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Abstract

Herbal medicines and natural products used for maintenance of health or treat-

ment of diseases have many biological effects, including altering the pharma-

cokinetics and metabolism of other medications. Daikenchuto (TU-100), an

aqueous extract of ginger, ginseng, and Japanese green pepper fruit, is a com-

monly prescribed Kampo (Japanese herbal medicine) for postoperative ileus or

bloating. The effects of TU-100 on drug metabolism have not been investigated.

In this study, we analyzed the effect of TU-100 on expression of key drug-meta-

bolizing enzymes (DMEs) and drug transporters (DTs) in murine liver and gas-

trointestinal tract using a dietary model. Liver, jejunum, and proximal colon

were analyzed for phase I and II DMEs and DT mRNA expression by reverse

transcription (RT) first by nonquantitative and followed by quantitative poly-

merase chain reaction (PCR) and protein expression. Liver, jejunum, and proxi-

mal colon expressed some identical but also unique DMEs and DTs. TU-100

increased the greatest changes in cytochrome (Cyp) 2b10 and Cyp3a11 and

Mdr1a. Basal and TU-100 stimulated levels of DME and DT expression were

gender-dependent, dose-dependent and reversible after cessation of TU-100

supplementation, except for some changes in the intestine. Quantitative Wes-

tern blot analysis of protein extracts confirmed the quantitative PCR results.

Abbreviations

Cyp, cytochrome P450; DME, drug-metabolizing enzymes; DME, drug-metabolizing

enzymes; DT, drug transporters; Mdr1a, multidrug resistance protein 1a; RT,

reverse transcription; Sult, Sulfotransferase; Ugt, UDP-glucuronosyltransferase.

Introduction

A variety of herbal products are consumed worldwide,

some prescribed and some taken over the counter. One

safety concern regarding herbal medicines is their poten-

tial interaction with other coadministered drugs, resulting

from changes of drug-metabolizing enzymes (DMEs) and

drug transporters (DTs) (Choi et al. 2011; Wanwimolruk

and Prachayasittikul 2014 Cho and Yoon 2015). Many

previous studies have shown the ability of herbal prod-

ucts, such as St. John’s wort (Hypericum Perforatum)

(Durr et al. 2000; Moore et al. 2000), ginkgo (Ginko

Biloba) (Shinozuka et al. 2002; Gaudineau et al. 2004),

garlic (Allium sativum) (Fisher et al. 2007), and turmeric
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(Curcuma longa) (Thapliyal and Maru 2001; Basu et al.

2004), to modify the expression and activity of phase I

and phase II DMEs and DTs.

Liver and intestine are major sites for drug-drug inter-

actions, as both express phase I and phase II DMEs and

DTs that can modulate pharmacokinetics of xenobiotic

compounds and thus contributes to drug elimination

(Choudhary et al. 2003, 2005; Alnouti and Klassen 2006;

Buckley and Klaassen 2007; Van Herwaarden et al. 2007;

Thelen and Dressman 2009; Giacomini et al. 2010;

Renaud et al. 2011). Certain DMEs and DTs are

expressed to a greater extent in the intestine than liver

(Alnouti and Klassen 2006; Buckley and Klaassen 2007;

Renaud et al. 2011; Fu et al. 2016). Of note, expression of

DMEs and DTs show regional differences along the

intestinal tract. For example, Cyp3a11 expression is

greater in murine small intestine than in colon while

Mdr1a expression increases from proximal to distal

intestinal regions (Fu et al. 2016). Dietary and natural

compounds such as grapefruit juice and St. John’s wort

have been shown to alter the metabolism of the drugs by

affecting the expression of intestinal DMEs (Lown et al.

1997; Durr et al. 2000). Thus, it is important to investi-

gate what contributions these compounds have on both

intestinal and hepatic drug metabolism, taking into

account how the impact of gender, dose, time course, and

reversibility on their actions.

“Daikenchuto” (TU-100) is a commonly prescribed

Japanese herbal medicine that is used for the treatment of

bowel symptoms and digestive diseases. TU-100 is pre-

scribed for bloating, constipation, and postoperative ileus

by its ability to improve intestinal motility (Kono et al.

2015). TU-100 is a mixture of extracts from a mixture of

three different herbs, dried rhizome of Zingiber officinale,

ripe fruit of Zanthoxylum piperitum, and root of Panax

ginseng (Kono et al. 2015). The safety and efficacy of TU-

100 have been established and continues to be demon-

strated in recent studies (Shibata et al. 1999; Manabe

et al. 2010; Shimada et al. 2015; Katsuno et al. 2016).

While previous studies reported potential drug-drug

interactions involving individual components of TU-100

(i.e. ginger or ginseng) these studies were limited in that

the combinatorial effects of multiple ingredients in

TU-100 were not assessed.

The present study employs a dietary model of TU-100

in mice for a number of reasons. First, TU-100 is con-

sumed over long periods of time and effects may take

months and continued consumption is required for main-

tained effects. A previous study on intestinal microbiome

effects of TU-100 demonstrated that changes were

observed only after many weeks of ingestion (Hasebe et al.

2016). Second, the intestinal microbiome changes may be

important for alterations of DMEs and DTs as intestinal

bacteria have been determined to modulate their expres-

sion (Einarsson et al. 1973; Nugon-Baudon et al. 1998;

Hooper et al. 2001). Third, with dietary introduction in

an in vivo model, expression of DMEs and DTs is regu-

lated by all factors that naturally modulate liver and hep-

atic DME and DT expression. Ginseng, one component of

TU-100 has many components metabolized by intestinal

bacteria (Qi et al. 2011). These metabolites may have dif-

ferent effects on DME and DT inhibition or induction.

Thus, in vitro studies using cultured cells cannot recapitu-

late the multifactorial regulation of expression. Impor-

tantly, DMEs and DT are regulated not only through

bacterial regulation, but also direct effects of compounds.

These effects may occur by inhibition or induction of

expression. The present study focuses on the regulation of

mRNA and protein expression. Gene induction of DME

and DT is regulated by many factors, including bacterial

regulation (Einarsson et al. 1973; Nugon-Baudon et al.

