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Analysis of Isothiocyanate Mercapturic Acids in Urine: A
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Cruciferous vegetables contain glucosinolates, which are degraded to isothiocyanates. These are
easily absorbed, conjugated to glutathione, and excreted into the urine as their corresponding
mercapturic acids. We have developed and validated a solid phase extraction—high-performance
liquid chromatography—electrospray ionization mass spectrometry/mass spectrometry method for
the specific analysis of individual isothiocyanate mercapturic acids in urine. The range of reliable
analysis was 1.0—310 M in urine. Urine samples fortified with three different levels of isothiocyanate
mercapturic acids were measured on six different days by three independent technicians. The relative
standard deviation (RSD) of repeatability was 12, 6, and 3%; the RSD of reproducibility was 19, 14,
and 8%, and spike recoveries were 103, 104, and 103%, respectively, for 1.04, 10.5, and 313 uM
levels. In 24 h urine collected from two volunteers after they consumed broccoli and cauliflower,
clearly sulforaphane mercapturic acid (133 umol) and allyl isothiocyanate mercapturic acid (4.7 umol)
were found. This procedure demonstrates a reliable and efficient method to study the intake and
mode of action of isothiocyanates in animal studies and clinical trials.
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INTRODUCTION S—R-D-glucose
. . . . . R—C i i
Consumption of fruits and vegetables is associated with a Nos0,  —mogucosdes R\N—C—S
reduced risk on degenerative diseases such as cancer and gluccsmolatj reamangement . iooyanate
cardiovascular diseases, as indicated by epidemiological studies s
1, 2). _In particular, cruciferoqs vegetables, i.e., cabbages, " H, (1? GSH conjugation
broccoli, Brussels sprouts, radish, mustard, and cress, appear Ren"Cs7C>c Con i
ici i _ : H HNY //H mercapturic
to have beneficial health potentials (3—5). In 1978, the daily ] acid
per capita consumption of standard cruciferous vegetables was o*%~cn pathway
3

reported to be 18 g in the United States and Canada and 45 g
in the U.K. (15). In The Netherlands, the average daily

consumption of cruciferous vegetables in 1992 ranged from 29
(19) to 32 g b). Because cruciferous vegetables differ from i S )
other vegetables by the presence of glucosinolates, health-Excretion as mercapturic acids in the urine.
promoting effects seem to be attributable to these phytochemi-

cals or their breakdown products, e.g., isothiocyanates (6). down products are isothiocyanates, which are responsible for

!sothlocyanates are strong inhibitors of phase | enzymes andthe pungent taste of mustard. Other breakdown products are
inducers of phase Il enzymes and are therefore thought to be;

h 7 H i . ial indoles and nitriles. Additionally, acid hydrolysis inside the
strong cancer ¢ e_moprevento_&e). uman intervention trals i, mach can degrade glucosinolates into isothiocyanates. Glu-
with large quantities of cruciferous vegetables gave similar

cosinolates may be absorbed without change, to some degree,
effects Or_' phase | and_phase I f_en_zym]s@—(l3). . but the subsequent fate of these compounds in the metabolic
_ Glucosinolates remain intact within the plant cytoplasm until gcheme remains unknown. Thus, when eating crucifers, both
tissue disruption by chewing or cutting, which releases the

) . X glucosinolates and isothiocyanates are important components
hydrolysis enzyme myrosinase (sgure 1) (14, 15). Un- 5 pe considered in the metabolic and excretory pathways.
metabolized glucosinolates can be degraded, to a lesser degre§yqrhoeven et al. (6) estimated that an average daily intake in

The Netherlands of 21 mg of glucosinolates, corresponding to
*To whom correspondence should be addressed. T€B1(0)- 50 umol, can be calculated.
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T Current address:( l\)/Iulticare B. V., Gezellenstraat 1, 3861 RD,gNijkerk, Isothiocyanates are conjugated to glutathione in the body and

