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Abstract: While a balanced diet can fulfill most nutritional needs, optimizing the composi-
tion of specific foods like broccoli can amplify their health benefits. Background/Objectives:
Broccoli (Brassica oleracea L. Italica group) is a widely consumed cruciferous vegetable
valued for its gastrointestinal and immune health benefits. However, the individual contri-
butions and interactions of broccoli glucosinolates, as they hydrolyze into bioactive isothio-
cyanates, remain poorly understood. Methods: This study investigated mixtures of four
major aliphatic glucosinolates—glucoraphanin, gluconapin, progoitrin, and sinigrin—in
individual and combinational models to assess their effects on human colorectal cell pro-
liferation. Results: Combination index analysis revealed moderate to strong antagonistic
interactions among these glucosinolates, with the most significant antagonism observed
during enzymatic hydrolysis by myrosinase. Mixture analysis identified an optimal glu-
cosinolate ratio including glucoraphanin (81-84%), gluconapin (9-19%), and others (0-7%)
to maximize their antiproliferative effects (adjusted R? > 0.80). This optimal profile was
achievable within the target broccoli mapping population. Testing the near-optimal VB067
isogenic broccoli line showed a 44% increase in antiproliferative activity compared to the
initial breeding parent or an average sister line. Conclusions: This study highlights the
potential of leveraging nutrient-nutrient interactions to guide molecular breeding and
produce functional varieties of cruciferous vegetables with optimized health benefits.

Keywords: whole foods; vegetables; breeding; nutrient interactions; glucosinolate profile;
mixture analysis; cell proliferation; chemoprevention; colon

1. Introduction

Whole foods, such as fruits, vegetables, whole grains, and nuts, are nutrient-dense and
support overall health by retaining the natural nutrients, fiber, and phytochemicals often
lost during processing [1,2]. Their fiber and phytochemicals promote gut health by nour-
ishing beneficial bacteria, enhancing digestion, and boosting immunity [3]. Traditionally,
studying phytochemical groups based on their chemical structures and biological activities,
rather than individual compounds, highlighted their collective roles in supporting human
health [4].

Nutrients 2025, 17, 344

https://doi.org/10.3390/nu17020344


https://doi.org/10.3390/nu17020344
https://doi.org/10.3390/nu17020344
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0001-7125-7151
https://orcid.org/0000-0003-4665-4993
https://doi.org/10.3390/nu17020344
https://www.mdpi.com/article/10.3390/nu17020344?type=check_update&version=1

Nutrients 2025, 17, 344

2of 16

Methionine

\

Homomethionine

As part of a whole-foods diet, broccoli (Brassica oleracea var. italica Plenck, family
Brassicaceae) provides an unprocessed option that supports gastrointestinal and immune
health [5]. Diets emphasizing plant-based foods like broccoli are associated with improved
longevity and reduced cancer risk, including colorectal cancer—the second leading cause of
cancer deaths in the United States [6,7]. Epidemiological studies and recent meta-analyses
consistently show an inverse correlation between broccoli consumption and colorectal
cancer risk [8-10].

Glucosinolates are a major class of sulfur-containing secondary metabolites commonly
found in broccoli and other cruciferous vegetables [11]. Naturally occurring glucosinolates
are classified as aliphatic, aromatic, or indole depending on their amino acid precursors [12].
Those derived from alanine, leucine, isoleucine, valine, and methionine are categorized
as aliphatic [13]. The most common broccoli glucosinolates are glucoraphanin (GR), glu-
conapin (GN), progoitrin (PG), glucoiberin (GIB), sinigrin (SGN), glucobrassicin (GB),
neoglucobrassicin (NGB), and gluconasturitiin (GNT) (Figure 1), with the first five being
the major aliphatic glucosinolates in this crop [14]. Glucosinolates alone lack significant
chemopreventive activity [15]; however, their enzymatic breakdown by plant or microbial
myrosinase (thioglucoside glucohydrolase, EC 3.2.1.147) following plant tissue damage
produces isothiocyanates [16,17]. These metabolites are primarily associated with chemo-
preventive and other health benefits observed in humans [18,19]. Multiple methods of
action have been suggested for isothiocyanate bioactivity, including modulating the activity
of phase I and phase II detoxification enzymes [20], activating the NRF2/ARE pathway [21],
inducing cell the cycle arrest and apoptosis of cancerous cells [22], and inhibiting histone
deacetylases [23].
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Figure 1. Schematic pathway and structural relationships among the aliphatic glucosinolates. The
compounds used in this study are in bold, and their respective isothiocyanates are in red. There
are multiple enzymatic steps between homomethionine or dihomomethionine and the respective
metabolites (abbreviated as multiple arrows).
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Studies investigating total glucosinolate content in various broccoli cultivars revealed
that genetics, environmental conditions, and post-harvest processing all significantly in-
fluence both the quantity and chemical composition of individual glucosinolates [24-26].
Initial efforts to increase total glucosinolates in broccoli have been made by increasing
sulfur content in soil [27]; however, this strategy did not address the differences in biologi-
cal activity, individual contributions, and interactions among different glucosinolates. To
specifically enhance the chemopreventive properties of broccoli, recent breeding programs
have increasingly focused on optimizing levels of secondary metabolites, particularly
glucosinolates and their hydrolysis products [28-30]. This shift partially countered tra-
ditional breeding priorities, which emphasized reducing bitter phytochemicals [31] and
maximizing yield, pest resistance, and shelf-life, often at the expense of nutritional and
health benefits [32].

Glucoraphanin (GR), the precursor to isothiocyanate sulforaphane, is the best char-
acterized glucosinolate in broccoli that mediates its chemopreventative properties [33].
Previous targeted approaches to increase broccoli glucoraphanin by crossbreeding it with
wild relatives such as Brassica villosa Biv. resulted in significant changes in individual
glucosinolate profiles together with the often undesirable shifts in agricultural parameters
and functionality of the crop [28,29]. A more recently constructed high-density genetic
linkage map based on the F2:3 population of two broccoli accessions offered a unique
opportunity for developing novel targeted breeding programs focused on plants with
optimized glucosinolate profiles [30]. Moreover, significant differences in biological activity
and enzymatic hydrolysis by myrosinase within the food matrix among individual glucosi-
nolates make the conventional “single nutrient” approach to their evaluation unsatisfactory.
Despite the previous development of the combination index (CI)-isobologram equation
to identify additive, antagonistic, or synergistic interactions [34], it is often insufficient for
capturing the dynamic interactions between compounds.

The primary objective of this study was therefore to evaluate the antiproliferative
effects of closely related aliphatic glucosinolates in broccoli, focusing on their interactions
during hydrolysis into bioactive isothiocyanates, and to identify a subset of glucosinolates
critical for maximizing the target biological activity of broccoli cultivars. To make the
first step in addressing these challenges, we have designed a proof-of-concept study that
examined antiproliferative contributions of individual broccoli aliphatic glucosinolates and
their mixtures when activated at the level of myrosinase, and prior to challenging the HT-29
human colorectal adenocarcinoma cells. We then used a mixture analysis commonly applied
in food science to evaluate food ingredient functionality or consumer desirability [35,36]
to obtain a predictive model of their combined antiproliferative effects and determine the
optimal ratios to maximize the antiproliferative potential of broccoli crops. This approach
provides an additional tool for breeding programs to optimize phytochemical profiles in
broccoli, aiming to enhance its antiproliferative potential in support of gastrointestinal and
immune health.

