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Abstract: Rapeseed (Brassica napus L.) is rich in phenols, vitamins, carotenoids, and mineral elements,
such as selenium. Additionally, it contains the active ingredients sulforaphane and indole-3-carbinol,
which have been demonstrated to have pharmacological effects. In this study, sulforaphane and
indole-3-carbinol were extracted and quantified from rapeseeds using quick, easy, cheap, effective,
rugged and safe (QUEChERS) method coupled with ultra high performance liquid chromarography
tandem mass spectrometry (UHPLC-MS/MS). The major parameters for extraction and purification
efficiency were optimized, including the hydrolysis reaction, extraction condition and type and
amount of purification adsorbents. The limit of detection (LOD) and the limit of quantification
(LOQ) for sulforaphane were 0.05 pg/kg and 0.15 pg/kg, and for indole-3-carbinol were 5 ng/kg
and 15 pg/kg, respectively. The developed method was used to successfully analyze fifty rapeseed
samples. The QuUEChERS coupled with UHPLC-MS/MS simultaneously detect sulforaphane and
indole-3-carbinol in vegetable matrix and evaluate the quality and nutrition of rapeseed samples.
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1. Introduction

Rapeseed (Brassica napus L.) is a major oilseed crop in China. China generates approximately 20%
of the world’s yield [1]. Rapeseeds not only produce edible oils, but their sprouts, seedlings, and leaves
have nutritional value for human consumption [2]. Vegetables such as Brassicaceae (Cruciferae) are
vital nutritional sources throughout the world. They contain several chemopreventive compounds,
such as glucosinolates, polyphenols, and selenium [3-5]. During plant tissue damage, glucosinolates
decompose into isothiocyanates and nitriles in the presence of the endogenous enzyme myrosinase
(EC 3.2.1.147), then undergo immediate hydrolysis of the 3-thioglucoside group [6].

More than 300 glucosinolates and their hydrolytic products have been identified and evaluated
for their beneficial effects [7,8]. The phytochemicals classified as isothiocyanates have been widely
utilized to investigate their anti-tumor, anti-cancer and anti-inflammatory effects. Sulforaphane (SFN)
has been demonstrated to be the most potent compound. It is the activator of the Nrf2 pathway, which
regulates the cellular defense system and promotes various detoxifying and antioxidative effects [9,10].
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Sulforaphane has beneficial effects for diabetic complications by effectively reducing fasting blood
glucose and glycated hemoglobin levels in obese type 2 diabetic patients with poor glycemic control [11].
The bioavailability of sulforaphane in vegetables has also been studied, and could serve as a guide
for the design and implementation of SFN in clinical trials [12,13]. Indole-3-carbinol (I3C) is another
important anti-cancer chemopreventive compound that acts via further hydrolysis of isothiocyanate
(indol-3-methyl isothiocyanate), which is derived from cruciferous plants. The I3C compound has
been shown to regulate the growth of cancer cells by modulating genes involved in growth, signal
transduction and carcinogenesis [14]. It can inhibit the proliferation of cancer cells [15,16], inhibit the
expression of drug resistance genes [17], and induce apoptosis [18]. Preliminary clinical trials have
indicated that indole-3-carbinol could be used to protect against hormone dependent/independent
human cancers [19]. As shown in Figure 1, sulforaphane and indole-3-carbinol are both non-toxic,
“natural products” and are often used in combination with conventional chemotherapy to treat human
malignancies to give a lower toxicity and higher efficacy.
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Figure 1. The molecular structures of sulforaphane and indole-3-carbinol.

An appropriate sample pretreatment method is a key step to the quantification of sulforaphane
and indole-3-carbinol in vegetables. Current pretreatment extraction techniques for sulforaphane and
indole-3-carbinol include liquid-liquid extraction [20], solid-phase extraction (SPE) [21], dispersive
liquid-liquid microextraction (DLLME) [22], high-speed countercurrent chromatography (HSCCC) [23]
and preparative HPLC [24]. However, the majority of the extraction and purification methods are
tedious and require large volumes of organic solvents or sophisticated equipment. QuEChERS
(quick, easy, cheap, effective, rugged and safe) is a comprehensive method that has been widely
used to determine target analytes in foods, agri-products, environmental substances and biological
fluids [25,26]. The QUEChERS method constitutes two key steps including liquid-liquid extraction and
dispersive solid-phase extraction clean-up. This method is simple, versatile, eco-friendly, eliminates
matrix effects and has excellent recovery. The QUEChERS is an ideal method for the extraction and
purification of sulforaphane and indole-3-carbinol in vegetable samples.

