 18.0–20.0 min,
85–95% MPB at 20.0–22.0 min, 95 − 0% MPB at 22.0-22.5 min, and 0% MPB at 22.5–23.0 min; gradient
for tissue analysis: 5% MPB at 0-0.5 min, 5–20% MPB at 0.5-1.0 min, 20–80% MPB at 1.0-2.3 min, 80–
95% MPB at 2.3–3.5 min, 95 − 5% MPB at 3.6–3.6 min, and 5% MPB at 3.6-4.0 min; Flow rate:
0.45 mL/min; column temperature:, 60oC; injection volume: 10 µL.

MS conditions were API 3200 QTrap triple quadrupole mass spectrometer equipped with a Turbo
Ionspray™ source; negative scan mode; ionspray voltage: -4.5 kV; ion source temperature: 650oC;
nebulizer gas (gas 1): nitrogen, 50 psi; turbo gas (gas 2): nitrogen 50 psi; curtain gas: nitrogen 10. The
quanti�cation was performed by using the multiple reactions monitoring method with ion pair transition
to monitor each analyte. Unit mass resolution was set in both mass-resolving quadruple Q1 and Q3. The
standard curves for all analytes were linear from 2.5 µM to 19.5 nM. The quality control samples of these
compounds were prepared in blood as the same procedure at 312.5 nM. The results revealed that the
accuracy values of quality control samples were in the acceptable range (< 15%).

Transcellular transport of Rg3 with or without verapamil in
Caco-2 cells
The human colon adenocarcinoma cell line Caco-2 has similar morphological and biochemical
characteristics as the human small intestinal enterocytes, and the Caco-2 monolayer has been widely
used as a transcellular transport model of the intestinal epithelial barrier. The transcellular transport study
was performed as described previously (15). The Caco-2 cells were harvested and seeded on the apical
side of a Transwell™ 24-well plate at a density of 1.0 × l05 per well. The con�uence of Caco-2 cells within
each well was determined by the transmonolayer electrical resistance, and cell con�uence would have a
Millicell-ERS voltohmmeter reading > 1800Ω.cm2. After 3 weeks of cell culture, the Caco-2 cells were
washed three times, and both sides of the monolayer were pre-incubated with HBSS at 370C. 400 ul of 10
uM Rg3 (Rg3r or Rg3s) or the mixture of 10 uM Rg3 (Rg3r or Rg3s) and verapamil (50 or 100 uM) was
loaded to one side of the cell monolayer (the apical or basolateral side), and 600 ul blank HBSS solution
was loaded to the other side. After 0, 15, 30, 45, 60, 90, and 120 min, 100 ul media was collected from
each receiver compartment and was replaced with preheated 100 ul HBSS. The samples were stored at -4
0C until UPLC-MS/MS analysis. The apparent unidirectional permeability was obtained according to the
equation Papp= (dQ/dT) /A × C0), where dQ/dT is the rate of concentration change in the receiver
chamber, A is the surface area of the monolayer (0.6 cm2), and C0 is the starting concentration on the
donor side. The permeability from the apical to basolateral side (Pa-b) and the basolateral to apical side
(Pb-a) were calculated according to the above equation. The e�ux ratio was calculated as Pb-a/Pa-b,
which represents the degree of e�ux transport of study drug.
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In situ intestinal perfusion of Rg3 with or without verapamil
The in situ rat intestinal perfusion study was conducted as described in previous publication (16). Male
Wistar rats that were fasted for 24 hours with only free access to water were anesthetized by intravenous
injection of 3.5% pentobarbital solution. The small intestine segment was selected for inlet (end of
duodenum) and outlet (end of ileum) cannulation with silicone tubes. The inlet tube was pumped at a
�ow rate of 0.1 mL/min with 10 uM Rg3r or Rg3s in HBSS iso-osmotic solution, using a peristaltic pump.
Verapamil solution (50 uM or 100 uM) was mixed with 10 uM Rg3 (Rg3r or Rg3s) to test if it would
enhance Rg3 absorption by the intestine. Perfusate samples were collected every 30 min (at 60, 90, 120,
150 min after the start of perfusion) and used for UPLC-MS/MS analysis. The percentage of absorption
was calculated using the following equation: Absorption % = (1 - Cout/Cin) × 100%, where Cout and Cin
are outlet and inlet perfusion concentrations of Rg3, respectively.