2. Materials and Methods
2.1. Broccoli Mapping Population

The F2:3 broccoli mapping population was established previously as a cross between
two broccoli accessions, a calabrese-type double haploid VI-158 and a brocolette neri-
type cultivar BNC (USDA PI 462209) [26]. The 136 and 146 F2:3 broccoli families were
grown at two different location over two growing seasons, and their glucosinolate profiles
have been evaluated by HPLC [30]. This material was kindly provided by Dr. Allan
F. Brown (currently at International Institute of Tropical Agriculture, Arusha, Tanzania)
and subsequently screened to identify broccoli isogenic lines with a near-optimal ratio
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of aliphatic glucosinolates based on their highest antiproliferative effects against human
colorectal adenocarcinoma cells as described below.

2.2. Chemicals and Reagents

All chemicals and solvents (anhydrous and ACS grade) were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless specified otherwise. Aliphatic glucosinolate standards
of glucoraphanin, gluconapin, progoitrin, and sinigrin were purchased from Chromodex
(Irvine, CA, USA).

2.3. Myrosinase Treatments

Myrosinase (thioglucoside glucohydrolase, EC 3.2.1.147) isolated from Sinapis alba L.
(white mustard) seeds was purchased from Sigma-Aldrich (St. Louis, MO, USA), aliquoted
in 2.5 U/mL stocks, and stored at —80 °C. A myrosinase unit was defined as the amount of
enzyme required to hydrolyze 1 pmol of sinigrin per minute under conditions of pH 6.5
and 37 °C. Individual (IND) enzymatic digests of broccoli glucosinolates were performed
with single compounds in the dose range of 0.5-50 uM for 2 h at 37 °C and neutral pH in
the presence of 0.025 U myrosinase as described previously [37].

The effects of the myrosinase digestion of glucosinolate mixtures were evaluated
under two separate conditions. Combined mixtures of individual glucosinolate digests
(COMB) were performed by digesting each glucosinolate separately in the presence of
myrosinase, then combining the digested glucosinolates in set proportions as specified in
each experiment. Pooled digests of glucosinolates (MIX) were performed by pre-mixing
the individual glucosinolates in the set proportions, then digesting the resulting mixture in
the presence of myrosinase. The latter treatment allowed us to evaluate both positive and
negative interactions among glucosinolates at the level of myrosinase digestion (Figure 2a).
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Figure 2. Schematic diagrams indicating the experimental setups to produce (a) individual hydrolysis
(IND), combined hydrolysis (COMB), and pooled hydrolysis (MIX) of broccoli aliphatic glucosinolates
in the presence of myrosinase, and (b) the augmented simplex-centroid mixture design model to
evaluate glucosinolate—glucosinolate interactions at the level of myrosinase and their effect on the
antiproliferative qualities in the human colorectal adenocarcinoma cells.

Whole broccoli florets from the selected isogenic lines were solubilized at 200 mg/mL
and subjected to enzymatic digestion in the presence of myrosinase similar to the pooled
(MIX) glucosinolate digests.
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2.4. Cell Culture

HT-29 human colorectal adenocarcinoma cells (ATCC HTB-38) were obtained from
the American Type Culture Collection (Manasses, VA, USA). The cells were maintained in
DMEM (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum,
100 IU/mL penicillin, and 100 pug/mL streptomycin (Fisher Scientific, Pittsburg, PA, USA)
at a density not exceeding 5 x 10° cells/mL. Passages were performed at 80-90% confluence
every 3—4 days in 57 cm? cell culture dishes (Nalge Nunc International, Rochester, NY, USA)
maintained at 37 °C in a humidified 5% CO, Thermo Forma Series II incubator (Fisher
Scientific). All cell culture work was performed within the cell passages 2-16.

2.5. Antiproliferative Cell Assay

Changes in the proliferation of the HT-29 colonic cells in response to individual
(IND), combined (COMB), and pooled mixtures (MIX) of broccoli glucosinolates were
quantified using the a Sulforhodamine B (SRB) assay [38,39]. Briefly, the cells were seeded
at a concentration of 1 x 10* cells per well in 96-well plates with 100 uL of complete
media. After a 4 h incubation, myrosinase hydrolysis treatments were administered in a
100 pL vehicle (0.7% DMSO in complete medium). Paclitaxel (Taxol), a natural anticancer
cyclodecane isolated from the bark of the pacific yew tree Taxus brevifolia Nutt., was used as
a reference positive control at 0.5 uM [40].

Following a 72 h incubation, the media was removed and living cells were fixed to
plates with 10% trichloroacetic acid at 4 °C for 1 h. The plates were then washed 4 times
with water to remove dead cells and dried overnight. The fixed cells were stained with
100 puL of 0.056% SRB dye (Sigma-Aldrich) in 1% acetic acid for 30 min. Dye solution was
then discarded and the plates were washed with 1% acetic acid 4 times to remove any
residual dye. The remaining SRB dye bound to cells was extracted with 200 uL of 10 mM
Trizma and incubation with shaking for 30 min. Cell proliferation was determined as a
percent reduction in absorbance values at 510 nm compared to the vehicle control using
a BioTek Synergy H1 spectrophotometer (Winooski, VT, USA). All samples were tested
in triplicate.

2.6. Determination of IC5g Values

ICsp values for individual (IND), combined (COMB), and pooled mixtures (MIX) of
broccoli glucosinolates were calculated using a four-parameter nonlinear log(inhibitor)
versus a proliferative response model in GraphPad Prism 6.0 (San Diego, CA, USA).

2.7. Determination of Combination Indexes (CI)

The combination index was calculated to determine the nature of interactions between
individual glucosinolates in combined and pooled mixtures at various concentrations
using the previously described formulas [34]. Briefly, the dual CIs were calculated as
(d1/dx1 + d2/dx2) + (d1 x d2)/(dx1 x dx2) where d1 and d2 were the concentrations
(IC50 values) of the compounds 1 and 2 that, in combination, give the same response as
compound 1 (dx1) or compound 2 (dx2) alone. Likewise, triple CIs were calculated as
(d1/dx1 + d2/dx2 + d3/dx3) + (d1 x d2 x d3)/(dx1 x dx2 x dx3). A CI of less than
1 indicated a synergistic interaction, a CI equal to 1 indicated an additive interaction, and a
CI greater than 1 indicated an antagonistic interaction [34]. The resulting CIs were scored
as very strong synergism (<0.1), strong synergism (0.1-0.3), synergism (0.3-0.7), moderate
synergism (0.7-0.8), weak synergism (0.8-0.9), nearly additive (0.9-1.1), weak antagonism
(1.1-1.2), moderate antagonism (1.2-1.5), antagonism (1.5-3.3), strong antagonism (3.3-10),
and very strong antagonism (>10) [34,41].
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2.8. Mixture Design Model

The augmented simplex-centroid mixture design method [42] was also applied to the
combined (COMB) and pooled mixtures (MIX) of broccoli glucosinolates for an analysis
of their antiproliferative effects. The method was selected to create a balanced design
of 16 glucosinolate mixtures including 3 singular, 9 binary, and 4 tertiary interactions
(Figure 2b and Table 1). The mixture analysis was performed at a dose level of 50 uM and
visualized using JMP Pro 12.0 (SAS Institute, Cary, NC, USA) using a standard least squares
model to create predictions and surface responses. The experiments were conducted in
random order to break down any occurring systematic time trends. Interactions between
each variable were investigated for significance using an alpha of 0.01 and corrected for
false discovery rate (FDR) and parameter estimate. These data were used to determine the
optimal ratios of aliphatic glucosinolates and predict an enhanced broccoli glucosinolate
profile to maximize its antiproliferative effects.

