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ABSTRACT: Glucosinolates and their hydrolysis products were characterized in fresh and in in vitro gastric and intestinal
digesta of Dinosaur kale (Brassica oleracea L var. palmifolia DC). In fresh kale, glucoraphanin, sinigrin, gluconapin,
gluconasturtiin, glucoerucin, glucobrasscin, and 4-methoxylglucobrassicin were identiﬁed. After 120 min of gastric digestion, the
levels of glucoraphanin, sinigrin, and gluconapin decreased, and no glucoerucin or glucobrasscin was detected. However, a
concomitant increase in the glucosinolate hydrolysis products allyl nitrile, 3-butenyl isothiocyanate, phenylacetonitrile, and
sulforaphane was observed. This trend continued through intestinal digestion. After 120 min, the levels of allyl nitrile, 3-butenyl
isothiocyanate, phenylacetonitrile, and sulforaphane were 88.19 ± 5.85, 222.15 ± 30.26, 129.17 ± 17.57, and 13.71 ± 0.62
pmol/g fresh weight, respectively. Intestinal digesta were then applied to Caco-2 cell monolayers to assess the bioavailability.
After 6 h of incubation, no glucosinolates were detected and the percentage of total cellular uptake of the glucosinolate
hydrolysis products ranged from 29.35% (sulforaphane) to 46.60% (allyl nitrile).
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■

INTRODUCTION
Cruciferous vegetables are a popular food crop consumed
worldwide and include numerous species and cultivars such as
kale, broccoli, cabbage, cauliﬂower, watercress, and Brussels
sprouts.1 Kale (Brassica oleracea var. acephala L.), often touted
as a superfood, is grown in the United States, Europe, and Asia
and is cultivated throughout the year for its leaves and ﬂower
buds (i.e., kale raab).2 The tender leaves, which usually appear
3 months after budding, are consumed either fresh, steamed,
stir-fried, or boiled.3 Kale contains a high content of dietary
ﬁber, essential amino acids, vitamins, ﬂavonoids, and biologically active glucosinolates.4,5
Glucosinolates are unique to cruciferous vegetables,6 and
demonstrate protective eﬀects against many types of cancers
including gastric, bladder, colorectal, prostate, and breast
cancers.7−9 These exist in plant tissues as glycosides.
Glucosinolates have no reported health beneﬁts, but when
plant tissue is damaged (e.g., chewed or cut) glucosinolates
glycosides are hydrolyzed by the enzyme myrosinase
(thioglucoside glucohydrolase, EC 3.2.1.147). This activity
generates biologically active products that include isothiocyanates, thiocyanates, nitriles, and indoles.10,11 The hydrolysis
products of glucosinolates are thought to be primarily
responsible for the chemoprotective eﬀects observed with
cruciferous vegetables.11 Particularly, the isothiocyanates
(ITCs) act as anticancer agents by inhibiting phase I enzymes
© 2019 American Chemical Society

