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Abstract

Broccoli is recognized for its health benefits, attributed to the high concentrations of
glucoraphanin (GR). GR must be hydrolyzed by myrosinase (Myr) to form the bioactive
sulforaphane (SF). The primary challenge in delivering SF in the upper gastrointestinal (GI) tract,
is improving hydrolysis of GR to SF. Here, we optimized the formulation and delivery methods to
improve GR conversion and SF bioavailability. We investigated whether the combination of GR-
rich broccoli seed extract powder (BSE[GR]) with Myr-rich mustard seed powder (MSP[Myr]),
+/- ascorbic acid (AA, a co-factor of Myr), delivered as free powder or encapsulated powder, can:
1) facilitate GR hydrolysis to SF during dynamic in vitro gastric digestion and static in vitro small
intestinal digestion, and ii) increase SF bioavailability in Caco-2 cell monolayers, a model of
human intestinal epithelium. Addition of exogenous Myr increased the conversion of GR to SF in
free powder during small intestinal digestion, but not during gastric digestion, where Myr activity
was inhibited by the acidic environment. Capsule delivery of BSE[GR]/MSP[Myr] (w/w ratio 4:1)
resulted in a 2.5-fold higher conversion efficiency compared to free powder delivery (72.1%
compared to 29.3%, respectively). AA combined with MSP[Myr] further enhanced the conversion
efficiency in small intestinal digestion and the bioavailability of SF in Caco-2 monolayers.
Bioavailability of GR as SF, SF metabolites, and GR was 74% in Caco-2 monolayers following
30 min gastric digestion and 60 min small intestinal digestion. This study highlights strategies to

optimize GR bioconversion in the upper GI tract leading to enhanced SF bioavailability.
Keywords

Broccoli seed extract, myrosinase, glucoraphanin, sulforaphane, digestion, bioavailability
Abbreviations

GR, Glucoraphanin; Myr, Myrosinase; SF, Sulforaphane; BSE[GR], GR-rich broccoli extract
powder; MSP[Myr], Myr-rich mustard seed powder; AA, Ascorbic acid; GSLs, Glucosinolates;
ITCs, Isothiocyanates; GI, Gastrointestinal; SF-GSH, SF-glutathione; SF-CY'S, SF-cysteine; SF-
NAC, SF-N-acetylcysteine; HPMC, Hydroxypropyl methylcellulose; FBS, Fetal bovine serum;
HBSS, Hanks’ Balanced Salt solution; HGS, Human Gastric Simulator; MRM, Multiple reaction

monitoring; CE, Conversion efficiency; TEER, Transepithelial electrical resistance; MEM,
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Minimum essential medium; UHPLC-MS, Ultra high-pressure liquid chromatography coupled
with a mass spectrometer; DMSO, Dimethyl sulfoxide; ACN, Acetonitrile.
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1. Introduction

High consumption of cruciferous vegetables (broccoli, cauliflower, cabbage, etc.) is
associated with a reduction in risk for various chronic conditions including cancer, cardiovascular
disease and type 2 diabetes . Evidence for their protective effects in health is largely attributed
to the high content of glucosinolates (GSLs) % 6. Whereas GSLs do not exhibit bioactivity per se,
hydrolysis by the enzyme myrosinase (Myr, thioglucoside glucohydrolase, EC 3.2.3.1), leads to
the formation of the bioactive isothiocyanates (ITCs). Myr naturally occurs in several plant sources
including broccoli, mustard, and daikon radish. In the case of fresh vegetables, GSLs and Myr are
present in separate cellular compartments, preventing their interaction. Food preparation such as
chopping and the act of chewing, release both GSLs and Myr allowing them to react to form ITCs
prior to ingestion ’- 8, In the case of cooking, however, Myr is readily heat denatured resulting in
the ingestion of GSLs, rather than ITCs. In this case, exogenous plant Myr, for example, in mustard
seed, may be delivered along with GSLs, enhancing the conversion of GSLs to ITCs in the upper
gastrointestinal (GI) tract. Alternatively, GSLs may be converted to ITCs in the human GI tract by
microbiota that possess Myr-like activity °. The activity of Myr, both within the fresh plant and
following ingestion, is greatly influenced by various intrinsic and extrinsic factors including

temperature, pH and concentrations of its cofactor ascorbic acid (AA) 1°.

Broccoli, especially broccoli seeds and young broccoli sprouts, contain the highest levels of
the GSL glucoraphanin (GR) among the cruciferous vegetables, about 10-100 pmol/g fresh weight
", GR can be converted to its highly bioactive hydrolysis product, sulforaphane (SF), an ITC, by
Myr present in plants or by the microbiota localized in the small intestine and in the colon. After
absorption, SF is rapidly metabolized in enterocytes via the mercapturic acid pathway, forming
several SF conjugates including SF-glutathione (SF-GSH), SF-cysteine (SF-CYS) and SF-N-
acetylcysteine (SF-NAC) '2. SF and all its conjugates can be transported across enterocytes and be
quantified in blood and urine by tandem mass spectroscopy ' '4. The metabolic scheme showing
GR hydrolysis to SF, and to their metabolites during digestion is shown in Supplementary Figure
1.

Despite the well-established health benefits of GR-derived SF ' 6, there are challenges in
improving SF yield during GI digestion and enhancing SF bioavailability in enterocytes, given the

reliance on the presence of active Myr to convert GR to SF. The limitation in relying on the gut
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microbiota is that the average transformation is quite low, on average ~10%, due to high inter-
individual variability in the make-up of the microbiota '7. In contrast, the inclusion of plant sources
of exogenous Myr has been demonstrated to increase bioavailability of SF to as much as 30-40%
7. Thermal processing (e.g., boiling, blanching, baking, and steaming) and/or exposure to low pH
(stomach acid, acidic ingredients in coingested foods) leads to partial or total inactivation of Myr,
limiting conversion of GR into SF in the upper GI tract '8, therefore, reducing the bioconversion
and bioavailability of dietary GR as SF. Potential solutions to overcome the loss of Myr activity
and therefore enhance SF bioconversion and bioavailability include, but are not limited to: 1)
addition of exogenous Myr from plant sources that have not been heat treated, 2) encapsulation of
exogenous plants sources of Myr in order to protect the enzyme from the low pH of the stomach,
3) delivering an abundance of Myr in an effort to compensate for losses of Myr activity due to acid

exposure and 4) co-delivering AA, a cofactor and known enhancer of Myr activity.

Increasing the amount of consumed GR is another potential but not highly effective approach
to increase SF yield during digestion '> 1921, Delivering SF directly is also a feasible alternative,
for example, by consuming freshly prepared broccoli sprout juice. It has been demonstrated that
SF itselfis readily bioavailable; on average 70-90% of oral SF is excreted as SF and SF metabolites
in humans 22. While the bioavailability of orally delivered SF is high, SF produced from fresh
broccoli sprouts is hygroscopic, tastes bitter and degrades rapidly in aqueous solution at room
temperature 224 so the storage and preparation for use of SF in clinical trials is challenging and
costly. Moreover, there is wide variability in the content of GR in broccoli seeds depending on the
variety of the seed and agronomic practices, making the production of standardized samples for
clinical trials from seeds or sprouts challenging. Therefore, orally delivering GR alone or SF alone
are not ideal approaches to achieve optimal conversion efficiency of GR to SF for consumers or

for clinical trials.