Table 1. Interactions among broccoli aliphatic glucosinolates in their ability to suppress proliferation
of HT-29 human colorectal adenocarcinoma cells, estimated by conventional IC5p and CI values.

Interactions Proportion Ratios ICso Value Combination Index
GR GN PG SNG IND COMB MIX COMB MIX
1 Singular 1 - - - 11.80 - - - -
2 Singular - 1 - - 44.76 - - - -
3 Singular - - 1 - 2100.62 - - - -
4 Singular - - - 1 29.51 - - - -
5 Tertiary 1/3 1/3 1/3 - - 64.19 52.25 2.31 1.88
6 Tertiary - 1/3 1/3 1/3 - 54.23 62.06 1.03 1.18
7 Tertiary 1/3 - 1/3 1/3 - 28.76 50.16 1.41 2.66
8 Tertiary 1/3 1/3 - 1/3 - 27.69 46.18 1.35 240
9 Tertiary 2/3 1/6 1/6 - - 24.66 45.24 1.49 2.73
10 Tertiary 2/3 - 1/6 1/6 - 25.94 35.03 1.61 2.18
11 Tertiary 2/3 1/6 - 1/6 - 29.84 43.07 2.00 2.93
12 Tertiary 1/6 2/3 1/6 - - 48.01 56.32 0.99 1.16
13 Tertiary 1/6 2/3 - 1/6 - 47.74 50.23 1.78 1.89
14  Tertiary 1/6 1/6 2/3 - - 205.83 62.74 3.88 1.14
15  Tertiary 1/6 1/6 - 2/3 - 48.18 50.00 2.08 217
16  Tertiary 1/6 - 2/3 1/6 - 58.31 59.65 1.18 1.20
17 Tertiary 1/6 - 1/6 2/3 - 47.09 48.24 1.73 1.78
18 Tertiary - 2/3 1/6 1/6 - 66.16 62.67 1.37 1.29
19  Tertiary - 1/6 2/3 1/6 - 57.15 >2,500 0.55 nd
20  Tertiary - 1/6 1/6 2/3 - 47.82 51.77 1.26 1.37

Abbreviations: (-) not present in mixture; (nd) not determined.

2.9. Statistical Analysis

Statistical analysis was performed using Prism 6.0 (GraphPad) and expressed as
means = SEM. Two tailed ¢-test or one-way ANOVA were applied at a significance level
of p < 0.05. Post hoc analyses of differences between individual experimental groups were
made using Tukey’s multiple comparison test. Combination indexes and mixture analysis
were performed as described above.



Nutrients 2025, 17, 344

7 of 16

3. Results
3.1. Comparative Antiproliferative Potencies of Aliphatic Glucosinolates

Intact broccoli aliphatic glucosinolates (sinigrin, glucoraphanin, gluconapin, pro-
goitrin) in their native form were evaluated individually for their antiproliferative effects
against the HT-29 human colorectal adenocarcinoma cells in the dose range of 0.5-50 uM
and were observed to be inactive in line with the previous reports [15]. Myrosinase-
catalyzed hydrolysis of target aliphatic glucosinolates was then performed in the individual
tubes (IND) before adding cells under the same treatment conditions (Figure 2a). Individual
myrosinase hydrolysis showed significant antiproliferative effects in HT-29 cells in the or-
der of potency glucoraphanin (IC5y = 11.80 uM) > sinigrin (ICsg = 29.51 uM) > gluconapin
(IC50 = 44.76 uM) > progoitrin (IC5¢ = 2100.6 uM) (Figure 3). Since aliphatic glucosinolates
are a group of closely related compounds that share a 3-thioglucose and a sulfonated
oxime moiety, but differ at the variable aglycone side chain, we next evaluated the direct
glucosinolate—glucosinolate interactions and their antiproliferative potential at the level of
myrosinase that is critical for their activation.
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Figure 3. Antiproliferative effects of aliphatic glucosinolates from broccoli. HT-29 human colon

cancer cells were treated with 0.5-50 uM myrosinase-hydrolyzed glucosinolates to establish the
corresponding ICsg values for individual compounds.

3.2. Combination Index of Aliphatic Glucosinolates

Two mixing strategies were evaluated to understand glucosinolate—glucosinolate
interactions—the combined hydrolysis (COMB) that included individual glucosinolates
hydrolyzed in the presence of the enzyme (no competition at the level of myrosinase) and
the pooled mixes (MIX) that included the target glucosinolate premixes that compete at the
active site of myrosinase for their processing and hydrolysis (Figure 2a). The combination
index of aliphatic glucosinolates was calculated at the ICsy concentration for all compounds
in COMB and MIX mixtures (Table 1). A pooled MIX mixture that included only gluconapin,
progoitrin, and sinigrin showed weak antiproliferative activity (>2500 uM) that did not
reach 50% inhibition of cell proliferation relative to the vehicle control. The combination
index could not be calculated for this sample.
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The inclusion of additional aliphatic glucosinolates into reactions with glucoraphanin
decreased the resulting ICs( antiproliferative values of the resulting mixtures at the level of
the colonic cells (COMB) as well at the level of myrosinase (MIX). The effect was particularly
evident at the level of myrosinase (MIX) with an average 4- to 6-fold decrease in the ICsg
proliferative activity (Table 1). The conventional combination indexes calculated based on
the IC5( values indicated moderate to full antagonism for the majority of the mixtures (Cls
in the range of 1.2-2.9). Progoitrin in combination with glucoraphanin and gluconapin
showed the strongest antagonistic effect at the level of cells (3.88), while the other aliphatic
glucosinolates showed a moderate antagonistic effect to glucoraphanin at the level of
myrosinase (2.00 and 2.93, respectively).

Taken together, the antagonism was higher in pooled hydrolysis (MIX) rather than
combined hydrolysis (COMB), suggesting a primary negative glucosinolate—glucosinolate
interaction at the level of myrosinase. The antagonistic effect was nearly absent in the mix-
tures that did not include glucoraphanin (such as equal amounts of gluconapin, progoitrin,
and sinigrin), indicating that glucoraphanin was the major glucosinolate responsible for the
observed antiproliferative effects (Table 1, line 6). Glucoraphanin and gluconapin showed
a moderate additive interaction independent of myrosinase (Table 1, line 12).

3.3. Mixture Design Analysis for Nutrient Interactions

The conventional ICsy and combination index analyses indicated a complex variety of
antagonistic and additive interactions among the aliphatic glucosinolates in broccoli. We
next employed mixture design analysis commonly applied in food science to evaluate food
ingredient functionality or their organoleptic properties to generate a subset of experiments
comprising the tetrahedral (four component) optimization model. The augmented simplex-
centroid mixture design proportions and reference names for glucosinolate mixtures are
listed in Table 2.

Table 2. Mixture design analysis model performed in combined (COMB) and pooled (MIX) hydrolysis.

