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Abstract

Natural and complementary therapies in conjunction with mainstream cancer care are steadily gaining popularity. Ginger
extract (GE) confers significant health-promoting benefits owing to complex additive and/or synergistic interactions
between its bioactive constituents. Recently, we showed that preservation of natural ‘‘milieu’’ confers superior anticancer
activity on GE over its constituent phytochemicals, 6-gingerol (6G), 8-gingerol (8G), 10-gingerol (10G) and 6-shogaol (6S),
through enterohepatic recirculation. Here we further evaluate and compare the effects of GE and its major bioactive
constituents on cytochrome P450 (CYP) enzyme activity in human liver microsomes by monitoring metabolites of CYP-
specific substrates using LC/MS/MS detection methods. Our data demonstrate that individual gingerols are potent inhibitors
of CYP isozymes, whereas GE exhibits a much higher half-maximal inhibition value, indicating no possible herb-drug
interactions. However, GE’s inhibition of CYP1A2 and CYP2C8 reflects additive interactions among the constituents. In
addition, studies performed to evaluate transporter-mediated intestinal efflux using Caco-2 cells revealed that GE and its
phenolics are not substrates of P-glycoprotein (Pgp). Intriguingly, however, 10G and 6S were not detected in the receiver
compartment, indicating possible biotransformation across the Caco-2 monolayer. These data strengthen the notion that an
interplay of complex interactions among ginger phytochemicals when fed as whole extract dictates its bioactivity
highlighting the importance of consuming whole foods over single agents. Our study substantiates the need for an in-
depth analysis of hepatic biotransformation events and distribution profiles of GE and its active phenolics for the design of
safe regimens.
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Introduction

The practice of integrative oncology, especially, inclusion of

complementary and alternative plant-derived agents for chemo-

therapeutic and chemopreventive gains is steadily increasing

among cancer patients’. While most of these dietary agents like

spices, herbs and whole food extracts are categorized as Generally

Regarded As Safe (GRAS) Agents, US FDA requires that these

agents are not harmful in their intended conditions of use (i.e.,

consumption as therapeutic agents), are generally available and

are associated with scientific evidence to establish their safety [1].

Although these dietary agents appear to be safe and well tolerated,

their consumption with conventional chemotherapy and other

drug regimens can be complex and can result in health

complications. This is primarily because their pharmacodynamic

and pharmacokinetic responses are either attenuated or enhanced

depending on their metabolism and transport in physiological

systems [2]. Some commonly used spices (curcumin, clove, and

piperine), fruits (grape fruit, orange and cranberry) and vegetables

(spinach, tomato and carrot) when administered for a long time

are known to improve or fail treatments employing conventional

drugs [3]. For example, interactions of drugs like ergotamine and

nimodipine with grapefruit juice are known to cause gangrene or

stroke [4]. On the other hand, consuming dietary supplements like

St. John’s wort [5], and grapefruit juice [6–8] with drugs like

terfenadine, cyclosporine, atorvastatin and lovastatin resulted in

their increased blood plasma levels resulting in undesirable/toxic

side effects. Their individual effects on drug metabolizing enzymes
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and various uptake and efflux transporters influence the extent of

interactions between these plant-based agents and conventional

drugs.

The pharmacokinetic and pharmacodynamic interactions of

dietary agents are due to their being substrates of Phase I and II

metabolizing enzymes and drug transporters. Majorly, cytochrome

P450 (CYP450) enzymes are involved in the phase I biotransfor-

mation of xenobiotics like drugs, food components, environmental

toxins and other endogenous substances via their modification into

corresponding metabolites [9]. CYP enzymes are highly expressed

in human liver (including CYP1A2, CYP2A6, CYP2B6,

CYP2C8/9/19, CYP2D6, CYP2E1 and CYP3A) and are

responsible for 95% of drug metabolism [10,11]. As the

metabolism of a drug can be altered by another co-administered

drug, which may prove to be clinically significant, it is important to

establish the nature of interactions of a drug/herb/phytochemical

i.e., if it is a substrate, inhibitor or inducer of specific CYP and

other phase II conjugating enzymes and a substrate for uptake or

efflux transporter(s) [9,12]. Furthermore, inhibition of CYP

enzyme activity by a dietary constituent can significantly increase

the toxic effect of a drug (e.g. grapefruit juice and terfenadine) [4],

which necessitates evaluation of potential drug-dietary constituent

interactions. On the other hand, transport across gastrointestinal

(GI) membrane also plays a key role in the biotransformation and

associated activity of xenobiotics [13,14]. Their absorption across

the gut wall via passive diffusion or active uptake does not always

coincide with improved bioavailability, as they may be exposed to

a variety of efflux pumps including the ATP-binding cassette

(ABC) transporters like P-glycoprotein (Pgp), multidrug resistance-

associated protein 2 (MRP2) and breast cancer resistance protein

(BCRP), which are actively involved in the transport of molecules

back into the GI lumen [14]. This efflux mechanism in vivo is

primarily responsible for poor absorption of drugs affecting their

clinical development irrespective of their remarkable in vitro
efficacy [13,14]. It has also been reported that several food-drug

interactions occur due to the ability of the food components to

upregulate or inhibit the trasporter efflux pumps thus regulating

the bioavailability of pharmaceutical agents [13].

Over the past few decades, substantial research has been

dedicated to study the therapeutic benefits of dietary constituents,

mainly plant-based food extracts and spices, which has proven to

be beneficial with the discovery of disease-fighting efficacies of

several whole foods and their constituent phytochemicals. Ginger

is one such extensively studied spice whose therapeutic gains have

encouraged its worldwide consumption [15]. Ginger extract (GE)

containing a variety of active phytochemicals like 6-, 8-, and 10-

gingerol, 6-paradol, 6- and 10-shogaol, zingerone, 6- and 10-

gignerdione, 10-gingerdiol, 6-hydroxyshogaol, 6, 8-, and 10-

dehydroshogaol and diarylheptanoids [16,17], has been the spice

of immense interest in the recent times. Extensive research on its

active constituents, 6-gingerol (6G), 8-gingerol (8G), 10-gingerol

(10G) and 6-shogaol (6S) has shown that GE and its components

possess antioxidative, anti-inflammatory and anticancer efficacies

[18–22]. Further, it has been reported that in humans upon

consuming as low as 2 g of GE, gingerols were found to be

circulating in the system (6G: 0.8560.43 mg/mL, 8G:

0.2360.16 mg/mL, 10G: 0.5360.40 mg/mL, 6S: 0.1560.12 mg/

mL) albeit as their glucuronide and sulfate conjugates [23,24].

Our laboratory is the first to identify and evaluate the

anticancer activity of GE in both in vitro and in vivo prostate

xenograft models [25]. We further established that the anticancer

efficacy delivered by the phytochemical-rich GE is majorly due to

the additive and/or synergistic interactions among its constituent

biophenolics [26]. Recently, we reported that upon oral delivery of

GE, its active constituents, including 6G, 8G, 10G and 6S,

undergo enterohepatic recirculation for optimal therapeutic

activity [27]. Also, a pharmacodynamic and pharmacokinetic

comparison between the whole GE and a quasi mixture (known as

Mix), formulated by combining the active GE constituents, 6G,

8G, 10G and 6S, in amounts equivalent to those present in the

natural form (GE) suggested that the active phenolics collaborate

with other GE constituents to effectively elicit sustained antitumor

efficacy [27].