To overcome these limitations, exogenous plant Myr can be combined with GR-rich sources
(GR-containing broccoli seed or sprout extracts) to facilitate conversion of GR to SF during
digestion. Mustard seeds are an ideal source of Myr due to their abundance of Myr and relative
thermal stability 2°. Previous studies have reported a 3 to 4-fold increase in the bioavailability of
SF when GR is co-delivered with exogenous Myr from mustard seeds - 25, Despite the substantial

increase in conversion efficiency, these human studies still reported high interindividual variability,
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ranging from 1 to 40% SF bioavailability 7. Moreover, due to the cost and complexity of carrying
out these clinical trials, researchers were limited to testing only a single ratio of GR: Myr, rather
than investigating several different ratios to determine the most optimal ratio to enhance
conversion efficiency. Therefore, to date, the optimum ratio of GR: Myr required to maximize
conversion of GR to SF in humans remains unknown. The use of a dynamic in vitro gastric
digestion model would allow for characterization of factors that can affect the conversion of GR
to SF in the gut, i.e., the impact of dynamic gastric conditions and gastric residence time, the
impact of pH, the ratio of GR: Myr, the presence of AA and the concentration of AA. As studies
to date have not considered the optimal ratio of GR: Myr to optimize the conversion of GR to SF
and given the inactivation of Myr at low pH (pH < 4), it is important to understand if the
encapsulation of the GR source and Myr could enhance the transformation of GR to SF during GI
digestion by protecting Myr during gastric digestion. Finally, while it is known that AA is a
cofactor for Myr that has been well-documented to enhance the activation of Myr 28, little, if any,
research has been conducted on the concentrations of AA necessary to optimize Myr activity in
humans. Everything done so far to investigate conversion of GR to SF in the presence of AA has
been in vitro in an industrial system 27-28, We are not aware of any studies that have considered the
optimal amounts of AA to enhance conversion of GR to SF in a physiologically relevant model

and this would be the first study to do so.

Therefore, the aim of the present study was to optimize GR to SF conversion and SF
bioavailability by using a dynamic in vitro gastric model, the Human Gastric Simulator (HGS)
coupled with a static small intestinal digestion model 2 % and Caco-2 cell monolayers as a model
of intestinal epithelium absorption *'. We assessed different factors that could influence the
production of SF from GR in a GR-rich broccoli seed extract (BSE[GR]) including: 1) combination
with an exogenous plant source of Myr (Myr-rich mustard seed powder (MSP[Myr]) at varying
ratios in the form of a homogenous free flowing powder, ii) combination with MSP[Myr] at a ratio
of'4:1 in the form of a homogenous powder delivered in a hydroxypropyl methylcellulose (HPMC)
capsule, and iii) combination with MSP[Myr] at a ratio of 4:1 with the addition of a range of
concentrations of the Myr cofactor AA in the form of a homogenous powder delivered in a HPMC
capsule. The information from this study will aid in the development of strategies to optimize SF

bioconversion and bioavailability in the upper GI tract where SF is readily absorbed.
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91 2. Materials and Methods
92 2.1 Materials

93 Broccoli (Brassica oleracea L. var. italica) seed extract (BSE[GR], a hot water extract
94  containing 14.5% GR, product number: BSPE-GR-13-MP02; Lot # 20200903) was provided by
95  Brassica Protection Products LLC (Baltimore, MD). In addition to the GR, the extract contained
96  10.6% maltodextrin used as a carrier for the drying process (Refractance Window Drying) and 1.8%
97  silicon dioxide, an excipient included to control for moisture and enhance stability. The remaining
98  73.1% is made up of the water-soluble fraction of the broccoli seeds that was extracted along with
99 the GR, primarily carbohydrates, fiber, protein and minor amounts of lipids. The mustard (Sinapis
100  alba aka Brassica hirta) seed powder (MSP[Myr], containing at least 200 units of Myr activity/g,
101 product number: MP-MY-01, Lot #20210219) were provided by Brassica Protection Products
102 LLC (Baltimore, MD). The MSP was a whole seed powder extract free of excipients.
103  Thioglucosidase from Sinapis alba (white mustard) seed was purchased from Millipore Sigma
104  (Burlington, MA). All chemicals used in the in vitro HGS digestion model were purchased from
105  ThermoFisher Scientific (Waltham, MA), except for mucin, CaCl,(H,0),, pancreatin and ascorbic
106  acid (AA) (Millipore Sigma, Burlington, MA), as well as a-amylase and pepsin (MP Biomedicals,
107  Solon, OH). The vegetarian HPMC capsules, brand name Vcaps®, were a generous gift from
108 Lonza Capsules & Health Ingredients (Morristown, NJ). The capsule filling machine was
109  purchased from Capsule Connection LLC (Prescott, AZ). SF used in the Caco-2 experiments was
110  purchased from Cayman Chemical (Ann Arbor, MI).

111 The standards of GR, SF, SF-GSH, SF-CYS, and SF-NAC for chromatographic analysis were
112  purchased from Toronto Research Chemical (Toronto, Canada). All LC-MS grade solvents were
113  obtained from ThermoFisher Scientific (Waltham, MA). The human Caco-2 cells were purchased
114 from the American Type Culture Collection (ATCC). MEM cell culture media, fetal bovine serum
115  (FBS) and Hanks’ Balanced Salt solution (HBSS) were obtained from Gibco (Waltham, MA). The
116 Millicell cell culture inserts were from EMD Millipore (Hayward, CA).

117 2.2 Methods

118  2.2.1 GR and SF extraction from raw materials BSE[GR]and MSP[Myr]| powder
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GR and SF in BSE[GR]and MSP[Myr] powder were extracted. Briefly, 1 mg of the BSE[GR]
or MSP[Myr] powder was dissolved in 10 mL water/methanol (7/3, v/v), and sonicated for 30 min.
The supernatant was collected after centrifugation at 12,000 x g for 15 min, and the leftover was
subjected to two more extractions. The extracts from all three extractions were combined and made

up to 50 mL with water, and for further GR/SF analysis.
2.2.2 Myr activity determination

Myr activity in the pure Myr and MSP[Myr] powder was assessed by measuring the sinigrin
disappearance rate as previously described, with modifications 32 33, To determine if the Myr
activity was inhibited at pH 2 and its activity was recovered at pH 6, the pure Myr thioglucosidase
enzyme from Sinapis alba seed (stock 25 U/mL) was used for the experiments. Pure Myr (10 pL)
was pre-incubated with and without HCI (final concentration of Myr 0.25 U/mL) at pH 2 for 30
min at 37 °C. Following the pre-incubation, for the Myr activity assessment, 20 pL of Myr-HCI
solution (0.25 U/mL) was added to 765 uL of pH 6 sodium phosphate buffer together with 500
uM AA (10 pL) and 50 uM sinigrin (5 pL). For the MSP[Myr] powder, an aliquot (1 pL) of
MSP[Myr] (20 mg powder/mL) was added to a quartz cuvette containing 20 mM sodium
phosphate buffer (pH 6.0) (784 uL), 500 uM AA (10 pL) and 50 uM sinigrin (5 pL). The enzymatic
reaction was followed and recorded every 2 sec for a total of 3 min at 227 nm using a GENESY'S
180 UV-VIS spectrophotometer (Thermo Fisher, Walthman, MA). Enzymatic activity (1 unit) was
defined as the amount required to catalyze the hydrolysis of 1 pmol sinigrin per min. A molar

extinction coefficient of £=7254 M-!-cm! for sinigrin at 227 nm was used.

