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Abstract
PURPOSE—This study assesses the pharmacokinetics (PK) and pharmacodynamics (PD) of
Nrf2-mediated increased expression of Phase II drug metabolizing enzyme (DME) and antioxidant
enzymes which represents an important component of cancer chemoprevention in rat lymphocytes
following intravenous (i.v.) administration of an anti-cancer phytochemical sulforaphane (SFN)

METHODS—SFN was administered intravenously to four groups of male Sprague-Dawley JVC
rats each group comprising four animals. Blood samples were drawn at selected time points.
Plasma were obtained from half of the blood samples and analyzed using a validated LC-MS/MS
method. Lymphocytes were collected from the remaining blood samples using Ficoll-Paque™
Plus centrifuge medium. Lymphocyte RNAs were extracted, converted to cDNA, and quantitative
real-time PCR analyses were performed and fold changes were calculated against those at time
zero for the relative expression of Nrf2-target genes of phase II DME/antioxidant enzymes. PK-
PD modeling was conducted based on Jusko’s indirect response model (IDR) using GastroPlus™
and Bootstrap Method.

RESULTS—SFN plasma concentration declined biexponentially and the pharmacokinetic
parameters were generated. Rat lymphocyte mRNA expression levels showed no change for
GSTM1, SOD, NF-κB, UGT1A1, or UGT1A6. Moderate increases (2-5 folds) over the time zero
were seen for HO-1, Nrf2, and NQO1, and significant increase (> 5 folds) for GSTT1, GPx1, and
Maf. PK-PD analyses using GastroPlus™ and Bootstrap method provided reasonable fitting for
the PK and PD profiles and parameter estimates.

CONCLUSION—Our present study shows that SFN could induce Nrf2-mediated phase II DME/
antioxidant mRNA expression for NQO1, GSTT1, Nrf2, GPx, Maf, and HO-1 in rat lymphocytes

*Correspondence should be addressed to Rutgers, The State University of New Jersey Ernest Mario School of Pharmacy, Room 228
160 Frelinghuysen Road Piscataway, NJ 08854 kongt@pharmacy.rutgers.edu Date: August 19, 2012.

Disclosure of Potential Conflicts of Interest No potential conflicts of interest were disclosed.

Supporting Information Supporting Information (SI) include tables of 2-compartment analysis of SFN-GSH and SFN-NAC in rat
plasma. This material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
Mol Pharm. Author manuscript; available in PMC 2013 October 01.

Published in final edited form as:
Mol Pharm. 2012 October 1; 9(10): 2819–2827. doi:10.1021/mp300130k.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


after i.v. administration, suggesting that Nrf2-mediated mRNA expression in lymphocytes may
serve as surrogate biomarkers. The PK-PD IDR model simultaneously linking the plasma
concentrations of SFN and the PD response of lymphocyte mRNA expression is valuable for
quantitating Nrf2 mediated effects of SFN. This study may provide a conceptual framework for
future clinical PK-PD studies of dietary cancer chemopreventive agents in human.
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INTRODUCTION
Sulforaphane (SFN, 4-methylsulfinylbutyl isothiocyanate) is a naturally occurring
isothiocyanate, which was first identified from broccoli extracts as a principal inducer of the
NAD(P)H quinone oxidoreductase 1 (NQO1) or quinone reductase (QR) activity.1

Subsequently, numerous cell and animal studies have demonstrated its strong anti cancer
chemopreventive effects.2

SFN is metabolized through the mercapturic acid pathway, starting with GSH conjugation
by glutathione S-transferase (GST) and subsequently generating SFN-cysteine followed by
SFN-N-acetylcysteine (NAC).3 After identified as a potential cancer chemopreventive
agent,2 SFN has been studied as a modulator for phase I metabolism through direct
inhibition of cytochrome P450 enzymes (CYP) or regulation of their mRNA transcription,4

as a potent inducer of Phase II drug metabolism enzymes (DME)/antioxidant enzymes, and
as an inhibitor of DME-mediated activation of carcinogens via the antioxidant response
element (ARE)-mediated gene expression. These ARE-mediated genes include NQO1, GST,
and antioxidant enzymes heme oxygenase (HO-1), and other Phase II DME genes.5

