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Brussels sprouts provide bioactive compounds with widely acknowledged health-promoting effects observed in 
various levels: single cells, organs and tissues or the whole organism. However, the choice of the appropriate hy-
drothermal processing is critical to sustain the nutritional values and cytoprotective activities, as Brussels sprouts 
are rarely eaten raw. The aim of this study was to evaluate the impact of various culinary methods (boiling, steam-
ing and sous-vide in comparison to raw plant material) applied to Brussels sprouts on the chosen functions of liver 
and intestinal cell lines (HepG2 and Caco-2, respectively): the markers of enterocyte differentiation (alkaline phos-
phatase and sucrase-isomaltase activities and protein level), glutathione store management (total GSH concentration 
and Glu, Gly, Cys and Met amino acids analysis) and mitochondrial polarization (JC-1 staining analysis). The in vitro 
digestates from raw Brussels sprouts had stronger positive effect on the enterocyte marker enzymes in the Caco-2 
cultures as compared to the digestates from the hydrothermally processed vegetables (boiled, steamed and sous-
vide). The sous-vide method diminished the intracellular glutathione stores. Hydrothermal processing, particularly 
steaming and sous-vide had a negative impact on the mitochondrial abundance and polarization as compared to 
raw vegetables. Our results suggest that shorter processing is more beneficial to retain glutathione and mitochon-
drial polarization than longer hydrothermal treatment. 
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Introduction

There is a common consensus of opinions among nutritionists and dieticians that vegetables and fruits should 
constitute at least half of every meal. Brassica vegetables are recommended and advised for consumption of  
minimum five portions a week, being, on the one hand, a low-calorie food with a high concentration of nutrients, 
minerals and fiber, and on the other hand, rich in components with health-promoting properties. The bioactivity 
of cruciferous vegetables is attributed to a high content of glucosinolates (GLS) and their metabolic products, 
such as isothiocyanates (ITCs) (Bogaards et al. 1994, Cartea and Velasco 2008, Verkerk et al. 2009, Johnson et 
al. 2015, Becker and Juvik 2016, Lafarga et al. 2018, Sanlier and Guler Saban 2018). The studies carried out with  
various tumor models underscore chemopreventive activities of GLS and ITCs, namely anti-inflammatory and  
immunomodulatory properties, inhibition of metastasis and angiogenesis, induction of apoptosis and cell cycle 
arrest (Gamet-Payrastre et al. 2000, Suppipat et al. 2012, Grabacka et al. 2014, Mitsiogianni et al. 2019), but their 
active participation in the maintenance of intracellular redox balance deserves special attention. GLS and ITCs from 
Brussels sprouts increase intracellular glutathione (GSH) level (Staack et al. 1998) and the expression of enzymes 
that protect from electrophiles and free radicals (Ye and Zhang 2001, Ernst et al. 2011), which helps the body to 
cope with oxidative stress. The molecular mechanism responsible for cytoprotection involves the activation of 
Nrf2 transcription factor, which binds to antioxidant response elements (ARE) in the promoters of genes encoding 
phase II detoxification enzymes: γ-glutamyl cysteine synthetase (GCL), a rate limiting enzyme of GSH production, 
heme oxygenase-1 and NAD(P)H:quinone oxidoreductase (Dinkova-Kostova and Kostov 2012). Sufficient GSH stores 
and efficient enzymatic machinery facilitate maintenance of mucosa physiological balance. 

Most cruciferous vegetables, especially Brussels sprouts are rarely consumed in raw form and usually are  
processed, which directly affects their nutritional value, including amino acid provision. The most common hydro-
thermal processing methods differ in: temperature and duration, facilitation of release of nutrients from plant tissue,  
bioavailability of nutrients and GLS decomposition, which influence the ITCs content. Due to mostly negative effect 
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of hydrothermal treatment on nutritional value of vegetables, new methods of processing are sought to enable 
obtaining a product with higher health and consumer quality. Sous-vide hydrothermal treatment (i.e. incubation 
of vacuum-sealed food portion in a controlled temperature) based on available research data is a promising pro-
cessing method with regards to preserving health and nutritional value of Brassica vegetables. Limiting the loss of 
nutrients and bioactive ingredients during the sous-vide process is a result of vacuum packaging of the plant ma-
terial prior to the proper thermal treatment. Direct contact of food with the water medium is limited, thus leach-
ing of compounds is smaller. In addition, the negative impact of heat treatment is also minimized by using lower 
temperature and longer processing time, than in the case of conventional cooking, which further limits decom-
position of nutrients, vitamins and phytochemical antioxidants. In addition, temperature is precisely controlled 
(Lafarga et al. 2018, Sanlier and Guler Saban 2018, Doniec et al. 2022a, Doniec et al. 2022b). 