As the next obvious step of our multi-series GE study, we asked

if GE and its active phenolics could modulate the hepatic

biotranformation enzyme systems, particularly the CYP enzyme

activity. Given that GE can potentially be included in the arsenal

of GRAS agents for cancer management, it is crucial that its CYP

inhibition profile is well studied to preclude any adverse drug

interaction events. Here we demonstrate the effect of GE and its

active phenolics on the CYP450 enzyme system and its possible

biotransformation during intestinal transport. As we previously

observed [27] that ginger phenolics undergo extensive conjugation

in the intestine and/or liver upon oral administration of GE, we

also assessed their apparent permeability to evaluate the effects of

Pgp and BCRP efflux pumps on their bioavailability.

Materials and Methods

Cell Line and Reagents
Human liver microsomes (mixed gender, pool of 50 donors)

were procured from XenoTechLLC (Kansas, USA; protein

content: 20 mg/mL; catalogue number: H0610). Standard sub-

strates and inhibitors were procured from Sigma-Aldrich, India,

US Biologicals and Acros Organics. All the stable labeled internal

standard(s) (IS) were from Toronto Research Chemicals, Canada.

NADPH, formic acid, ammonium formate, sodium dihydrogen

phosphate and disodium hydrogen phosphate, 12-well Corning

Transwell filters, HBSS, HEPES, glucose, dimethyl sulfoxide

(DMSO) and sodium bicarbonate were purchased from Sigma

Aldrich, India. Acetonitrile (ACN) was from Merck, India. Milli-Q

water (Millipore Corporation, India) was used for preparation of

buffer. 96-well plates of 1 mL capacity were purchased from

Axygen Scientific, USA. All gingerols and GE were isolated as

previously described [27]. Caco-2, human colon carcinoma

epithelial cell line was obtained from ATCC (HTB-37, Manassas,

USA) and cells were used at passage number 40. Milli-cell

apparatus from Millipore was used to measure the TEER.

CYP Inhibition Assay
Preparation of Stock Solutions. 20 mM stock solutions of

6G, 8G, 10G and 6S were prepared in ACN:DMSO::80:20

mixture and subsequent test dilutions of inhibitor (final concen-

trations of 100, 50, 25, 12.5, 6.25, 3.125, 1.563, 0.781, 0.390,

0.195 and 0.098 mM) were prepared in ACN:DMSO::80:20.

100 mg of ginger extract containing 3 mg of 6G, 0.680 mg of 8G,

0.770 mg of 10G and 0.590 mg of 6S was extracted with 1 mL of

ACN:DMSO (80:20), vortex mixed for 3 min followed by

sonication for 3 min and centrifuged at 5000 g for 5 min. The

supernatant was collected and used for CYP inhibition assay. The

highest concentration of GE used in the assay was 500 mg/mL

equivalent. Stock solution for each CYP specific probe substrate

was prepared in such a way that the final concentration is below

the reported Km value. Recommended inhibitor stock solutions

were prepared in ACN:DMSO mixture (80:20) as given in Table

S1 in File S1.

Assay Incubations. A microsome-buffer-substrate mixture

(MBS mix) was prepared for each isozyme by pre-mixing

CYP Inhibition and Permeability of Gingerols
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appropriate volumes of sodium phosphate buffer (pH 7.4,

50 mM), microsomes and substrate (Table S2 in File S1).

179 mL of MBS mix was transferred to 96-well reaction plate to

which 1 mL of inhibitor stock solution was added to achieve the

final target inhibitor concentration. The reaction plate was pre-

incubated for 10 min at 37uC followed by reaction initiation by

addition of 20 mL of 10 mM NADPH solution. The reaction plate

was then incubated at 37uC for a predetermined time period

following which it was quenched with 200 mL ACN for all CYPs

and 200 mL 1% formic acid in water:ACN (70:30) for CYP1A2. In

all cases, the final incubations after addition of substrate and

inhibitor contained 0.1% DMSO (v/v), and the total organic

solvent (DMSO and ACN) content was less than or equal to 1%

(v/v). The details of final substrate concentration, incubation time,

microsomal protein concentration in the reaction mixtures and the

metabolites monitored for each isozyme tested are presented in

Table S3 in File S1. The incubations were performed in singlet for

individual gingerols and in duplicate for GE along with respective

positive controls.

Bioanalysis. All samples were processed using protein

precipitation method and analyzed by employing positive (for all

CYPs) and negative (for CYP2A6, 2C19 and 2E1) ionization mode

in liquid chromatography tandem mass spectrometry (API4000,

Applied Biosystems, USA). The peak area ratio of analyte to IS

was used for calculations. An isocratic method comprising 5 mM

ammonium formate and ACN (40:60) with 0.05% formic acid was

used for elution. For CYP2C19, a mobile phase consisting of

5 mM ammonium formate and ACN (30:70) was used. The

analytes and internal standards were retained on BDS Hypersil

Phenyl (15064.6 mm, 5 m, Thermo, USA) column. A flow rate of

0.5 mL/min (CYP1A2), 0.6 mL/min (CYP2C19, CYP2E1),

0.7 mL/min (CYP2C9), 0.8 mL/min (CYP2A6, CYP3A),

1.0 mL/min (CYP2B6, CYP2C8, CYP2D6) was maintained using

Shimadzu Prominence solvent delivery system (LC-20AD). The

mobile phase was degassed using degasser (DGU-20A3), samples

were loaded into autosampler (SIL-HTc) and the column

temperature was maintained at 40uC by column oven (CTO-

20A). Injection volumes for the samples were as follows: 5 mL

(CYP1A2, CYP2D6, and CYP3A), 10 mL (CYP2B6, CYP2C8,

and CYP2E1) and 20 mL (CYP2A6, CYP2C9, and CYP2C19).

Data was collected and processed using Sciex Analyst 1.4.2. The

mass transition, retention time, ionization mode for each

metabolite and IS are presented in Table S4 in File S1. All the

structures of inhibitors, substrates, metabolites and internal

standards for each CYP enzyme are represented in Table S6 in

File S1.

Data Analysis. The IC50 value was estimated from the

percentage reduction in CYP activity at eleven inhibitor concen-

trations with respect to control. The area ratio of the metabolite in

the sample without inhibitor was considered as 100%, and the

percentage reduction in the CYP activity at each inhibitor

concentration was determined relative to the no-inhibitor area

ratio using the following equation:

%CYP activity~

Area ratio of metabolite at each dilution

Area ratio of no - inhibitor controls
|100

The non-linear regression model in GraphPad Prism software was

used to analyze the percent CYP activity data at different

concentrations and the data were fitted to the following equation

and IC50 was calculated:

Y~Bottomz½(Top{Bottom)=1z10(fLogIC50{Xg�Hillcoefficient)�

Where, X = Log concentration; Y = Response (% CYP activity)

The data was analysed using 4PL (parameter logistic model),

3PLFB (bottom fixed), 3PLFT (top fixed), 2PL (top and bottom

fixed), and the relative IC50 was with lowest standard error was

further manipulation. Absolute IC50 was calculated from this

relative IC50 by using the equation below:

Absolute IC50~Relative IC50=½ftop{bottomg=

f(50{bottom){1g�1=slope

Caco-2 Permeability Assay
Preparation of Cell Monolayers. Caco-2 cells were seeded

on tissue culture inserts at a density of 80,000 cells/insert. The

cells were maintained for 21 days in culture medium to enable

differentiation and formation of the monolayer. The culture

medium was changed every alternate day.