Administration of Rg3 with or without verapamil in B(a)P-treated A/J mice and tumor load measurement
in the lung

B(a)P-induced A/J mouse cancer model was established as reported previously. At 8 weeks of age,
female A/J mice were given a single intraperitoneal injection of 100 mg/kg B(a)P dissolved in 0.2 mL
tricaprylin. One week later, the mice were randomly divided into 6 treatment groups, i.e., control (drinking
water), 50 mg/kg verapamil, 10 mg/kg Rg3r, 10 mg/kg Rg3s, 10 mg/kg Rg3r + 50 mg/kg verapamil, and
10 mg/kg Rg3s + 50 mg/kg verapamil (n = 15 per group). The doses were administered once daily via oral
gavage for 20 weeks, and the mice were sacri�ced by CO2 asphyxiation. The lungs were �xed and
measured for tumor load as described above. The whole blood and intestine samples were collected and
kept at -800C for UPLC-MS/MS analysis as described above.

Statistical Analysis
All the data were represented as mean ± standard deviation, and analyzed by using the GraphPad Prism
7.0 software. The level of statistical signi�cance was set at P value of < 0.05. Signi�cant differences
among treatment groups were assessed by Student’s t test or one-way analysis of variance.

Results
Preventive effect of different types of red ginseng extract against B(a)P-induced lung cancers in A/J mice

B(a)P-induced mice were treated with drinking water (control), CRG, KRGA, KRGB, or KRGC extract once
daily for 20 weeks. No signi�cant body weight loss or clinical signs of toxicity were observed in any
treatment groups. The mice were sacri�ced at the 20th week after treatment of red ginseng by CO2

asphyxiation. The lungs from each mouse were �xed, and gross lung tumors in A/J mice treated with
different types of red ginseng were shown in Fig. 1A. Light photomicrographs of representative toumor
were shown in Fig. 1B. The tumor load was determined by the formula described in the methods. As
shown in Fig. 1C, mice treated with KRGB had signi�cant decreases in tumor load compared with the
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control group (0.82 ± 0.2 vs. 1.5 ± 0.35, P < 0.05), and the average inhibition rate of tumor load was 45%.
There were no signi�cant changes on tumor load after treatments with the other types of red ginseng
extracts when compared with the control (P > 0.05).

KRGB contained the highest concentration of ginsenoside
Rg3 among 4 red ginseng extracts
The concentrations of various types of ginsenosides, i.e., Re, Rc, Rb1, Rb2, Rb3, Rh1, Rd, Rg1, Rg3, Rg5,
F1, and Rk1, were quanti�ed in CRG, KRGA, KRGB, and KRGC using the UPLC-MS analysis. As shown in
Fig. 2A, the concentration of total ginsenosides were different amang different ginseng extracts, and CRG
showed the highest concentration of total ginsenosides (590.27 ± 41.28umol/L, P < 0.001). The
concentration of the each ginsenoside in the different types of red ginseng was shown in Fig. 2B. In
particular, KRGB had the highest concentrations of Rg3 (Rg3s: 58.33 ± 3.81 µmol/L and Rg3r: 41.56 ± 
2.88 µmol/L) among these 4 red ginseng extracts (P < 0.001), which suggests that Rg3 may be the most
important potential cancer-preventive agents against B(a)P-induced lung cancer in A/J mice.

Tissue bio-distribution analysis showed poor oral
bioavailability of ginsenosides in mice
After 20 weeks’ treatment of the 4 red ginseng extracts, the concentrations of various ginsenosides in the
blood and intestine were determined using UPLC-MS/MS. The results showed that only Rg5 was detected
in the blood at 0.0063 ± 0.0005 µg/ml after the treatment with KRGB. Other ginsenosides were not
detected, indicating poor oral bioavailability and low levels of exposure of these ginsenosides.

