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Silymarin is an extract obtained from the seeds of milk thistle (Sylibum marianum L., Asteraceae) 
and contains several structurally related flavonolignans and a small family of flavonoids. Mouse 
spleen cells represent highly sensitive primary cells suitable for studying the pharmacological 
potential and biofunctional properties of natural substances. Cultivation of splenocytes for 24 h under 
standard culture conditions (humidity, 37 °C, 5% CO2, atmospheric oxygen) resulted in decreased 
viability of splenocytes compared to intact cells. A cytoprotective effect of silybin (SB), silychristin 
(SCH) and 2,3-dehydrosilybin (DHSB) was observed at concentrations as low as 5 µmol/ml. At 
50 µmol/ml, these substances restored and/or stimulated viability and mitochondrial membrane 
potential and had anti-apoptotic effect in the order SB > DHSB > SCH. The substances demonstrated 
a concentration-dependent activity in restoring the redox balance based on the changes in the 
concentration of reactive oxygen species (ROS), hydrogen peroxide (H2O2) and nitric oxide. This was 
in the order DHSB > SCH > SB, which correlated with the suppressed expression of nuclear factor 
erythroid 2-related factor 2 (Nrf2), catalase and glutathione peroxidase. The strong stimulation of the 
superoxide dismutase 1 gene converting ROS to H2O2 points to its dominant role in the maintaining 
redox homeostasis in splenocytes, which was disrupted by oxidative stress due to non-physiological 
culture conditions. Our study showed significant differences in the cytoprotective, antioxidant and 
anti-apoptotic activities of SB, SCH, and DHSB on splenocytes exposed to mild and AAPH-induced 
oxidative stress.
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Polyphenols are a wide group of natural compounds which are probably the most commonly represented 
natural compounds in the human diet. Among them, flavonoids are compounds present in plants characterized 
by typical 6-3-6 carbon structural motive. Silymarin is the extract obtained from the seeds of the milk thistle 
plant (Sylibum marianum L., Asteraceae) and contains several structurally related flavonolignans, representing 
approximately 95% of the extract1,2. Silymarin is traditionally used as supportive therapy for liver diseases 
and numerous studies have demonstrated anticancer, hypocholesterolemic, cardioprotective and also 
immunomodulatory activities3–5. The well-documented antioxidant capacity of silymarin contributed to the 
improvement of pathological manifestations in many diseases. The individual components of silymarin, namely 
the most abundant flavonolignans, participate specifically in its final effects described above. Silybin (SB) as a 
major bioactive component of silymarin is the best studied6,7. Gu et al.8 exposed mice to a hyperlipidic diet to 

1Institute of Parasitology, Slovak Academy of Sciences, Hlinkova 3, 04001 Kosice, Slovakia. 2Department of 
Microbiology and Immunology, University of Veterinary Medicine and Pharmacy, Kosice, Slovakia. 3Institute 
of Biology and Ecology, Faculty of Science, P. J. Šafárik University, Kosice, Slovakia. 4Institute of Microbiology, 
Academy of Sciences of the Czech Republic, Prague, Czech Republic. email: hrcka@saske.sk

OPEN

Scientific Reports |         (2025) 15:5631 1| https://doi.org/10.1038/s41598-025-89824-1

www.nature.com/scientificreports

http://orcid.org/0000-0002-6994-8751
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-89824-1&domain=pdf&date_stamp=2025-2-15


