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Cruciferous vegetables have been reported to be a great source of anti-inflammatory compounds.

Specifically, sprouts from the Brassicaceae family stand out for their high content of glucosinolates (and

their bioactive derivatives, isothiocyanates), phenolic acids, and anthocyanins. Despite the evident anti-

inflammatory activity of certain Brassica phytochemicals such as sulforaphane or phenolic acids, the

effect of digested Brassica vegetables on inflammation remains understudied. In this work, we aimed to

evaluate the anti-inflammatory potential of the bioaccessible forms of cruciferous bioactives (from red

cabbage sprouts (RCS) and red radish sprouts (RRS)) obtained upon in vitro gastrointestinal digestion in

the HL-60 macrophage-like differentiated human cell line. The study was performed under basal con-

ditions or stimulated with a low dose of LPS for 24 hours as a validated in vitro model of chronic inflam-

mation. The cell viability was determined by MTT assay. The gene expression and production of pro-

inflammatory cytokines TNF-α, IL-6 and IL-1β were determined by RT-qPCR and ELISA respectively. Our

results revealed no cytotoxicity with any of the treatments in LPS-stimulated macrophage-like HL60 cells.

Regarding cytokine production, digestates significantly decreased the production of the three pro-inflam-

matory cytokines at concentrations of 50 and 100 µg mL−1 except for IL-1β treated with RCS digestates.

Furthermore, the RT-qPCR analysis showed a decrease in the relative expression of pro-inflammatory

cytokines in LPS-stimulated cells treated with RRS digestates at 100 µg mL−1 but not with red cabbage

digestates. In conclusion, RRS bioaccessible compounds in the extracts could be used as dietary coadju-

vants given their potential anti-inflammatory effect on this in vitro model of chronic inflammation.

1. Introduction

Nowadays, it is widely accepted that the dietary pattern is a key
factor in improving human health. A “healthy diet” is defined
as one with a high percentage of vegetables and fiber, an ade-
quate content of proteins, and rich in vitamins and micronu-
trients.1 In that sense, in the last few decades a high research

effort has been exerted to demonstrate the beneficial health
effects of bioactive compounds present in diverse types of
foods, with special attention to those coming from fruits and
vegetables. Among them, cruciferous vegetables stand out not
only for their nutritional value but also for their diverse
content of a wide range of bioactive compounds, such as flavo-
nols, anthocyanins and glucosinolates (GSLs). Furthermore,
the dietary intake of these molecules has been related to a
reduction in the incidence of non-communicable diseases
related to inflammatory processes.2

Due to their short time of production and high concen-
tration of health-promoting biomolecules, cruciferous sprouts
have emerged as a great option for incorporation in the daily
diet.3 Sprouts obtained from Brassicaceae vegetables are one
of the main sources of GSLs, which are the main secondary
metabolites present in Brassicaceae species. These molecules
present a β-thioglucoside-N-hydrosulfate bound to a sulfur
β-glucopyranose with a variable side chain depending on the
precursor amino acid.4 However, the bioactivity of GSLs

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2fo02914f

aPhytochemistry and Healthy Food Lab, Department of Food Science Technology,

Centro de Edafología y Biología aplicada del Segura (CEBAS-CSIC), Campus de

Espinardo, 30100 Murcia, Spain
bAquaporins Research Group, Centro de Edafología y Biología Aplicada del Segura

(CEBAS-CSIC), Campus de Espinardo, 30100 Murcia, Spain
cObesity and Metabolism Laboratory, Biomedical Research Institute of Murcia

(IMIB), 30120 Murcia, Spain. E-mail: bruno.ramos@imib.es; Tel: +34 868 885220
dDepartment of Biochemistry, Molecular Biology B and Immunology, School of

Medicine, University of Murcia, Regional Campus of International Excellence, Spain.

E-mail: ajruiz@um.es; Tel: +34 868 889521

112 | Food Funct., 2023, 14, 112–121 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 7
:4

8:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0002-9308-1043
http://orcid.org/0000-0001-6804-5449
http://orcid.org/0000-0001-6913-0610
http://orcid.org/0000-0002-6547-8764
https://doi.org/10.1039/d2fo02914f
https://doi.org/10.1039/d2fo02914f
https://doi.org/10.1039/d2fo02914f
http://crossmark.crossref.org/dialog/?doi=10.1039/d2fo02914f&domain=pdf&date_stamp=2022-12-20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2fo02914f
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO014001


depends on their hydrolysis products after catalyzation by the
myrosinase, mainly isothiocyanates (ITCs) and indoles.5