The Netherlands. excreted into the urine as their corresponding mercapturic acids

isothiocyanate mercapturic acid

Figure 1. Glucosinolates are enzymatically hydrolyzed into isothiocyanates
and are subsequently conjugated in the body to glutathione followed by

by microbes present in the human gli6{18). Major break-
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(Figure 1) as demonstrated in rat2Q), guinea pigs, rabbits 0
(21), and humans2@, 23). Mercapturic acids reflect the uptake  ~yr  ~S~~~~nr  "pr NR ZNR \/LNR
of isothiocyanates and thus the intake of glucosinolates present 2 3 4 5 6

in cruciferous vegetable24—26). Therefore, mercapturic acids
can be used as a selective biomarker for cruciferous vegetable

intake. Different cruciferous vegetables can be differentiated NRSTNR TR N

by the variety and amount of glucosinolat@3). For example, 7 8 9 10

broccoli is rich in 4-methylthiobutyl glucosinolate, whereas S 4 O
Brussels sprouts are rich in allyl and 2-hydroxy-3-butenyl ©/\NR @\/\ /&\S,cicl,z'-',\OH
glucosinolate (progoitrin). On the other hand, garden and water NR R= HNTH
cress are rich in arylaliphatic glucosinolates (15). 1 12 o™,

Isothiocyanates and their corresponding mercapturic acids can_, — o .
be measured in physiological fluids by a sum parameter assay.F'gure 2 These 12 isothiocyanate mercapturic acids were previously
The assay utilizes 1,2-benzenedithiol as a vicinal dithiol reagent synthe§|zed (30) and_ were u_sed_here as reference standards for the
and measures the reaction product, 1,3-benzodithiole-2-'[hione,z’ma_lys’IS of mercapturic acids in urine. Compound 1, methy, 2, 4-methyl-
spectrophotometrically (289). Chemical specificity of the suffinylbutyl, 3, aliy, 4.’ isopropyl; 5, 3-butenyl; 6, 1-methylpropyl; 7, pheny;
cyclocondensation reaction is not restricted to isothiocyanatess' butyl; 9, 4-methyithiobutyl; 10, 4-pentenyl; 11, benzyl; 12, 2-phenylethyl.
but includes dithiocarbamates and related thiocarbonyl com- o o

P : : . 0.25 M hydrochloric acid. Tetrahydrofuran, methanol, and acetonitrile
pognd§ such as carbon dlsulfldg, certain substituted thloureafor SPE and chromatography were HPLC grade.
derivatives, and xanthate?g). Besides, the sum parameter does

. . . . . . Sample Preparation. Twenty microliters of internal standard
not give any information about which kind of crucifer has been g, tion was added to 20L of urine in a 0.5 mL Eppendorf tube

consumed. followed by vortexing. Next, SPE columns were washed with methanol
We therefore developed an analytical method by which the and hydrochloric acid buffer (pH 2), and subsequently, the samples
isothiocyanate mercapturic acids not only can be determinedwere applied. SPE columns were washed with water and aspirated until
guantitatively but also individually characterized. Mercapturic dryness. Mercapturic acids were eluted from the column with phosphate
acids were extracted from urine using solid phase extraction buffer (pH 8):acetonitrile (v:v, 1:1) into a vial containing hydrochloric
(SPE) followed by separation using reversed phase liquid acid buffer (pH 2). From the mixed eluate& was analyzed on an
chromatography. Because specificity by UV detection (absorp- HPLC-MS/MS system. )
tion maxima in acetonitrilewater at 250 and 270 nm) is too HPLC-MS/MS Analysis. Chromatography was performed using a
low, mass spectrometric (MS/MS) detection was used. Linearity, SymmetryShield column and an acetonitrile gradient. The flow rate of

o o . - mobile phase was 0.25 mL/min using a linear gradient of 0.1% formic
repeatability, reproducibility, accuracy, and detection limits of acid in water (A) and 0.1% formic acid in acetonitrile (B). The amount

the method were determined. The strength of the application ot g \yas raised from 0 to 30% in 55 min. Electrospray ionization (ESI)
of the current method is demonstrated by the analysis of urine iy positive mode was found optimal with the following ESI source

samples collected for 24 h after consumption of cooked broccoli settings: sheath gas flow, 80%; auxiliary gas flow, 20%; capillary
and cauliflower and a salad of mustard, garden cress, water cressemperature, 225C; source voltage, 4.5 kV. Parent masses{NH] *

rocket, winter radish, and radish. were isolated with an/zwindow of 3.0 and fragmented using 30%
collision energy, which resulted in 12 different scan filters, one for
MATERIALS AND METHODS each mercapturic acid. The spectra of fragments in the nag&00—