Verapamil enhanced the transcellular transport of Rg3 in
Caco-2 cells
The Caco-2 monolayer transcellular transport study was performed as described in the methods to
investigate if the P-gp inhibitor verapamil could enhance the transcellular transport of Rg3. The
transcellular transport of Rg3 (Rg3r and Rg3s) across the Caco-2 monolayer in the absence or presence
of verapamil was shown in Table 1. Transcellular transport of Rg3 across the Caco-2 monolayer from the
basolateral to apical side was signi�cantly higher than the transport from the apical to basolateral side.
The mean Pa-b of Rg3r was 0.38 ± 0.06. When using the verapamil as P-gp inhibitor, the mean Pa-b of
Rg3r were signi�cantly increased after treatment with 50 and 100 umol/L verapamil, respectively (0.73 ± 
0.06 and 1.14 ± 0.09, p < 0.01, and 0.001, respectively). Similar �ndings could be detected in Rg3s group,
indicating that the P-gp inhibitor verapamil could enhance the transcellular transport of Rg3r and Rg3s.
The mean values of Pb-a and e�ux ratio of Rg3r and Rg3s were signi�cantly decreased after treatment
with 50 and 100 umol/L verapamil (Table 1), indicating that verapamil reduced the out�ow of Rg3 across
the Caco-2 cell monolayer.



Page 8/18

Table 1
Transcellular transport of Rg3 across monolayers of Caco-2 cells in the absence or presence of verapamil

Rg3 Verapamil concentration Pa-b

(10− 6 cm/s)

Pb-a

(10− 6 cm/s)

E�ux ratio

(Pb-a/Pa-b)

Rg3r 0 0.38 ± 0.06 6.11 ± 0.51 18.26 ± 2.8

Rg3r 50uM 0.73 ± 0.06** 4.18 ± 0.32** 5.77 ± 0.49***

Rg3r 100uM 1.14 ± 0.09*** 2.94 ± 0.12*** 2.68 ± 0.35***

Rg3s 0 0.54 ± 0.13 7.97 ± 1.30 15.69 ± 3.60

Rg3s 50uM 0.83 ± 0.14* 5.18 ± 1.99** 6.40 ± 1.66***

Rg3s 100uM 0.95 ± 0.19** 3.52 ± 0.79*** 3.89 ± 1.22***

Data are presented as mean ± SD of �ve independent experiments. Permeability and e�ux ratio were
compared to absence of verapamil. *P 0.05, **P 0.01, ***P 0.001.

Verapamil increased the absorption of Rg3 in the small
intestine
In situ rat intestinal perfusion study was used to determine if verapamil could increase the absorption of
Rg3 in the small intestine. The rat intestinal absorption model was established as described in the
methods. The absorption percentages of Rg3r and Rg3s in the intestinal perfusion at different time points
were shown in Fig. 3. The absorption percentage of Rg3r were very poor (about 10%) in the small
intestine, and the absorption was signi�cantly increased to over 20% and 25% after treatment with 50 and
100uM verapamil, respectively. Similarly, the absorption of Rg3s signi�cantly increased from 10% to over
20%, and nearly 30% after treatment with 50 and 100uM verapamil, indicating that the P-gp inhibitor
verapamil increased the absorption of Rg3r and Rg3s in the small intestine.

Verapamil enhanced the cancer preventive effect of Rg3 in
the B(a)P-induced lung cancer mouse model
The B(a)P-induced lung cancer mouse model was established as described in the methods. The B(a)P-
treated A/J mice were randomly divided into 6 groups, i.e., drinking water (control), verapamil, Rg3r, Rg3s,
Rg3r plus verapamil, and Rg3s plus verapamil groups. The animals were dosed once daily for 20 weeks
by oral gavage. No signi�cant body weight loss or clinical signs of toxicity were observed in any
treatment group. After 20 weeks treatment, the blood and lung for each mouse were collected.
Representative lung tumors in A/J mice treated with different groups were shown in Fig. 4A, and the lung
tumor load of different group were shown in Fig. 4B. The tumor load of Rg3r (0.75 ± 0.29 mm3) and Rg3s
(0.81 ± 0.30 mm3) were signi�cantly lower than the control group (1.63 ± 0.40 mm3, both p < 0.001), and
the lung tumor load in the Rg3 plus verapamil group was signi�cantly lower than the Rg3 group (0.33 ± 
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0.25 vs. 0.75 ± 0.29mm3 for Rg3r, p = 0.0016; 0.29 ± 0.21 vs. 0.81 ± 0.30mm3 for Rg3s, p = 0.0239),
indicating that verapamil enhanced the preventive effect of Rg3 against B(a)P-induced lung cancer. There
were no signi�cant differences in tumor load between the verapamil and control group, Rg3r and Rg3s
group, or Rg3r plus verapamil and Rg3s plus verapamil group. .

