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Abstract
Isothiocyanates, a class of anti-cancer agents, are derived from cruciferous vegetables such as
broccoli, cabbage and watercress, and have demonstrated chemopreventive activity in a number of
cancer models and epidemiologic studies. Due to public interest in cancer prevention and
alternative therapies in cancer, the consumption of herbal supplements and vegetables containing
these compounds is widespread and increasing. Isothiocyanates interact with ATP-binding cassette
(ABC) efflux transporters such as P-glycoprotein, MRP1, MRP2 and BCRP, and may influence
the pharmacokinetics of substrates of these transporters. This review discusses the
pharmacokinetic properties of isothiocyanates, their interactions with ABC transporters, and
presents some data describing the potential for isothiocyanate-mediated diet–drug interactions.
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Introduction
Isothiocyanates (ITCs) form a class of compounds known to have cancer preventive
properties which occur widely as conjugates in Brassica and other vegetables of the family
Cruciferae (e.g. cabbage, cauliflower, brussels sprouts, watercress, broccoli, kale) and the
genus Raphanus (radishes and daikons). Organic ITCs (R-N=C=S) occur in plants as
thioglycoside conjugates known as glucosinolates. Damage to plant cells, such as from
cutting and chewing, releases myrosinase (β-thioglucoside glucohydrolase) that catalyses
the hydrolysis of glucosinolates and the formation of ITCs by a Lossen rearrangement [1].
Intestinal microflora can also hydrolyse glucosinolates to ITCs in humans [2]. Allyl
isothiocyanate, benzyl isothiocyanate (BITC), phenethyl isothiocyanate (PEITC) and
sulforaphane are examples of naturally occurring isothiocyanates. Figure 1 lists the
structures of several isothiocyanates.

Isothiocyanates have been shown to reduce cancer risk in a number of epidemiologic studies
as well as in animal models of cancer [3,4]. Early studies in this area reported that the intake
of broccoli and watercress (which are sources of isothiocyanates) may reduce the risk for
lung cancer by inhibition of CYP450 enzymes responsible for activation of procarcinogens
[5,6]. Since then, isothiocyanates have been shown to have a variety of effects. In addition to

Copyright © 2009 John Wiley & Sons, Ltd.
*Correspondence to: Department of Pharmaceutical Sciences, School of Pharmacy and Pharmaceutical Sciences, University at
Buffalo, State University of New York, Amherst, NY 14260, USA. memorris@buffalo.edu.
†Current address: Department of Drug Disposition, Lilly Research Laboratories, Lilly Corporate Center, Indianapolis, IN 46285,
USA.

NIH Public Access
Author Manuscript
Biopharm Drug Dispos. Author manuscript; available in PMC 2013 June 27.

Published in final edited form as:
Biopharm Drug Dispos. 2009 October ; 30(7): 335–344. doi:10.1002/bdd.668.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CYP450 inhibition, isothiocyanates were reported to be inducers of Phase II enzymes such
as UDP-glucuronosyltransferases (UGTs), sulfotransferases (SULTs) and quinone
reductases (QRs), all of which play a role in the detoxification of activated carcinogens
[7,8]. Induction of apoptosis is an important mechanism by which the isothiocyanates exert
their anti-cancer effects [9,10]. Most recently, isothiocyanates have also been shown to
exhibit anti-angiogenic activity, which may represent another mechanism of action [11].
Mechanisms of anti-cancer effects of isothiocyanates have been reviewed previously
elsewhere [12].

Several studies carried out in this decade have revealed another property of isothiocyanates:
they are substrates and inhibitors of a number of ABC transporters. ABC transporters
transport a wide variety of substrates across cellular membranes, against a concentration
gradient. These transporters are also over-expressed in a number of solid tumors
contributing to multi-drug resistance observed in cancer, and their inhibition by
isothiocyanates may represent another anti-cancer action of these compounds [13,14].
However, ABC transporters are also expressed at basal levels in several tissues involved in
the absorption and elimination of exogenous compounds, and their inhibition by
isothiocyanates may lead to diet–drug interactions. This article describes the interactions
between isothiocyanates and ABC transporters and how they may affect the
pharmacokinetics of co-administered drugs.

