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ABSTRACT ARTICLE HISTORY
Varieties and cultivars of the cruciferous vegetable Brassica oleracea are widely presumed to elicit Received 1 December 2020
positive influences on mammalian health and disease, particularly related to their indole and Revised 1 April 2021

sulforaphane content. However, there is a considerable gap in knowledge regarding the mechan- Accepted 20 April 2021
isms whereby these plant-derived molecules elicit their beneficial effects on the host. In this study, KEYWORDS
we examined the chemical variation between B. oleracea varieties and evaluated their capacity to Indole; Brassica; Drosophila;

both activate Nrf2 in the Drosophila intestine and elicit cytoprotection. Ten types of edible nrf2; leaky-gut
B. oleracea were purchased and B. macrocarpa was wild collected. Fresh material was dried,
extracted by double maceration and green kale was also subjected to anaerobic fermentation
before processing. Untargeted metabolomics was used to perform Principal Component Analysis.
Targeted mass spectral analysis determined the presence of six indole species and quantified
indole. Extracts were tested for their capacity to activate Nrf2 in the Drosophila intestine in third
instar Drosophila larvae. Cytoprotective effects were evaluated using a paraquat-induced oxidative
stress gut injury model. A “Smurf” assay was used to determine protective capacity against
a chemically induced leaky gut. Extracts of Brussels sprouts and broccoli activated Nrf2 and
protected against paraquat-induced damage and leaky gut. Lacto-fermented kale showed
a cytoprotective effect, increasing survival by 20% over the non-fermented extract, but did not
protect against leaky gut. The protective effects observed do not directly correlate with indole
content, suggesting involvement of multiple compounds and a synergistic mechanism.

Introduction ulcerative colitis and Crohn’s disease, drug-related
injuries, and hepatobiliary and gastrointestinal
carcinogenesis.

Conceptualized as a pathway for the host response
to reactive oxygen species and electrophiles, the Nrf2/
ARE signaling module emerged as a central cellular
signal transduction pathway that is also responsive to
xenobiotics.” Nrf2 is a DNA binding transcription
factor that is constitutively ubiquitinated and targeted
for degradation by the activity of the E3 ligase KEAP-
1. Oxidant and electrophilic stress is perceived by
KEAP-1 via thiol reactive cysteines, which, when oxi-
dized or alkylated, induces a conformational change
in KEAP-1 that results in the release of Nrf2, cytoplas-
mic accumulation, and ultimate translocation to the
nucleus. Because the Nrf2 pathway is fully developed
in Drosophila melanogaster, it is a faithful model
organism to study how indole-containing B. oleracea

Brassica oleracea L. (Brassicaceae) is a cruciferous
vegetable used worldwide as a food and traditional
medicine. There are many varieties, and these vege-
tables are among the oldest cultivated plants
known. Indoles, which are enriched in Brassica
spp., extend the healthspan of diverse phyla by
modulating sensitivity to stressors, extending
reproductive span, and increasing motility in the
aged.'

The nuclear factor erythroid-related factor 2
(Nrf2) pathway is a conserved signaling pathway
known for its role in orchestrating the primary
antioxidant response in cells during electrophilic
and oxidative stress. Within the context of the
gastrointestinal tract, altered Nrf2-signaling is at
the forefront of acute and chronic colitis, including
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varieties ensure mucosal barrier integrity and mitigate
damage severity in response to pathogens, environ-
mental stressors, or immune responses and on func-
tional outputs at the organismal level.

Results

In order to understand the cytoprotective effects of
cruciferous vegetables, different B. oleracea vari-
eties were extracted and tested for Nrf2 activation
in Drosophila, cytoprotective capacity in a gut
injury model, and their ability to inhibit leaky gut.
The extracts were evaluated by mass spectrometry
for the presence of indole compounds.

Metabolomics of Brassica spp. extracts

The amount of indole present in the Brassica spp.
extracts was quantified and other detected indole spe-
cies are indicated in Table 1. For the Brassica oleracea
varieties, Kohlrabi, fermented kale, fresh kale, and
broccoli had the highest concentration of indole with
2.32, 2.14, 1.67, and 1.64 pg indole/g dry plant mate-
rial. All B. oleracea varieties contained indole, IAA,
I3CA, ICA, and I3C. DIM was only found in Brussels
sprouts, fresh and fermented green kale.

In the PCA analysis, most Brassica extracts group
together (Figure 1a). B. macrocarpa is a wild, non-
domesticated relative of B. oleracea. Since domesti-
cated plant species are less chemically diverse than
their wild relatives,” B. macrocarpa serves as an outlier
in the PCA analysis. The leaky gut-protecting extracts
from fermented kale, broccoli, and broccolini appear

separated in the scores plots from B. macrocarpa and
the other domesticated species. The fermented kale
appears distinct from all the other extracts, which
included the non-fermented kale. Not only is the
overall chemistry of this fermented product different
from the fresh sample but it is also chemically distinct
from all other Brassica extracts.

