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Aryl hydrocarbon Receptor activation during
in vitro and in vivo digestion of raw and cooked
broccoli (brassica oleracea var. Italica)t
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Broccoli is rich in glucosinolates, which can be converted upon chewing and processing into Aryl hydro-
carbon Receptor (AhR) ligands. Activation of AhR plays an important role in overall gut homeostasis but
the role of broccoli processing on the generation of AhR ligands is still largely unknown. In this study, the
effects of temperature, cooking method (steaming versus boiling), gastric pH and further digestion of
broccoli on AhR activation were investigated in vitro and in ileostomy subjects. For the in vitro study, raw,
steamed (t = 3 min and t = 6 min) and boiled (t = 3 min and t = 6 min) broccoli were digested in vitro with
different gastric pH. In the in vivo ileostomy study, 8 subjects received a broccoli soup or a broccoli soup
plus an exogenous myrosinase source. AhR activation was measured in both in vitro and in vivo samples
by using HepG2-Lucia™ AhR reporter cells. Cooking broccoli reduced the AhR activation measured after
gastric digestion in vitro, but no effect of gastric pH was found. Indole AhR ligands were not detected or
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detected at very low levels both after intestinal in vitro digestion and in the ileostomy patient samples,
which resulted in no AhR activation. This suggests that the evaluation of the relevance of glucosinolates
for AhR modulation in the gut cannot prescind from the way broccoli is processed, and that broccoli con-
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1. Introduction

Health benefits of consuming broccoli and cabbage, which
belong to the genus Brassica, have been partly attributed to
phytochemicals such as glucosinolates." Recently, broccoli
(Brassica oleracea) consumption was shown to alter the micro-
biota,> and attenuate chemically induced colitis in mice
through an aryl hydrocarbon receptor (AhR)-dependent
pathway.? Intestinal sources of AhR ligands play an important
role in immune function in the gut by recruiting intraepithe-
lial lymphocytes to the epithelium, enhancing the gut
defences, triggering anti-inflammatory pathways and control-
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sumption does not necessarily produce substantial amounts of AnR ligands in the large intestine.

ling microbial load and composition through innate lymphoid
cell production of I11-22.*°

Brassica vegetables are rich in glucosinolates, which can be
converted into AhR ligands by myrosinase, a plant enzyme
that can enzymatically hydrolyse the chemically stable
glucosinolates.””® Myrosinase and glucosinolates are phys-
ically separated from each other in intact vegetable tissues, but
mastication in the oral cavity allows them to come into contact
with each other, promoting enzymatic hydrolysis of glucosino-
lates into a variety of breakdown products (BP).> Glucosinolate
hydrolysis is influenced by many endogenous factors like pH,
ascorbic acid concentration, and exogenous factors like
storage and processing conditions, which can affect myrosi-
nase activity and breakdown product formation.® Indolyl
glucosinolates, i.e. those containing an indole group, undergo
a similar pathway, albeit different from several aspects. After
removal of the glucose moiety by myrosinase, an intermediate
thiohydroxamate-O-sulfonate forms that can convert either in
an indoyl isothiocyanate or into indole-3-acetonitrile (I3N).
The isothiocyanate spontaneously converts in indole-3-carbi-
nol (I3C). The relative concentration of I3C and I3N depends
on the residual epithiospecifier protein (ESP) activity.'® ESP is

This journal is © The Royal Society of Chemistry 2020
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a myrosinase co factor, that can favour the formation of
nitriles over isothiocyanates in an iron-dependent manner.”
In addition, presence of the epithiospecifier modifier protein
(ESM1), can inhibit the ESP mediated nitrile formation
leading to an increase in ITC and thus of I3C."" At low pH,
nitriles are the main BP from glucosinolates. Additionally,
nitriles can be produced during autolysis of fresh plant
material. When ascorbic acid is present at a pH between 4 and
7, ascorbigen and thiocyanates will be the main BP of indole
glucosinolates. At pH 6-7, the main BP are isothiocyanates
(ITC) 13C subsequently condenses in di-, tri- and tetramers,
such as indolo-[3,2b]carbazole (ICZ), cyclic triindole (CT) and
3,3'-diindolylmethane (DIM) under relatively mild acidic con-
ditions like those in the gastric environment.'>"? The biologi-
cal functions of 13C include reducing DNA-adduct formation,
inducing apoptosis and inhibiting tumour growth.'*'> It is
also a weak AhR ligand, while the products of the acid-cata-
lyzed oligomerization DIM and ICZ have a high AhR binding
capacity.'® The generation of indole AhR ligands from gluco-
brassicin is shown in Fig. 1.

Broccoli is commonly cooked before consumption, which
influences glucosinolate degradation and conversion into AhR
ligands."”'® The formation of AhR ligands is influenced by
gastric pH,'® but the a direct measure of AhR activation after

S—glucose
\N——0503‘ Myrosinase
A\
N
H
Glucobrassicin ESP
EMP

DIM
NH
Qe
NH

ICZ

View Article Online

Paper

cooking has not been reported yet. The gastric pH can be influ-
enced by fasted or fed state, but also by different food products
when combined in a meal, which can act as buffer in the
gastric environment.'”>"

The aim of this research was to investigate the effect of broc-
coli processing and consumption using in vitro and in vivo diges-
tion methods on AhR activation. We investigated the effect of
cooking method (boiling versus steaming) and gastric pH on AhR
activation by glucosinolate derivatives from broccoli in vitro. To
investigate AhR activation in humans and the effect of absorp-
tion, which is lacking in in vitro systems, we also measured AhR
activity in the ileal fluid samples collected from ileostomy sub-
jects after consumption of a broccoli soup with or without sup-
plementation of an exogenous source of active myrosinase.

