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Background: Ginseng has been the subject of many experimental and clinical studies to uncover the
diverse biological activities of its constituent compounds. It is a traditional medicine that has been used
for its immunostimulatory, antithrombotic, antioxidative, anti-inflammatory, and anticancer effects.
Ginseng may interact with concomitant medications and alter metabolism and/or drug transport, which
may alter the known efficacy and safety of a drug; thus, the role of ginseng may be controversial when
taken with other medications.
Methods: We extensively assessed the effects of Korean Red Ginseng (KRG) in rats on the expression of
enzymes responsible for drug metabolism [cytochrome p450 (CYP)] and transporters [multiple drug
resistance (MDR) and organic anion transporter (OAT)] in vitro and on the pharmacokinetics of two probe
drugs, midazolam and fexofenadine, after a 2-wk repeated administration of KRG at different doses.
Results: The results showed that 30 mg/kg KRG significantly increased the expression level of CYP3A11
protein in the liver and 100 mg/kg KRG increased both the mRNA and protein expression of OAT1 in the
kidney. Additionally, KRG significantly increased the mRNA and protein expression of OAT1, OAT3, and
MDR1 in the liver. Although there were no significant changes in the metabolism of midazolam to its
major metabolite, 10-hydroxymidazolam, KRG significantly decreased the systemic exposure of fex-
ofenadine in a dose-dependent manner.
Conclusion: Because KRG is used as a health supplement, there is a risk of KRG overdose; thus, a clinical
trial of high doses would be useful. The use of KRG in combination with P-glycoprotein substrate drugs
should also be carefully monitored.
� 2017 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ginseng is a well-known herbal medicine with a broad range of
medicinal functions and pharmacological activities. Korean Red
Ginseng (KRG) is known as one of the most effective natural drugs.
The fresh ginseng, which has undergone a steaming and drying
process, results in the production of ginsenosides, which are the
major components of ginseng that exert beneficial effects on human
health in terms of quality, safety, and efficacy [1]. KRG (scientific
name Panax ginseng) not only reinstates the body’s liveliness, de-
creases stress and fatigue, and elevates blood circulation, but also
improves brain function. In addition, it enhances the activity of the
immune system, maintains homeostasis, combats aging, and has
proven beneficial against diabetes and cancers [2e7].
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In general, drug transporters and cytochrome P450s (CYPs) are
multispecific and play a vital role in the determination of drug
disposition, which is a very important part of pharmacokinetics
[8,9]. Drugedrug interactions (DDIs) take place when the phar-
macokinetics of an ingested drug or its metabolites is modified by
another ingested drug and can be additive or antagonistic in nature
[10e13]. DDIs can affect the blood levels of drugs in the body and
alter their pharmacological effects by regulating metabolizing en-
zymes and drug transporters [14].

MDR1, a member of the ATP-binding cassette family, is pre-
dominantly expressed in the gastrointestinal (GI) tract. It is a major
contributing factor to DDIs andmay result in low bioavailability and
multidrug resistance [15]. The protein organic anion transporter
(OAT), which acts as an exchanger, is involved in the excretion of an
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array of drugs through the cellular uptake of xenobiotic drugs and is
mainly expressed in the kidney and liver [16,17]. These drug
transporters have a pivotal role in distribution and release of me-
tabolites. In addition, these features allow mediation of DDIs when
two or more drugs are taken for the similar transporter [18,19].
These factors implied that MDR1, OAT1, and OAT3 have funda-
mental roles in drug interaction.

The disposition of effective drugs depends on the inhibition and/
or induction of important proteins in DDIs, such as CYPs. Incomplete
absorption due to DDIs may trigger negative or positive effects that
affect drugmetabolism and disposition [15,20,21] and can modulate
metabolic clearance by inhibiting or inducing CYP enzymes [22]. St.
John’swort extracts administration to rats significantly increased the
protein expression level of CYP3A4 [23], which plays a role in over
50% of oxidative metabolism of all therapeutic drugs [24,25].

Despite the increased public interest in KRG, the scientific knowl-
edge of ginseng-drug interactions is still incomplete and in-
consistencies have been described in studies of CYP isozymes in
in vitro and as well as in vivo studies. To date, there have been several
reports of the effect of ginseng ingredients on CYP isozymes. Hen-
derson et al. [26] reported that ginsenoside Rd, ginsenoside Rc, and
ginsenoside Rf did not seem to suppress the metabolism of co-
administered drugs, because ginsenoside Rd showed weak inhibi-
tion of CYP3A4, CYP2C9, CYP2C19, and CYP2D6, whereas ginsenoside
Rc and ginsenoside Rf augmented the induction of CYP2C9 and
CYP3A4 [26]. Liu et al. [27] also suggested that ginsenosides did not
show strong or light inhibition of the activities of human CYPs; how-
ever, themajor intestinalmetabolites inhibited themetabolismofCYP.

By contrast, it was also shown that ginseng extract significantly
increased the expression levels of CYP3A11 and CYP1A1 in rat pri-
mary hepatocytes, which indicated that CYP promoted xenobiotic
metabolism [28]. Moreover, ginsenoside Rg1 and ginsenoside Rb2
significantly increased the mRNA level of CYP1A1 in HepG2 cells
[29] and ginsenoside Rg3 blocked membrane lipid fluidity, which
indicated that MDR was decreased by ginsenoside Rg3 in vitro [30].

Therefore, the significance of ginseng extract in drugeginseng
interactions should be assessed in human studies. The effect of KRG
[31] and fermented KRG [32] on CYP enzymes and P-glycoprotein
(P-gp) was recently examined in healthy volunteers. In these
studies, the recommended daily dose was administered to healthy
individuals for 2 wk and none of the ginseng products significantly
affected the metabolism of CYP probe drugs [31]. However, the
systemic exposure of fexofenadine, a representative drug of P-gp-
related interactions, was significantly increased by fermented KRG
[32]. By contrast, a 28-d administration of P. ginseng capsules
resulted in a parallel downward shift in the time course of plasma
midazolam concentration, which indicated the possible induction
of CYP3A; conversely, no change was observed in fexofenadine
pharmacokinetics [33]. It was reported by Bilgi et al. [34] that
ginseng was associated with the occurrence of imatinib-induced
hepatotoxicity after concurrent administration in a patient with
chromic myeloid leukemia, which suggested the inhibition of the
CYP3A4 enzyme, which was mainly responsible for imatinib
metabolism. Consequently, the influence of ginseng products on
the pharmacokinetics of co-administered drugs also appears
controversial in clinical studies. Such inconsistencies may be
attributable to not only the qualitative differences of extracts
arising from the preparation methods, but also the administered
quantities of ginseng in the supplements.