Pharmacokinetics of Isothiocyanates
Isothiocyanates are not only ubiquitous in the diet, but because they have shown anti-cancer
activities, they are also marketed in herbal supplements as dried vegetable extracts, for
example Cruciferous Vegetable Blend® (Nature’s Way) [15]. As a result, exposure to
isothiocyanates through the diet and ingestion of dietary supplements is significant. The
pharmacokinetic properties of several isothiocyanates have been investigated in rats and
humans. Isothiocyanates have high oral bioavailability and do not exhibit adverse reactions
at the doses administered. Isothiocyanates undergo metabolism mediated by glutathione-S-
transferases and as discussed in detail here, are substrates for ABC transporters.
Isothiocyanates exhibit nonlinear elimination profiles which could be a result of enzyme or
transporter saturation, or both.

Phenethyl isothiocyanate and sulforaphane have been studied extensively to characterize
their pharmacokinetic properties. Both have good bioavailability and are absorbed rapidly.
The pharmacokinetics of PEITC both in rats and humans have been evaluated in our
laboratory: PEITC has high oral bioavailability and low clearance (11.6 ml min−1 kg−1 at the
lowest dose of 2 μmol/kg) in rats [16]. Nonlinear elimination and distribution are evident at
high doses (Figure 2). In humans, following ingestion of the vegetable watercress at a 100 g
dose, the mean Cmax value was 928 nM and the half-life was 4.9 h (Figure 3). The average
oral clearance (clearance/availability) was 490 ml min−1, suggesting a low clearance [17].
We also investigated the pharmacokinetics of α-naphthyl isothiocyanate (NITC) [18]. NITC
also exhibited a nonlinear pharmacokinetic profile with a plasma half-life of 6.1 h at a high
dose of 75 mg/kg (Figure 4). While one study has reported that a high dose of sulforaphane
(50 μmol) in rats resulted in high concentrations in plasma (Cmax of 20 μM) and a half-life
of about 2.2 h (Figure 5), another study which measured all dithiocarbamates (that could
represent sulforaphane, its metabolites and other isothiocyanates present) in the plasma
reported a Cmax of 60 μM, and half-life of 6.7 h after a 150 μmol dose to rats [19,20].
Interestingly, while the Cmax from the two studies increased proportionally with dose, the
elimination half-life decreased with the dose, indicating possible nonlinearities in
sulforaphane disposition. These studies are summarized in Table 1.
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Isothiocyanates are distributed into various tissues, leading to the possibility that ITCs may
affect transporter-mediated distribution of co-administered drug substrates. The tissue
distribution of PEITC and phenhexyl isothiocyanate have been investigated, and these
compounds distribute into the pancreas, spleen and nasal mucosa [21]. In humans,
sulforaphane significantly distributed into the mammary gland [20].

The metabolism of isothiocyanates has mainly been studied in humans. The conjugation and
excretion of ITCs is predominantly catalysed by glutathione S-transferase M1 (GSTM1) and
GSTT1 [22], although a variety of other GSTs, including GST A1, P1, M2 and M4, are also
involved to a minor extent. These conjugates are also transported by ABC transporters and
are responsible for the intracellular glutathione depletion observed in vitro [23]. The
nonlinearity observed in vivo might be a result of saturation of this efflux, or the decreased
metabolism of the parent itself, with glutathione depletion contributing to the nonlinear
pharmacokinetics observed in vivo.

Identification of Isothiocyanate-ABC Transporter Interactions
Using ATP-derived energy, ATP binding cassette (ABC) transporters operate at the cellular
membrane to transport molecules against a concentration gradient. Like drug metabolizing
enzymes, their primary function is likely the transport of endogenous molecules, but because
of structural similarities between xenobiotics and endogenous substances, they also transport
drugs across cell membranes.