2. Experimental

2.1. Sample preparation and thermal treatments

2.1.1. Broccoli preparation and thermal treatments for
in vitro study. One batch of broccoli was purchased at the local
supermarket (Jumbo, The Netherlands). The stems of the broc-
coli were removed and the florets were cut into pieces of approxi-
mately 3 x 3 x 3 cm. The florets were equally divided into
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Fig. 1 Breakdown pathway of glucobrassicin into AhR ligands. DIM,3,3’-diindolylmethane; ICZ, indolo-[3,2b]carbazole; ESP, epithiospecifier protein;

EMP, epithiospecifier modifier protein.
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5 groups and treated as follows: raw (group 1), boiled for 3 min
(group 2), boiled for 6 min (group 3), steamed for 3 min (group
4) and steamed for 6 min (group 5). Broccoli (265 g) was boiled
in 1.4 L water (groups 2 and 3), or 240 g broccoli was steamed in
a steam oven (groups 4 and 5), for 3 or 6 min. Thereafter, the
broccoli was drained of water for 5 min, immediately frozen by
liquid nitrogen and freeze-dried. The trays used for freeze-drying
were weighed before and after freeze-drying to determine the loss
in water content of the samples. After freeze-drying, the samples
were milled (2 min cooling time, 7 min milling time) into a fine
powder, using a freeze miller (SpexEuropa, SPEX SamplePrep)
and stored at —20 °C until further analysis.

2.1.2. Broccoli preparation and thermal treatments for
in vivo study. Beneforte super broccoli, a hybrid of Brassica
oleracea & Brassica villosa®® was supplied by Staples Vegetables
Ltd (Boston, Lincolnshire, UK) and mustard seeds were
sourced from a local supermarket (ASDA, Reading, UK).
Broccoli florets were cut (~4 to 5 cm from top) mixed together,
50 g portions placed in LDPE polyethylene bags (24 x 24 cm)
and vacuum-packed to prevent glucoraphanin leaching during
processing. Broccoli was cooked in a water bath at 100 °C for
12 min. Mustard seeds were ground to a powder and added as
a source of myrosinase (at 2% w/w) at the end of the soup
preparation (~60 °C). All raw and cooked super broccoli
samples were frozen in dry ice before storage at —80 °C.
Subsequently, samples were lyophilized (VirTis SP Scientific,
UK), ground using a coffee grinder and sieved (30 mesh).
Samples were stored at —20 °C until soup preparation.

A 200 ml portion of soup was prepared per participant as
follows, (Table 1): broccoli powder was added to boiling water
(150 mL) and cooked for 2 min. The remaining ingredients,
except mustard seed powder, were dissolved in 50 mL cold
water and then added to the boiling soup. The soup was
boiled for 3 additional min to inactivate ESP.'® Afterwards, the
soup was left to cool down to 60 °C, followed by addition of
the mustard seed powder. The soup maintained in a water
bath at 60 °C and served after 10 minutes.

2.2. Determination of glucosinolate content and myrosinase
activity

Glucosinolates of the thermally treated broccoli samples were
extracted according to Oliviero et al.'” with and without the

Table 1 Ingredients of 200 mL broccoli soup

Broccoli soup (200 mL) Gram
Water 200
Broccoli powder 11
Sauce mix” 11
Cheese powder (parmesan cheese) 5

Salt 0.3
Mustard seed powder 0.16

“Wheat flour, cheddar cheese powder (16%), cheese powder (16%),
maize starch, skimmed milk powder, salt, yeast extract, flavouring,
maltodextrin, whey powder, mustard powder, colours (curcumin,
paprika extract).
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pre-addition of water to estimate the myrosinase activity. To
determine the glucosinolates concentrations, 0.1 g freeze dried
broccoli was mixed with 2.4 mL 100% methanol (75 °C) and
200 pL 3 mM glucotropaeolin (Sigma-Aldrich), after which the
samples were incubated in a water bath at 75 °C for 5 min. The
samples were centrifuged at 1363g for 10 min and the super-
natants were collected, while the pellets were re-extracted twice
by adding 2 mL 70% methanol (75 °C). All supernatants were
combined and stored at —-20 °C until desulphation.
Glucosinolates were converted into desulphoglucosinolates
according to Oerlemans et al*®* The extracted desulphated
glucosinolates were separated using an Ultimate 3000 U-HPLC
(Thermo Scientific, Bremen, Germany) with Licospher 100 RP
18 column (125 x 4 mm) with an injection volume of 20 pL
and a flow rate of 1 mL min™". Two eluents were used, eluent
A (100% milliQ) and eluent B (100% Acetonitrile). The HPLC
ran for 25 min with a gradient elution of 100% A for 2 min,
92% A for 5.5 min, 75% A for 10.5 min and back to 100% A for
2 min. The peaks were measured with a UV detector at a wave-
length of 229 nm. The glucosinolates were identified by means
of their absorption spectra and quantified by comparing their
area to the area of a standard glucosinolate; glucotropaeolin
(benzylglucosinolate).

In order to estimate myrosinase activity, the thermally
treated broccoli samples were pre-incubated with water for
5 min, after which the glucobrassicin concentration was
measured as described above. The myrosinase activity was
expressed as percent of glucobrassicin reduction where the
glucobrassicin concentration with and without water addition
was compared.