1998; Hooper et al. 2001) and nutritional factors (Jacobs

and Lewis 2002). The identity of many of the transcription

factors involved has been studied and includes the CXR,

PXR, NF-kB, and the aryl hydrocarbon receptor (Honka-

koski and Negishi 2000; Gibson et al. 2002; Hyrcay and

Bandiera 2009; Zordoky and El-Kadi 2009; Tolson and

Wang 2010; Wang et al. 2011);

Studies of DME and DT in the mouse must be

regarded as effects in this species as the regulation of

DMEs and DTs is different in human (Nelson et al. 2004;

Martignoni et al. 2006; Wang et al. 2011). Substrates for

mouse homologs have been correlated with human

DMEs, particularly cytochrome P450 isoforms and the

substrate defined families within the cytochromes P450s

which may be different in the two species and their regu-

lation may be different (Nelson et al. 2004; Martignoni

et al. 2006; Wang et al. 2011). Studies of DME and DT in

the mouse cannot be stated to occur for human homologs

defined on substrate or gene identity, however, studies of

DMEs and DT that have been performed in mice, rats,

and rabbits have provided important information on reg-

ulatory events that occur in humans.

In this study, we analyzed the dose- and time-depen-

dent effects of TU-100 on the mRNA and protein expres-

sion of major DMEs and DTs in different regions of the

intestine and in the liver of both males and female mice.

We also investigated the reversibility of these changes

upon discontinuation of TU-100 in the diet.

Materials and Methods

Mice

All animal experiments were approved by the University

of Chicago Institutional Animal Care and Use Committee
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(IACUC protocol 71084). Forty-eight male and 48 female

C57Bl6/J mice from 5 to 10 weeks of age were bred in

house. Littermates were then equally divided among the

study groups. All mice were fed standard mouse chow,

but then switched to a defined AIN-76A diet (described

below) 1 week before the beginning of the study. Mice

were euthanized by carbon dioxide inhalation followed by

cervical dislocation as approved by IACUC.

Diet and drug

AIN-76A is a defined diet purchased from Harlan Teklad/

Envigo (Madison, WI; CA.170481), where all the compo-

nents are known and standardized for consistency.

“Daikenchuto” (TU-100) was obtained as powder from

Tsumura & Co. (Ami, Ibaraki, Japan). TU-100 was

included in AIN-76A at 15 g TU-100/kg diet (1.5% wt/

wt) (Harlan Teklad; TD.110333). This dosage of TU-100

was determined previously to obtain similar blood con-

centrations of major TU-100 ingredients in mice to the

human data (Kaneko et al. 2013; Kono et al. 2013; Ueno

et al. 2014; Watanabe et al. 2015; Hasebe et al. 2016). For

the present studies, doses of 0.75% and 3.0% wt/wt

TU-100 in the diet were also used to assess its dose-

dependency.

Animal experimental procedures

Male and female mice were fed the AIN-76A defined diet

with or without 1.5% TU-100 for 12 weeks. After

12 weeks, half of the mice were switched to the AIN-76A

diet without TU-100, and the other half continued the

same AIN-76A diet with TU-100 for another 12 weeks

(Fig. 1A). Tissue samples from the liver, jejunum, and

proximal colon were collected at 0, 12 and 24 weeks of

the experiment from 8 to 16 mice in each diet group

(Fig. 1A). To analyze the effect of different doses of TU-

100, 5 male mice in each diet group (AIN76A with no

TU-100, 0.75% TU-100, or 3.0% TU-100) were sacrificed

and analyzed at 0, 12, and 24 weeks (Fig. 1B). A section

of liver was immersed in TRIZOL reagent (Thermo

Fisher/Invitrogen, Carlsbad, CA) then homogenized. The

mucosal layer of the jejunum and proximal colon was

scraped off from the tissue using glass slides, and

immersed in TRIZOL reagent, then homogenized. The

tissue samples were stored at �80°C until the RNA

extraction. For protein extraction, samples of liver or

intestinal scrapings were place into lysis buffer (10 mmol/

L Tris pH 7.4, 1 mmol/L MgSO4 with 1 mmol/L PMSF

and Roche Complete Protease Inhibitor). After homoge-

nization using a teflon pestle, an aliquot was removed for

protein determination by the bicinchoninic acid proce-

dure and remainder was solubilized with 3X Laemmli

SDS-PAGE stop solution, heated and frozen for Western

blotting analysis.

Reverse transcription polymerase chain
reaction (RT-PCR)

RNA was extracted from the tissue homogenates in TRI-

ZOL reagent following the manufacturer’s instruction.

cDNA was generated using Transcriptor First Strand

cDNA Synthesis Kit (Roche, Indianapolis, IN) and then

used first for nonquantitative PCR using Takara ExTaq

(Fisher Scientific, Itasca, IL) using an annealing tempera-

ture of 56°C for all reactions. Thirty five cycles were used

for all reactions Specific targets were selected for each tis-

sue and quantitative PCR was performed using iTaq

Universal SYBR Green Supermix (Bio Rad, Richmond,

CA), and a Light Cycler 480 (Roche) according to manu-

facturer’s protocol for SYBR Green I which uses a 60°C
annealing temperature. Data were normalized to the

amount of glyceraldehyde phosphate dehydrogenase

(Gapdh) as an endogenous control.

For analysis of mRNA targets, all samples from one tis-

sue for comparison were run in one PCR plate from a

single master mix of reagents. A standard curve was gen-

erated for each target as well as Gapdh. This standard was

diluted and used to generate a standard curve of Ct val-

ues of this calibrator sample. The expression level of each

sample for that target was calculated by this standard cali-

brator curve. Each sample constitutive control, Gapdh,

was calculated similarly. This analysis was used to account

for variability in initial concentration and quality of total

RNA and conversion efficiency in each reverse transcrip-

tion sample. Values are presented as relative expression

level (normalized to Gapdh of each sample).