2.2.3 Dynamic gastrointestinal digestion studies

Following the evaluation of BSE[GR] and MSP[Myr]| powder, dynamic gastric digestion and
static small intestinal digestion of various combinations were investigated: 1) varying ratios of
BSE[GR]:MSP[Myr] (w/w) delivered as a free (non-encapsulated) homogeneous powder mixture,
2) a4:1 BSE[GR]:MSP[Myr] (w/w) homogeneous powder delivered in a HPMC capsule and 3) a
4:1 BSE[GR]:MSP[Myr] (w/w) homogeneous powder delivered in a HPMC capsule with or

without the inclusion of various concentrations of AA (see Table 1).
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Simulated gastrointestinal fluid preparation. Simulated salivary and gastric fluids were prepared
following the INFOGEST standard protocol with minor modifications in mucin content and pH 34
35 The specific composition of each fluid is shown in Supplementary Table S1. All fluids were
preheated to 37 °C before experiments. CaCl,(H,0),, a-amylase, pepsin and pancreatin were
added to the warm fluids immediately before each experiment. All fluids were re-adjusted to pH

1.8 (gastric fluids) or 7.0 (saliva and intestinal fluids) before and after enzyme addition.

Dynamic gastric digestion Gastric digestion was mimicked using the Human Gastric Simulator
v2.0 (HGS) 2°-30.36_ Simulated gastric fluid (35 mL) was preloaded into the HGS to represent the
average gastric fluid present in the stomach during fasting 3. The free powder or encapsulated
powder was mixed with 1 mL simulated saliva and 250 mL water (representing an approx. 8 oz.
glass that may typically be consumed with a supplement) for 1 min to simulate oral digestion and
added to the HGS 38. The HGS contractions and the gastric fluid secretion began immediately after
the powder mixture or encapsulated powder were introduced into the HGS and were continued at
3.5 mL/min . A sample of powder or capsule mixed with water was collected at time 0 prior to
addition of salivary and digestive fluids. Gastric digesta samples were collected after 15, 30, 60,
90, or 120 min of gastric digestion, unless stated otherwise. The emptying rate of the gastric digesta
was set as 4.5 mL/min *. Aliquots (1 mL) of the gastric digesta at each time point were reserved
for analysis of GR and SF. To observe changes in pH of gastric digesta during the dynamic gastric
digestion, the initial pH of the mixture of BSE[GR] + MSP[Myr] prepared in 250 mL of water was
measured. In the digestion experiments of this treatment, after 15, 30, 60, 90, or 120 min of gastric

digestion, the pH of the emptied gastric digesta was measured using a pH meter.

Static small intestinal digestion. Small intestinal digestion was completed in an orbital shaking
water bath at 37 °C and 100 rpm according to previous studies 3> 3°. Aliquots (3 mL) of gastric
digesta from each gastric digestion time point were mixed with simulated small intestinal fluid
(4:1 v/v small intestinal fluid: gastric digesta) to generate the small intestinal digesta 4°. After 60
or 120 min small intestinal digestion, aliquots (1 mL) of the small intestinal digesta were reserved

for analysis of GR and SF.
2.2.4 Digestion of BSE|GR]|/MSP[Myr] free powder

A free powder mixture of BSE[GR](1000 mg BSE; 145 mg (332 umol) GR) and MSP[Myr]
(0, 50, 100, 250, 1000 mg) made up of different ratios of BSE[GR]:MSP[Myr] (w/w, 1:0, 20:1,
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10:1, 4:1, 1:1), such that the amount of GR remained constant, but the level of Myr activity was
increased with each ratio (Table 1A), was subjected to gastric and small intestinal digestion
(Figure 1). Samples of HGS gastric digesta and small intestinal digesta at different time points as

described above were collected for GR and SF analysis.
2.2.5 Digestion of BSE|GR]|/MSP[Myr]| capsule

Capsules containing BSE[GR] (380 mg BSE; 55 mg (126 umol) GR) and MSP[Myr] (95 mg
MSP, 42.6 units Myr activity) in a ratio of 4:1 were prepared using commercial HPMC capsules
and a capsule machine (Table 1B). Single capsules were subjected to dynamic gastric digestion in
the HGS, and static small intestinal digestion as described above. Samples of HGS gastric digesta
and small intestinal digesta at different time points as described above were collected for GR and

SF analysis.
2.2.6 Digestion of BSE|GR]|/MSP[Myr|/AA capsule

AA is a co-factor of Myr and has been demonstrated to enhance the activity of Myr in vitro
26 To investigate whether inclusion of AA increased Myr activity in the present model, the impact
of varying concentrations of AA on the conversion of GR to SF in the presence of Myr,
BSE[GR](380 mg BSE; 55 mg (126 umol) GR) and MSP[Myr] (95 mg; 42.6 units Myr activity)
were combined with 0, 11, 44, 88 or 154 mg (0, 63, 251, 502 or 878 umol, respectively) AA to
form a homogenous mixture (Table 1C), and then encapsulated as previously described. Based on
the gastric kinetics obtained for the capsules containing only BSE[GR]+ MSP[Myr], HGS gastric
samples were taken at only 30 min gastric digestion, and then subjected to 60 or 120 min of small

intestinal digestion.
2.2.7 SF bioavailability of the post-digestive capsules assessed in Caco-2 cell monolayers

Caco-2 cell culture and Caco-2 monolayers. SF bioavailability was evaluated in an in vitro model
using human Caco-2 cells grown in permeable inserts, which allows for the differentiation of cells
with the typical apical and basolateral characteristics of intestinal epithelial cells #'. Caco-2 cells

were cultured at 37 °C and 5% (v/v) CO, atmosphere in minimum essential medium (MEM)

Page 10 of 39

supplemented with 10% (v/v) FBS, antibiotics (50 U/ml penicillin and 50 pg/mL streptomycin), 1%

(v/v) of 100x non-essential amino acids, and 1 mM sodium pyruvate. The medium was replaced

every 2 d during cell growth and differentiation. Cells were used between passages 5 and 20. For
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the experiments, Caco-2 cells were differentiated into polarized monolayers by culture for 21 days
on 6-well plate polyester membrane permeable support inserts (30 mm, 0.4 um pore size) at a
density of 1x10 cells/well. Before and after experiments, the functionality of the monolayer was
assessed by measuring the transepithelial electrical resistance (TEER) using a Millicell-ERS

Resistance System (Millipore, Bedford, MA) that includes a dual electrode volt ohmmeter.

SF incubation in Caco-2 monolayer. A Kkinetic study was performed to determine the optimal
incubation time in Caco-2 monolayers. Freshly prepared SF (10 uM in HBSS) was added to the
upper chamber (which mimics the GI lumen), and 750 uL HBSS was added to the lower chamber
(which mimics the circulation) of the Caco-2 monolayer. After incubation for 1, 2, 4, and 6 h, the
solutions in both chambers were collected. Cells were collected by HBSS, sonicated for 20 min on
ice and centrifuged at 12,000 % g for 20 min at 4 °C to collect the supernatant for analysis of GR,
SF and SF metabolites.

Small intestinal digesta incubation in Caco-2 monolayer. To investigate the SF bioavailability
from the small intestinal digesta, samples from encapsulated powder experiments were used due
to the significantly higher GR to SF conversion as compared to the non-encapsulated powder
mixtures. Three different freshly prepared intestinal digesta samples were obtained: 1) B capsule
(380 mg BSE[GR]), 2) BM capsule (380 mg BSE[GR] + 95 mg MSP[Myr]), and 3) BMA capsule
(380 mg BSE[GR] + 95 mg MSP[Myr] + 154 mg AA). For these experiments, dynamic gastric
digestion was conducted for 30 min, followed by 60 min static small intestinal digestion. The small
intestinal digesta was placed into the apical side of Caco-2 monolayer and experiments were
conducted as described above for pure SF solutions. After incubation for 4 h in Caco-2 monolayers,
solutions in both chambers and cells were all collected and prepared as described above to

determine GR, SF and SF metabolites.
2.2.8 UHPLC-ESI (+)-MS/MS determinations

GR, SF and SF metabolites from BSE[GR] and MSP[Myr] were resolved
chromatographically and quantified by ultra high-pressure liquid chromatography (UHPLC)
coupled with a 6460 tandem mass spectrometer (MS) with an Agilent Jetstream ESI source
(UHPLC-ESI (+)-MS/MS; Agilent Technologies, CA) according to our previous study 4. A
poroshell 120 Bonus-RP column (2.1 x 150 mm, 2.7 um) equipped with a Bonus-RP guard column
(2.1x5 mm, 2.7 um) (Agilent Technologies, CA) was used to separate the target compounds.