Preparation of Stock Solutions and Buffers. Stock solu-

tions (1 mM) of individual gingerols were prepared in DMSO,

which were then spiked into the buffer to obtain a final assay

concentration of 10 mM. HBSS-HEPES buffer was prepared by

dissolving 9.7 g Hank’s balanced salts, 0.37 g sodium bicarbonate,

3.50 g glucose and 2.38 g HEPES in Milli-Q water (1 L). The pH

of the buffer was adjusted to 7.4 using either 1N hydrochloric acid

or 1N sodium hydroxide.

Transport Assay. Permeability of gingerols (10 mM) was

determined in apical to basolateral (A-B) and basolateral to apical

(B-A) directions. Transport studies were conducted between 21–25

days post seeding in 12-well Transwell inserts. Following pre-

incubation in HBSS-HEPES buffer at 37uC, 5% CO2 for 30 min,

buffer was removed and gingerols spiked buffer was added to each

donor compartment (triplicate wells). Blank HBSS-HEPES buffer

containing 1% DMSO was added to the receiver compartment.

Samples were withdrawn from the receiver chamber at 30, 60, 90,

and 120 min, and from the donor chamber at 0 and 120 min. The

samples were collected in tubes containing equal volume of ACN.

The withdrawn volume was replaced with buffer containing 1%

DMSO. At the end of the experiment, cells were washed with ice-

cold buffer and lysed with ACN to assess cell accumulation and

estimate the recovery. Monolayers with transepithelial electrical

resistance (TEER) above 300 Vcm2 were considered for the assay

and after the assay TEER values were above 300 Vcm2

confirming the monolayer integrity during the experiment.

Bioanalysis. Samples were processed using protein precipi-

tation method and analyzed using LC/MS/MS. A calibration

curve (CC) of 5 nM to 10,000 nM range was employed to quantify

the samples. 8G, 10G and 6S were eluted using a mobile phase

consisting of ACN:5 mM ammonium formate (80:20) with 0.05%

formic acid and for 6G, a mobile phase of ACN:Milli-Q water

(80:20) with 0.1% formic acid was used. Separation was achieved

using Zorbax C18 column (5064.6 mm, 3.5 m, Agilent) for 8G,

10G, 6S and using Hypurity C18 column (10064.6 mm, 5 m,

Thermo) for 6G. An injection volume of 20 mL was used for all

samples and a flow rate of 0.6 mL/min (6G) and 1 mL/min (8G,

10G and 6S) was used for elution. The MRM transitions (m/z)

monitored were: 6G (312.3/177.1), 8G (340.0/177.1), 10G

(333.0/177.1), 6S (277.2/137.1) and rolipram (276.2/208.2,

Internal standard, 100 ng/mL).

CYP Inhibition and Permeability of Gingerols
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Data Analysis. Cumulative amount of gingerols transported

at each time point was plotted as function of time. The slope was

used to calculate the rate of appearance of gingerols (dQ/dt).

Apparent permeability (Papp) was calculated using the formula

Papp~(dq=dt)=(A X C0)

dQ/dt – rate of transport to receiver side

A - surface area of the membrane 1.12 (cm2)

C0 - initial concentration

Statistical Analysis
CYP inhibition experiments for GE were conducted in

duplicate and active phenolics in singlet. Mean IC50 values of

GE and positive controls are presented in the result table.

Permeability experiments were run in triplicates and the data are

expressed as mean 6 standard deviation (SD).

Results

To ascertain the nature of interactions that ginger biophenolics

undergo during Phase I metabolism when delivered individually

and/or in their natural form, we incubated GE, 6G, 8G, 10G and

6S with human liver microsomes at different concentrations and

evaluated their CYP enzyme inhibitory activity. The highest

concentration tested for GE was 500 mg/mL (containing 15 mg/

mL 6G, 3.4 mg/mL 8G, 3.9 mg/mL 10G, 3.0 mg/mL 6S). All

individual components of gingerols were assessed at 100 mM

equivalent to 29 mg/mL 6G, 32 mg/mL 8G, 35 mg/mL 10G and

28 mg/mL of 6S. In brief, the CYP inhibition potential of 6G was

assessed at 2-fold higher concentration than that is present in GE

and for 8G, 10G and 6S the CYP inhibition potential was assessed

at 10-fold higher concentration than the constituent concentra-

tions within GE. We next asked if GE and/or its active

biophenolics inhibit the major membrane-bound players of

CYP450 enzyme system, namely CYP1A2, CYP2A6, CYP2B6,

CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1 and CYP3A

enzymes. The effects of GE in comparison to its active constituents

on various CYP enzymes tested in this study are summarized here

below.

CYP1A2
CYP1A2 isozyme is involved in the activation of procarcinogens

and thus is implicated in the induction of carcinogenesis [28].

Upon incubation of human liver microsomes with GE and its

active phenolics in the presence of phenacetin, CYP1A2, found in

lung, oesophagus, stomach colon and primarily expressed in the

liver [29], was found to be inhibited by GE with an IC50 of

221.5 mg/mL (Fig. 1A, Table S5 in File S1) and the corresponding

6G (5.6 mg/mL), 8G (8.8 mg/mL), 10G (.35 mg/mL) and 6S

(0.7 mg/mL) IC50 values were similar to the concentrations of their

respective counterparts present in GE (Fig. 1A, Table S5 in File

S1). Nonetheless, their CYP1A2 inhibiton activity was at least

,700–35000 fold lower than a-naphthoflavone, the positive

control simulataneously tested, suggesting that in general GE

and its active consituents are not potent inhibitors of CYP1A2.

CYP2 Family
CYP2 is the largest CYP450 family in mammals including 13

subfamilies and 16 genes and is involved in the oxidation of a

Figure 1. Effects of GE and its active constituents on the activity of (A) CYP1A2 with substrate, phenacetin and (B) CYP2A6 with
substrate, coumarin upon incubation with human liver microsomes. The corresponding positive controls (Ai) naphthoflavone and (Bi)
tranylcypromine activities were tested followed by (Aii, Bii) 6G, 8G, 10G, 6S and (Aiii, Biii) GE. Data shown are averages of duplicate experiments for GE
and positive controls.
doi:10.1371/journal.pone.0108386.g001

CYP Inhibition and Permeability of Gingerols
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majority of pharmaceutical agents [29]. Most CYP2 enzymes are

preferentially expressed in extrahepatic tissues, specifically in

epithelia and mainly metabolize endogenous substrates [30]. GE

was found to have no effect on CYP2A6 enzyme, previously

known as coumarin hydroxylase, even at the highest concentration

(500 mg/mL) tested, while individual gingerols and shogaol

showed minimal inhibitory effect with IC50 value greater than

19 mg/mL (Fig. 1B, Table S5 in File S1) in the presence of

coumarin. The positive control, tranylcypromine, was ,4000 fold

more effective than the test compounds with an IC50 value of

8.4 ng/mL.