Regulation of ARE-target Phase II DME/antioxidant genes for the detoxification of
carcinogens/reactive oxygen nitrogen species (RONS) is typically mediated by the
transcription factor, nuclear factor E2-related factor 2 (Nrf2).6

Nrf2, a member of the basic leucine-zipper (bZIP) NF-E2 family, is typically sequestrated in
the cytosol of the cell by Kelch-like ECH-associated protein 1 (Keap1), a cysteine rich
protein interacting with Nrf2 in its dimeric form under basal unstimulated condition.7 SFN
appears to react with the thiol groups of Keap1 and to promote Nrf2 dissociation from
Keap1. Subsequently, Nrf2 translocates into the nucleus, forming heterodimer with a group
of nuclear bZIP proteins, Maf proteins. The Maf proteins, lacking the transactivation
domain, enhances the binding of Nrf2/Maf to the ARE cis-acting enhancer located in the
promoter region of a battery of cytoprotective Phase II DME/antioxidant genes.8, 9 Nrf2 and
Nrf2-target genes are tightly linked to cancer chemoprevention.6, 10 For instance, genetic
knock-out (KO) of Nrf2 would render the animals more prone to cancer induced by
carcinogens and that chemopreventive agent such as SFN would lose its cancer
chemopreventive effectiveness in Nrf2 KO mice.11 The functions of Nrf2 and Nrf2’s
downstream target genes including GSTs, HO-1, and NQO1 have been shown to be
important for protection against oxidative stress or chemical-induced cellular damage in
liver, lung, as well as in prevention of cancer in the GI tract.12 In one of our previous
studies,13 SFN was studied in the liver of Nrf2 wild-type (+/+) and Nrf2 knockout (−/−)
mice. Genes induced by SFN in the wild-type mice but not in the Nrf2-knockout (KO) mice
were classified as Nrf2-dependent SFN-inducible genes. The Nrf2-target genes that are
positively regulated at inducible level by Nrf2 have been identified to be potential
chemoprevention surrogate markers.6, 10 Therefore, the Nrf2-mediated phase II/antioxidant
gene expression can be linked to cancer chemoprevention based on these previous studies
and may serve as valuable biomarkers or surrogate markers in clinical trials.
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Numerous studies have been conducted with SFN on the cancer preventive blocking
mechanisms, and suppression via anti-proliferative mechanisms.14 Metabolism,
bioavailability, pharmacokinetics, preclinical and clinical studies on SFN have also been
conducted to better understand its performance in vitro and in vivo.14 We have previously
reported the in vivo pharmacokinetics and liver gene expression profiles using 4,967
oligonucleotides microarray analysis after oral gavage dosing of 50 μmol SFN in the rats,15

and pharmacokinetics and pharmacodynamics of broccoli sprouts that generates SFN on the
suppression of prostate cancer in TRAMP mice.16 However, no study thus far has involved
the simultaneous linking of the pharmacokinetics (PK) and pharmacodynamics (PD) of
SFN, especially in the lymphocytes, an easily accessible tissue. In addition, there is no
report directly linking plasma concentration of SFN and lymphocyte gene expression which
potentially could be a valuable cancer chemoprevention surrogate biomarker for clinical
studies of SFN or other cancer chemopreventive agents. In this study, we report the PK in
rat plasma and the PD of Phase II DME/antioxidant gene expression in rat lymphocytes
following intravenous (i.v.) administration of 25 mg/kg of SFN in the rats.

MATERIALS AND METHODS
Animal and Drug Treatments

Male Sprague-Dawley rats weighing between 250 and 300 g with jugular vein cannulae
(JVC) were purchased from Hilltop Lab Animals Inc. (Scottdale, PA). The animals were
housed in the Animal Care Facility of Rutgers University under 12 h light-dark cycles with
free access to food and water. Upon arrival, the rats were given AIN-76A diet (Research
Diets, New Brunswick, NJ) free of antioxidant and acclimatized to the laboratory conditions
for 3 days. Due to the small amount of lymphocyte in the blood and the limited amount of
blood that can be drawn at each time point from a rat, four groups of rats each comprising
four animals (total n=16 rats) were given SFN in 0.9% saline solution via i.v. bolus dose of
25 mg/kg through the jugular vein cannulae followed by flushing with one volume of saline
solution. Blood samples (~300 μL) were collected alternately for each rat at 0, 2, 5, 15, 30,
45 minutes, 1, 1.5, 2, 4, 6, 8, 12, 16, or 24 hours following SFN administration such that the
total collected blood was under 10% of the rat’s total blood volume. The blood samples
within a group (n = 3 to 4 rats) at each time point were mixed together and an approximate
1.0 mL of blood would be used for the reliable collection of plasma and lymphocytes.
Plasma was separated immediately from half of the collected blood sample by centrifugation
and stored at −80°C until analysis. Lymphocytes were extracted immediately from the
remaining blood samples using Ficoll-Paque™ PLUS density gradient centrifugation
medium (GE Healthcare Life Sciences, Piscataway, NJ) and were dissolved in Qiagen
RNeasy® Mini Kit buffer RLT (lysis buffer) (Valencia, CA). The buffer RLT samples
containing lysed lymphocytes were frozen at −80°C until analyses.