Verapamil increased the plasma concentration of Rg3 in A/
J mice
After 20 weeks’ treatment, the blood and intestine samples of each group were collected at 24 hours after
the last dose administration and analyzed for Rg3 (Rg3r and Rg3s) concentrations using UPLC-MS. The
plasma and intestine concentrations of Rg3 were shown in Fig. 4C and Fig. 4D. Co-administration of
verapamil and Rg3 signi�cantly increased the plasma and intestine concentration of Rg3 when compared
with treatment with Rg3 alone. The plasma concentration of Rg3r plus verapamil group was signi�cantly
higher than Rg3r group (1.17 ± 0.47 vs. 0.44 ± 0.32 umol/L, p = 0.0005, Fig. 4C), and intestine
concentration of Rg3r plus verapamil was signi�cantly higher than Rg3r group (1.35 ± 0.13 vs. 0.53 ± 0.08
ug/g, p = 0.0001, Fig. 4D). Similar �ndings could be detected in Rg3s group, indicating that verapamil
enhanced the oral bioavailability of Rg3 in A/J mice.

Discussion
In this study, we aim to identify novel and effective chemo-preventive agents for lung cancer, particularly
in smokers who are known to be at a high risk. We evaluated the e�cacy of several types of red ginseng
extracts in preventing B(a)P-induced lung tumorigenesis in A/J mice and found that the KRGB extract
signi�cantly reduced the tumor load. We subsequently discovered that KRGB contained the highest
concentrations of the Rg3 ginsenosides among the 4 types of red ginseng extracts evaluated in this
study, suggesting that Rg3 may be the most important potential cancer preventive effect agent of KRGB.

Ginseng is widely used throughout Asia and North America as a medicinal herb to treat a variety of
maladies for a long time (20–22). Several studies have demonstrated that red ginseng has anticancer
potential against various tumors (23–25), and several clinical reports have documented the cancer-
preventive effect of red ginseng. A case-control study in 905 pairs of Korean patients found that the
cancer risk in various organs was decreased almost by half (RR = 0.56) in ginseng takers (26). In another
clinical trial conducted in chronic atrophic gastritis patients, administration of red ginseng extract powder
for 3 years had signi�cant preventive effects against non-organ-speci�c human cancers (27).

In this present study, we demonstrated that ginsenoside Rg3 may be the most important potential cancer
preventive effect agent in red ginseng. Rg3 has a stereocenter at position C20, giving it two epimers; Rg3r
and Rg3s. Both Rg3r and Rg3s signi�cantly reduced the tumor load in the lung of B(a)P treated A/J mice.
Rg3r or Rg3s has been studied in several cancer models, and the anti-cancer mechanisms included
induction of apoptosis (28, 29), growth inhibition (30, 31), cell cycle arrest (32), and anti-angiogenesis (33,
34). Several studies revealed that Rg3 treatment inhibits metastasis (35, 36) and enhances the
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susceptibility of chemotherapy and radiotherapy (37–39). Poon et. al. reported that Rg3s reduced B(a)P-
induced genotoxicity in human cells (40). Therefore, Rg3 may be useful for human cancer treatment and
have cytoprotective effect against exposure to environmental carcinogens.

Despite the promising cancer preventive potential of ginsenosides, their clinical use has been largely
limited by their low oral bioavailability. Several studies have estimated the pharmacokinetic parameters
of several ginsenosides after oral administion to rats, and the results showed that the bioavailability of
ginsenosides was generally under 5% (41–45). Our study also found that only Rg5 was detected at a very
low concentration in the blood following treatment with red ginseng extracts for 20 weeks, and the other
ginsenosides were not detected because of too low concentration. The reason for the poor bioavailability
of ginsenosides is not clear yet. One potential mechanism could be e�ux of ginsenosides caused by the
P-gp e�ux system. Our study is the �rst to demonstrate that inhibition of P-gp by verapamil can
substantially increase the oral bioavailability of Rg3r and Rg3s, suggesting that Rg3 may be a substrate
of P-gp, and P-gp may mediate the e�ux of Rg3r and Rg3s.