induce obesity, insulin resistance, hyperlipidemia, and hepatic steatosis. The results showed that SB significantly 
contributed to the normalisation this metabolic syndrome. SB is also a potent antineoplastic compound 
which was demonstrated in in vitro studies on various types of cancer9 and others. SB also has radioprotective 
properties that can prevent DNA damage caused by gamma radiation10,11 and photoprotective effects against 
UVA radiation from sunlight12. Silychristin (SCH), like many components of the extract, exhibits antioxidant 
properties and other biological properties, for example, inhibition of α-glucosidase and stimulation of insulin 
secretion in rats with type I diabetes mellitus13. Bijak et al.14 described significant concentration-dependent 
anti-inflammatory effects of SCH. The oxidized derivative of silybin—2,3-dehydrosilybin (DHSB) occurs in the 
extract in small but non-negligible amounts (up to 3%)1. Due to the presence of a 2,3-double bond in DHSB, it 
has a significantly higher antioxidant capacity, which leads to up to 25 times better capture of free radicals, as 
well as several times better inhibition of lipid peroxidation compared to SB15,16. DHSB also shows promising 
results in anti-inflammatory and anti-fibrotic therapies14 and the prevention of chronic liver damage17. Immune 
cells such as lymphocytes, macrophages and dendritic cells are particularly sensitive to the changes in the levels 
of free oxygen and nitrogen radicals, which play an important role in inflammatory processes and pathogenesis 
of many diseases18. Reactive oxygen species (ROS) are produced in the cells during normal metabolism and 
play vital roles in the stimulation of signaling pathways in response to the changes in intra- and extracellular 
conditions. However, when ROS are produced over a long time at higher concentrations, significant damage to 
the cell structure and functions occurs19.

There is a limited amount of information about the effects of individual flavonolignans on immune cells. 
In our work, we, therefore, focused on evaluating the antioxidant, cytoprotective and anti-apoptotic effects of 
SB, SCH and DHSB on the spleen cells isolated from healthy Balb/c mice by monitoring viability, changes in 
mitochondrial activity and apoptosis as well as the effect of substances on the production of free oxygen and 
nitrogen radicals, H2O2 and changes in the expression of selected genes with a role in endogenous antioxidant 
mechanisms.

Material and methods
Preparation of flavonolignans
Silymarin was purchased from Liaoning Senrong Pharmaceutical Co., Ltd. (Liaoning, China). The silymarin 
flavonolignans were prepared as described before20 at the Institute of Microbiology of the CAS, v. v. i. Briefly, the 
silybin (diastereomeric mixture of A + B) was isolated by suspending the silymarin in methanol and after a short 
stirring the insoluble silybin was filtered off. SCH (a natural mixture of diastereomers A/B 95:5) was isolated 
from the black residue by LH-20 column chromatography20. DHSB (racemate) was prepared by iodine oxidation 
from silybin with a purity of more than 95%21. The stock solutions of flavonolignans were prepared in DMSO.

Experimental design, isolation and cultivation of mouse splenic cells
We focussed on how the selected silymarin flavonolignans depending on their concentration, can affect the 
vital functions of splenocytes after 24 h incubation under standard cultivation conditions (5% CO2, humidity 
and access to atmospheric oxygen ~ 19–21%). In addition, oxidative stress in the cells was induced using 
2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH, 5 µl/ml) for 1 h before the end of incubation in tests 
aimed at monitoring changes in the level of ROS, H2O2 and NO. Experiments were performed on 8-week-
old, healthy, male Balb/c mice bred at the Institute of Parasitology in the animal facilities. The animals were 
killed humanely with sodium pentobarbital, a euthanasia preparation at a dose of 86  mg/kg body weight, 
intraperitoneally with subsequent cervical dislocation. A total of eight in vitro experiments were performed, in 
which the spleens of three mice were aseptically isolated. The splenocyte suspensions were resuspended in cold 
RPMI 1640 medium (Biochrom-Merck, Germany) containing 2 mM of stable glutamine, 10% heat-inactivated 
bovine foetal serum (Biochrom-Merck, Berlin, Germany), 100 U/ml of penicillin, 100 μg/ml of streptomycin, 
10 μg/ml of gentamicin and 2.5 μg/ml of amphotericin B (all from Sigma-Aldrich, St. Louis, MO, USA). Red 
blood cells were removed by incubating the suspensions with lysis solution. The viability of splenocytes from 
each mouse was assessed by trypan blue exclusion assay and was greater than 97% of the total number counted.