Certain Brassica sprouts, such as broccoli, contain high levels
of glucoraphanin, of which the corresponding ITC is sulfora-
phane (SFN). SFN has been widely studied for its anti-tumori-
genic, anti-oxidative and anti-inflammatory properties.6 In
addition, the ITC iberin, derived from the glucoiberin present
in some sprouts (e.g. red cabbage), has been also reported to
be involved in the induction of several anti-inflammatory path-
ways.7 Glucobrassicin (GBS) is also an abundant indolic GSL
present in Brassicaceae, and it mainly produces indole-3-carbi-
nol (I3C). However, I3C usually undergoes dimeric conden-
sation, giving 3,3-diindolylmethane (DIM).8 Both molecules
have been demonstrated to be agonists of the aryl hydrocarbon
receptor (AhR), and therefore increase the rate of detoxification
pathways.9

Other colored Brassicaceae sprouts, such as red radish, are
especially rich in anthocyanins. These compounds belong to
the family of flavonoids, showing a C6–C3–C6 carbon skeleton
and cyanidin, and they are frequently present in highly glycosy-
lated and acylated forms in Brassicaceae sprouts, particularly
in red radish varieties.10 The interest in anthocyanins has
recently increased not only because of their anti-oxidant pro-
perties, but also due to their role in reducing the risk of renal
and hepatic damage caused by oxidative stress conditions.11,12

In recent decades, low-grade inflammatory processes have
been highly related to non-communicable diseases, such as
obesity, diabetes and cancer.13,14 Inflammation is a co-
ordinated process performed by the immune system, whose
main function is to maintain the organism’s homeostasis.
This process is triggered by both foreign agents and endogen-
ous signals of tissue damage, thus playing a key role in tissue
repair.15 Within this process, a broad variety of molecular
mediators are involved, such as pro-inflammatory cytokines
such as interleukin 6 (IL-6), interleukin 1 beta (IL-1β) and
tumor necrosis factor alpha (TNF-α), which are produced to a
large extent by macrophages.16 It is noteworthy that an inflam-
matory process can lead to chronic inflammation if pathogenic
agents or tissue damage signals are persistent and the acute
inflammation is not correctly resolved. Sustained in time,
chronic inflammation stages often are related to non-commu-
nicable diseases like type 2 diabetes and cardiovascular and
neurodegenerative diseases, among others.17 Thus, under-
standing the physiopathology of these types of long-term
inflammatory processes is of a great importance for the identi-
fication of new targets and strategies against these chronic
inflammatory-related diseases.

Currently, the main therapeutic options to treat the above-
mentioned inflammatory diseases are non-steroidal anti-
inflammatory drugs (NSAIDs), since they act by blocking
cyclooxygenases implicated in the synthesis of inflammatory
mediators, like prostaglandins.18 However, NSAIDs present
relevant adverse effects, which include cardiovascular, renal,
and gastrointestinal toxicity. As a consequence, the need for
new strategies and therapeutic agents that could ameliorate
the inflammatory condition without these deleterious effects

has become a major research challenge.19,20 In this scenario,
compounds derived from cruciferous vegetables have emerged
as a possible alternative, either as a drug on their own or as a
possible nutritional intervention option. For example, SFN has
been described to induce the Nrf2 transcription factor, which
is implicated in the transcription of diverse genes associated
with the anti-inflammatory response.21 Furthermore, in vivo
studies conducted on 40 overweight subjects who consumed
30 g of broccoli sprouts per day in their diet for 10 weeks
showed a decrease in IL-6 levels.22 In this line, we previously
reported that in macrophage-like HL-60 cells several crucifer-
ous-derived compounds exhibited potential anti-inflammatory
activity without showing any cytotoxic effect.23 Nevertheless,
the concentrations used in most in vitro assays often differ
from the actual concentrations of these compounds that can
be found in the circulation after intestinal digestion.24 Thus,
the aim of this work was to assess the anti-inflammatory and
cytotoxic effect of the resulting product of an in vitro digestion
process (digestates) of red radish sprout (RRS) and red
cabbage sprout (RCS) extracts in a human macrophage-like
cell model derived from HL-60.

2. Materials and methods
2.1. Plant material

A total of 50 g of seeds from red cabbage (Brassica oleracea L.
var. capitata f. rubra) and red radish (Raphanus sativus L. var.
sativus L. cv. Sango), provided by Intersemillas S.A. (Loriguilla,
Valencia, Spain), were induced to germinate after decontami-
nation in 1% bleach in de-ionized water followed by 24 hours
of aeration. Subsequently, they were sown on an inert substrate
of cellulose and kept in darkness and high relative humidity
for 48 hours. Three-day-old germinated seeds were transferred
to a growth chamber to grow the sprouts under a 20 W Protect
BioLED (SysLed Spain, S.L.) photoperiod of 18 hours light/
6 hours darkness, a temperature of 24 °C/18 °C, and a relative
humidity of 60%/80%. Once collected, the 8-day sprouts were
freeze-dried and ground prior to analysis. The resulting freeze-
dried powder was stored at −80 °C.