responsible for bioactivation of carcinogenic compounds and
through the induction of phase II detoxiﬁcation enzymes that
aﬀect xenobiotic transformation.12,13 Many studies showed
that ITCs have also have potent bactericidal, fungistatic, and
fungicidal activities.14,15
Human digestion is a complex multistage process. It involves
the mechanical and chemical breakdown of foods which
facilitates the release of embedded nutrients so they can be
absorbed into the body through intestinal mucosal cells.16,17
Food is reduced in size in the mouth and stomach whereas the
small intestines are the major site of nutrient absorption. The
stomach contains gastric acids, bile salts and digestive enzymes
which work to homogenize and transform food.18 In the
intestine, the gastric digesta is further dissolved and nutrients
are absorbed through the intestinal walls. Bioaccessibility is
deﬁned as the amount or fraction of food that is released from
a food into the digestive juices with the potential to be
absorbed by the small intestine during digestion.19 In contrast,
bioavailability refers to the fraction of compound absorbed
across the gastric and intestinal walls into the bloodstream and
therefore has the potential to enter systemic circulation.20
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54 mL of intestinal juice to generate the intestinal digesta. The
intestinal digestion was completed by incubation in a shaking water
bath (Thermo Scientiﬁc Inc., Marietta, OH) at 37 °C and 100 cycles
per minute for 2 h. Every 60 min, 30 g of digested sample was
collected in a glass bottle. For each sample from the gastric phase, pH,
total acidity, particle size, moisture, and glucosinolate and
glucosinolate hydrolysis products content were measured. For each
sample from the small intestinal phase, glucosinolates and their
glucosinolate hydrolysis products were measured.
Moisture Content, pH, Total Acidity of Fresh and Digested
Kale. Moisture content of the sample was measured gravimetrically
using a vacuum oven (Thermo Scientiﬁc Inc., Marietta, OH) at 110
°C for 20 h. The pH was measured using a pH meter (Fisher
Scientiﬁc Inc.). Titratable acidity (expressed as w/w % citric acid) was
measured via potentiometric titration with 0.1 N NaOH until the pH
reached 8.2 ± 0.05.
Particle Size and of Fresh and Digested Kale. To measure the
particle size, the solid fraction of the gastric digesta samples were
separated from the liquid phase by ﬁltration with a double layered
cotton cloth (17.3 × 14.2 threads per cm). Aliquots of solid particles
(∼1 g) were transferred onto a Petri dish. A volume of ∼10 mL of
water was added to disperse the particles, and samples were gently
agitated for 5 min on an orbital shaker to allow particles to separate
without causing any further particle hydrolysis. Images were taken
using a digital camera (Canon Powershot SD 1300IS, Canon USA,
Melville, NY). Images were analyzed as previously described to
determine the median particle area and the number of particles per
gram of sample.32
Caco-2 Cells: Uptake and Transport of Glucosinolates and
Their Hydrolysis Compounds. Caco-2 cell monolayers were used
to evaluate the bioavailability of the glucosinolates and their
hydrolysis products in the intestinal digesta. Caco-2 human intestinal
cells were cultured at 37 °C and 5% (v/v) CO2 atmosphere in
minimum essential medium (MEM) supplemented with 10% (v/v)
fetal bovine serum, antibiotics (50 U/mL penicillin, and 50 μg/mL
streptomycin), 1% (v/v) of 100× nonessential amino acids, and 1
mM sodium pyruvate. The medium was replaced every 3 days during
cell growth and diﬀerentiation. For the experiments, cells were seeded
in 6-well plate polyester membrane permeable support inserts (30
mm, 0.4 μm pore size, Corning Inc., Corning, NY) at a density of 1 ×
105 cells/well. Monolayers were used 21 days after reaching
conﬂuence to allow for full diﬀerentiation into intestinal epithelial
cells. Cells were used between passages 3 and 15. All the experiments
were performed in serum- and phenol red-free MEM. Transepithelial
electrical resistance (TEER, Ω cm2) values were measured before and
after adding the sample using a Millicell-ERS Volt-Ohm Meter
(Millipore, Bedford, MA) as previously described.33
Caco-2 cells were washed twice with MEM medium. An aliquot of
250 μL of freshly prepared gastro-intestinal digesta (obtained after 2 h
digestion) was added to the upper chamber (apical side) and 750 μL
of MEM was added to the lower chamber (basolateral side). Cells
were incubated at 37 °C for 6 h, and the TEER was measured to
ensure the integrity of the monolayer. Medium from both sides of the
insets was collected, and the cell monolayers were washed twice with
ice-cold PBS. Cells were collected in 200 μL of PBS, sonicated, and
centrifuged, and the supernatants were collected and stored at −20 °C
for a maximum of 2 days until HPLC analysis. Cell studies were
performed in triplicate.
Absorption (cellular uptake) and transport (basolateral secretion)
eﬃciency are expressed as the percentage of glucosinolate hydrolysis
products detected inside Caco-2 cells and that in the basolateral
compartment, with respect to the original glucosinolates and their
hydrolysis products originally added to the apical side. The
bioavailability of glucosinolate hydrolysis products is deﬁned as the
total content of each glucosinolate hydrolysis compound absorbed by
the Caco-2 cells (retention and transport) from the intestinal digesta
(at 120 min), divided by the total added in the intestinal digesta.
Typically, percentage bioavailability is expressed as a percent of the
initial amount in the food product. However, as glucosinolates are
extensively hydrolyzed in the stomach and intestine, the hydrolysis

Increasingly, various in vitro digestion models are used to
estimate bioaccessibility and bioavailability.21−24 In vitro
digestion models oﬀer the advantage of cost-eﬃciency, ease
of control, and independence from physiological eﬀects. In
vitro digestion models also have excellent reproducibility and
can provide a good approximation of in vivo digestion.24
The human epithelial cell line Caco-2 is widely used as an in
vitro model of the human epithelial barrier in order to help
identify the transport, and retention of substances across
gastrointestinal tissues.25 This cell line has similar morphological and biochemical characteristics as enterocytes (e.g.,
polarity, tight junctions, speciﬁc transport systems, and
enzymes) after it becomes diﬀerentiated in culture.26 Caco-2
cells are used in numerous studies to estimate the
bioavailability of important classes of phytochemicals including
carotenoids, polyphenols, and anthocyanins from whole foods
including cabbage.23,27,28 To date, there are no studies
assessing the bioaccessibility and bioavailability of glucosinolates from whole kale, and little is known regarding the proﬁle
of glucosinolates and their hydrolysis products available in
gastrointestinal contents with respect to digestion time.
To address this, the human digestion of fresh kale was
simulated using an in vitro digestion model.21 This system was
sampled at 30 min intervals during 2 h of gastric digestion and
during 2 h of intestinal digestion. The range of glucosinolates
and their hydrolysis products in the gastric and intestinal
digesta were identiﬁed using ultra high-performance liquid
chromatography−quadrupole time-of-ﬂight tandem mass spectrometry (UHPLC−QTOF-MS/MS) and quantiﬁed using
HPLC. The transport of the identiﬁed glucosinolates and
glucosinolate hydrolysis products in gastric and gastrointestinal digesta was evaluated in Caco-2 cell monolayers
diﬀerentiated into intestinal epithelial cells. Measuring the
glucosinolates and glucosinolate hydrolysis products in gastric
and intestinal digesta provides key information on the
bioaccessibility of these compounds, while measuring the
transport across Caco-2 cell monolayers models provides key
information on the bioavailability of these compounds.