Interactions Panel 1 Panel 2 Panel 3 Panel 4

GR GN PG GR GN SNG GR PG SNG GN PG SNG
1  Singular 1 - - 1 - - 1 - - 1 - -
2 Singular - 1 - - 1 - - 1 - - 1 -
3  Singular - - 1 - - 1 - - 1 - - 1
4  Tertiary 1/3 1/3 1/3 1/3 1/3 1/3 1/3 1/3 1/3 1/3 1/3 1/3
5 Binary 1/2 - 1/2 1/2 - 1/2 1/2 - 1/2 1/2 - 1/2
6 Binary 1/2 1/2 - 1/2 1/2 - 1/2 1/2 - 1/2 1/2 -
7 Binary - 1/2 1/2 - 1/2 1/2 - 1/2 1/2 - 1/2 1/2
8  Tertiary 2/3 1/6 1/6 2/3 1/6 1/6 2/3 1/6 1/6 2/3 1/6 1/6
9 Tertiary 1/6 1/6 2/3 1/6 1/6 2/3 1/6 1/6 2/3 1/6 1/6 2/3
10  Tertiary 1/6 2/3 1.6 1/6 2/3 1.6 1/6 2/3 1.6 1/6 2/3 1.6
11  Binary 1/3 - 2/3 1/3 - 2/3 1/3 - 2/3 1/3 - 2/3
12 Binary 2/3 — 1/3 2/3 - 1/3 2/3 - 1/3 2/3 - 1/3
13 Binary 2/3 1/3 - 2/3 1/3 - 2/3 1/3 - 2/3 1/3 -
14 Binary 1/3 2/3 - 1/3 2/3 - 1/3 2/3 - 1/3 2/3 -
15 Binary - 2/3 1/3 - 2/3 1/3 - 2/3 1/3 - 2/3 1/3
16 Binary - 1/3 2/3 - 1/3 2/3 - 1/3 2/3 - 1/3 2/3

Abbreviations: (-) not present in the mixture.

The glucosinolate-glucosinolate interactions were evaluated at 50 M based on the
average ICsy values obtained from the individual hydrolysis (Figure 4). All models were
evaluated for goodness of fit (R?) and analysis of variance (ANOVA) to establish the
significance of each interaction.
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Combined hydrolysis model (COMB)

(b)

Figure 4. Mixture contour plots using a tetrahedral projection of (a) combined COMB and (b) pooled
MIX hydrolysis of broccoli glucosinolates tested at 50 uM. The potency of antiproliferative effects
against HT-29 cells is shown as a color gradient from gray (lowest) to red (highest). Arrows indicate
the direction of the decreasing proportion for each individual glucosinolate in the mixture. Lateral
panels were inverted to maintain the correct tetrahedral projections.
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3.4. Significant Interactions Among Aliphatic Glucosinolates

The GR x GN x PG model (panel 1) showed that interactions between GR x GN
(p = 0.01), as well as glucoraphanin and gluconapin proportions interacting with the total
concentration of glucosinolates (p < 0.0001), were the most significant positive effects for
variables contributing to inhibition of HT-29 cell proliferation in both COMB (R? adj = 0.924)
and MIX (R? adj = 0.934) modes. On the other hand, the model predicted the most significant
negative interaction between GR x GN X PG that increased at the level of myrosinase
when these glucosinolates were tested in the pooled MIX model (p < 0.0001). These
interactions could be easily identified on the mixture contour plots by the zone of the
highest antiproliferative activity (red) observed at high glucoraphanin proportions; a zone
of high antiproliferative activity (orange) expanding from glucoraphanin in the direction of
gluconapin; and a vast zone of low antiproliferative activity (gray, purple, blue) found at
high progoitrin proportions (Figure 4).

The GR x GN x SNG model (panel 2) showed the highest R? adj values in both
COMB (R? adj = 0.948) and MIX (R? adj = 0.967) modes, indicating that the removal of
progoitrin from the mixture resulted in increased antiproliferative activity. In the COMB
mode, all interactions besides GR x GN proportion X concentration were significantly
associated with bioactivity (p < 0.01). In the MIX mode, GR x GN x SNG proportion was a
non-significant factor compared to being highly significant to the COMP mode (p < 0.0001),
once again suggesting a direct competition among the individual glucosinolates at the level
of myrosinase.

The GR x PG x SNG model (panel 3) showed the lowest R? adj of all mixtures in
both COMB (R? adj = 0.870) and MIX (R? adj = 0.806) modes. This model found only one
significant association with the inhibition of HT-29 cell proliferation between GR x SNG
(p < 0.01). When glucoraphanin was excluded from the mixtures, the GN x PG x SNG
model (panel 4) in both the COMB (R? adj = 0.894) and MIX (R? adj = 0.855) modes indicated
new negative associations between GN x PG in both the COMB (p < 0.0001) and MIX
(p < 0.02) modes, as well as a negative association between SNG x PG in the COMB mode
only (p = 0.02).

Taken together, the mixture design analysis predicted that an 80% threshold inhibition
of the proliferation of HT-29 human colon cancer cells could be achieved at a 50 uM dose by
the following ratio of aliphatic glucosinolates: 81-84% glucoraphanin, 9-19% gluconapin,
and 0-7% others.

3.5. Predicted Optimal Aliphatic Glucosinolate Ratio in Broccoli Population

The F2:3 broccoli mapping population described earlier [30] was next screened for the
isogenic broccoli lines that exhibited the desired ratio. The VB067 isogenic line exhibited
a near-optimal aliphatic glucosinolate profile in the form of 77.2% glucoraphanin, 13.6%
gluconapin, 4.6% progoitrin, 3.3% glucoiberin, and 1.3% sinigrin. The rest of the mapping
population was evaluated to identify an average (most common) aliphatic glucosinolate
profile. The sister VB019 isogenic line exhibited the closest average aliphatic glucosinolate
profile in the form of 54.9% glucoraphanin, 19.2% gluconapin, 23.4% progoitrin, 0.7%
glucoiberin, and 1.9% sinigrin (Figure 5a). The relative changes in individual glucosinolate
amounts between these lines are highlighted in Figure 5b.
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Figure 5. Total glucosinolate profile (a) and the profile change (b) of two selected broccoli isogenic
lines with an average (VB019) and a near-optimal (VB067) profile identified in this study. All glucosi-
nolates including aliphatic glucoraphanin (GR), gluconapin (GN), progoitrin (PG), glucoiberin (GIB),
sinigrin (SGN), aromatic glucobrassicin (GB), neoglucobrassicin (NGB), and indolic gluconasturitiin
(GNT) were quantified by HPLC. The data were analyzed using one-way ANOVA followed by
Dunnett’s multiple comparisons, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.6. Antiproliferative Activity of the Selected Broccoli Isogenic Lines

The two broccoli isogenic lines VB019 and VB067 were then compared for their ability
to inhibit HT-29 human colon cancer cell growth together with the commercial parent
broccoli cultivar (VI-158), and a reference drug (paclitaxel at 10 uM). A typical aliphatic
glucosinolate profile of commercial broccoli contains 47% glucoraphanin, 4% gluconapin,
42% progoitrin, and 1% sinigrin [24]. The near-optimal VB067 broccoli line showed a 44.1%
increase in antiproliferative activity over its commercial parent VI-158, and a 46.3% increase
over its average sister VB019 broccoli line (Figure 6).

HT-29 cells
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Figure 6. Antiproliferative effects of two selected broccoli isogenic lines with an average (VB019)
and near-optimal (VB067) profile identified in this study as compared to the commercial parent line
(VI-158) and a reference drug (paclitaxel at 10 pM). HT-29 human colon cancer cells were treated
with myrosinase-hydrolyzed whole broccoli floret extracts. The data were analyzed using one-way
ANOVA followed by Dunnett’s multiple comparisons, *** p < 0.001.
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4. Discussion

The recommended way for individuals to obtain health-beneficial phytochemicals
is through food sources, as the combined effects of different metabolites in whole foods
may enhance their desired health outcomes. Classical examples of food—food interactions
that support this concept are increased non-heme iron absorption from spinach after its
reduction by vitamin C found in orange juice [43], the enhanced bioavailability of carrot
beta-carotene when consumed with dietary oils [44], and greater intake of curcumin when
turmeric is consumed with black pepper that contains piperine [45].