The meal composition and food processing method have a great impact on the development of physiological 
functions of intestinal epithelial cells, as well as the gut mucosa homeostasis. The expression and activity of en-
terocyte brush border enzymes, such as alkaline phosphatase and sucrase-isomaltase, determine digestive and 
absorptive functions of the intestinal epithelium. The efficient detoxification of oxidative stressors requires suffi-
cient glutathione stores. Reduction of oxidative stress correlates with proper metabolic activity of mitochondria. 
Roughly 90% of intracellular superoxide anion production originates from incomplete reduction of molecular ox-
ygen during the electron transfer through the mitochondrial respiratory chain (so called ‘proton leak’) (Indo et 
al. 2015), especially in metabolically active tissues, such as gut epithelia. Therefore, the maintenance of a proper 
balance between active respiration and removal of reactive oxygen species is crucial to support epithelial health 
and barrier functions. Dietary bioactive compounds from cruciferous vegetables are good candidates positively 
contribute to these two processes.

 
The aim of this study was to evaluate the impact of various hydrothermal processing methods applied to  
Brussels sprouts on the markers of enterocyte differentiation, as well as GSH store management and mitochon-
drial polarization in enterocyte- and hepatocyte-like cell cultures. We applied in vitro digestion to mimic the  
situation in the gut after consumption of Brussels sprouts prepared in different ways and to our best knowledge, 
the obtained results present novelty in respect to the influence of the digestates on the cell condition and functions. 

Materials and methods
Plant material preparation 

The applied hydrothermal treatments of plant material have been described in detail in previous works (Doniec et 
al. 2022a, Doniec et al. 2022b). Briefly, fresh Brussels sprouts (Brassica oleracea var. gemmifera) were purchased 
in a local supermarket (Cracow, Poland). Plant material was cleaned and split into four sub-sample groups corre-
sponding to different types of hydrothermal treatments. First sub-sample was left raw, next ones were subjected 
to: steaming (100 °C; 7 min) sous-vide (90 °C at constant temperature control; 50 min) and traditional boiling in 
water (98 ± 1 °C; 15 min; plant material to water ratio was 1:3, w:v). 

In vitro digestion of Brussels sprouts
In vitro digestion was conducted according to Zyla et al. (1995) with modification by Starzyńska-Janiszewska 
et al. (2016). Briefly, homogenized plant material (5 g) was placed in flask, then distilled water was added to a final 
volume of 10 ml and mixed afterwards. Then, the solution pH was adjusted to 2.0 with HCl (0.5 M) prior to adding 
0.2 ml of pepsin solution (Sigma-Aldrich #P6887, Saint Louis, MO, USA; concentration 6 mg ml-1; activity 3850 U 
mg-1; dissolved in 0.1 M HCl) and placed in 37 °C shaking water bath (GFL 1092, 40 rpm min-1) for 2 h, to simulate 
a gastric phase of digestion. Next, pH was adjusted to 7.0 with 1 M NaHCO3 prior to adding 0.5 ml of pancreatin 
(#P7545, Sigma Aldrich, 90 mg ml-1) and bile salt mixture (#B8631, Sigma Aldrich, 9 mg ml-1), dissolved in 0.1 M 
NaHCO3. The digestate was placed in 37 °C shaking water bath for 2 h, as previously, to simulate a small intestine 
phase of digestion. Finally, the samples were centrifuged at 1500 rpm for 15 min (MPW 352R Centrifuge, MPW 
Med. Instruments, Poland). Supernatants were freeze-dried and used for further analyses. For amino acid analy-
sis the digested samples were dialyzed, as described in details elsewhere (Doniec et al. 2022a). 
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The estimation of physiological amounts of in vitro digestates
The prepared digestates were applied in the cell culture experiments at physiological concentrations which were 
calculated based on Hidalgo et al. (2018). With regard to the latest recommendations of the Polish Institute of 
Food and Nutrition, half the volume of each meal should comprise vegetables and fruits, a single serving of Brus-
sels sprouts was set as 100 grams. Thus, referring this value to the conditions and volumes used in in vitro diges-
tion and the estimation of the intestine surface as 200 m2, the physiological concentrations of Brussels sprout di-
gestates were calculated as volumes (µl) per cm2 of cell culture area, respectively: raw Brussels sprouts 0.317 µl 
cm-2, boiled 0.325 µl cm-2, steamed 0.29 µl cm-2 and processed by sous-vide 0.312 µl cm-2. Additionally, a digestive 
enzyme and bile salts mix was used as a control sample 0.083 µl cm-2 (a solution of digestive enzymes in concen-
trations used during in vitro digestion). 