235
236

237
238
239
240

241

242

243
244

245

246

247

248

249
250
251
252
253
254
255
256
257
258

259

260

Food & Function

Dynamic multiple reaction monitoring was performed in positive ion mode to characterize and

quantify the target compounds.

Gastric and small intestinal digesta samples were immediately treated with DMSO/ACN (1/1
v/v) upon collection to denature the Myr enzyme and prevent artefactual conversion of GR to SF.
All digesta samples were measured immediately or stored at -20 °C for less than 1 week when

necessary for further analysis of GR, SF and SF metabolites.

Conversion efficiency (CE) of GR to SF in digesta was calculated by:

cumulative SF produced (pmol)
GR added (umol)

Equation 1: Cumulative % CE = x100

Cell and medium samples were analyzed immediately upon collection. SF bioavailability was

calculated by:

Equation 2: SF bioavailability (%) =

Page 12 of 39

(GR + SF + SF metabolites in the basolateral medium (umol))+ (GR + SF + SF metabolites in the cell monolayers (umol))

GR + SF in the small intestinal digesta added (pmol)

%100 3°.
2.2.9 Data and Statistical analysis

HPLC peak areas were obtained in triplicate for each of the three independent measurements
of each sample. HPLC peak areas were averaged, and the standard deviation (SD) was determined
from the average of the three measurements. All other experiments were performed using 3
replicates for each of the 3-5 independent experiments. Data were tested for normality and
homogeneity of variance. Statistical differences were analyzed by unpaired t-test, paired t-test,
one-way Analysis of Variance (ANOVA), or repeated-measures ANOVA (rm-ANOVA) using
GraphPad Prism Ver. 8.0 (La Jolla, CA) or SAS Studio (Cary, North Carolina). Fisher’s least
significance difference test was used to examine differences between group means. For the rm-
ANOVA, Tukey-HSD was used for post-hoc analysis. A p < 0.05 was considered statistically

significant.
3. Results and Discussion

3.1 Assessment of BSE[GR] and MSP[Myr]|
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The content of GR in BSE[GR] was 145 mg (332 umol) per 1000 mg (14.5%, w/w) of fresh
powder weight. Given that hot extraction (boiling water) was used to denature Myr during broccoli
seed extract production, limited or no conversion of GR to SF was expected in the absence of
exogenous Myr. As expected, the measured concentration of SF in the BSE was very low (0.012%,

W/wW).

The MSP[Myr] was prepared by removing the seed coat and grinding the remaining mustard
seed remnant into a homogenous powder. As anticipated, GR and SF were not detected in the
MSP. The Myr activity assessed in MSP[Myr] was 448 + 22 U/g powder. The Myr activity
delivered in the powder mixtures of different ratios was as follows: 1000 mg MSP = 448 U; 250
mg MSP = 112 U; 100 mg MSP = 44.8 U; 50 mg MSP = 22.4 U. The Myr activity for the
encapsulated MSP was 95 mg MSP =42.6 U.

3.2 Kinetics of dynamic digestion of the BSE[GR]|/MSP[Myr]| free powder

To investigate the effects of MSP[Myr] activity on conversion of GR to SF in the gastric
digesta (stomach) and small intestinal digestion, BSE[GR] and MSP[Myr] mixtures were prepared
at different ratios (1:0, 1:1, 4:1, 10:1, 20:1), such that the same amount of GR was delivered with

increasing amounts of Myr activity.
3.2.1 Gastric digestion of the BSE[GR]/MSP[Myr]| free powder

The emptied amount of GR varied at each time point during the entire 120 min gastric
digestion period and decreased over time due to continuous secretion of gastric fluids and
emptying of gastric digesta (Table 2). Including the GR content in the leftover gastric digesta, the
total emptied GR ranged from 132.6-140.1 mg (303.8 - 322.4 umol) across all ratios (compared to
145 mg (332 pmol) GR added to the HGS), resulting in over 91% recovery of GR from the HGS.
Small amounts of SF (0.10 - 2.70 mg, 0.6 - 15.2 umol) were detected in all treatments (except for
the 1:0 ratio which did not contain Myr), due to the conversion of GR by Myr. The CE (across all
gastric time points) of GR to SF was quite low, ranging from 0.1 - 4.8% but, predictably, increased
with increasing amounts of Myr in the powder mixtures (ratio 1:1 >4:1>10:1 >20:1 > 1:0). The
CE at the 10:1 ratio was significantly higher compared to 20:1 (2.9 + 0.04% vs. 0.1 £ 0.01%,
respectively), while the 1:1 ratio resulted in the highest CE, significantly higher than all ratios
tested other than the 4:1 ratio (Table 2). As the CE was not significantly different between the 1:1
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and 4:1 ratios (4.8 £ 0.05% vs. 3.8 + 1.3%, respectively); this was a major consideration for the

selection of the 4:1 ratio for testing in the capsule experiments.

It is well known that the stability and activity of Myr is influenced by a range of intrinsic and
extrinsic factors such as temperature, pH and incubation time 445, The optimum temperature and
pH for Myr activity from yellow mustard seeds (Sinapis alba aka Brassica hirta) are reported to
be 50 - 60 °C and 6.0, respectively 6 47. Lower pH values (pH < 4) are known to inhibit Myr
activity, resulting in as much as a 70% reduction in activity compared to pH 6.0 46. During the
process of gastric digestion, the pH of the solution decreased from an initial value of 3.8 which
occurred when the BSE[GR] + MSP[Myr] powder mixtures were dissolved in 250 mL of water,
to pH 1.8 after 120 min gastric digestion (Figure 2A). These findings suggest that the CE of GR
to SF during gastric digestion is very limited (< 5%), likely due to the inhibition of Myr activity
by the low pH of the gastric conditions. Unfortunately, it was not possible to measure Myr activity
in the gastric samples due to interference of gastric juices with the Myr activity assay. Therefore,
the effects of low pH on Myr activity were evaluated using a Myr standard from white mustard
powder in a closed system. It was also observed that after only 30 min incubation in HCI at pH 2,
Myr activity was completely abolished (data not shown), but when pH was returned to pH 6, Myr
activity was recovered by 69%, a significantly reduction from baseline (Figure 2B). Similarly, a
recent pilot study also reported that gastric acidity reduced the bioavailability of GR in vivo 8. It
is clear from our data that Myr activity is inhibited by exposure to the low pH of the stomach,
inhibiting GR conversion to SF in the gastric environment, but that Myr activity may partially

recover with increases in pH.
3.2.2 Small intestinal digestion of the BSE[GR|/MSP[Myr] free powder

The cumulative production of SF and CE of GR to SF during small intestinal digestion was
assessed after 60 and 120 min following gastric digestion for 15, 30, 60, 90 and 120 min (Figure
3, Supplementary Table S2). The total added GR in each digestion was 332 pmol (1000 mg BSE,
145 mg GR). In the case of the 1:0 ratio (no Myr), no SF was detected during 60 or 120 min of
small intestinal digestion, as expected. After 120 min gastric digestion and 60 min small intestinal
digestion with increasing amounts of Myr, significantly increasing amounts of total SF were
produced, with 5.9, 34.2, 60.3 and 127.8 umol produced for the 20:1, 10:1, 4:1 and 1:1 powder
mixture ratios, respectively (Figure 3A). By comparing the amount of total GR added to the HGS,
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the cumulative CE of GR to SF was 1.8, 13.2, 18.2 and 38.5% for the 20:1, 10:1, 4:1 and 1:1
powder mixtures, respectively (Figure 3C), such that the highest Myr activity led to the highest
CE. Similarly, after 120 min gastric digestion and 120 min of small intestinal digestion, the
cumulative amount of SF produced was 10.4, 69.0, 97.4 and 132.1 umol for the 20:1, 10:1, 4:1
and 1:1 powder mixtures, respectively (Figure 3B), where the higher amounts of Myr present
elicited significantly higher SF production. This resulted in cumulative CE of 3.1, 20.8, 29.3 and
39.8% for the 20:1, 10:1, 4:1 and 1:1 powder mixtures, respectively (Figure 3D).