2.2. Extract preparation and in vitro gastrointestinal
digestions

Aqueous extracts (1 : 15, w : v) from freeze-dried RRS and RCS
powders were elaborated by maceration for 4 hours in dark-
ness and under continuous agitation. The samples were centri-
fuged at 13500g for 15 minutes. Supernatants were collected
and percolated through a qualitative filter. For the in vitro gas-
trointestinal digestion, the INFOGEST standardized protocol
was used.25 1 mL of the extract was mixed with 15 mL of a
porcine pepsin solution (2000 units per mL in 100 mM HCl,
Sigma-Aldrich, MO, USA) at pH 2 and 37 °C for 3 h. After the
gastric digestion phase, 7.5 mL of 0.2 M sodium hydroxide
(NaOH) was added to increase the pH to 7. For the intestinal
digestion phase, another 7.5 mL of a pancreatin solution in
phosphate buffer (2000 unit per mL, pH = 8) was added. For
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the intestinal phase, samples were incubated for 12 hours at
37 °C. In order to prevent the contamination of the samples by
microorganisms, 75 µL of 0.5 mM merthiolate solution was
included in the digestions. After the whole process, samples
were kept overnight at 4 °C, then filtered through a 0.22 µm Ø
PVDF membrane and freeze-dried for further experiments
(Fig. 1). The digestates were labeled as follows: RRS (red radish
sprout extract digestates); and (ii) RCS (red cabbage sprout
extract digestates).

2.3. Determination of ITCs in digestates

The presence of ITCs in both types of digestate from RRS and
RCS extracts was analyzed and quantified using a UHPLC
coupled with a 6460 triple quadrupole-MS/MS (Agilent
Technologies, Waldbronn, Germany) and a Zorbax Eclipse Plus
C18 column (2.1 × 50 mm, 1.8 µm).26 SFN, I3C, and DIM from
Santa Cruz Biotech (California, USA) were used as standards.
In order to quantify and detect the presence of flavonols and
anthocyanins in the digestates, additional analysis with
HPLC-DAD was performed and sinapinic acid (Sigma) and cya-
nidin-3-glucoside (Sigma) were used as external standards.26

Retention times and UV-Vis spectral characteristics, as well as
the fragmentation patterns of the compounds of interest, were
used in the determinations.

2.4. Cell culture

Digestates from RRS and RCS aqueous extracts were incorpor-
ated in the in vitro model of macrophage-like cells obtained by
the differentiation of the human acute myeloid leukemia cell
line HL-60 (ATCC® CCL-240™) as previously described.27

Briefly, the cells were kept undifferentiated and growing at an
exponential ratio in complete culture media (CCM),
RPMI-1640 (Biowest, Nuaillé, France) supplemented with 10%
fetal bovine serum (GIBCO Invitrogen, Paisley, UK) and 1%

penicillin/streptomycin (GIBCO) prior to their differentiation.
Growing conditions were set at 37 °C and under a 5% CO2

atmosphere in the incubator. Cells were allowed to differen-
tiate for conduction of the in vitro assays, always between pas-
sages number 5 and 20.

2.5. Cell viability assays

The cell viability of differentiated HL-60 macrophage-like cells
treated with the digestates was measured using the MTT
assay.27 Briefly, after cell differentiation with 10 ng mL−1

phorbol myristate acetate (PMA; Sigma Chemical Co., St Louis,
MO, USA) in 96-well plates, the cells were pre-incubated with
10, 50, and 100 µg mL−1 of either RRS or RCS digestates, and
after 30 minutes the cells were treated with LPS (0.1 µg mL−1)
and incubated for 24 hours. MTT (Alfa Aesar, Thermo Fisher,
Karlsruhe, Germany) was then added to the final concen-
tration of 483 µM and incubated for 1 hour at 37 °C and under
a 5% CO2 atmosphere. Then, an acidified isopropanol solubil-
ization solution of 0.04 M hydrochloric acid and 0.1% NP-40
detergent was added to each well to lysate the cells and dis-
solve the purple formazan crystal formed inside the cells,
obtaining a purple-colored solution. The absorbance was
measured at 550 nm in a plate-reading spectrophotometer
(Spectrostar Nano; BMG Labtech, Ortenberg, Germany). The
cell viability was determined by comparison with control con-
ditions, setting the latter as 100% viability, and thus 0% cyto-
toxicity. Control cells were maintained under basal conditions
treated only with CCM. Three replicates were performed for
each experiment.