Plasma and Bioanalytical Analysis Plasma-drug concentrations were determined using LC-
MS/MS tandem mass spectroscopy (MicroMass Quattro Ultima). The method was validated
following the Food and Drug Administration (FDA)’s Guidance for Industry for
Bioanalytical Method Validation in a separate study.17 Briefly, 50 μL of plasma samples
were precipitated using methanol containing 0.1% TFA. Internal standard, sulforaphene was
added and the mixtures were vortexed and centrifuged at 10,000 g at 4°C for 3 minutes. The
supernatants were collected and dried on a stream of nitrogen and then reconstituted with
acetonitrile:water (50/50,v/v) mixture and passed through nylon filters (Analytical Sales and
Services, Pompton Plains, NJ). The LC-MS/MS system was composed of an Agilent 1100
HPLC system equipped with Develosil® 150 × 4.6 mm 5 μm C30 column. SFN, its major
metabolites SFN-NAC and SFN GSH (see chemical structures in Figure 1) were detected in
MRM mode and quantitated by peak area ratio. MassLynx™ version 3.5 was used for data
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processing. The quantitation limit of the method was validated at 1 ng/mL for SFN, 10 ng/
mL for SFN-GSH and for SFN-NAC. The pharmacokinetic data were analyzed using
GastroPlus™ version 6.0.

Lymphocyte RNA and qRT-PCR The lymphocyte RLT buffer solutions were thawed and
further processed to extract the total RNA following Qiagen RNeasy® Mini Kit protocol.
The total RNA concentrations were measured using Invitrogen (Carlsbad, CA) Quant-It™
reagents and its purity was verified using spectrophotometer A260/A280 method. Same
amount of RNA (~ 250 ng) were used for reverse-transcription to obtain cDNA with
Applied Biosystems™ Taqman® Reagent and oligo DT. Quantitative real-time PCR (qRT-
PCR) analyses were conducted using Applied Biosystems™ SYBR® Green Master Mix
(Foster City, CA). The qRT-PCR analyses were performed on an Applied Biosystems™
PRISM® 7900HT following the established laboratory protocol of delta-delta Ct method.18

Thermal cycling was done in triplicate for each cDNA sample according to the following
profile: 2 minutes at 50.0°C, 10 minutes at 95°C for the reverse transcriptase reaction,
followed by 40 real-time PCR cycling of 10 seconds at 95°C, 30 seconds at 55°C, and 1
minute at 68.0°C, with a subsequent final dissociation stage of 15 seconds at 95.0°C, 15
seconds at 60.0°C, and 15 seconds at 95.0°C. The Relative Quantitation (RQ) results were
processed with Applied Biosystems™ Sequence Detection System software (SDS) version
2.0 and Relative Quantitation (RQ) Manager software version 1.2 to obtain the relative
mRNA expressions at each time point against their respective expression at time zero. The
house keeping gene β-actin was used for the mRNA level normalization. The
oligonucleotide primers used for quantitative real-time PCR (qRT-PCR) were designed
using Nucleotide from www.ncbi.nlm.nih.gov and PrimerQuest (SM) from Integrated DNA
Technologies (www.idtdna.com, Coralville, IA) with 120 to 200 bp in amplicon size, as in
previous studies in our lab.15 The gene expression pharmacodynamic data were processed
with GastroPlus™ 6.0 Indirect Response (IDR) Model (Jusko)19 as described below.