Further analysis for CY2B6, another enzyme involved in

metabolizing nicotine along with CYP2A6 [12,29], revealed that

GE showed the maximum inhibition on CYP2B6 with an IC50

value of 22 mg/mL (Fig. 2A, Table S5 in File S1) in the presence

of bupropion. The three gingerols and shogaol exhibited ,100–

1000 fold lower inhibition of CYP2B6 with half-maximal

inhibitory concentrations varying from 1.5–15 mg/mL (Fig. 2A,

Table S5 in File S1) compared to ticlopidine, the positive control.

Also, the inhibitory activity of GE seemed due to the contribution

other partners present in GE apart from the 4 active phenolics.

Next, we evaluated the effects of GE and its active phenolics on

the CYP2C subfamily including CYP2C8, CYP2C9 and

CYP2C19, which are known to jointly metabolize more than 50

clinical drugs [12,29,31]. Detected mainly in stomach and small

intestine, these enzymes colocalize in the endoplasmic reticulum

[12]. GE showed an IC50 value of 122.5 mg/mL against CYP2C8

in the presence of amodiaquine, while 6G exhibited an IC50 value

of 6.5 mg/mL (Fig. 2B, Table S5 in File S1). On the other hand,

8G, 10G and 6S were as potent as the positive control, quercetin

(370 ng/mL), indicating a possibility of drug-drug interactions in

the event of co-administration of individual gingerols and shogaols

with other conventional prescription drugs. However, upon

delivering these ginger biophenolics in their native form, i.e., as

GE, there seemed to be neither a synergistic nor additive effect

suggesting that other GE phenolics are involved in annulling the

unfavorable inhibitory effect on CYP2C8 (Fig. 2B, Table S5 in

File S1). GE showed an IC50 value 93.5 mg/mL against CYP2C9,

in presence of diclofenac, the specific CYP2C9 substrate. The

active ginger phytochemicals exhibited inhibitory concentrations

similar to the each individual counterpart’s contribution when

present in GE, confirming the additive effect in inhibiting

CYP2C9. The inhibitory effect of the active constituents was

,10 to 100 fold lower than sulfaphenazole (72.7 ng/mL), the

positive control (Fig. 3A, Table S5 in File S1). On the contrary,

active GE phenolics showed inhibition which was ,3 to 10 fold

lower compared to 6N-3-benzylnirvanol (320 ng/mL) against

CYP2C19 in the presence of (s)-mephenytoin (Fig. 3B, Table S5 in

File S1). GE also exerted an inhibitory effect at equivalent

concentrations as observed in case of the active constituents

(35.5 mg/mL, Fig. 3B, Table S5 in File S1).

We next analyzed the effects of GE and its constituent active

phenolics on CYP2D6, the enzyme involved in the metabolism of

several endogenous substances and about 25% of marketed drugs

[29,32]. In the presence of dextromethorphan (substrate), the

positive control, quinidine, inhibited CYP2D6 with an IC50 value

of 54 ng/mL. In comparison, the active GE phenolics exhibited

,350 to 550 fold lower activity, while GE showed no signs of

inhibition at the highest concentration tested (.500 mg/mL,

Fig. 4A, Table S5 in File S1). A similar effect on CYP2E1 enzyme,

Figure 2. Effects of GE and its active constituents on the activity of (A) CYP2B6 with substrate, bupropion and (B) CYP2C8 with
substrate, amodiaquine upon incubation with human liver microsomes. The corresponding positive controls (Ai) ticlopidine and (Bi)
quercetin activities were tested followed by (Aii, Bii) 6G, 8G, 10G, 6S and (Aiii, Biii) GE. Data shown are averages of duplicate experiments for GE and
positive controls.
doi:10.1371/journal.pone.0108386.g002
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detected in abundance in lung, oesophagus and small intestine,

was observed with GE, showing no effect even at 500 mg/mL

(Fig. 4B, Table S5 in File S1). Also, the active GE constituents

showed no inhibiton (,40–70 fold lower inhibition compared to

positive control tranylcypromine, IC50 is 579 ng/mL) (Fig. 4B,

Table S5 in File S1).

Next, we analyzed the effect of GE and its active phenolics on

the most abundant CYP450 enzyme, CYP3A. This enzyme highly

expressed in human liver and gastrointestinal tract [33,34] is

known to metabolize more than 55% of clinical drugs [35].

Inhibition of CYP3A is reported to significantly increase the

exposure of drugs, therefore resulting in an increased risk of

adverse drug reactions [35]. Several dietary agents, including

grape fruit juice are known to inhibit CYP3A enzymes [6]. We

employed two substrates, midazolam and testosterone, which bind

to different active sites on CYP3A, to determine the effect of GE

and its biophenolics on enzyme activity. In the presence of

midazolam, GE did not affect the enzymatic activity of CYP3A

and individual constituents also showed similar profile (IC50 18–

35 mg/mL) (Fig. 5A, Table S5 in File S1). In presence of

testosterone, the constituent biophenolics of GE showed inhibition

of CYP3A activity with IC50 values ranging from 2.3 to 11 mg/mL

(Fig. 5Bii, Table S5 in File S1). Further, the inhibition of CYP3A

by GE (Fig. 5Biii, Table S5 in File S1) in the presence of

testosterone confirmed the contribution of the active constituents.

The constituent phenolic compounds of GE are small organic

molecules, which must be absorbed into the systemic circulation to

be carried across the blood stream to target tissues and organs.

Essentially, the pharmacological activity of xenobiotic compounds

mainly depends on their sustained levels at the sites of action and/

or their active metabolites. In order to attain sufficient effective

concentrations at the target site, the orally ingested compounds

have to overcome certain barriers including efflux, solubility, pH

and metabolism [36,37]. In addition, the absorption, distribution,

metabolism and excretion (ADME) processes dictate their target-

site concentration [38,39]. Uptake of active molecules by

enterocytes via passive diffusion or active transport is crucial for

their biodistribution [2,40]. However, favorable absorption of

these phenolic compounds across the gut does not translate to their

improved bioavailability and efficacy [37,40]. Upon being

absorbed by the enterocyte, the active constituents are usually

presented as substrates to various efflux pumps like ATP-binding

cassette (ABC) transporters, P-glycoprotein (Pgp), multidrug

resistance-associated protein 2 (MRP2), and breast cancer

resistance protein (BCRP), which can actively transport them

back into the intestinal lumen [13,40,41]. Hence, we next asked if

GE biophenolics serve as substrates of these efflux transporters

expressed in Caco-2 cells, which will prevent them from crossing

the intestinal membrane, thus leading to attenuated activity and

decreased bioavailability. To this end, Caco-2 monolayers were

treated with active ginger constituents (10 mM) followed by

permeability assessment in apical to basolateral and basolateral

to apical direction by measuring the transepithelial electrical

resistance (TEER).