350 were collected, and peak areas were obtained using the appropriate

Materials. Urine was collected in clear polyethylene flasks. SPE scan filter and the response of the fragment wiittz 164.0 (N-acetyl-
using Bakerbond octadecyl 100 mg SPE columns (Mallinckrodt Baker | -cysteine) with am/z window of 1.0. For 4-methylsulfinylbutyl
B. V., Deventer, The Netherlands) was performed on a vacuum isothiocyanate mercapturic acid, the fragment 178.0 (4-methylsulfinyl-
manifold with Teflon fittings. Chromatographic separation was per- butyl isothiocyanate) instead of 164.0 was used. Urinary concentrations
formed using a Waters Alliance 2690 quaternary high-performance of mercapturic acids were quantitated using an internal standard and
liquid chromatograph (HPLC, Waters Chromatography B. V., Etten- external calibrationFigure 3). Because phenyl glucosinolate is not a
Leur, The Netherlands) equipped with a Waters SymmetryShield RP18 naturally occurring compound, the mercapturic acid of phenyl isothio-
3.5um guard (2.1 mmx 10 mm cartridge) and analytical (2.1 mrn cyanate was used as the internal standard.
150 mm cartridge) column thermostated at €5 This system was Method Validation. For the purpose of validation and quality
equipped with a Finnigan MAT LCQ ion trap mass spectrometer control, calibration standards were added to blank urine at three
(Thermo Quest B. V., Breda, The Netherlands) and operated by |evels: low (on average 1.04M), medium (on average 10,5M),
XCalibur software. and high level (on average 313/) in order to determine repeatability,

Chemicals.Water was demineralized using an ELGA Option 7 Plus  recovery, and reproducibility of analysis. Linearity of analysis was

water purifier (Salm en Kipp, Breukelen, The Netherlands). All checked by preparing two stock solutions containing all mercapturic
chemicals were from Merck (Merck KGaA, Darmstadt, Germany) and acids with subsequent dilutions.

of analytical grade. Phenyl isothiocyanate mercapturic acid (internal

standard) and 11 reference compounds (methyl, 4-methylsulfinylbutyl,

allyl, isopropyl, 3-butenyl, 1-methylpropyl, butyl, 4-methylthiobutyl, RESULTS AND DISCUSSION

4-pentenyl, benzyl, and 2-p_heny|ethy| isothiocy_anate mercapturic acids)  SPE using only C18 columns resulted in acceptable reproduc-
were prepared as described elsewhere @@ure 2). In short, ibilities (Table 1) and a rapid cleanup method. Urine samples
isothiocyanate was dissolved in alcohol and added to a solution of 3nd C18 columns were acidified to pH 2.0 to protonate the
N-acetylt-cysteine and sodium bicarbonate in water. The corresponding mercapturic acids. The measureof allyl isothiocyanate
mercapturic acid was obtained with a typical yield of 77%. Because mercapturic acid was 3.3. Sufficient separation of isothiocyanate
few isothiocyanates are commercially available, others were first mercapturic acids Was. 6btained on a SymmetryShield RP18

synthesized by adding the corresponding alkyl bromide to phthalimide . : s .
potassium salt. The obtainétalkyl-phthalimide was hydrazinolyzed ~ HPLC column, which has improved water wettability. A linear

yielding the alkylamine, which was subsequently substituted with gradient of acetonitrile and water is used to separate all
thiophosgene yielding the isothiocyanate with an overall yield of 16%. compounds. Acetonitrile was used as an HPLC modifier because

The internal standard was dissolved in tetrahydrofuran and diluted with this resulted in better peak shape as compared to a gradient of
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Table 1. Validation Results of SPE-HPLC-MS/MS Analysis of Isothiocyanate Mercapturic Acids in Urine?