Our study demonstrated that the oral bioavailability of Rg3 was signi�cantly increased in the A/J mice by
co-administration with verapamil. The improved bioavailability of Rg3 in the presence of P-gp inhibitor
may be due to the enhanced intestinal absorption, which may be attributed to the enhanced transcellular
transport of Rg3. Our results showed that the P-gp inhibitor verapamil reduced the out�ow of Rg3r and
Rg3s across the Caco-2 cell monolayer and enhanced the membrane permeability in Caco-2 cells. Yang
et. al. reported that another active ginsenoside Rh2 was also a substrate of P-gp, and its bioavailability
was increased from less than 1% to over 30% in mice after co-administration with the P-gp inhibitor
cyclosporine A (15). Similar results have been reported for ginsenosides Compound K and Rg1 (46, 47).
With co-administration of 2 P-gp inhibitors verapamil and cyclosporine A, the e�ux ratio of Compound K
was substantially decreased from 26.6 to less than 3 in Caco-2 cells, and the intracellular concentration
of Compound K was signi�cantly increased by as much as 40-fold (46). Meng et. al. also reported that
verapamil increased the concentration of Rg1 in the rat pulmonary epithelial cells, indicating that P-gp
was involved in the e�ux of Rg1 (47). However, not all ginsenosides were P-gp substrates. Liang et. al.
have showed that the e�ux ratios of some ginsenosides, e.g., Rh1, F1, Re, and Rg1, were not affected by
verapamil (48). This may be due to the different structures of ginsenosides and existence of other
transporters involved in the absorption of certain ginsenosides.

Conclusions
our study revealed that red ginseng had potential of cancer preventive property against B(a)P-induced
lung cancer in A/J mice, and ginsenoside Rg3 may contribute to this effect. However, the clinical use of
Rg3 was limited by its low oral bioavailability. This is the �rst report to show that Rg3 may be the
substrate of P-gp, and inhibition of P-gp by verapamil signi�cantly enhanced the bioavailability of Rg3 in
vitro and in vivo. The cancer preventive effect of Rg3 was enhanced by co-administration of the P-gp
inhibitor verapamil, which may be helpful for maximizing the cancer preventive and therapeutic potential
of Rg3. Further researches are necessary to investigate the molecular and cellular mechanisms of the
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preventive effect of Rg3 against lung cancer and to examine the cancer preventive effect of the
combination therapy using Rg3 and P-gp inhibitor in human clinical trials.
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Figure 1

Chemopreventive effect of lung carcinogenesis by different types of red ginseng in A/J mice. (A) Gross
lung tumors in A/J mice treated with different types of red ginseng. Arrows indicate tumors. a: Chinese
red ginseng group. b: Korean red ginseng A group. c: Korean red ginseng B group. d: Korean red ginseng C
group. e: Control group. (B) Light photomicrographs of representative toumor in lung. a: at 100
magni�cation. b: at 400 magni�cation. (C) Effects of different types of red ginseng on tumor load. Error
bars represent the mean ± SD.
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Figure 2

Ginsenoside concentrations detected in different red ginseng extracts. (A)Total ginsenosides detected in
the drinking water of different red ginseng extracts (10 mg/ml). 13 ginsenosides were measured. Error
bars represent the mean ± SD of three independent experiments. (B) Each ginsenoside detected in the
drinking water of different ginseng extracts. Error bars represent the mean ± SD of three independent
experiments.
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Figure 3

Absorption percentages of Rg3 in intestinal perfusion in wistar rats. (A) Rg3r groups, (B) Rg3s groups.
Data are presented as mean±SD, n=3. Absorption percentages were compared to absence of verapamil
group. *P 0.05, **P 0.01, ***P 0.001.



Page 18/18

Figure 4

Effects of ginsenoside Rg3 on tumor load, and plasma or intestine concentrations of Rg3 in different
groups. (A) Gross lung tumors in A/J mice treated with Rg3 and Rg3 combined with verapamil. Arrows
indicate tumors. a: Rg3r group. b: Rg3s group. c: Rg3r combined with verapamil. d: Rg3s combined with
verapamil. e: verapamil group. f: Control group. (B) Effects of ginsenoside Rg3 or Rg3 combined with
verapamil on tumor load in A/J mice. Error bars represent the mean ± SD of three independent
experiments. (C) Plasma concentrations of Rg3r and Rg3s in different groups. Error bars represent the
mean ± SD of three independent experiments. (D) Intestine concentrations of Rg3r and Rg3s in different
groups. Error bars represent the mean ± SD of three independent experiments.