Cell culture
Caco-2 human adenocarcinoma cells (ECACC 86010202, purchased from Sigma-Aldrich, USA, batch #08B011) were 
cultured using Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g l-1 D-glucose concentration and GlutaMAX 
addition (Gibco; ThermoFisher; USA) supplemented with 10% (v/v) fetal bovine serum (EurX, Poland) and antibiotic 
–antimycotic mixture (streptomycin 100 mg ml-2, penicillin 100 U ml-1 and amphotericin B 250 ng ml-1; Biowest, 
USA) in standard conditions (37 °C, 5% CO2, 98% humidity). For the differentiation experiments, Caco-2 cells were 
seeded into upper compartments of 12-well or 6-well 0.4 µm PET Transwell inserts (50 000 and 460 000 cells,  
respectively). Both upper and lower compartments were filled with the cell culture medium; which was changed 
every second day. After the monolayers reached confluence, the differentiation progress was assessed by  
measuring of transepithelial electric resistance (TEER) using EVOM electrode (World Precision Instruments, Sarasota, 
FL, USA), on the indicated time points. HepG2 human hepatocellular carcinoma cells (ATCC HB-8065, batch 
#70039681) were cultured in the same conditions as Caco-2 cells, except for the DMEM medium with low glucose 
concentration (1.0 g l-1, Gibco; Thermo Fisher; USA) was used.

Cytotoxicity assay
In order to determine the effect of physiological concentrations of in vitro digestates on the viability of Caco-2 
and HepG2 cells, the MTS cytotoxicity test was performed (CellTiter 96® AQueous One Solution Cell Proliferation 
Assay; Promega; Madison; USA), which is based on the assessment of metabolic activity of viable cells. Cells were 
seeded into 96-well plate (5000 cells per well) and left for 24 h to attach. Next, the physiological concentrations 
of digestates were added for 48 h and the assay was performed according to the manufacturer’s instruction.  
Results are expressed as the percentage of nontreated cells.

Intestinal alkaline phosphatase (ALPI) activity 
The determination of alkaline phosphatase activity was based on Ferruzza et al. (2012) with minor adjustments. In 
short, Caco-2 cells suspended in DMEM cell culture medium, placed in the upper 12-well Transwell chambers and 
left overnight for attachment. Next, cells were differentiated in the presence of digestates added in physiological 
concentrations to the upper compartments at each change of the medium, whereas the regular DMEM medium 
was added to the lower compartments. In both compartments the media were changed three times a week.  
Alkaline phosphatase (ALPI) activity was measured on 11th day after the culture had reached confluence. On the 
day of the assay, medium was drained from both upper and lower compartments, the cells were washed with 
Mg2+/Ca2+ PBS. The PBS was removed and the reaction was started by adding 600 µl of 11.4 mM p-NPP substrate 
in 0.1 M bicarbonate buffer, pH=10 and carried out in the cell culture incubator (37 °C, 5% CO2, 98% humidity). In 
several consecutive time points the reaction was stopped by transferring 80 µl of the reaction mixture to a 96-well 
plate, containing 20 µl of 0.5 M NaOH. In the meantime, a blank replicate (p-NPP substrate alone with 0.5 M NaOH) 
and a standard curve (0-200 µM of p-NP) were also performed. The absorbance was recorded at 400 nm. The ALPI  
activity was calculated as an initial rate (p-NP μmol [l*min]-1). 

Sucrase-isomaltase activity (SI)
The determination of brush border sucrase-isomaltase (SI) activity was based on (Messer and Dahlqvist 1966) 
with minor adjustments. Briefly, Caco-2 cells suspended in DMEM cell culture medium, placed in the upper 6-well 
Transwell chambers and left overnight for attachment. Next, cells were differentiated in the presence of digestates 
in physiological concentrations in the same pattern as for ALPI assay. The integrity of the cell monolayer during 
differentiation was monitored by TEER measurements. The SI assay was performed on the 2nd, 6th, 9th and 11th 
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day after the culture reached confluence. On the day of the assay, the cells were washed twice with Mg2+ and Ca2+ 
containing PBS. PBS remained in the lower compartments and in the upper compartments PBS was successive-
ly replaced by 1 ml of 28 mM sucrose in Tyrode buffer (pH=6) at equal time intervals. Subsequently, cells were  
incubated with sucrose solution for 90 min in 37 °C, 5% CO2, 98% humidity. In parallel, each of the conditions also 
had a control well to which Tyrode’s buffer without sucrose was added. After the incubation, reaction mixture 
from above the cells was collected, centrifuged and the 500 µl aliquot was taken for the assessment of glucose 
concentration and mixed with 1.5 ml glucose oxidase – peroxidase – orto-dianisidine mixture (1 μg ml-1 glucose 
oxidase #G6125, Sigma-Aldrich, USA; 100 µl 1% orto-dianisidine ethanol solution, 100 µl horseradish peroxidase 
#P8250-25KU, Sigma-Aldrich USA, 1 mg ml-1 solution in Tyrode buffer). The GOX reaction mixtures were incubated 
for 60 min at 30 °C. The reaction was stopped by adding 2.5 ml of 2.5 M H2SO4. The absorbance was measured at 
530 nm. The rate of glucose release from sucrose was calculated using the standard curve (nmol glucose min-1). 