Quantitative methods for sulforaphane include thin-layer chromatography (TLC) [27], gas
chromatography (GC) [28], and gas chromatography-mass spectrometry (GC-MS) [29]. However,
high temperatures at the injection ports in the GC or GC-MS system could result in the degradation
of sulforaphane and indole-3-carbinol [30]. To measure the stability and solubility of the analytes,
liquid chromatography coupled with various detectors has been developed. These include ultraviolet
(UV) [31], diode-array (DAD) [32], evaporative light-scattering detectors (ELSD) [33], fluorescence
detectors (FLD) [34] and high-resolution mass spectrometry (HR-MS) [35]. UHPLC-MS/MS provides
high-throughput screening capability with confirmatory data. This is an important method for the
simultaneous determination of nutritional compounds in plant samples.

This study aimed to develop a fast, simple and accurate method using QUEChERS coupled with
UHPLC-MS/MS for the extraction and quantification of sulforaphane and indole-3-carbinol in rapeseed
samples. The major parameters for extraction and purification efficiency were investigated, including
the hydrolysis reaction, extraction condition and type and amount of purification adsorbents. Under
the optimized parameters, the analytes of rapeseed stem tissue were simultaneously detected.
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2. Results and Discussion
2.1. Optimization of Extraction Conditions

2.1.1. The Effect of Hydrolysis Time

The yield of sulforaphane and indole-3-carbinol extracted from rapeseed tissue samples before
and after hydrolysis were compared. The yield of sulforaphane and indole-3-carbinol extracted
without hydrolysis was 50.3%, which was 30.0% lower compared to the yield obtained after
hydrolysis. The results demonstrated that the hydrolysis step increased the yield of sulforaphane
and indole-3-carbinol. Enzymatic hydrolysis was performed for 1 to 5 h. An increase in sulforaphane
and indole-3-carbinol yields were observed with an increase in hydrolysis times (Figure 2a). Peak
yields of sulforaphane and indole-3-carbinol were observed after two hours of hydrolysis. Prolonged
hydrolysis resulted in slightly lower yields of sulforaphane. Hence, the hydrolysis time was set at 2 h
for subsequent experiments.
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Figure 2. Optimized extraction conditions: (a) effect of hydrolysis time, (b) effect of temperature,
(c) effect of solvent type, (d) effect of extraction solvent volume. “*” with brackets represent significant
differences of SFN and I3C, p < 0.05.

2.1.2. Effect of Hydrolysis Temperature

The effect of temperature was investigated from 25 °C to 55 °C for the hydrolysis reaction. Yields
for sulforaphane and indole-3-carbinol increased from 25 °C to 45 °C (Figure 2b). However, when
the temperature was at 55 °C the yield for indole-3-carbinol decreased. The results indicated that
endogenous myrosinase had the best catalytic activity at 45 °C. Hence, the hydrolysis temperature was
set at 45 °C for subsequent experiments.

2.1.3. Effect of Solvent Type on Extraction

Different organic solvents were evaluated to improve the extraction efficiency, such as n-hexane,
methyl tert-butyl ether, ethyl acetate, and dichloromethane [36]. As shown in Figure 2¢, the high
yields for sulforaphane and indole-3-carbinol were achieved with the increased polarity from 0.519
n-hexane to 0.876 dichloromethane. Additionally, organic and aqueous phases could be separated in
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short time using high density dichloromethane, which significantly improved extraction efficiency.
Hence, dichloromethane was selected as the extraction solvent.

2.1.4. Effect of Solvent Volume on Extraction

Appropriate extraction solvent volume could improve the complete extraction of the target
compounds. Extraction yields for the two compounds at different the material-liquid ratios of 1: 4,
1:16, 1:20, and 1:24 (g/mL) are shown in Figure 2d. The extraction yields gradually increased with
larger volume of extraction solvent and the extraction yields plateaued when the ratio of material to
liquid reached 1:20 (g/mL). Based on factors such as reagent use, environmental pollution, test costs,
and other factors, the final material-liquid ratio of 1:20 (g/mL) was selected.

2.2. Type and Amount of Purification Adsorbents

Different purification adsorbents including C18, PSA, GCB were evaluated for extraction steps.
As shown in Figure 3a, using C18 for purification was the best, with optimal recovery for both
compounds. The recoveries using PSA, GCB and no purification were low for both compounds,
indicating that PSA and GCB had an adsorption effect on the target compounds. Extraction without
purification had the presence of pigments and other impurities, which significantly contaminated the
ion source of the mass spectrometer.
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Figure 3. Optimization of the amount and type of purification material: (a) effect of the different
types of purification materials, (b) amounts of C18 used for purification. Solutions were spiked with
sulforaphane at 20 pg/kg, indole-3-carbinol at 50 pg/kg.

Using C18, the target compound was inhibited from ionization, resulting in a decrease in MS
signal. Hence, the effects of different amounts of C18 (5, 15, 25, 35, and 45 mg) on the purification
effect of the target compounds were investigated. As shown in Figure 3b, 25 mg of C18 resulted in
recovery rates of 96.4% and 97.3% for sulforaphane and indole-3-carbinol, respectively, which satisfied
the quantitative requirements. A decrease in recovery rate was observed when greater than 25 mg of
C18 was used.