2.3. Digestion: in vitro and in vivo

2.3.1. INFOGEST in vitro digestion. To simulate complete
human digestion, the protocol of Minekus et al. (2014) was
used with some modifications.”* In short, 0.5 g freeze dried
broceoli (samples from group 1 to 5) was added to 4.5 g milliQ
and incubated for 5 min at 37 °C while rotating to simulate
the oral phase. This was mixed with 3.5 mL simulated salivary
fluid (1.475 mL milliQ, 25 pL 0.3 M CaCl,) and incubated for
2 min at 37 °C while rotating at speed 10 (Salm en Kipp B.V.).
Subsequently, the oral bolus went to the gastric phase where
the pH was decreased to pH 3 with HCl and mixed with
7.5 mL simulated gastric fluid (5 pL 0.3 M CaCl,, milliQ and
1.6 mL 2000 U mL™" pepsin, Sigma-Aldrich), this mixture was
incubated for 2 hours at 37 °C while rotating. Subsequently,
the food bolus went to the intestinal phase where the pH was
increased to pH 7 using NaOH and mixed with 11 mL simu-
lated intestinal fluid (40 puL 0.3 M CacCl,, milliQ and pancrea-
tin; based on trypsin activity of 100 U mL™" in final mixture
(Sigma-Aldrich)). Again, this was incubated for 2 hours at
37 °C while rotating. Samples were taken after the gastric and
intestinal phases and centrifuged at 9000g for 12 min. The
supernatants were stored at —20 °C until further analysis.

2.3.2. In vitro gastric digestion of broccoli samples. To
simulate human gastric digestion and vary the gastric pH, a
simplified in vitro digestion method was used. Freeze-dried

This journal is © The Royal Society of Chemistry 2020
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broccoli powder (0.5 g samples from groups 1-5) was added to
4.5 mL milliQ and incubated for 5 min at 37 °C while rotating.
Subsequently, 5 mL dichloromethane (Actu-All Chemicals) was
added and incubated for 2 min at room temperature while
shaking, followed by centrifugation at 2670g for 5 min. This
procedure was repeated twice. Supernatant was collected and
dichloromethane was evaporated using N,, after which 1 mL
acetonitrile (Actu-All Chemicals) was added to re-dissolve the
active compounds. This was mixed with 6.5 mL milliQ, and
the pH was decreased to either pH 2, 3 or 5 using HCL
Subsequently, milliQ was added to reach a final volume of
10 mL with the correct pH and the samples were incubated for
2 hours at 37 °C while rotating. After incubation, the pH was
increased to pH 7 using NaOH and the samples were centri-
fuged for 12 min at 4816g. The supernatants were stored at
—20 °C until further analysis.

2.3.3. In vivo dietary intervention study with ileostomy
patients. To compare the in vitro broccoli digestion with in vivo
digestion, ileostomy patients were used. Ileostomy studies
provide insight into the processes of biotransformation and
absorption in the upper gastrointestinal tract that impact the
phytochemicals in the ingested plant material, in the case of
broccoli potentially influencing AhR bioactivity and health
benefits.>> Ethical approval (14/SC/1326) for the ileostomy
feeding study was received from South Central - Hampshire
Research Ethics Committee and Ulster University. All partici-
pants gave written informed consent and the study was con-
ducted in accordance with the Helsinki Declaration.
Participants were recruited between January 2015 and
February 2015 from clinics at Altnagelvin Hospital. The inter-
vention study ran between March 2015 and April 2015. The
study was registered at clinicaltrials.gov  (Identifier:
NCT04113928). The study was conducted in 11 ileostomy sub-
jects (7 males, 4 females) age range 32-63 years, who had
undergone terminal ileostomies, were at least 1.5 years post-
operative prior to the study and were non-smokers.

The study was an acute randomised, single-blind, placebo-
controlled crossover feeding trial with a 1-week washout
period. After obtaining informed consent, participants were
randomly assigned, in blocks of four using a random-number
generator (http:/www.randomization.com), to either the inter-
vention or the control. In total, 12 participants were random-
ised to 2 groups. One participant subsequently withdrew from
the study prior to sampling. Participants were asked to follow
a restriction diet, avoiding dark green leafy vegetable and
mustard-like vegetables especially broccoli, cabbage, Brussel
sprouts, watercress, rocket, spinach, onions, spring onions,
radish, horseradish for 48 h before each clinic visit. Following
an overnight fast, the participants provided an ileal fluid
sample (T 0 h) then consumed 200 mL of freshly prepared
broccoli soup (described above) with or without addition of
mustard seed (containing myrosinase). A second ileal fluid
sample was collected 4 hours post consumption (7 4 k). The
ileal fluid samples were collected and processed as described
in McDougall et al.*® Weights and pH of the ileal fluid were
recorded, before dilution with ice cold distilled water as

This journal is © The Royal Society of Chemistry 2020
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required dependent on viscosity, before being homogenised in
a chilled Waring blender for 30 seconds, and storage of ali-
quots at —80 °C in preparation for subsequent analysis. An
available subset of 8 participants were used to assess AhR acti-
vation, where 4 subjects started with the broccoli soup and the
other 4 with the broccoli soup + mustard seeds.

Freeze-dried ileostomy sample (0.5 g) was extracted using
dichloromethane as described in section 2.3.2. After evapor-
ation, the compounds were redissolved in 2 mL MEM growth
medium (Gibco, USA) and centrifuged at 3000g for 5 min. The
supernatant was added in a 1% final concentration to HepG2-
Lucia™ AhR reporter cells (InvivoGen, France) to measure AhR
activation (section 2.4). In addition, cytotoxicity was measured
using the CytoTox 96 Non-Radioactive Cytotoxicity Assay
according to the manufacturer’s instructions (Promega, USA).

Samples were further processed using solid phase extrac-
tion (SPE), using Strata-E C18 reversed phase columns
(Phenomenex), in order to clean up for quantification. The
columns were conditioned with 1 mL methanol and equili-
brated with 1 mL milliQ. Pre-extracted ileostomy sample
(100 pL) was loaded, after which 1 mL 5% methanol in milliQ
was loaded. The column was dried under vacuum for 5 min
and the sample was eluted with 1 mL methanol. Afterwards,
the methanol was evaporated and samples were redissolved in
150 pL milliQ until quantification using LC-MS/MS (2.6).

