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bstract

A simple, sensitive and specific LC–MS/MS method for the simultaneous determination of sulforaphane (SFN) and its major metabolites, the
lutathione (SFN–GSH) and N-acetyl cysteine conjugates (SFN–NAC) from biological matrices was developed and validated. The assay procedure
nvolved solid-phase extraction of all three analytes from rat intestinal perfusate using C2 extraction cartridges, whereas from rat plasma, metabolites
ere extracted by solid-phase extraction and SFN was extracted by liquid–liquid extraction with ethyl acetate. Chromatographic separation of
FN, SFN–GSH and SFN–NAC was achieved on a C8 reverse phase column with a mobile phase gradient (Mobile Phase A: 10 mM ammonium
cetate buffer, pH: 4.5 and Mobile Phase B: acetonitrile with 0.1% formic acid) at a flow rate of 0.3 mL/min. The Finnigan LCQ LC–MS/MS
as operated under the selective reaction monitoring mode using the electrospray ionization technique in positive mode. The nominal retention

imes for SFN–GSH, SFN–NAC and SFN were 8.4, 11.0 and 28.2 min, respectively. The method was linear for SFN and its metabolites with
orrelation coefficients >0.998 for all analytes. The limit of quantification was 0.01–0.1 �M depending on analyte and matrix, whereas the mean

ecoveries from spiked plasma and perfusate samples were approximately 90%. The method was further validated according to U.S. Food and
rug Administration guidance in terms of accuracy and precision. Stability of compounds was established in a battery of stability studies, i.e.,
ench-top, auto-sampler and long-term storage stability as well as freeze/thaw cycles. The utility of the assay was confirmed by the analysis of
ntestinal perfusate and plasma samples from single-pass intestinal perfusion studies with mesenteric vein cannulation in rats.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Epidemiological data continue to support that dietary intake
f cruciferous vegetables may reduce the risk of different types

f malignancies [1–3]. The apparent cancer prevention effect of
ruciferous vegetables is primarily attributed to isothiocyanates
ITCs) that occur naturally as the glucosinolate precursors in a
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ariety of edible plants including watercress, broccoli, cabbage,
russels sprouts, radish, and mustard [1–3]. Sulforaphane [SFN;
-isothiocyanato-4-(methylsulfinyl)-butane], a naturally occur-
ing member of the ITC family of cancer prevention agents, has
eceived particular attention because of its potency [4–6]. This
hytochemical is a potent inducer of the Phase 2 enzymes impli-
ated in carcinogen detoxification and a competitive inhibitor
f CYP2E1, which is involved in the activation of carcino-
enic chemicals [7,8]. SFN is principally metabolized by the

ercapturic acid pathway where an initial conjugation with glu-

athione promoted by glutathione transferases gives rise to the
FN–glutathione conjugate (SFN–GSH) that undergoes further
nzymatic modification to produce the N-acetylcysteine conju-
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ate (SFN–NAC). Thus SFN is metabolized to SFN–GSH and
xcreted in the form of SFN–NAC in the urine [9]. Despite
ncreasing evidence of the efficacy of SFN in cancer preven-
ion, our knowledge about the mechanisms of intestinal dispo-
ition, distribution, metabolism, and elimination of SFN and its
etabolites is incomplete, partially due to the difficulty of devel-

ping specific and sensitive methods for measuring SFN and its
etabolites in biological samples.
Several analytical methods based on high-pressure liquid

hromatography (HPLC) coupled to UV or mass detection have
een described for the analyses of SFN from plant extracts or
rom urine [10–17] and the goal of the study described herein
s to improve on these methods by reducing analytical time,
implifying extraction procedures, adapting the methods to
nalyzing constituents in plasma, and to increase extraction
ecoveries. To increase the spectroscopic sensitivity of the
ssay, researchers have used a cyclocondensation reaction in
hich vicinal sulfhydryl groups of 1,2-benzenedithiol react
uantitatively with ITCs to produce a cyclic condensation
roduct, 1,3-benzodithiole-2-thione [13,14]. Recently, this
ethod has been modified for the analysis of ITCs in human

lasma [15,16]. However, this method measures the total
oncentration of ITCs in the blood and does not distinguish
etween parent compounds and their metabolites. As for MS-
ased assays, Vermeulen et al. have reported the analysis of ITC
ercapturic acids in urine by LC–MS/MS [17]. The extraction
ethod, however, was only applied for the extraction of polar
etabolites from urine. In addition, the run time employed was