Glutathione (GSH) determination 
The total GSH concentration in Caco-2 and HepG2 cells was assessed Glutathione Colorimetric Detection Kit (#EIAG-
SHC; Invitrogen; Thermo Fisher; USA), according to the instruction. Briefly, the cells were lysed in assay buffer pro-
vided with the kit, supplemented with Triton X-100 to final concentration of 0.1% (v/v), the aliquots were depro-
teinized with 5% sulfosalicylic acid, vortexed, sonicated on ice for 30 s and then centrifuged at 14 000g, 10 min,  
4 °C. The supernatants were mixed with NADPH, glutathione reductase and colorimetric reagent, incubated for 20 
min and absorbance at 405 nm was recorded using a microplate reader. At the same time, the protein concentra-
tion in the cell lysates was determined using BCA protein assay (Quanti-Pro BCA Protein Assay Kit, Sigma Aldrich, 
USA, #QPBCA). The concentration of total GSH in the samples was normalized to the protein concentration in the 
lysates and expressed as pmol GSH µg-1 protein.

Immunoblotting
Total protein extracts were prepared from differentiated Caco-2 cells using radioimmunoprecipitation assay (RIPA) 
buffer (Cell Signaling Technology, Inc., Danvers, MA, USA #9803) supplemented with phenylmethylsulfofluoride 
(PMSF) and sodium orto-vanadate (final concentrations 1 mM) protease inhibitor cocktail (Cell Signaling Tech-
nology, USA, #5871). The samples of 15 μg of protein were mixed with Laemmli loading buffer, containing 1 mM 
dithiotreitol (Cell Signaling Technology, #7723), denatured in 99 °C for 5 minutes, resolved on 10% gels during SDS-
PAGE electrophoresis and transferred onto nitrocellulose membranes. The membranes were blocked in Clear Milk 
Blocking BufferTM (Thermo Scientific, USA, #37587) for 1 h in RT. The following primary antibodies (the 1:1000 dilu-
tion in blocking buffer) were used: anti-sucrase-isomaltase, rabbit polyclonal (Sigma Aldrich, USA, #SAB2102141); 
anti-intestinal alkaline phosphatase, mouse monoclonal (Novus Biologicals, USA, #NBP2 37389); anti-villin-1, rab-
bit polyclonal (Novus Biologicals, #NBP1 85336). To confirm equal loading anti-β-actin mouse monoclonal anti-
body (1:4000 dilution, Sigma-Aldrich, Germany #A2228) was used. For the signal detection anti-rabbit IgG HRP-
linked antibodies (Jackson Immuno Research, USA, #11-035-003), anti-mouse IgG (H+L), HRP conjugated anti-
bodies (Thermo Scientific, USA, #31432) and a chemiluminescent peroxidase substrate Super Signal West Pico 
PlusTM (Thermo Scientific, USA, #34577) were used. In certain cases, RestoreTM stripping buffer (Thermo Scientific, 
#21059) was used for dissociation of primary antibodies and re-probing. The luminescent signal was recorded us-
ing ChemiDocTM system (Bio-Rad, USA) and the densitometric analysis of the protein bands was performed using 
ImageJ freeware software (NIH, USA).

Evaluation of mitochondrial polarization
The Caco-2 and HepG2 cells were seeded onto glass-bottom 12-well plates (MatTek Corp., USA) and cultured in 
the presence of Brussels sprouts digestates for 48 h, prior to the staining with JC-1 dye (Thermo Fisher, USA). JC-1 
was dissolved in DMSO (0.5 mg ml-1), and then in warm phenol red-free, serum-free RPMI medium supplement-
ed with 0.1% bovine serum albumin (RPMI-SFM) to final concentration of 10 μg ml-1. The cells were incubated in 
the dye solution for 15 minutes, then washed 3 times in Ca2+/Mg2+ containing PBS and the fresh RPMI-SFM was 
replaced. JC-1, a membrane permeant dye, possesses different light emission maxima dependent on its aggre-
gation status. In polarized mitochondria with high mitochondrial transmembrane potential (ΔΨm) JC-1 exists in 
monomers with light emission maximum in red (~590 nm), whereas in depolarized mitochondria JC-1 forms aggre-
gates with light emission maximum in green (~529 nm). The cell culture images were recorded using the inverted 
fluorescent microscope (Axio Observer, Zeiss, Germany), equipped with optical sectioning Apotome structured 
illumination (confocal like) system and the incubation chamber with the controlled atmosphere (37 °C, 5% CO2). 
In all the images the intensity of red and green fluorescence, as well as cell surface area were measured in  
the individual cells using the ZEN 2012 image analysis software (Zeiss, Germany). 
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Amino acid analysis

