
Previous reports have documented that some isothio-
cyanates (ITCs) prevent the formation of cancers in ani-
mal models.1—4) 6-(Methylsulfinyl)hexyl isothiocyanate (6-
MITC) is found in wasabi (Wasabia japonica), a Japanese in-
digenous herb, and a variety of studies on the anticancer
properties of 6-MITC have been described,5,6) with 6-MITC
attracting great attention as a new possible candidate for con-
trolling cancer cell progression and metastasis. Anticancer
activity of 6-MITC in vitro was studied with a human cancer
cell (HCC) panel and 6-MITC directly affected the cells in
the HCC panel.5) A suppression was found in the growth and
survival of the cells in culture, and the affected cells were
very specific, which included breast cancer and melanoma
cell lines. A “COMPARE” analysis using a computerized al-
gorithm, which was based on the HCC database, suggested
the suppression mechanism of 6-MITC is unique, involving
multiple pathways, and may be different from those of other
known chemicals. Another 6-MITC-related anticancer study
involves the oral administration of 6-MITC and its effects on
the macroscopic pulmonary metastasis. Murine B16-BL6
melanoma cells were injected subcutaneously or intra-
venously in C57BL/6J mice and the effects of 6-MITC on the
metastatic foci formation in the lungs were analyzed.6) The
number of metastasized cells in the lungs was significantly
reduced by the administration of 6-MITC, and 56% of foci
formation was inhibited by the 2 week-prior administration,
whereas only 27% inhibition was obtained by the concomi-
tant administration with the cancer cell injection.

Anti-cancer activities of ITCs largely involve modulation
of metabolism for carcinogens through inhibition of the

phase 1 enzymes and/or induction of the phase 2 enzymes,
such as glutathione S-transferase and quinone reductase
(QR).7—12) In our previous study, we reported that 6-MITC
induced QR activity in Hepa1c1c7 cells in a dose-dependent
manner.13) However, when the dose level was high at 80 mM,
the effect of 6-MITC was nullified and it significantly re-
duced QR activity. Augmentation of QR activity by 6-MITC
seemed to be due to the increase in its mRNA expression,
and the inhibition of its activity at 80 mM was ascribed to the
reduced gene expression. This negative effect of 6-MITC at
80 mM was overcome by N-acetyl-L-cysteine (NAC) treatment
but its mechanism is still unknown.

High-performance liquid chromatography (HPLC) com-
bined with mass spectrometry (MS) has been documented as
a useful tool for detecting bioactive components, such as
flavonoids, puerarin and saponins in herbal medicines,14—17)

and HPLC with an ultraviolet-ray (UV) detector and MS has
been applied for determining some of these components.18,19)

Although HPLC-MS is a more expensive and complex op-
tion than other HPLC or TLC detectors, it can greatly sim-
plify sample pre-treatment procedures and shorten separation
times in HPLC due to the high selectivity and sensitivity of
MS detection.20) As mentioned earlier, the negative effect of
6-MITC on the cells at a higher dosage (80 mM) was over-
come by the NAC treatment with an unknown mechanism.13)

In the process of elucidating this mechanism, we hypothe-
sized that 6-MITC and NAC were acting in the cells not in-
dependently but in synergy, creating a 6-MITC/NAC conju-
gate. To prove this point, in the present study, we developed a
method using HPLC with a UV detector and MS for detect-
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A method using high-performance liquid chromatography (HPLC) and atmospheric pressure chemical ion-
ization (APCI) mass spectrometry (MS) was established for the detection of 6-(methylsulfinyl)hexyl isothio-
cyanate (6-MITC) and its conjugate with N-acetyl-L-cysteine (NAC). The optimal chromatographic conditions
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consisted of a methanol-0.1% trifluoroacetic acid (TFA) mixture (50 : 50, v/v), and the flow rate was 0.3 ml/min.
The detection wavelength was set at 220 nm. The identities of the peaks were accomplished by comparing reten-
tion times (tR), UV and mass data. All calibration curves showed good linear regression (correlation coefficients
for 6-MITC and NAC�0.999) within test ranges. The developed method provided satisfactory precision calcu-
lated as percent coefficient of variation with overall intra-day and inter-day variations of less than 5% (4.1 and
4.9% for 6-MITC; 4.2 and 4.9% for NAC). Both 6-MITC and NAC had good responses in the positive APCI and
formed strong [M�H]� ions in the full scan spectra at an m/z of 206 and 164, respectively. The presence of the
[M�H]� ion for the 6-MITC/NAC conjugate was also observed at an m/z of 369. To our best knowledge, this is
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MS.
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ing 6-MITC and its conjugate with NAC.