Here, our aim was to elucidate the dose-dependent effects of
KRG extract on: (1) the systemic exposure of fexofenadine and
midazolam following a 2-wk repeated oral administration in rats;
(2) the CYP familymembers, including CYP3A11, CYP2c29, CYP2c37,
CYP2b13, CYP2c40, CYP1A2, CYP2d9, CYP2B6, and CYP2b10; and
(3) drug transporters, including MDR1, OAT1, and OAT3 in mice.
2. Methods

2.1. Materials

Korea Ginseng Corporation (Seoul, Korea) donated the KRG
extract. Roots from 6-yr-old P. ginseng Mayer were processed by
steaming and drying to produce the KRG extracts. The extract
contains 13 mg/g as a sum of major ginsenosides, ginsenoside Rb1,
ginsenoside Rg1, and ginsenoside Rg3, which was provided by the
quality control team of Korea Ginseng Corporation. Fexofenadine
hydrochloride and midazolam were purchased from Tokyo Chem-
ical Industry Co. (Tokyo, Japan) and Bukwang Pharm. Co., Ltd (Seoul,
Korea), respectively. 10-Hydroxymidazolam, itraconazole, N,N-
dimethylacetamide, and ammonium acetate were purchased from
Sigma-Aldrich (Seoul, Korea). All the remaining reagents used in
this study were of the highest available analytical grade.

2.2. Cell lines and animals

Human liver cells HepG2 (KCLB 88065, Korea) and human kidney
cells HEK293 (KCLB 21573) were bought from Korean Cell Line Bank
(KCLB; Seoul, Korea) and Dulbecco’s Modified Eagle’s medium
(Lonza; Walkersville, MD, USA) containing 10% fetal bovine serum
and 1% penicillin-streptomycin (10,000 U penicillin/mL and 10,000
mg streptomycin/mL) was used as culture medium. OAT1- and OAT3-
expressing human recombinant CHO-K1 cells andMDR1-expressing
Mardin-Darby canine kidney type II (MDR1-MDCKII) cells were
cultured in Hanks’ balanced salt solution (HBSS)-4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.4).

Four-wk-old mice (C57BL/6N, male) were purchased from
Orient Bio, Seongnam, Korea. Animal experiments were performed
according to the guidelines of the Korean Animal Protection Law.

2.3. In vitro cytotoxicity assays

Cell cytotoxicity was performed using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT, Sigma Aldrich, St. Louis,
USA). The HepG2 cells and HEK293 cells were seeded in 96-well
plates at 5 � 104 cells/well, and incubated for 24 h. KRG treatment
of the cells were carried out at various concentrations and incubated
for another 48 h. Cells were then treated with MTT reagent (5 mg/
mL) and incubated for 1 h at 37�C in the dark. After incubation, the
supernatant was aspirated and 100 mL dimethyl sulfoxidewas added
to each well to solubilize the resultant formazan crystals. To mea-
sure the absorbance of each well at 540 nm, a microplate reader
(Molecular Devices, CA, USA) was used. All of the experiments were
repeated at least three times and the data were examined and
normalized to the absorbance of only Dulbecco’s Modified Eagle’s
medium-containing wells (0%) and KRG-untreated cells (100%).

2.4. Animal treatment

Mice were orally administered KRG extract (0 mg/kg, 30 mg/kg,
100 mg/kg, and 300 mg/kg) twice daily for 15 d and the livers and
kidneys were collected 1 d after the final administration.

2.5. mRNA analysis

Total RNA from homogenized mice livers and kidneys was iso-
lated using RNAiso Plus reagent (Takara, Kusatsu, Japan) in accor-
dance with the manufacturer’s suggestion. cDNAwas prepared by a
reverse transcriptase kit (cDNA EcoDry kit; Clontech, Takara,
Kusatsu, Japan) using 2 mg of total RNA. A final volume of 20 mL
containing 100 ng cDNA, 5 pmol of each primer (listed in Table 1),
and 2 � RT-qPCR reaction mix (Applied Biosystems, CA, USA) was
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used for real-time PCR with a Step One Plus real-time PCR system
(Applied Biosystems, CA, USA). The PCR conditions were 95�C for 10
min, 40 cycles of 95�C for 15 s, 55�C for 30 s, and 72�C for 30 s. The
relative quantification of the target genes from triplicate reactions
was determined by using Step One software (version 2.1). The in-
ternal control gene Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was amplified simultaneously in different reaction tubes
under similar reaction conditions.

2.6. Western blot analysis

Tissue extracts from homogenized mice livers and kidneys were
resolved by 10% reducing sodiumdodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride mem-
branes (Millipore, MA, USA). After blocking the membrane for 2 h at
room temperature with 5% skim milk solution, the membrane was
incubated overnight at 4�C in a 1:4,000 dilution of the specific pri-
maryantibodies in3%skimmilk solution.Thenextday, itwaswashed
three timeswith Tris-buffered salinewith 0.1% Tween 20 (TBST), and
incubated with secondary antibody (1:2,000) for 1 h, then the band
size was detected by using the enhanced chemiluminescence (ECL)
buffer (Gen DEPOT, Barker, USA) diluted in WEST-ZOL Plus (iNtRON,
Seongnam, Korea).Mouse reactive anti-OAT1, anti-OAT3, anti-MDR1,
anti-CYP3A11, anti-CYP2C29, anti-CYP2C37, and anti-CYP2C40 anti-
bodies were purchased from Santa Cruz Biotechnology (TX, USA).