Amino acid analysis was performed according to the method of Moore and Stein (Moore and Stein 1951, Smith 
2003). Lyophilized samples were hydrolyzed in liquid 6M HCl containing 0.5% phenol at 110 °C for 24 hours under 
an argon atmosphere. The hydrolysates were lyophilized, dissolved in an appropriate volume of dilution buffer 
(sodium citrate buffer pH 2.2) and filtered through a 0.45 μm syringe filter before applying to the chromatographic 
amino acid analyzer (AAA400, Ingos, Czech Republic). Amino acids were determined by ion-exchange chromatog-
raphy, with strong cation ion-exchanger and sodium-citrate elution buffers system followed by post-column deri-
vatization with ninhydrin and spectrophotometric detection at 570 and 440 nm, according to standard protocol 
of manufacturer. Sulphur-containing amino acids were analyzed as oxidation products obtained by performic acid 
oxidation followed by standard hydrolysis procedure with HCl. For calibration, the amino acid standard solution 
was used (Sigma, USA). Evaluation of the acquired data was performed using the software of chromatographic 
device (Chromulan, Pikron, Czech Republic). 

Statistical analysis
The data were collected from between two and five independent experiments, performed in tri- or tetrapli-
cates. The statistical significance (for p < 0.05) was tested with one-way ANOVA and Tukey’s post-hoc tests  
(the comparisons among the experimental groups within each cell line), using STATISTICA software (Tibco  
Software Inc., USA), version 13.3. 

Results
The Brussels sprouts in vitro digestates up-regulate activity of the enterocyte marker 

sucrase-isomaltase
Irrespective to the method of hydrothermal processing, we did not detect any signs of cytotoxicity in the Caco-2 
and HepG2 cultures treated with the digestates of Brussels sprouts. The digestate of raw Brussels sprouts had 
a positive effect on Caco-2 cell proliferation, as compared to the digestates from processed vegetables (Fig. 1). 

Fig 1. The viable cell number of Caco-2 and HepG-2 after the 48 h incubation with Brussels sprouts 
in vitro digestates. The bars represent percentage of nontreated cells (mean+/-SD). The same letter 
below the plots indicate lack of statistically significant differences, upper case and lower case 
letters indicate the results of statistical analysis performed on Caco-2 and HepG2 data, respectively. 
Control – the cells treated with the supernatant after centrifugation of the digestive enzymes in 
concentrations used during in vitro digestion; nontreated - the cells cultured in the regular medium.
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Caco-2 cells cultured as a monolayer of the porous membrane inserts submerged in the cell culture medium undergo 
differentiation into mature enterocyte-like phenotype. The process is manifested by formation of tight junctions, 
which are responsible for epithelial barrier function. Development of impermeable cell layer can be monitored 
by trans-epithelial electric resistance (TEER) measurements, where high TEER values represent a tight epithelial 
barrier. In our experiments, the digestate from boiled Brussels sprouts achieved lower TEER values, as compared 
to the other processing methods, but the differences were not statistically significant (Fig. 2A).

The presence of digestates from raw Brussels sprouts positively affected the activity of enterocyte functional 
marker enzymes SI and ALPI (Fig. 2 BC). The applied cooking methods did not alter ALPI activity in comparison  
to control, but within the tested experimental groups digestate of raw vegetables showed significantly higher 
ALPI activity as compared to sous-vide and steaming. Steaming, boiling and sous-vide up-regulated the SI activity  
as compared to control, but these processing methods had lower impact than raw digestate, which produced the 
highest stimulation of SI activity (Fig. 2B). The high ALPI and SI activities in case of raw Brussels sprouts corresponded 
with elevation of their protein levels (Fig. 2D). Sous-vide processing increased the expression of ALPI and SI on 
the level of protein (Fig. 2D), although this effect did not reflect in exceptionally high activities of these enzymes.