2.4. AhR activation

HepG2-Lucia™ AhR reporter cells (InvivoGen) were grown
according to the manufactures instructions in Minimum
Essential Medium Eagle - Alpha Modification (a-MEM; Gibco
USA), 10% (v/v) heat inactivated fetal calf serum (Gibco), 1x
non-essential amino acids (Gibco), Penicillin-Streptomycin
(100 U mL™"-100 pug mL™"; Gibco), 100 pg mL~" Normocin™
(InvivoGen) and 100 pg mL™' Zeocin™ (InvivoGen). To
measure AhR activation, 20 pl sample was added in triplicate
to a 96-wells plate (Corning, USA). Thereafter, 180 pl cell sus-
pension (~20000 cells per well) was added to each well and
the plate was incubated for 48 hours at 37 °C in a CO, incuba-
tor. After incubation, 20 pL stimulated cell supernatant was
transferred into a white walled clear bottom 96-wells plate
(Corning), followed by addition of 50 pL QUANTI-Luc™
(InvivoGen). Luminescence was measured immediately using a
Spectramax M5 (Molecular devices, USA). AhR activation was
expressed as percentage of the activity of the positive control
(5 pM p-naphthoflavone in DMSO). Results of AhR activation
were corrected for their corresponding negative controls,
either DMSO or medium.

2.5. Detection of I3C and DIM

To detect I3C and DIM in the ileostomy samples, the samples
were extracted by the procedure described previously by
Dominguez-Perles et al., with some modifications.>” Briefly,
the frozen ileal fluid samples were thawed and vortexed, and
duplicate 5.0 + 0.1 g samples were weighed into 15 mL centri-
fuge tubes. These samples were extracted using 2 mL
methanol : water (80 : 20, v/v) with 1% formic acid. The tubes

Food Funct., 2020, 11, 4026-4037 | 4029


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0fo00472c

Open Access Article. Published on 15 April 2020. Downloaded on 1/12/2026 2:17:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

were vortexed for 3 x 30 s and then sonicated in a water bath
for 1 min. All procedures were carried out at 5 °C. After cen-
trifugation (4000g, 15 min, 4 °C), the supernatants were trans-
ferred into new tubes. The pellets were extracted twice using
3 mL of the same solution and the supernatants combined
and vortexed. The extracts were further extracted using SPE
Strata-X cartridges (33u Polymeric Strong Cation), following
the manufacturefs instructions. Cartridges were conditioned
with 2 mL of MeOH and equilibrated with 2 mL ultrapure
water/formic acid (98 : 2, v/v). After this step, the extracted ileal
simples were applied to the column. Then, the SPE cartridges
were washed with water/formic acid (98:2, v/v) and aspirated
until dryness. The target analytes including I3C and DIM, were
eluted with 2 mL of MeOH/formic acid (98:2, v/v) and dried
using a Speed Vac concentrator. The extract was reconstituted
with 200 pL of solvent A/B (90 : 10, v/v) until analysis.

The targeted analysis of I3C and DIM was performed on an
Ultra High Performance Liquid Chromatography Photo Diode
Array mass spectrometer system (UHPLC-PDA-MS; Thermo
Scientific, USA) comprising of a UHPLC pump, a PDA detector
scanning from 200 to 600 nm, and an autosampler operating
at 4 °C (Dionex Ultimate 3000 RS, Thermo Corporation).
Separations of I3C and DIM were based on a 100 x 2.1 mm i.d.
1.8 pm Zorbax SB-C18 RRHD column (Agilent, Santa Clara,
CA) preceded with a precolumn with the same stationary
phase (Waters, Spain) which was maintained at 40 °C and
eluted using two mobile phases: A: deionized water with
13 mM of ammonium acetate (pH 4.0 with acetic acid) and B:
acetonitrile with 1% acetic acid, over the course of 20 min at
0.2 mL min~". The gradient started with 3% of B rising 20% B
in 5 min, then rising 52% B in 3 min following 95% of B after
4.5 min, maintained for 2.5 min and finally return to 3% B in
1 min and maintained during 4 min to equilibrate the column
to the initial conditions. After passing through the flow cell of
the PDA detector, the eluate went directly to an Exactive
Orbitrap mass spectrometer (Thermo Scientific) fitted with a
Heated Electrospray Ionization Probe (HESI) operating in posi-
tive ionization mode. Full scans were recorder in m/z range
from 100 to 800 with a resolution of 50.000 Hz and with a full
AGC target of 100000 charges, using 2 microscans. Analyses
were also based on scans with in-source collision-induced dis-
sociation (CID) at 25.0 eV. MS experiment condition with HESI
in positive ionization mode was: capillary temperature 325 °C,
heater temperature 300 °C, sheath gas 18 units, auxiliary gas 2
units, and the spray voltage 4.0 kv. Targeted identifications of
13C and DIM were achieved by comparing the exact mass and
the retention time with available standards. Quantification of
the compounds was carried out by selecting the theoretical
exact mass of the molecular ion by reference to standard
curves prepared in diluted ileal fluid extract.

2.6. Detection of indole derivatives

To detect indole derivatives in the ileostomy samples, a
Thermo UltiMate 3000 U-HPLC system coupled to a TSQ
Quantum triple quadrupole mass spectrometer (Thermo
Fisher Scientific, Germany) was used. Chromatography was
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carried out with a Phenomenex Kinetex 1.7 pm EVO C18 100 A
LC column (100 x 2.1 mm) maintained at 45 °C. Mobile
phases consisted of milliQ (A) and methanol (B) at a flow rate
of 0.3 mL min~" with the following gradient: 0-2 min, 0.1% B;
2-6 min, 0.1-25% B; 6-10 min, 25-80% B; 10-12 min, 80-90%
B; 12-15 min, 90% B; 15-16 min, 90-0.1% B; then re-equili-
bration for 10 min. The samples were kept at 5 °C in an auto
sampler (WPS-3000 TRS, Thermo Fisher Scientific) throughout
the run and 10 pL per sample was injected for analysis under
positive mode. The electrospray sources parameters were set as
follows: spray voltage, 4.5 kV; capillary temperature, 275 °C;
sheath gas, 40 arbitrary units; auxiliary gas, 0 arbitrary units.
Table S1 (ESIf) listed the exact mass precursor ions, exact
mass product ions, retention time (RT), collision energy (CE),
and tube lens (TL) for each metabolite. Data analysis was per-
formed using Thermo Xcalibur 4.0 software (Thermo Fisher
Scientific).