These membrane proteins consist of trans-membrane domains, and a nucleotide binding
domain [24]. They are present endogenously in tissues involved in absorption and
elimination and may also affect the disposition of drugs processed by these tissues.
Additionally, since transporters are widely present in other tissues, such as the biliary
canaliculi of hepatocytes, the apical membranes of enterocytes and various blood–tissue
barriers, they play an important role in drug distribution as well. The ABC transporters, that
have been investigated for their interactions with isothiocyanates, include P-glycoprotein (P-
gp, ABCB1), multidrug resistance protein 1 (MRP1, ABCC1), multidrug resistance protein
2 (MRP2, ABCC2) and breast cancer resistance protein (BCRP, ABCG2). All transporters
except BCRP, which is termed a half transporter, consist of at least 12 transmembrane
domains and a nucleotide binding domain with ATPase activity. BCRP consists of only six
transmembrane domains and one nucleotide binding domain with ATPase activity. The
tissues that express these transporters, as well as the compounds transported by them are
listed in Table 2.

MRP1 (ABCC1) and MRP2 (ABCC2) are members of the multidrug resistance associated
protein family that comprise nine members [34]. The two transporters have similar substrate
specificity, transporting negatively charged compounds such as glutathione, glucuronide and
sulfate conjugates of many compounds such as the glutathione conjugates of isothiocyanates
and glucuronide- and sulfate-conjugated estrogens, in addition to drug substrates
[29,30,35,36]. MRP1 is expressed in the basolateral membrane of epithelial cells in the lung,
testis and kidney. MRP2 is expressed in apical membranes in the biliary canaliculi of
hepatocytes, proximal kidney tubules, small intestine, colon, gall bladder and placenta [37–
39].

Early studies investigating the transport of isothiocyanates, reported the export of
glutathione conjugates of isothiocyanates by MRP2. Polarized MRP2-transfected MDCK II
cells in Transwell plates, incubated with 5 μM NITC at the apical side for 24 h, caused an
increased secretion of glutathione into the apical medium (4-fold increase) compared with
control MDCK II cells [23]. This phenomenon occurred because the metabolites that were
exported were hydrolysed in the apical extracellular space and the parent circulated back
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into the cell for another cycle. However, the glutathione could not re-enter and was
concentrated in the apical extracellular space. In the same investigation, a protective effect
against NITC-induced cholestasis was observed in MRP2-deficient rats indicating that
MRP2 might be the major transporter responsible for the glutathione depletion via
isothiocyanates. Using 14C-labeled PEITC, it was shown that PEITC and/or its metabolites
are substrates for MRP2 [40]. At PEITC concentrations of 1, 5, 10 and 50 μM, intracellular
concentrations of 14C were 55%, 14%, 12% and 61% lower in MDCK/MRP2 cells over-
expressing MRP2, compared with wild type MDCKII cells that do not express MRP2.
Treatment with 50 μM MK571, an MRP inhibitor, increased intracellular 14C accumulation
by 2.5-, 3.5-, 4.5- and 1.8-fold at PEITC concentrations 1, 5, 10 and 50 μM. In the same
study, it was also shown that MRP2-mediated transport of isothiocyanates was glutathione-
dependent: a 1 h treatment with 25, 50 and 100 μM buthionine sulfoximine, an agent which
inhibits the synthesis of glutathione, increased the intracellular accumulation of the
radiolabeled tracer by 48%, 77% and 116%, respectively, at a concentration of 5 μM
PEITC. All results were statistically significant at p<0.01.

Similar results were observed with sulforaphane in MRP1 and P-gp over-expressing cells
[30,36]. The accumulation of intracellular sulforaphane was increased by inhibitors of P-gp
and MRP1 in overexpressing cell lines, indicating that sulforaphane and/or sulforaphane
glutathione is a substrate for these transporters. When the interaction between MRP1 and
PEITC in MRP1 over-expressing PANC-1 cells was investigated, it was observed that a 2 h
co-incubation with 100 μM MK571 increased the accumulation of 14C tracer by 6.8-, 5.9-
and 1.9-fold at PEITC concentrations of 1, 5 and 20 μM, respectively [41]. Accumulation
did not change at higher PEITC concentrations, suggesting a saturation of MRP1-mediated
transport. The accumulation of 14C-PEITC was not changed in Caco-2, human breast cancer
MCF-7/ADR, MDA435/LCC6 and MDA435/LCC6MDR1 (P-gp overexpression) cells in
the absence and presence of the P-gp inhibitor verapamil or PSC833 [40,41], suggesting that
PEITC is not a P-gp substrate.