5 min. Recently, LC–MS method for the analysis of SFN from
lasma has been reported by Hu et al. [18], where the samples
ere prepared by centrifugal filtration.
Thus, several bioanalytical methods exist for the quantifica-

ion of SFN from urine and plasma or its metabolites from urine
ased on spectroscopic or mass detection. No sensitive method
xists, however, for the simultaneous detection of SFN and its
etabolites from plasma or serum samples. The development

f an assay for the measurement of SFN and its metabolites in
lasma poses an inherent challenge of extracting these analytes
aving wide differences in polarity coupled with the plasma pro-
ein binding. Hence, the objective of this investigation was to
evelop a specific and sensitive LC–MS/MS assay for SFN and
ts major metabolites from biological matrices such as intesti-
al perfusate and plasma. The described method was validated
n terms of selectivity, linearity, limit of quantification, accu-
acy, precision, and stability based on U.S. Food and Drug
dministration (FDA) guidelines [19] and successfully applied

o the analysis of perfusate and plasma samples from single-pass
ntestinal perfusion studies with mesenteric vein cannulation in
prague-Dawley rats.

. Experimental

.1. Chemicals and reagents
SFN (purity >99%) was purchased from LKT Labora-
ories (St. Paul, MN). SFN–GSH and SFN–NAC (>95%
urity) were synthesized by Dr. Chung and group, George-
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own University Medical Center (Washington, DC). Acetoni-
rile, ethyl acetate, methanol of HPLC grade were obtained from

allinckrodt Baker (Phillipsburg, NJ). Formic acid of mass-
pectroscopic grade and all other reagents were purchased from
igma–Aldrich (St. Louis, MO). All aqueous solutions includ-

ng buffer for the HPLC mobile phase were prepared with MilliQ
Millipore, Milford, MA) grade water. The control rat plasma
as purchased from Hilltop Lab Animals (Scottdale, PA).

.2. Equipment

For solid-phase extraction a Waters extraction manifold (Mil-
ord, MA) along with Bond-elut-C2 500 mg, 3 mL extraction
artridges (Varian Inc., Walnut Creek, CA) were used. Sam-
les were analyzed on an HPLC system consisting of a Waters
690 LC separation module coupled to a Waters 996 photodiode
rray (PDA) UV detector and a Thermo-Finnigan LCQ Classic
etector (San Jose, CA) fitted with an ESI interface. Analyt-
cal column used was SymmetryShield 8, 4.6 mm × 250 mm,
�m (Waters, Milford, MA) connected to C8 guard cartridge.
ther instruments used included an electronic balance AG-245

Greifensee, Switzerland), Branson 3210 sonicator (The Hague,
he Netherlands), Biofuge primo from Heraeus (Hanau, Ger-
any), and Vortex Genie 2 and Finnpipettes from Fisher Scien-

ific (Pittsburgh, PA).

.3. Preparation of standards and quality control samples

Primary stock solutions of SFN and SFN–NAC were prepared
n acetonitrile whereas a stock solution of SFN–GSH was pre-
ared in acetonitrile:water (50:50) with 0.1% formic acid. The
tock solutions were further diluted quantitatively with acetoni-
rile to give working stock solutions of various concentrations
or the preparation of calibration and quality control (QC) sam-
les and were stored at −80 ◦C. A calibration (standard) curve
nd QC samples were prepared by adding 10 �L of standard
olution to 990 �L of biological matrix. Calibration curve sam-
les prepared daily were composed of a blank sample and seven
tandards in the concentration range of 0.01–10 �M for SFN,
.05–10 �M for SFN–GSH and 0.02–10 �M for SFN–NAC
rom intestinal perfusate; and 0.02–10 �M for SFN, 0.1–10 �M
or SFN–GSH and 0.05–10 �M for SFN–NAC from plasma.
amples for the determination of recovery, precision and accu-
acy were prepared by spiking blank intestinal perfusate or blank
lasma in bulk at appropriate concentrations, aliquoted into dif-
erent tubes and, depending on the nature of experiment, samples
ere stored at −80 ◦C until analysis.

.4. Sample preparation procedure

From intestinal perfusate all the three analytes, i.e., SFN,
FN–GSH and SFN–NAC were isolated by solid-phase extrac-

ion using C2 extraction cartridges. A 500 �L perfusate was

cidified with 100 �L of 3% formic acid and mixed for 15 s
n a cyclomixer. Extraction cartridges were preconditioned
ith 2 mL methanol followed by 2 mL 0.1% formic acid.
fter application of sample, cartridges were washed with 2 mL
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Table 1
Gradient mobile phase condition for the analysis of SFN and its metabolites

Time (min) Flow (�L/min) % A % B

0 300 80 20
12 300 80 20
20 300 25 75
30 300 25 75
32 300 80 20
3
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: 10 mM ammonium acetate buffer pH 4.5; B: Acetonitrile with 0.1% formic
cid.

ater:methanol (95:5). The elution step consisted of 1 mL of
ethanol followed by 1 mL of acetonitrile. The combined elu-

nt was evaporated by gentle stream of nitrogen at 50 ◦C and
econstituted in a 150 �L of mixture of ammonium acetate buffer
10 mM, pH 4.5) and acetonitrile with 0.1% formic acid (50:50).