Traditionally, entire phytochemical groups such as polyphenols, glucosinolates, and
carotenoids were evaluated for nutrient-nutrient and nutrient-food matrix interactions
based on their shared chemical structures and general biological activities [4], and this
message is further simplified for the general public [46]. Their collective benefits, however,
remain poorly understood due to the limited knowledge of how closely related nutrients
or phytochemicals within a single phytochemical group interact with each other. These
compounds often share a similar core structure but differ in specific structural features,
such as functional groups, side chains, or degrees of glycosylation that influence their
bioavailability, metabolism, and bioactivity in the body [47].

For instance, glucosinolates, which are prominent in cruciferous vegetables, differ in
side-chain length and composition, influencing their hydrolysis rates and the bioactivity
of their resulting isothiocyanates [48,49]. While glucoraphanin and its breakdown isothio-
cyanate sulforaphane have been widely studied for their chemopreventive properties [50],
understanding glucosinolate-glucosinolate interactions is essential because the bioactivity
of a single compound may not fully represent the combined effects of a phytochemical
group. Broccoli contains eight major glucosinolates, with total concentrations ranging from
8.4 to 19.5 umol/g fresh weight in commercial varieties [24]. Without a clear understanding
of how these glucosinolates interact, their combined health benefits cannot be accurately
assessed or optimized for dietary recommendations or breeding programs focused on
enhancing phytochemical profiles.

In this study, our approach aimed to identify positive and negative interactions of
major aliphatic glucosinolates in broccoli (glucoraphanin, gluconapin, progoitrin, and
sinigrin) that contribute to the overall bioactivity of the crop. While classical methods,
such as ICsg isobolograms and combination index analysis [34], are typically used to
evaluate the combined effects of phytochemicals, they often fall short in capturing the
complexity of interactions within the food matrix and predicting the optimal range of
bioactive constituents. Alternatively, mixture analysis, a statistical model-based method
commonly used in sensory optimization to assess product functionality, desirability, and
consumer acceptance, offers a robust framework for characterizing complex interactions
and identifying the optimal proportions of the individual components [51].

Our data confirmed glucoraphanin to be the primary contributor to antiproliferative
activity in a mixture of aliphatic glucosinolates as suggested previously [52], with much
lesser contributions from gluconapin and sinigrin. Progoitrin alone exhibited negligible
ability to inhibit cell growth. Classical combination analyses then revealed moderate to
strong antagonistic interactions between glucoraphanin and other glucosinolates at the
level of myrosinase, except for gluconapin, though the low bioactivity of progoitrin made
its contribution difficult to quantify.

This limitation was addressed using mixture analysis [42]. Surface response mixture
models predicted the optimal ratio of aliphatic glucosinolates for maximum antiprolifera-
tive activity to be 81-84% glucoraphanin, 9-19% gluconapin, and 0-7% other glucosinolates.
This combination achieved a 61.8% inhibition threshold of HT-29 human colon cancer cell
proliferation at a 50 M dose. Plasma concentrations of sulphoraphane, a major enzymatic
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breakdown metabolite of glucoraphanin, reach 15-20 pM in humans, putting our find-
ings in the range of physiologically relevant bioactivity [53]. Direct comparisons between
the antiproliferative bioactivity of individually hydrolyzed glucosinolates (COMB) and
pooled hydrolysis (MIX) revealed mostly negative associations with other glucosinolates,
and especially progoitrin. These results strongly suggest that competition for enzymatic
hydrolysis by myrosinase reduced individual glucosinolate contributions to bioactivity.
We expect this to be significant not only at the level of broccoli tissue myrosinases [54],
but also with microbial myrosinases found within the gut microbiome [55]. In a previous
study, the induction of phase II detoxification enzymes at low isothiocyanate levels was
shown as another independent driver of antagonism between glucoraphanin and other
glucosinolates [56]. The gut microbiota plays an additional role in modulating the antipro-
liferative effects of glucosinolates by producing microbial myrosinases that hydrolyze these
compounds into bioactive isothiocyanates [55]. This enzymatic hydrolysis is critical for
activating glucoraphanin into sulforaphane, a potent inducer of phase II detoxification
enzymes that reduces oxidative stress and inhibits cancer cell proliferation, and angio-
genesis, as well as conferring epigenetic effects [57]. These interactions underscore the
complex interplay between dietary phytochemicals and gut microbiota in shaping their
antiproliferative potential, emphasizing the need to account for individual microbiota
variability in future evaluations of functional foods like broccoli.

This approach was validated as an independent investigation arm study within the
previously developed broccoli breeding program [30]. Testing the near-optimal VB067
isogenic broccoli line revealed a 44% increase in antiproliferative activity compared to the
commercial parent and an average breeding sister line, further supporting the significance
of optimizing glucosinolate profiles for enhanced bioactivity. These findings also have
a broader significance in understanding the health benefits of other structurally related
phytochemical groups, where interactions between metabolites can enhance or become
detrimental to their desired biological effects, i.e., phenolics [58].

One limitation of this study is the exclusion of other classes of glucosinolates from the
analysis (unavailable at the time in quantities sufficient to perform the required cell culture
work). For example, the hydrolysis products of glucobrassicin and neoglucobrassicin
(indole-3-carbinols) are known to exhibit antiproliferative activity but are also associated
with contributing to the off-flavors of Brassica vegetables [59]. Their potential interac-
tions with the hydrolysis and bioactivity of aliphatic glucosinolates in broccoli deserve
further investigation. Expanding the scope of this study to include additional factors
relevant to chemoprevention could provide a deeper mechanistic understanding of how
these compounds interact synergistically or antagonistically. Finally, breeding broccoli
with the optimal glucosinolate profile alone does not guarantee enhanced health benefits
for consumers. Post-harvest handling, processing, and cooking methods can inactivate
myrosinase or promote the formation of alternative breakdown metabolites, potentially
altering the intended bioactivity [60].

5. Conclusions

The results of this study underscore the fact that treating phytochemicals as homo-
geneous groups with similar biological activities oversimplifies their interactions and
potential health impacts, posing a significant challenge in nutritional science and public
health communication. By analyzing the complex interactions among closely related glu-
cosinolates in broccoli, we demonstrated how mixture analysis can identify the optimal
proportions of these compounds to maximize biological activity, even when individual
bioactivity is too low to produce ICsy values. Our findings strongly support the molecular
breeding of broccoli with increased glucoraphanin levels and reduced proportions of antag-
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onistic glucosinolates, especially progoitrin, as the competition for enzymatic hydrolysis by
myrosinase plays a crucial role in modulating the overall bioactivity of these compounds.
Ultimately, these insights will inform future breeding and dietary recommendations aimed
at enhancing the antiproliferative properties of cruciferous vegetables.