GE Biophenolics Undergo Possible Biotransformation
Evaluation of in vitro transport profile of the active ginger

constituents revealed that the apparent permeability (Papp) of 6G,

the most abundant gingerol in GE, was greater than 100 nm/sec

in both apical to basal (ARB) and basal to apical (BRA)

Figure 3. Effects of GE and its active constituents on the activity of (A) CYP2C9 with substrate, diclofenac and (B) CYP2C19 with
substrate, (s)-mephenytoin upon incubation with human liver microsomes. The corresponding positive controls (Ai) sulfapenazole and (Bi)
benzylnirvanol activities were tested followed by (Aii, Bii) 6G, 8G, 10G, 6S and (Aiii, Biii) GE. Data shown are averages of duplicate experiments for GE
and positive controls.
doi:10.1371/journal.pone.0108386.g003
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directions. The efflux ratio in this case was less than 2 confirming

no possible role of efflux transporters like Pgp and BCRP in 6G’s

disposition. However, the recovery from ARB was less than 50%

and BRA was 77% with no intracellular accumulation (,5%)

(Table 1). Further, Papp of 8G was 53 nm/sec in ARB and

69 nm/sec in BRA direction. With an efflux ratio of 1.3, there

seemed to be no interference from any efflux transporters in 8G’s

permeability, while its recovery in both directions was less than

60% with no cell accumulation (,1%).

Interestingly, the Papp of 10G was lower than other active

phenolics, i.e. 9 nm/sec in ARB and 17 nm/sec in B-A direction

and the recovery in both directions was less than 50%, suggesting

chances of metabolism with some accumulation (15%) in cells. 6S

exhibited the lowest recovery, less than 25% in both directions

indicating a possible biotransformation and apparent permeability

values were 0.71 nm/sec and 4 nm/sec in ARB and BRA

directions, respectively. However, there was almost no accumu-

lation of 6S in cells (Table 1).

Discussion

Phytocomplexity of ginger extract (GE) dictates the intricate

synergistic or additive interactions between its constituent bioac-

tive phenolics and thus explains the attenuation of bioactivity

when single components are isolated. Essentially, the bioactivity of

whole GE can perhaps be ascribed to an interaction of the

biological system with multiple active compounds present in GE at

low to undetectable levels. While the exact spectrum of bioactive

components of GE is not fully defined, a large number of

pharmacologically active compounds have been isolated and

purified in various laboratories including ours. The oral bioavail-

ability of GE and other such plant-based extracts is associated with

many presystemic processes, including solubility and stability in

gastrointestinal fluid, membrane permeability, transporter [e.g. P-

glycoprotein (Pgp/MDR1/ABCB1)]-driven intestinal efflux, pre-

systemic gut wall metabolism and presystemic hepatic metabolism.

Suboptimal intestinal absorption of food-based extracts may occur,

leading to low oral bioavailability.

With growing focus on employing alternative medicine, mainly

dietary agents, as chemopreventive and chemotherapeutic agents

in order to reduce the toxicity rendered by the current clinical

drugs, food-drug interactions have been a major concern in

regarding them as safe for consumption. Dietary supplements,

when coadministered with conventional drugs, have been found to

effect the latter’s pharmacokinetic and pharmacodynamics inter-

actions [6–8,29,42,43]. Furthermore, as these interactions majorly

involve metabolism and transport of drug molecules, co-admin-

istration with dietary agents could result in altering the activity of

drug-metabolizing enzymes [2,44]. Although they are ‘‘natural’’

and therefore considered as ‘‘safe’’, little is known about the effects

their constituents may have on the co-administered medication.

Furthermore, it is crucial to understand the absorption, distribu-

tion, metabolism and excretion processes of such plant-derived

agents to facilitate their development as dietary supplements.

Polyphenols in our diet have been implicated in affecting the blood

plasma concentrations of clinical drugs, thus resulting in either

increased exposure or loss of their therapeutic effects [45–47].

Having shown the remarkable chemotherapeutic efficacy of GE,

Figure 4. Effects of GE and its active constituents on the activity of (A) CYP2D6 with substrate, dextromethorphan and (B) CYP2E1
with substrate, chlorzoxazone upon incubation with human liver microsomes. The corresponding positive controls (Ai) sulfapenazole and
(Bi) tranylcypromine activities were tested followed by (Aii, Bii) 6G, 8G, 10G, 6S and (Aiii, Biii) GE. Data shown are averages of duplicate experiments for
GE and positive controls.
doi:10.1371/journal.pone.0108386.g004
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possibly due to enterohepatic recirculation of the active biophe-

nolics [27], questions related to their impact on drug metabolizing

enzymes led us to our current investigation.

Our study revealed that GE and its active constituents (6G, 8G,

10G and 6S) caused inhibition of CYP isozymes, in the order:

CYP2B6.CYP2C19.CYP2C9.CYP2C8.CYP3A (testoster-

one as substrate).CYP1A2 (Fig. 1A, 2A–B, 3A–B, 5B, Table S5

in File S1). GE showed the highest inhibitory effect on CYP2B6

(IC50 = 22 mg/mL) among all the tested CYPs, against which its

active constituents showed no inhibition (Fig. 1B, 4A–B, 5A, Table

S5 in File S1). This effect could be due to the partnering

constituent(s) in GE other than 6G, 8G, 10G and 6S, which might

be inhibitors of CYP2B6. Furthermore, the inhibitory effect of GE

on CYP2C8, CYP2C9 and CYP2C19 seems to be primarily due

to additive interactions among the constituent active phenolics

(Table S5 in File S1). Recent reports indicate that in humans, the

major components of GE (6G, 8G, 10G and 6S) are present as

glucuronide and sulfate conjugates while free forms were observed

in the blood plasma only upon oral administration at a high dose

of 2 g per subject [23,24]. Our current study compares the Cmax of

various gingerols reported by Zick et al in humans with the IC50

values from our CYP inhibition assay. The Cmax of 6G was

0.85 mg/mL and the lowest IC50 value observed was with

CYP2C19 (3.2 mg/mL) and for 8G, Cmax was 0.23 mg/mL and

lowest inhibitory concentration was with CYP2C8 (0.70 mg/mL).

Similarly for 10G, Cmax was 0.53 mg/mL and lowest IC50 value

was with CYP2B6 (1.5 mg/mL) while Cmax for 6S was 0.15 mg/

mL and it was found to be most active against CYP1A2 (0.70 mg/

mL). This comparison reveals that the highest blood plasma

concentration attained for these active ginger phenolics is at least

3–4 fold lower than their respective CYP450 enzyme inhibitory

concentrations in vitro (for CYP2C8 and CYP1A2, it was 2-fold

lower). This suggests that physiologically these active GE phenolics

might be incapable of modulating the Phase I metabolizing

enzymes. Clearly, these plasma concentrations achieved in

humans are insignificant in case of GE (Table S5 in File S1) to

inhibit CYP2C9, CYP2C19, CYP2D6, CYP2E1 and CYP3A.

Also, inhibition of CYP isozymes seems to be additive than

synergistic and the active GE phenolics also prone to extensive

conjugation in humans at intestinal level followed by liver. The

overall effect of CYP inhibition by GE may be clinically irrelevant

with respect to co-administered drugs that susbtrates of CYP

isozymes.

Furthermore, our attemps to determine if the absorption of GE

phenolics is affected by the efflux pumps across gastrointestinal

membrane revealed that in the Caco-2 monolayer, permeability of

6G was highest followed by 8G, 10G and 6S (Table 1). Recovery

of all the gingerols from the apical to basal side was less than 50%,

which was lower than basal to apical side transport with no

significant cell accumulation (Table 1). This difference could be

due to extensive glucuronidation or sulfation of the ginger

constituents across the Caco-2 monolayer [48,49], supporting

our previous data suggesting possible intestinal glucuronidation of

6G, 8G, 10G and 6S followed by their enterohepatic recirculation

when in their native form to impart maximum efficacy to GE [27].