repeatability recovery reproducibility

compd linearity® RSD (%) (%) RSD (%) LOQ
nr.p range (uM) R? slope intercept (95% CI) I m h I m h I m h (uMyd
1 0.113-113 0.996 29.0 -0.02 (-0.14, 0.09) 15 6 48 93 98 92 23 17 11 0.5
2 0.127-125.5 0.998 58.5 -0.07 (-0.13, 0.28) 18 4 2.4 87 100 96 16 9 6 0.1
3 0.098-98.1 0.997 78.3 -0.04 (-0.27,0.18) 5 7 3.0 103 106 107 25 18 7 0.6
4 0.104-104 0.997 149 -0.1(-0.6,0.4) 11 5 2.0 112 104 104 17 12 8 0.6
5 0.096-95.6 0.999 99.5 -0.01(-0.14, 0.11) 7 8 4.1 92 108 105 15 13 8 0.3
6 0.096-96.5 0.998 186 0(-0.5,0.4) 20 6 2.1 108 107 104 14 12 8 0.4
8 0.091-90.7 0.990 133 0(-0.7,0.7) 10 4 33 103 106 102 19 13 9 0.8
9 0.083-83.5 0.993 149 -0.1(-0.7,0.5) 10 11 3.2 103 96 108 19 17 7 0.2
10 0.102-102 0.999 107 -0.03 (-0.26, 0.19) 13 9 7 103 104 100 19 16 9 0.6
11 0.085—-85 0.996 136 -0.1(-0.5,0.4) 12 5 31 115 106 105 18 14 10 0.4
12 0.081-80.9 0.995 147 -0.1(-0.5,0.4) 15 6 2.3 111 105 105 21 11 8 0.5

a Urine samples fortified at three different levels of 1.04 (I), 10.5 (m), and 313 uM (h) were measured six times to determine the relative standard deviation (RSD) of
repeatability and the recovery. These samples were measured on six different days by three different technicians to determine the RSD of reproducibility. Blank urine was
measured six times to determine the limit of quantification (LOQ). ® Compound nr refers to isothiocyanate mercapturic acids depicted in Figure 2. Compound nr 7 is not
included because this compound is used as the internal standard. © Linearity is defined as Y = aX + b where Y = area ratio and X = concentration in mM. ¢ The LOQ

is quantified as 10/3 x (the average value of the noise + (3 x SD)).
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Figure 3. HPLC-MS/MS chromatogram of 12 available isothiocyanate
mercapturic acids. Each peak is labeled with the side chain (R) mentioned
in Figure 2. Concentrations are («M) as follows: 1 (77), 2 (48), 3 (66),
4 (70), 5 (65), 6 (65), 7 (14), 8 (61), 9 (56), 10 (69), 11 (57), 12 (55).

Method Validation. The ruggedness of the method was tested
by changing six parameters slightly and analyzing urine spiked
at the medium level. The tested parameters were the sample
volume of urine applied to the SPE column, the volume of water
for washing, the pH of the hydrochloric acid buffer, the
composition of buffer for elution of the components from the
SPE column, the injection volume for HPLC analysis, and the
collision energy used for fragmentation of the compounds in
the ion trap. Using the saturated design of Plackett and Burman
(31), the method appears to be rugged for all but two parameters.
These two parameters, applied sample volume and collision
energy, were only found not to be rugged for one or two of
the 11 isothiocyanate mercapturic acids. Concluding, no
more than 20@L of urine should be extracted and the collision
energy used, to fragment trapped ions, should be no less than
30%.

From 11 solutions of mercapturic acids, two calibration
standards were prepared. These standards were subsequently
diluted to give the mentioned @ble 1) calibration range with
a good correlation coefficient (0.990 or more), no intercépt (

methanol and water (data not shown). ESI proved more suitable= 0), and with similar slopes (a). Calibration standards were
than atmospheric pressure chemical ionization, because of itsadded to blank urine at three levels: low, medium, and high.

better performance at low HPLC eluent flow rates (0.25 mL/

Results of repeated measurements of these samples are given

min) and negligible in-source fragmentation. In time segments in Table 1. Repeatability gave satisfactory results. Recoveries

of approximately 1 min surrounding the retention times of all
12 isothiocyanate mercapturic acids, the massesHM]™ of

are all between 90 and 115%. High recoveries indirectly prove
that there is no ion suppression in the MS source when analyzing

each individual component were isolated and fragmented urine. The reproducibility is for most compounds close to

(Figure 3).