2.7. Inhibition assays

OAT1- and OAT3-expressing human recombinant CHO-K1 cells
and MDR1-overexpressing Mardin-Darby canine kidney type II
(MDR1-MDCKII) cells were preseeded in 96 well plates at 2 � 104

cells/well for 2 d. The HBSS-HEPES buffer (pH 7.4) that contained
different concentrations of KRG extract (0.001 mg/mL, 0.005 mg/
mL, 0.01 mg/mL, 0.05 mg/mL, 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, and
2 mg/mL) was added to the plate and then incubated for 15 min at
37�C. Subsequently, to each well, the substrates of OAT1 and OAT3,
6-carboxyfluorescein (10mM), and the substrate of MDR1, calcein
AM (2mM), were added, and then incubated for 20min at 37�C. Cold
Table 1
Primers used in this study

Gene Forward primer Reverse primer

GAPDH TGC ATC CTG CAC
CAC CAA

TCC ACG ATG CCA
AAG TTG TC

CYP3a11 GAC AAA CAA GCA
GGG ATG G

AAT GTG GGG GAC
AGC AAA G

CYP2c29 GGG CTC AAA GCC
TAC TGT CA

AAC GCC AAA ACC
TTT AA

CYP2c37 ATA CTC TAT ATT
TGG GCA GG

GTT CCT CCA CAA
GGC AAC

CYP2b13 CTG CAT CAG TGT
ATG GCA TTT T

TTT GCT GGA ACT
GAG ACT ACC A

CYP2c40 CAT TGA ACA CTG
GCA ACA TTG

GTC ACA GGT TAC
TTC ATG CAC

CYP1a2 AAG ATC CAT GAG
GAG CTG GA

TCC CCA ATG CAC
CGG CGC TTT CC

CYP2d9 TGG CAC AGA TAG
AGA AGG CCA

TCA CGC ACC ACC
ATG AGC

CYP2b6 TGA AGC TTT TCT
GCCC CTT CT

TGG AGA CAT GCA
ATA GGA GG

CYP2b10 CAG GTG ATC GGC
TCA CAC C

TGA CTG CAT CTG
AGT ATG GCA TT

OAT1 ATG CCT ATC CAC
ACC CGT GC

GGC AAA GCT AGT
GGC AAA CC

OAT3 CAG TCT TCA TGG
CAG GTA TAC TGG

CTG TAG CCA GCG
CCA GTG AG

MDR1 GCA GGT TGG CTA
GAC AGG TTG T

GAG CGC CAC TCC ATG
GAT AA
assay buffer was used towash the plates and the fluorescence assay
was subsequently performed with fluorogenic substrates. The cells
were lysed using 0.2N NaOH solution followed by liquid scintilla-
tion counting for assays with radioactive substrates. The percent-
ages of control were determined by the following formula. The IC50
value (the concentration at which half-maximal inhibition of the
control value occurs) was measured by nonlinear regression anal-
ysis of the concentration-response curve using the Hill equation.

Controlð%Þ ¼ Compound� Background
T1� Background

� 100 (1)

where Compound is the individual reading in the presence of the
test compound and T1 is themean reading in the absence of the test
compound. Background: for MDR1, this was themean reading in the
presence of the highest effective concentration of the reference
inhibitor and for OAT1 and OAT3, this was the mean reading in the
absence of both the test compound and the substrate.

2.8. Effect of KRG on the systemic exposure of midazolam and
fexofenadine in rats

Male Sprague-Dawley rats (216e234 g) purchased from Samtako
Bio Co. (Osan, Korea) were given access to tap water and food ad
libitum. The animals were housed at 20�2 �C with a humidity of
45�10 % under a 12-h light/dark cycle. This study was approved by
the Institutional Animal Care and Use Committees at Chung-Ang
University, Seoul, Korea. The rats were divided into four groups:
control group (tap water, 1 mL/kg/d; n ¼ 5); low-dose group (KRG,
100 mg/kg/d; n¼ 5); middle-dose group (KRG, 200 mg/kg/d; n¼ 5);
high-dose group (KRG, 400 mg/kg/d; n ¼ 5). KRG was dissolved in
tap water and orally administered once daily for 14 consecutive
days. Subsequently, rats were fasted overnight but allowed free ac-
cess to tap water for at least 12 h. On Day 15, the rats received a
single oral dose of 10 mg/kg midazolam followed by 10 mg/kg fex-
ofenadine. Heparinized blood samples were collected from the
subclavian vein at 0.25 h, 0.5 h, 0.75 h,1 h,1.5 h, 2 h, 4 h, 6 h, 8 h,12 h,
and 24 h after the drug administration. After centrifugation (3000g,
10 min, 4�C), the plasma samples were stored until analysis.

Plasma samples (30 mL) were prepared using a simple protein
precipitation method by the addition of 90 mL acetonitrile con-
taining 100 ng/mL itraconazole for the internal standard. After
centrifugation at 3000g for 10min, 5 mL of supernatant was injected
onto the LC-MS/MS system. Fexofenadine, midazolam, 10-hydrox-
ymidazolam, and itraconazole were quantified simultaneously us-
ing an API 4000 LC-MS/MS system (AB SCIEX, Framingham, MA,
USA) equipped with an electrospray ionization source. The com-
pounds were separated on a reversed-phase column (Atlantis T3,
50 � 2.1 mm internal diameter, 3mm particle size; Agilent, Cork,
Ireland) at 30�C. The mobile phase consisted of acetonitrile and
20mM ammonium acetate aqueous solution (70:30, v/v), which
was pumped at a constant rate of 0.2 mL/min; the total run time
was 5 min. The mass spectrometer was set to positive ionization
mode. Quantitative analysis was performed using multiple reaction
monitoring with the precursor-to-daughter ion transitions of m/z
502.4 o-daughter ion transitionve analysis was performed using
multiple reaction monito10-hydroxymidazolam, and m/z 705.2
amhter ion titraconazole. The accuracy and precision of the assay
were in accordance with Food and Drug Administration regulations
for the validation of bioanalytical methods, and the lower limit of
quantification was 10 ng/mL of the analytes.

The pharmacokinetic parameters were calculated by non-
compartmental analysis using WinNonlin version 2.1 (Pharsight
Corporation, CA, USA). The maximum plasma concentration (Cmax)
and time to Cmax (Tmax) were obtained directly from the
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concentration-time curves. The area under the plasma concentra-
tion versus time curve (AUC) was calculated using the linear trap-
ezoidal rule.

2.9. Statistical analysis

Experimental data were expressed as mean � standard devia-
tion. Statistical analysis was conducted using a one-way analysis of
variance followed by a posteriori testing with Tukey’s or Holm-
Sidak procedures. A p value < 0.05 was considered significant.

3. Results

3.1. Induction of CYPs and transporters by KRG in the mouse liver

In order to check the effect of KRG on the expression of enzymes
and transporters in the liver, 30 mg/kg, 100 mg/kg, and 300 mg/kg
of KRGwere administered orally to mice for 15 d and themRNA and
protein expression levels of CYP3A11, CYP2c29, CYP2c37, CYP2b13,
CYP2c40, CYP1A2, CYP2d9, CYP2B6, and CYP2b10 were measured.
The mRNA levels of CYP3A11, CYP2c37, and CYP2c40 markedly
increased in the liver at 100 mg/kg (Fig. 1A). In agreement with this,
mRNA analysis also showed that OAT1, OAT3, andMDR1 expression
levels significantly increased when KRG was administered at 300
mg/kg (Fig.1B). To see the effect of KRG on the protein expression of
CYPs, western blotting analysis was used (Figs. 1C and 1D). The
results showed that 30 mg/kg KRG significantly increased CYP3A11
level in the liver (Fig. 1E). We also found that OAT1, OAT3, and
MDR1 protein levels were significantly increased by KRG in a dose-
dependent manner (Fig. 1F).