8G and 10G were recently shown to inhibit CYP3A4

expression, thus implicating their use in combination therapies

[50]. Human intestinal microsomal content is around 10 times

lower compared to the liver. While the intestinal CYPs are CYP3A

(80%), CYP2C (16%), CYP2J2 (,2%) and CYP2D6 (,1%), in

liver they are, CYP3A (40%), CYP2C (25%), CYP1A2 (18%),

CYP2E1 (9%), CYP2A6 (6%), CYP2D6 (2%) and CYP2B6 (,1%)

Figure 5. Effects of GE and its active constituents on the activity of CYP3A4 with substrates, (A) midazolam and (B) testosterone
upon incubation with human liver microsomes. The corresponding positive control, (Ai and Bi) ketoconazole’s inhibitory activity was tested
followed by (Aii, Bii) 6G, 8G, 10G, 6S and (Aiii, Biii) GE. Data shown are averages of duplicate experiments for GE and positive controls.
doi:10.1371/journal.pone.0108386.g005
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[51,52]. Clearly, as no major interaction was observed in case of

GE and CYP3A (Fig. 5A–B, Table S5 in File S1), the most

abundant CYP in liver and intestine, and also considering the

Cmax data in humans for these ginger constituents, any major

food-drug interactions involving the substrates of CYP3A are not

foreseen. Further, we even speculate that only those drug

molecules, which undergo conjugation reactions in the intestine

and/or liver may succumb to drug-ginger interactions. This is

because, it has been observed that ginger phenolics undergo

extensive glucuronidation and sulfation in vivo [23,27]. This is

even further supported by our current observations where the

recovery of gingerols was low (Table 1) across the Caco-2 cell

monolayer, which is known to express uridine diphosphate

glucuronosyltransferases (UGTs) and sulfotransferases (SULTs)

[53–56], thus indicating their possible biotransformation. Howev-

er, the loss in recovery of ginger constituents could also be due to

lower solubility of gingerols in assay buffer and non-specific

binding to assay plate, hence prompting further investigation to

determine the reason for loss in recovery.

Also, as literature reports suggest that CYP1A2 is involved in

the induction of carcinogenesis by metabolizing procarcinogens

[29,57,58], the role of GE in modulating this particular enzyme

requires further scrutiny. Dietary agents like cabbages, cauliflower

and broccoli are known to induce the expression of CYP1A2 in

humans [29,59]. Furthermore, use of ingredients like cumin and

turmeric in most of the South Asian cuisines is linked to lower

activity of CYP1A2 [60]. Though our observations do not indicate

the induction role of GE, our data clearly suggests that GE could

inhibit CYP1A2 enzymatic activity (IC50 = 222 mg/mL, Table S5

in File S1) if higher concentrations of 6S were to be achieved in
vivo. In humans, among all GE constituents, concentration of 6S

was lowest (0.15 mg/mL) with propensity for both glucuronidation

and sulfation. Therefore, the inhibitory activity due to 6S may be

limited on CYP1A2. Hence, further exploration of GE’s potential

in combination with other spice constituents to prevent carcino-

genesis and achieve improved anticancer efficacy seems logical.

In conclusion, our study highlights that GE and its active

constituents do not modulate CYP enzyme activity, suggesting no

potential prospective food-drug interactions, and thus rendering

GE as safe for dietary consumption. Our observations of possible

biotransformation of active ginger constituents across the Caco-2

monolayer are impelling and encourage investigation into the

bioactivity of the biotransformed metabolites. Futhermore, eval-

uation of the accumulation of these conjugates and/or metabolites

in the tumors and other tissues will aid in the design of futuristic

dietary combinations/supplements to improve GE’s anticancer

efficacy in prostate cancer management. Our studies constitute an

essential prestep before integrative medicine can be beneficial and

practised to its full potential.

Supporting Information

File S1 Table S1, Substrate and inhibitor stock solutions. Table

S2, Contents in MBS (microsome-buffer-substrate) mixture. Table

S3, Experimental conditions. Table S4, Mass parameters. Table

S5, Inhibition of CYP activity by gingerols and positive control

inhibitors in human liver microsomes. Table S6, Structures of

substrates, metabolites, inhibitors and internal standards.

(DOCX)

Acknowledgments

R. M. would like to thank Advinus Therapeutics Ltd, India and Manipal

University, India for their support and encouragement of his contributions

to this work.

T
a

b
le

1
.

P
e

rm
e

ab
ili

ty
o

f
ac

ti
ve

G
E

b
io

p
h

e
n

o
lic

s
ac

ro
ss

th
e

C
ac

o
-2

se
m

ip
e

rm
e

ab
le

m
e

m
b

ra
n

e
.

G
in

g
e

ro
ls

6
G

8
G

1
0

G
6

S

T
ra

n
sp

o
rt

(n
=

3
)

A
R

B
B

R
A

A
R

B
B

R
A

A
R

B
B

R
A

A
R

B
B

R
A

P
a

p
p

(n
m

/s
e

c)
1

1
4
6

1
5

1
3

9
6

1
6

5
3
6

8
6

9
6

6
9
6

7
1

7
6

6
0

.7
1
6

0
.1

4
4
6

2

E
ff

lu
x

R
a

ti
o

1
.2

1
.3

1
.8

4

In
tr

a
ce

ll
u

la
r

a
cc

u
m

u
la

ti
o

n
(%

)
2

5
1

4
1

2
1

5
1

0
0

1

M
a

ss
B

a
la

n
ce

(r
e

co
v

e
ry

)
(%

)
4

9
7

7
3

6
6

4
2

2
4

4
4

2
1

T
h

e
ap

p
ar

e
n

t
p

e
rm

e
ab

ili
ty

w
as

ca
lc

u
la

te
d

b
y

m
e

as
u

ri
n

g
th

e
d

ru
g

tr
an

sp
o

rt
ac

ro
ss

th
e

C
ac

o
-2

m
o

n
o

la
ye

r.
T

h
e

co
n

ce
n

tr
at

io
n

o
f

6
G

,
8

G
,

1
0

G
an

d
6

S
te

st
e

d
in

th
is

as
sa

y
w

as
1

0
mM

.
D

at
a

p
re

se
n

te
d

ar
e

av
e

ra
g

e
s

o
f

tr
ip

lic
at

e
e

xp
e

ri
m

e
n

ts
an

d
ar

e
re

p
re

se
n

te
d

as
m

e
an

6
SD

.
A

:
ap

ic
al

;
B

:
b

as
o

la
te

ra
l;

P
a

p
p

:
ap

p
ar

e
n

t
p

e
rm

e
ab

ili
ty

;
n

:
n

u
m

b
e

r
o

f
re

p
lic

at
e

s.
d

o
i:1

0
.1

3
7

1
/j

o
u

rn
al

.p
o

n
e

.0
1

0
8

3
8

6
.t

0
0

1

CYP Inhibition and Permeability of Gingerols

PLOS ONE | www.plosone.org 9 September 2014 | Volume 9 | Issue 9 | e108386



Author Contributions

Conceived and designed the experiments: RM SRG RA CY. Performed

the experiments: RM. Analyzed the data: RM GRJ. Contributed reagents/

materials/analysis tools: RA SV. Wrote the paper: RM SRG RA. Editing

of the manuscript: SRG CY SD GC SV MRD.