Further studies demonstrated that a number of isothiocyanates can increase the accumulation
of MRP1 and P-gp substrates in cells that over-express these transporters (MCF7/ADR cells
over-expressing P-gp and Panc-1 cells over-expressing MRP1) [13,41]. Cells were
incubated with substrates daunomycin or vinblastine for 2 h along with 100 μM of various
isothiocyanates. NITC exhibited strong effects on the accumulation of vinblastine and
daunomycin in these cells (4- and 40-fold for daunomycin and vinblastine in MCF7/ADR
cells and 3- and 5.5-fold for daunomycin and vinblastine in Panc-1 cells). BITC and PEITC
also caused significant increases in the accumulation of daunomycin in CaCo2 cell
monolayers (1.75- and 1.85-fold, respectively) [41]. PEITC treatment resulted in a 2-fold
increase in the accumulation of vinblastine in Panc-1 cells but not MCF7/ADR cells,
suggesting it is not a P-gp inhibitor. Weak P-gp inhibition by isothiocyanates was also
reported by Barecki-Roach et al. [42]. PEITC or BITC, but not 1-NITC, when examined at
100 μM concentrations, decreased cellular GSH levels after 2 h incubations. PEITC reduced
GSH to 10±3.5% of control values in untreated cells, while BITC reduced GSH to
15.3±6.4% of control values.

BCRP (ABCG2) is also widely expressed in all tissues, but shows the highest amount of
expression in the placenta, liver and the intestinal apical membranes. BCRP is responsible
for the efflux of endogenous steroids conjugated with glucuronide or sulfate moieties. Some
drugs that are substrates of this transporter are topotecan, mitoxantrone, methotrexate,
nitrofurantoin and sulfasalazine [32].

Intracellular accumulation of radiolabeled PEITC in BCRP over-expressing NCI-H460/
MX20 cells was increased upon treatment with 10 μM fumitremorgin C (FTC) to 6.8-, 4.6-,
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4.1-, 2.7- and 1.5-fold at 5, 10, 25 and 50 μM concentrations of PEITC, suggesting that
PEITC and/or its metabolites are BCRP substrates [43]. This was further confirmed by
measuring its accumulation in inside-out vesicles isolated from BCRP over-expressing
MCF7/MX100 cells [44]. Since these systems do not have metabolizing enzymes,
accumulation of the 14C tracer, after incubation with FTC, could be attributed to PEITC
itself, as opposed to products of enzymatic metabolism. FTC (10 μM) decreased the ATP-
dependent accumulation of 25 μM PEITC in inside-out vesicles by 1.7-fold. While
competitive inhibition of transport by isothiocyanates would be expected since PEITC is a
substrate of BCRP, isothiocyanates may also inhibit BCRP ATPase resulting in
accumulation of BCRP drug substrates. Interactions between ITCs and ABC transporters are
listed in Table 3.

In vivo Pharmacokinetic Interactions of Benzyl Isothiocyanate and a BCRP
Substrate Topotecan