 

Fig. 2. The differentiation Caco-2 cells into enterocyte-like cells in the presence of the Brussels sprout in vitro 
digestates. (A) Trans-epithelial electric resistance (TEER) of a Caco-2 monolayer (V*cm2 of cell surface area), points 
represent mean+/-SD; n=6, ns – nonsignificant differences; (B) Sucrase-isomaltase activity (SI) of Caco-2 cells during 
the differentiation in the presence of Brussels sprouts digestates (calculated as the rate of glucose release from sucrose 
[nmol glucose min-1]); the plot shows data from a representative experiment, n=3; (C) intestinal alkaline phosphatase 
(ALPI) activity of Caco-2 cells differentiated in the presence of Brussels sprouts digestates for 11 days. The enzyme 
activity is calculated as the initial rate (p-NP μmol [l*min]-1), NT – nontreated; (D) The protein levels of the enterocyte 
differentiation markers: ALPI and SI, the epithelial cell marker Villin-1 and Grb-2 used as a reference protein and loading 
control. The figure shows the representative immunoblots. The numbers under the protein bands represent the ratio 
of each evaluated protein band density to the density of a corresponding Grb-2 band. The same letter in superscript 
indicates the lack of statistically significant differences at p < 0.05.
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The hydrothermal processing influences the intracellular glutathione level and 
mitochondrial performance

To evaluate the impact of digestates on the GSH levels and mitochondrial function we have tested not only the  
intestinal epithelial cells, but also hepatocytes. Hepatocytes are the main target of bioactive compounds absorbed 
by enterocytes. Food components reach liver through portal vein. We observed the striking difference in the  
response of two cell lines, Caco-2 and HepG2 in respect to intracellular GSH levels and mitochondrial polarization 
(Fig. 3). In epithelial cells, sous-vide processing significantly decreased total GSH level in comparison to raw material,  
which indicates lower health benefits of vegetables cooked that way. We observed that boiling and steaming had 
the same impact on total GSH as raw vegetables, therefore the shorter hydrothermal treatments are better than 
sous-vide in terms of GSH storage (Fig. 3A). In HepG2 cells all the digestates increased total GSH level in compari-
son to control (Fig. 3B).

GSH is synthesized from glycine, glutamate and cysteine, therefore we decided to measure the content of these 
amino acids in the Brussels sprouts digestates. The rate-limiting substrate for GSH synthesis is cysteine (Biten-
sky 1990). Cysteine can be replenished via transsulfuration pathway from methionine and serine, therefore both  
sulfur-containing amino acids are important for the maintenance of GSH level. Glycine, another GSH component, 
is utilized in multiple metabolic processes and its provision has a positive impact on GSH synthesis (McCarty et 
al. 2018). The last GSH component, glutamate is usually present in the cells in high concentrations and can be 
easily restored through glutamine deamination or transamination of α-ketoglutarate, a Krebs cycle intermediate.  
Cysteine and methionine contents were the highest in the digestates from raw Brussels sprouts, which corresponds 
with high GSH levels in HepG2 cells (Fig. 3 B). Nevertheless, there is no apparent correlation between GSH and these 
amino acids in case of the processed vegetables (boiling, steaming and sous-vide) in Caco-2 cells. Interestingly,  
sous-vide digestates provided significantly more glutamate and glycine as compared to raw vegetables, but this 
did not reflect in high GSH concentration (Fig. 3 AB). 

 

 

In respect to mitochondria, we observed that digestates from the hydrothermal processed Brussels sprouts 
(steamed, boiled and sous-vide) down-regulated the total cellular mitochondrial load measured as the average 
sum of green and red JC-1 fluorescence normalized to cell surface area (Fig. 4A). Interestingly, both Caco-2 and-
HepG2 showed the same trend in response to the digestates, although the total abundance of mitochondria was 
higher in hepatocytes, as expected. 

Fig. 3. The total intracellular glutathione (GSH) concentration in Caco-2 (A) and HepG2 cells (B) cultured in 
the presence of the Brussels sprouts in vitro digestates. The bars represent pmol glutathione/µg protein in 
the cell lysates (mean+/-SD). (C) The content of the amino acids important for GSH synthesis measured in 
the Brussels sprout dialysates, expressed as equivalent of amino acids released from the vegetable portion 
subjected to the in vitro digestion (g per 100g). The same letter below the plots or in superscript indicates 
the lack of statistically significant differences at p < 0.05.

A B

C
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Among the hydrothermal treatments steaming and sous-vide decreased the fraction of polarized mitochondria (red/
green ratio), in Caco-2 and HepG2 cells, respectively (Fig. 4B). Unexpectedly, the digestates from boiled vegetables 
worked much better than steamed in case of Caco-2, but worse in HepG2 cells (Fig. 4B). HepG2 cells responded 
to the digestate from raw vegetables with significantly elevated fraction of polarized mitochondria, whereas sous-
vide decreased the mitochondrial polarization as compared to control (Fig. 4 BC). The digestate from raw Brussels 
sprouts promoted higher mitochondrial membrane potential in HepG2 cells, whereas in Caco-2 cells it had not 
changed the polarization as compared to control (Fig. 4 BC). These results indicate that the choice of processing 
method differentially affects the enterocyte-like cells and hepatocytes. 