2.7. Statistical analysis

All statistical analyses were performed using Graphpad Prism
5 (La Jolla, USA). Results were expressed as mean + standard
error of the mean (SEM). Differences were considered signifi-
cant when p < 0.05. Differences in glucosinolates were tested
using a one-way ANOVA followed by a Tukey post-hoc test. AhR
activation among the differently treated broccoli, were tested
using a one-way ANOVA followed by a Tukey post-hoc analysis.
AhR activation among different pH was tested using a repeated
measures ANOVA followed by a Bonferroni post-hoc test. The
samples before and after in vitro digestion were tested using a
one-way repeated measures ANOVA followed by a Bonferroni
post-hoc test. Letters above bars represent classes of statistically
significant different responses compared to each sample. Each
graph bar with the same letter is not statistically significant
different.

3. Results and discussion

3.1. Glucobrassicin concentration and myrosinase activity

We quantified the level of glucobrassicin in the raw and ther-
mally treated broccoli samples (Fig. 2a). Glucobrassicin is the
only glucosinolate responsible for AhR activation as it can be
converted into AhR ligands DIM and ICZ via 13C.>"****° The
glucobrassicin concentration in the 3 min steamed broccoli
was the highest, with 466 pmol per 100 g, which was signifi-
cantly higher than the raw broccoli (280 umol per 100 g, p <
0.05) and boiled broccoli samples (293 and 199 pmol per 100 g
after 3 and 6 min boiling, p < 0.05 and p < 0.01 respectively).
The concentration of glucobrassicin is highly dependent on
the type and batch of broccoli, and our values lie within the
previously reported ranges such as those reported by Oliviero
et al., and Vallejo et al.'”*° The loss of total glucosinolates
during heating has been previously reported and attributed to
leaching of glucosinolates into the cooking water (up to
90%),’°* and a time-dependent glucosinolate loss by thermal
treatment.'”?***” A lower amount of glucobrassicin was

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Effect of cooking method on glucobrassicin content and myrosinase activity. (a) Glucobrassicin concentration (umol per 100 g freeze dried
broccoli) for raw, steamed (3 or 6 min) and boiled (3 or 6 min) broccoli (n = 2). (b) Glucobrassicin reduction (%) with addition of water before extrac-
tion compared to no addition of water before extraction (n = 3). Data are expressed as mean + SEM. Bars with different letters denote treatments

that are significantly different (one-way ANOVA followed by Tukey post-hoc test, p < 0.05).

measured in raw broccoli compared to steamed broccoli
(3 min, p < 0.05), due to an increased extractability in the ther-
mally treated broccoli matrix, as reported previously.'”*%38

To estimate the myrosinase activity in the thermally
treated samples, extraction was performed with pre-incu-
bation of water, in order to facilitate hydrolysis of glucosino-
lates by myrosinase. Fig. 2b shows the glucobrassicin
reduction in the thermally treated samples after the addition
of water. The raw broccoli had the highest myrosinase
activity, as there was no glucobrassicin found after incubation
with water (p < 0.05). All thermal treatments reduced the myr-
osinase activity, with no significant differences between the
treatments. Myrosinase was not completely inactivated, but a
reduction of >50% was observed. From this we can conclude
that the thermal treatments retained a significant myrosinase
activity and that there were no differences observed among

3.2. AhR activation by undigested broccoli

Before testing the AhR activation of DIM and I3C in the differ-
ently treated broccoli samples, we checked for AhR activation
of I3C and DIM in a range of concentrations using a newly
developed AhR reporter cell line (Fig. 3a and b). DIM gave
higher AhR activation at a lower concentration compared to
13C, namely 75% of the p-naphthoflavone positive control, in
the concentration range 25 to 500 pM, while I3C only reached
this level of activation when cells were stimulated with concen-
trations ranging from 100 to 250 pM. This implies that DIM is
a more potent AhR ligand, which is confirmed by literature,>"®
but also I3C can activate AhR in a dose-dependent manner.
Beside DIM and 13C, also indole-3-acetonitrile (I3N) was pre-
viously shown to be a weak AhR ligand, together with ICZ, the
latter being the most potent AhR ligand among those obtained

the thermal treatments. from glucobrassicin breakdown.***°

a b c
1905 DIM 1507 13¢ a 107
S g g
~— - ~ 84
-3 @ -3
£ 100- ab &b &b a a 5 100-] s
& b k g
3 — 3
=] <] [=]
= Cc < £ 44
£ 504 E s0- z
[=3 =3 [-3
E c E e H| | g 2 | | T
-9 = =%

0- 0 '_' . I I ot~ ;