■

MATERIALS AND METHODS

Chemicals and Kale Samples. Glucosinolates standards,
including glucoraphanin (≥98%), sinigrin (≥99%), gluconapin
(≥98%), and gluconasturtiin (≥98%) were purchased from
Extrasynthese (Genay Cedex, France). All solvents used were of
HPLC and LC/MS grade and purchased from Sigma-Aldrich (St.
Louis, MO) and Fisher Scientiﬁc (Fairlawn, NJ).
Dinosaur kale was grown at the Student Farm at the University of
California Davis under agronomic supervision. The kale was grown
from seedlings and harvested at ∼110 days from sowing from at least
10 diﬀerent randomly selected plants in December 2017 and in April
2018 to give two harvest replicates. Fresh samples were stored at 4 °C
for <24 h prior to in vitro digestion.
Simulated in Vitro Digestion. Fresh kale was digested following
previously reported methods.21,29,30 Fresh kale was cut with a knife
approximately 1 cm length and ﬁnely chopped with a food processor
(Black and Decker, FP2500B) at low speed for 60 s (15 s × 4 times)
to simulate breakdown during mastication. A 70 mL aliquot of
simulated gastric juice was loaded into a human gastric simulator
(HGS) before adding samples.31 The chopped kale (100 g) was
mixed with 20 mL of simulated saliva for 30 s, and then transferred
into the HGS. The gastric juice secretion started immediately after the
sample was introduced into the HGS and continued at 2.5 mL/min.
Every 30 min, 50 mL of digesta ﬂuid was collected in a glass bottle.
After 2 h of gastric digestion, the HGS was stopped. The digesta
remaining in the HGS was pooled, and 80 g of digesta was mixed with
9493

DOI: 10.1021/acs.jafc.9b03329
J. Agric. Food Chem. 2019, 67, 9492−9500

Article

Journal of Agricultural and Food Chemistry

Table 1. Moisture Content, pH, and Total Acidity of Fresh Kale Before and During Simulated Gastric and Small Intestinal
Digestiona
fresh kale (before digestion)
gastric digestion
30 min
60 min
90 min
120 min
intestinal digestion
60 min
120 min

moisture content (%, wet basis)

pH

total acidity (%) (citric acid)

83.39 ± 0.51 a

6.62 ± 0.12 c

0.23 ± 0.01 a

96.45
96.22
96.08
96.58

±
±
±
±

1.43
1.40
1.08
0.72

b
b
b
b

5.20
4.96
4.75
4.47

95.62 ± 1.39 b
95.51 ± 1.23 b

±
±
±
±

0.29
0.26
0.11
0.07

b
ab
a
a

0.62
0.65
0.69
0.70

7.01 ± 0.21 d
7.00 ± 0.16 d

±
±
±
±

0.01
0.00
0.02
0.02

c
c
c
c

0.27 ± 0.00 a
0.35 ± 0.00 b

a
Data are shown as mean ± SD of triplicate experiment. Means with diﬀerent superscript letters in the same column are signiﬁcantly diﬀerent at p <
0.05.

products are reported as a percent of the original sample after
intestinal digestion.

Santa Clara, CA). The UHPLC was equipped with a binary pump
with an integrated vacuum degasser (G4220A), an autosampler
(G4226A) with thermostat (G1330B), and a thermostated column
compartment (G1316C). Positive ESI mode was used for all
compounds. The drying gas temperature and ﬂow rate was 320 °C
and 8.0 L/min, respectively. The sheath gas temperature and ﬂow rate
were 350 °C and 11 L/min, respectively. The nebulizer gas pressure,
capillary voltage, and nozzle voltage were 35 psi, 3500 V, and 1000 V,
respectively. Analysis was carried out using a scan from m/z 50 to m/z
1000. Mass accuracy was maintained by the use of a second reference
nebulizer that continuously introduced purine and Hexakis
(1H,1H,3H-tetraﬂuoropropoxy) phosphazine at a ﬂow rate of 8−9
μL/min. Tandem mass spectrometry experiments were performed
with the quadrupole set at medium resolution (m/z 4 amu) and ﬁxed
collision energies of 10, 20, and 40 were used to facilitate the
identiﬁcation of the glucosinolates based on the parent and
fragmented ions.
Glucosinolate hydrolysis products in gastric and intestinal digesta
were also conﬁrmed using high-resolution QTOF MS/MS spectra
with MassHunter software B07 (Agilent Technologies, Memphis,
TN) and by comparing with authentic standards.
Statistical Analysis. HPLC peak areas were obtained in triplicate
for each of the three independent measurements of the sample. HPLC
peak areas were averaged, and the standard deviation (SD) was
determined from the average of the three measurements. Statistical
analysis was performed with the statistical analysis system (SPSS
software package, version 22.0). Data were compared using repeated
measures analysis of variance (ANOVA); p < 0.05 was considered
signiﬁcant.