2.3. Method Validation

2.3.1. Linear Equations, Detection Lines, and Limits of Quantification

Under optimal conditions, the peak area was designated as the ordinate and the concentration
as the abscissa to establish the standard curve. The regression equation and linear range for each
compound are shown in Table 1. The limit of detection (LOD) and the limit of quantification (LOQ)
were determined using the target compound concentration corresponding to 3 and 10 times the
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signal-to-noise ratio (5/N), respectively. The LOD and LOQ for sulforaphane were 0.05 pg/kg and
0.15 ug/kg, and for indole-3-carbinol were 5 ug/kg and 15 ug/kg, respectively.

Table 1. Linear equations, correlation coefficient (RZ), LODs, LOQs for sulforaphane
and indole-3-carbinol.

Compound Linear Range Regression Equation Correlation LOD LOQ
P (ng/kg) & 1 Coefficient (ug/kg) (ug/kg)
Sulforaphane 0.1-800 Y =458,317X - 133,901 0.9999 0.05 0.15
Indole-3-carbinol 15-1000 Y = 42.3285X + 397.599 0.9986 5 15

2.3.2. Recovery, Intra-Day and Inter-Day Precision

Sulforaphane and indole-3-carbinol were spiked at different concentrations in rapeseed leaf
samples. The recoveries were calculated using the ratio between (total detected amount-original
amount) and spiked amount [37,38]. As presented in Table 2, the recoveries of sulforaphane were in
the range of 76.5%-96.4%, and indole-3-carbinol were in the range of 80.2%-97.3%. The results satisfied
the acceptance criteria for the assay. Accuracy was calculated by repeated measurements and then the
relative standard deviation (RSD, %) was calculated. Using the same conditions, different concentrations
of the spiked matrix were measured three times within one day to assess intra-day precision. They
were also measured for five consecutive days to assess inter-day precision. The intra-day and inter-day
precision for sulforaphane were less than 5.9% and 11.3%, respectively, and for indole-3-carbinol were
less than 10.3% and 10.6%, respectively. The results indicated that target compounds were stable.

Table 2. Recovery rate, intra-day and inter-day precision for sulforaphane and indole-3-carbinol.

Spiked Recove Intra-Day Inter-Day

Compound Concentration (%) y Precision Precision
(ug/kg) (N =3, %) (N =5, %)

Sulforaphane 1/5/25 76.5/91.3/96.4 4.9/5.9/4.1 9.4/9.0/11.3
Indole-3-carbinol 20/50/100 80.2/92.3/97.3 10.3/8.9/7.7 9.9/10.6/9.8

2.3.3. Matrix Effect

Components other than the analytes from rapeseed tissues were considered to be matrices. These
matrices may enhance or reduce the intensity of the mass spectra. Sample spike experiments were used
to determine matrix effects (ME). Three sets of experiments were designed to evaluate the matrix effects
of the method. Matrix standard solution (A), matrix solution (B) and standard solution (C) with different
concentrations were investigated. The matrix effect was calculated using the following formula:

ME (%) = [(A - B)/C — 1] x 100%

The ME in rapeseed tissues ranged from —6.56% to 11.02%, which indicated that this extraction
and purification method was acceptable for routine UHPLC-MS/MS analysis.

2.4. Method Application

The developed synchronous quantitative method was applied for the determination of
sulforaphane and indole-3-carbinol compounds in rapeseed tissues as present in Figure 4. The summary
of sulforaphane and indole-3-carbinol in the leaves and stems derived from rapeseed are illustrated
in Table 3. The overall ranges of sulforaphane and indole-3-carbinol are presented in this validation
study for rapeseed tissues. The amount of sulforaphane varied from ND—415.3 pg/kg and
14.6 pg/kg—1621.8 pg/kg in stems and leaves, and the amount of indole-3-carbinol varied from
ND—131.3 pg/kg and 36.4—879.5 ug/kg in stems and leaves. As depicted in Figure 5, the highest
sulforaphane and indole-3-carbinol were both found in the leaf samples (p < 0.05). The difference in all
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analytes between stems and leaves could be attributed to the part, variety, geography, climate and
environment conditions, in accordance with previous studies [39-41].
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Figure 4. UHPLC-MS/MS chromatograms (MRM) of sulforaphane and indole-3-carbinol in rapeseed
samples at 10 and 25 pg/kg, respectively.

Table 3. Quantity of the detected sulforaphane and indole-3-carbinol in rapeseed samples ? (ug/kg).

Rapeseed Sulforaphane Indole-3-Carbinol
Tissue . .
(N = 50) Max Min Mean Max Min Mean
Stems 4153 +4.7 ND b 68.5 +15.9 131.3+11.8 ND 419+124

Leaves 1621.8 £28.1 146 + 6.7 2873 +248* 879.5+279 364+59 2854 +£18.7*

2 Values represent the mean of the triplicate analyses + the standard deviation. ® ND, below the limit of detection.
“*” with brackets represent significant differences of SFN and I3C between the stems and leaves, p < 0.05.
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Figure 5. Box plot of sulforaphane and indole-3-carbinol concentration in the leaves and stems of
rapeseed samples.