Fig. 4. (A) The total mitochondrial load calculated as the sum of red and green fluorescence intensity in the individual Caco-2 
and HepG2 cells stained with JC-1 dye after the incubation with the Brussels sprouts in vitro digestates (mean+/-SD). (B) The 
mitochondrial polarization calculated as the ratio of red (polarized) to green (depolarized) fluorescence intensity in individual 
cells stained with JC-1 dye after the incubation with the Brussels sprouts digestates (mean+/-SD). NT – nontreated, the same 
letter in superscript indicates the lack of statistically significant differences at p < 0.05. (C) The representative microscopic 
images (fluorescent and differential interference contrast, DIC) from the Caco-2 and HepG2 cultures treated with the Brussels 
sprouts digestates and stained with JC-1. Control – the cells treated with the supernatant after centrifugation of the digestive 
enzymes in concentrations used during in vitro digestion; NT - nontreated, the cells cultured in the regular medium. FLUO 
HM – high magnification fluorescent microphotographs. Bar: 10 μm.

 

C
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Discussion

Our results support the general opinion that hydrothermal processing affects the bioactivity of Brussels sprouts, 
and the beneficial effects on SI activity and mitochondrial load observed for the in vitro digestates from the raw 
material were not that obvious for the other digestates. Generally, the shorter (7–15 min) processing methods, 
such as boiling and steaming produced better results in terms of the studied aspects of intestinal epithelium and 
hepatocyte physiology, as compared to longer procedure, like sous-vide (50 min). 

Our earlier studies (Doniec et al. 2022b) focused on differences in the content of selected bioactive compounds 
in Brussels sprouts subjected to three methods of heat treatment (sous-vide, steaming and boiling) both  
before and after in vitro digestion. The analysis revealed that sous-vide, thanks to vacuum packaging, limiting the  
contact of the plant material with the water medium and precise temperature control, enabled the preservation 
of the highest concentration of total polyphenols and ABTS antioxidant activity, even higher than in the raw Brus-
sels sprouts (Doniec et al. 2022b). This result can be explained by the degradation of plant tissues as a result of 
temperature, increasing the pool of polyphenolic compounds that can be determined and the formation of new 
antioxidant bundles. However, both the antioxidant capacity towards ABTS and DPPH radicals showed a significant 
decrease after the in vitro digestion (Doniec et al. 2022b). 

ITCs derived from cruciferous plants have well-documented chemopreventive activity with selective apoptosis 
induction in various cancer types, e.g. breast carcinoma (Xiao et al. 2008). The detailed studies on isolated mito-
chondria revealed that benzyl-isothiocyanate (BITC) elicited mitochondrial damage, loss of the inner membrane 
potential, blockade of respiration by interfering with electron transfer chain, which lead to oxidative stress and 
ultimately apoptotic cell death (Nakamura et al. 2002). The mitotoxic activity of ITCs was attributed to their elec-
trophilic nature (Kawakami et al. 2005). However, these studies focused on high concentrations (20–200 μM) of 
pure ITCs, applied as anti-cancer agents. Our experimental model assumed the range of concentrations of Brussels 
sprout-derived bioactive components close to physiological situation in a particular dietary treatment. Therefore, 
as expected, we did not observe cytotoxicity, but rather mild effects on both mitochondrial polarization and GSH 
stores (Fig. 3 and 4). As far as we are aware, this is the first study that assessed these parameters in the intestinal 
epithelial and hepatocyte-like cells in the model of Brussels sprouts in vitro digestion. 

The effect of hydrothermal treatment of Brussels sprouts on the GLS content remains complex. It depends not only 
on the plant tissue damage, leaching out of bioactive components into aqueous medium, but also on the activity 
of myrosinase (Florkiewicz et al. 2017). Verkerk (2002) concluded that thermal treatment of Brassica vegetables 
including Brussels sprouts resulted in the 40–70% reduction of GLS content with regards to raw plant material, 
mostly due to the release of active molecules from plant tissue to water medium and their thermal breakdown. 
As the GLS level closely correlates with cells glutathione stores, confirmation of these results can be observed in 
a higher level of intercellular GSH (Fig. 3A) for the raw Brussels sprouts as compared to the heat-processed plants. 
Moreover, cooking practices strongly alter the GLS–myrosinase system interaction (Ferrarini et al. 2012). One might 
therefore expect that the vacuum seal used in sous-vide enables a higher retention of GLS than in other cooking 
methods and consequently a higher intracellular GSH level. Nevertheless, the opposite tendency was observed 
for sous-vide technique and its negative effect on the GLS content in Brussels sprouts, approximately 40% lower 
than after boiling (Florkiewicz et al. 2017). Our results support these observations, because the digestates from 
the boiled sprouts improved significantly GSH stores in both cell lines in comparison to sous-vide (Fig. 3A). Sarvan 
et al. (2014) observed that GLS released into the medium are more stable that the ones remaining in the Brussels 
sprout tissue. Our data, showing the lowest GSH levels both in Caco-2 and HepG2 cells treated with the in vitro 
digestates after sous-vide processing, support this notion.