From plasma, the metabolites were extracted by the solid-
hase extraction mentioned above for the perfusate except the
olume of plasma used was 100 �L. SFN from plasma (100 �L)
as extracted by liquid–liquid extraction with ethyl acetate.
lasma aliquot was taken into 2 mL Eppendorf tubes, and
xtracted with 1.5 mL of ethyl acetate by vortexing for 2 min.
fter centrifugation at 5000 rpm for 5 min, the organic layer was

eparated and evaporated under nitrogen at 50 ◦C. The residue
btained was reconstituted in a 150 �L of mixture of ammonium
cetate buffer (10 mM, pH 4.5) and acetonitrile with 0.1% formic
cid (50:50) and transferred into HPLC vial for LC–MS/MS
nalysis.

.5. Chromatographic and mass spectroscopic conditions

For the determination of suitable chromatographic condi-
ions, different gradient mobile phases of water with 0.1% formic
cid or an ammonium acetate buffer and acetonitrile with 0.1%
ormic acid were tested on C18 and C8 columns. The optimized
ethod used a binary gradient mobile phase with 10 mM ammo-

ium acetate buffer (pH 4.5) as mobile phase A and acetonitrile
ith 0.1% formic acid as mobile phase B (Table 1) at the flow

ate of 0.3 mL/min. The sample extracts (75 �L) were eluted
n a C8 column (SymmetryShield RP8, 4.6 mm × 250 mm,
.0 �m) with a total run time of 35 min. All the chromato-
raphic measurements were performed at room temperature and
he autosampler was maintained at 4 ◦C.

The quantitation was achieved by MS/MS detection in pos-
tive ion mode for all the three analytes. The LC flow was
ntroduced into the ESI interface following detection by UV
bsorption measured from 200 to 400 nm. High-purity (99%
ure) nitrogen gas served both as sheath gas with an operat-
ng pressure of 90 units and as auxiliary gas with a flow rate
f 4.0 units, respectively. The heated capillary temperature and
pray voltage were maintained at 275 ◦C and 7 kV, respectively.
n the full scan mode, the mass spectrometer was operated over

range of m/z 100–500 in the centroid mode, 1 microscan, and

utomatic gain control on, and inject waveform off. Detection
f the ions was performed in selected reaction monitoring mode
ith the collision energy of 30% monitoring the transition of

s
b
v
d

gr. B 840 (2006) 99–107 101

/z 178 precursor ion to m/z 114 product ion for SFN, m/z 485
recursor ion to m/z 356 product ion for SFN–GSH and m/z
41 precursor ion to m/z 178 product ion for SFN–NAC. A
olution of caffeine, l-methionyl-arginyl-phenylalanyl-alanine
cetate, and Ultramark 1621 prepared in a mixture of acetoni-
rile:methanol:water (2:1:1) containing 1% acetic acid was used
or calibration. The entire system, excluding the MS detector,
as controlled using Waters Millennium Software (Ver. 3.2)
hile the MS detector was controlled by the Xcalibur software

Thermo Finnigan Corp., San Jose, CA).

.6. Method validation

Analytical method validation was performed in accordance to
he recommendations published by the FDA [19]. The validation
arameters studied were selectivity, specificity, limit of detec-
ion, lowest limit of quantitation, linearity and range, accuracy
nd precision, extraction recoveries and stability assays.

.6.1. Specificity and selectivity
The lack of chromatographic interference from endogenous

erfusate or plasma components was investigated by comparing
hromatograms of blank and spiked samples. Limit of detec-
ion and lowest limit of quantitation were determined based on
ignal to noise ratio of 3 and 10, respectively, detected from
piked and blank samples. For the determination of matrix effect,
tandard compounds were spiked to blank extracts of perfusate
nd plasma and the responses were compared to those of non-
xtracted standards.

.6.2. Calibration curve
Calibration curves were acquired by plotting the peak area

gainst the nominal concentration of calibration standards. The
oncentrations used were in the range of 0.01–10 �M for SFN,
.05–10 �M for SFN–GSH and 0.02–10 �M for SFN–NAC
rom perfusate, whereas 0.02–10 �M for SFN, 0.1–10 �M for
FN–GSH and 0.05–10 �M for SFN–NAC from plasma. The
esults were fitted to linear regression analysis using 1/χ2 as
eighting factor. The minimally acceptable correlation coef-
cient (r2) for the calibration curve was 0.99 or greater. The
cceptance criterion for each back-calculated standard concen-
ration was ±15% deviation from the nominal value except at
he lowest limit of quantitation, which was set at ±20% [19,20].