3.2. Induction of transporters by KRG in the kidney

To determine how KRG affected drug transporter expression in
the kidney, total RNA was extracted and qPCR was used for mRNA
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Fig. 1. Induction of cytochrome P450s (CYPs) and transporters by Korean Red Ginseng (KRG)
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quantitation. The results revealed that only 100 mg/kg KRG
significantly increased OAT1 mRNA expression (Fig. 2A). To confirm
these results, the effect of KRG on protein expression was deter-
mined by western blotting analysis. Although KRG did not affect
MDR1 expression, OAT1 and OAT3 protein expression levels
significantly increased (Figs. 2B and 2C).

3.3. Inhibition of drug transport by KRG in kidney cells in vitro

Prior to evaluation of the effect of KRG on cells, the toxicity, if
any, of KRG to human kidney HEK293 cells and human liver HepG2
cells was measured. Various doses (0.001 mg/mL, 0.005 mg/mL,
0.01 mg/mL, 0.05 mg/mL, 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2
mg/mL) of KRG were incubated with the cells for 48 h and then
cytotoxicity was determined by MTT assay. KRG was not cytotoxic
to HEK293 cells below 0.5 mg/mL (Fig. 3A). Similarly, KRG was not
cytotoxic to HepG2 cells below 1 mg/mL (Fig. 3B). After that, to
determine the effect of KRG on drug transport in vitro, CHO-K1 cells
expressing the OAT1 and OAT3 genes and MDR1-MDCKII cells
expressing the MDR1 gene were used for drug transport inhibition
assays. Different concentrations of KRG extract were used to treat
these cells. KRG treatment did not affect drug transport in CHO-K1
cells expressing OAT1 and OAT3 genes over the concentration range
tested, and KRG did not significantly affect transport of the OAT1
and OAT3 substrates (Figs. 3C and 3D). However, KRG inhibited
MDR1 transporter activity (IC50 ¼ 1.26 mg/mL; Fig. 3E).

3.4. Effect of KRG on the systemic exposure of fexofenadine, 10-
hydroxymidazolam, and midazolam

The time courses of plasma fexofenadine concentrations after
the oral administration of fexofenadine 10 mg/kg in the presence
and absence of 2-wk repeated oral administration of KRG 100 mg/
kg, 200 mg/kg, and 400 mg/kg in rats are depicted in Figs. 4A and
4D. An increase in the KRG dose lowered the mean maximum
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concentrations of fexofenadine by 19%, 44%, and 63% compared
with that of the control (32 ng/mL), although no statistical signif-
icance was observed owing to high interindividual variations. After
the first peak at 0.5 h, a second peak (18 ng/mL) at approximately
2e3 h was observed in the control group, whereas the double peak
phenomenonwas not present in the KRG-treated groups. The mean
AUC24h (138 ng$h/mL) in the control group was significantly
decreased by 32% (p < 0.05), 43% (p < 0.01), and 58% (p < 0.001)
with the increasing doses of KRG, respectively (Figs. 4A and 4D).

The plasma concentrations of midazolam and 10-hydrox-
ymidazolam versus time are illustrated in Figs. 4B and 4C, respec-
tively. In contrast to that for fexofenadine, KRG treatment did not
produce statistically significant differences in the systemic expo-
sure of midazolam and the generation of 1ls expressing OAT1
(Figs. 4B and 4E, and 4C and 4F).

4. Discussion

It is purported that ginseng is a composite chemical mixture
which improves vitality, immune function, cognitive function, and
enhances overall wellbeing [35,36]. The use of plant-based medi-
cines has increased due to their safety, effectiveness, and lower side
effects in comparison with conventional chemical drugs. However,
as there is a lack of evidence from clinical studies to confirm these
perceptions, patients should always be cautious while taking herbal
medicines and chemical drugs together. In recent days, it has been
reported that the interaction of herbal medicines-drugs may result
in some serious disease outcomes [37,38], which is why the
extensive knowledge of herbal medicines-drug interaction, as well
as communication with people regarding the usage of these
products, is essential.
The phytochemical compounds from medicinal herbs may
elevate or suppress the activity of metabolic enzymes of mecha-
nistic pathways, such as CYPs, and result in null, beneficial, or toxic
responses [39,40]. It is essential to carry out the study regarding the
interaction of ginseng and CYP enzymes, not solely because these
herbal medicines show protective efficacy against chemical car-
cinogens, but also due to the resultant herb-drug interactions as a
result of combined ingestion of ginseng and prescribed drugs. It is
already well established that the majority of conventional drugs
undergo metabolization by the CYP enzymes [25], and that is why
the alteration in CYP functionality caused by herbal medicines will
lead to potential changes in the pharmacokinetics of drugs that are
taken in combination with herbal medicines. Therefore, analysis of
CYP is required to make sure of the safe use of usual drugs and
herbal medicines in combination.

To determine the probable modulatory effects of KRG extract on
each CYP enzyme, experiments were conducted on the CYP family
members which take part in drug metabolism (Fig. 1) in which the
effect of KRG was evaluated after oral administration of 30 mg/kg,
100 mg/kg, and 300 mg/kg to mice. The relative mRNA expression
level of the CYP family members (CYP3A11, CYP2c29, CYP2c37,
CYP2b13, CYP2c40, CYP1A2, CYP2d9, CYP2b6, CYP2b10) increased
in the liver at all concentrations without a statistical significance,
but only CYP2c40 showed maximum activity (Fig. 1A). However,
the protein level of CYP3A11 significantly increased in the liver
(Fig. 1C). These results suggested that increased CYPs may cause
both the metabolism and clearance of drugs; thus, the ingested
drugs can be efficiently distributed to other organs. In particular,
CYP3A11 has a vital role in the catalysis of toxicant bioactivation
and the metabolism of clinically useful therapeutic agents through
the elimination of accumulated liver toxins [41,42]. Similarly
[43,44], it was reported that eight ginsenosides and also their
aglycones have the potential to induce the expression of CYP1A1;
additionally, it was also revealed that the CYP3A promoter activa-
tion was slightly effected by Rf ginsenoside in the HepG2 cell line.
However, other contrasting results [45] showed that Rd ginseno-
side feebly inhibited the function of CYP3A and also of CYP2D6 in
cDNA-expressed CYP enzymes and that regular extract of ginseng
reduced the exerted effects of the CYP1 family on the functionalities
of the human recombinant CYP1A1, CYP1A2, and CYP1B1 in vitro.
Several factors may be responsible for these inconsistent results,
including: (1) the complicated nature and variations in the active
constituents derived from the different cultivation areas, harvest
times, storage conditions, and processing cycles of the plant; (2)
different responses and interspecies variability of the various
in vitro models (cell lines, transgenic cell lines, and primary or
cryopreserved hepatocytes, liver/kidney slices, and perfused liver/
kidney; for example, it was reported that tanshinone IIA isolated
from Salvia miltiorrhizae Radix only induced CYP1A in C57BL/6J
mice, but not DBA/2J mice [46]; and (3) different study designs
greatly influence the outcomes of in vivo interaction studies.