2.6. In vitro anti-inflammatory assays

The anti-inflammatory potential of the RRS and RCS digestates
was examined by determining their ability to modulate the
in vitro secretion of cytokines under a low-intensity inflamma-

Fig. 1 Schematic presentation of the standardized protocol followed for in vitro digestions. This protocol can be divided into a first phase of
“gastric digestion”, developed at pH = 2 for 3 hours, and followed by a phase of “intestinal digestion” at pH = 7 for 12 hours. The whole protocol was
performed at 37 °C. Once digested, the samples were incubated overnight at 4 °C and then kept at −80 °C until analysis.
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tory state induced by lipopolysaccharide (LPS).28 To achieve
this, HL-60 cells (0.2*106 cells per well) were stimulated with
10 ng mL−1 phorbol 12-myristate 13-acetate (PMA) in CCM for
24 hours, in order to differentiate them into human macro-
phage-like cells.27 Afterward, the cells were rested for 24 hours
in CCM without PMA. Once the differentiation was complete,
the digestates of RRS and RCS aqueous extracts were pre-incu-
bated with different concentrations (10, 50, and 100 µg mL−1)
at 37 °C for 30 minutes. LPS (from Escherichia coli 0111.B4,
Sigma Chemical Co.) was then added to a final concentration
of 0.1 µg mL−1 to induce a low-grade pro-inflammatory state
similar to those found in chronic inflammatory diseases.
Finally, the plates were incubated at 37 °C under a 5% CO2

atmosphere for 24 hours. Supernatants were collected and
stored at −20 °C for further analysis. The cells were washed
with PBS and then stored at −80 °C until RNA extraction.

2.7. Enzyme-linked immunosorbent assays

Stored supernatants from in vitro assays performed on human
macrophage-like HL-60 cells were used to determine the levels
of the pro-inflammatory cytokines TNF-α, IL-6, and IL-1β using
enzyme-linked immunosorbent assay (ELISA) kits (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA). The absorbance
in each well was determined using a microplate reader
(Spectrostar Nano; BMG Labtech, Ortenberg, Germany) at
450 nm and corrected at 570 nm. Each cytokine concentration
was calculated using the corresponding standard curve. The
modulation of cytokines was attained by calculating the level
of release inhibition when compared to control conditions. In
order to compare the effect of the RRS and RCS digestates
from the different experiments (n ≥ 2), concentrations of the
cytokines obtained from enzyme-linked immunosorbent
assays (ELISA) (in the ranges 30–350 pg mL−1 for TNF-α,
250–800 pg mL−1 for IL-6, and 30–120 pg mL−1 for IL-1β) were
normalized for each individual assay by setting the negative
control of the corresponding experiment as the reference
(valued as 1 for control conditions). The effect of the digestates
on cytokine levels has been presented as the mean ± SEM of
normalized results.

2.8. Gene expression determination by RT-qPCR

The entire RNA was extracted from macrophage-like differen-
tiated HL-60 cells using the GenElute Mammalian Total RNA
Miniprep kit (Sigma) following the manufacturer’s instruc-
tions. RNA was eluted in RNAse-free water and checked for
concentration and purity using the Nanodrop spectrophoto-
meter system (ND-100 3.3. Nanodrop Technologies, USA). Only
samples with a ratio of Abs260/Abs280 between 1.8 and 2.1
were used for gene expression assays. The generation of cDNA
was executed using a high-capacity RNA-to-cDNA kit (Thermo
Fisher Scientific, USA), following the manufacturer’s instruc-
tions. PCR amplification was carried out with a PowerUp SYBR
Green PCR Master Mix (Applied Biosystems, USA) using a Fast
7500 real-time instrument (Applied Biosystems, USA).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as the reference gene. Primer sequences are presented in the

ESI Table S1.† The relative expression was calculated using the
2−ΔΔCt method. All experiments were performed in triplicate
and as three independent experiments.

2.9. Statistical analysis

Statistical analysis was performed using t-Student, ANOVA, and
Tukey’s HSD tests. Values of p < 0.05 were considered to be
statistically significant. The GraphPad Prism 9 software was
used for performing the calculations.

3. Results
3.1. Quantitative composition of secondary metabolites in
the digestates

The results of the analysis and quantification of secondary
metabolites present in RRS and RCS upon digestion of the
aqueous extracts are shown in Table 1. According to ITCs, the
SFN concentrations were higher in the digestates of RRS when
compared to the digestates of RCS (p = 0.002). In addition, sul-
foraphene (SFE) was only detected in the digestates of RRS.
Regarding I3C, the digestates of RCS contained around 3-fold
higher I3C amounts compared to the digestates of RRS (p =
0.015). No traces of DIM, the naturally formed dimer of I3C,
were found in RCS, although it was quantified in RRS. The ITC
iberin was detected in digestates of both RRS and RCS in
similar contents (p = 0.075). Accounting for the total amount
of ITCs, the digestates of RCS were significantly higher than
the digestates of RRS (p < 0.05).