Oligonucleotide primers

Primers were designed based on previous reports or

Primer Bank (https://pga.mgh.harvard.edu/primerbank)

(Choudhary et al. 2003; Wang and Seed 2003; Spandidos

et al. 2008, 2010; Xu et al. 2012) (Table S1).

Western blotting

Samples were separated on 10% SDS-PAGE and trans-

ferred to PVDF membrane by standard protocols. Anti-

bodies used in this study included anti-CYP2B10 (EMD

Millipore AB9916, Temecula, CA), anti-CYP3A11 (EMD

Millipore MAB10041, Temecula, CA), anti-beta actin

(Cell Signaling #4967, Danvers, MA), anti-p-glycoprotein

(Abcam ab170904, Cambridge, MA). Blots were

developed using an enhanced chemiluminescence system

(Western Bright, Advansta, Menlo Park, CA).
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Compliance with design and statistical
analysis requirements

At least five mice were used for all experimental groups.

Groups included mice from at least two different breeding

pairs and were within one week of age for both male and

female mice. Samples were run in duplicate and were

averaged. Samples from the same tissue from all mice

were analyzed on the same PCR plate to permit compari-

son. The fold changes of the gene expression levels of the

TU-100 fed mice were calculated by comparison to those

of the control mice fed with AIN-76A without 1.5% TU-

100. All results are expressed as means � SEM. Outliers

were identified and eliminated using Grubb’s test using

GraphPad Prism (San Diego, CA). Statistical significance

was determined using unpaired Student’s t-test for com-

parison between two groups, and nonrepeated measures

ANOVA, followed by the Student–Newman–Keuls test for
comparison among more than two groups. A P < 0.05

was considered statistically significant.

Results

To determine the tissue expression of DMEs and DTs,

transcript abundance was examined by nonquantitative

RT-PCR followed by gel electrophoresis (Fig. 2). Liver,

jejunum, and proximal colon samples from female mice

at week 0 were analyzed. Gene expression patterns were

consistent with previous reports, when available (Renaud

et al. 2011; Fu et al. 2016). Liver expressed the largest

number of DMEs and DTs, however, some were more

abundant in the jejunum or proximal colon (Fig. 2). Sim-

ilar results were obtained in male mice. Notably p-glyco-

protein (Mdr1a) was expressed at a greater level in

(A)

(B)

AIN-76A + 1.5% TU-100

AIN-76A

AIN-76A + 1.5% TU-100

12 weeks
Tissue RNA
and protein

AIN-76A

Tissue RNA
and protein

12 weeks

AIN-76A + 0.75% TU-100

12 weeks

AIN-76A

Tissue RNA
and protein

AIN-76A

AIN-76A

AIN-76A + 0.75% TU-100

AIN-76A + 3.0% TU-100

AIN-76A

AIN-76A + 3.0% TU-100

Tissue RNA
and protein

12 weeks

Tissue RNA
and protein

Tissue RNA
and protein

Figure 1. Experimental procedure: timelines of feeding protocols. (A) Male and female C57BL6/J mice were fed AIN-76A, a defined, formulated

diet, with or without 1.5% TU-100 for 24 weeks. After 12 weeks, half of the mice fed with AIN-76A with 1.5% TU-100 were switched back to

AIN-76A without 1.5% TU-100, and the remaining mice continued the same diet for the duration of the study. Tissue RNA and protein samples

were collected at 12 and 24 weeks from 8 to 16 mice in each diet group. (B) Male C57BL6/J mice were fed with AIN-76A without TU-100 or

AIN-76A supplemented with 0.75% or 3.0% TU-100 for 24 weeks. After 12 weeks, half of the mice were switched back to AIN-76A without

TU-100, and the remaining mice continued the TU-100 supplemented diet for a whole period. Tissue RNA and protein samples were collected at

12 and 24 weeks from 5 mice in each diet group.
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jejunum and proximal colon (Fig. 2). The transporter

PepT1 was not expressed in liver and only both sections

of the intestine (Fig. 2). Liver expressed nearly every cyto-

chrome tested and at greater levels than intestine. The

only cytochromes expressed as slightly greater levels in

intestine were Cyp1a1 and Cyp3a13. For phase II

enzymes, intestine expressed more Ugt1a2, and liver

expressed a greater number and higher levels of most Ugt

and Sult enzymes. Target genes from the above were

selected for real time quantitative PCR analysis by the fol-

lowing criteria: (1) The genes are expressed as bands

detected in the nonquantitative PCR data (Fig. 2); (2)

Activity of these mouse DMEs and DTs genes have sub-

strate specificity similar to human DMEs and DTs consid-

ered important for drug metabolism; (3) The genes are

members of subfamilies of DME and different types of

DT.

Fold changes in the gene expression of the 1.5% TU-

100 fed mice at 24 weeks as well as those fed diet with

1.5% TU-100 for 12 weeks followed by 12 weeks without

TU-100 were analyzed with respect to that in control

mice fed AIN-76A without TU-100 at 12 weeks (Figs. 3

and 4). Fold changes are presented as a heat map repre-

sentation in Fig. 3, values are presented in the supple-

mental file (Table S2). Unchanged values, a fold change

in 1.0, are represented by yellow. Green was selected for

decreased and red and purple for increased expression.

Darkest green indicates fold changes were between 0.25

and 0.5, light green between 0.5 and 1.0. Light red indi-

cates increased fold changes between 1,0 and 1.5, dark red

fold changes between 1.5 and 2.0 and purple was used to

indicate greatest changes, over 2.0. Twelve or 24 weeks

dietary supplementation with 1.5% TU-100 changed

expression of a variety of DMEs and DTs both in male

and female mice, although the fold change varied depend-

ing on tissue, gender, and duration of treatment (upper

and middle rows of Fig. 3 and as labelled in Fig. 4). Most

notable increases were in Cyp2b10 and 3a11 (Figs. 3 and

presented as bars in Fig. 4A) and the transporters Mdr1a,

Mrp2, Mrp3, and PepT1 (Fig. 3 and as bars in Fig. 4A).