Viability test—trypan blue absorption
Splenocyte suspensions diluted to a concentration of 1 × 106 cells/ml in culture medium were added in triplicate 
to CultureSlides (Falcon Tissue Culture Treated Glass Slides, Corning, NY, USA) for each treatment and 
solutions of individual flavonolignans (SB, SCH, DHSB) were added to the cells to reach the final concentrations 
of 5 and 50 µmol/ml. Untreated splenocytes were used as controls. After 24 h of incubation, non-adherent cells 
were collected and the proportions (%) of live (white) and dead (blue) cells from a total of 300 cells were counted 
after the addition of trypan blue. The viability of cells adherent to the slide was counted in a similar manner, and 
then the proportions of live cells in both cell populations were summed and expressed as mean ± SD. Viability 
was assessed in two independent in vitro experiments.

MTT test
Splenocyte suspensions diluted to a concentration of 1 × 106 cells/ml in culture medium were incubated in 24-
well plates in triplicate for each treatment and control. Splenocytes were cultured for 24 h with SB, SCH and 
DHSB at concentrations of 5 or 50 µmol/ml. MTT (5 mg/ml in PBS) was added 4 h before the end of the assay. 
Cell pellets containing formazan crystals were dissolved in 100 μl of dimethyl sulfoxide (DMSO) and absorbance 
was measured at 550 nm with a reference filter at 630 nm using a Multiscan FC Plate Reader (Thermo Scientific, 
Finland). Optical density (OD) values for adherent and non-adherent cells/samples were summed and used to 
calculate the mean and standard deviation (± SD) of the three repeated in vitro experiments.
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Neutral red uptake assay
The neutral red uptake assay is another test for assessing cell viability22. Splenocyte suspensions (1 × 106 cells/
ml) were incubated in 24-well plates in triplicate for untreated control and cells treated with SB, SCH and DHSB 
at concentrations of 5 or 50 µmol/ml for 24 h. One hour before the end of the test, 20 µg of neutral red was 
added to each well. Extraction of internalized dye was performed separately for non-adherent and adherent 
cell populations using 200  µl of extraction buffer. The optical density of the extracts for adherent and non-
adherent cells was measured in a 96-well plate at 550 nm using a Multiscan FC Plate Reader. The values for both 
populations were summed and used to calculate the mean ± SD from two repeated in vitro experiments.

Mitochondrial membrane potential
Mitochondria are key organelles for survival of cells and change in mitochondrial membrane potential (Δψm) 
is defined as an indicator of mitochondrial activity. Splenocytes diluted to the concentration of 1 × 106 cells/
ml in the culture medium were incubated with 5 or 50 µmol/ml SB, SCH and 2,3-DHSB for 24 h in 24-well 
plates. Untreated cells were used as control and mitochondrial potential was assessed also in freshly isolated 
(intact) cells. Mitochondrial membrane potential was determined by flow cytometry using the fluorescent dye 
rhodamine 123, which is absorbed by the mitochondria of living cells. Changes in dye absorption reflect Δψm 
and are expressed as mean fluorescence intensity/cell (MFI). Non-adherent splenocytes were transferred to tubes 
and adherent cells were detached using 300 µl warm Accutase solution (BioLegend, USA) and washed. Both cell 
fractions/well were pooled and rhodamine 123 solution was added to the cells at the final concentration of 10 µM. 
Splenocytes were incubated at 37 °C for 20 min. Mitochondrial membrane potential in the cell suspensions was 
measured after excitation at 505 nm and emission at 535 nm. The test was repeated two times.