The composition of phenolic acids and anthocyanins in
both digestates was also analyzed (Table 1). Among phenolic
acids, the characteristic sinapic acid derivatives of these var-
ieties were detected and quantified by HPLC-DAD in similar
contents for both types of digestate (p > 0.05). However, only
the digestates of RRS aqueous extracts presented a quantifi-
able amount of cyanidins.

Table 1 Composition of GSLs hydrolysis products, ITCs and phenolic
compounds (sinapic acid derivatives and anthocyanins) analysed in the
digestates obtained from aqueous extracts of RRS and RCS (mM)

(mM)
RRS extract
digestate

RCS extract
digestate

Isothiocyanates SFN 6.60 ± 0.40a 1.92 ± 0.18b
SFE 1.68 ± 0.06 —
I3C 30.00 ± 2.50a 74.00 ± 7.06b
DIM 20.00 ± 2.12 —
Iberin 12.94 ± 0.56a 10.75 ± 1.07a
Total 71.19 ± 3.70a 86.67 ± 8.25b

Phenolic
compounds

Sinapic acid
derivatives

11.17 ± 0.27a 12.56 ± 0.38a

Anthocyanins
(cyanidins)

4.10 ± 0.04 —

Results are represented as the mean ± SD (n = 3). Different letters
indicate statistically significant differences between extract digestates
in Tukey’s HSD test (p < 0.05). RCS: red cabbage sprouts, RRS: red
radish sprouts, SFN: sulforaphane, SFE: sulforaphene, I3C: indole-3-
carbinol, and DIM: 3,3-diindolylmethane.
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3.2. The effect of digestates on human macrophage-like
HL-60 cell viability

The percentage of cell viability of human macrophage-like
HL-60 cells is presented in Fig. 2. The viability of the cells
stimulated with LPS did not show any statistically significant
difference when compared to those under basal conditions
without LPS (control). Viability in terms of the metabolism
ratio of the cells was also assessed in the presence of the two
tested digestates with different concentrations of 10, 50, and
100 µg mL−1 under low-degree inflammation induced by LPS
treatment. The RRS extract digestates induced a slight but sig-
nificant elevation of the cellular metabolism with only a mild
concentration of 50 µg mL−1 in the presence of LPS, showing
an increase of 23% when compared to the control cells (p =
0.02), while no differences were found with cells treated with
10 and 100 µg mL−1 doses of digestates of RRS and LPS.
Regarding RCS extract digestates, increases of 25% and 30% in
cell viability were also observed in the cells treated with both
10 and 50 µg mL−1 respectively in the presence of LPS when
compared to control conditions. No change in the cell viability
was observed when they were treated with 100 µg mL−1 con-
centrations of RCS extract digestates and LPS.

3.3. The in vitro effect of digestates on pro-inflammatory
cytokines production by human macrophage-like HL-60 cells

The results obtained from analyzing the pro-inflammatory
cytokine profile (TNF-α, IL-6, and IL-1β levels) released from
human macrophage-like HL-60 cells treated with RRS and RCS

extract digestates under low degrees of inflammatory con-
ditions are presented in Fig. 3. For TNF-α levels (Fig. 3A), when
LPS-stimulated cells were treated with 50 and 100 µg mL−1

Fig. 2 The effect on cell viability (%) of the macrophage-like HL-60
differentiated cells of red radish sprout (RRS) and red cabbage sprout
(RCS) extract digestates (10, 50, and 100 µg mL−1) under a low degree of
inflammatory conditions (0.1 µg mL−1 LPS). P-Values were calculated
using the Student t-test. Values are expressed as percentages referred to
a control basal condition without LPS (dash line). Results are presented
as the mean ± SEM from 3 different MTT assays, with three replicates in
each assay. *p < 0.05 between treatments and LPS-stimulated control.
LPS, Lipopolysaccharide.