TU-100 induction of some targets such as Mdr1a and

Mrp2 increased between 12 and 24 weeks of dietary TU-

100 (Fig. 3). From Table 1 of File S2, some changes

occurred more rapidly in female mice (Cyp2b10) with
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Figure 2. Tissue distributions of DMEs and DTs. mRNA expression levels of Cyp, Ugt, Sultt, and DT in the liver, jejunum, and proximal colon of

female mice were analyzed by RT-PCR and gel electrophoresis. The genes indicated by bold letters were subjected to the further analysis by real-

time quantitative RT-PCR. (A) The expression levels of the Cyps. (B) The expression levels of the Ugts and Sults. (C) The expression levels of DTs.

The sizes of the marker bands from the top are: (A) 500 bp, 400 bp, and 300 bp; (B) 300 bp, 200 bp, and 100 bp; (C) 300 bp, 200 bp, and

100 bp respectively.
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induction in males increasing significantly only after

24 weeks of dietary TU-110 (Cyp 2b10 and 2a4). Many

of the TU-100 -induced DME and DT changes were

reversed after 12 weeks of discontinuation of TU-100

supplementation (bottom panels of Fig. 3). Most of the

DME and DT changes reversed 12 weeks after termina-

tion and withdrawal of dietary TU-100, the exception

being jejunal Mdr1a and PepT1 where increased mRNA

expression persisted. All DMEs induced by dietary TU-

100 were nearly completely reversed. TU-100 induced

changes were dependent on dietary amount. Male mice

were fed diets of no TU-100, 0.75% and 3% for 24 weeks.

Samples were analyzed only for Cyp2b10, Cyp3a11, and

Mdr1a (Fig. 4B). Mdr1a was the most responsive target

and increased with 0.75% TU-100 and 3% TU-100

increased expression of both cytochromes.

To determine whether increases in mRNA changes were

observed at levels of protein expression, liver and jejunal

samples were analyzed by Western blotting, using beta

actin as a housekeeping protein. To allow comparison,

basal and induced protein expression in liver, samples of

both genders were analyzed on the same blots using sam-

ples acquired at 12 and 24 weeks after dietary 1.5% TU-

100 (Fig. 5A). Increases in Cyp2b10, Cyp3a11, and Mdr1a

were greater and more rapid in samples from female

mice. To determine the reversibility of these effects, sam-

ples were analyzed at 24 weeks from mice of both genders

fed AIN-76A diet for 24 weeks (A/A), 1.5% TU-100

containing diet for 24 weeks (T/T), or mice fed 1.5% TU-

100 containing diet for 12 weeks followed by the diet

without TU-100 for 12 weeks (T/A) (Fig. 5B). The

increases in Cyp2b10, Cyp3a11, and Mdr1a by TU-100

were reversible, as exemplified by the group of 4 to the

far right in each blot. Induction occurred in a dose-

dependent manner shown by samples from male mice fed

diets with either 0.75 or 3.0% dietary TU-100 analyzed at

12 weeks of induction (Fig. 5). Reversibility of DME and

DT induction in the liver at different doses was also

observed in male mice fed the AIN-76A diet with 0.75 or

3.0% of TU-100 for 12 weeks followed a 12 weeks period

on the same diet without TU-100 (T/A) compared to

their counterparts that were fed the AIN-76A diet for the

entire 24 weeks (A/A) (Fig. 5D). Therefore, jejunal sam-

ples from male and female T/A mice were analyzed fur-

ther by Western blot at 0 and 12 weeks during which

they were fed 1.5% TU-100, and 12 weeks after cessation

of TU-100 (Fig. 4E). Liver samples were analyzed on the

same blots to permit comparison (Fig. 5E). TU-100

induced the cytochromes and Mdr1a in jejunum similar

in a similar fashion to previous results in the liver in both

male and female mice (Fig. 5E). Samples were analyzed

from female (F) and male (M) mice maintained on

AIN76A diet without TU-100 for 24 weeks (A/A), those
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Figure 3. Heat map presentation of TU-100 induced DMEs and DTs changes. Male and female C57BL6/J mice were fed with AIN-76A defined

diet with or without 1.5% TU-100 for 12 weeks (top panels) or 24 weeks (middle panels). After 12 weeks, half of the mice fed with AIN-76A

with 1.5% TU-100 were switched to AIN-76A without 1.5% TU-100, and the remaining mice continued the original TU-100 supplemented diet

for the duration of the study (bottom panels). mRNA expression levels of the cyp, ugt, sults, and drug transporters were analyzed by RT-PCR and

calculated as fold changes as described in Methods. For presentation, a fold change in 1.0 indicates no change (represented as yellow). Decreases

are represented in green, dark green for changes 0.25 to 0.5 and light green smaller decreased fold changes from 0.50 to 1.0. Light red

represents increased fold changes from 1.0 to 1.5, dark red increased fold change from 1.5 to 2.0 and purple the greatest fold changes, over

2.0. Values (means � standard deviation) are presented in a supplemental file.
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Figure 4. Expression levels of Cyp2b10, Cyp3a11, and Mdr1a in mice fed TU-100 supplemented diet. (A) Male and female C57BL6/J mice were

fed with AIN-76A defined diet with or without 1.5% TU-100 for 24 weeks. After 12 weeks, half of the mice fed with AIN-76A with 1.5% TU-

100 were switched to AIN-76A without 1.5% TU-100, and the remaining mice continued the original TU-100 supplemented diet for the duration

of the study. mRNA expression levels of the Cyp, Ugt, Sults, were analyzed by RT-PCR. Data shown are relative mRNA expression levels of

Cyp2b10, Cyp3a11, and Mdr1a normalized to Gapdh (n > 8). Statistical significance was determined using unpaired Student’s t-test comparing to

the mice fed with AIN-76A without 1.5% TU-100 (*P < 0.05, **P < 0.01). (B) Male C57BL6/J mice were fed AIN-76A defined diet without TU-

100 or AIN-76A including 0.75% or 3.0% TU-100 for 24 weeks. mRNA expression levels of Cyp2b10, Cyp3a11, and Mdr1aa in the liver were

analyzed by RT-PCR. Data shown are relative mRNA expression levels of Cy;2b10, Cyp3a11, and Mdr1a were normalized to Gapdh (n = 5). The y

axis for all samples is relative expression level (normalized to Gapdh of each sample first). Statistical significance was determined using

non-repeated measures ANOVA, followed by the Student–Newman–Keuls test (**P < 0.01). Y axis: relative gene expression levels to Gapdh.
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(T/A). These samples confirmed the induction and

reversibility of Cyb2b10, Cyp3a11, and Mdr1a in jejunum

(Fig. 5F).