bioavailability (%)
[compound in basolateral] + [compound in cell monolayer]
=
× 100
[compound in intestinal digesta]

Extraction of Glucosinolates. Glucosinolates were extracted
from all samples (0.5 g) with 2 mL of boiling 70% (v/v) methanol in
a hot water bath (90−92 °C) for 5 min and centrifuged at 20 000g for
10 min at 4 °C. The pellet was extracted a second time, and the two
supernatants were combined. The glucosinolate extract was applied to
a Mini Bio-Spin chromatography column (Bio-Rad Laboratories,
Hercules, CA) containing 1 mL of cross-linked dextran gel (type G25) anion exchange resin, which was preactivated with 20 mM sodium
acetate (pH 5.5). Glucosinolates were removed from resins using
desulfation carried out by the addition of 75 μL of puriﬁed aryl
sulfatase (EC 3.1.6.1, type H-1 from Helix pomatia). The column was
capped and allowed to stand at room temperature for 24 h. The
desulfo-glucosinolates were eluted from the column with 1.5 mL
distilled water. Eluates were ﬁltered through a 0.2 μm syringe ﬁlter
prior to injection onto the HPLC.
Authentic standards of glucosinolates were desulfated as described
above and used for the identiﬁcation and quantiﬁcation of the peaks.
Concentrations of individual desulfo-glucosinolates were determined
from the experimental peak area using external standard calibration
curves for each desulfo-glucosinolate across diﬀerent ranges (depending upon the glucosinolate) and are expressed as micromoles per gram
(μmol/g).
Desulpho-Glucosinolate Analysis Using HPLC. HPLC analysis
was performed on an Agilent 1200 HPLC system coupled with a
photodiode array (PDA) detector (Agilent Technologies, Memphis,
TN). The chromatographic column used was a Waters symmetry 300
C18 column (75 mm × 4.6 mm, i.d. with 3.5 μm particle diameter,
Waters, Franklin, MA) at 40 °C. A mobile phase composed of A
(water) and B (acetonitrile) with a gradient elution of 0 min (0% B),
0−1 min (2% B), 2−35 min (2−35% B), 35−40 min (35−2% B), 41
min (0% B) was used in this study. The sample injection volume was
20 μL, and the ﬂow-rate was set at 0.5 mL/min. Peaks were detected
at 229 nm. Brieﬂy, individual glucosinolates were identiﬁed and
quantiﬁed in comparison with the retention time and external
standard curve of four glucosinolate standards (glucoraphanin,
sinigrin, gluconapin, and gluconasturtiin). Relative quantiﬁcation of
individual glucosinolates with no authentic standard was achieved
using standard methods reported by ISO 9167-1.34
Identiﬁcation of Desulpho-Glucosinolates Using UHPLC−
QTOF-MS/MS. The identiﬁcation of glucosinolates present in the
HPLC peaks of extracts of fresh kale were conﬁrmed using authentic
standards and by collecting high-resolution QTOF-MS/MS spectra
on an Agilent 1290 Inﬁnity ultrahigh-pressure liquid chromatography
system (UHPLC) interfaced to a 6445 quadrupole time-of-ﬂighttandem mass spectrometer (QTOF-MS/MS) with electrospray
ionization (ESI) via Jet Stream technology (Agilent Technologies,

■

RESULTS AND DISCUSSION
Measurement of Moisture Content, pH, and Total
Acidity. Moisture content was determined in fresh and
Table 2. Median Particle Area and Number of Particles per
Gram of Sample in Fresh Kale and Kale Undergoing Gastric
Digestiona

fresh kale
(no gastric digestion)
gastric digestion
30 min
60 min
90 min
120 min

median particle area
(mm2)

no. of particles per
gram

5.52 ± 2.75 c

1038 ± 354 d

5.93
5.58
4.15
3.64

±
±
±
±

4.16
3.03
2.22
0.23

c
c
ab
a

939
777
844
945

±
±
±
±

785
561
684
139

d
d
d
d

Data are shown as mean ± SD of triplicate experiment. Means with
diﬀerent superscript letters in the same column are signiﬁcantly
diﬀerent at p < 0.05.
a
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Figure 1. Typical HPLC chromatogram of desulfated glucosinolates isolated from fresh kale: 1, gluconaphanin; 2, sinigrin; 3, gluconapin; 4,
gluconasturtiin; 5, glucoerucin; 6, glucobrasscin; 7, 4-methoxyglucobrassicin.

Table 3. UHPLC−QTOF-MS/MS Identiﬁcation of Desulpho-Glucosinolates in Fresh Kale
no.