PK/PD Model Development
The time-course of the pooled SFN plasma concentration was fitted according to the
following two compartment system of differential equations (1), and (2) and the resulting
PK profile was input into the PD model (3) below:

(1)

(2)

where kpc, kcp represent the inter-compartment rate constants between the central (c) and
peripheral (p) compartments; CL, total clearance from central compartment; Vc, volume of
central compartment; Ac and Ap, amount of drug in central and peripheral compartment,
respectively.

The pharmacodynamics (PD) response (R) investigated in this study is the relative
expression levels of Phase II/antioxidant gene expression. An indirect response model with
stimulation of input (kin) by treatment is employed to describe the response time profile
(PD). The equation is shown below:

(3)

where the stimulatory function (i.e., the stimulation of kin) was given by the function of
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(4)

for all Phase II/Antioxidant genes investigated in this study. The initial condition is defined
as E(0)=1. The parameter symbols are defined in the Abbreviations. All pharmacokinetic
and pharmacodynamic parameters were estimated by nonlinear regression analysis using the
maximum likelihood estimator in GastroPlus™.

Evaluation of Pharmacodynamic Parameters and Confidence Intervals by Bootstrap
Methods In order to calibrate the values estimated by GastroPlus™ version 6.0 above, we
next applied a bootstrap in conjunction with least square methods.20 This method offers a
robust estimation of the parameter values as well as associated confidence intervals as we
have previously demonstrated in the context of indirect response modeling.21 The advantage
of this method is that it can take each replicate at one experimental time point into
consideration instead of estimation based only on the average of all the replicates at one time
point. For each bootstrap run at each single time point, sampling with replacement is
performed on all the replicates at that time point whose number may vary based on the data
collection from experiment. Each bootstrap sample was used for estimating a set of
parameters for these four parameters Smax, SC50, kin and kout as prescribed by the Dr.

Jusko’s indirect response model.19 , the mean of the multiple bootstrap estimates
(1,000 runs in this study) is reported as the most likely parameter value,22 in which i denotes
bootstrap iteration.

The confidence intervals for each of the estimated parameters were calculated by applying
the percentile method. The estimated confidence interval for each parameter was denoted as

, where subscript l and u respectively denote the lower and the upper limits of
the vector of estimated parameter value β which was approximated by α central confidence
interval. The 100 (α/2) and 100 (1-α/2) percentile values of the 1000 estimation values are
used as the upper and lower confidence limits for a parameter. The probability α (0<α<1)

indicates a 100α% confidence that . In this study, α was chosen as 0.05, then

95% confidence limits for β based on 1,000 bootstrap replications were given by  and

 largest estimates of β.22 The bootstrap simulation and prediction in this study
were conducted using MATLAB.

RESULTS
Pharmacokinetics of SFN

SFN and its major metabolites SFN-GSH and SFN-NAC concentration–time profiles are
displayed in Figure 2. The two-compartment PK model estimated parameters are listed in
Table 1 for SFN, and in Supplemental Data for the metabolites of SFN-NAC and SFN-GSH.
The pharmacokinetics parameters reveal that the two compartmental PK model fitted well
for the plasma concentration versus time profiles of SFN, SFN-NAC, and SFN-GSH, while
the %CV of the estimated pharmacokinetic parameters were relatively low. As in earlier
studies, SFN forms SFN-GSH conjugate first, followed by SFN-NAC.23 Both metabolites
may exert their biological activities.1, 24 However, in our previous study, SFN has been
found to be the major form where only 12.5% and 9.1% of the SFN dose are in the forms of
SFN-GSH and SFN-NAC based on AUC molar ratioes.17 Therefore, in this study, we limit
our modeling effort to SFN. The software generated two-compartment PK parameter
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estimates of SFN were then used as input of PK to fit the SFN-PK PD data as described
below.

qRT-PCR of mRNA from Lymphocytes and PK/PD Relationships
The mRNA expression of the selected Phase II DME/antioxidant genes was quantitated by
qRT-PCR. Using Dr. Jusko’s indirect response model Type III – stimulation of kin as
described in Equation 3, the PK/PD relationships between SFN concentration and various
genes’ expression levels were fitted using GastroPlus™ and the results are shown in Figure
4. The observed profiles (fold changes of the mRNA expression versus time) for NQO1,
GPx-1, GSTT1, Nrf2, HO-1, and the small protein Maf (a protein heterodimerizes with Nrf2
in the nucleus) show the expression of these Phase II and related genes in the lymphocytes
are induced by SFN treatment. The estimated pharmacodynamic parameters are shown in
Table 2. The SC50 values range from 0.26 μg/mL (1.47 μM) for NQO1 (most sensitive) to 8
μg/mL (45.2 μM) for HO-1 (least sensitive) and Smax ranges from 1.55-fold for HO-1 (least
responsive) to 39.7-fold for GPx (most responsive). kin and kout are similar for all the phase
II DME/antioxidant genes, suggesting their kinetics of production and degradation appears
to be similar.