Discussion

The present study shows that dietary supplementation

with the natural product TU-100 modifies major DMEs

and DTs of the murine liver and various regions of the

intestine. Two DMEs, (Cyp2b10 and Cyp3a11) and the

drug transporter (Mdr1a) were particularly affected in a

manner that was both gender- and dose-dependent. In

addition, many, but not all of the induced transcript

responses were reversible. We also found corresponding

changes in protein expression to the observed changes in

mRNA transcripts. These observations are noteworthy

considering the wide usage of TU-100 components in

Japan and increasing interest in health-promoting natural

products in western countries. Furthermore, these studies

were performed under carefully controlled conditions

where the effects of gender, dose, duration of treatment,

and reversibility of effects on DMEs and DTs were inves-

tigated.

Changes in DMEs and DTS in the present studies in mice

may not be assumed to occur, even for gene homologs, in

other species, including humans. Gene homologs have been

identified based on sequence and enzyme homologs have

also been identified based on substrates metabolized. Even

for mouse and human homologous cytochromes that

metabolize the same substrates, regulation of gene expres-

sion can be different. The present studies allow investiga-

tion of parameters not readily studied in humans as in vivo

experimentation is required. In vitro studies of human liver

or intestinal cells are valuable for DME and DT inhibition

and induction studies, but do not recapitulate the role of

intestinal bacteria to regulate DME and DT expression

through bacterial metabolite generation, nor do in vitro

studies recapitulate the role of intestinal bacteria play in

drug and xenobiotic metabolism.

The present studies demonstrate changes in induction by

TU-100 but drug metabolism may also be regulated at the

level of enzyme inhibition. DME inhibition may result in

decreased metabolism of coadministered drugs. Of the

three components of TU-100, ginseng has been studied for

inhibition of activity of human liver cytochromes (Liu

et al. 2006). Naturally occurring ginsenosides had no effect

to inhibit human CYP3A4, CYP2D6, CYP2C9, CYP2A6,

nor CYP1A2. However, many ginenosides are metabolized

by intestinal bacteria. Compound K, a ginsenoside Rb1

metabolite as well as two other ginsenoside metabolites,

protopanaxadial and protopanaxatriol, exhibited moderate

inhibition of CYP2C9 (Liu et al. 2006). Studies of TU-100

(at extract concentrations up to 2000 lg/mL) using rat,

dog, and human liver microsomes cytochrome activity

demonstrated no cytochrome inhibition (unpublished

data). A bidirectional assay using Caco2 cultured human

intestinal enterocytes, TU-100 extract (up to 1671 lg/nL)
demonstrated some inhibition of p-glycoprotein (Mdr1)

activity (unpublished observations).

The level of expression of key DMEs and DTs varies

among different organ systems. Cyp2b10 has been reported

to be highly expressed in the lung, followed by the proxi-

mal small intestine with lower expression in the liver

(Renaud et al. 2011). Many DMEs and DTs are expressed

in the liver, probably accounting for why it historically has

received the greatest attention. However, our study as well

as others show that the gastrointestinal tract should be

included in studies of xenobiotic metabolism (Van Her-

waarden et al. 2007; Thelen and Dressman 2009).

The molecular mechanisms underlying altered expres-

sion of DMEs and DTs by TU-100 could be potentially

multifactorial. One possibility is that components of TU-

100 directly affect gene transcription by modulating the

activities of nuclear receptors. Pregnane X receptor (PXR)

and constitutive androstane receptor (CAR) are ligand-

activated nuclear receptors that are known to upregulate

expression in both mouse and human liver. Currently

available data, however, indicate that components of TU-

100 (i.e. ginseng) are not agonists of PXR (Zhang et al.

2015) although it remains to be determined whether

other compounds of TU-100 are capable of modulating

PXR or CAR. Another possibility is the role of differential

gut microbiome in altered expression of DMEs and DTs

(Kuno et al. 2015). TU-100 is known to alter the intesti-

nal microbiome (Hasebe et al. 2016) and accumulating

evidence indicate that gut microbiome plays a key role in

regulating hepatic and intestinal DMEs and DTs (Einars-

son et al. 1973; Overvik et al. 1990; Nugon-Baudon et al.

1998; Hooper et al. 2001; Bjorkholm et al. 2009; Meinl

et al. 2009; Toda et al. 2009; Saad et al. 2012; Selwyn

et al. 2015). For example, Cyp activity measured by the

microsomal metabolism of steroids was shown to be

lower in the liver of germ-free rats as compared with con-

ventionally raised (Einarsson et al. 1973). Also, coloniza-

tion of germ-free mice with Bacteroides thetaiotamicron,

a prominent component of the normal mouse gut micro-

biome, was shown to modulate intestinal Cyp and Mdr1a

expression (Hooper et al. 2001). Additionally, germ-free

rats fed a diet supplemented with myrosinase-free rape-

seed exhibit different levels of expression of liver Cyp

expression, demonstrating the complexity of action of

dietary supplements that may involve direct and microbe-

dependent actions (Nugon-Baudon et al. 1998). Both

direct actions of TU-100 and indirect actions via modu-

lating the intestinal microbiome are likely involved and

warrant further investigation.
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Figure 5. TU-100 alters Cyp2b10, Cyp3a11, and Mdr1a protein expression in liver and jejunum. Protein samples were analyzed by 10% SDS-

PAGE and Western blots using specific antibodies. Beta actin was used as a housekeeping gene. (A) Liver tissue from female and male mice fed