Compared to previous studies, this QUEChERS-based UHPLC-MS/MS method was more rapid
and convenient than other methods (Table 4). The analysis time of SFN and I3C could be achieved in
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8 min without a complicated gradient procedure. Additionally, this is the first time that QUEChERS
was applied to extraction of SFN and I3C from vegetables, avoiding the tedious extraction step,
which completely eliminates matrix effects during the MS detection with good sensitivity and
excellent efficiency.

Table 4. Comparison of the extraction step and LOD with the previous methods.

Extraction Determination Analyzed Time Linear LOD

Matrix Analytes Step Technique (min) Range (ug/kg) Ref.
) SEN i 770
Broccoli 13C LLE UHPLC-HR MS 20 420 [20]
Broccoli SEN SPE HPLC-UV 20 5-100 20 [21]
) SFN i 100
Brassicaceae 13C DLLME LC-DAD 30 500 [22]
Broccoli SFN LLE UHPLC-MS/MS 3 1.8-897.1 0.53 [24]
Chinese cabbage, I3C LLE HPLC-DAD 65 15-1000 5 [34]
mustard
SEN 0.1-800 0.05 .
Rapeseed 3C QuEChERS  UHPLC-MS/MS 8 15-1000 5 This work

3. Materials and Methods

3.1. Chemicals and Materials

Sulforaphane and indole-3-carbinol standards were obtained from Shanghai Aladdin Technology
Co., Ltd. (Shanghai, China). Methanol, n-hexane, methyl tert-butyl ether (MTBE), ethyl acetate (EtOAc),
dichloromethane (DCM) and ammonium formate of HPLC grade were purchased from Shanghai
Aladdin Technology Co., Ltd. (Shanghai, China). C18, N-propyl ethylenediamine (PSA), graphitized
carbon black (GCB) was purchased from Agilent Technologies Co., Ltd. (Beijing, China). Anhydrous
magnesium sulfate and sodium chloride were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Beijing, China). All other chemicals and organic solvents were of analytical reagent grade.
Ultra-pure water (18 m()) was obtained from a Milli-Q water purification system from Millipore
Co., Ltd. (Milford, CT, USA). Rapeseed was obtained from the Oil Crop Research Institute, Chinese
Academy of Agricultural Sciences (Wuhan, China).

Sulforaphane and indole-3-carbinol standard (10.0 mg (accuracy to 0.01 mg)) were dissolved with
10 mL of methanol, for a stock solution of 1.0 mg/mL. A series of standard solutions were diluted with
methanol to appropriate concentrations for the calibration curves, and all the standard solutions were
stored at 4 °C in darkness.

3.2. Sample Preparation

The leaves and stems from rapeseed (N = 50) samples were crushed, pounded and processed
separately. Each sample 0.50 g (accurate to 0.01 g) was placed in a 50 mL centrifuge tube and
vortexed for 1 min with 10 mL of water, and immediately incubated at 45 °C for 2 h. Sodium chloride
(200 mg) was added to the sample, then 5 mL X 2 of dichloromethane was vortexed for 1 min and
ultrasound-assisted extraction was performed for 10 min. We then added 25 mg of C18 and 80 mg
anhydrous magnesium sulfate to a 50 mL centrifuge tube, and then 5 mL of the extracted supernatants
were combined with vortex for 5 min. After centrifugation at 4500 rpm for 5 min, the supernatant was
transferred and dried using nitrogen stream. Finally, the residual was reconstituted using 1 mL of
methanol, and filtered with 0.22 pm organic microporous membrane for UHPLC-MS/MS analysis.

3.3. UHPLC-MS/MS Analysis

3.3.1. Liquid Chromatography

The UHPLC-MS/MS system consisted of Shimadzu UHPLC-30AD and MS-8060 mass spectrometer
(Kyoto, Japan). Selective quantification of compounds was performed using the multiple reaction
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monitoring (MRM) mode. Two compounds were separated by UHPLC using a solvent system
consisting of 10 mM ammonium formate-methanol (solvent A; v/v) and water (solvent B) along with
an ACQUITY UHPLC ® BEH C18 (100 mm x 2.1 mm, 1.7 um) column. The gradient elution program
for UHPLC-MS/MS analysis was as follows: 0 min, 40% A; 2.5 min, 45% A; 3 min, 50% A; 3.5 min,
95% A; 4 min, 45% A; 8 min, 40% A. The injection volume was 1 pL, and the flow rate was 200 pL/min.
The column temperature was held at 40 °C.