The mRNAs for the other Nrf2-mediated Phase II DME/antioxidant genes, GSTM1,
UGT1A1, SOD, NF-κB, and UGT1A6 show no measurable changes after SFN treatment at
the dose administered in the study.

Bootstrap Confirmation
The estimation of the values of the four parameters for each gene and the confidence
intervals for the parameters are shown in Table 3. Histograms of 1,000 bootstrap estimates
of the four parameters for four selected genes are presented in Figure 5. The estimated
values obtained from GastroPlus™ version 6.0 (Table 2) are similar to those estimated by
using the bootstrap method (Table 3), which indicates that the parameters are well estimated.

DISCUSSION
SFN, an isothiocyanate (ITC), is a well known indirect antioxidant that induces Nrf2
dependent phase 2 DME/antioxidant enzymes. It has been listed as one of the thirty four
anti-carcinogenesis agents by the National Library of Medicine (NLM), as well as one of the
most potent inducers of Phase II DME among the many naturally occurring dietary
phytochemical compounds.25 Our previous unpublished study results showed that i.v. doses
of 10 and 25 mg/kg demonstrated linear pharmacokinetic behaviors in rats, and i.v. doses at
50 mg/kg or higher exerted short term toxicity or even death. Therefore, the high yet
tolerable dose level at 25 mg/kg was selected in this study to establish the PK-PD
relationship in rat lymphocytes for more reliable parameter estimation. The dose level of 25
mg/kg of sulforaphane in rats via i.v., which is not achievable from food supply, could be
used as an equivalent dose level in clinical treatment. The results show that, induction of
Nrf2 was modest and was not as significant as some of the other Phase II genes (NQO1,
GSTT1, or GPx1). Danilov and colleagues previously found that pretreatment with SFN for
48 hours decreased cultured rat cortical astrocyte cell death and increases Nrf2 mRNA
expression by about 3.44 folds measured by RT-PCR.26 The Nrf2 induction level in our
study appears to be similar to this and other studies.27, 28

NQO1 detoxifies quinone and its derivatives to protect cells against redox cycling and
oxidative stress. Though characterized as Phase I protein with cytochrome p450s as well as
Phase II enzyme, NQO1 has been reported to be a highly inducible enzyme and is regulated
by the Keap1/Nrf2/ARE pathway.29 Many chemicals induce NQO1 which are subsequently
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shown to protect against the toxic and carcinogenic effects caused by a wide array of
carcinogens in vivo. SFN has been shown to strongly induce NQO1.2, 30 Regulation of
NQO1 via Keap1/Nrf2/ARE pathway was recently reviewed by Dinkova et al.31 In our
present study, SFN induces NQO1 mRNA expression by about four folds in rat lymphocytes
with the maximum effect achieved at time of ~1.6 hour after i.v. administration. The fast
response could be potentially achieved via fast-acting transcription factors such as Nrf2
which would not require protein synthesis but nuclear translocation for the transcription
activation of its target genes.

Musculo-aponeurotic factor (Maf) is a small protein which partners with bZIP transcription
factors including Nrf2 and binds to the ARE and initiates transcription of Phase II DME/
antioxidant genes.32 After i.v. SFN administration, Maf mRNA increases significantly in rat
lymphocytes with a maximum effect time of ~1.0 hour, similar to that of Nrf2 (~1.2 hour).
This increase may facilitate its protein synthesis and subsequent heterodimerization with
Nrf2 to further enhance the transactivation of Nrf2 downstream target genes such as Phase II
DME.