Experimental
Materials and Reagents 6-MITC was obtained from Shiratori Pharma-

ceutical Co. Ltd. (Chiba, Japan). Analytical grade NAC was purchased from
Sigma-Aldrich Japan K. K. (Tokyo, Japan). HPLC grade methanol and tri-
fluoroacetic acid (TFA) were purchased from Wako Pure Chemical Indus-
tries Ltd. (Osaka, Japan). Water was purified using a Milli-Q A10
(Elix5/Synthesis) system (Millipore Co., Tokyo, Japan).

HPLC System and Conditions The HPLC analysis was performed on
a Hewlett-Packard 1100 system (Tokyo, Japan) equipped with a degasser,
dual pump, autosampler and UV detector. An Inertsil® ODS-3 column
(150�4.6 mm, 3 mm; GL Sciences Inc., Tokyo, Japan) at 37 °C was used for
all analyses. The mobile phase consisted of a methanol-0.1% TFA mixture
(50 : 50, v/v), and the flow rate was 0.3 ml/min. The injection volume was
10 m l, and all sample solutions were filtered through a 0.45 mm membrane
filter prior to the HPLC analysis.

HPLC-MS System and Conditions The MS analysis was performed
on an JMS-LCmate (MS-BU30) LSMS system (JEOL Ltd., Tokyo, Japan)
equipped with an atmospheric pressure chemical ionization (APCI) inter-
face. The HPLC-MS/APCI analysis was conducted with a positive and full
scan mode, and the mass range was set at 20—1500 Da. The conditions of
the APCI source were as follows: nebulizing gas (N2) flow rate, 1.5 l/min;
interface temperature, 500 °C; needle voltage, 5 kV; orifice1 temperature,
100 °C; orifice1 voltage, 10 V; ring voltage, 43 V; ion guide voltage, 2.5 kV.
Data were acquired and analyzed with LC/MS MS-MP30 software version
1.8.00 (JEOL Ltd., Tokyo, Japan).

Calibration Curves, Limits of Detection and Quantification Stock
solutions for 6-MITC and NAC were prepared and diluted to appropriate
concentrations for the construction of calibration curves. Six concentrations
(concentration ranges of 103—5125 mg/ml for 6-MITC and 81—4071 mg/ml
for NAC) of the standard solution were injected in triplicate. The calibration
curves by a least-squares linear regression were constructed by plotting the
mean peak areas versus the concentration of standards. The lowest concen-
tration of working solution was diluted with methanol to yield a series of ap-
propriate concentrations, and the limits of detection (LOD) and quantifica-
tion (LOQ) under the chromatographic conditions were separately deter-
mined as a signal-to-noise ratio (S/N) of 3 and 10, respectively.

Intra- and Inter-day Precision and Stability Intra- and inter-day varia-
tions were analyzed to determine the precision of this newly developed
method. The intra-day variation was determined by analyzing the same stan-
dard solution for 6-MITC or NAC in triplicate for three different times on
the same day. For inter-day variation, the solution was examined in triplicate
for three consecutive days. Stability of the 6-MITC standard solution was
tested at 4 °C every 8 h over 48 h. The long-term stability was also assessed
after the standard solution was stored at �20 °C for 30 d. The freeze-thaw
stability was determined after three freeze-thaw cycles (from �20 to 20 °C)
on three consecutive days. Room temperature stability was assessed keeping
the standard solution at room temperature (about 25 °C) under room light for
12 h. All the stability analyses were performed in triplicate. The relative
standard deviation (RSD) was taken as a measure of precision and stability.

Detection of the 6-MITC/NAC Conjugate A mixture of 6-MITC
(25 mM) and NAC (25 or 625 mM) was prepared and an aliquot (10 m l) was
immediately analyzed by HPLC (0 h time point), determining the peak area.
The remainder of the mixture was incubated at 37 °C for 0.5, 1 and 3 h; a
10 m l aliquot was analyzed by HPLC. When a peak, other than that of 6-
MITC or NAC, was observed by HPLC in the incubated mixture, a peak ex-
amination was performed by MS and its m/z was analyzed.

