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Abstract
Dietary isothiocyanates are a group of promising chemopreventive agents obtained primarily from
cruciferous vegetables. Due to their potent chemopreventive and/or anti-cancer activities, there is
a growing interest in assessing dietary isothiocyanate exposure and its impact on human health.
Using the HPLC-based cyclocondensation assay, the current study measured total isothiocyanate
yield from raw cruciferous vegetables. A total of 73 samples comprising nine types of cruciferous
vegetables were analyzed. We observed a wide range of isothiocyanate content across the
individual vegetables with an average level of 16.2 μmol/100g wet weight, ranging from 1.5 μmol
in raw cauliflower to 61.3 μmol in raw mustard greens. The data represent the maximum amount
of isothiocyanates released from the intake of raw cruciferous vegetables. Given that the
vegetables assayed in this study include the most commonly consumed cruciferous vegetables in
western diets, the data may be particularly useful in estimation of dietary isothiocyanate exposure
in these populations. However, due to the variation observed within each vegetable, biomarkers
such as urinary isothiocyanate level may be necessary for accurate estimation of individual
exposure.
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1. Introduction
Dietary isothiocyanates are phytochemicals primarily derived from cruciferous vegetables.
With the shared active –N=C=S structure, these compounds have shown multifaceted
chemopreventive activities against cancer, including modulation of phase 1 and phase 2
enzymes to block carcinogenesis, and induction of apoptosis and cell cycle progression to
inhibit growth of malignant cells (Conaway, Yang, & Chung, 2002; Hecht, 1999; Nakamura,
2009; Navarro, Li, & Lampe, 2011; Singh & Singh, 2012; Thornalley, 2002; Zhang, Yao, &
Li, 2006). The potent chemopreventive activities of dietary isothiocyanates have been
established in multiple cancer models, including bladder, colon, liver, lung, mammary gland,
and esophagus, in both in vitro and in vivo systems. Due to highly promising experimental
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evidence, there is a growing interest in the assessment of dietary isothiocyanate exposure in
humans and examination of their potential role in chemoprevention of cancer. However,
research into the relationships between isothiocyanates and cancer risk is hindered by the
lack of food composition data for isothiocycanates in cruciferous vegetables.

Isothiocyanates are stored as glucosinolates in cruciferous vegetables. In plants,
glucosinolates coexist with but are physically segregated from an endogenous enzyme
myrosinase (thioglucoside glucohydrolase, EC 3.2.1.1). Upon vegetable cutting or chewing,
myrosinase is released from the damaged plant cells to hydrolyze glucosinolates. It is
noteworthy that human intestinal microflora also possess myrosinase activity, therefore, a
portion of unhydrolyzed glucosinolates could be converted to isothiocyanates in the human
gastrointestinal tract (Getahun & Chung, 1999; Shapiro, Fahey, Wade, Stephenson, &
Talalay, 1998). Depending on the chemical structure of glucosinolates such as aliphatic,
aromatic, or indole glucosinolates, coexisting factors in vegetables such as epithiospecifier
protein (ESP), ascorbic acid or Fe2+, as well as environmental conditions such as pH value,
end products of hydrolyzed glucosinolates are different, including isothiocyanates, indoles,
nitriles, and thiocyanates (Burow, Markert, Gershenzon, & Wittstock, 2006; Fahey,
Zalcmann, & Talalay, 2001; Verkerk, et al., 2009). A single plant can contain as many as 15
different glucosinolates (Verkerk, et al., 2009), rendering it difficult to characterize and
quantify each individual glucosinolate. Importantly, it has been shown that ESP tilts
myrosinase-catalyzed hydrolysis of glucosinolates toward nitriles at the cost of
isothiocyanates, while the presence of ESP varies in vegetables with a strong activity in
broccoli but not in mustard or horseradish (Cole, 1978; Kaoulla, MacLeod, & Gil, 1980;
Matusheski, Juvik, & Jeffery, 2004; Matusheski, et al., 2006; Petroski & Tookey, 1982;
Wittstock & Burow, 2007). Moreover, ESP has varied substrate specificity with a high
efficiency on the hydrolysis of aliphatic glucosinolates compared to a small impact on
aromatic glucosinolates (Cole, 1978; Kaoulla, et al., 1980; Matusheski, et al., 2004;
Matusheski, et al., 2006; Petroski & Tookey, 1982; Wittstock & Burow, 2007). Therefore,
although glucosinolate content in cruciferous vegetables has been reported in several studies
(Agudo, et al., 2008; Kushad, et al., 1999; McNaughton & Marks, 2003; Verkerk, et al.,
2009), estimation of total dietary glucosinolate intake does not represent total dietary
isothiocyanate exposure in humans.