Author Contributions: W.B. and S.K. conceived this study and outlined the scope of the work; W.B.,
K.D. and H.C. performed the cell culture studies; W.B. and R.W.R. performed model design and data
analysis; W.B. wrote the manuscript; W.B. and S.K. edited the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in part by the USDA National Institute of Food and Agriculture
Hatch project #1023927 (S.K.), the Plant Pathways Elucidation Project (W.B., S.K.), and NCSU faculty
start-up funds (S.K.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

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

References

1. Esquivel, M.K. Nutrition Benefits and Considerations for Whole Foods Plant-Based Eating Patterns. Am. |. Lifestyle Med. 2022, 16,
284-290. [CrossRef] [PubMed]

2. Cena, H.; Calder, P.C. Defining a Healthy Diet: Evidence for The Role of Contemporary Dietary Patterns in Health and Disease.
Nutrients 2020, 12, 334. [CrossRef] [PubMed]

3. Komarnytsky, S.; Wagner, C.; Gutierrez, J.; Shaw, O.M. Berries in Microbiome-Mediated Gastrointestinal, Metabolic, and Immune
Health. Curr. Nutr. Rep. 2023, 12, 151-166. [CrossRef] [PubMed]

4. Kumar, A.; P, N,; Kumar, M.; Jose, A.; Tomer, V.; Oz, E.; Proestos, C.; Zeng, M.; Elobeid, T,; K, S.; et al. Major Phytochemicals:
Recent Advances in Health Benefits and Extraction Method. Molecules 2023, 28, 887. [CrossRef] [PubMed]

5. Kaczmarek, J.L,; Liu, X.; Charron, C.S.; Novotny, ].A.; Jeffery, E.H.; Seifried, H.E.; Ross, S.A.; Miller, M.].; Swanson, K.S.; Holscher,
H.D. Broccoli Consumption Affects the Human Gastrointestinal Microbiota. . Nutr. Biochem. 2018, 63, 27. [CrossRef]

6. Rattan, S.I.S.; Kaur, G. Nutrition, Food and Diet in Health and Longevity: We Eat What We Are. Nutrients 2022, 14, 5376.
[CrossRef]

7.  Siegel, RL.; Giaquinto, A.N.; Jemal, A. Cancer Statistics, 2024. CA Cancer |. Clin. 2024, 74, 12-49. [CrossRef]

8.  Steinmetz, K.A,; Potter, ].D. Vegetables, Fruit, and Cancer. I. Epidemiology. Cancer Causes Control. 1991, 2, 325-357. [CrossRef]

9. Tse, G.; Eslick, G.D. Cruciferous Vegetables and Risk of Colorectal Neoplasms: A Systematic Review and Meta-Analysis. Nutr.
Cancer 2014, 66, 128-139. [CrossRef]

10.  Wu, QJ.; Yang, Y.; Vogtmann, E.; Wang, J.; Han, L.H.; Li, H.L.; Xiang, Y.B. Cruciferous Vegetables Intake and the Risk of Colorectal
Cancer: A Meta-Analysis of Observational Studies. Ann. Oncol. Off. ]. Eur. Soc. Med. Oncol. 2013, 24, 1079-1087. [CrossRef]

11. Ishida, M.; Hara, M.; Fukino, N.; Kakizaki, T.; Morimitsu, Y. Glucosinolate Metabolism, Functionality and Breeding for the
Improvement of Brassicaceae Vegetables. Breed. Sci. 2014, 64, 48. [CrossRef] [PubMed]

12.  Agerbirk, N.; Olsen, C.E. Glucosinolate Structures in Evolution. Phytochemistry 2012, 77, 16-45. [CrossRef]

13. BlaZevi¢, I.; Montaut, S.; Bur¢ul, F; Rollin, P. Glucosinolates: Novel Sources and Biological Potential. In Glucosinolates; Mérillon,
J.-M., Ramawat, K.G., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 1-58, ISBN 978-3-319-26479-0.

14. Possenti, M.; Baima, S.; Raffo, A.; Durazzo, A.; Giusti, A.M.; Natella, F. Glucosinolates in Food. In Glucosinolates; Mérillon, ]J.-M.,
Ramawat, K.G., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 87-132, ISBN 978-3-319-25462-3.

15. Nastruzzi, C.; Cortesi, R.; Esposito, E.; Menegatti, E.; Leoni, O.; Iori, R.; Palmieri, S. In Vitro Cytotoxic Activity of Some
Glucosinolate-Derived Products Generated by Myrosinase Hydrolysis. J. Agric. Food Chem. 1996, 44, 1014-1021. [CrossRef]

16. Hayes, ].D.; Kelleher, M.O.; Eggleston, .M. The Cancer Chemopreventive Actions of Phytochemicals Derived from Glucosinolates.
Eur. J. Nutr. 2008, 47 (Suppl. S2), 73-88. [CrossRef] [PubMed]

17.  Bjorkman, R.; Janson, ].-C. Studies on Myrosinases: I. Purification and Characterization of a Myrosinase from White Mustard
Seed (Sinapis alba, L.). Biochim. Biophys. Acta BBA-Enzymol. 1972, 276, 508-518. [CrossRef] [PubMed]

18. Daxenbichler, M.E.; Van Etten, C.H.; Spencer, G.F. Glucosinolates and Derived Products in Cruciferous Vegetables. Identification

of Organic Nitriles from Cabbage. J. Agric. Food Chem. 1977, 25, 121-124. [CrossRef]


https://doi.org/10.1177/15598276221075992
https://www.ncbi.nlm.nih.gov/pubmed/35706588
https://doi.org/10.3390/nu12020334
https://www.ncbi.nlm.nih.gov/pubmed/32012681
https://doi.org/10.1007/s13668-023-00449-0
https://www.ncbi.nlm.nih.gov/pubmed/36738429
https://doi.org/10.3390/molecules28020887
https://www.ncbi.nlm.nih.gov/pubmed/36677944
https://doi.org/10.1016/j.jnutbio.2018.09.015
https://doi.org/10.3390/nu14245376
https://doi.org/10.3322/caac.21820
https://doi.org/10.1007/BF00051672
https://doi.org/10.1080/01635581.2014.852686
https://doi.org/10.1093/annonc/mds601
https://doi.org/10.1270/jsbbs.64.48
https://www.ncbi.nlm.nih.gov/pubmed/24987290
https://doi.org/10.1016/j.phytochem.2012.02.005
https://doi.org/10.1021/jf9503523
https://doi.org/10.1007/s00394-008-2009-8
https://www.ncbi.nlm.nih.gov/pubmed/18458837
https://doi.org/10.1016/0005-2744(72)91011-X
https://www.ncbi.nlm.nih.gov/pubmed/5068825
https://doi.org/10.1021/jf60209a053

Nutrients 2025, 17, 344 15 of 16

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Traka, M.; Mithen, R. Glucosinolates, Isothiocyanates and Human Health. Phytochem. Rev. 2009, 8, 269-282. [CrossRef]

Zhang, Y.; Talalay, P.; Cho, C.G.; Posner, G.H. A Major Inducer of Anticarcinogenic Protective Enzymes from Broccoli: Isolation
and Elucidation of Structure. Proc. Natl. Acad. Sci. USA 1992, 89, 2399-2403. [CrossRef]

Morimitsu, Y.; Nakagawa, Y.; Hayashi, K.; Fujii, H.; Kumagai, T.; Nakamura, Y.; Osawa, T.; Horio, F,; Itoh, K ; Iida, K; et al. A
Sulforaphane Analogue That Potently Activates the Nrf2-Dependent Detoxification Pathway. J. Biol. Chem. 2002, 277, 3456-3463.
[CrossRef]

Gamet-Payrastre, L.; Li, P.; Lumeau, S.; Cassar, G.; Dupont, M.A.; Chevolleau, S.; Gasc, N.; Tulliez, J.; Tercé, F. Sulforaphane, a
Naturally Occurring Isothiocyanate, Induces Cell Cycle Arrest and Apoptosis in HT29 Human Colon Cancer Cells. Cancer Res.
2000, 60, 1426-1433.