Annexin V/propidium iodide apoptosis assay
Splenocytes diluted at the concentration of 1 × 106  cells/ml were incubated in 24-well plates for 24  h with 5 
or 50 µmol/ml of SB, SCH and DHSB in triplicate; untreated cells were used as control. Freshly isolated cells 
were used as an intact control. Splenocytes were processed as described previously. Both cell fractions/well were 
pooled, washed and stained with fluorescent dyes Annexin V and propidium iodide using a kit (BD Pharmingen 
Annexin V-FITC, BD Biosciences, California, USA). The proportions (%) of live cells and cells in the different 
stages of apoptosis were analysed by flow cytometry using a FACS Canto flow cytometer. Data were evaluated 
using FACS Diva software. The test was performed two times.

Immunofluorescent labelling
The apoptosis in splenocytes was further evaluated by staining of mitochondrial membrane protein B-cell 
lymphoma-extra large (Bcl-xL, anti-apoptotic). Cells were cultured on Tissue Culture Treated Glass Slides 
(Falcon, Corning Brand, County Route, NY, USA) for 24 h. Cells were fixed in 4% paraformaldehyde and used 
for immunofluorescent detection of proteins via fluorescent microscopy. After permeabilization with 0.5% 
Triton X-100 in PBS and blocking with 2% BSA, cells were incubated with primary antibody against Bcl-xL 
(mouse monoclonal IgG, purified) (1:100) (Santa Cruz Biotechnology, USA) overnight at 4 °C and then with the 
secondary antibody rabbit anti-mouse IgG –FITC (1:500) (Abcam, Cambridge, UK). Nuclei were stained with 
Draq5 dye (1:500) (Abcam, Cambridge, UK) and slides were mounted into ProLong ®Gold Antifade Reagent 
(Cell Signaling Technology, MA, USA). Images were obtained using a Leica TCS SP5X confocal microscope and 
LAS AF software (Leica Microsystems, Mannheim, Germany).

Determination of intracellular reactive oxygen species
Approximately 90% of cellular oxygen species are generated by mitochondria from aerobic respiration23. 
Splenocytes diluted at the concentration of 1 × 106 cells/ml were treated in 24-well plates for 24 h in triplicate with 
5 or 50 µmol/ml of SB, SCH and DHSB. The fluorescent dye H2DCFDA was used to determine the production 
of intracellular ROS. H2DCFDA (1 mM, 10 μl) was added to the cells 4 h before the end of the assay. Oxidative 
stress was induced using AAPH (5 µl/ml, 1 mM stock solution), which was added 1 h before the end of the assay. 
Non-adherent splenocytes were transferred to tubes and adherent cells were detached as described previously. 
Subsequently, both cell fractions were combined and ROS concentration expressed as MFI and the proportion 
of ROS-producing cells (%) were evaluated by flow cytometry using a FACS Canto flow cytometer and evaluated 
using FACS Diva software. The test was repeated twice.

Determination of extracellular hydrogen peroxide production
To determine extracellular production of hydrogen peroxide (H2O2) a modified method of Santos et al.24 was 
used. The principle of the method is the oxidation of phenol red dye by H2O2 under the catalytic activity of 
the added horseradish peroxidase II (HRP II) enzyme. Splenocytes (1 × 106  cells/ml) were diluted in Hanks’ 
balanced salt solution (HBSS) without phenol red, which was added at a final concentration of 0.55 mM and 
supplemented with 10 µg/ml HRP II. Cells were cultured in a 96-well plate (2 × 105/well/200 µl) in triplicate 
for each group and treated with 5 or 50 µmol/ml of SB, SCH and DHSB for 2 h. The reaction was stopped with 
10  µl of 2N NaOH. Optical density was measured at 620  nm using a Multiscan FC Plate Reader and H2O2 
concentrations (in µM) were calculated based on a calibration curve. The test was performed twice.