To the best of our knowledge, only one study by Jiao et al. (Jiao, Yu, Hanker, Low, &
Chung, 1998) has measured total isothiocyanate content in nine types of cruciferous
vegetable, but primarily those commonly consumed in Asia, including choi sum, kai choi,
kai lan, bok choi, wong nga pak, watercress. Although broccoli, cabbage, and cauliflower
were included in the analysis, the total isothiocyanate contents were considerably different
from the values obtained from those same vegetables in the United States (Shapiro, et al.,
1998). The deviation could be attributed to methodological variation between the
laboratories, however, the primary cause may be the different growing conditions and
cultivation practices between the countries. Furthermore, Jiao et al. measured isothiocyanate
content in cooked vegetables by adding exogenous myrosinase, which does not represent the
natural hydrolysis process of glucosinolates in the vegetables (Jiao, Yu, Hanker, Low, &
Chung, 1998). The values obtained from cooked vegetables may also underestimate the
isothiocyanate yield, as cooking can lead to loss of glucosinolates, inactivation of
myrosinase, and destruction of heat-labile isothiocyanates (Getahun & Chung, 1999;
Shapiro, et al., 1998). The current study was designed to measure total amount of
isothiocyanates released naturally from raw cruciferous vegetables that are frequently
consumed in Western diets, with the purpose of providing food composition data to public
and research society for estimation of dietary isothicoyanate exposure.
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2. Materials and methods
2.1 Materials

1,2-Benzenedithiol was purchased from Aldrich, purified by vacuum distillation, and stored
in small aliquots at −20°C. Sulforaphane was purchased from LKT Laboratories. Allyl
isothiocyanate, myrosinase, and all other chemicals were reagent grade and were purchased
from Sigma-Aldrich.

2.2. Sample preparation
A total of 73 samples of nine commonly consumed cruciferous vegetables, including
broccoli, cabbage, cauliflower, Brussels sprout, kale, collard green, mustard green, and
turnip green, were purchased from local grocery stores in the Buffalo, New York,
metropolitan area. Each store obtains vegetables either from local farms or from outside of
the western New York region such as California, Virginia, or Hawaii. To increase
generalizability of our samples, each type of vegetable was purchased from at least three
different stores and on at least three different dates spanning a period of six months (June to
November). Each sample was weighed and homogenized into a fine paste with deionized
water (1:3, weight:volume) in a Waring blender. The mixture was centrifuged at 300 × g for
3 minutes at 4 °C to remove insoluble materials. The supernatants were stored at −70 °C
until analysis of isothiocyanate. All vegetables were processed on the day of purchase.

2.3. Cyclocondensation assay
The isothiocyanate level was measured by the high-performance liquid chromatography
(HPLC)-based cyclocondensation assay using 1,2-benzenedithiol as the detection reagent
(Tang, Zhang, et al., 2006; Zhang, Wade, Prestera, & Talalay, 1996). The cyclocondensation
assay relies on the reaction of the carbon atom of the –N=C=S group of isothiocyanate
molecule with thiol groups of 1,2-benzenedithiol to form a five membered 1,3-
benzodithiole-2-thione and the corresponding amine (Figure 1a). Using a simple reverse
phase HPLC with an isocratic mobile phase of 80% methanol and 20% water at a flow rate
of 2 mL/min, 1,3-benzodithiole-2-thione is eluted at 5-6 min (Figure 1b). Due to the
presence of the characteristic –N=C=S structure, naturally occurring isothiocyanates (all
aliphatic and aromatic isothiocyanates) react quantitatively with an excess of 1,2-
benzenedithiol. Therefore, the HPLC-based cyclocondensation assay provides a generic
analytical method for measurement of total isothiocyanates, but is not able to differentiate
each individual isothiocyanates (Zhang, 2012).