Fig. 3 ELISA measured relative levels of TNF-α (A), IL-6 (B), and IL-1β (C)
released from macrophage-like HL-60 differentiated cells under LPS-stimu-
lated conditions (0.1 µg mL−1 LPS) following treatment with RRS and RCS
extract digestates at different concentrations (10, 50 and 100 µg mL−1).
P-Values were calculated using the ANOVA test with a post hoc Tukey’s
HSD test. Values are expressed as a fold-change to control basal conditions
without LPS (dash line). Results are represented as the mean ± SEM from
three different ELISA assays with three replicates performed in each assay.
*p < 0.05, **p < 0.0 between treatments and basal conditions (without LPS).
# p < 0.05, ## p < 0.0 between treatments and the LPS-stimulated control.
TNF-α, tumor necrosis factor alpha; IL-6, interleukin 6; IL-1 β, interleukin 1
beta; LPS, lipopolysaccharide.
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doses of digestates obtained from RRS extracts, a reduction trend
of 50% and 70% was observed respectively when compared with
LPS-stimulated cells, while no differences were found for the
TNF-α production when the lowest concentration of 10 µg mL−1

of the RRS extract digestates was added. Regarding the treatment
with RCS extract digestates, a non-significant decrease of 50% in
the levels of this pro-inflammatory cytokine was also observed
with the highest concentration of 50 µg mL−1 when compared to
the LPS-stimulated cells. Surprisingly, a further increase in TNF-α
levels was observed after treatment with lower doses of 10 and
50 µg mL−1 of RCS extract digestates and LPS; these increments
were significantly higher compared to those under basal con-
ditions (p < 0.01 and p < 0.05 respectively for 10 and 50 µg mL−1

of RCS extract digestates).
Regarding IL-6 (Fig. 3B), for RRS extract digestates, the

highest reduction in this pro-inflammatory cytokine (80%) was
achieved with 100 µg mL−1 compared to LPS-stimulated levels,
reducing this cytokine level even further than those under
basal conditions (p < 0.01 when compared with LPS-stimulated
cells and p < 0.05 when compared to those under basal con-
ditions), while the 50 µg mL−1 concentration produced a
decrease of 46% compared with LPS-stimulated cells (p >
0.05). In the case of RCS extract digestates, a similar perform-
ance to that observed for TNF-α was also observed for IL-6.
When LPS-stimulated macrophage-like cells were exposed to
the highest concentration of 100 µg mL−1 of RCS extract diges-
tates, a non-significant 30% decrease in IL-6 levels was
observed, whilst an increment trend of 70% was found with
the 10 µg mL−1 concentration. In the case of IL-1β (Fig. 3C),
RRS extract digestates reported 26% and 35% decreasing ten-
dencies respectively for concentrations of 50 and 100 µg mL−1,
while no difference whatsoever was observed for the lowest
concentration of 10 µg mL−1. For LPS-stimulated cells treated
with RCS extract digestates, no significant differences were

observed between the cells treated with only LPS and those
treated with any of the three tested concentrations.

3.4. Effect of digestates on the gene expression of pro-
inflammatory cytokines

The gene expression of TNF, IL6, and IL1B was analyzed in the
presence of both types of digestate under LPS-stimulated and
non-stimulated human macrophage-like HL-60 cells (Fig. 4;
ESI Fig. S1†). Assays were performed at the concentration of
100 µg mL−1 of both tested digestates since this dose displayed
the highest inhibitory effect on in vitro pro-inflammatory cyto-
kines release without any cytotoxic effects. For TNF, no signifi-
cant differences were found between the LPS-stimulated
control cells and the ones treated with the RRS and RCS
extract digestates. However, under control conditions without
LPS (a non-inflammatory scenario) the treatment with a 100 µg
mL−1 concentration of the RCS extract digestate showed a
2-fold increase in the TNF relative gene expression when com-
pared to non-treated cells (p < 0.05). Regarding the IL6
expression, HL-60 macrophage-like cells stimulated with LPS
showed a 10-times decrease in the relative gene expression
after treatment with 100 µg mL−1 digestates of the RRS extract
(p < 0.05). Cells maintained under the same pro-inflammatory
conditions treated with the same concentration of RCS extract
digestates (100 µg mL−1) showed no statistically significant
differences in the IL6 gene expression levels when compared to
LPS-treated cells (p < 0.05). In the case of unstimulated cells
cultured under non-inflammatory conditions, no statistically
significant differences in the IL6 gene relative expression were
found between non-treated cells and those treated with any of
the digestates. When the IL1B gene expression was analyzed in
LPS-stimulated cells, a decrease of approximately 50% was
observed after treatment with 100 µg mL−1 digestates of RRS.
No significant differences were found between RCS extract

Fig. 4 mRNA relative expression levels of genes involved in the immune response of human macrophage-like HL-60 differentiated cells exposed to
red radish sprout (RRS) or red cabbage sprouts (RCS) extract digestate (100 µg mL−1) under low-degree inflammatory conditions (0.1 µg mL−1 LPS).
P-Values were calculated using the ANOVA test with a post hoc Tukey’s HSD test. Values are expressed as fold-change to the LPS-stimulated
control. Results are represented as the mean ± SEM from three different assays with three replicates performed in each assay. *p < 0.05, **p < 0.01,
***p < 0.001. TNF, tumor necrosis factor; IL6, interleukin 6; IL1B, interleukin 1 beta; LPS, lipopolysaccharide.
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digestates and those with LPS treatment alone. Nonetheless,
under unstimulated conditions, a 2-times increase in IL1B
expression levels was observed after treatment with 100 µg
mL−1 digestates of the RCS extract (p < 0.05).