RT (min)

trivial name

formula

theoretical mass

measured mass

error (ppm)

response factor

1
2
3
4
5
6
7

4.59
4.86
7.05
14.92
16.58
18.98
20.16

glucoraphanin
sinigrin
gluconapin
gluconasturtiin
glucoerurin
glucobrassicin
4-methoxyglucobrassicin

C12H23NO7S2
C10H17NO6S
C11H19NO6S
C15H21NO6S
C12H23NO6S2
C16H20N2O6S
C17H22N2O7S

357.0916
279.0776
293.0933
343.1089
341.0967
368.1042
398.1148

357.0917
279.0779
293.0937
343.1091
341.0970
369.1116
399.1143

0.2800
1.0750
1.2624
0.5829
0.8795
0.2717
1.7583

0.9
1.0
1.11
0.95
0.9
0.29
0.25

Table 4. Glucosinolate Content in Kale (pmol/g Fresh Weight) and in Gastric and Intestinal Digestaa
gastric digestion

intestinal digestion

glucosinolate

fresh kale

30 min

60 min

90 min

120 min

60 min

120 min

glucoraphanin (std)b
sinigrin (std)b
gluconapin (std)b
gluconasturtiin (std)b
glucoerucinc
glucobrasscinc
4-methoxyglucobrassicinc

13.92 ± 2.30 d
43.57 ± 6.68 f
39.78 ± 2.75 d
9.86 ± 0.88 e
10.05 ± 1.33 c
0.87 ± 0.18 c
10.84 ± 1.08 f

14.31 ± 0.90 d
34.02 ± 1.89 e
34.59 ± 2.61 cd
8.77 ± 0.90 d
7.72 ± 0.52 b
0.79 ± 0.09 b
7.59 ± 1.88 e

13.81 ± 1.54 d
27.76 ± 1.18 d
32.22 ± 1.34 cd
8.26 ± 0.71 d
5.23 ± 0.65 a
0.57 ± 0.21 ab
6.70 ± 0.52 d

9.33 ± 0.90 c
23.43 ± 3.11 c
33.97 ± 4.29 cd
4.08 ± 0.94 c
5.49 ± 1.16 a
0.44 ± 0.77 a
6.55 ± 0.62 d

6.68 ± 0.83 b
17.87 ± 2.65 b
29.46 ± 3.68 c
2.67 ± 0.83 b
ND
ND
5.81 ± 0.18 c

5.40 ± 0.57 ab
14.70 ± 1.34 ab
22.78 ± 3.63 b
0.30 ± 0.30 a
ND
ND
2.13 ± 0.95 b

4.76 ± 0.27 a
12.07 ± 0.61 a
16.86 ± 1.14 a
0.25 ± 0.12 a
ND
ND
1.09 ± 0.05 a

Data are shown as the mean ± SD of triplicate experiments. Means with diﬀerent superscript letters in the same row are signiﬁcantly diﬀerent at p
< 0.05. bAbsolute quantiﬁcation against authentic standards. cRelative quantiﬁcation against sinigrin.
a

digested kale samples (Table 1). Fresh kale contained 83.39%
moisture, while gastric and intestinal digested kale contained
higher moisture contents ranging from 95.51 to 96.58%. The
moisture content was increased in the samples taken during in
vitro gastric and intestinal digestion relative to the fresh kale.
Similar to our results, previous studies have shown that the
moisture content of apple or almond increased during in vitro
gastrointestinal digestion.35,36 This increase is due to a
reduction in the particle size of the kale during in vitro
digestion, which may result in damage to the cell structure,
leading to water uptake when mixed with gastric secretions.
The pH and total acidity, which represent the amount of
citric acid, is shown in Table 1. The pH of fresh kale was 6.62
and decreased with digestion time to 5.20−4.47. During the
intestinal digestion, the pH was 7.00−7.01. The total acidity
correlated with pH changes. The total acidity of fresh kale was
0.23% and increased during gastric digestion up to 0.62−0.70

but decreased again during the intestinal digestion step by
0.27−0.35%. The change in pH in the in vitro digestion model
can be a very important factor because the action of digestive
enzymes or digestive juice secreted in digestive organs is
closely related to pH. The changes of pH and total acidity are
considered to be closely related to the pH of the digestive
ﬂuids at each digestion stage. The pH of the oral cavity is
weakly acidic (pH 5−7), and the pH of the mouth is rapidly
decreased from 1 to 3 pH units due to the release of
hydrochloric acid in the stomach and restored to a slightly
acidic (pH 5−7) due to the high pH of bile acids and
bicarbonate.37
Median Particle Area and Number of Particles per
Gram Samples. The particle size distribution of kale before
and during in vitro gastric digestion are given in Table 2. The
median particle area in fresh kale (5.52 ± 2.75 mm2)
signiﬁcantly (p < 0.05) decreased with digestion time to 3.64
9495
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Figure 2. Extracted ion chromatogram of glucosinolate hydrolysis compounds and qTOF spectra obtained in ESI positive mode after in vitro
digestion of kale. Allyl nitrile (a,b); 3-butenyl isothiocyanate (c,d); phenylacetonitrile (e,f); and sulforophane (g,h).