Two factors control the rate of intracellular GSH synthesis: (i) the GCL (EC 6.3.2.2) activity, and (ii) availability of 
cysteine as a substrate. Both GCL and methionine transmethylation and transsulfuration pathways that restore 
cysteine are particularly active in liver (Stipanuk 2020, Labarrere and Kassab 2022). That could explain the higher 
GSH content in HepG2 cells as compared to Caco-2 (Fig. 3). Raw Brussels sprout digestates were the richest 
source of sulfur amino acids, but steamed and sous-vide processed vegetables provided significantly more glu-
tamate and glycine than raw (Fig. 3B). However, there was no apparent correlation between the content of the 
mentioned amino acids and the intracellular GSH level. In case HepG2, the cells treated with the digestates from 
raw and sous-vide processed Brussels sprouts, which had higher cysteine and methionine content than the diges-
tates from boiled and steamed vegetables, exhibited significantly higher GSH levels (Fig. 3B). The weak correlation  
between the cysteine content in the digestates and the intracellular GSH level in Caco-2 may indicate that the cells 
had sufficient cysteine provision from the culture media (it was a regular DMEM medium that contained 200 μM 
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cysteine), so this component was no longer a limiting one. The difference in the cell behavior between Caco-2 and 
HepG2 might be attributed to the characteristic of hepatocyte physiology and their higher natural GSH synthesis 
rate (Labarrere and Kassab 2022).

So far, mostly negative influence of food processing on the amount of amino acids was demonstrated in Brussels 
sprouts, broccoli, kale and white and green cauliflower (Murcia et al. 2001, Lisiewska et al. 2008, Slupski et al. 
2009, Slupski et al. 2010, Korus 2012). However, these reports focused on analyses of amino acid content in plant 
material, which was not digested in vitro. Our study estimates the amounts of amino acids available for absorption 
in the model of intestinal epithelia and further hepatocytes. In general, the digested Brussels sprouts is a richer 
source of all the four tested amino acids than broccoli (Murcia et al. 2001). In comparison to kale or white and 
green cauliflower, the Brussels sprouts digestates provided more glutamate and glycine, but contained less sulfur 
amino acids (Lisiewska et al. 2008, Slupski et al. 2009, Slupski et al. 2010, Korus 2012). Noteworthy, in the cited 
reports the analyses were performed on raw, cooked, blanched or frozen vegetables, without in vitro digestion.

The negative impact of hydrothermal treatment on the health-promoting effect of Brussels sprouts, as in the 
case of GSH, reflects also in the lower mitochondrial polarization. This result is not surprising, because the proper  
mitochondrial function strongly correlates with the reduction of intracellular oxidative stress, for which a GSH suf-
ficient supply is needed. Ferrarini et al. (2012) analyzed the chemoprotective effects of raw and cooked Brussels 
sprouts on the oxidative damage of DNA in HT-29 cells and found that correlation between high antioxidant activity 
and chemopreventive action on the redox status disappeared after hydrothermal treatment (boiling, steaming and 
microwaved), in contrast to raw plant material. Bearing in mind that Brussels sprouts are mainly consumed after 
thermal processing and considering the preservation of its strong pro-health values, it is crucial to look for meth-
ods of thermal processing other than those analyzed in this work. New approaches to culinary processing might 
improve the degree of retention of health-beneficial compounds at a level comparable to that of a raw vegetable.

Conclusions

Raw Brussels sprouts can have superior effects on the intestinal epithelial cell differentiation and mitochondrial 
performance. However, hydrothermal processing is a necessary step during the preparation of this vegetable for 
the consumption. Our data suggest that the processing should be as short as possible to minimally interfere with 
the biologically active components of plant tissue, so short boiling and steaming seems to preserve the bioactivity 
of the in vitro digestates better than longer processing, such as sous-vide. In terms of protection from oxidative 
stress, boiling retains glutathione stores and mitochondrial polarization in the epithelial cells to the same extent 
as in case of the digestates from raw Brussels sprouts. Mainly negative in relation to boiling, results of research 
on the composition of Brussels sprouts are explained by the high degree of leaching of compounds from plant 
tissue. Looking from a different perspective, our results indicating a better effect of boiling in relation to mito-
chondrial polarization and GSH level may result from excessive leaching compared to other techniques. During 
the boiling not only nutrient and bioactive compounds are lost in water, but plant tissues also lose compounds 
that reduce and hinder the absorption and assimilation of nutrients, thereby improving absorption of remaining 
compounds by the intestinal epithelial cells. Regarding the aim to preserve the health-promoting properties of 
Brussels sprouts, there is a need for evaluation of other processing methods, apart from those used in this work.
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