Cytoprotection against paraquat-induced oxidative
stress Drosophila gut injury model

Broccoli and Brussels sprouts extracts were potent
activators of the Nrf2/CncC pathway compared to
control Drosophila fed purified indole, which has
documented inducement of Nrf2 signaling (Figure
1b).* B. oleracea extracts also elicited cytoprotective
influences against paraquat-induced oxidative chal-
lenge. Flies that ingested broccoli or Brussels sprouts
extracts were protected against oxidative injury as
determined by increased survival in response to para-
quat (Figure 1c). Other extracts did not elicit cytopro-
tection to the same extent, indicating the beneficial
effect is variable among B. oleracea varieties. The
capacity of B. oleracea extracts to modulate gut perme-
ability in adult Drosophila was assessed in corroborat-
ing survival assays (Figure 1c). Supplementation with
broccoli or Brussels sprouts extracts resulted in sig-
nificantly fewer flies with blue dye translocation to the
hemolymph (Figure 1d). These data demonstrate the
first evidence for the beneficial properties of broccoli
or Brussels sprouts extracts, which were markedly
more efficacious compared to the other varieties
tested.

Table 1. Quantitation of indole and identification of other indoles by targeted UPLC-HRMS. The concentration of indole in Brassica spp.
is reported as mg indole/g of dry plant material and the other indoles detected in the Brassica spp. are indicated by +: detected in the

extract or -: not detected.

Common Name (Scientific Name) Indole IAA 13CA DIM ICA 13C
Wild Mediterranean species (Brassica macrocarpa Guss.) +2 + + + +
Broccolini (B. oleracea ltalica Group x Alboglabra Group) 1.21 + + + +
Broccoli (B. oleracea var. italica) 1.64 + + - + +
Brussels Sprouts (B. oleracea var. gemmifera) 1.29 + + + + +
Green Cabbage (B. oleracea var. capitata) 1.16 + + - + +
Red Cabbage (B. oleracea var. capitata f. rubra) 0.81 + + + +
Savoy Cabbage (B. oleracea var. capitata f. sabauda) 0.97 + + + +
Cauliflower (B. oleracea var. botrytis) 1.21 + + + +
Collard Greens (B. oleracea var. viridis) 0.90 + + + +
Dinosaur Kale (B. oleracea var. palmifolia) 137 + + - + +
Green Kale, fermented (B. oleracea Acephala Group) 2.14 + + + + +
Green Kale, fresh (B. oleracea Acephala Group) 1.67 + + + + +
Red Kale (B. oleracea Acephala Group) 0.50 + + - + +
Kohlrabi (B. oleracea var. gongylodes) 2.32 + + + +

IAA: indole-3-acetic acid; I3CA: indole-3-carboxylic acid; DIM: 3,3-diindolylmethane, ICA: indole-3-carboxaldehyde; 13C: indole-3-carbinol.

“Indole detected by UPLC-HRMS, but not quantified in sample.
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Figure 1. (a) PCA Scores plot generated from the negative ESI-C18 UPLC-MS data showing lacto-fermented kale, broccolini, broccoli,
and B. macrocarpa as chemically distinct from other Brassica spp. All extracts were run in triplicate. (b) Indole or B. oleracea extracts
induce Nrf2 signaling in the Drosophila intestine. Detection of GFP under the transcriptional control of a Nrf2-responsive element in
third instar Drosophila larvae fed either indole (20 mM), or 10 mg/mL extracts of Brussels sprouts or broccoli extract for 4 hours. Note
activation of Nrf2 responsive GFP following ingestion or indole, Brussels sprouts, or broccoli. (c) The B. oleracea varieties extracts confer
potent cytoprotective effects in Drosophila intestine in response to an oxidative challenge. Graphs show the relative survival of
Drosophila fed the indicated B. oleracea varieties extracts in response to paraquat challenge. Note the significantly enhanced survival of
flies fed extracts of broccoli or Brussels sprouts and dinosaur kale or lacto-fermented kale. The Log rank (Mantel-Cox) test for vehicle vs.
broccoli p < 0.0001, n = 20, vehicle vs. Brussels sprouts p < 0.0004, n = 20, vehicle vs. indole p < 0.0527, n = 20, vehicle vs. dinosaur kale
p < 0.0262, n = 20, and vehicle vs. kale p < 0.3819, n = 20. (d) Extracts of B. oleracea varieties protect against a leaky-gut phenotype.
The Drosophila were fed B. oleracea extracts for 3 days, then were subjected to a paraquat solution, spiked with blue dye, which induces
a leaky gut phenotype. Flies that have a leaky gut at 72 hours are identified by exhibiting a visible blue color throughout their
hemocoel within the body cavity. Nonparametric unpaired t-test *p < .05, **p < .01.