01 1 10 25 50 100 250 500 110 50 100 250 NN

. >
Concentration (uM) Concentratlon (M) <& " o n, q-,
g > @ .@b
A

Fig. 3 AhR activation from different concentrations of glucobrassicin breakdown products and from differently cooked broccoli. AhR activation was
measured using HepG2-Lucia™ AhR cells, with luciferase production as read out, expressed as percentage of positive control (3-naphthoflavone,
5 puM). (a) 3,3'-Di-indolylmethane (DIM), (b) indole-3-carbinol (I13C). (c) undigested raw, 3 and 6 min steamed, and 3 and 6 min boiled broccoli (1 mg
mL™Y). Data is expressed as mean + SEM, n = 3. Bars with different letters denote treatments that are significantly different (one-way ANOVA followed
by Tukey post-hoc test, p < 0.05).
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When undigested broccoli samples were tested, activation
of AhR was relatively low but the highest AhR activation was
observed in the raw broccoli and broccoli steamed for 3 min,
with no cytotoxicity induced by any of the samples (data not
shown). The thermal treatments reduced the AhR activation
considerably (p < 0.1), with a general trend of AhR activation
decreasing as the intensity of the thermal treatment increases
(Fig. 3c). However, steaming for 3 min and raw broccoli
showed the same level of AhR activation. Boiling is known to
result in significant losses of glucosinolates in the cooking
water, as can be seen in Fig. 2 by comparing the glucobrassicin
content of broccoli steamed and boiled for a comparable time.
The loss of glucosinolates by cooking meant that less gluco-
sinolates were available to be hydrolysed into AhR ligands.
Loss of myrosinase activity can decrease glucosinolate hydro-
lysis during mastication and digestion, which decreases AhR
activation.*"*' Besides the amount of glucosinolates present
and the residual myrosinase activity, AhR activation in broccoli
can be modulated by the residual epithiospecifier protein
(ESP) activity'® as well as the residual epithiospecifier modifier
protein (ESM1), which both determine the relative amount of
13C and I3N."* However, although I3C and I3N both are AhR
ligands,*® only I3C can be further metabolised into the more
potent AhR ligands DIM and ICZ.**** Compared with raw
broccoli, a mild steaming can inactivate ESP leaving enough
myrosinase activity to produce 13C, whereas in raw broccoli the
largely intact ESP activity may direct glucobrassicin mostly
towards I3N."® The impact of ESP on the AhR activation from
broccoli products is difficult to predict, mostly because the
relative potency of I3C and I3N as AhR ligands has never been
compared. Our results show that light steaming did not
decrease AhR activation and that a partial inactivation of myro-
sinase does not necessarily compromise formation of AhR
ligands from glucobrassicin in broccoli. Therefore, we hypoth-
esise that the lower AhR activation observed after more intense
thermal treatments is likely the result of loss of glucosinolates
rather than of myrosinase activity (Fig. 3c).

3.3. The effect of gastric pH on AhR activation

In a separate set of experiments, we sought to investigate the
effect of gastric pH on the formation of AhR ligands and there-
fore potential AhR ligand activation by broccoli. Therefore, all
samples were digested by a simplified in vitro gastric digestion
with various pHs (pH 2, 3 and 5). As reported in Fig. 4, raw
and 3 min steamed broccoli show significantly higher AhR
activation at pH 2 and 3 compared to 3 and 6 min boiled and
6 min steamed broccoli (p < 0.01). At pH 5, the only significant
difference was between raw and boiled broccoli, while steamed
broccoli did not show a higher activation compared to boiled
broccoli. These results are in line with the AhR activation of
the undigested samples (Fig. 3), where it was observed that raw
and 3 min steaming results in the highest AhR activation.

The different pH tested did not significantly influence AhR
activation suggesting that in vivo the gastric pH will not affect
the formation of AhR ligands in the stomach. Previous
research showed that ITC formation is favoured at neutral pH
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Fig. 4 Effect of gastric pH on AhR activation from differently cooked
broccoli. AhR activation was measured using HepG2-Lucia™ AhR cells,
with luciferase production as read out, expressed as percentage of posi-
tive control (-naphthoflavone, 5 pM) in raw broccoli, steamed broccoli
(t = 3 min, t = 6 min) and boiled broccoli (t = 3 min, t = 6 min), digested
at different pH. Data is expressed as mean + SEM, of 3 independent
digestions (3 independent digestions for 6 min steamed broccoli at pH
5). Bars with different letters denote treatments that are significantly
different (one-way ANOVA followed by Tukey post-hoc test, p < 0.05).

(pH 4-7), while nitrile formation is favoured at acidic
pH.®'>194%45 DIM and ICZ are more potent AhR ligands than
I3C and I3N.*° As DIM and ICZ are formed from I3C, one
could conclude that AhR activation should be highest at
neutral pH.»'®*? In addition, De Kruif et al. (1991) found that
the highest amount of DIM formed was found at pH 4-5,>°
whereas Grose & Bjeldanes (1992) found that the highest
amount of ICZ formed was found at pH close to neutrality.*®
In our study, we might have favoured the conversion of isothio-
cyanates by including an oral phase at neutral pH. Overall, it is
difficult to correlate the expected effect of pH on glucobrassi-
cin breakdown products to AhR activation because the
observed level of activation is a complex balance of relative
levels of 13C, I3N, DIM and ICZ.

Brassica vegetables are normally consumed as part of a meal.
The effect of digestion on glucosinolates and AhR activation
may therefore also be influenced by the composition of the
meal. Although in our study pH showed no significant effect,
the presence of ferrous ions at acidic pH increases nitrile for-
mation and could therefore indirectly decrease the formation of
DIM and ICZ. Additionally, ascorbic acid is a co-factor of myro-
sinase and directs hydrolysis towards thiocyanates and ascorbi-
gen formation, which decreases I3C formation and possibly
decreases AhR activation.®'****” As mentioned previously, for-
mation of AhR ligands is theoretically higher at neutral pH,
although the literature is not completely in agreement. The pH
in an empty stomach can be less than 2, but when food enters
the stomach, the buffering effect exerted by food components,

This journal is © The Royal Society of Chemistry 2020
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primarily by proteins, can increase the pH to 5 or even
higher.?>*® This would imply that it could be beneficial to
consume raw broccoli in combination with a protein rich
product, like meat, although in our study no clear effects of
gastric pH were observed, contradicting previous studies.