.6.3. Precision and accuracy
The intra-day precision and accuracy were estimated by ana-

yzing four replicates containing SFN and metabolites at four
ifferent QC levels, i.e., 0.01, 0.03, 3.0 and 8.0 �M for SFN,
.05, 0.2, 3.0 and 8.0 �M for SFN–GSH, 0.02, 0.06, 3.0 and
.0 �M for SFN–NAC from perfusate whereas 0.02, 0.06, 3.0
nd 8.0 �M for SFN, 0.1, 0.3, 3.0 and 8.0 �M for SFN–GSH,
.05, 0.2, 3.0 and 8.0 �M for SFN–NAC from plasma. The
nter-assay precision was determined by analyzing four level QC

amples on four different runs. Accuracy was calculated on the
asis of quotient of the averaged measurements and the nominal
alue and expressed in percent. The criteria for acceptability of
ata included accuracy within ±15% deviation from the nom-
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effect was negligible. This is also evident from the approximate
90% recovery of all the analytes compared to non-extracted stan-
dards. In addition, during the optimization steps, it was observed
02 S. Agrawal et al. / J. Chro

nal values and a precision of within ±15% relative standard
eviation (R.S.D.), except for the lowest limit of quantitation,
here it should not exceed 20% of R.S.D.

.6.4. Extraction recovery
The extraction recoveries of SFN and metabolites from per-

usate or plasma were determined by comparing the responses
f the analytes extracted from replicate QC samples (n = 4) with
he response of analytes from non-extracted standard solutions
t equivalent concentrations.

.6.5. Stability experiments
The in-autosampler stability of SFN and metabolites in the

njection solvent was determined periodically by injecting repli-
ate preparation of processed samples up to 28 h at 4 ◦C after
nitial injection. The peak areas obtained at initial cycle were
sed as reference to determine the relative stability of the ana-
ytes at subsequent points. Bench-top stability in the biologi-
al matrices during an 8 h period was determined at ambient
emperature at four concentrations, in triplicate. Freezer stabil-
ty of SFN and metabolites in perfusate as well as in plasma
as assessed by analyzing QC samples stored at −80 ◦C for
ne month. The stability of analytes in both the matrices was
lso checked after repeated freeze/thaw cycles. The samples
ere stored at −80 ◦C between freeze/thaw cycles. The sam-
les were processed using the same procedure as described in
he sample preparation section. Samples were considered to be
table if assay values were within the acceptable limits of accu-
acy (i.e., ±15% deviation) and precision (i.e., ±15% R.S.D.),
xcept for the lowest limit of quantitation, where it should not
xceed 20% of deviation for accuracy and 20% of R.S.D. for
recision.

.7. Permeability estimation of SFN in rat ileum

The applicability of the developed LC–MS/MS method was
ested by quantitating the concentrations of SFN, SFN–GSH,
nd SFN–NAC in mesenteric vein blood and intestinal perfusate
amples obtained from in situ single-pass intestinal perfusion
xperiments in the rat ileum using a method based on the report
y Johnson et al. [21]. In brief, Sprague Dawley rats weighing
50–300 g and pre-cannulated at the jugular vein were obtained
rom Hilltop Lab Animals. After anesthetizing with ketamine
nd xylazine, rats were placed on a heating pad. Two additional
ites were cannulated: ileal segment and mesenteric vein drain-
ng the segment. Two notched Teflon cannulae were placed at
he ends of ileal segment and perfused with 10 �M of SFN
n iso-osmolar ammonium acetate buffer at the flow rate of
.2 mL/min. The mesenteric vein draining the ileal segment was
hen immediately cannulated with a 24 G Angeocath catheter
nd then connected to silastic tubing. Whole blood obtained from
onor rats was infused into the experimental rat via the jugular
ein cannula. The outlet perfusate samples and the mesenteric

lood samples were collected at 5 min intervals. The apparent
n situ permeability coefficients (Fig. 3) were calculated from
he perfusate (Pe) and plasma concentrations (Pb) as previously
escribed by Singhal et al. [22].
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. Results and discussion