HO-1 controls heme degradation and accumulation of iron, bilirubin, and carbon monoxide
(CO) which would dampen oxidative damage in the gastrointestinal tissues/cells.33 HO-1
has been shown to be directly regulated by Nrf2,34 although studies also found that other
mechanisms of transcriptional regulation are known to exist for HO-1, e.g., Bach1.35-37

Since HO-1 is regulated by multiple mechanisms in addition to Nrf2, other Nrf2 target genes
would be needed to quantify as biomarkers for Nrf2 activation.38 As shown in our present
study, although increased mRNA expression of HO-1 is observed in rat lymphocytes after
SFN treatment, the HO-1 mRNA expression appears to display larger variation from the
predicted values and could possibly be explained by its multi-mechanism transcription
regulation, and further study would be needed to thoroughly understand the HO-1
expression mechanisms and their contributions.

Glutathione (GSH) synthesis is regulated by Nrf2/Nrf1 via the ARE, activator protein 1
(AP-1), and nuclear factor kappa B (NF-κB).39 Glutathione S-transferases GSTM1 and
GSTT1 are the two most studied subtypes of GST. In this study, we found that GSTM1 did
not show any obvious change after SFN administration, however, GSTT1 was moderately
induced in rat lymphocytes 1 hour after SFN administration. This observation indicates that
different subtypes of GSTs are having different responses to SFN in rat lymphocytes.

In this study, the Nrf2-mediated genes were selected based on the current understanding of
this signaling pathway. Nrf2 is sequestered by Keap1; upon entering the nucleus, Nrf2 forms
heterodimer with Maf. NQO1, GST, UGT, HO-1, SOD, and GPx1 have been previously
reported in other tissues and they are well established downstream genes of Nrf2;10, 12, 40

NF-κB and Nrf2 may cross-talk with each other and may be of interest as well.41 Typically,
changes in mRNA expression occur in the timeframe of hours.42 Therefore, a 24-hour data
collection is considered sufficiently long enough to observe the changes of primary mRNA
expression whether induced or suppressed by a drug, especially in this in vivo study with i.v.
administration.

Some genes, such as UGT1A1, UGT1A6, SOD, GSTM1, and NF-κB did not show any
obvious changes in the mRNA expression levels in this study. UGT is responsible for
glucuronidation and is involved in an important pathway to eliminate the xenobiotics. In a
study investigating resveratrol’s modulation of DME in the lymphocyte of healthy human,
UGT1A1 and GST activities were minimally affected.43 This appears to be consistent with
the observation in our study. SOD plays an anti-oxidant role in the cell. In a recent study,
blueberry caused mean SOD activity increase from 1.51 U/mg (control saline group) to 1.63
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U/mg (blueberry juice treatment group) in mouse liver cells.44 Although the increase is
statistically significant in that study, similar relative increase may not be captured in the
lymphocytes in our study. NF-κB has been a regulator of genes that control immune
response, inflammation, cell proliferation, and cell survival. Its possible cross-talk with Nrf2
appears to be inconclusive.41 In this study, NF-κB showed no obvious mRNA change and
further studies are needed to investigate its possible role in Nrf2 pathway.

Bootstrap method is a self-sustaining process that proceeds without any external
instructional entries. In applying this method in our study, it provided secondary evaluation
of the pharmacodynamics parameters estimate generated by GastroPlus™ and the results
obtained from both methods were similar.

In the present study, a single-dose of SFN and its effects on mRNA of phase II/antioxidant
enzymes in lymphocytes have been evaluated. However, the single dose level may have
restricted the pharmacological and the PK-PD modeling assessment. While the time zero
(pre-treatment) gene expression level in blood samples collected at different hours of a day
were estimated, circadian effects of mRNA expression of the phase II and anti-oxidant
enzymes may need to be evaluated in future pre-clinical studies. In addition, after the
lymphocytes were extracted by the Ficoll-Paque™ PLUS medium, a measurement of
lymphocyte cell amount and using the same number of the lymphocytes may help to reduce
the variability of mRNA measurement. Since the blood samples obtained from four rats
were mixed together in this study, the variability in the pharmacokinetics and
pharmacodynamics measurement may be different from those obtained from individual rats.