Table 5. Content of Glucosinolate Hydrolysis Products (pmol/g Fresh Weight) in Fresh Kale and in Gastric and Intestinal
Digestaa
gastric digestion
glucosinolate
hydrolysis compounds
allyl nitrilec
butenyl
isothiocyanatec
phenylacetonitrilec
sulforaphaneb

intestinal digestion

fresh kale

30 min

60 min

90 min

120 min

60 min

120 min

14.90 ± 1.37 a
32.28 ± 8.35 a

59.68 ± 3.44 b
61.65 ± 4.74 b

103.50 ± 11.45 d
79.65 ± 9.79 c

197.98 ± 16.70 f
107.65 ± 22.22 d

135.89 ± 5.39 e
102.55 ± 5.05 d

88.19 ± 5.85 c
222.15 ± 30.26 e

123.26 ± 3.83 e
299.31 ± 25.43 f

45.59 ± 1.21 a
ND

43.43 ± 6.84 a
ND

45.35 ± 10.91 a
10.09 ± 0.98 a

50.55 ± 7.40 ab
11.54 ± 0.45 a

46.32 ± 12.63 a
13.74 ± 0.45 b

129.17 ± 17.57 b
13.71 ± 0.62 b

200.43 ± 17.34 c
14.55 ± 1.03 c

Data are shown as mean ± SD of triplicate experiment. Means with diﬀerent superscript letters in the same row are signiﬁcantly diﬀerent at p <
0.05. bAbsolute quantiﬁcation against authentic standards. cRelative quantiﬁcation against sulforaphane.
a

± 0.23 mm2 at 120 min. Physical breakdown during gastric
digestion would be expected and has been observed in
previous in vitro and in vivo studies.31,32
The number of particles per g sample appeared to increase
between 90 and 120 min; however, this increase was not
statistically signiﬁcant. When the median particle area was
considered, it was observed that the area of the kale particles
decreased to 24.82% and 34.06%, compared to the fresh kale
samples after 90 and 120 min of gastric digestion, respectively.
Glucosinolates in Fresh Kale. A typical HPLC chromatogram of the desulfated glucosinolates isolated from fresh kale is
given in Figure 1. Seven peaks were identiﬁed as glucosinolates
(Table 3). Peaks 1, 2, and 4 corresponded to glucoraphanin (tR
4.56 min), sinigrin (tR 4.86 min), gluconapin (tR 7.05 min),

and gluconasturtiin (tR 14.92 min), respectively, as conﬁrmed
with authentic standards. High-resolution QTOF-MS/MS
allowed for the tentative identiﬁcation of three additional
glucosinolates corresponding to peaks 5 (glucoerucin), 6
(glucobrassicin), and 7 (4-methoxylglucobrassici) at retention
times 16.58, 18.98, and 20.16 min, respectively. As
commercially available standards are not available for all
compounds, concentrations were established using relative
quantitation against sinigrin.
Glucosinolates were quantiﬁed in undigested kale (Table 4).
Sinigrin (43.57 ± 6.68 pmol/g FW) was the predominant
glucosinolate, which correlates with previously reported data
for kale.38 Relatively high amounts of gluconapin (39.78 ±
9496
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Figure 3. Typical HPLC chromatogram of glucosinolate hydrolysis compounds (a) after 2 h of in vitro gastro digestion, (b) after 2 h of in vitro
intestinal digestion, and (c) after 6 h of incubation with the Caco-2 monolayer. 1, allyl nitrile (RT = 1.947); 2, butenyl isothiocyanate (RT =
3.621); 3, phenylacetonitrile (RT = 6.564); 4, sulforaphane (RT = 15.396).

2.75 pmol/g FW) and glucoraphanin (13.92 ± 2.30 pmol/g
FW) were also found in undigested kale.
Inﬂuence of Gastric and Intestinal Digestion on
Glucosinolates. The gastric digestion of glucosinolates was
evaluated at 30, 60, 90, and 120 min in the HGS (Table 4). At
30 and 60 min, the levels of sinigrin, gluconastrurtiin,
glucoerucin, glubrasscin, and 4-methoxyglucobrassicin were
signiﬁcantly reduced as compared with the levels in fresh kale.
After 90 min of gastric digestion, levels of all glucosinolates
were signiﬁcantly reduced from levels in fresh kale with the
exception of gluconapin. At 120 min, the levels of all
glucosinolates were reduced and no glucoerucin or glucobrasscin could be detected in digesta. Data demonstrate that
the proﬁle of glucosinolates in the gastric digesta will vary
based upon gastric digestion time and that gluconapin is the
most resistant to hydrolysis during gastric digestion.
To evaluate intestinal digestion, the gastric digesta were
allowed to remain in the HGS using conditions that simulate
intestinal digestion and were sampled at 60 and 120 min. The
levels of glucoraphanin, sinigrin, and gluconapin decreased by
29%, 32%, and 43%, respectively, in intestinal digesta as
compared with gastric digesta at 120 min whereas losses of