3.4. Invitro digestion: gastric and small intestinal effects on
AhR

To study the effect of the intestinal digestion on AhR acti-
vation, all broccoli samples were digested using the INFOGEST
standard in vitro digestion protocol with a pH of 3 during the
gastric phase. In Fig. 5, we report the AhR activation of the
digesta supernatant, ie. the activation resulting from AhR
ligands formed in the broccoli matrix and released from the
matrix during the gastric phase. This would represent the AhR
ligands available for absorption or activation in the small
intestine. AhR activation of raw broccoli during standard
digestion was significantly higher after the gastric phase (p <
0.001) than the cooked broccoli. Also, 3 min steamed broccoli
had a higher AhR activation than both 3 and 6 min boiled (p <
0.05). After the intestinal phase, no AhR activation was
observed in any of the samples (data not shown). No cyto-
toxicity was observed after addition of any of the samples (data
not shown). Results in Fig. 5 confirm the effect of thermal
treatment on formation of AhR ligands from broccoli.
However, when results in Fig. 5 and 3c are compared (AhR acti-
vation by broccoli before digestion), it appears that the gastric
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Fig. 5 Effect of gastric digestion on AhR activation from differently
treated broccoli. AhR activation measured with HepG2-Lucia™ AhR
cells, using luciferase production as read out, expressed as percentage
of positive control (-naphthoflavone, 5 pM). The bioaccessible fraction
(supernatant) of glucobrassicin-derived AhR ligands from raw broccoli,
steamed broccoli (t = 3 min, t = 6 min) and boiled broccoli (t = 3 min, t
= 6 min) after the gastric phase using in vitro digestion were tested. Data
is expressed as mean + SEM with n = 3 for the raw and steamed and n =
2 for the boiled broccoli. Bars with different letters denote treatments
that are significantly different (one-way ANOVA followed by Tukey post-
hoc test, p < 0.05).
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step has activated raw broccoli more than the thermally
treated broccoli and, given that the myrosinase activity is not
significantly different between the samples and the gastric pH
is the same for all the treatments, the differences in activation
can only stem from initial differences in the glucobrassicin
content, resulting in differences in the levels of AhR ligands.
The results in Fig. 3c only show the AhR activation by broccoli
in a concentration of 1 mg mL™', whereas the digested
samples were diluted with digestive fluids. Therefore, the AhR
activation after the gastric phase might be underestimated.
Besides, part of the ligands may have remained entrapped in
the broccoli matrix and are possibly released upon fermenta-
tion of the polysaccharide matrix in the gut.

To explain the absence of AhR activation after the intestinal
phase, despite the absence of an absorption step in our static
model of digestion, we tested the degradation or further conver-
sion of I3C and DIM at the neutral pH of the small intestine
(Fig. 6). Results show that there is a degradation of both I3C and
DIM during 2 hours incubation at pH 7 at 37 °C, ranging from
20% at a low concentration to 5% at a higher concentration.

We also tested the possible interference of digesta fluids on
the cells by testing the AhR activation of I3C spiked in pancrea-
tin. Results showed that AhR activation was completely absent
when 40 pM I3C was mixed with pancreatin, probably due to
cell growth inhibition, which could partially explain the lack of
AhR activation found in samples from the in vitro intestinal
phase. Of course, the dilution of gastric digesta with simulated
intestinal fluids during in vitro digestion also needs to be con-
sidered but does not account for the complete loss of AhR acti-
vation that was observed. On the other hand, AhR ligands may
be slowly released from the broccoli matrix during the 2 hours
of the intestinal phase, resulting in a lack of AhR activation.

3.5. Invivo digestion: ileal fluids and its effects on AhR
activation

In order to confirm our in vitro data, ileal fluid samples from
ileostomy patients were tested for AhR activation. This was the
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Fig. 6 Degradation (%) of different concentrations of I3C and DIM at

pH 7 at 37 °C for 2 hours to simulate the in vitro small intestine. Results
expressed as mean + SEM, n = 3.
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first time that ileal fluid samples have been tested for their
potential to activate AhR. Therefore, these samples may
provide useful information on the presence and transform-
ation of AhR ligands during small intestinal digestion, and
thus on the potential activation of AhR in the colon. Results
show that none of the ileal samples from the 8 ileostomy sub-
jects, who consumed either a broccoli soup (with inactivated
myrosinase) or a broccoli soup plus mustard seeds (containing
an exogenous source of myrosinase to convert glucobrassicin
into 13C), contained AhR ligands in amounts that were high
enough to activate AhR in our reporter cell line (data not
shown). Also, no cytotoxicity was observed after addition of
any of the samples (data not shown). Probably, the AhR
ligands are either broken down, diluted too much or absorbed
in the very first part of the duodenum. In order to rule out
interference from the pancreatic juice on the AhR assay, we
spiked one ileostomy sample with I3C which was then tested
for AhR activation. Results showed that spiking an ileostomy
sample with an amount of I3C, which produced a final concen-
tration of 77 uM in the AhR assay, led to an AhR activation
that reached 57% of the positive control, while in the non-
spiked sample only 1% AhR activation was found. In relation
to Fig. 3b, this implies that the extraction method is effective
for I3C and besides, if there had been any AhR ligand present
in high enough concentrations in the ileostomy samples, there
would have been an AhR response. Indole AhR ligands were
detected in the ileal fluid samples (Table 2), but I3C was only
found in very limited amount (ranging from 0-71 ng g~ ' wet
weight ileal fluid, data not shown) and DIM was not detected
at all. Although DIM was not detected, we did detect other
indole derivatives. Kynurenine is a product of endogenous
tryptophan metabolism, while the others (tryptamine, indole-
3-aldehyde, indole-3-acetic acid and indole-3-lactic acid) are
reported as products of bacterial tryptophan metabolism and
possibly produced by the ileal microbiota from dietary trypto-
phan.*® However, their concentrations were too low to trigger a
significant AhR activation in our reporter assay.>’