Results and Discussion
HPLC For monitoring of thiols and ITCs, an isocratic

mobile phase consisting of 0.1% TFA in water : acetonitrile
(60 : 40, v/v) has been reported to produce decent results.21)

Several tests, including gradient and isocratic separations,
were performed for optimizing the flow rate and composi-
tions of the mobile phase to achieve a high-quality chromato-
graphic peak shape and resolution. As a result, 0.05% TFA in
50% methanol with a flow rate of 0.3 ml/min was chosen as
the eluting solvent system to give the desired separation and
acceptable tailing factor within the running time of 40 min.

The injection needle was washed with methanol before each
injection to prevent sample-to-sample contamination, and no
contamination was detected in each chromatogram. Although
6-MITC and NAC show slightly different UV absorption
properties, it was found that the compounds could be moni-
tored in a single run at 220 nm after various detection wave-
lengths were examined. Representative chromatograms and
structures for 6-MITC and NAC are shown in Figs. 1A and
B. The retention times (tR) were about 33 min for 6-MITC
and 9 min for NAC.

HPLC-MS/APCI Since chromatographic peaks could
not be identified unambiguously by only tR and UV spectra in
a considerable complex matrix, HPLC-MS was used for the
confirmation of peak identification. Under fixed HPLC con-
ditions, the kind of ionization interface is a major control for
maximizing the detector response efficiency and improving
the peak appearance.20) APCI is widely used as an atmos-
pheric pressure ionization technique, especially for neutral
compounds, in which ion suppression by contaminants less
frequently occurs compared to electrospray ionization. In
APCI, the corona discharge can provide a source of electrons
in the gas-phase. This can be advantageous for some com-
pounds that can undergo electron capture. In positive
MS/APCI, the introduction of proton-affinitive atoms, such
as oxygen and nitrogen, to the analyte is very effective in in-
creasing the sensitivity of the resulting derivative.22) In the
present study, 6-MITC and NAC were analyzed by direct-
flow injection to optimize the MS conditions, and thereafter,
they were analyzed by HPLC-MS. First, HPLC-MS/ESI was
conducted but the results were not preferable. Therefore,
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Fig. 1. Typical HPLC Chromatograms and Structures

(A) 6-MITC; (B) NAC.



HPLC-MS/APCI was conducted as an alternative method.
Both 6-MITC and NAC had good responses in the positive
APCI and formed strong [M�H]� ions in the full scan spec-
tra at an m/z of 206 and 164, respectively (Figs. 2A, B). The
ion at an m/z of 325 observed in Fig. 2B is perhaps formed
by the presence of N,N�-diacetyl-L-cysteine (MW�324.38)
derived from NAC.

Calibration Curve, Sensitivity and Precision Calibra-
tion was performed by a least-squares linear regression of the
peak areas versus the standard 6-MITC or NAC concentra-
tions. Visual inspection of the plotted calibration curves and
correlation coefficients (0.9997 for 6-MITC and 0.9993 for
NAC) confirmed that the calibration curves were linear over
the examined concentration ranges of 103—5125 mg/ml for
6-MITC and 81—4071 mg/ml for NAC. LOD was 0.2 mg/ml
(1 mM) for 6-MITC and 0.16 mg/ml (1 mM) for NAC. LOQ
was 1.03 mg/ml (5 mM) for 6-MITC and 0.81 mg/ml (5 mM) for
NAC. These results indicate that 6-MITC can be detected
and quantified at 1 mM and 5 mM, respectively. As we have
previously reported, the negative effect of 6-MITC on cells
was found at 80 mM,13) and Ye et al. have reported that ITCs
in plasma and serum can be detected at 1 mM.23) These earlier
reports and our present results suggest that the methods in
the present study can be applied to analyzing effects of 6-
MITC both in vitro and in vivo. Furthermore, the intra- and
inter-day precisions calculated as percent coefficient of varia-

tion were less than 5% (4.1 and 4.9% for 6-MITC; 4.2 and
4.9% for NAC) for both 6-MITC and NAC. These results in-
dicate that the methods in the present study are valid for an
accurate and sensitive detection of 6-MITC or NAC.