There is one in vivo study in the literature that reported that the MRP2-mediated transport of
glutathione-NITC induces cholestasis [23]. However, the in vivo effects of isothiocyanates
on the pharmacokinetics of drug substrates of ABC transporters have not been investigated.
We recently investigated the in vivo effects of the isothiocyanate BITC on the
pharmacokinetics of topotecan, a known substrate of BCRP (and a minor substrate of P-gp).
All animal studies were approved by the Institutional Animal Care and Use Committee at
the University at Buffalo. The plasma concentration-time profile is shown in Figure 6. After
non-compartmental analysis of the profiles, it was observed that both AUC0–720 min and
AUC0–∞ values showed a trend of increasing after BITC co-administration in a dose-
dependent manner (Table 4). Rats treated with topotecan alone (2 mg/kg dose) had
AUC0–720 min of 10.9± 1.39 μg ml−1 min−1, whereas the AUC0–720min increased to
11.5±3.35, 14.1±1.70 and 16.5± 9.41 μg ml−1 min−1 following BITC co-administration at
doses of 10, 50 and 100 mg/kg, respectively, corresponding to 1.1-, 1.3- and 1.5-fold
increases compared with the control. Similarly, the AUC0–∞ increased in a dose-dependent
manner and was 14.0±2.46, 19.8±5.68 and 25.0± 12.7 μg ml−1 min−1 following BITC doses
of 10, 50 and 100 mg/kg, respectively, representing 1.2-, 1.8-and 2.2-fold increases
compared with the control rats. Using the AUC0–∞ of topotecan following i.v.
administration of 1 mg/kg topotecan determined in four rats (42.4±3.26 μg ml−1 min−1), F
was calculated and presented in Table 4. The t1/2 increased with increasing doses of BITC
and was 1.7-, 1.9- and 2.4-fold higher than that of the control rats following BITC doses of
10, 50 and 100 mg/kg, respectively. At the highest dose level of 100 mg/kg, the prolongation
of t1/2 was significant (p<0.05). The Cmax and tmax of plasma topotecan were variable, and
failed to show statistically significant differences among all the treatment groups (Table 4).
BCRP expression is highly expressed in the kidney in rodents, and the majority of topotecan
is eliminated through renal excretion. Therefore, BITC may inhibit BCRP located in the rat
renal proximal tubules, resulting in an increased AUC and a decreased half-life.

In our in vivo investigation, BITC increased the mean oral bioavailability and systemic
exposure and decreased the elimination of topotecan in rats in a dose-dependent manner.
Based on in vitro studies, these observed effects may be a result of inhibition of the BCRP
transporter at various sites affecting the disposition of topotecan. The results indicate that
this interaction may be most important at the kidney level in the disposition of topotecan.
Further studies using more specific probes for transporters and utilizing either isolated
compounds, or mixtures of naturally occurring isothiocyanates may shed more light on the
possible observable interactions.

While investigating pharmacokinetic transporter based diet–drug interactions, it is also
important to consider the effects compounds may have on other transporters and enzymes
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that may be important in the disposition of a drug. Topotecan is known to be metabolized to
N-desmethyl topotecan, a reaction mediated by CYP3A4. However, the percent of N-
desmethyl topotecan formed is less than 0.7% in the plasma, and about 1–4% in the urine,
indicating that inhibition of a CYP enzyme by BITC may not contribute significantly to its
pharmacokinetics [45]. Uptake transporters may be involved in the passage of the ionized
carboxylate form of topotecan across the cell membranes. ITCs may inhibit one or more
intestinal uptake transporters that are responsible for the absorption of topotecan
carboxylate. One such example could be organic anion-transporting polypeptides (OATPs),
which are expressed on the apical membrane of the small intestine and mediate
transmembrane transport of many amphipathic organic compounds including organic
anions. It was recently reported that topotecan is a substrate of rat OATP3, which is
involved in its renal secretion [46]. Interactions of ITCs with uptake transporters have not
been investigated but could contribute to the discrepancies observed in the in vitro inhibition
of ABC transporters and the in vivo effects of ITCs on drug disposition.