4. Discussion

In recent years, the need to find alternative agents and/or
coadjuvants to treat chronic inflammatory diseases has been
highlighted. Emerging evidence has proposed the addition of
phytochemicals obtained from plant sources with anti-inflam-
matory properties in the dietary pattern.29 Among those phyto-
chemicals, natural compounds present in plants from the
Brassicaceae family stand out because of their reported inter-
action with key molecular anti-inflammatory pathways.30

However, usually, testing doses used to conduct the corres-
ponding in vitro and in vivo studies are higher than those con-
centrations that are used under physiological conditions or else
do not represent suitable therapeutic approaches.24 Thus, this
work aims to assess the anti-inflammatory potential of bioactive
compounds of cruciferous sprouts (red radish and red cabbage)
in their bioaccessible form (obtained by the digestion of
aqueous extracts), using this simulation of physiological con-
ditions for which the contents of individual compounds were in
the concentration range from 0 to 50 µM. This in vitro digestion
process provides the active fraction of compounds that might
reach the gut epithelium and from there reach the lamina
propria in human beings after the ingestion of food. To test the
anti-inflammatory potential of such digestates we used a well-
established in vitro inflammation cellular model31 consisting of
human macrophage-like HL60 cells stimulated with LPS. This
model tries to mimic systemic chronic inflammatory conditions
present in certain non-communicable diseases such as cardio-
vascular disease, cancer, and diabetes.

The composition of the digestates of RRS and RCS extracts
presented differences with a 20% lower content of total ITCs in
RRS than in RCS. However, there was more variability in the
compounds present in RRS than in RCS extract digestates,
including SFE and DIM, which were exclusively present in
RRS. The SFE is a structural analog of SFN, which only differs
in one double bond that provides higher stability to this ITC.32

Also, previous studies have reported a high interconversion of
GSLs into ITCs in sprouts, making them a great source for
obtaining extracts and further digestates.33 In addition,
although both digestates presented similar contents of sinapic
acid derivatives, there was also a clear difference between the
RCS and RRS, as the presence of cyanidins was only detected
in RRS. The highly-acylated and glycosylated cyanidin deriva-
tives of RRS may also interact with other bioactives in the
extracts to exert their health-promoting activity in additive or
synergistic combination, considering the demonstrated anti-
oxidant and anti-inflammatory activity of the individual com-
pounds, due to the coordination between the immune system
and metabolism; developing novel dietary strategies to attenu-
ate inflammation and oxidative stress seems promising and

the combination of different metabolites present in food
matrices (e.g. sprout extracts) could exert beneficial effects on
metabolic markers and the reduction of inflammatory (cyto-
kines) markers in cells and animals as found individually with
anthocyanins23,34 and isothiocyanates.21,23,35

As the bioactivity of these digestates was determined
in vitro, we found that they do not show any level of cytotoxicity
with the assessed concentrations. These results were similar to
those previously reported by us, in which among a series of
diverse bioactive derivatives from Brassica plants, only SFN at
the highest tested concentration (50 µM) showed a decrease in
the cell viability of this in vitro model of HL-60 macrophage-
like cells.31 In this regard, it is worth noting that the actual
concentration of SFN present in the higher tested dose (100 µg
mL−1) was only 3.72 µM for RRS and 1.08 µM for RCS, concen-
trations that were shown to be non-cytotoxic in this cellular
model. Furthermore, low and medium digestate concen-
trations even produced a slight increase in the cell viability, in
a similar way to that reported in HepG2 cells treated with
Bimi® digestates.36 This phenomenon could be due to the
presence of sugars and fibers that would favor an increase in
the cell metabolism. Since in the extraction by aqueous
maceration only hydrophilic molecules are extracted, no
specific selection for ITCs has been made, thus, these kinds of
molecules could also be present in the sprout extracts obtained
before the in vitro digestion process.37