Notably, CE of GR to SF was higher during the 120 min small intestinal incubation compared
to the 60 min incubation for the 20:1, 10:1, and 4:1 ratios, but not the 1:1 ratio of the free powder
mixture. It is unknown why the longer intestinal digestion time, 120 min vs. 60 min, led to
increased CE in the lower Myr blends, but not in the highest Myr activity blend (1:1 ratio). One
explanation could be that the amount of Myr activity in the 1:1 blend was high enough to be
saturating and therefore maximal GR conversion occurred more rapidly, within the first 60 min of
small intestinal digestion. Another possibility is that starting with a higher Myr activity resulted in
a faster and/or greater recovery of Myr activity following exposure to the low pH of the stomach.
In the present study, only one level of Myr activity was evaluated for recovery following 30 min
incubation at pH 2 followed by incubation at pH 6 (Figure 2B). Because of the above, future
studies are needed to evaluate if a higher ratio of Myr: GR, for example 2:1, could improve the CE
reported in this study (~30%), and if the amount of Myr activity could influence enzyme activity
recovery from exposure to low pH. Of note, the majority of SF (over 75%) produced in the small
intestinal digesta was derived from the emptied digesta from 15- and 30-min gastric digestion
suggesting that in our model, GR and Myr were rapidly emptied from the gastric system

(Supplementary Table S2).

As discussed above, the concentration of GR in gastric digesta decreased due to the
continuous gastric fluid secretion, and the emptying of digesta throughout the process. The acidic
pH in the gastric fluid inhibited Myr activity, with limited recovery upon pH adjustment (Figure
2B). The low GR concentration and prolonged low-pH exposure of Myr likely led to the limited
conversion of GR to SF in small intestinal digesta after 60 - 120 min gastric digestion and 60 or

120 min small intestinal digestion (Table 3).
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To our knowledge, this is the first study to investigate the effects of different levels of Myr
activity relative to GR in a physiologically relevant system, nor are we aware of any human clinical
trials that have studied this factor. Based on findings from the present study, higher levels of Myr
activity are required to increase CE when ingredients are delivered as a free powder. A ratio of 1:1
BSE[GR]:MSP[Myr] led to a CE of only 39.8%, suggesting that even higher levels of Myr activity
may be required to account for the reduced activity caused by the low pH of the stomach and
achieve optimal CE when delivering a free powder, a hypothesis that should be tested in future
studies. A tablet delivery, as opposed to a capsule, would be more analogous to the free powder
delivery examined here, as the active ingredients are not protected by a capsule and are therefore
available to directly interact with the low pH of the gastric juices. Unfortunately, due to cost and
other challenges, previous studies only evaluated a single GR: Myr ratio, and Myr activity was
rarely reported, making it very difficult to directly compare results to the present study. Findings
from the present study may inform researchers and developers of supplements for clinical trials or
dietary supplements that higher Myr activity is necessary to enhance the CE in free powder or

tablet delivery formats.

3.3 Effects of BSE[GR]/MSP[Myr] powder encapsulation on gastric and small intestinal GR

to SF conversion

Considering that capsules are the most common delivery format for GR and Myr and the
necessity of protecting Myr activity from the low pH of gastric fluids, a commercial HPMC capsule
was used to incorporate 380 mg BSE (55 mg (126 pmol) GR) and 95 mg MSP[Myr] (42.6 Units
of Myr activity). This combination represents the 4:1 ratio of BSE[GR]:MSP[Myr] tested as a free
powder in the above experiments. This ratio was selected for testing in the capsule format because
it allowed for the inclusion of 55 mg GR in a single capsule, a commonly studied dose of GR that
has been demonstrated to positively impact inflammatory markers in human clinical trials 495, In
the simulated gastric fluid, the capsule floated and did not dissolve in gastric fluid within the first
15 min; on average capsules required about 20 min to dissolve in the HGS (Supplementary
Figure S2). As shown in Table 3, 98% of the initial encapsulated GR added to the HGS was

emptied after 30 min of gastric digestion. The 30 min gastric digesta was then incubated with small

intestinal fluids for 60 or 120 min, leading to the production of 51.5 and 89.4 umol SF, respectively.

The CE was 40.1 and 70.9%, respectively, compared to the total GR added in the capsule,
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indicating that maximal CE occurred following 30 min gastric digesta and 120 min small intestinal

digestion.

The cumulative CE of GR to SF in the BSE and MSP (4:1) mixture was significantly (p <
0.05) higher when delivered in capsule form (42.0% and 72.1%) compared to the free powder form
(16.6% and 27.6%) for 60 min gastric digestion, and 60 or 120 min small intestinal digestion,
respectively (Figure 4). The increased CE observed for the encapsulated compared to the free
powder indicates that it is essential to protect Myr from an extended period of incubation in the
low gastric pH. Another possibility would be to include substantially higher levels of Myr activity
to the free powder blend, though this would need to be confirmed by further experimentation, and
it should be considered that this approach may also increase the chances of GI upset. Encapsulation
of the BSE[GR] and MSP[Myr] powder mixture protected the Myr activity in the gastric fluid and
thus significantly increased SF yield from GR during small intestinal digestion (Figure 4). A CE
0f 39.8% is consistent with the literature from human studies that have delivered a combination of
GR and Myr in a tablet or a capsule 4. A CE of 72% after 120 min small intestinal digestion is
substantially higher than the 30-40% reported in human studies '7- 48 where 24 h urine collections
were used to evaluate CE. One partial explanation for this difference is that the present study
utilized a closed system which captures all of the GR and SF, whereas human studies have been
limited to 24 h urine excretion and thus could not account for tissue accumulation, losses in the
feces, incomplete urine collections, urinary excretion outside of the 24 h time period and other
factors. However, a difference of 30-40% CE between the present model and previous human
studies likely cannot be entirely explained by these losses. The high amount of Myr activity relative
to previous studies delivered in the capsule blend was also a plausible explanation for at least some
of the greater CE reported herein. The fact that previous studies evaluated only one Myr activity
level and Myr activity was rarely reported, may further explain the higher CE reported here.
Moreover, the high variability and lower CE observed in human studies compared to the current
study is due to a combination of factors including inter-individual variability in the capsule transit
time and in gastric acidity. Another major factor is likely the type of capsule used for the clinical
trial compared to what was used in the current study. In our model, the capsule had not dissolved
after 15 min gastric digestion, and while dissolved, remained relatively intact when it moved out
of the gastric bag at 30 min gastric digestion, such that 98% of the GR was emptied into the small