Overall, the data from the ileostomy study indicate that the
concentration of indole derivatives arriving in the ileum level after
broccoli soup consumption was too low to produce a significant
increase in the AhR activation with the in vitro assay used herein.
This may be due to a limited formation of AhR ligands from glu-
cobrassicin or their absorption through the small intestinal

Table 2
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epithelium.®”" It is possible that after preparation of the broccoli
soup there is not enough glucobrassicin present to produce a
measurable AhR activation, or that the exogenous myrosinase
activity provided with mustard seeds was insufficient to hydrolyse
glucobrassicin efficiently. One of the limitations of the present
study is the that fate of broccoli glucosinolates as well as the gene-
ration of GLs-derived AhR ligands in the colon was not explored.
Indeed glucosinolates can also reach the colon intact as reported
by Maskell (1990).>* Elfoul et al. (2001) reported that 55% of the
initial dose of glucosinolates was still intact in the colon of rats.”
The role played by intact glucobrassicin reaching the colon is not
known. Microbiota present in the colon can hydrolyse glucosino-
lates with a myrosinase activity which is about 10% of the activity
present in broccoli, possibly resulting in AhR ligand
formation.®*****> The formation of sulforaphane from glucora-
phanin by colonic microbiota has been demonstrated, but not
the formation of 13C or its further cyclization into AhR ligands.>
Therefore, it might be that the broccoli particles entering the
colon, still containing glucosinolates, can be converted into AhR
ligands by colonic microbiota and generate AhR activation in the
slightly acidic conditions of the ascending colon. Nonetheless,
AhR is highly expressed in, for example, intraepithelial lympho-
cytes and T-helper 17 cells, which are more abundant in the
small intestine.*>® Therefore, it is important that most AhR
ligands at least reach the small intestine, in this in vitro study, we
show that there was AhR activation after the gastric phase, indicat-
ing the presence of AhR ligands available for the stomach and
small intestine.

Another limitation of the present study is that the relative
concentrations of several glucobrassicin-derived AhR ligands
have not been quantified in the digestive fluids of the in vitro
experiments. This includes also I3N, one of the direct product
of glucobrassicin hydrolysis by myrosinase. Knowledge of the
relative concentrations of all the ligands may help to mechan-
istically explain the changes in AhR activation produced by the
thermal treatments. Furthermore, BPs of other indole GLs
(4-methoxybrassicin, 4-hydroxybrassicin, neoglucobrassicin,
etc.) may potentially contribute to AhR activation in vivo.
Whereas 4-methoxybrassicin, 4-hydroxybrassicin are present in
low amounts in broccoli, the content of neoglucobrassicin can
contribute substantially to the total indolyl glucosinolates in
broccoli.>””*® However, the relative potency of their BPs and
corresponding condensation products is unknown.

Indole derivatives detected by LC-MS/MS in freeze-dried ileal fluid samples after subjects consumed either first a broccoli soup or a broc-

coli soup + mustard seeds (200 mL). T1 is before ingestion and T2 is 4 hours after ingestion. n = 8 donors. Data is expressed as ug or ng per g dry

weight ileostomy sample + SEM

Broccoli soup

Broccoli soup + Mustard

T1 T2 1 T2
Tryptophan (pg) 60.8 +3.3 117.5 +23.2 79.2 +9.9 133.7 +18.0
Kynurenine (ng) 87.6 +£29.5 99.5 +17.7 67.8+24.2 42.8 +11.5
Tryptamine (ng) 155.8 + 96.5 11.7 £ 5.2 111.6 + 87.0 13.2 + 4.6
Indole-3-lactic acid (ng) 412.5 +150.5 88.6 +9.9 1098.6 + 848.1 308.8 +99.6
Indole-3-aldehyde (ng) 13.0+ 8.4 34.4+12.1 21.5+15.1 103.9 £12.8
Indole-3-acetic acid (ng) 50.9 + 30.7 18.2 +12.6 87.8 +58.5 28.0 +17.5
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Finally, it is worth noticing that, in broccoli, BPs from
indolyl-GLs are not the only potential source of dietary AhR
ligands. Flavonoids are also reported as AhR ligands.*® In the
present study, it is apparent that the level of such flavonoids is
too small to produce activation of AhR in our in vitro assay and
in ileostomy samples. We have previously measured the acti-
vation induced by quercetin, a flavonoids relatively abundant
in broccoli in our previous study and could not find a signifi-
cant activation from it.*>°

4. Conclusions

This research showed that activation of AhR from consump-
tion of broccoli can be modulated by the thermal treatments
during domestic cooking or industrial processing. In general,
cooking broccoli decreased AhR activation and raw broccoli
showed the highest AhR activation. However, a thermal treat-
ment is not necessarily deleterious for the generation of AhR
ligands, because mild thermal treatments, like steaming, pre-
serve glucobrassicin and myrosinase activity. Furthermore,
AhR activation after the gastric phase during in vitro digestion
was higher for raw broccoli but not for the steamed or boiled
broccoli, and pH in the gastric phase had no significant effect
on AhR activation. However, no AhR activation was found after
in vitro digestion or in ileal fluid samples from ileostomy sub-
jects after consumption of broccoli soup, which could be due
to processing of the broccoli, uptake of all AhR ligands in the
small intestine or interference with the digestive enzymes used
in the in vitro assay. Overall, it can be concluded that broccoli
consumption resulted in AhR activation after the oral and
gastric phase, with the highest AhR activation measured using
raw broccoli. In the ileal fluid samples, the concentration of
AhR ligands at ileum level was too low to induce significant
AhR activation on our cell-assay, but production of AhR
ligands in the stomach and their absorption by the small intes-
tine epithelium could have beneficial effects on health.
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