Mass Spectra. Fragmentation spectra generally contain
fragments with relative abundances as showhigure 4B for
allyl isothiocyanate mercapturic acid whenéz 122 is cysteine,
130 is 2N-acetyl-propanoic acid, 164 i¥-acetylt-cysteine,
and 134 is the variable side chain ath(H)—C(=S)—S. The
most abundant fragment ion hasna/z of 164 except for
compoundg and7. Phenyl isothiocyanate mercapturic acijl (
fragmented into ions with a base peaknmatz 170 (phenyl—
N(H)—C(=S)—S), fragmentn/z 164 (70%), and some minor
fragments. 4-Methylsulfinylbutyl isothiocyanate mercapturic
acid ) fragmented into ions with a base peakrét 178 (HC—
S(=0)—(CH)4,—N—-C=S) and fragments ah/z 212 (HC—
SEO)—(CHy)s—N(H)—C(=S)-S, 45%) and 164 (1%). Quan-
titation was performed using/z 164, except for compoun®l
wherem/z 178 was used. Clearly, this MS/MS detection method
provides high specificity.

expected relative standard deviations (SDs) using the Horwitz
equation (32). For methyl isothiocyanate mercapturic acid,
relative SDs (RSDs) for reproducibility are high, which could
be due to poor adsorption on the C18 SPE column leading to
loss while extracting the compounds from urine. The limit of
guantification is on average 0/8M, and as specifications of
the method were tested for the concentration range 6f313

uM, the latter is considered to be the range shown to be reliable
for analysis. This range roughly corresponds to the amounts of
allyl isothiocyanate mercapturic acid found in 24 h urine after
the consumption of allyl glucosinolate (sinigrin) present in,
respectively, one leaf of one Brussels sprout and 200 g of
Brussels sprouts. The stability of compourids12 (except7,
which was used as the internal standard) added to blank urine
at medium level (on average 1QuB/) is at room temperature

1 day, in the refrigerator several days, and in the freezer over
1 year.
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Figure 4. HPLC-MS/MS chromatograms of isothiocyanate mercapturic
acids in urine. Each peak is labeled with the side chain (R) mentioned in
Figure 2. The absence (<0.5 uM) of isothiocyanate mercapturic acids in
blank urine is shown in chromatogram A. Peak 7 is the internal standard,
13.7 uM phenyl isothiocyanate mercapturic acid. After cauliflower and
broccoli were consumed, chromatogram B was obtained. The fragmenta-
tion structures and spectrum of allyl isothiocyanate mercapturic acid are
inserted. After mustard, garden cress, water cress, rocket, winter radish,
and radish were consumed, chromatogram C was obtained. Method
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settings are as described in the Materials and Methods.
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(<0.5uM, Figure 4A). Phenyl isothiocyanate mercapturic acid
was absent from all urines tested (data not shown).
Mercapturic Acids in Urine After Brassica Consumption.
After eating a meal with 200 g of both broccoBrassica
oleracealL. italica) and cauliflower Brassica oleraceal.
botrytissubvar cauliflora), the isothiocyanate mercapturic acids
2 (133umol), 3 (4.7 umol), 9 (11.0umol), 11 (0.9 umol), and
12(1.0umol) were found in 24 h urineSjgure 4B). The content
of 4-methylsulfinylbutyl glucosinolate is on average 8ol
in broccoli and 63.8:mol/100 g of fresh weight in cauliflower.
Furthermore, cauliflower contains on average 2ol allyl
glucosinolate/100 g of fresh weighB83). From the expected
dose of 4-methylsulfinylbutyl glucosinolate (2g#nol), a large
amount is recovered in the urine as its isothiocyanate mercap-
turic acid where only a minor amount of the expected dose of
allyl glucosinolate (55.8imol) is recovered in the urine. The
difference in relative excretion between the two compounds can
be explained from the large variation in glucosinolate content
in vegetables. A meal of mustard@rassica junceaCoss.),
garden cress (Lepidium sativuim), water cressNasturtium
officinale R.Br.), rocket Eruca satizaMill.) and winter radish
(rettich,Raphanus sativusar. albal.) (10 g each), and radish
(Raphanus sativuk.) (90 g) resulted in the excretion in 24 h
urine of compound? (116 umol), 3 (6.7 umol), 9 (4.8 umol),
11 (71.9 umol), and12 (51.7 umol) (Figure 4C). The major
glucosinolates (side chain mentioned) present in these condi-
ments and salad crops are allyl for mustard, benzyl for garden
cress, phenylethyl for water cress, 4-methylsulfinylbutyl and
4-methylthiobutyl for rocket, and 4-methylsulfinylbutenyl glu-
cosinolate for both winter radish and radish, which is reflected
in the excreted isothiocyanate mercapturic acids. Breakdown
products of the principal glucosinolate of winter radish and
radish, 4-methylsulfinylbutenyl glucosinolate, were not mea-
sured with the method described here.