.1. Method development, specificity and selectivity

Initially, for the simultaneous extraction of SFN, SFN–GSH
nd SFN–NAC from plasma, different solvents including
ethanol, acetonitrile, ethyl acetate, dichloromethane were

ried. The polar solvents were found to extract other polar com-
onents from plasma and gave a very high background noise
n the mass detector. In case of perfusate, only water immis-
ible non-polar solvents like ethyl acetate and dichloromethane
ould be used for liquid–liquid extraction. In non-polar solvents,
he extraction recoveries of polar metabolites were very low.
herefore, we tried solid-phase extraction technique to improve

he recovery of metabolites from the perfusate and plasma. Of
he various cartridges used, the 500 mg C2 cartridges improved
ecoveries of metabolites from perfusate as well as from plasma.
he elution step was optimized by using 1 mL of methanol fol-

owed by 1 mL of acetonitrile. To further improve the recovery
f analytes, samples were acidified with 3% formic acid and
artridges were preconditioned with 0.1% formic acid. This has
esulted in 90% extraction recovery of all the three analytes
rom perfusate and both the metabolites from plasma compared
o standard solutions at equivalent concentrations. However,
ith solid-phase extraction, recoveries of SFN from plasma was
ery low and inconsistent. Therefore, for the extraction of SFN
rom plasma, a separate liquid–liquid extraction step with ethyl
cetate was used that had achieved an extraction recovery of
8%. The investigation of the matrix effect was done by post-
xtraction spiking. During the optimization of the extraction
rocess, the matrix effect was observed with methanol and ace-
onitrile extracts. However, after using solid-phase extraction for
he metabolites and ethyl acetate extraction for SFN, the matrix
ig. 1. Representative LC–MS/MS chromatograms of SFN and its metabolites
n rat intestinal perfusate.
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hat SFN binds to glass and results in low recovery with the use
f glassware. Hence, use of glassware including HPLC injection
ials was avoided in all the experiments.

To achieve balanced results in terms of peak shape and sensi-
ivity of all the components, detailed efforts in the evaluation of
arious mobile phases was undertaken. For better resolution in
ll the three analytes, various gradient mobile phase conditions
ere tried such as water with 0.1% formic acid, acetonitrile
ith 0.1% formic acid, and ammonium acetate buffer of var-

ous molarities and pH. SFN was always well resolved from
he metabolites, whereas changes in pH of the mobile phase
ffected the ionization of the metabolites as well as the resolu-
ion between SFN–GSH and SFN–NAC. Both the metabolites

ere co-eluting when water with 0.1% formic acid was used as
ne of the component of the mobile phase. The optimal sepa-
ation and ionization of all the components were achieved with
mmonium acetate buffer. The final mobile phase composition

c
w
r
e

ig. 2. Chromatograms representing (a) blank plasma sample after ethyl acetate extra
c) blank plasma sample after solid-phase extraction and (d) solid-phase extraction s
onjugates. Chromatogram 1: TIC, 2: SFN–GSH (m/z 485 → m/z 356), 3: SFN–NAC
gr. B 840 (2006) 99–107 103

t which the separation of all the three analytes was achieved is
hown in Table 1. For the quantitative detection by mass spec-
roscopy, selective reaction monitoring mode was used for the
imultaneous estimation of SFN and its metabolites since it is a
owerful analytical technique for pharmacokinetic studies and
rovides selectivity, sensitivity and specificity requirements for
nalytical methods. By the use of selective reaction monitor-
ng, a key capability of tandem mass spectrometers, the selec-
ion and quantification of compound-specific ion-pairs enable a
eduction in the interference of co-eluting substances and a con-
iderable improvement in assay selectivity. The matrix effect on
he present method was evaluated by spiking blank perfusate or
lasma extracts across the linearity range and the results were

ompared with pure samples having similar concentrations. It
as found that there was no significant difference for peak

esponses between these samples indicating minimal matrix
ffect. Carry-over in the LC–MS/MS analysis was evaluated

ction, (b) ethyl acetate extract at the lowest limit of quantitation to detect SFN,
ample at the lowest limit of quantitation to detect SFN–GSH and SFN–NAC
(m/z 341 → m/z 178) and 4: SFN (m/z 178 → m/z 114).
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aily by checking blank and control samples and no signifi-
ant interference from previous injections was observed. While
stablishing the method, care was taken in optimizing declus-
ering potential and collision energy to obtain high sensitivity
or all the three components. The selective reaction monitor-
ng parameters were fully optimized for SFN and conjugates to
ncrease the sensitivity and reduce the artifacts from biological
amples. In addition to the major fragment at 356 m/z, the GSH
onjugate fragments to the parent compound, SFN, producing
/z of 178. The selective reaction monitoring of NAC conju-
ate is done at 341 m/z to 178 m/z. Subsequently, a run time
f 35 min was employed in order to achieve optimal baseline
esolution of the two hydrophilic metabolites for accurate quan-
itation without interference. The retention times of SFN–GSH,
FN–NAC and SFN were 8.4, 11.0 and 28.2 min, respectively
Fig. 1). These optimized conditions of sample pretreatment,
iquid chromatographic and mass detection parameters enabled
he establishment of the lowest limit of quantitation as low as
.01 �M for SFN and also provide for the simultaneous detec-
ion of SFN and its major metabolites in a run-time of 35 min.
ig. 2 represents chromatographs of SFN and its metabolites
rom plasma after solid-phase and ethyl acetate extraction along
ith respective blank samples.
.2. Method validation