3.3.2. MS Analysis

Sulforaphane and indole-3-carbinol were optimized using 1 mg/L standard solution on a Shimadzu
MS-8060 triple quadrupole tandem mass spectrometer. The collision energy (CE) and the appropriate
atomization gas flow rate and drying gas flow rate were optimized. The ion source used an electrospray
ion source (ESI), with a temperature of 300 °C. The ion transfer capillary temperature was 275 °C,
the spray gas flow rate was 2.5 L/min, the dry gas flow rate was 10 L/min, and the heated gas flow rate
was 10 L/min. The heating block temperature was 400 °C, the DL temperature was 250 °C and the
scanning was performed in the positive ion mode. The MS/MS parameters for compound analysis
were shown in Table 5. The MRM chromatogram of SEN and I3C were identified by comparing the
retention time, as well as parent and product ions with the standard solutions. As shown in Figure 6,
the most abundant product ions were selected as identification points (IPs), and the other product ions
were utilized for qualitative detection.

Table 5. Mass scan parameters and retention time for sulforaphane and indole-3-carbinol.

Compound R.‘T Quantlta‘tlve CE (eV) Quallta?lve CE (eV) Lp.a
(min) Ion Pair Ion pairs

Sulforaphane 3.014 178.3 > 114.2 19 178.3 > 72.1 20 4

Indole-3-carbinol  2.017 148.2 > 118.2 15 1482 >91.1 30 4

2 Identification points (IPs) are followed Commission Decision 2002/657/EC.
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Figure 6. The product ions of sulforaphane and indole-3-carbinol obtained by UHPLC-MS/MS.
(A) product ions of m/z 178.3 from sulforaphane standard; (B) product ions of m/z 148.2 from the
indole-3-carbinol standard.
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3.4. Statistical Analysis

Results were expressed as average values with three replicates. Data acquisition and processing
were performed using the labSolutions software (Kyoto, Japan). Statistical analyses were performed
using the @Risk 5.5.1 software package from Palisade Co. (Palisade, Australia). Significant differences
were determined by the Student t-test at a significance level of 0.05 (p < 0.05).

4. Conclusions

In the present study, the QUEChERS-based UHPLC-MS/MS method was developed for the
simultaneous determination of sulforaphane and indole-3-carbinol in rapeseed tissues, which
achieves simplicity of the extraction and purification procedure and reduces the entire analysis
time. The recoveries for sulforaphane and indole-3-carbinol were 96.4% and 97.3%, respectively.
The LOD and LOQ for sulforaphane were 0.05 ug/kg and 0.15 pg/kg, and for indole-3-carbinol were
5 ug/kg and 15 ug/kg, respectively. The amount of sulforaphane and indole-3-carbinol in the leaves were
higher compared to the stems, which could be attributed to the part, variety, geography, climate and
environment conditions. The developed method is valuable for monitoring levels of sulforaphane and
indole-3-carbinol in vegetable samples. This analytic method is valuable for studying the nutritional
active ingredients of rapeseeds and the breeding of high-quality rapeseed varieties.

Author Contributions: Conceptualization, X.Y., EM. and P.L.; methodology, X.Y., EM.; software, X.Y., EM.;
validation, X.Y. and EM.; formal analysis, X.Y., L.Z.; investigation, X.Y., EM. and L.Z.; resources, X.Y.; data
curation, X.Y., EM. and L.Z.; writing—original draft preparation, X.Y. and EM.; writing—review and editing, P.L.;
visualization, X.Y., EM.; supervision, PL.; project administration, EM., and P.L.; funding acquisition, EM., and P.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by National Key R&D Program of China (2018YFC1602500), the National
Natural Science Foundation of China (31201447), the earmarked fund for China Agriculture Research System
(CARS-12).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hu, Q. Hua, W, Yin, Y.; Zhang, X,; Liu, L.; Shi, J.; Zhao, Y.; Qin, L.; Chen, C.; Wang, H. Rapeseed research
and production in China. Crop J. 2017, 5, 127-135. [CrossRef]

2. Groenbaek, M.; Tybirk, E.; Kristensen, H.L. Glucosinolate and carotenoid content of white- and
yellow-flowering rapeseed grown for human consumption as sprouts and seedlings under light emitting
diodes. Eur. Food Res. Technol. 2018, 244, 1121-1131. [CrossRef]

3. Vaughn, S.F; Berhow, M.A. Glucosinolate hydrolysis products from various plant sources: pH effects,
isolation, and purification. Ind. Crops Prod. 2005, 21, 193-202. [CrossRef]

4. Matusheski, N.V,; Swarup, R;; Juvik, J.A,; Mithen, R.; Bennett, M.; Jeffery, E.H. Epithiospecifier protein from
broccoli (Brassica oleracea L. ssp italica) inhibits formation of the anticancer agent sulforaphane. J. Agric. Food Chem.
2006, 54, 2069-2076. [CrossRef] [PubMed]

5. Song,].G.; Cao, C,; Li,J.; Xu, Y.J.; Liu, Y. Development and validation of a QuUEChERS-LC-MS/MS method for
the analysis of phenolic compounds in rapeseed oil. J. Agric. Food Chem. 2019, 67, 4105-4112. [CrossRef]
[PubMed]