1.5% TU-100 containing AIN-76A diet for 12 or 24 weeks. (B) Liver tissue from female and male mice fed AIN-76A diet without TU-100 for

24 weeks (A/A); 1.5% TU-100 supplementation for 24 weeks (T/T); 1.5% TU-100 supplementation for 12 weeks followed by AIN-76A without

TU-100 for 12 weeks (T/A). (C) Liver tissue from male mice fed AIN-76A diet without TU-100, or 0.75, 1.5, or 3.0% TU-100-supplemented

AIN-76A diet for 12 weeks. (D) Liver, male mice fed AIN-76A diet without TU-100 for 12 or 24 weeks (A/A); 0.75% or 3.0% TU-100 containing

AIN-76A diet for 12 weeks followed by the diet without TU-100 for 12 weeks (T/A). (E) Jejunum and liver tissues from females and males fed

1.5% TU-100 supplemented AIN-76 diet for 12 weeks followed by the diet without TU-100 for 12 weeks. (F) Jejunal tissue from female (F) and

male (M) mice harvested at 24 weeks of AIN76A diet without TU-100 (A/A), fed diet with TU-100 for full 24 weeks (T/T), or fed diet with TU-100

for 12 weeks followed by 12 weeks without TU-100 (T/A) were analyzed.
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In addition, differences in gender must be factored in

when examining natural products like TU-100 in affect-

ing xenobiotic metabolism (Kato and Yamamoe 1992;

Franconi et al. 2007). Clinically, age and gender are

strong considerations when placing patients on medica-

tions. This is further complicated when dietary supple-

ments such as TU-100 are used, where their actions on

drug metabolism are also influenced by age, dose, and

gender. The time course and extent of reversibility upon

cessation of TU-100 is another clinically important con-

sideration. Our study shows that most of the changes in

DMEs and DTs are reversible in the mouse model, but

some changes persist for months after cessation of TU-

100, especially in the intestine. This is similar to the

sucralose-based artificial sweetener (Splenda), a chlori-

nated sucrose which is not metabolized by small intesti-

nal sucrase. In this study, altered composition of the gut

microbiome and intestinal expression of certain Cyp and

Mdr1a persisted for up to 12 weeks following cessation

of the sweetener in rats (Abou-Donia et al. 2008). From

these observations, we speculate that the effects of TU-

100 on host DMEs and DTs are in part dependent on

changes in the gut microbiome, and that the lasting

effects upon its cessation are due to persistent changes

in gut microbial communities.

In conclusion, dietary TU-100 modulates both liver

and intestinal expression of murine DMEs and DTs. The

effect is gender and dose-dependent and reversible in

most cases. These conditions might be important for

studies of drug interaction in humans.

Acknowledgement

This work was supported by a grant from Tsumura & Co.

(EBC), NIH grants Digestive Disease Center grant P30

DK42086 (EBC), NIH RO1 DK097268 (EBC), a grant

from the Chicago Biomedical Consortium Catalyst Award

C-066 (EBC and HY), a support from the GI Research

Foundation of Chicago (EBC).

Disclosure

None declared.

References

Abou-Donia MB, El-Masry EM, Abel-Rahman AA, McLendon

RE, Schiffman SS (2008). Splenda alters gut microflora and

increases intestinal p-glycoprotein and cytochrome p-450 in

male rats. J Toxicol Environ Health A 71: 1415–1429.

Alnouti Y, Klassen CD (2006). Tissue distribution and

ontogeny of sulfotransferase enzymes in mice. Toxicol Sci 93:

242–255.

Basu NK, Kole L, Kubota S, Owens IS (2004). Human UDP-

glucuronosyltransferases show atypical metabolism of

mycophenolic acid and inhibition by curcumin. Drug Metab

Dispos 32: 768–773.

Bjorkholm B, Bok CM, Lundin A, Rafter J, Hibberd ML,

Pettersson S (2009). Intestinal microbiota regulate xenobiotic

metabolism in the liver. PLoS ONE 4: e6958.

Buckley DB, Klaassen CD (2007). Tissue - and gender-specific

mRNA expression of UDP-glucuronosyltransferases (UGTs) in

mice. Drug Metab Dispos 35: 121–127.

Cho HJ, Yoon IS (2015). Pharmacokinetic interactions of

herbs with cytochrome p450 and p-glycoprotein. Evid Based

Complement Alternat Med 2015: 736431.

Choi YH, Chin YW, Kim YG (2011). Herb-drug interactions:

focus on metabolic enzymes and transporters. Arch Pharm Res

43: 1843–1863.

Choudhary D, Jansson I, Schenkman JB, Safarazi M, Stoilov I

(2003). Comparative expression profiling of 40 mouse

cytochrome P450 genes in embryonic and adult tissues. Arch

Biochem Biophys 414: 91–100.

Choudhary D, Jansson I, Stoilov I, Safarazi M, Schenkman JB

(2005). Expression patterns of mouse and human CYP

orthologs (families 1-4) during development and in different

adult tissues. Arch Biochem Biophys 436: 50–61.

Durr D, Stieger B, Kullak-Ublick GA, Rentsch KM, Steinert

HC, Meier PJ, et al. (2000). St John’s Wort induces intestinal

P-glycoprotein/MDR1A and intestinal and hepatic CYP3A4.

Clin Pharmacol Ther 68: 598–604.

Einarsson K, Gustafsson JA, Gustafsson BE (1973). Differences

between germ-free and conventional rats in liver microsomal

metabolism of steroids. J Biol Chem 248: 3623–3630.

Fisher CD, Augustine LM, Maher JM, Nelson DM, Slitt AL,

Klaassen CD, et al. (2007). Induction of drug-metabolizing

enzymes by garlic and allyl sulfide compounds via activation

of constitutive androstane receptor and nuclear factor E2-

related factor 2. Drug Metab Dispos 35: 995–1000.

Franconi F, Brunelleschi S, Steardo L, Cuomo V (2007).

Gender differences in drug responses. Pharmacol Res 55:

81–95.