The above developed LC–MS/MS method for detection
f SFN and its major metabolites was validated accord-

c
f
i
t

able 2
alidation summary of SFN and its metabolites from rat intestinal perfusate

alidation parameter SFN

inearity
Calibration range 0.01–10 �M
Correlation 0.999
Limit of detection 0.003 �M
Lowest limit of quantitation 0.01 �M

ntra-day accuracy (% bias)
Lowest limit of quantitation −9.8 to 10.6
Quality control (low) −10.0 to 9.4
Quality control (medium) −7.8 to 8.9
Quality control (high) −7.4 to 3.6

nter-day accuracy (% bias)
Lowest limit of quantitation −10.9 to 11.2
Quality control (low) −12.3 to 10.4
Quality control (medium) −6.9 to 8.1
Quality control (high) −6.2 to 4.9

ntra-day precision (% CV)
Lowest limit of quantitation 11.4
Quality control (low) 6.0
Quality control (medium) 0.5
Quality control (high) 1.7

nter-day precision (% CV)
Lowest limit of quantitation 10.8
Quality control (low) 5.7
Quality control (medium) 1.4
Quality control (high) 1.5

xtraction recovery (%) 92.6
gr. B 840 (2006) 99–107

ng to USFDA guidance [19]. Validation parameters for all
he components from perfusate are summarized in Table 2,
hereas from plasma are summarized in Table 3. The cal-

bration curve was constructed using seven calibration sam-
les in the range of 0.01–10 �M for SFN, 0.05–10 �M for
FN–GSH and 0.02–10 �M for SFN–NAC from perfusate,
hereas 0.02–10 �M for SFN, 0.1–10 �M for SFN–GSH and
.05–10 �M for SFN–NAC from plasma. The standard curve
ad a reliable reproducibility over the standard concentrations of
ll the analytes across the calibration range. Calibration curves
ere prepared by determining the best fit of peak area ratios
erses concentration and fitted to linear regression using weigh-
ng factor (1/χ2). The average regression was always more than
.998 from both the matrices. The R.S.D. at the lowest limit of
uantitation was 7.3–11.6% for all the analytes. The calibration
urve ranges were selected based on concentrations found in
ublished pharmacokinetic studies [18].

The detailed accuracy and precision data for intra- and inter-
ay test samples are presented in Tables 2 and 3. The intra-
ay accuracy (%) at the lowest limit of quantitation for SFN,
FN–GSH and SFN–NAC from perfusate ranged from 90.2 to
10.6, 83.7 to 118.9 and 86.5 to 114.2, respectively whereas
n plasma intra-day accuracy ranged from 88.6 to 116.8, 82.8
o 114.9 and 83.7 to 114.7, respectively. The intra-day accura-

ies at higher QC samples were in the range of 85.3 to 115.3
rom perfusate and 86.8 to 112.4 from plasma, respectively. The
nter-day accuracies (% deviation) were also within ±20% at
he lowest limit of quantitation and ±15% at remaining test

SFN–GSH SFN–NAC

0.05–10 �M 0.02–10 �M
0.998 0.999
0.01 �M 0.007 �M
0.05 �M 0.02 �M

−16.3 to 18.9 −13.5 to 14.2
−14.7 to 11.6 −12.1 to 13.7
−12.0 to 15.3 −8.4 to 5.8
−8.3 to 4.9 −6.1 to 6.3

−17.1 to 16.8 −15.9 to 16.7
−13.2 to 14.6 −10.7 to 9.5
−9.8 to 6.3 −7.6 to 6.9
−7.7 to 5.4 −5.9 to 8.6

10.3 8.6
2.3 2.5
1.9 1.3
1.1 0.9

14.3 7.6
5.2 5.0
3.7 2.2
3.9 5.8

89.8 91.2
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Table 3
Validation summary of SFN and its metabolites from rat plasma

Validation parameter SFN SFN–GSH SFN–NAC

Linearity
Calibration range 0.02–10 �M 0.1–10 �M 0.05–10 �M
Correlation 0.998 0.998 0.998
Limit of detection 0.005 �M 0.03 �M 0.005 �M
Lowest limit of quantitation 0.02 �M 0.1 �M 0.05 �M

Intra-day accuracy (% bias)
Lowest limit of quantitation −11.4 to 16.8 −17.2 to 14.9 −16.3 to 14.7
Quality control (low) −13.2 to 8.6 −9.9 to 10.3 −11.6 to 12.4
Quality control (medium) −8.1 to 7.5 −10.3 to 6.8 −9.1 to 8.8
Quality control (high) −6.7 to 4.3 −8.9 to 5.6 −7.5 to 6.7