Biomarker of Isothiocyanate Intake. Proof of the health
benefit potential of fruits and vegetables and cruciferous
vegetables in particular, is culminating, but the question remains,
what are the responsible chemicals that make vegetables
healthy? Because cruciferous vegetables differ from other
vegetables in that they contain glucosinolates, these compounds
might be the responsible bioactive phytochemicals. Glucosino-
lates themselves are not thought to diminish cancer risks.
However, their breakdown products, isothiocyanates, have been
proven (in in vitro and in vivo experiments) to modulate
biotransformation enzyme activities resulting in reduced cancer
risk (7—9). Glucosinolate intake is generally estimated using
dietary questionnaires, which are not only subjective measures,
but are not accurate because amounts of (cruciferous) vegetables
in a whole meal are not easily estimated. Glucosinolates are
thought to not be absorbed from the gut but partly converted
into nitriles and isothiocyanates in the stomach and to isothio-
cyanates in the colon. Isothiocyanates are lipophilic and are
readily absorbed from the gut. Spot urine cannot be used to
quantify the uptake and excretion of isothiocyanates since the
peak in excretion is between 3 and 6 h. Twelve hour urine
collection contains the majority in isothiocyanate excretion, and
most isothiocyanates, eaten with common meals, are excreted
within 24 h (data not shown).

Glucosinolate metabolites can be analytically measured in

The described SPE-HPLC-MS/MS method proved to be a vegetables, and intake of isothiocyanates can thus be estimated.
valid method for the analysis of isothiocyanate mercapturic acids Because glucosinolates are only partly converted into isothio-

in urine. In blank urine from six volunteers, collected after

cyanates and interindividual kinetics differ, it is not feasible to

refraining from eating cruciferous vegetables and condiments estimate the exact intake of isothiocyanates through analysis
during 36 h, no isothiocyanate mercapturic acids could be found of glucosinolates and isothiocyanates in vegetables. Myrosinase,
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which is still active in raw broccoli, is responsible for the
breakdown of glucosinolates after chewing, resulting in an

elevated isothiocyanate intake. Isothiocyanate conjugates, mostly

mercapturic acids, quantitatively reflect isothiocyanate uptake
but reflect glucosinolate intake only qualitatively. The amount
of isothiocyanate conjugates excreted after eating raw broccoli
is approximately three times greater than that after eating the
same amount of cooked broccoli (34).

Indole glucosinolates do not yield isothiocyanates upon
hydrolysis but are converted into indoles and thiocyanate ion
(SCN"). Measuring thiocyanate ion in urine can thus be a
marker of indole glucosinolate intake and thus of cruciferous
vegetable intake. High baseline concentrations in urine can be
expected as thiocyanate ion is a metabolite from cyanide

provided by cigarette smoke. Thiocyanate ion can be measured

spectroscopically after ion-exchange clean@p)(or can be

measured using ion-exchange chromatography and suppressed

conductivity detection. Isothiocyanate conjugate excretion can

be measured using an assay, which gives the sum parameter of

isothiocyanates after a cyclocondensation reac28n29). This
is a fast assay, but chemical specificity is not restricted to
isothiocyanates28), and it returns a sum parameter of isothio-

cyanates and conjugates. The limitations of these two assays

are not encountered when analyzing individual isothiocyanate
mercapturic acids.

In conclusion, SPE-HPLC-MS/MS isothiocyanate mercapturic
acid analysis in urine is a specific, rugged, and validated method,
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intake of isothiocyanates or after breakdown in the human gut

of glucosinolates and can thus be used to determine the health-

promoting potential of cruciferous species in animal studies and
clinical trials.
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