References

1. FDA (2014) Considerations regarding substances added to foods, including

beverages and dietary supplements. U S Department of Health and Human

services, Food and Drug Administration.

2. Manach C, Williamson G, Morand C, Scalbert A, Remesy C (2005)

Bioavailability and bioefficacy of polyphenols in humans. I. Review of 97

bioavailability studies. Am J Clin Nutr 81: 230S–242S.

3. Rodriguez-Fragoso L, Martinez-Arismendi JL, Orozco-Bustos D, Reyes-Esparza

J, Torres E, et al. (2011) Potential risks resulting from fruit/vegetable-drug

interactions: effects on drug-metabolizing enzymes and drug transporters.

Journal of food science 76: R112–124.

4. Bailey DG, Dresser GK (2004) Interactions between grapefruit juice and

cardiovascular drugs. American journal of cardiovascular drugs: drugs, devices,

and other interventions 4: 281–297.

5. Markowitz JS, Donovan JL, DeVane CL, Taylor RM, Ruan Y, et al. (2003)

Effect of St John’s wort on drug metabolism by induction of cytochrome P450

3A4 enzyme. JAMA: the journal of the American Medical Association 290:

1500–1504.

6. Bailey DG, Arnold JM, Spence JD (1994) Grapefruit juice and drugs. How

significant is the interaction? Clinical pharmacokinetics 26: 91–98.

7. Ameer B, Weintraub RA (1997) Drug interactions with grapefruit juice. Clinical

pharmacokinetics 33: 103–121.

8. Hukkinen SK, Varhe A, Olkkola KT, Neuvonen PJ (1995) Plasma concentra-

tions of triazolam are increased by concomitant ingestion of grapefruit juice.

Clinical pharmacology and therapeutics 58: 127–131.

9. McFadyen MC, Melvin WT, Murray GI (2004) Cytochrome P450 enzymes:

novel options for cancer therapeutics. Molecular cancer therapeutics 3: 363–371.

10. Ioannides C (2002) Pharmacokinetic interactions between herbal remedies and

medicinal drugs. Xenobiotica; the fate of foreign compounds in biological

systems 32: 451–478.

11. Rendic S, Guengerich FP (2010) Update information on drug metabolism

systems–2009, part II: summary of information on the effects of diseases and

environmental factors on human cytochrome P450 (CYP) enzymes and

transporters. Current drug metabolism 11: 4–84.

12. Rodriguez-Antona C, Ingelman-Sundberg M (2006) Cytochrome P450

pharmacogenetics and cancer. Oncogene 25: 1679–1691.

13. Lin JH, Yamazaki M (2003) Role of P-glycoprotein in pharmacokinetics: clinical

implications. Clinical pharmacokinetics 42: 59–98.

14. Rees DC, Johnson E, Lewinson O (2009) ABC transporters: the power to

change. Nature reviews Molecular cell biology 10: 218–227.

15. Vasala PA (2004) Ginger. In: K. V. Peter., editor editors. Handbook of Herbs

and Spices. Cambridge: Woodhead

16. Govindarajan VS (1982) Ginger–chemistry, technology, and quality evaluation:

part 1. Crit Rev Food Sci Nutr 17: 1–96.

17. Govindarajan VS (1982) Ginger-chemistry, technology, and quality evaluation:

part 2. Crit Rev Food Sci Nutr 17: 189–258.

18. Dugasani S, Pichika MR, Nadarajah VD, Balijepalli MK, Tandra S, et al. (2010)

Comparative antioxidant and anti-inflammatory effects of [6]-gingerol, [8]-

gingerol, [10]-gingerol and [6]-shogaol. J Ethnopharmacol 127: 515–520.

19. Jeong CH, Bode AM, Pugliese A, Cho YY, Kim HG, et al. (2009) [6]-Gingerol

suppresses colon cancer growth by targeting leukotriene A4 hydrolase. Cancer

Res 69: 5584–5591.

20. Kim SO, Kundu JK, Shin YK, Park JH, Cho MH, et al. (2005) [6]-Gingerol

inhibits COX-2 expression by blocking the activation of p38 MAP kinase and

NF-kappaB in phorbol ester-stimulated mouse skin. Oncogene 24: 2558–2567.

21. Kundu JK, Surh YJ (2005) Breaking the relay in deregulated cellular signal

transduction as a rationale for chemoprevention with anti-inflammatory

phytochemicals. Mutat Res 591: 123–146.

22. Chen CY, Li YW, Kuo SY (2009) Effect of [10]-gingerol on [ca2+]i and cell

death in human colorectal cancer cells. Molecules 14: 959–969.

23. Zick SM, Djuric Z, Ruffin MT, Litzinger AJ, Normolle DP, et al. (2008)

Pharmacokinetics of 6-gingerol, 8-gingerol, 10-gingerol, and 6-shogaol and

conjugate metabolites in healthy human subjects. Cancer Epidemiol Biomarkers

Prev 17: 1930–1936.

24. Zick SM, Ruffin MT, Djuric Z, Normolle D, Brenner DE (2010) Quantitation of

6-, 8- and 10-Gingerols and 6-Shogaol in Human Plasma by High-Performance

Liquid Chromatography with Electrochemical Detection. International journal

of biomedical science: IJBS 6: 233–240.

25. Karna P, Chagani S, Gundala SR, Rida PC, Asif G, et al. (2011) Benefits of

whole ginger extract in prostate cancer. Br J Nutr: 1–12.

26. Brahmbhatt M, Gundala SR, Asif G, Shamsi SA, Aneja R (2013) Ginger

phytochemicals exhibit synergy to inhibit prostate cancer cell proliferation. Nutr

Cancer 65: 263–272.

27. Gundala SR, Mukkavilli R, Yang C, Yadav P, Tandon V, et al. (2014)

Enterohepatic recirculation of bioactive ginger phytochemicals is associated with

enhanced tumor growth-inhibitory activity of ginger extract. Carcinogenesis.

28. Nebert DW, Dalton TP (2006) The role of cytochrome P450 enzymes in

endogenous signalling pathways and environmental carcinogenesis. Nat Rev

Cancer 6: 947–960.

29. Tanaka E (1998) Clinically important pharmacokinetic drug-drug interactions:

role of cytochrome P450 enzymes. Journal of clinical pharmacy and therapeutics

23: 403–416.

30. Du L, Hoffman SM, Keeney DS (2004) Epidermal CYP2 family cytochromes

P450. Toxicology and applied pharmacology 195: 278–287.

31. Goldstein JA, de Morais SM (1994) Biochemistry and molecular biology of the

human CYP2C subfamily. Pharmacogenetics 4: 285–299.

32. Wang B, Yang LP, Zhang XZ, Huang SQ, Bartlam M, et al. (2009) New insights

into the structural characteristics and functional relevance of the human

cytochrome P450 2D6 enzyme. Drug metabolism reviews 41: 573–643.