intestinal digesta at that single time point and the GR and Myr remained proximate in the intestinal
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digesta enhancing the opportunity for interaction. Zawari et al. reported that not all commercial
capsules used to deliver GR and Myr actually met United States Pharmacopeia dissolution and
disintegration standards 52. Thus, selection of commercial capsules is another critical variable that
should be considered in the optimization of CE such that capsules dissolve in the stomach or early
in the small intestine allowing for conversion to occur in the upper GI tract where SF is readily
absorbed. In vivo, the human microbiota in small intestine and in colon are capable of converting
GR to SF, which though limited, appears to be responsible for conversion in the absence of Myr.
For example, human studies have demonstrated that directly consumed fresh broccoli sprouts with
intact Myr 2! or exogenous Myr co-delivered with GR in a tablet, or a capsule '7-*® resulted in an
average SF bioavailability of 40% compared to an average of only 10% in the absence of Myr.
Moreover, human studies have reported a high inter-individual variability in the absence of Myr,
ranging from 1-40% most likely due to the interindividual differences of microbiota composition
17.48 Microbiota conversion cannot explain the increased CE in the present in vitro study as live
bacterial strains were not present in the model. Thus, the bioavailability in vivo will likely be
enhanced further using an optimized capsule formulation containing exogenous Myr that is
protected from acidic conditions of the stomach along with the microbial activity of the human

gut.
3.4 Effects of AA on the gastric and small intestinal GR to SF conversion in capsules

AA is a Myr co-factor, known to enhance the activity of Myr. However, the amount of AA
required to optimize Myr activity in humans has not been previously investigated. Therefore, we
tested the effects of adding different concentrations of AA on GR to SF CE in encapsulated
BSE[GR]:MSP[Myr] (4:1 w/w). Capsules containing the same formula as the 4:1 capsule blend,
380 mg BSE[GR] (55 mg (126 pmol) GR) and 95 mg MSP[Myr] (42.6 Units of Myr activity),
were added with varying amounts of AA: 0, 11, 44, 88, or 154 mg. All capsules underwent 30 min
of gastric digestion followed by 60 or 120 min of small intestinal digestion as these time points
generated the maximal CE in the capsule experiments above (Table 3). AA significantly increased
the CE of GR to SF (Figure SA, B) in a dose-dependent manner. After 60 min of small intestinal
digestion, 44 mg AA significantly (p < 0.05) increased the CE from 40.1% to 51.0%. Compared
to 44 mg AA, addition of 154 mg AA doubled the CE from 40.1% to 78.0% following 60 min of

small intestinal digestion (Figure SA). After 120 min of small intestinal digestion, the effects of
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AA on GR to SF conversion were not as important as those observed after 60 min small intestinal
digestion, as the capsules without AA had quite a high CE, 70.9%. However, complete conversion
(100% CE) was achieved only in the capsules with 88 mg and 154 mg AA after 120 min small
intestinal digestion (Figure 5B). These results suggest that the addition of AA increased the CE
of GR to SF dose-dependently, with the most significant difference observed between the control
capsules (0 mg AA) and the 154 mg AA concentration, after 60 min of small intestinal digestion.
Considering the high CE of GR to SF measured here, 78.0% after 60 min and 100% after 120 min
small intestinal digestion, we consider 154 mg AA to be the optimum concentration of the
formulations tested in the present study. It is of course possible that 100% CE may be achieved
after only 60 min of intestinal digestion with the inclusion of levels of AA above 154 mg, but this
would need to be tested further in future studies. Of the AA concentrations tested in the present
study, 154 mg, the concentration eliciting the highest CE, was selected for inclusion in the capsule
formula to evaluate SF bioavailability in the Caco-2 cell model; 154 mg AA reflects an

approximate 3:1 ratio of AA to GR.

The achievement of 100% CE with the combination of GR, exogenous Myr and ascorbic acid
is particularly relevant considering that clinical trials to date have reported dose-dependent
relationships between SF and its health benefits. For example, Chen et al.>? observed differential
effects of three different doses of a combination of GR and SF derived from broccoli sprouts on
the urinary excretion of S-phenylmercapturic acid, a glutathione conjugate of the environmental
pollutant benzene. The highcest dose studied (600 pmol GR + 40 umol SF) for 10 days led to a
63.2% in urinary benzene excretion compared to the placebo group. In contrast, the half dose (300
umol GR + 20 umol SF) increased urinary benzene excretion by only 11.3% and the one-fifth dose
(125 pmol GR + 8 umol GR) did not exhibit any increase in pollutant excretion. In a similar model
studying smokers **, GR (296 umol) supplementation for 2 weeks significantly increased urinary
excretion of benzene and conjugates of two other environmental pollutants, acrolein and
crotonaldehyde whereas a half-dose (148 umol GR) only increased excretion of benzene. At either
dose, the increased excretion of benzene was less than that of the higher doses in the Chen et al.
study **. These data suggest that rather than a dose response, specific thresholds of dose may need
to be met in order for GR and/or SF to elicit some health benefits. Notably, exogenous Myr was
not included in any of the formulations, therefore, GR conversion was fully reliant on gut

microbiota, which is consistently variable and inefficient as noted previously.
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To our knowledge, this is the first study to investigate the influence of varying concentrations
of AA on the CE of GR to SF in a physiologically relevant in vitro digestion model. The role of
AA in enhancing CE has the potential to improve SF bioconversion and bioavailability in the upper
GI tract and should be considered in the development of formulations for human clinical trials and

dietary supplements.
3.5 SF bioavailability derived from BSE[GR] in Caco-2 cell monolayers

The bioavailability of SF was evaluated in differentiated human Caco-2 cells which are an
accepted model for exploring drug/compound uptake, metabolism and transport 4. The kinetics of
SF absorption using an SF standard (10 uM) at 1, 2, 4, and 6 h incubation, were initially established
to determine the optimal incubation time. After 4 h incubation, the maximum amount of SF and
SF metabolites (72% of total SF added) were measured in cells and in the lower chamber 4. In
agreement with this result, and at a similar initial SF concentration (11 uM), 74 £ 29% (mean =+
SD) SF was absorbed in an in vivo jejunal perfusion system . This result is also consistent with
human clinical trials supplemented with SF 22, The SF absorption was next evaluated in samples
of the small intestinal digesta corresponding to three different encapsulated formulas: B capsule
(380 mg BSE[GR] alone), BM capsule (380 mg BSE[GR] + 95 mg MSP[Myr]; 4:1
BSE[GR]:MSP[Myr] ratio) and BMA capsule (380 mg BSE[GR] + 95 mg MSP[Myr] + 154 mg
AA; 4:1 BSE[GR]:MSP[Myr] ratio + AA). Capsules underwent gastric digestion for 30 min and
further small intestinal digestion for 60 min. We selected this timepoint and AA concentration as
these reflected the highest CE conditions and the biggest difference of CE between BM and BMA
after 60 min small intestinal digestion (Figure 5). The potential cytotoxicity of the small intestinal
digesta from these capsules was assessed by measuring cell viability using the MTT method 56,
and by assessing monolayer permeability via measuring TEER . Exposure of the Caco-2 cell
monolayers to the small intestinal digesta derived from these three capsules did not affect cell

viability nor the integrity of monolayers after 4 h incubation (Supplementary Figure S3).