CYP enzymes as well as drug transporters affect drug disposition
such as absorption, distribution, metabolism, and excretion [47]. In
recent days, the transporter-mediated DDI has been considered as a
vital factor while dealing with drug kinetics. It is therefore imper-
ative to characterize the role of transporters such as OAT and MDR
families involved in DDIs, which can lead to marked changes in the
systemic drug exposure level, prolonged plasma elimination half-
lives, and consequent accretion of the drug in body as a result of
concomitant administration; these factors may induce pharmaco-
logical or hostile effects [48]. The extent of activity of drug trans-
porters, like MDR1, mainly showed its expression in the GI tract, as
well as in tumor cells, and may cause a lower oral bioavailability
and multidrug resistance [49]. The OAT family mediates the uptake
of structurally diverse substrates: endogenous compounds
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preincubated with KRG extracts with various concentrations as described in the Methods. Subsequently, a fluorescence assay was conducted using fluorogenic substrates. The
percentages related to the control were determined by the following formula. The IC50 value (the concentration at which the half-maximal inhibition of the control value) was
measured by nonlinear regression analysis of the concentration-response curve using the Hill equation (CeE). Experiments were performed in triplicate. Statistical significance was
analyzed by analysis of variance. *p < 0.05; ***p < 0.001 compared with the control group.
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(steroids, cyclic nucleotides, and neurotransmitters), drugs
(nonsteroidal antiinflammatory drugs, diuretics, and antibiotics),
environmental toxins, and other organic waste [50]. OATs facilitate
substrate drugs to be endorsed properly into the cells and allow the
tubule cells of the nephron to excrete the drugs through the urine,
thus mediating excretion of diverse drug via kidney. Thus, OAT
suppression results in decreased renal clearance [51].

OAT1 and OAT3, which play a role in drug uptake in organs,
including the liver, kidney, and brain, have been identified as well-
known drug transporters. MDR1 participates in the excretion of
drugs and toxins in several tissues. To achieve the maximum effect
of the drug, it is very important that the drug should be absorbed,
metabolized, and distributed to other targets by the liver. Therefore,
drug transporters are an important protein in this respect. After the
administration of KRG extracts, mRNA and protein levels of OAT1,
OAT3, and MDR1 significantly increased (Figs. 1B and1D). This
indicates that transporters do not cause drug toxin accumulation in
the liver and efficiently distribute the drug to target cells and
tissues.

Moreover, mRNA and protein OAT1 expression significantly
increased in the kidney, and the OAT3 protein level significantly
increased. However, MDR1was not found to be significantly altered
(Fig. 2). Similar results were observed in our in vitro study. P-gp, a
protein encoded by the human MDR1 gene, was inhibited by KRG
extracts in MDR1-MDCK II cells (Fig. 4). The efficacy of ingested
drugs is often not obtained because they are excreted before the
drugs reach the target in vivo. However, DDI, which is involved in
the drugs absorption and excretion, can have the potential to
extend elimination half-lives from plasma and cause gradual build-
up of the drugs in the body as a result of concomitant adminis-
tration; thus, in our data, the inhibition of P-gp indicated that KRG
would increase drug concentration in the cell via the inhibition of
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the efflux pump in the kidney. Previous data showed that ginse-
noside Rg3 promoted accumulation in drug-resistant KBV cells,
inhibited (3H) vinblastine efflux, and reversed MDR to doxorubicin
[52].

Next, we evaluated the effect of KRG on HEK293 cells and HepG2
cells using the MTT assay with an incubation period of 48 h and
determined the percentage cell viability relative to the control. As
shown in Fig. 3, the viability of HEK293 cells and HepG2 cells was
not affected by KRG at 0.1 mg/mL and 0.5 mg/mL, respectively. The
viability of HEK293 cells and HepG2 cell lines was significantly
reduced with 1 mg/mL and 2 mg/mL KRG (p < 0.001). The cyto-
toxicity observed with the maximum dose concentration may
result from increased oxidative stresses including lipid peroxida-
tion, depletion of glutathione, and generation of reactive oxygen
species, which eventually lead to apoptosis and necrosis.

Although it may appear that KRG induced the main drug
transporter proteins from our in vitro results, the significance must
be investigated in vivo to provide an accurate prediction of the
clinical consequences, because many previous reports have indi-
cated the discrepancy between in vitro and in vivo data. Two probe
drugs, fexofenadine and midazolam, were orally administered to
rats to systemically confirm the influence of KRG on drug trans-
portation and drug metabolism, respectively. As fexofenadine is a
representative P-gp substrate and only 5% of its dose is known to be
metabolized by CYP3A4 [52], the drug has been widely used to
evaluate the effect of substances administered concomitantly on its
systemic exposure in terms of drug transportation. Midazolam is a
well-known CYP3A probe drug, and is mainly biotransformed to 10-
hydroxymidazolam. However, unlike many other drugs that are
metabolized by CYP3A and are also P-gp substrates, midazolam is
not transported by P-gp [53].

The pharmacokinetic profiles of midazolam and 10-hydrox-
ymidazolam did not appear to be significantly altered by KRG
despite the induction of CYP3A isozyme observed in our in vitro
experiments, which indicated that drug-KRG interactions related to
drug metabolism could be neglected in clinical settings. However,
KRG decreased the systemic exposure of fexofenadine dose-
dependently in the range 100e400 mg/kg in rats: the AUCs of
fexofenadine were significantly diminished. In addition, the second
peak was not observed with the coadministration of KRG. Such
double-peak phenomena may be attributed to enterohepatic cir-
culation, however, drug transporters induced by KRG might expel
fexofenadine from the GI tract during the absorption. Of course,
KRG might also affect the disposition of fexofenadine owing to in-
duction of transporters in the liver and the kidneys that was
consistent with in vitro results, although this cannot be easily
distinguished in the whole body.