In conclusion, in this study, we conducted pharmacokinetic and pharmacodynamic
assessment after i.v. administration of SFN in rats. Pharmacodynamically, SFN induced
Nrf2-mediated phase II DME/antioxidant mRNA expression of NQO1, GSTT1, Nrf2, GPx,
Maf, and HO-1 in rat lymphocytes after i.v. administration, suggesting that Nrf2-mediated
mRNA expression in lymphocytes may serve as potential surrogate biomarkers. We linked
the plasma concentrations of SFN and the levels of Nrf2-mediated mRNA expression levels
by applying the IDR PD models. As the plasma concentration and mRNA levels were
measured from the same pooled blood samples, the resulting pharmacokinetic and
pharmacodynamic relations could be described simultaneously over the time course of the
study. The easily accessible tissue of the blood, a very unique tissue in animals, coupled
with the modern LC-MS/MS and quantitative real-time PCR, would make such a direct PK-
PD link possible. The preclinical study approach presented in this report may provide a
framework for future clinical studies in evaluating a drug candidate for its possible effect on
lymphocyte gene expression, e.g., as in those recent clinical studies by using SFN containing
broccoli sprouts.45-47 Extracting lymphocytes from human blood can be easily executed
using commercial kits. Analyzing the lymphocyte gene expression changes, paired with
pharmacokinetics studies, our study approach may lead to a better understanding of a drug’s
initial pharmacological effects in the body, and a possible PK-PD modeling and simulation
in clinical studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ARE antioxidant response element

DME drug metabolism enzyme;

GSTM1 glutathione S-transferases mu 1

GSTT1 glutathione S-transferases theta 1

HO-1 hemeoxygenase-1

JVC jugular vein cannulae

kin input turn-over rate

kout fractional turn-over rate for loss

NF-κB Nuclear factor-kappa-B

NQO1 NAD(P)H quinone oxidoreductase 1

Nrf2 nuclear factor-erythroid 2-related factor 2

qRT-PCR quantitative real time polymerase chain reaction

ROS reactive oxygen species

Smax maximum effect attributed to the drug stimulation

SC50 drug concentration producing 50% of the maximum stimulation achieved at
the effect site

SOD superoxide dismutase

UGT1A1 UDP glucuronosyltransferase 1 family, polypeptide A1

UGT1A6 UDP glucuronosyltransferase 1 family, polypeptide A6
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Figure 1.
Structures of A) Sulforaphane and its major metabolites B) Sulforaphane-NAC, and C)
Sulforaphane-GSH.
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Figure 2.
Concentration-time profile of sulforaphane (A) after 25 mg/kg i.v. administration of
sulforaphane saline solution in rats. Major metabolites sulforaphane-GSH (B) and
sulforaphane-NAC (C) formed after sulforaphane administration. The pharmacokinetics
parameters of the metabolites can be found in Supporting Information.
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Figure 3.
Pharmacokinetic/Pharmacodynamic modeling of Jusko indirect stimulation of kin. The
model was first described as Indirect Response Model III by Dayneka.et al 1993.19 C
represents central compartment; P, peripheral compartment; R, response of mRNA
expression level change over that at initial (t=0).
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Figure 4.
Pharmacokinetic/Pharmacodynamic profiles of mRNA expression change with time in folds
for NQO1, GPx-1, GSTT1, Nrf2, HO-1, and Maf. Lines represent model predicted values.
Observed data are presented in mean ± SE.
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Figure 5.
Histograms of 1,000 bootstrap estimates of 4 parameters of four representative genes. The

bars represent frequency. The average bootstrap estimator values of parameters  are
indicated by a dashed line and its lower and upper confidence limits β1(0.05),βu(0.05) are
represented by dotted lines respectively.
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Table 1

Pharmacokinetic parameters of SFN in rat plasma using GastroPlus™. Noncompartmental analysis
parameters: AUC, area under the curve; MRT, mean residence time; Vss, volume of distribution at steady
state; t1/2, terminal half life; Two-compartment model based parameters: kcp, kpc, central and peripheral
intercompartmental rate constants; Vc, volume of distribution of central compartment; and CL, clearance.

Parameter Unit Value %CV

Non-compartmental Parameters

AUC 0-24 ng*h/mL 9272

AUC 0-inf ng*h/mL 9787

MRT h 4.2

Vss L 3.7

t1/2 h 7.6

2-Compartment Model Based Parameters

kcp 1/h 0.425 54.65%

kpc 1/h 0.156 63.33%

Vc L 1.235 30.21%

CL L/h 0.848 14.67%
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