Briefly, in a 4 mL glass vial, each sample (up to 0.25 mL) was mixed with 0.25 mL of 100
mmol/L potassium phosphate buffer (pH 8.5), 0.5 mL of 10 mmol/L 1,2-benzenedithiol in
methanol to form a 1.0 mL reaction mixture (adjusted with water). The reaction mixture was
incubated for 2 hours at 65 °C, and was then cooled to room temperature. The mixture was
centrifuged at a low speed to sediment insoluble materials. A 0.1 mL aliquot of the
supernatant was injected into the HPLC system for analysis of isothiocyanate content. Each
run included a blank containing only methanol, a control containing only 1,2-benzenedithiol,
and a series of standards containing different amounts of pure isothiocyanates.

An Agillent 1100 series HPLC system equipped with a model G1313A autosampler, a
model G1315B photodiode array detector, and an Agillent Chemostation chromatography
data system was coupled to an analytical C18 reverse-phase column (Whatman Partisil 10
μm ODS-2, 4.5 × 250 mm) for the cyclocondensation assay. The HPLC mobile phase was
methanol:water (80:20, v/v), at a flow rate of 1.75-2 mL/min. 1,3-Benzodithiole-2-thione,
the cyclocondensation product of 1,2-benzenedithiol with isothiocyanate, was eluted
between 5-6 minutes, and the eluent were monitored at 365 nm by the photodiode array
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detector. Each sample was eluted for a total of 10 minutes. With 1,3-benzodithiole eluted
between 5-6 minutes, this 10-minute elusion will leave about 5-minute time interval to wash
the column between sample injections. 1,3-Benzodithiole-2-thione (Zhang, et al., 1996) was
dissolved in methanol and serially diluted to calibrate the system. This system has been used
routinely in our laboratory with the detection limit of 5 pmol isothiocyanate (Munday, et al.,
2008; Tang, Li, Song, & Zhang, 2006; Tang & Zhang, 2005; Tang, Zhang, et al., 2006).

2.4. Exogenous myrosinase treatment
To investigate whether conversion of glucosinolates to isothiocyantes is completed by
endogenous myrosinase, three samples from each type of vegetables were randomly selected
for treatment with exogenous myrosinase. Two aliquots of supernatant for each sample were
mixed with or without myrosinase (1 unit per 0.1 mL vegetable supernatant). The mixtures
were incubated at room temperature for 1 hour and then subjected to analysis of
isothiocyanate. The values were compared between the two aliquots. The activity of
exogenous myrosinase was confirmed in the laboratory using commercially available
glucosinolates (results not shown).

3. Results and discussion
The common name and nomenclature of the examined cruciferous vegetables as well as
their total isothiocyanate yields are listed in Table 1. Depending on the availability from
local grocery stores, 8 to 10 samples of each cruciferous vegetable were collected. A total of
73 samples comprising 9 different cruciferous vegetables were analyzed, with an average
total isothiocyanate yield of 16.2 μmol/100g wet weight. A wide range (as much as 41-fold
difference) of isothiocyanate yield was observed across the vegetables. Cauliflower had the
lowest mean level of isothiocyanate yield (1.5 μmol/100g wet weight) and mustard greens
had the highest mean level (61.3 μmol/100g wet weight).

Variation in isothioycanate yield across vegetable type was also observed within each
vegetable. For example, we observed up to 345-fold difference in isothiocyanate yield
among nine samples of mustard green (ranging from 0.4 to 137.9 μmol/100g wet weight). In
order to further delineate this source of variation, we compared total isothiocyanate yield
among samples purchased from three different local markets and the samples purchased at
three different time points spanning a 6-month period (Figure 2). The total isothiocyanate
yield varied considerably across the markets, which may reflect differences in the source of
vegetables of each market. Interestingly, the major vegetable source of store 2 is local farms,
so one would presume that the time from harvest to purchase would be shorter, which could
result in higher levels of isothiocyanates. However, the vegetables from store 2 did not
produce higher yields of isothiocyanates overall compared with the vegetables from the
other stores, indicating that freshness may not be the determining factor for isothiocyanate
yield, although we do not know the number of days from harvest. Diverse results were also
obtained from vegetables purchased at three different time points, indicating that seasonal
differences also exist. Although only the results of broccoli, cabbage, and cauliflower are
presented, similar results were obtained for all the other vegetables.