Fu ZD, Selwyn FP, Cui JY, Klaassen CD (2016). RNA-Seq

quantification of xenobiotic processing genes in various

sections of the intestine in comparison to the liver of male

mice. Drug Metab Dispos 44: 842–856.

Gaudineau C, Beckerman R, Welbourn S, Auclair K (2004).

Inhibition of human P450 enzymes by multiple constituents of

the Ginkgo biloba extract. Biochem Biophys Res Commun

318: 1072–1078.

Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, Brouwer

KL, Chu X, et al. (2010). Membrane transporters in drug

development. Nat Rev Drug Discov 9: 215–236.

2017 | Vol. 5 | Iss. 5 | e00361
Page 10

ª 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,

British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

TU-100 Modulation Drug Metabolism and Transport K. Nobutani et al.



Gibson GG, Plant NJ, Swales KE, Ayrton A, El-Sankary W

(2002). Receptor dependent transcriptional activation of

cytochrome P4503A genes: induction mechanisms, species

differences and interindividual variation in man. Xenobiotica

32: 165–206.

Hasebe T, Ueno N, Musch MW, Nadimpalli A, Kaneko A,

Kaifuchi N, et al. (2016). Daikenchuto (TU-100) shapes gut

microbiota architecture and increases the production of

ginsenoside metabolite compound K. Pharmacol Res Perspect

4: e00215.

Honkakoski P, Negishi M (2000). Regulation of cytochrome

P450 (CYP) genes by nuclear receptors. Biochem J 347: 321–337.

Hooper LV, Wong MH, Thelin A, Hansson L, Falk PG,

Gordon JI (2001). Molecular analysis of commensal host-

microbial relationships in the intestine. Science 291: 881–884.

Hyrcay EG, Bandiera SM (2009). Expression, function and

regulation of mouse cytochrome P450 enzymes: comparison

with human P450 exzymes. Curr Drg Metab 10: 1151–1183.

Jacobs MN, Lewis DF (2002). Steroid hormone receptors and

dietary ligands: a selected review. Proc Nutr Soc 61: 105–122.

Kaneko A, Kono T, Miura N, Tsuchiya N, Yamamoto M (2013).

Preventive effect of TU-100 on a type-2 model of colitis in mice:

possible involvement of enhancing adrenomedullin in intestinal

epithelial cells. Gastroenterol Res Pract 2013: 384057.

Kato R, Yamamoe Y (1992). Sex-specific cytochrome P450 as a

cause of sex- and species-related differences in drug toxicity.

Toxicol Lett 64: 661–667.

Katsuno H, Maeda K, Ohya M, Yoshioka K, Tsunoda A, Koda

K, et al. (2016). Clinical pharmacology of daikenchuto assessed

by transit analysis using radiopaque markers in patients with

colon cancer undergoing open surgery: a multicenter double-

blind randomized placebo-controlled study (JFMC39-0902

additional study). J Gastroenterol 51: 222–229.

Kono T, Kaneko A, Omiya Y, Ohbuchi K, Ohno N,

Yamamoto Y (2013). Epithelial transient receptor potential

ankyrin 1 (TRPA1)-dependent adrenomedullin upregulates

blood flow in rat small intestine. Am J Physiol Gastrointest

Liver Physiol 304: G428–G436.

Kono T, Shimada M, Yamamoto M, Kaneko A, Oomiya Y,

Kubota K, et al. (2015). Complementary and synergistic

therapeutic effects of compounds found in Kampo medicine:

analysis of daikenchuto. Front Pharmacol 6: 159.

Kuno T, Hirayama-Kurogi M, Ita S, Ohtsuki S (2015). Effect of

intestinal flora on protein expression of drug-metabolizing

enzymes and transporters in the liver and kidney of germ-free

and antibiotics treated mice. Mol Pharmaceutics 13: 2691–2701.

Liu Y, Zhang JW, Li W, Ma H, Sun J, Deng MC, et al. (2006).

Ginsenoside metabolites, rather than naturally occuring

ginsenosides, lead to inhibition of human cytochrome P450

enzymes. Toxicol Sci 91: 356–364.

Lown KS, Bailey DG, Fontana RJ, Janardan SK, Adari CH,

Fortlage LA, et al. (1997). Grapefruit juice increases felodipine

oral availability in humans by decreasing intestinal CYP3A

protein expression. J Clin Invest 99: 2545–2553.

Manabe N, Camilleri M, Rao A, Wong BS, Burton D,

Busciglio I, et al. (2010). Effect of daikenchuto (TU-100) on

gastrointestinal and colonic transit in humans. Am J Physiol

Gastrointest Liver Physiol 298: G970–G975.

Martignoni M, Groothuis GMM, de Kanter R (2006). Species

differences between mouse, rat, dog, monkey and human

CYP-mediated drug metabolism, inhibition and induction.

Expert Opin Drug Metab Toxicol 2: 875–894.

Meinl W, Sczesny S, Brigelius-Flohe R, Blaut M, Glatt H

(2009). Impact of gut microbiota on intestinal and hepatic

levels of phase 2 xenobiotic-metabolizing enzymes in the rat.

Drug Metab Dispos 37: 1179–1186.

Moore LB, Goodwin B, Jones SA, Wisely GB, Serabjit-Singh

CJ, Wilson TM, et al. (2000). St. John’s wort induces hepatic

drug metabolism through activation of the pregnane X

receptor. Proc Natl Acad Sci USA 97: 7500–7502.

Nelson DR, Zeldiunb DC, Hoffman SM, Maltais LJ, Wain

HM, Nebert DW (2004). Comparison of cytochrome P450

(CYP) genes from the mouse and human genomes, including

nomenclature recommendations for genes, pseudogenes and

alternative-splice variants. Pharmacogenetics 14: 1–18.

Nugon-Baudon L, Rabot S, Flinois JP, Lory S, Beaune P

(1998). Effects of the bacterial status of rats on the changes in

some liver cytochrome P450 (EC 1.14.14.1) apoproteins

consequent to a glucosinolate-rich diet. Br J Nutr 80: 231–234.