gluconasturtiin (99%) and 4-methoxyglucobrassicin (81%)
were even more substantial (p < 0.05). Glucoerucin and
glucobrasscin were not present in gastric digests after 120 min
and were therefore absent from intestinal digesta. In a similar
study, Vallejo et al.39 found that the in vitro gastric digestion of
broccoli resulted in 69% reduction of total glucosinolates,
which were further decreased after intestinal digestion.
Glucosinolate Hydrolysis Products. Glucosinolates are
thioglycosides that diﬀer in the structure of the aglycone side
chain. Glucosinolates can undergo hydrolysis via the activity of
myrosinase to form unstable aglycones that can rearrange to
form a wide array of biologically active compounds including
epithionitriles, nitriles, thiocyanates, isothiocyantes, and
oxazolidine-thiones. Myrosinase is active in fresh vegetables
and in the stomach and small intestine.40 Glucosinolate
hydrolytic rearrangement is dependent upon pH. At a low
pH ≤ 3 (i.e., the pH of the stomach), hydrolytic rearrangement
favors formation of nitriles and at pH ≥ 7 (i.e., the pH of the
small intestines) hydrolytic rearrangement favors formation of
isothiocyanates.41 Isothiocyanates are absorbed from the small
intestine and in the colon, and metabolites are detectable in
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The content of glucosinolate hydrolysis products (ng/mL intestinal digesta) was measured in cells and in the apical and basolateral compartments after incubating cell monolayers for 6 h with 250 μL of
intestinal digesta obtained after 120 min of digestion added to the apical compartment. Data are shown as mean ± SD of triplicate experiments. Means with diﬀerent superscript letters in the same
column are signiﬁcantly diﬀerent at p < 0.05. bAbsolute quantiﬁcation against authentic standards. cRelative quantiﬁcation against sulforaphane. dbioavailability (%) = [(compound in basolateral +
compound in cell monolayer)/(compound in intestinal digesta)] × 100.

4.54 ± 0.40 b
26.97 ± 0.23 d
13.06 ± 1.22 c
1.54 ± 0.31 a
8.51 ± 0.26 b
46.71 ± 3.97 d
23.46 ± 2.03 c
2.58 ± 0.18 a
allyl nitrilec
butenyl isothiocyanatec
phenylacetonitrilec
sulforaphaneb

urine 2−3 h after consumption of Brassica vegetables in
humans.40
Glucosinolate hydrolysis products are primarily responsible
for the anticarcinogenic activity associated with consuming
Brassica vegetables. These low-molecular weight compounds
are able to rapidly diﬀuse into the cells of the intestinal
epitheilium and modulate the expression of genes important to
chemoprevention (e.g., those associated with xenobiotic
metabolism, antioxidation, cell cycle regulation, apoptotic
pathways, and stress response).41−48 Understanding the
formation and disposition of glucosinolate hydrolysis products
in the gut is key for understanding the bioactive potential of
Brassica foods. In general, levels of glucosinolate hydrolysis
products are lower in undamaged fresh Brassica as compared
to Brassica with insect and/or physical damage as damage
allows glucosinolates contact with myrosinase. Herein, the
hydrolyzed products identiﬁed in fresh kale include phenylacetonitrile (45.59 ± 1.21 pmol/g FW), 3-butenyl isothiocyanate (32.28 ± 8.35 pmol/g FW), and allyl nitrile (14.90 ± 1.37
pmol/g FW) (Figure 2 and Table 5).
Glucosinolate Hydrolysis Products in Gastric and
Intestinal Digesta. Intact glucosinolates are not absorbed
through the intestinal epithelium, and the hydrolysis products,
which are absorbed, are the bioactive forms of glucosinolates.40
Therefore, it is important to understand the disposition of
bioactive glucosinolate hydrolysis products available for
absorption in the small intestine. Phenylacetonitrile 3-butenyl
isothiocyanate, allyl nitrile, and sulforaphane were identiﬁed in
gastric digesta by 60 min of HGS (Figures 2 and 3 and Table
5). Allyl nitrile, 3-butenyl isothiocyanate, phenylacetonitrile,
and sulforophane are the hydrolysis products of sinigrin,
gluconapin, glucotropaeolin, and glucoraphanin, respectively.40
Identities of these compounds were conﬁrmed using highresolution QTOF-MS/MS (Figure 2). Levels of allyl nitrile
and 3-butenyl isothiocyanate increased signiﬁcantly (228% and
166%, respectively) between 30 and 120 min of gastric
digestion whereas levels of phenylacetonitrile did not change
signiﬁcantly. Sulforaphane, which was not detected in fresh
kale, was observed only after 60 min of gastric digestion (10.09
± 0.98 pmol/g FW), and levels were increased signiﬁcantly at
120 min of gastric digestion (13.74 ± 0.45 pmol/g FW).
During intestinal digestion, the levels of allyl nitrile initially
decreased and then increased after 120 min of intestinal
digestion (Figure 3 and Table 5). Allyl nitrile is a hydrolysis
product of sinigrin.46 The levels of sinigrin decreased during
intestinal digestion and may have contributed to the increase in
allyl nitrile as the in vitro digestion model is a closed system.
Butenyl isothiocyanate levels were signiﬁcantly higher in
intestinal digesta (299.31 ± 25.43 pmol/g FW at 120 min) as
compared with levels in gastric digesta at 120 min (102.55 ±
5.05 pmol/g FW). The levels of phenylacetonitrile, the
hydrolysis product of gluconasturtiin, which did not change
signiﬁcantly during gastric digestion, increased signiﬁcantly
during intestinal digestion (280% at 60 min and 656% at 120
min). Sulforaphane levels were relatively low in intestinal
digests as compared with the other glucosinolate hydrolysis
products, reaching only 14.55 ± 1.03 pmol/g FW after 2 h of
intestinal digestion.
In similar studies, Rodriguez-Hernandez et al.49 performed
in vitro digestion of diﬀerent cultivars of raw freeze-dried
broccoli and measured corresponding levels of glucoraphanin
and sulforaphane. Both glucoraphanin and sulforaphane
decreased during digestion of broccoli ﬂorets (cv. Naxos)