As shown in Table 4, after 4 h incubation of the cell monolayer in the presence of the B
capsule (containing only BSE[GR]) digesta added to the upper layer showed a minimal absorption
of GR, with 86.8 nmol of GR detected (94.7% of total added GR) observed in the upper chamber,
confirming a poor intestinal absorption of GR in the absence of Myr. Only a small amount of SF,

0.4 nmol (0.4% of GR content), was measured in cells and the lower chamber, with no SF
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metabolites detected. In contrast, the small intestinal digesta of the BM capsule (containing
BSE[GR] + MSP[Myr]) showed an efficient conversion of GR to SF during both intestinal
digestion and upon incubation with the Caco-2 monolayer. The converted SF was absorbed and
metabolized through its mercapturic acid pathway to SF-GSH, SF-CYS, and SF-NAC. Digesta
added to cells derived from the BM capsule contained 54.1 nmol GR and 36.3 nmol SF. After 4 h
incubation with cells, in the upper chamber (mimicking the intestinal lumen), residual 26.1 nmol
of GR was observed, while a total 61.6 nmol of SF and SF metabolites was detected. SF
metabolites were present in the cell monolayer and in the upper and lower chambers. The
bioavailability of SF derived from the BM capsules was approximately 52.7%. The BMA capsule
containing BSE[GR] + MSP[Myr] + AA showed the highest SF bioavailability of 74.0% (Table
5). These findings indicate that the combination of Myr and AA significantly increase the SF yield
from BSE[GR] in small intestinal digestion compared to GR alone and GR + Myr.

It is known from the literature and confirmed in the present study that, in enterocytes, SF is
easily absorbed, transported, and metabolized. A low concentration of GR was detected (~4%) in
both cells and the basolateral medium, indicating minimal absorption of GR. This finding was
supported by a previous investigation in F344 rats, where administration of 150 umol/kg body
weight of GR via gavage resulted in a 4.9% intact absorption after 36 h %8. On the other hand, we
previously observed that only 29% of SF present in a Kale digesta was absorbed and transported
across Caco-2 cell monolayers after 6 h incubation 3. This is relatively low as compared with this
study. The lower bioavailability is possibly due to the low amount of SF present in the Kale digesta
(0.014 nmol), to a negative impact of the kale food matrix on SF absorption and/or the lack of Myr
and AA in the kale (neither of which were assessed). The low concentration of SF-NAC detected
under the current experimental conditions may be due to a limited conversion of SF to SF-NAC
by Caco-2 cells. Consistently, another study reported that after 60 min incubation of SF (100 uM)
on Caco-2 cell monolayers, no detectable peaks of SF-NAC were detected °°. This is consistent
with previous evidence showing that SF-NAC is mainly generated in liver and kidneys, but not in
the small intestine 6% ', consistent with higher levels of SF-NAC in the urine in human clinical

trials 1253,

4. Conclusion
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BSE[GR] + MSP[Myr] delivered as a free (non-encapsulated) powder resulted in
impairments in Myr activity and subsequent reductions in SF bioconversion and bioavailability.
One solution to this issue would be to deliver an abundance of Myr to compensate for losses of
Myr activity due to acid exposure within the stomach, whereas an alternative would be to deliver
the powder within a capsule. In the present study, we identified that delivering the BSE[GR] +
MSP[Myr] within a commercial HPMC capsule protected Myr and significantly increased GR
bioconversion to SF, ~70% conversion after 30 min. gastric digestion and 120 min intestinal
digestion. Moreover, co-delivering AA, a cofactor and known enhancer of Myr activity as an
encapsulated combination of BSE[GR] + MSP[Myr], optimized GR to SF bioconversion and
bioavailability. Inclusion of 154 mg of AA (1:3 ratio of AA to GR) to the capsule blend which
included 4:1 BSE[GR]:MSP[Myr] ratio, led to 100% bioconversion of GR to SF after 30 min
gastric digestion and 120 min small intestinal digestion. This combination subsequently enhanced
SF bioavailability in Caco-2 monolayers. Encapsulated BSE[GR] combined with MSP[Myr], and
154 mg of AA led to GR bioavailability as SF of 74.0%, after 30 min gastric digestion, 60 min
intestinal digestion and 4 h incubation in Caco-2 monolayers. Protection of Myr activity against
low pH during gastric transit and addition of its cofactor, AA, emerged as major strategies to
improve SF production and absorption in the upper GI tract. This study identifies development
strategies to optimize GR conversion to SF to increase SF bioavailability via formulated

supplements in the upper GI tract.
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Figure legends

Figure 1. Experimental design. Processing procedures of dynamic gastric and small intestinal
digestion. BSE[GR], broccoli seed extract; MSP[Myr], mustard seed powder; Myr, myrosinase;

AA, ascorbic acid; HGS, human gastric simulator.

Figure 2. pH fluctuation during gastric digestion and the effect of pH on Myr activity. (A)
Changes in the pH of gastric digesta during the 2-h gastric digestion. Initial pH was measured
after the BSE[GR] and MSP[Myr] free powder mixture was dissolved in 250 mL of water. After
gastric digestion of 15, 30, 60, 90, 120 min, gastric digesta was collected at each time point and
pH was measured separately. (B) Myr activity with or without pretreatment in pH 2 solution.
Pure Myr was pre-incubated in pH 2 HCI for 30 min and the Myr activity was measured in pH 6
sodium phosphate buffer. Results are shown as mean + SD of three independent experiments.

*Indicates statistically significant by unpaired t-test, p < 0.05.

Figure 3 Cumulative SF produced (umol) and conversion efficiency (% CE) during small
intestinal digestion compared to total GR added to the HGS. The amount of BSE was 380 mg, GR
content in BSE was 14.5% (55 mg (126 pmol). MSP was 95 mg (42.1 units of Myr activity) (ratio
4:1). % CE 1s based on total produced SF (umol)/total added GR (umol) x100. All capsules were
digested in the HGS for 120 min and then in small intestinal digestion for a further 60 or 120 min.
Results are shown as mean + SD of 3 independent experiments. Repeated-measures AVONA was

performed and statistically significant at p < 0.05.

Figure 4. Comparison of cumulative %CE of GR to SF in form of powder and capsule. BSE[GR]
and MSP[Myr] ratio was 4:1 (w/w). Powder or capsule was first loaded to the HGS. Gastric digesta
at 15, 30, 60, 90, 120 min was collected, and then underwent small intestinal digestion for 60 or
120 min, separately. Cumulative conversion was calculated based on cumulative produced SF
(umol)/Total added GR (umol) X100, taking into account samples from all gastric digestion times.
Results are shown as mean + SD of three independent experiments. * Indicates that values are
significantly different from those for the powder (unpaired t-test, p < 0.05). # Indicates that values
are significantly different (paired t-test, p < 0.05).

Figure. 5 Conversion of GR to SF in capsules with different amounts of ascorbic acid (AA) after

30 min gastric digestion and further (A) 60 min small intestinal digestion and (B) 120 min small
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intestinal digestion. The capsule had BSE[GR] 380 mg and MSP[Myr] 95 mg and different
amounts of AA. Capsules were first loaded into the HGS, then the gastric digesta at 30 min was
collected and was further incubated in intestinal fluid for 60 and 120 min, respectively. Conversion
of GR to SF was calculated based on produced SF (umol)/total added GR (umol) x100. Results
are shown as mean + SD of three independent experiments. Different letters are significantly

different by one-way ANOVA analysis, p < 0.05.
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Figure. 5
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Table 1. Ratios of BSE[GR] and MSP[Myr| and AA used in the present experiments.