Kim et al. [31] reported that KRG affected neither CYP- nor P-
gp-related drug interactions in healthy individuals. The discrep-
ancy with our results was probably attributable to the KRG dose.
KRG was previously administered at 11.6 mg (0.2 mg/kg in
humans) as a sum of major ginsenosides, ginsenoside Rb1,
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ginsenoside Rg1, and ginsenoside Rg3, which was equivalent to
approximately 1.2 mg/kg in rats considering the conversion factor
of animal doses to human equivalent doses based on body surface
area or weight [54]. The KRG extract used in this study contained
13 mg/g of ginsenoside Rb1, ginsenoside Rg1, and ginsenoside
Rg3, so the extract doses of 100 mg/kg, 200 mg/kg, and 400 mg/kg
can be regarded as concentrations of 1.3 mg/kg, 2.6 mg/kg, and 5.2
mg/kg of the marker substances, respectively. Finally, one may
speculate that the effect of KRG extract on the transportation of
fexofenadine was even greater at two- and fourfold (200 mg/kg
and 400 mg/kg, respectively) doses. As the KRG extract has been
sold as a health supplement and is known to have a wide safety
margin, overdose is more likely. Therefore, clinical trials at high
doses of KRG extract are required to confirm the present findings.

5. Conclusion

In conclusion, a 2-wk repeated treatment of KRG extract resul-
ted in the induction of enzymes responsible for drug metabolism
and transportation, but the only significance in rats was found in
the dose-dependent decrease in the systemic exposure of fex-
ofenadine, a representative P-gp substrate. As a health supplement,
safe overdose of KRG can occur; thus, a clinical trial of high doses is
recommended. Additionally, caution should be exercised when
KRG is used in combination with P-gp substrate drugs.

Conflicts of interest

The authors declare that there are no conflicts of interest.

Acknowledgments

The authors thank the Korea Ginseng Corporation for the supply
of the KRG extract produced by a standardized process. This work
was supported by a National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIP; Number
2015R1A5A1008958) and by theWorld Class 300 Project R&D grant
provided by the Korea Small and Medium Business Administration
(SMBA) to WK and by a grant from the Korean Society of Ginseng
funded by the Korea Ginseng Cooperation (2015) to DKR. The
funding body played no role in the study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

References

[1] Helms S. Cancer prevention and therapeutics: Panax ginseng. Altern Med Rev
2004;9:259e74.

[2] Christensen LP. Ginsenosides chemistry, biosynthesis, analysis, and potential
health effects. Adv Food Nutr Res 2009;55:1e99.

[3] Choi SS, Lee JK, Suh HW. Effect of ginsenosides administered intrathecally on
the antinociception induced by cold water swimming stress in the mouse. Biol
Pharm Bull 2003;26:858e61.

[4] Deyama T, Nishibe S, Nakazawa Y. Constituents and pharmacological effects of
Eucommia and Siberian ginseng. Acta Pharmacol Sin 2001;22:1057e70.

[5] Liao BS, Newmark H, Zhou RP. Neuroprotective effects of ginseng total saponin
and ginsenosides Rb1 and Rg1 on spinal cord neurons in vitro. Exp Neurol
2002;173:224e34.

[6] Nishino H, Tokuda H, Li T, Takemura M, Kuchide M, Kanazawa M, Mou XY,
Bu P, Takayasu J, Onozuka M, et al. Cancer chemoprevention by ginseng in
mouse liver and other organs. J Korean Med Sci 2001;16:S66e9.

[7] Wang M, Guilbert LJ, Ling L, Li J, Wu Y, Xu S, Pang P, Shan JJ. Immunomodu-
lating activity of CVT-E002, a proprietary extract from North American
ginseng (Panax quinquefolium). J Pharm Pharmacol 2001;53:1515e23.

[8] Endres CJ, Hsiao P, Chung FS, Unadkat JD. The role of transporters in drug
interactions. Eur J Pharm Sci 2006;27:501e17.

[9] Shitara Y, Sato H, Sugiyama Y. Evaluation of drug-drug interaction in the
hepatobiliary and renal transport of drugs. Annu Rev Pharmacol Toxicol
2005;45:689e723.

[10] Reynolds JC. The clinical importance of drug interactions with antiulcer
therapy. J Clin Gastroenterol 1990;12(Suppl 2):S54e63.
[11] Kristensen MB. Drug interactions and clinical pharmacokinetics. Clin Phar-
macokinet 1976;1:351e72.

[12] Humphries TJ, Merritt GJ. Review article: drug interactions with agents used
to treat acid-related diseases. Aliment Pharmacol Ther 1999;13:18e26.

[13] Chez MG, Bourgeois BF, Pippenger CE, Knowles WD. Pharmacodynamic
interactions between phenytoin and valproate: individual and combined
antiepileptic and neurotoxic actions in mice. Clin Neuropharmacol 1994;17:
32e7.

[14] Zamek-Gliszczynski MJ, Chu X, Polli JW, Paine MF, Galetin A. Understanding
the transport properties of metabolites: case studies and considerations for
drug development. Drug Metab Dispos 2014;42:650e64.

[15] Vanmeerten E, Verweij J, Schellens JHM. Antineoplastic agents - drug-
interactions of clinical-significance. Drug Saf 1995;12:168e82.

[16] Masereeuw R, Russel FGM. Therapeutic implications of renal anionic drug
transporters. Pharmacol Ther 2010;126:200e16.

[17] VanWert AL, Gionfriddo MR, Sweet DH. Organic anion transporters: discovery,
pharmacology, regulation and roles in pathophysiology. Biopharm Drug Dis-
pos 2010;31:1e71.

[18] Koepsell H, Endou H. The SLC22 drug transporter family. Pflugers Arch
2004;447:666e76.

[19] Rizwan AN, Burckhardt G. Organic anion transporters of the SLC22 family:
biopharmaceutical, physiological, and pathological roles. Pharm Res 2007;24:
450e70.

[20] Fattinger K, Roos M, Vergeres P, Holenstein C, Kind B, Masche U, Stocker DN,
Braunschweig S, Kullak-Ublick GA, Galeazzi RL, et al. Epidemiology of drug
exposure and adverse drug reactions in two Swiss departments of internal
medicine. Br J Clin Pharmacol 2000;49:158e67.