Variations in isothiocyanate yield within individual cruciferous vegetables may be attributed
to environmental and genetic factors, which determine the content of glucosinolates and/or
the ratio of isothiocyanate-producing glucosinolates to the other glucosinolates in
cruciferous vegetables. Using broccoli as an example, Mithen et al. found that increasing
soil sulfur and nitrogen content through fertilization significantly increases the amount of
glucosinolates in the vegetable (Mithen, et al., 2003). Even under the same growing
conditions, the content of total glucosinolates as well as the percentage of glucoraphanin
(the predominant isothiocyanate-producing glucosinolate in broccoli) still varied across a
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variety of broccoli lines with different genetic backgrounds (Kushad, et al., 1999).
Interestingly, harvest time and post-harvest condition also affect the glucosinolate content
(Verkerk, et al., 2009). Fahey et al. reported that high amount of isothiocyanate-producing
glucosinolates in broccoli was found in 3-day-old sprouts, and the content decreased
precipitously during the growth of vegetables, with increase of other glucosinolates such as
indole-producing glucosinolates (Fahey, Zhang, & Talalay, 1997). Mature broccoli has an
approximately 15-fold lower amount of isothiocyanate-producing glucosinolates than 3-day-
old broccoli sprouts. Cold transportation and storage of broccoli also causes a loss of
glucosinolates up to 70-80% (Vallejo, Tomas-Barberan, & Garcia-Viguera, 2003).

In order to examine the completeness of conversion from glucosinolates to isothiocyanates
in the processed cruciferous vegetables, three samples from each type of cruciferous
vegetable were randomly selected for treatment with exogenous myrosinase, and total
isothiocyanate yield was compared between treated and untreated samples. The results of
analyses of broccoli, cabbage, cauliflower, and Brussels sprout are presented in Figure 3.
Isothiocyanate yields were essentially identical before and after treatment. Similar results
were obtained for other cruciferous vegetables (results not shown). This finding is important
as it illustrates not only the completeness of the conversion of glucosinolates to
isothiocyanates in processed samples, but also indicates that the myrosinase content in
cruciferous vegetable alone is sufficient for complete conversion of glucosinolates to
isothiocyanates. It is noted that in certain cruciferous vegetables such as broccoli, the
isothiocyanate yield from glucosinolates is determined by both myrosinase and ESP
(Matusheski, et al., 2004). ESP interacts with the intermediate product of hydrolyzed
glucosinolates and diverts isothiocyanate formation into nitrile. In well-controlled
conditions, heating at a certain temperature (e.g. 60°C) destroys ESP but spares myrosinase,
thus increasing isothiocyanate yield by 5 folds (Matusheski, et al., 2004). Therefore,
although the values listed in Table 1 may represent the maximal isothiocyanate exposure in
humans from intake of raw cruciferous vegetables, our reported values may not be the
maximal isothiocyanate yield that can be produced by vegetables under ideal conditions.

The purpose of the current study was to provide food composition data for estimation of
dietary isothiocyanate exposure based on intake of cruciferous vegetables. However, the
data need to be used with cautions.

First, the isothiocyanate levels observed in the current study represent the amount of
isothiocyanates that could be obtained from intake of raw cruciferous vegetables. When
vegetables are consumed in other forms, the yield of isothiocyanates would vary
substantially depending on different cooking methods. McNaughton and Marks compared
the glucosinate content in raw, cooked (unclassified including microwave, steam, stir fry, or
boil), or boiled vegetables and found loss of glucosinolates in a range of 18.1 to 59.1%, with
the highest loss by boiling (McNaughton & Marks, 2003). Moreover, cooking temperature
and time also affect the release of isothiocyanates from glucosinolates due to the inactivation
of myrosinase and ESP and destruction of heat-labile isothiocyanates (Matusheski, et al.,
2004; Rungapamestry, Duncan, Fuller, & Ratcliffe, 2007). It has been reported that cooking
reduces isothiocyanate exposure from cruciferous vegetables by 60% to 90% (Conaway, et
al., 2000; Getahun & Chung, 1999; Rouzaud, Young, & Duncan, 2004; Shapiro, et al.,
1998). Therefore, collection of detailed information on vegetable consumption form (cooked
or raw) in epidemiology studies could significantly improve the accuracy of the estimation
of dietary isothiocyanate exposure and help detect true associations between isothiocyanate
intake and human disease.