Discussion protected against leaky gut. The lacto-fermented kale
is distinct from other B. oleracea species in the PCA
analysis, including the unfermented kale (Figure 1a).
Therefore, the process of lacto-fermentation either
yields new biologically active compounds, degrades
compounds which may interfere with the tested bioac-
tivity, or increases the bioavailability of the active
compounds. Future work should be directed to under-
standing the nature of this cytoprotection, how it was
enhanced by fermentation, and to what extent DIM
may play a role. Lacto-fermented B. oleracea foods are
generally associated with concepts of “health
promotion.”" The increases in Drosophila survival
for fermented kale supports this concept, at least in

The paraquat-induced oxidative stress gut injury in
Drosophila model screens for beneficial agents that
elicit gut cytoprotection.” Only Brussels sprouts
and broccoli activated Nrf2 and protected against
paraquat-induced damage and leaky gut. DIM was
only identified in Brussels sprouts, fermented and
fresh kale. Of these, the broccoli provided more
cytoprotection in the gut and was more protective
against leaky gut syndrome (Figure 1c,d). Broccoli
was the most chemically distinct from all the other
unfermented B. oleracea extracts (Figure la).
Additional research into the chemical differences

of this variety and their effect on the biological
activity is warranted.

Lacto-fermented kale showed a cytoprotective
effect, increasing survival by 20% over the non-
fermented extract (Figure 1c), but neither kale extract

lower organisms.

Indole alone elicited a positive effect in all three
models in line with other recent studies of indoles
in models of healthspan' and aging;® however, in
our study, the indole response was never as strong
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as the effect observed in the chemically complex
plant extracts. Since 10 of the 12 non-fermented
domestic Brassica clustered together in the PCA
analysis and the targeted analysis showed little var-
iation in the presence of six indoles investigated,
the observed variations in cytoprotection are likely
due to other molecules. As the protective effects of
the tested extracts do not directly correlate with
indole presence, the benefit conferred by these
vegetables is more complex, likely involving several
compounds and a synergistic mechanism.

Materials and methods
Generation of B. oleracea extracts

Ten fresh, organic varieties of Brassica oleracea
(Figure 2) were purchased from The Dekalb Farmers
Market (Atlanta, GA). The wild collected

Cauliflower

Mediterranean species, Brassica macrocarpa, was col-
lected in accordance with WHO GACP guidelines’
and botanical vouchers deposited at the Emory
University Herbarium (GEO-MB-022133-0 and
GEO-MB-022134-0). The fresh material was diced
and dried in a desiccating cabinet, 35-40°C. The
dried material ground through a 2 mm mesh using
a Thomas Scientific Wiley Mill. The resulting powder
extracted by double maceration for 72 hours in 80%
ethanol,q at a ratio of 1 g dry powder:10 mL solvent.
Each extract’s macerations were combined, concen-
trated in vacuo at <40°C, and lyophilized. The result-
ing extract was stored at —20°C until analysis.
Additionally, fresh kale was subjected to anaerobic
lactic acid bacteria fermentation using 3% brine solu-
tion for 7 days at room temperature in a pickling
vessel equipped with a one-way air lock. Following
the fermentation period, the plant material was

Kohlrabi

Collard Greens

Figure 2. Examples of the diversity of edible Brassica oleracea varieties.



removed from the brine, lyophilized, and processed as
described above.

High-resolution metabolomics assessment and
Quantitation of Brassica spp. extracts

Metabolomic assessment of the Brassica spp.
extracts was performed on a Dionex Ultimate
3000 UPLC coupled to Thermo Scientific Orbitrap
Fusion Tribrid mass spectrometer. The samples
were analyzed using HILIC with positive mode
ESI and reverse phase C18 chromatography with
negative mode ESI. Data dependent MS/MS
(ddMSMS) was collected for the top 10 features
detected per scan.

The presence of six indole species, indole,
indole-3-acetic acid (IAA), indole-3-carboxylic
acid (I3CA), 3,3'-diindolylmethane (DIM), indole-
3-carboxaldehyde (ICA), and indole-3-carbinol
(I3C), was qualitatively determined using targeted
MS/MS for the indoles. Putative matches were
compared with retention time and MS* data for
authentic standards.

Quantification of indole was performed using
the previously described LC-MS conditions and
quantified using the method of reference standar-
dization as described by Lui et al.®

Drosophila paraquat resistance assays

The model organism Drosophila was used to study
cytoprotection in response to methyl viologen
dichloride (paraquat)-induced oxidative stress.”"’
Groups of 20, 5-day-old adult Drosophila of assayed
genotypes were fed a solution containing a semi-
lethal dose of paraquat (17.5 mM). Percent of sur-
viving flies were recorded and compared by log-
rank Martel-Cox test using Graphpad Prism.

Assessment of gut permeability in adult Drosophila
assay

Since indole-fed Drosophila have established Nrf2
signaling, the gut permeability in adult Drosophila
was undertaken based on assays described in Darby
et al.” Briefly, male w1118 flies were aged to 5-days
old. The fly food was supplemented with Brassica
extracts for 3 days. Then, flies were subjected to
17.5 mM paraquat solution spiked with blue dye
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which induces a leaky gut phenotype. Flies that
have a leaky gut are identified by a visible blue
color within their hemocoel. Flies were anesthetized
daily with CO, and visually scored for blue dye
infiltration and the ‘Smurf-like phenotype.
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