The in vitro anti-inflammatory potential of the digestates
was tested by ELISA assay determination of the production of
three pro-inflammatory cytokines TNF-α, IL-6, and IL-1β. It has
been reported that TNF-α molecules exert a pleiotropic effect
on diverse cell types, mainly by the activation of caspases, and
the induction of intracellular signaling nuclear factor kappa B
(NF-κB) and mitogen-activated protein kinases (MAPKs).38 IL-6
was originally defined as a differentiation factor for B cells. Its
synthesis is regulated by LPS and TNF-α and shows both pro-
and anti-inflammatory effects.39 IL-1β is also a pro-inflamma-
tory interleukin that is secreted by macrophages in the classi-
cal activation pathway.40 Our results showed that the treatment
of the cells with a low dose of RCS extract digestate (10 µg
mL−1) unexpectedly tended to increase the TNF-α and IL-6
levels. For this digestate concentration, it might be argued that
the ratio between the content of sugars and bioactive com-
pounds could be high enough to activate the cell metabolism
by the former (as observed by an increase in the cell metab-
olism), which would in turn induce the basal macrophage-like
cells activity, augmenting thus the expression and release of
cytokines in the LPS-dependent low-degree inflammatory scen-
ario established. Furthermore, it has been reported that IL-6 is
also a factor involved in glucose homeostasis, but whether its
role is beneficial or detrimental is still a controversial topic.41

Nevertheless, a higher concentration of the 100 µg mL−1 RCS
extract showed a trend of decreasing both the TNF-α and IL-6
production under LPS-stimulated conditions, and this inhibi-
tory effect was mainly observed at the final protein expression.
This activity at higher rates might be related to the inhibitory
ability of iberin upon TLRs dimerization, impairing the NF-κB
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signaling patway.42 Furthermore, in LPS-induced RAW264.7
cells, I3C was shown to attenuate the production of inflamma-
tory mediators, such as IL-6 and IL-1β.43 Since similar results
were obtained with RCS extract digestates, its main bioactivity
might occur through the modulation of these two molecules.
However, herein IL-1β protein levels were unaffected by these
treatments, which could be due to the differences between the
two cellular models used, since HL-60 is a human cell line
while RAW264.7 are mouse cells.

On the other hand, RRS exhibited a significant dose–
response inhibition of the levels of production of IL-6 and a
tendency to exhibit the same trend with the other two cyto-
kines assessed herein. Furthermore, at the concentration of
100 µg mL−1 both the IL-6 protein production and its gene
expression levels decreased under unstimulated conditions.
This difference in the better performance of RRS compared to
RCS could be exerted by the higher concentration of SFN, and
the exclusive presence of SFE, DIM, and anthocyanins in RRS.
The ability of SFN to negatively regulate the TLR4-CD14 cell-
mediated activation has been reported.44,45 In addition, its
ability to block NF-κB downstream signaling could prevent the
transcription of pro-inflammatory genes.46 Although the avail-
able literature about SFE interaction with anti-inflammatory
pathways is not as large as that with SFN, this structural
analog could also interact via the NF-κB pathway, which would
result in a decrease in pro-inflammatory cytokine levels.47 DIM
is the condensation product of the dimerization of I3C, and
also a hydrolysis derivate from indolic GSL glucobrassicin. In
our previous work, treatment with DIM in the same LPS-stimu-
lated HL-60 macrophage-like cell culture model reported a
high anti-inflammatory activity against IL-6 production.31 This
could explain the effect of RRS in the IL6 relative expression in
LPS-stimulated cells. Moreover, DIM is not only able to down-
regulate the NF-κB pathway but it has also been reported to be
an AhR agonist, increasing the IL-1β levels and triggering a
detoxification cascade.9 Concerning sinapic acid and its
derivatives, their effect on the modulation of the NLRP3
inflammasome has recently been discovered, reducing the
IL-1β production in bone marrow-derived macrophages.48

Finally, anthocyanins have also been reported to suppress the
NF-κB and MAPK signaling pathways.49 In addition, when the
effect of anthocyanin cyanidin-3-glucoside upon the
HL-60 macrophage-like cell model stimulated with LPS was
previously assessed, an anti-inflammatory response (to a
greater or lesser extent) on TNF-α, IL-6, and IL-1β was also
found.31 For all that, the main differences between RCS and
RRS extract digestates might rely on their richness in bioactive
molecules, showing a highly synergic anti-inflammatory com-
bination for the RRS treatment.

5. Conclusion

In this work, we were able to establish the anti-inflammatory
potential of two different digestates obtained from the
aqueous extracts of certain Brassicaceae sprouts. In this way,

human macrophage-like HL60 cells maintained in an LPS-
stimulated low-grade inflammatory scenario showed a
reduction in pro-inflammatory cytokine production with a
dose–response trend when treated with RRS extract digestates.
Furthermore, this RRS treatment was able to decrease the IL6
relative gene expression even under non-inflammatory con-
ditions. Therefore, this work highlights the relevance of the
precise composition of plant-derived foods, as it is the key
factor that can determine the anti-inflammatory potential of
complex mixtures of vegetal origin and sheds light on the
search for nutritional interventions or coadjuvants that might
help to improve relevant non-communicable diseases related
to low-grade and chronic systemic inflammation.
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