Second, we presented here the total isothiocyanate content from raw cruciferous vegetables
instead of individual isothiocyanate level. Although dietary isothiocyanates collectively
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show certain degree of chemopreventive and/or anti-cancer activities partly due to their
shared –N=C=S structure, individual isothiocyanate with varied side chain may have
different potencies as well as target different mechanisms (Jiao, et al., 1994; Navarro, et al.,
2011; Singh & Singh, 2012; Wang, et al., 2011). By linking with the glucosinolate
composition data, primary isothiocyanates from individual vegetables could be derived,
which should be considered when assessing the impact of dietary isothiocyanates on
different cancers or diseases.

Last, variation in isothiocyanate yield within each type of cruciferous vegetables attenuates
the accuracy of the exposure estimation. The in vivo hydrolysis of ingested glucosinolates by
microflora in the gastrointestinal tract adds another layer of complexity to accurately
estimate dietary isothiocyanate exposure, as Kensler et al. reported a 44-fold inter-individual
variability of in vivo hydrolysis of glucosinolates in an intervention trial (Kensler, et al.,
2005). Therefore, if more accurate estimation of dietary isothiocyanates is required, internal
biomarkers such as urinary isothiocyanate levels should be considered. For most
epidemiological studies, individuals are ranked on dietary intake to examine the associations
with the outcome of interest. The pattern of cruciferous vegetable intake is usually queried
in a relatively long time period (e.g. usual dietary intake in a few years before diagnosis),
and the frequency data are used to estimate the intake. These procedures would help balance
the variations caused by each discrete intake. Indeed, using urinary isothiocyanate
metabolites as biomarkers, Seow et al. found that estimation of dietary isothiocyanate intake
was significantly correlated with urinary isothiocyanate level (Seow, et al., 1998).

4. Conclusion
There is a growing interest in understanding the role of dietary isothiocyanates in human
health. However, lack of food composition data limits exposure assessment and impedes
research progress. The current study provides food composition data for isothiocyanate yield
from raw cruciferous vegetables, the major dietary source of isothiocyanates in human diets.
Given that the type of vegetables examined in this study includes the most commonly
consumed cruciferous vegetables in Western diet, the data may be particularly useful in
estimation of dietary isothiocyanate exposure in this population.
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1. AIF-1 is a highly conserved, inflammatory protein with multiple biologically
active sites.

2. AIF-1 influences several key cellular and molecular events in inflammation
activation.

3. AIF-1 may serve as a clinical marker of chronic and acute organ transplantation
rejection.

4. AIF-1 is a central causal factor in the pathogenesis of autoimmune disorders and
vasculopathy.

5. AIF-1 is tightly associated with central nervous system injury and cancer.
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Figure 1.
The HPLC-based cyclocondensation assay for measurement of isothiocyanates. A, reaction
of isothiocyanates with 1,2-benzenedithiol; B, a typical chromatogram of a completed
cyclocondensation reaction solution. (Adapted from Zhang 2012).
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Figure 2.
Variation of total isothiocyanate yield from cruciferous vegetables across different local
markets and time points. Each vegetable type was purchased from three different markets
and at three different time points (at least two months apart). Values are mean ± SEM (n=3).
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Figure 3.
Total isothiocyanate yield from different cruciferous vegetables with or without additional
treatment with exogenous myrosinase. Each vegetable was tested three times independently
using samples from different sources. Due to the wide range of total isothiocyanate yield
from different samples, only one set of representative results is presented. No statistically
significant difference was observed in total isothiocyanate yield between myrosinase-
treated and -untreated samples based on paired Student's t-test at α=0.05.
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Table 1

Total isothiocyanate yield in commonly consumed cruciferous vegetables in USA.

vegetables Scientific name N ITC yield (μmol/100g wet weight) Mean and ranges

Broccoli Brassica oleracea var. italica 9 6.9 (2.6 – 18.1)

Cabbage Brassica oleracea var. capitata 10 31.7 (0.5 – 77.9)

Cauliflower Brassica oleracea var. botrytis 9 1.5 (0.7 – 2.7)

Brussels Sprout Brassica oleracea var. gemmifera 9 9.6 (0.6 – 21.1)

Kale Brassica oleracea var. acephala 9 3.7 (0.4 – 12.9)

Collard Green Brassica oleracea var. viridis 10 5.8 (0.1 – 28.5)

Mustard Green Brassica juncea 9 61.3 (0.4 – 137.9)

Turnip Green Brassica rapa var. rapa 8 9.0 (1.1 – 17.8)

Vegetables were purchased from different local markets and processed in the same day. Total isothiocyanate yield from the vegetables was
measured by the HPLC-based cyclocondensation
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