Free Powder Experiments

A BSE (mg) GR (mg) MSP (mg) Myr (units) BSE|GR]|:MSP[Myr]| (w/w)
1000 145 0 0 1:0
1000 145 50 22 20:1
1000 145 100 45 10:1
1000 145 250 112 4:1
1000 145 1000 448 1:1

Encapsulated Powder Experiments

B BSE (mg) GR (mg) MSP (mg) Myr (units) BSE|GR]:MSP[Myr]| (w/w)
380 55 0 0 1:0
380 55 95 42.6 4:1

C BSE (mg) GR (mg) MSP (mg) Myr (units) AA (mg) BSE[GR]:MSP[Myr] (w/w)
380 55 0 0 0 1:0:0
380 55 95 42.6 0 4:1:0
380 55 95 42.6 11 4:1:0.1
380 55 95 42.6 44 4:1:0.5
380 55 95 42.6 88 4:1:0.9
380 55 95 42.6 154 4:1:1.6

BSE, broccoli seed extract; GR, glucoraphanin; MSP, mustard seed powder; Myr, myrosinase; AA, ascorbic acid.
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Table 2. GR and SF content (mg) emptied from HGS at different gastric digestion times with different ratios of
BSE[GR]:MSP[Myr]| powder (w/w).
Time Ratio 1:0 Ratio 20:1 Ratio 10:1 Ratio 4:1 Ratio 1:1
(min)
GR SF GR SF GR SF GR SF GR SF
0 0.6 £0.05 ND 0.6 +0.03 0.001£0 0.6 =0.05 0.001£0 0.6 +0.03 0.001£0 0.6 +0.03 0.001 =0
15 263+ 1.1 ND 253+£0.5 0.04 +0.05 283+49 0.3+0.01 255+2.1 0.4+0.1 25.6+0.1 0.6 +£0.02
30 239+1.1 ND 19.6 1.8 0.05+0.04 174+39 0.2+ 0.01 21.0£2.2 0.4+0.1 24.6 £0.8 0.5+0.02
60 349+64 ND 36.4+0.8 ND 32.0+3.7 0.5+0.05 31.4+1.7 0.6+0.2 33.9+£0.6 0.8 +0.02
90 23.6+1.8 ND 253+0.2 ND 23.1+15 0.4+ 0.01 249 +1.1 0.4=+0.1 21.8+£0.2 0.4 +0.01
120 13.5+0.04 ND 16.6 £0.3 ND 18.0+3.2 0.3+0.02 15.7+3.9 0.2+0.1 11.3+0.1 0.2+£0.02
leftover 153+0.8 ND 164+0.9 ND 17.3+£3.0 ND 16.6 £ 1.1 0.2=+0.1 146+04 0.2+0.01
Total
(ng) 1382+99¢ ND 140.1+23¢ 0.1+£0.09¢ 139.1+2.8¢ 1.7+0.07° 136.3+5.8¢ 22+0.7° 1326+£1.04 27+0.01°%
mg
Total
316.2+227¢ ND 3292+75¢ 0.6£0.01« 3184+6.5¢ 9.6+03% 3103+13.6¢ 12.5+42% 303.8+24¢ 152+0.1°
(umol)
% CE 0« 0.1+0.01%“ 2.9+0.04%° 3.8+ 1.3%%¢ 4.8+ 0.05% ¢

The total amount of broccoli seed extract (BSE) was 1000 mg. GR content in BSE was 14.5% (145 mg (322 umol)). Mustard seed powder (MSP) was

1000 mg (ratio 1:1, 448 Units of Myr activity), 250 mg (ratio 4:1, 112 Units of Myr activity), 100 mg (ratio 10:1, 44.8 Units of Myr activity) and 50

mg (ratio 20:1, 22.4 Units Myr activity). At 0 min, powder mixture was dissolved in 250 mL water. The emptied amount was based on measured
concentration by UHPLC-ESI (+)-MS/MS and gastric emptying rate (4.5 mL/min). Results are shown as mean + SD of 3 replicates of 3-5 independent
experiments. Conversion efficiency (% CE) is based on total produced SF (umol)/total added GR (umol) x100. Means of GR and SF and %CE with

different superscript letters in the same row are significantly different at p < 0.05 by one-way ANOVA analysis.
ND: Not detected.
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Table 3. Cumulative SF produced (umol) and conversion efficiency (% CE) during small intestinal digestion compared to

total GR added in capsule at a ratio of 4:1 BSE[GR]:MSP[Myr| powder (w/w).
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Gastric digestion

Gastric GR emptied

Intestinal digestion

Cumulative intestinal SF produced

Cumulative CE

(min) mol (min) (umol) (%)
u M
15 ND 60 ND ND
30 123.7+£8.1% 60 51.5+8.72 40.1+6.02
60 1.5+£0.5° 60 529+232 42.0+1.82
90 ND 60 - -
120 ND 60 - -
15 ND 120 ND ND
30 123.7+£8.18 120 89.4+£6.2° 709+ 49°
60 1.5+£0.5° 120 90.9+7.0° 72.1+56°
90 ND 120 - -
120 ND 120 - -

The amount of BSE was 380 mg, GR content in BSE was 14.50% (55 mg (126 pumol). MSP was 95 mg (42.1 units of Myr activity). %CE is based on
total produced SF (umol)/total added GR (umol) x100. All capsules were digested in the HGS for 120 min and then in small intestinal digestion for a
further 60 or 120 min. Results are shown as mean = SD of 3 replicates of 3 independent experiments. After 60 min, no GR was detected in the emptied
gastric digesta, such that measurements were not made on the small intestinal digesta for those samples. Means of gastric GR emptied, cumulative SF
produced and % CE with different superscript letters in the same column are significantly different at p < 0.05 by one-way ANOVA analysis. ND: Not

detected.
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Table4. GR and SF absorption and metabolism in small intestinal digesta derived from three encapsulated formulas by Caco-2 monolayers.
Treatment Analytes Added Apical Cell Basolateral Bioavailability
(nmol) (residual, nmol) (retention, nmol) (transport, (%)
GR 91.7+24¢4 86.8+£6.9¢ 27+1.3¢ 1.7£0.6 ¢
SF 0.4+0.08 " 0.15+0.02 " 0.05+0.03 " 0.05+0.01 " 49+2.04
B SF-CYS ND ND ND ND
SF-GSH ND ND ND ND
SF-NAC ND ND ND ND
GR 541+1.8°% 26.1£19°7 1.6+0.1° 1.7+0.3¢
SF 363127 124+2.8*% 34+1.17% 21.7+32% 562+738
BM SF-CYS ND 0.9+03! 3.6+0.7! 125414/
SF-GSH ND 0.8+£0.12 1.2+032 38+1.1¢2
SF-NAC ND 0.01 £0.002! ND 0.01 £0.0081!
GR 20.1£1.1¢ 3.7£14¢ 0.3+£0.04°¢ 0.4+0.04°
SF 71.5+4.0°% 89+09% 45+0.7% 304+3.1° 748+82¢
BMA SF-CYS ND 8.5+ 1.5° 44+0.6° 19.0+1.2"
SF-GSH ND 28+0.8" 1.8+£0.6" 6.8 12"
SF-NAC ND 0.01 +£0.005! 0.01 +£0.004 ! 0.03+0.021

B capsule: BSE[GR] 380 mg; BM capsule: BSE[GR] 380 mg and MSP[Myr] 95 mg; BMA: BSE[GR] 380 mg, MSP[Myr] 95 mg and AA 154 mg. All
capsules were digested in the HGS for 30 min and then in a static small intestinal model for a further 60 min. Small intestinal digesta of 250 puL was
added and incubated with Caco-2 cells for 4 h. Apical residual digesta, cells and basolateral medium were collected for analysis. Results are shown as
mean = SD of 3 replicates of 3 independent experiments. Statistical analysis was performed between B, BM, and BMA capsules. Means with different
superscript letters or symbols in the same column of the same compounds are significantly different at p < 0.05 by one-way ANOVA analysis. ND:

Not detected. Glucoraphanin (GR), Sulforaphane (SF), SF-glutathione (SF-GSH), SF-cysteine (SF-CYS) and SF-N-acetylcysteine (SF-NAC).