Myzak, M.C.; Karplus, P.A.; Chung, E-L.; Dashwood, R.H. A Novel Mechanism of Chemoprotection by Sulforaphane: Inhibition
of Histone Deacetylase. Cancer Res. 2004, 64, 5767-5774. [CrossRef] [PubMed]

Wang, J.; Gu, H.; Yu, H.; Zhao, Z.; Sheng, X.; Zhang, X. Genotypic Variation of Glucosinolates in Broccoli (Brassica oleracea var.
italica) Florets from China. Food Chem. 2012, 133, 735-741. [CrossRef]

Pérez-Balibrea, S.; Moreno, D.A.; Garcia-Viguera, C. Genotypic Effects on the Phytochemical Quality of Seeds and Sprouts from
Commercial Broccoli Cultivars. Food Chem. 2011, 125, 348-354. [CrossRef]

Brown, A.F; Yousef, G.G.; Jeffery, E.H.; Klein, B.P.; Wallig, M.A.; Kushad, M.M.; Juvik, J.A. Glucosinolate Profiles in Broccoli:
Variation in Levels and Implications in Breeding for Cancer Chemoprotection. J. Am. Soc. Hortic. Sci. 2002, 127, 807-813.
[CrossRef]

Kestwal, RM.; Lin, J.C.; Bagal-Kestwal, D.; Chiang, B.H. Glucosinolates Fortification of Cruciferous Sprouts by Sulphur
Supplementation during Cultivation to Enhance Anti-Cancer Activity. Food Chem. 2011, 126, 1164-1171. [CrossRef]

Traka, M.H,; Saha, S.; Huseby, S.; Kopriva, S.; Walley, P.G.; Barker, G.C.; Moore, ].; Mero, G.; van den Bosch, F.; Constant, H.; et al.
Genetic Regulation of Glucoraphanin Accumulation in Beneforté Broccoli. New Phytol. 2013, 198, 1085-1095. [CrossRef]
Mithen, R.; Faulkner, K.; Magrath, R.; Rose, P.; Williamson, G.; Marquez, ]. Development of Isothiocyanate-Enriched Broccoli, and
Its Enhanced Ability to Induce Phase 2 Detoxification Enzymes in Mammalian Cells. TAG Theor. Appl. Genet. Theor. Angew. Genet.
2003, 106, 727-734. [CrossRef]

Brown, A.E; Yousef, G.G.; Reid, R.W.; Chebrolu, K.K.; Thomas, A.; Krueger, C.; Jeffery, E.; Jackson, E.; Juvik, J.A. Genetic Analysis
of Glucosinolate Variability in Broccoli Florets Using Genome-Anchored Single Nucleotide Polymorphisms. Theor. Appl. Genet.
2015, 128, 1431-1447. [CrossRef]

Drewnowski, A.; Gomez-Carneros, C. Bitter Taste, Phytonutrients, and the Consumer: A Review. Am. J. Clin. Nutr. 2000, 72,
1424-1435. [CrossRef]

Komarnytsky, S.; Retchin, S.; Vong, C.I; Lila, M.A. Gains and Losses of Agricultural Food Production: Implications for the
Twenty-First Century. Annu. Rev. Food Sci. Technol. 2022, 13, 239-261. [CrossRef]

Zhang, Y.; Tang, L. Discovery and Development of Sulforaphane as a Cancer Chemopreventive Phytochemical. Acta Pharmacol.
Sin. 2007, 28, 1343-1354. [CrossRef] [PubMed]

Chou, T.-C. Theoretical Basis, Experimental Design, and Computerized Simulation of Synergism and Antagonism in Drug
Combination Studies. Pharmacol. Rev. 2006, 58, 621-681. [CrossRef] [PubMed]

Lawless, L.; Threlfall, R.; Howard, L. Applying a Mixture Design for Consumer Optimization of Black Cherry, Concord Grape
and Pomegranate Juice Blends. J. Sens. Stud. 2013, 28, 102-112. [CrossRef]

Yilmaz, M.T,; Yildiz, O.; Yurt, B.; Toker, O.S.; Karaman, S.; Bastiirk, A. A Mixture Design Study to Determine Interaction Effects of
Wheat, Buckwheat, and Rice Flours in an Aqueous Model System. LWT-Food Sci. Technol. 2015, 61, 583-589. [CrossRef]

Abdull Razis, A.F,; De Nicola, G.R.; Pagnotta, E.; Iori, R.; Ioannides, C. 4-Methylsulfanyl-3-Butenyl Isothiocyanate Derived from
Glucoraphasatin Is a Potent Inducer of Rat Hepatic Phase II Enzymes and a Potential Chemopreventive Agent. Arch. Toxicol.
2012, 86, 183-194. [CrossRef]

Vichai, V.; Kirtikara, K. Sulforhodamine B Colorimetric Assay for Cytotoxicity Screening. Nat. Protoc. 2006, 1, 1112-1116.
[CrossRef]

Skehan, P; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.; Warren, ].T.; Bokesch, H.; Kenney, S.; Boyd, M.R. New
Colorimetric Cytotoxicity Assay for Anticancer-Drug Screening. J. Natl. Cancer Inst. 1990, 82, 1107-1112. [CrossRef]

Rowinsky, E.K.; Cazenave, L.A.; Donehower, R.C. Taxol: A Novel Investigational Antimicrotubule Agent. J. Natl. Cancer Inst.
1990, 82, 1247-1259. [CrossRef]

Rampal, G.; Thind, T.S; Arora, R.; Vig, A.P; Arora, S. Synergistic Antimutagenic Effect of Isothiocyanates against Varied Mutagens.
Food Chem. Toxicol. Int. ]. Publ. Br. Ind. Biol. Res. Assoc. 2017, 109, 879-887. [CrossRef]

Cornell, J.A. Experiments with Mixtures: Designs, Models, and the Analysis of Mixture Data; John Wiley & Sons: Hoboken, NJ, USA,
2011; ISBN 978-1-118-15049-8.

Paciolla, C.; Fortunato, S.; Dipierro, N.; Paradiso, A.; De Leonardis, S.; Mastropasqua, L.; de Pinto, M.C. Vitamin C in Plants:
From Functions to Biofortification. Antioxidants 2019, 8, 519. [CrossRef]


https://doi.org/10.1007/s11101-008-9103-7
https://doi.org/10.1073/pnas.89.6.2399
https://doi.org/10.1074/jbc.M110244200
https://doi.org/10.1158/0008-5472.CAN-04-1326
https://www.ncbi.nlm.nih.gov/pubmed/15313918
https://doi.org/10.1016/j.foodchem.2012.01.085
https://doi.org/10.1016/j.foodchem.2010.09.004
https://doi.org/10.21273/JASHS.127.5.807
https://doi.org/10.1016/j.foodchem.2010.11.152
https://doi.org/10.1111/nph.12232
https://doi.org/10.1007/s00122-002-1123-x
https://doi.org/10.1007/s00122-015-2517-x
https://doi.org/10.1093/ajcn/72.6.1424
https://doi.org/10.1146/annurev-food-082421-114831
https://doi.org/10.1111/j.1745-7254.2007.00679.x
https://www.ncbi.nlm.nih.gov/pubmed/17723168
https://doi.org/10.1124/pr.58.3.10
https://www.ncbi.nlm.nih.gov/pubmed/16968952
https://doi.org/10.1111/joss.12026
https://doi.org/10.1016/j.lwt.2014.11.045
https://doi.org/10.1007/s00204-011-0750-x
https://doi.org/10.1038/nprot.2006.179
https://doi.org/10.1093/jnci/82.13.1107
https://doi.org/10.1093/jnci/82.15.1247
https://doi.org/10.1016/j.fct.2017.05.017
https://doi.org/10.3390/antiox8110519