Inter-day accuracy (% bias)
Lowest limit of quantitation −13.5 to 15.2 −13.4 to 8.5 −11.0 to 13.1
Quality control (low) −7.7 to 1.6 −4.2 to 4.9 −9.6 to 8.8
Quality control (medium) −2.7 to 2.3 −5.3 to 8.6 −6.3 to 4.7
Quality control (high) −3.4 to 1.4 −7.1 to 4.3 −2.6 to 3.9

Intra-day precision (% CV)
Lowest limit of quantitation 8.3 11.6 7.3
Quality control (low) 3.1 2.9 4.6
Quality control (medium) 1.4 3.2 2.4
Quality control (high) 1.1 1.7 1.6

Inter-day precision (% CV)
Lowest limit of quantitation 10.4 8.7 7.9
Quality control (low) 6.0 8.1 5.3
Quality control (medium) 1.3 1.9 1.4

E

c
T
t
a
f
f

s
f

T
S

Q

L
q

Q

Q
(

Q

Quality control (high) 2.8

xtraction recovery (%) 88.3

oncentrations for all the analytes and from both the matrices.
he intra-day precision (R.S.D.) at the lowest limit of quantita-
ion from perfusate were 11.4, 10.3 and 8.6 for SFN, SFN–GSH
nd SFN–NAC, respectively, whereas the corresponding values
rom plasma were 8.3, 11.6 and 7.3, respectively. The % R.S.D.
or intra-day sample analysis for the higher concentration QC

a
o

i

able 4
tability data of SFN and its metabolites from rat intestinal perfusate

C level Stability condition %

SF

owest limit of
uantitation

3 freeze-thaw cycles 95
8 h bench-top 91
28 h in-injector 94
30 days at −80 ◦C 97

uality control (low)

3 freeze-thaw cycles 98
8 h bench-top 90
28 h in-injector 96
30 days at −80 ◦C 94

uality control
medium)

3 freeze-thaw cycles 94
8 h bench-top 92
28 h in-injector 101
30 days at −80 ◦C 97

uality control (high)

3 freeze-thaw cycles 90
8 h bench-top 93
28 h in-injector 96
30 days at −80 ◦C 92
2.3 2.3

90.5 89.7

amples were in the range of 0.9–6.0 from perfusate and 1.1–4.6
rom plasma. The inter-day precision was also within the accept-

ble range of 20% at the lowest limit of quantitation and 15% at
ther QC concentrations.

Extraction recovery was evaluated by comparison of the mass
on peak areas of the extracted samples at four QC levels with

Remaining ± S.D.

N SFN–GSH SFN–NAC

.6 ± 9.9 87.2 ± 13.9 103.1 ± 8.3

.4 ± 13.2 68.3 ± 14.5 99.7 ± 10.4

.5 ± 9.7 92.8 ± 11.6 98.6 ± 7.8

.1 ± 10.8 89.7 ± 13.4 102.9 ± 8.5

.2 ± 7.6 90.3 ± 9.2 108.6 ± 6.0

.1 ± 8.8 74.2 ± 10.7 101.3 ± 3.9

.3 ± 7.9 93.9 ± 13.6 103.8 ± 9.7

.6 ± 11.5 92.8 ± 8.4 98.5 ± 5.1

.3 ± 9.0 88.4 ± 11.9 96.2 ± 8.8

.6 ± 4.8 73.9 ± 9.3 99.4 ± 5.7

.5 ± .9.2 91.8 ± 10.2 101.9 ± 4.1

.4 ± 7.1 95.1 ± 6.7 97.7 ± 6.0

.9 ± 11.5 94.3 ± 8.4 103.1 ± 2.5

.4 ± 6.4 77.2 ± 10.7 96.6 ± 3.2

.1 ± 7.9 95.4 ± 9.8 99.4 ± 6.4

.6 ± 5.8 90.0 ± 7.3 105.9 ± 8.1
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Table 5
Stability data of SFN and its metabolites from rat plasma

QC level Stability condition % Remaining ± S.D.