a

c
b
b
a
1.54
2.42
0.32
1.43
±
±
±
±
48.60
39.03
35.81
29.35
17.98 ± 0.74 b
10.88 ± 3.82 a
10.74 ± 2.99 a
0
6.30
4.41
0.37
7.95
±
±
±
±

(ng)
total added [intestinal digesta] (ng)
cmpd

53.35
57.73
55.67
59.69

(%)

a
ab
a
b

2.61 ± 0.15 b
13.15 ± 0.47 d
5.88 ± 0.11 c
0.76 ± 0.22 a

30.67
28.15
25.06
29.46

±
±
±
±

0.82
1.40
2.67
1.43

b
b
a
b

1.53 ± 0.38 a
5.08 ± 2.21 b
2.52 ± 0.92 a
ND

(%)
(ng)
(%)
(ng)

cell monolayer (retention)
basolateral compartment (transport)
apical compartment

Table 6. Uptake and Transport of Glucosinolates and Their Hydrolysis Products after 6 h Incubation of Intestinal Digesta with Caco-2 Cellsa

bioavailabilityd
(total cellular uptake, %)
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whereas levels of glucoraphanin decreased by 7% and
sulforaphane increased by 23% in the cultivar Viola. In
additional studies in fresh broccoli, Ghawai et al. 47
demonstrated a 1.5−3.0 increase in the levels of sulforaphane
after intestinal digestion showing that myrosinase in the
intestinal digestion process was still active.
Together these results demonstrate that sinigrin is the most
abundant glucosinolate in fresh kale (43.57 ± 6.68 pmol/g
FW) and that other glucosinolates identiﬁed ranged from 0.87
± 0.18 to 39.78 ± 2.75 pmol/g FW kale. In general, levels of all
identiﬁed glucosinolates decreased during gastric and intestinal
digestions. Whereas levels of glucosinolate hydrolysis products
increased through gastric and intestinal digestions. The
primary hydrolysis products formed in gastric digesta are
allyl nitrile, butenyl isothiocyanate, and phenylacetonitrile.
Assessing Bioavailabilily. Caco-2 cells are a widely used
and accepted model to evaluate the bioavailability of nutrients
and drugs after oral ingestion.48 The intestinal digesta at 120
min, and added to the Caco-2 cells, contained the
glucosinolate hydrolysis products allyl nitrile (8.51 ± 0.26
ng), butenyl isothiocyanate (46.71 ± 3.97 ng), phenylacetonitrile (23.46 ± 2.03 ng), and sulforaphane (2.58 ±
0.18 ng) (Table 6). The intestinal digesta also contained the
glucosinolates glucoraphanin (3 332.94 ± 0.77 ng), sinigrin
(10 813.22 ± 2.18 ng), gluconapin (14 383.63 ± 3.87 ng),
gluconasturtiin (182.09 ± 0.39 ng), and 4-methoxyglucobrassicin (684.12 ± 0.13 ng). Although both glucosinolates
and the hydrolysis products were present in the intestinal
digesta at 120 min, only the hydrolysis products were
measured in the Caco-2 cells as no further hydrolysis was
observed in intestinal digesta and because only the hydrolysis
products are transported across intestinal epithelial cells.
Recoveries of hydrolysis products in the Caco-2 cells were
101% allyl nitrile, 97% butenyl isothiocyanate, 91% phenylacetonitrile, and 89% for sulforophane.
After 6 h, the percentage of glucosinolate hydrolysis
compounds in the apical compartment varied between 53.44
and 59.47%, whereas 25.19−30.61% of the glucosinolate
hydrolysis products were transported into the basolateral
compartment and 0−15.68% were retained in the cells in the
Caco-2 monolayer. The percentage of total cellular uptake in
the intestinal digesta ranged from 29.39% (sulforaphane) to
48.60% (allyl nitrile). These results indicate that buteneyl
isothocyanate is signiﬁcantly higher than other glucosinolate
hydrolysis products after the consumption, and digestion of
kale although allyl nitrile is the most bioavailable glucosinolate
hydrolysis.
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