Overvik E, Lindeskog P, Midvedt T, Gustafsson JA (1990).

Mutagen excretion and cytochrome P-450-dependent activity

in germfree and conventional rats fed a diet containing fried

meat. Food Chem Toxicol 28: 253–261.

Qi L-W, Wang C-Z, Du G-J, Zhang Z-Y, Claway T, Yuan C-S

(2011). Metabolism of ginseng and itws interactions with

drugs. Curr Drug Metab 12: 818–822.

Renaud HJ, Cui JY, Khan M, Klaassen CD (2011). Tissue

distribution and gender-divergent expression of 78 cytochrome

P450 mRNAs in mice. Toxicol Sci 124: 261–277.

Saad R, Rizkallah MR, Aziz RK (2012). Gut

Pharmacomicrobiomics: the tip of an iceberg of complex

interactions between drugs and gut-associated microbes. Gut

Pathog 4: 16.

Selwyn FP, Cui JY, Klaassen CD (2015). RNA-Seq

quantification of hepatic drug processing genes in germ-free

mice. Drug Metab Dispos 43: 1572–1580.

Shibata C, Sasaki I, Naito H, Ueno T, Matsuno S (1999). The

herbal medicine Dai-Kenchu-Tou stimulates upper gut

motility through cholinergic and 5-hydroxytryptamine 3

receptors in conscious dogs. Surgery 126: 918–924.

ª 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

2017 | Vol. 5 | Iss. 5 | e00361
Page 11

K. Nobutani et al. TU-100 Modulation Drug Metabolism and Transport



Shimada M, Morine Y, Nagano H, Hatano E, Kaiho T,

Miyazaki M, et al. (2015). Effect of TU-100, a traditional

Japanese medicine, administered after hepatic resection in

patients with liver cancer: a multi-center, phase III trial

(JFMC40-1001). Int J Clin Oncol 20: 95–104.

Shinozuka K, Umegaki K, Kubota Y, Tanaka N, Mizuno H,

Yamauchi J, et al. (2002). Feeding of ginkgo biloba extract

(GBE) enhances gene expression of hepatic cytochrome P-450

and attenuates the hypotensive effect of nicardipine in rats.

Life Sci 70: 2783–2792.

Spandidos A, Wang X, Wang H, Dragnev S, Thurber T, Seed

B (2008). A comprehensive collection of experimentally

validated primers for polymerase chain reaction quantitation

of murine transcript abundance. BMC Genom 9: 633.

Spandidos A, Wang X, Wang H, Seed B (2010).PrimerBank: a

resource of human and mouse PCR primer pairs for gene

expression detection and quantification. Nucleic Acids Res 38

(Database issue): D792–D799.

Thapliyal R, Maru GB (2001). Inhibition of cytochrome P450

isozymes by curcumins in vitro and in vivo. Food Chem

Toxicol 39: 541–547.

Thelen K, Dressman JB (2009). Cytochrome P450-mediated

metabolism in the human gut wall. J Pharm Pharmacol 61:

541–558.

Toda T, Saito N, Ikarashi N, Ito K, Yamamoto M, Ishige A,

et al. (2009). Intestinal flora induces the expression of Cyp3a

in the mouse liver. Xenobiotica 39: 323–334.

Tolson AH, Wang H (2010). regulation of drug-metabolizing

enzymes by xenobiotic receptors: PXR and CAR. Adv Drug

Deliv Rev 62: 1238–1249.

Ueno N, Hasebe T, Kaneko A, Yamamoto M, Fujiya M,

Kohgo Y, et al. (2014). TU-100 (Daikenchuto) and ginger

ameliorate Anti-CD3 antibody induced T cell-mediated

murine enteritis: microbe-independent effects involving AKT

and NF-KB suppression. PLoS ONE 9: e97456.

Van Herwaarden AE, Wagenaar E, Van der Kruijssen CMM,

Van Waterschoot AB, Smit JW, Song JY, et al. (2007).

Knockout of cytochrome P450 3A yields new mouse models

for understanding xenobiotic metabolism. J Clin Invest 117:

3583–3592.

Wang X, Seed B (2003). A PCR primer bank for

quantitative gene expression analysis. Nucleic Acids Res

31: e154.

Wang B, Robertson LW, Wang K, Ludewig G (2011). Species

difference in the regulation of cytochrome P450 2S1: lack of

induction in rats by the aryl hydrocarbon receptor agonist

PCB126. Xenobiotica 41: 1031–1043.

Wanwimolruk S, Prachayasittikul V (2014). Cytochrome P450

enzyme mediated herbal drug interactions (Part 1). Excli J 13:

347–391.

Watanabe J, Kaifuchi N, Kushida H, Matsumoto T, Fukutake

M, Nishiyama M, et al. (2015). Intestinal, portal, and

peripheral profiles of daikenchuto (TU-100)’s active

ingredients after oral administration. Pharmacol Res Perspect

3: e00165.

Xu J, Kulkarni SR, Li L, Slitt AL (2012). UDP-

glucuronosyltransferase expression in mouse liver is increased

in obesity- and fasting-induced steatosis. Drug Metab Dispos

40: 259–266.

Zhang J, Cao L, Wang H, Cheng X, Wang L, Zhu L, et al.

(2015). Ginsenosides regulate PXR/NF-kB signaling and

attenuate dextran sulfate sodium-induced colitis. Drug Metab

Dispos 43: 1181–1189.

Zordoky BN, El-Kadi AO (2009). Role of NF-kappaB in the

regulation of cytochrome P450 enzymes. Curr Drug Metab 10:

164–178.

Supporting Information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Table S1. Effect of TU-100 on drug metabolizing

enzymes/cytochromes Phase 1.

Table S2. Effect of TU-100 on Drug Metabolizing

Enzymes/Phase II.

Table S3. Effect of TU-100 on drug transporters.

2017 | Vol. 5 | Iss. 5 | e00361
Page 12

ª 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,

British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

TU-100 Modulation Drug Metabolism and Transport K. Nobutani et al.