6.  Dinkova-Kostova, A.T.; Kostov, R.V. Glucosinolates and isothiocyanates in health and disease. Trends Mol. Med.
2012, 18, 337-347. [CrossRef]

7. Smiechowska, A.; Bartoszek, A.; Namiesnik, J. Determination of glucosinolates and their decomposition
products—indoles and isothiocyanates in cruciferous vegetables. Crit. Rev. Anal. Chem. 2010, 40, 202-216.
[CrossRef]

8.  Liang, H.; Yuan, Q. Natural sulforaphane as a functional chemopreventive agent: Including a review of
isolation, purification and analysis methods. Crit. Rev. Biotechnol. 2012, 32, 218-234. [CrossRef]

9.  Li, Y, Palliyaguru, D.L.; Kensler, T.W. Frugal chemoprevention: Targeting Nrf2 with foods rich in sulforaphane.
Semin. Oncol. 2016, 43, 146-153.


http://dx.doi.org/10.1016/j.cj.2016.06.005
http://dx.doi.org/10.1007/s00217-017-3027-7
http://dx.doi.org/10.1016/j.indcrop.2004.03.004
http://dx.doi.org/10.1021/jf0525277
http://www.ncbi.nlm.nih.gov/pubmed/16536577
http://dx.doi.org/10.1021/acs.jafc.9b00029
http://www.ncbi.nlm.nih.gov/pubmed/30907591
http://dx.doi.org/10.1016/j.molmed.2012.04.003
http://dx.doi.org/10.1080/10408347.2010.490489
http://dx.doi.org/10.3109/07388551.2011.604838

Molecules 2020, 25, 2149 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dinkova-Kostova, A.T.; Fahey, ] W.; Kostov, R.V.; Kensler, TW. KEAP1 and done? Targeting the NRF2
pathway with sulforaphane. Trends Food Sci. Tech. 2017, 69, 257-269. [CrossRef]

Sun, Y,; Zhou, S.; Guo, H.; Zhang, ].; Ma, T.; Zheng, Y.; Zhang, Z.; Cai, L. Protective effects of sulforaphane on
type 2 diabetes-induced cardiomyopathy via AMPK-mediated activation of lipid metabolic pathways and
NRF2 function. Metab. Clin. Exp. 2020, 102, 154002. [CrossRef] [PubMed]

Egner, PA,; Chen, ].G.; Wang, ].B., Wu, Y,; Sun, Y,; Lu, ] H.; Zhu, J.; Zhang, YH.; Chen, Y.S.; Friesen, M.D.; et al.
Bioavailability of sulforaphane from two broccoli sprout beverages: Results of a short-term, cross-over clinical trial
in Qidong, China. Cancer Prev. Res. 2011, 4, 384-395. [CrossRef] [PubMed]

Shapiro, T.; Fahey, ] W.; Wade, K.L.; Stephenson, K.K.; Talalay, P. Chemoprotective glucosinolates and
isothiocyanates of broccoli sprouts: metabolism and excretion in humans. Cancer Epidemiol. Biomarkers Prev.
2001, 10, 501-508. [PubMed]

Sarkar, EH.; Li, Y. Harnessing the fruits of nature for the development of multi-targeted cancer therapeutics.
Cancer Treat. Rev. 2009, 35, 597-607. [CrossRef]

Lee, YR.; Chen, M,; Lee, ].D.; Zhang, ].; Lin, S.Y.; Fu, TM.; Chen, H.; Ishikawa, T.; Chiang, S.Y.; Katon, J.; et al.
Reactivation of PTEN tumor suppressor for cancer treatment through inhibition of a MYC-WWP1 inhibitory
pathway. Science 2019, 364, eaau0159. [CrossRef]

Marconett, C.N.; Singhal, A.K; Sundar, S.N.; Firestone, G.L. Indole-3-carbinol disrupts estrogen receptor-alpha
dependent expression of insulin-like growth factor-1 receptor and insulin receptor substrate-1 and
proliferation of human breast cancer cells. Mol. Cell Endocrinol. 2012, 363, 74-84. [CrossRef]

Arora, A.; Kalra, N.; Shukla, Y. Modulation of P-glycoprotein-mediated multidrug resistance in K562 leukemic
cells by indole-3-carbinol. Toxicol. Appl. Pharm. 2005, 202, 237-243. [CrossRef]

Megna, B.W.; Carney, PR.; Nukaya, M.; Geiger, P.; Kennedy, G.D. Indole-3-carbinol induces tumor cell death:
Function follows form. J. Surg. Res. 2016, 204, 47-54. [CrossRef]

Licznerska, B.; Baer-Dubowska, W. Anti-inflammatory Nutraceuticals and Chronic Diseases, 1st ed.; Springer:
Cham, Switzerland, 2016; pp. 131-154.