Conclusions
Isothiocyanates are widely present in the human diet and possess the potential to affect the
disposition of substrates for ABC transporters through drug transporter interactions.
Currently little is known about the in vivo effects of these compounds on the
pharmacokinetics of xenobiotics whose clearance and/or tissue distribution is determined by
active transport; additional investigations of ITC effects on both uptake and efflux
transporters may prove helpful in understanding these interactions.
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Figure 1.
Structures of some naturally occurring isothiocyanates studied for interactions with ABC
transporters
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Figure 2.
Pharmacokinetics of PEITC in rats. Left panel represents dose-normalized plasma
concentrations of PEITC in rats dosed with 2 (●), 10 (○), 100 (▲) and 400 (△) μmol/kg of
PEITC. The right panel represents plasma concentrations of PEITC after oral administration
10 (▼) and 100 (▽) μmol/kg doses. Data are expressed as mean±SD, n =3–4. The PEITC
concentrations were determined by a specific LC/MS/MS assay. Reproduced from [16] with
permission from Elsevier
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Figure 3.
Pharmacokinetic profile of PEITC in humans after ingestion of 100 g of watercress. Data
represented as mean±SD, n =3–4. Reproduced from [17] with permission from Elsevier
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Figure 4.
Pharmacokinetics of 1-NITC in rats. Left panel represents dose-normalized plasma
concentrations of 1-NITC in rats dosed with indicated doses of 1-NITC. The right panel
represents dose-normalized plasma concentrations after oral administration of 1-NITC. Data
are expressed as mean±SD, n =4. Reproduced from [18] with permission from Wiley
Interscience
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Figure 5.
Plasma concentrations of sulforaphane versus time after a 50 μmol oral dose of sulforaphane
in rats. Results are mean±SD, n =3. Reproduced from [19] with permission from ASPET
publications
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Figure 6.
The plasma concentration-time profile of topotecan in rats with or without co-administration
of BITC. Rats were administered the vehicle (tetraglycol) (●), 10 (○), 50 (▼), or 100 (△)
mg/kg BITC orally by gavage. Topotecan was administered by gavage 2 min later. The
blood samples were collected over time for 720 min after topotecan administration and
plasma was separated and analysed for topotecan concentration by HPLC, as described in
Materials and Methods. Data are expressed in mean±SD, n =4 or 5
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Table 2

ABC transporters investigated for isothiocyanate-transport interactions

Transporter Tissue expression Endogenous substrates Drug substrates References

PgP Apical surfaces of
epithelial cells
e.g. intestine,
biliary tubules,
kidney, blood–
brain barrier

Opioid peptides, e.g. β-endorphin Morphine, Verapamil, Daunomycin [25–27]

MRP1 Canalicular
membranes of
hepatocytes

Bile salts, Estradiol-3-sulfate
Estradiol-17-glucuronide

Mitoxantrone Saquinavir
Erythromycin

[28]

MRP2 Apical
membranes of
intestine,
hepatocytes and
kidney epithelial
cells

Estradiol-17-glucuronide
Estradiol-3-glucuronide

Glucuronide/sulfate conjugates,
Gluthathione conjugates of drugs,
Methotrexate, Mitoxantrone.

[29–31]

BCRP Hepatocytes,
intestine,
mammary gland,
placenta

Estradiol-3-sulfate Estradiol-17-glucuronide, Dehydroepiandrosterone Glucuronide/Sulfate conjugates of
drugs, Estradiol, Methotrexate,
Topotecan

[32,33]
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Table 3

In vitro studies of isothiocyanates as substrates/inhibitors of ABC transporters

Cell line Transporter Isothiocyanates investigated as substrate (S)/inhibitor (I) Reference

MDCK II MRP2 1-Napthyl isothiocyanate (S) [23]

HL60/AR MRP1 Allyl isothiocyanate (S) [13]

8226/Dox P-gp Sulforaphane (S) [13]

Phenethyl isothiocyanate (S) [13]

MCF7/ADR P-gp 1-Naphthyl isothiocyanate(I) [13]

NHI-H460/MX20 BCRP (BCRP ATPase) Isothiocyanates (I) [32]

NHI-H460/MX20 BCRP Phenethyl isothiocyanate (S) [32]

MCF7 MX-100 BCRP Isothiocyanate (S) [43]
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Table 4

Effect of BITC co-administration on topotecan pharmacokinetics in Sprague-Dawley rats

Parameter Control (n =5) BITC

10 mg/kg (n =4) 50 mg/kg (n =5) 100 mg/kg (n =4)

AUC0–720 min (μg/ml · min) 10.9±1.39 11.5±3.35 14.1±1.70 16.5±9.41

AUC0–∞ (μg/ml · min) 11.3±2.20 14.0±2.46 19.8±5.68 25.0±12.7

Cmax (ng/ml) 67.3±36.6 39.3±24.4 82.0±62.1 55.0±24.9

tmax (min) 27.0±19.6 48.8±48.0 28.2±51.6 93.8±99.8

t1/2 (min) 178±62.3 301±111 345±235 429±93.1a

F (%) 12.8±1.64 16.5±2.89 23.3±6.69 29.4±14.9

a
p<0.05
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