[21] Zoppi M, Braunschweig S, Kuenzi UP, Maibach R, Hoigne R. Incidence of lethal
adverse drug reactions in the comprehensive hospital drug monitoring, a 20-
year survey, 1974-1993, based on the data of Berne/St. Gallen. Eur J Clin
Pharmacol 2000;56:427e30.

[22] Lin JH, Lu AYH. Inhibition and induction of cytochrome P450 and the clinical
implications. Clin Pharmacokinet 1998;35:361e90.

[23] Durr D, Stieger B, Kullak-Ublick GA, Rentsch KM, Steinert HC, Meier PJ,
Fattinger K. St John’s Wort induces intestinal P-glycoprotein/MDR1 and in-
testinal and hepatic CYP3A4. Clin Pharmacol Ther 2000;68:598e604.

[24] Bertz RJ, Granneman GR. Use of in vitro and in vivo data to estimate the
likelihood of metabolic pharmacokinetic interactions. Clin Pharmacokinet
1997;32:210e58.

[25] Rendic S, DiCarlo FJ. Human cytochrome P450 enzymes: A status report
summarizing their reactions, substrates, inducers, and inhibitors. Drug Metab
Rev 1997;29:413e580.

[26] Henderson GL, Harkey MR, Gershwin ME, Hackman RM, Stern JS, Stresser DM.
Effects of ginseng components on c-DNA-expressed cytochrome P450 enzyme
catalytic activity. Life Sci 1999;65:PL209eP214.

[27] Liu Y, Zhang JW, Li W, Ma H, Sun J, Deng MC, Yang L. Ginsenoside metabolites,
rather than naturally occurring ginsenosides, lead to inhibition of human
cytochrome P450 enzymes. Toxicol Sci 2006;91:356e64.

[28] Kawase A, Takeshita F, Yamada A, Murata K, Matsuda H, Samukawa K,
Iwaki M. Ginseng extracts facilitate cytochrome p450 xenobiotic metabolism
in primary cultures of rat hepatocytes. J Health Sci 2009;55:809e13.

[29] Wang Y, Ye X, Ma Z, Liang Q, Lu B, Tan H, Xiao C, Zhang B, Gao Y. Induction of
cytochrome P450 1A1 expression by ginsenoside Rg1 and Rb1 in HepG2 cells.
Eur J Pharmacol 2008;601:73e8.

[30] Kwon HY, Kim EH, Kim SW, Kim SN, Park JD, Rhee DK. Selective toxicity of
ginsenoside Rg3 on multidrug resistant cells by membrane fluidity modula-
tion. Arch Pharm Res 2008;31:171e7.

[31] Kim DS, Kim Y, Jeon JY, Kim MG. Effect of Red Ginseng on cytochrome P450
and P-glycoprotein activities in healthy volunteers. J Ginseng Res 2016;40:
375e81.

[32] Kim MG, Kim Y, Jeon JY, Kim DS. Effect of fermented red ginseng on cyto-
chrome P450 and P-glycoprotein activity in healthy subjects, as evaluated
using the cocktail approach. Br J Clin Pharmacol 2016;82:1580e90.

[33] Malati CY, Robertson SM, Hunt JD, Chairez C, Alfaro RM, Kovacs JA, Penzak SR.
Influence of Panax ginseng on cytochrome P450 (CYP)3A and P-glycoprotein
(P-gp) activity in healthy participants. J Clin Pharmacol 2012;52:932e9.

[34] Bilgi N, Bell K, Ananthakrishnan AN, Atallah E. Imatinib and Panax ginseng: a
potential interaction resulting in liver toxicity. Ann Pharmacother 2010;44:
926e8.

[35] Wang W, Rayburn ER, Hang J, Zhao Y, Wang H, Zhang R. Anti-lung cancer
effects of novel ginsenoside 25-OCH(3)-PPD. Lung Cancer 2009;65:306e11.

[36] Xu LL, Han T, Wu JZ, Zhang QY, Zhang H, Huang BK, Rahman K, Qin LP.
Comparative research of chemical constituents, antifungal and antitumor
properties of ether extracts of Panax ginseng and its endophytic fungus.
Phytomedicine 2009;16:609e16.

[37] Venkataramanan R, Ramachandran V, Komoroski BJ, Zhang S, Schiff PL,
Strom SC. Milk thistle, a herbal supplement, decreases the activity of CYP3A4
and uridine diphosphoglucuronosyl transferase in human hepatocyte cul-
tures. Drug Metab Dispos 2000;28:1270e3.

[38] Vincent J, Harris SI, Foulds G, Dogolo LC, Willavize S, Friedman HL. Lack of
effect of grapefruit juice on the pharmacokinetics and pharmacodynamics of
amlodipine. Br J Clin Pharmacol 2000;50:455e63.

[39] Wang Z, Gorski JC, Hamman MA, Huang SM, Lesko LJ, Hall SD. The effects of St
John’s wort (Hypericum perforatum) on human cytochrome P450 activity. Clin
Pharmacol Ther 2001;70:317e26.

http://refhub.elsevier.com/S1226-8453(17)30169-0/sref1
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref1
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref1
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref2
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref2
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref2
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref3
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref3
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref3
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref3
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref4
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref4
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref4
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref5
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref5
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref5
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref5
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref6
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref6
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref6
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref6
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref7
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref7
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref7
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref7
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref8
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref8
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref8
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref9
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref9
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref9
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref9
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref10
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref10
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref10
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref11
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref11
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref11
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref12
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref12
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref12
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref13
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref13
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref13
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref13
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref13
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref14
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref14
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref14
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref14
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref15
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref15
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref15
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref16
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref16
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref16
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref17
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref17
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref17
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref17
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref18
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref18
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref18
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref19
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref19
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref19
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref19
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref20
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref20
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref20
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref20
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref20
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref21
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref21
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref21
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref21
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref21
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref22
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref22
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref22
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref23
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref23
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref23
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref23
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref24
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref24
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref24
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref24
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref25
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref25
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref25
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref25
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref26
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref26
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref26
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref26
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref27
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref27
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref27
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref27
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref28
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref28
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref28
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref28
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref29
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref29
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref29
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref29
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref30
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref30
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref30
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref30
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref31
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref31
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref31
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref31
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref32
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref32
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref32
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref32
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref33
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref33
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref33
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref33
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref34
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref34
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref34
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref34
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref35
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref35
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref35
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref36
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref36
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref36
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref36
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref36
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref37
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref37
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref37
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref37
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref37
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref38
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref38
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref38
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref38
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref39
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref39
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref39
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref39


J Ginseng Res 2018;42:370e378378
[40] Vaes LP, Chyka PA. Interactions of warfarin with garlic, ginger, ginkgo, or
ginseng: nature of the evidence. Ann Pharmacother 2000;34:1478e82.