SFN SFN–GSH SFN–NAC

Lowest limit of
quantitation

3 freeze-thaw cycles 98.0 ± 10.4 91.6 ± 14.4 98.5 ± 13.1
8 h bench-top 93.7 ± 8.9 72.8 ± 11.5 105.3 ± 7.4
28 h in-injector 96.3 ± 7.6 96.3 ± 8.1 102.6 ± 8.2
30 days at −80 ◦C 104.8 ± 13.2 97.4 ± 12.5 100.9 ± 10.5

Quality control (Low)

3 freeze-thaw cycles 96.4 ± 8.3 93.7 ± 6.0 101.6 ± 7.2
8 h bench-top 89.7 ± 7.5 76.9 ± 9.3 96.5 ± 8.6
28 h in-injector 94.1 ± 6.5 98.5 ± 11.1 106.1 ± 9.7
30 days at −80 ◦C 97.8 ± 9.2 94.6 ± 8.4 99.2 ± 8.8

Quality control
(Medium)

3 freeze-thaw cycles 97.6 ± 5.9 94.9 ± 8.7 104.5 ± 3.9
8 h bench-top 91.8 ± 6.4 74.2 ± 9.1 96.3 ± 5.2
28 h in-injector 99.2 ± 4.5 94.6 ± 7.2 105.5 ± 6.8
30 days at −80 ◦C 100.6 ± 7.3 98.3 ± 5.0 104.8 ± 8.7

Q

3 freeze-thaw cycles 92.7 ± 6.4 95.4 ± 6.9 93.4 ± 4.1
8 h bench-top 91.5 ± 4.3 80.2 ± 9.4 101.8 ± 5.7

9
9

t
e
p
p

c
s
l
f
t
i
a
f
S
r
i
p
t
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i
a
u
i
t
f
a
T
t
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t
t

conjugate (Pb(SFN–GSH)) was as high as 1.96 × 10 cm/s.
The rate of formation of the NAC conjugate was very low
(Pb(SFN–NAC) = 6.13 × 10−7 cm/s). The predominant appearance
of SFN–GSH in the mesenteric blood after perfusion of SFN
uality control (High)
28 h in-injector
30 days at −80 ◦C

he standard solutions of equivalent concentrations. The mean
xtraction recovery of SFN, SFN–GSH and SFN–NAC from
erfusate was 92.6, 89.8 and 91.2%, respectively whereas from
lasma it was 88.3, 90.5 and 89.7%.

The stability data of SFN and its conjugates under various
onditions from perfusate is summarized in Table 4. Stability
tudies were conducted at four QC levels. All the three ana-
ytes were stable after three freeze/thaw cycles, in autosampler
or 28 h and long-term storage at −80 ◦C for one month. In
hese stability conditions, the samples deviated within the nom-
nal concentrations and the results were found to be within the
ssay variables. In bench-top stability at ambient temperature
or 8 h, SFN and SFN–NAC were found to be stable; however,
FN–GSH was unstable and found to degrade up to 25–30% at
oom temp. Similar results were also obtained for stability stud-
es from plasma (Table 5). It is recommended that the sample
rocessing involving SFN–GSH should be done over ice to avoid
he loss of drug due to degradation at the higher temperature.

.3. Application of the developed LC–MS/MS method

To begin to investigate the intestinal disposition of SFN
n rats, the developed LC–MS/MS method was successfully
pplied to the determination of the intestinal permeability val-
es (Fig. 3) of SFN, SFN–GSH and SFN–NAC from single-pass
ntestinal perfusion studies with mesenteric blood sampling. In
hose studies, only SFN was perfused in the intestine, there-
ore, first-pass intestinal metabolism would be indicated by the
ppearance of SFN–GSH or SFN–NAC in the mesenteric blood.
he perfusion studies showed that SFN was well absorbed from

he ileum with an average Pe(SFN) value of 2.73 × 10−4 cm/s

ased on the disappearance of parent compound from the
erfusate. However, the appearance of SFN in the mesen-
eric blood was very low (Pb(SFN) = 7.09 × 10−6 cm/s), while
he permeability based on the appearance of the glutathione

F
f
i
s
m

7.8 ± 5.9 97.3 ± 7.6 103.6 ± 2.9
5.6 ± 8.5 96.9 ± 4.5 97.4 ± 8.4

−4
ig. 3. (a) Permeability values of SFN, SFN–GSH and SFN–NAC calculated
rom intestinal perfusate and from mesenteric blood obtained from single-pass
ntestinal perfusion experiments (n = 4, mean ± standard deviation), (b) Repre-
entative plot of the cumulative amount of SFN and SFN–GSH appearing in
esenteric blood.
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uggests substantial first-pass intestinal metabolism of SFN
ithin the enterocytes or rapid conjugation in the blood based
n its chemical reactivity. The intestinal disposition of SFN
nd its rate and form of appearance in the blood may pro-
ide better insight into its activity as a cancer prevention agent
nd to developing optimized dosing strategies for prevention
odalities.

. Conclusions

A simple, highly sensitive and validated LC–MS/MS method
as been developed for the simultaneous analysis of SFN and
ts metabolites from biological matrices. Compared to the previ-
usly described assays, this method provides superior sensitivity
ith the lowest limit of quantitation as low as 0.01 �M for SFN.
he developed method was successfully applied for analysis of
erfusate and plasma samples to study the intestinal disposition
f SFN from rat ileum.
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