Kokotou, M.G.; Revelou, PK.; Pappas, C.; Constantinou-Kokotou, V. High resolution mass spectrometry
studies of sulforaphane and indole-3-carbinol in broccoli. Food Chem. 2017, 237, 566-573. [CrossRef]

Han, D.; Row, K.H. Separation and purification of sulforaphane from broccoli by solid phase extraction. Int.
J. Mol. Sci. 2011, 12, 1854-1861. [CrossRef]

Fusari, C.M.; Ramirez, D.A.; Camargo, A.B. Simplified analytical methodology for glucosinolate hydrolysis
products: A miniaturized extraction technique and multivariate optimization. Anal. Methods 2019,
11, 309-316. [CrossRef]

Liang, H.; Li, C.; Yuan, Q.; Vriesekoop, F. Application of high-speed countercurrent chromatography for
the isolation of sulforaphane from broccoli seed meal. |. Agric. Food Chem. 2008, 56, 7746-7749. [CrossRef]
[PubMed]

Alvarez-Jubete, L.; Smyth, T.J.; Valverde, J.; Rai, D.K,; Barry-Ryan, C. Simultaneous determination
of sulphoraphane and sulphoraphane nitrile in Brassica vegetables using ultra-performance liquid
chromatography with tandem mass spectrometry. Phytochem. Anal. 2014, 25, 141-146. [CrossRef]
[PubMed]

Santana-Mayor, A.; Socas-Rodriguez, B.; Herrera-Herrera, A.V.; Rodriguez-Delgado, M.A. Current trends
in QUEChERS method. A versatile procedure for food, environmental and biological analysis. Trac-Trend
Anal. Chem. 2019, 116, 214-235. [CrossRef]

Musarurwa, H.; Chimuka, L.; Pakade, V.E.; Tavengwa, N.T. Recent developments and applications of
QuEChERS based techniques on food samples during pesticide analysis. . Food Compos. Anal. 2019,
84,103314. [CrossRef]

Benzekri, R.; Bouslama, L.; Papetti, A.; Snoussi, M.; Benslimene, I.; Hamami, M.; Limam, F. Isolation and
identification of an antibacterial compound from diplotaxis harra (Forssk.) Boiss. Ind. Crop. Prod. 2016,
80, 228-234. [CrossRef]

Ito, H.; Kimura, M. Pre-harvest effects on naturally occurred isothiocyanates (ITCs) of cruciferous sprouts.
In Proceedings of the ivth International Conference on Maging Quality in Chains, Vols 1 and 2: The Integrated
View on Fruits and Vegetables Quality, Bankok, Thailand, 30 June 2006; pp. 497-504.


http://dx.doi.org/10.1016/j.tifs.2017.02.002
http://dx.doi.org/10.1016/j.metabol.2019.154002
http://www.ncbi.nlm.nih.gov/pubmed/31706979
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0296
http://www.ncbi.nlm.nih.gov/pubmed/21372038
http://www.ncbi.nlm.nih.gov/pubmed/11352861
http://dx.doi.org/10.1016/j.ctrv.2009.07.001
http://dx.doi.org/10.1126/science.aau0159
http://dx.doi.org/10.1016/j.mce.2012.07.008
http://dx.doi.org/10.1016/j.taap.2004.06.017
http://dx.doi.org/10.1016/j.jss.2016.04.021
http://dx.doi.org/10.1016/j.foodchem.2017.05.139
http://dx.doi.org/10.3390/ijms12031854
http://dx.doi.org/10.1039/C8AY02442A
http://dx.doi.org/10.1021/jf801318v
http://www.ncbi.nlm.nih.gov/pubmed/18690688
http://dx.doi.org/10.1002/pca.2480
http://www.ncbi.nlm.nih.gov/pubmed/24449540
http://dx.doi.org/10.1016/j.trac.2019.04.018
http://dx.doi.org/10.1016/j.jfca.2019.103314
http://dx.doi.org/10.1016/j.indcrop.2015.11.059

Molecules 2020, 25, 2149 11 of 11

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Khoobchandani, M.; Ojeswi, B.K.; Ganesh, N.; Srivastava, M.M.; Gabbanini, S.; Matera, R.; Iori, R;;
Valgimigli, L. Antimicrobial properties and analytical profile of traditional Eruca sativa seed oil: Comparison
with various aerial and root plant extracts. Food Chem. 2010, 120, 217-224. [CrossRef]

Chiang, W.C.K,; Pusateri, D.J.; Leitz, RE.A. Gas chromatography mass spectrometry method for the
determination of sulforaphane and sulforaphane nitrile in broccoli. J. Agric. Food Chem. 1998, 46, 1018-1021.
[CrossRef]

Kamal, M.M.; Nazzal, S. Development and validation of a HPLC-UV method for the simultaneous
detection and quantification of paclitaxel and sulforaphane in lipid based self-microemulsifying formulation.
J. Chromatogr. Sci. 2020, 57, 931-938. [CrossRef]