[41] Goodwin B, Redinbo MR, Kliewer SA. Regulation of cyp3a gene transcription
by the pregnane x receptor. Annu Rev Pharmacol Toxicol 2002;42:1e23.

[42] Nelson DR, Koymans L, Kamataki T, Stegeman JJ, Feyereisen R, Waxman DJ,
Waterman MR, Gotoh O, Coon MJ, Estabrook RW, et al. P450 superfamily:
update on new sequences, gene mapping, accession numbers and nomen-
clature. Pharmacogenetics 1996;6:1e42.

[43] HaoM, BaQ, Yin J, Li JQ, Zhao YQ,WangH.Deglycosylated ginsenosides aremore
potent inducers of CYP1A1, CYP1A2 and CYP3A4 expression in HepG2 cells than
glycosylated ginsenosides. Drug Metab Pharmacokinet 2011;26:201e5.

[44] Li Y, Wang Q, Yao XM, Li Y. Induction of CYP3A4 and MDR1 gene expression
by baicalin, baicalein, chlorogenic acid, and ginsenoside Rf through constitu-
tive androstane receptor- and pregnane X receptor-mediated pathways. Eur J
Pharmacol 2010;640:46e54.

[45] Chang TKH, Chen J, Benetton SA. In vitro effect of standardized ginseng ex-
tracts and individual ginsenosides on the catalytic activity of human CYP1A1,
CYP1A2, and CYP1B1. Drug Metab Dispos 2002;30:378e84.

[46] Ueng YF, Kuo YH, Wang SY, Lin YL, Chen CF. Induction of CYP1A by a diterpene
quinone tanshinone IIA isolated from a medicinal herb Salvia miltiorrhiza in
C57BL/6J but not in DBA/2J mice. Life Sci 2004;74:885e96.

[47] Zanger UM, Turpeinen M, Klein K, Schwab M. Functional pharmacogenetics/
genomics of human cytochromes P450 involved in drug biotransformation.
Anal Bioanal Chem 2008;392:1093e108.
[48] Uwai Y, Ida H, Tsuji Y, Katsura T, Inui K. Renal transport of adefovir, cidofovir,
and tenofovir by SLC22A family members (hOAT1, hOAT3, and hOCT2). Pharm
Res 2007;24:811e5.

[49] Zhang Q, Hong M, Duan P, Pan Z, Ma J, You G. Organic anion transporter OAT1
undergoes constitutive and protein kinase C-regulated trafficking through a
dynamin- and clathrin-dependent pathway. J Biol Chem 2008;283:32570e9.

[50] Vallon V, Rieg T, Ahn SY, Wu W, Eraly SA, Nigam SK. Overlapping in vitro and
in vivo specificities of the organic anion transporters OAT1 and OAT3 for loop
and thiazide diuretics. Am J Physiol Renal Physiol 2008;294:F867e73.

[51] vanderHarst P, Bakker SJ, deBoer RA,Wolffenbuttel BH, JohnsonT, CaulfieldMJ,
Navis G. Replication of the five novel loci for uric acid concentrations and po-
tential mediating mechanisms. Hum Mol Genet 2010;19:387e95.

[52] Caballero E, Ocana I, Azanza JR, Sadaba B. Fexofenadina: nuevo anti-
histaminico. Revision de sus caracteristicas practicas [Fexofenadine: a anti-
histaminic. Review of its practical characteristics]. Rev Med Univ Navarra
1999;43:93e7 [in Spanish].

[53] Kim RB, Wandel C, Leake B, Cvetkovic M, Fromm MF, Dempsey PJ, Roden MM,
Belas F, ChaudharyAK, RodenDM, etal. Interrelationshipbetweensubstrates and
inhibitors of human CYP3A and P-glycoprotein. Pharm Res 1999;16:408e14.

[54] Research CfDEa. Guidance for industry: Estimating the maximum safe starting
dose in initial clinical trials for therapeutics in adult healthy volunteers.
Center for Drug Evaluation and Research 2005.

http://refhub.elsevier.com/S1226-8453(17)30169-0/sref40
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref40
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref40
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref41
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref41
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref41
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref42
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref42
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref42
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref42
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref42
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref43
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref43
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref43
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref43
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref44
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref44
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref44
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref44
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref44
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref45
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref45
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref45
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref45
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref46
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref46
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref46
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref46
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref47
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref47
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref47
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref47
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref48
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref48
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref48
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref48
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref49
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref49
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref49
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref49
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref50
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref50
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref50
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref50
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref51
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref51
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref51
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref51
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref52
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref52
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref52
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref52
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref52
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref53
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref53
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref53
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref53
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref54
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref54
http://refhub.elsevier.com/S1226-8453(17)30169-0/sref54

	Effect of Korean Red Ginseng extracts on drug-drug interactions
	1. Introduction
	2. Methods
	2.1. Materials
	2.2. Cell lines and animals
	2.3. In vitro cytotoxicity assays
	2.4. Animal treatment
	2.5. mRNA analysis
	2.6. Western blot analysis
	2.7. Inhibition assays
	2.8. Effect of KRG on the systemic exposure of midazolam and fexofenadine in rats
	2.9. Statistical analysis

	3. Results
	3.1. Induction of CYPs and transporters by KRG in the mouse liver
	3.2. Induction of transporters by KRG in the kidney
	3.3. Inhibition of drug transport by KRG in kidney cells in vitro
	3.4. Effect of KRG on the systemic exposure of fexofenadine, 1′-hydroxymidazolam, and midazolam

	4. Discussion
	5. Conclusion
	Conflicts of interest
	Acknowledgments
	References