33. Nelson DR (2011) Progress in tracing the evolutionary paths of cytochrome

P450. Biochimica et biophysica acta 1814: 14–18.

34. Gibbs MA, Thummel KE, Shen DD, Kunze KL (1999) Inhibition of

cytochrome P-450 3A (CYP3A) in human intestinal and liver microsomes:

comparison of Ki values and impact of CYP3A5 expression. Drug metabolism

and disposition: the biological fate of chemicals 27: 180–187.

35. Coleman MD (2010) How Oxidative Systems Metabolize Substrates. Human

Drug Metabolism: An Introduction. Hoboken, NJ: John Wiley & Sons, Ltd.

36. Youdim KA, Dobbie MS, Kuhnle G, Proteggente AR, Abbott NJ, et al. (2003)

Interaction between flavonoids and the blood-brain barrier: in vitro studies.

Journal of neurochemistry 85: 180–192.

37. Zhang L, Zuo Z, Lin G (2007) Intestinal and hepatic glucuronidation of

flavonoids. Molecular pharmaceutics 4: 833–845.

38. Zhang Y, Benet LZ (2001) The gut as a barrier to drug absorption: combined

role of cytochrome P450 3A and P-glycoprotein. Clinical pharmacokinetics 40:

159–168.

39. Williamson G, Manach C (2005) Bioavailability and bioefficacy of polyphenols

in humans. II. Review of 93 intervention studies. Am J Clin Nutr 81: 243S–

255S.

40. Scheepens A, Tan K, Paxton JW (2010) Improving the oral bioavailability of

beneficial polyphenols through designed synergies. Genes & nutrition 5: 75–87.

41. Schinkel AH (1997) The physiological function of drug-transporting P-

glycoproteins. Seminars in cancer biology 8: 161–170.

42. Bailey DG, Spence JD, Edgar B, Bayliff CD, Arnold JM (1989) Ethanol

enhances the hemodynamic effects of felodipine. Clinical and investigative

medicine Medecine clinique et experimentale 12: 357–362.

43. Misaka S, Kawabe K, Onoue S, Werba JP, Giroli M, et al. (2013) Effects of

green tea catechins on cytochrome P450 2B6, 2C8, 2C19, 2D6 and 3A activities

in human liver and intestinal microsomes. Drug metabolism and pharmacoki-

netics 28: 244–249.

44. Bear WL, Teel RW (2000) Effects of citrus phytochemicals on liver and lung

cytochrome P450 activity and on the in vitro metabolism of the tobacco-specific

nitrosamine NNK. Anticancer research 20: 3323–3329.

45. Kimura Y, Ito H, Ohnishi R, Hatano T (2010) Inhibitory effects of polyphenols

on human cytochrome P450 3A4 and 2C9 activity. Food Chem Toxicol 48:

429–435.

46. Chavez ML, Jordan MA, Chavez PI (2006) Evidence-based drug–herbal

interactions. Life sciences 78: 2146–2157.

47. Murray M (2006) Altered CYP expression and function in response to dietary

factors: potential roles in disease pathogenesis. Current drug metabolism 7: 67–

81.

48. Artursson P, Karlsson J (1991) Correlation between oral drug absorption in

humans and apparent drug permeability coefficients in human intestinal

epithelial (Caco-2) cells. Biochemical and biophysical research communications

175: 880–885.

49. Walle UK, Galijatovic A, Walle T (1999) Transport of the flavonoid chrysin and

its conjugated metabolites by the human intestinal cell line Caco-2. Biochem

Pharmacol 58: 431–438.

50. Li M, Chen PZ, Yue QX, Li JQ, Chu RA, et al. (2013) Pungent ginger

components modulates human cytochrome P450 enzymes in vitro. Acta

pharmacologica Sinica 34: 1237–1242.

51. Shimada T, Yamazaki H, Mimura M, Inui Y, Guengerich FP (1994)

Interindividual variations in human liver cytochrome P-450 enzymes involved

in the oxidation of drugs, carcinogens and toxic chemicals: studies with liver

microsomes of 30 Japanese and 30 Caucasians. The Journal of pharmacology

and experimental therapeutics 270: 414–423.

52. Paine MF, Hart HL, Ludington SS, Haining RL, Rettie AE, et al. (2006) The

human intestinal cytochrome P450 ‘‘pie’’. Drug metabolism and disposition: the

biological fate of chemicals 34: 880–886.

53. Peters WH, Roelofs HM (1989) Time-dependent activity and expression of

glutathione S-transferases in the human colon adenocarcinoma cell line Caco-2.

The Biochemical journal 264: 613–616.

CYP Inhibition and Permeability of Gingerols

PLOS ONE | www.plosone.org 10 September 2014 | Volume 9 | Issue 9 | e108386



54. Schmiedlin-Ren P, Thummel KE, Fisher JM, Paine MF, Lown KS, et al. (1997)

Expression of enzymatically active CYP3A4 by Caco-2 cells grown on
extracellular matrix-coated permeable supports in the presence of 1alpha,25-

dihydroxyvitamin D3. Molecular pharmacology 51: 741–754.

55. Sabolovic N, Magdalou J, Netter P, Abid A (2000) Nonsteroidal anti-
inflammatory drugs and phenols glucuronidation in Caco-2 cells: identification

of the UDP-glucuronosyltransferases UGT1A6, 1A3 and 2B7. Life sciences 67:
185–196.

56. Meinl W, Ebert B, Glatt H, Lampen A (2008) Sulfotransferase forms expressed

in human intestinal Caco-2 and TC7 cells at varying stages of differentiation and
role in benzo[a]pyrene metabolism. Drug metabolism and disposition: the

biological fate of chemicals 36: 276–283.

57. Seow A, Zhao B, Lee EJ, Poh WT, Teh M, et al. (2001) Cytochrome P4501A2

(CYP1A2) activity and lung cancer risk: a preliminary study among Chinese
women in Singapore. Carcinogenesis 22: 673–677.

58. Bear WL, Teel RW (2000) Effects of citrus flavonoids on the mutagenicity of

heterocyclic amines and on cytochrome P450 1A2 activity. Anticancer research
20: 3609–3614.

59. Fontana RJ, Lown KS, Paine MF, Fortlage L, Santella RM, et al. (1999) Effects
of a chargrilled meat diet on expression of CYP3A, CYP1A, and P-glycoprotein

levels in healthy volunteers. Gastroenterology 117: 89–98.

60. Perera V, Gross AS, McLachlan AJ (2012) Influence of environmental and
genetic factors on CYP1A2 activity in individuals of South Asian and European

ancestry. Clinical pharmacology and therapeutics 92: 511–519.

CYP Inhibition and Permeability of Gingerols

PLOS ONE | www.plosone.org 11 September 2014 | Volume 9 | Issue 9 | e108386


	Georgia State University
	ScholarWorks @ Georgia State University
	9-2014

	Modulation of Cytochrome P450 Metabolism and Transport across Intestinal Epithelial Barrier by Ginger Biophenolics
	Rao Mukkavilli
	Sushma R. Gundala
	Chunhua Yang
	Shashikiran Donthamsetty
	Guilherme Cantuaria
	See next page for additional authors
	Recommended Citation
	Authors


	pone.0108386 1..11