Vieites-Outes, C.; Lopez-Hernandez, J.; Lage-Yusty, M.A. Modification of glucosinolates in turnip greens
(Brassica rapa subsp. rapa L.) subjected to culinary heat processes. Cyta J. Food 2016, 14, 536-540. [CrossRef]
Liang, H.; Yuan, Q.; Liu, M. Simultaneous determination of glucoraphanin and sulforaphane in Brassica
oleracea seeds by high-performance liquid chromatography with evaporative light-scattering detector.
Nat. Prod. Res. 2013, 27, 194-197. [CrossRef] [PubMed]

Lee, S.Y. Determination of indole-3-carbinol and indole-3-acetonitrile in Brassica vegetables using
high-performance liquid chromatography with fluorescence detection. J. Korean Soc. Appl. Biol. Chem. 2010,
53,249-252. [CrossRef]

Sun, J.; Charron, C.S.; Novotny, J.A.; Peng, B.; Yu, L.; Chen, P. Profiling glucosinolate metabolites in human urine
and plasma after broccoli consumption using non-targeted and targeted metabolomic analyses. Food Chem. 2020,
309, 125660. [CrossRef] [PubMed]

Catalan, J.; Lopez, V.; Perez, P.; Martinvillamil, R.; Rodriguez, ]J.G. Progress towards a generalized
solvent polarity scale-the solvatochromism of 2-(dimethylamino)-7-nitrofluorene and its homomorph
2-fluoro-7-nitrofluorene. Liebigs Annalen 1995, 241-252. [CrossRef]

Wu, R.;; Ma, E; Zhang, L.; Li, P; Li, G.; Zhang, Q.; Zhang, W.; Wang, X. Simultaneous determination of
phenolic compounds in sesame oil using LC-MS/MS combined with magnetic carboxylated multi-walled
carbon nanotubes. Food Chem. 2016, 204, 334-342. [CrossRef] [PubMed]

Wang, D.; Zhang, L.; Xu, Y.; Qi, X.; Wang, X.; Wang, X.; Zhang, Q.; Li, P. Optimization of an ultrasound-assisted
extraction for simultaneous determination of antioxidants in sesame with response surface methodology.
Antioxidants (Basel) 2019, 8, 321. [CrossRef] [PubMed]

Ares, AM.; Bernal, ]J.; Martin, M.T.; Bernal, J.L.; Nozal, M.J. Optimized formation, extraction,
and determination of sulforaphane in broccoli by liquid chromatography with diode array detection.
Food Anal. Methods 2013, 7, 730-740. [CrossRef]

Nakagawa, K.; Umeda, T.; Higuchi, O.; Tsuzuki, T.; Suzuki, T.; Miyazawa, T. Evaporative light-scattering
analysis of sulforaphane in broccoli samples: Quality of broccoli products regarding sulforaphane contents.
J. Agric. Food Chem. 2006, 54, 2479-2483. [CrossRef]

Sivakumar, G.; Aliboni, A.; Bacchetta, L. HPLC screening of anti-cancer sulforaphane from important
European Brassica species. Food Chem. 2007, 104, 1761-1764. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.foodchem.2009.10.011
http://dx.doi.org/10.1021/jf970572b
http://dx.doi.org/10.1093/chromsci/bmz068
http://dx.doi.org/10.1080/19476337.2016.1154609
http://dx.doi.org/10.1080/14786419.2012.662649
http://www.ncbi.nlm.nih.gov/pubmed/22352409
http://dx.doi.org/10.3839/jksabc.2010.039
http://dx.doi.org/10.1016/j.foodchem.2019.125660
http://www.ncbi.nlm.nih.gov/pubmed/31670121
http://dx.doi.org/10.1002/jlac.199519950234
http://dx.doi.org/10.1016/j.foodchem.2016.02.086
http://www.ncbi.nlm.nih.gov/pubmed/26988510
http://dx.doi.org/10.3390/antiox8080321
http://www.ncbi.nlm.nih.gov/pubmed/31430991
http://dx.doi.org/10.1007/s12161-013-9766-6
http://dx.doi.org/10.1021/jf051823g
http://dx.doi.org/10.1016/j.foodchem.2006.11.040
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Optimization of Extraction Conditions 
	The Effect of Hydrolysis Time 
	Effect of Hydrolysis Temperature 
	Effect of Solvent Type on Extraction 
	Effect of Solvent Volume on Extraction 

	Type and Amount of Purification Adsorbents 
	Method Validation 
	Linear Equations, Detection Lines, and Limits of Quantification 
	Recovery, Intra-Day and Inter-Day Precision 
	Matrix Effect 

	Method Application 

	Materials and Methods 
	Chemicals and Materials 
	Sample Preparation 
	UHPLC-MS/MS Analysis 
	Liquid Chromatography 
	MS Analysis 

	Statistical Analysis 

	Conclusions 
	References