Stability of 6-MITC The stability tests in the present
study were designed for the anticipated conditions that may
be experienced in the clinical environment. The stability of
the 6-MITC standard solution was tested at 4 °C every 8 h
over 48 h, and the long-term stability was also assessed after
the standard solution was stored at �20 °C for 30 d. Further-
more, the freeze-thaw stability was determined after three
freeze-thaw cycles (from �20 °C to 20 °C) on three consecu-
tive days. Room temperature stability was also assessed
keeping the standard solution at room temperature (about
25 °C) under room light for 12 h. RSDs for all the stability
analyses were less than 4%. These results revealed that the
stability of 6-MITC was within the acceptable range. In fact,
in light of 6-MITC attracting great attention as a new possi-
ble candidate for controlling cancer cell progression and
metastasis, the results of these stability tests are very appeal-
ing for practical use.

Detection of the 6-MITC/NAC Conjugate A mixture
of 6-MITC (25 mM) and NAC (625 mM) was prepared and an
aliquot (10 m l) was immediately analyzed by HPLC (0 h time
point), determining the peak area. The remainder of the mix-
ture was incubated at 37 °C for 0.5, 1 and 3 h; a 10 m l aliquot
was analyzed by HPLC. Figure 3 shows a typical series of
chromatograms for the decrease in free 6-MITC (tR of
33 min, Y��2.522X�24.998, where Y represents the esti-
mated concentration (mM) of 6-MITC and X represents the
incubation time (h), Estimated half life of 6-MITC is
4.956 h), which demonstrates the time-dependent formation
of the 6-MITC/NAC conjugate (tR of 13.5 min) as a product.
The conjugate gave about half the signal of 6-MITC at 0.5 h,
while it was twice as much at 3 h. The tR for the conjugate
appeared shorter than that for 6-MITC due to the hydrophilic
group derived from NAC. Although the concomitant de-
crease in 6-MITC was obvious after 3 h incubation, it is not
clear in NAC (tR of 9 min) (Fig. 3, lower left), and two peaks
for NAC were observed, perhaps because the initial concen-
tration of NAC was very high (625 mM). A lower initial con-
centration (25 mM) of NAC was also examined for the detec-
tion of the 6-MITC/NAC conjugate, however, the reaction
between 6-MITC and NAC was slow and the concomitant
formation of the 6-MITC/NAC conjugate was very little even
after 3 h incubation (Fig. 3, lower right). The mixture of 6-
MITC and NAC was also analyzed by MS for confirmation
of peak identification. Figure 4A shows product ion mass
spectra for the 6-MITC and NAC mixture at a tR of 13.5 min.
A possible structure of the conjugate is also shown. The
[M�H]� ions for 6-MITC and NAC were observed at an m/z
of 206 and 164, respectively, and the ion at an m/z of 369
represented the [M�H]� ion for the 6-MITC/NAC conju-
gate. The ion at an m/z of 305 was probably formed by cleav-
age at the broken line (Fig. 4A), or it could be a conjugate
formed by 6-MITC and a fragment of NAC. Figure 4B is
typical mass chromatograms of the mixture and the [M�H]�

ion (m/z of 369) for the 6-MITC/NAC conjugate exhibiting
the highest peak at a tR of 13.5 min. These data indicate that
the 6-MITC/NAC conjugate (m/z of 369, tR of 13.5 min) is
formed as a product in the mixture of 6-MITC and NAC.
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Fig. 2. Product Ion Mass Spectra and Structures

(A) 6-MITC; (B) NAC.



Conclusions
In the present study, an HPLC-MS/APCI method for the

detection of 6-MITC and its conjugate with NAC has been

developed. This method is validated for good accuracy, re-
peatability and precision. To our best knowledge, this is the
first report that describes the formation of the 6-MITC/NAC
conjugate. We have previously reported that the negative ef-
fect of 6-MITC on cells at a higher dosage (80 mM) was over-
come by NAC treatment with an unknown mechanism.13) In
the process of elucidating this mechanism, we hypothesized
that 6-MITC and NAC were acting in the cells not independ-
ently but in synergy, creating a 6-MITC/NAC conjugate. Our
present study proceeded with this hypothesis, which is a ra-
tional strategy to elucidate the synergic effects of 6-MITC
and NAC, and the newly developed method will be a power-
ful tool for understanding the mechanism underlying the bio-
logical effects of 6-MITC.
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