Nutrients 2025, 17, 344 16 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Moran, N.E.; Mohn, E.S.; Hason, N.; Erdman, ].W.; Johnson, E.J. Intrinsic and Extrinsic Factors Impacting Absorption, Metabolism,
and Health Effects of Dietary Carotenoids. Adv. Nutr. 2018, 9, 465-492. [CrossRef] [PubMed]

Shoba, G.; Joy, D.; Joseph, T.; Majeed, M.; Rajendran, R.; Srinivas, P.S. Influence of Piperine on the Pharmacokinetics of Curcumin
in Animals and Human Volunteers. Planta Med. 1998, 64, 353-356. [CrossRef] [PubMed]

Park, K. The Role of Dietary Phytochemicals: Evidence from Epidemiological Studies. Nutrients 2023, 15, 1371. [CrossRef]
[PubMed]

Vong, C.I; Rathinasabapathy, T.; Moncada, M.; Komarnytsky, S. All Polyphenols Are Not Created Equal: Exploring the Diversity
of Phenolic Metabolites. ]. Agric. Food Chem. 2022, 70, 2077-2091. [CrossRef] [PubMed]

Abdel-Massih, R.M.; Debs, E.; Othman, L.; Attieh, J.; Cabrerizo, EM. Glucosinolates, a Natural Chemical Arsenal: More to Tell
than the Myrosinase Story. Front. Microbiol. 2023, 14, 1130208. [CrossRef]

Barba, FJ.; Nikmaram, N.; Roohinejad, S.; Khelfa, A.; Zhu, Z.; Koubaa, M. Bioavailability of Glucosinolates and Their Breakdown
Products: Impact of Processing. Front. Nutr. 2016, 3, 24. [CrossRef]

Connolly, E.L.; Sim, M.; Travica, N.; Marx, W.; Beasy, G.; Lynch, G.S.; Bondonno, C.P; Lewis, ].R.; Hodgson, ].M.; Blekkenhorst,
L.C. Glucosinolates From Cruciferous Vegetables and Their Potential Role in Chronic Disease: Investigating the Preclinical and
Clinical Evidence. Front. Pharmacol. 2021, 12, 767975. [CrossRef]

Granato, D.; Grevink, R.; Zielinski, A.A.F; Nunes, D.S.; van Ruth, S.M. Analytical Strategy Coupled with Response Surface
Methodology to Maximize the Extraction of Antioxidants from Ternary Mixtures of Green, Yellow, and Red Teas (Camellia sinensis
var. sinensis). J. Agric. Food Chem. 2014, 62, 10283-10296. [CrossRef]

Sivapalan, T.; Melchini, A ; Saha, S.; Needs, PW.; Traka, M.H.; Tapp, H.; Dainty, J.R.; Mithen, R.F. Bioavailability of Glucoraphanin
and Sulforaphane from High-Glucoraphanin Broccoli. Mol. Nutr. Food Res. 2018, 62, e1700911. [CrossRef]

Veeranki, O.L.; Bhattacharya, A.; Marshall, J.R.; Zhang, Y. Organ-Specific Exposure and Response to Sulforaphane, a Key
Chemopreventive Ingredient in Broccoli: Implications for Cancer Prevention. Br. J. Nutr. 2013, 109, 25-32. [CrossRef]

Yagishita, Y.; Fahey, ]. W.; Dinkova-Kostova, A.T.; Kensler, T.W. Broccoli or Sulforaphane: Is It the Source or Dose That Matters?
Molecules 2019, 24, 3593. [CrossRef] [PubMed]

Sikorska-Zimny, K.; Beneduce, L. The Metabolism of Glucosinolates by Gut Microbiota. Nutrients 2021, 13, 2750. [CrossRef]
[PubMed]

Pappa, G.; Strathmann, J.; Lowinger, M.; Bartsch, H.; Gerhéduser, C. Quantitative Combination Effects between Sulforaphane and
3,3’-Diindolylmethane on Proliferation of Human Colon Cancer Cells In Vitro. Carcinogenesis 2007, 28, 1471-1477. [CrossRef]
[PubMed]

Riedl, M.A_; Saxon, A.; Diaz-Sanchez, D. Oral Sulforaphane Increases Phase II Antioxidant Enzymes in the Human Upper Airway.
Clin. Immunol. Orlando Fla 2009, 130, 244-251. [CrossRef]

Graczyk, F; Gebalski, J.; Makuch-Kocka, A.; Gawenda-Kempczyriska, D.; Ptaszyniska, A.A.; Grzyb, S.; Bogucka-Kocka, A.;
Zatuski, D. Phenolic Profile, Antioxidant, Anti-Enzymatic and Cytotoxic Activity of the Fruits and Roots of Eleutherococcus
senticosus (Rupr. et Maxim.) Maxim. Molecules 2022, 27, 5579. [CrossRef]

Gu, H;; Wang, J.; Yu, H,; Zhao, Z.; Sheng, X; Chen, J.; Xu, Y. Development and Validation of High-Glucoraphanin Broccoli F1
Hybrids and Parental Lines. |. Am. Soc. Hortic. Sci. 2014, 139, 460-468. [CrossRef]

Nugrahedi, P.Y.; Verkerk, R.; Widianarko, B.; Dekker, M. A Mechanistic Perspective on Process-Induced Changes in Glucosinolate
Content in Brassica Vegetables: A Review. Crit. Rev. Food Sci. Nutr. 2015, 55, 823-838. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/advances/nmy025
https://www.ncbi.nlm.nih.gov/pubmed/30032230
https://doi.org/10.1055/s-2006-957450
https://www.ncbi.nlm.nih.gov/pubmed/9619120
https://doi.org/10.3390/nu15061371
https://www.ncbi.nlm.nih.gov/pubmed/36986101
https://doi.org/10.1021/acs.jafc.1c07179
https://www.ncbi.nlm.nih.gov/pubmed/35147422
https://doi.org/10.3389/fmicb.2023.1130208
https://doi.org/10.3389/fnut.2016.00024
https://doi.org/10.3389/fphar.2021.767975
https://doi.org/10.1021/jf504480f
https://doi.org/10.1002/mnfr.201700911
https://doi.org/10.1017/S0007114512000657
https://doi.org/10.3390/molecules24193593
https://www.ncbi.nlm.nih.gov/pubmed/31590459
https://doi.org/10.3390/nu13082750
https://www.ncbi.nlm.nih.gov/pubmed/34444909
https://doi.org/10.1093/carcin/bgm044
https://www.ncbi.nlm.nih.gov/pubmed/17331956
https://doi.org/10.1016/j.clim.2008.10.007
https://doi.org/10.3390/molecules27175579
https://doi.org/10.21273/JASHS.139.4.460
https://doi.org/10.1080/10408398.2012.688076

	Introduction 
	Materials and Methods 
	Broccoli Mapping Population 
	Chemicals and Reagents 
	Myrosinase Treatments 
	Cell Culture 
	Antiproliferative Cell Assay 
	Determination of IC50 Values 
	Determination of Combination Indexes (CI) 
	Mixture Design Model 
	Statistical Analysis 

	Results 
	Comparative Antiproliferative Potencies of Aliphatic Glucosinolates 
	Combination Index of Aliphatic Glucosinolates 
	Mixture Design Analysis for Nutrient Interactions 
	Significant Interactions Among Aliphatic Glucosinolates 
	Predicted Optimal Aliphatic Glucosinolate Ratio in Broccoli Population 
	Antiproliferative Activity of the Selected Broccoli Isogenic Lines 

	Discussion 
	Conclusions 
	References