Determination of nitric oxide (NO) with the Griess reagent
Splenocytes at the concentration of 1 × 106 cells/ml in the RPMI medium were treated with 5 or 50 µmol/ml 
flavonolignans in 24-well plates for 24 h in duplicate. Freshly isolated cells were used as an intact control. AAPH 
was added to the cells one hour before the end of the assays. The concentration of NO in the supernatants was 
measured as nitrite (NO2

−) using Griess reagent (Sigma-Aldrich, USA) by the protocol described previously25. 
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Absorbance was measured at 550 nm using a Multiscan FC Plate Reader. Nitrite concentration was determined 
using a calibration curve with 0.1 M NaNO3 as standard. The test was carried out twice.

RNA isolation from cells, cDNA synthesis and gene expression analysis using quantitative 
PCR
Splenic cells (1 × 106/ml) were incubated in a 24-well plate in triplicate/group and treated with 5 or 50 µmol/
ml of SB, SCH and DHSB. Non-adherent cells were harvested and transferred to TRIzol RNA Isolation Reagent 
(Invitrogen, Carlsbad, CA, USA). Adherent cells were immersed in TRIzol reagent and both cell fractions were 
pooled and used for RNA extraction. Isolated RNA was quantified using an AstraGene NanoSpectrophotometer 
(Harston, Cambridge, UK) and 2 µg was transcribed into cDNA using 1 μl oligo(dT)18 primer (100 pmol/μl) 
0.3 M dithiothreitol (DTT), 10 mM dNTP mix, 20 U of RNase inhibitor and the reverse transcriptase enzyme 
RevertAid H Minus (200 U) (all from ThermoFisher Scientific, USA). The cDNA from each sample was used as 
a template for qPCR.

Quantitative PCR (qPCR) analysis of the relative amount of mRNA was performed using BioRad CFX 
thermocycler (BioRad, USA). The qPCR reaction mixture (20  µl) contained 10  µl iQ™ SYBR Green master 
mix, 1 µl of each primer pair (10 pmol/µl), 2 µl cDNA from each sample and 6 µl DEPC-treated water. The 
specificity of the reaction with each primer pair was tested using a negative control. The pairs of primers used 
for gene expression analysis are shown in Supplementary Table 1. The melting curves of the product were 
monitored. Cycle threshold (Ct) values were normalized to the housekeeping gene Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). Relative gene expression was calculated using the 2−∆∆Ct method26 using intact cell 
data as a calibration value.

Statistical analysis
Statistical analysis of the obtained data was performed using GraphPad Prism (version 10) for Windows 
(GraphPad Software, Inc., San Diego, CA, USA), and the results were expressed as mean ± standard deviation 
calculated from three samples/group of two or three independent in vitro experiments. Results were analysed 
either by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test or by two-way ANOVA and 
Sidak’s post hoc test. Statistically significant differences compared to the control or intact group are indicated as 
*p < 0.05, **p < 0.01, ***p < 0.001.

Ethical approval
All experimental procedures and methods were carried out in accordance with guidelines laid down by 
Government Regulation, § 35, no. 377/2012 Coll., establishing requirements for the protection of animals used 
for scientific purposes or educational purposes as amended by SR Government Regulation No. 199/2019 Coll. 
All methods are reported per ARRIVE guidelines. The study procedures were approved by the Ethics Committee 
of the State Veterinary and Food Administration of the Slovak Republic under protocol No. 3871/15-221d.

Results
Effects of silybin, silychristin and 2,3-dehydrosilybin on splenocyte viability
The concentration-dependent effect of selected silymarin flavonolignans on the viability of splenocytes incubated 
in a complete RPMI medium was evaluated using three standard tests, each reflecting a different physiological 
process in the cells. The viability of freshly isolated splenocytes (intact) was compared with untreated cells after 
24 h of incubation (Ctrl).

The standard culture conditions resulted in a significantly reduced number of live splenocytes assessed by 
Trypan blue assay (71.90 ± 2.1, p < 0.001, Fig.  1a). The percentage of viable cells cultured with SB, SCH and 
DHSB increased at both monitored concentrations (5 and 50  µmol/ml) (p < 0.001) in comparison with Ctrl 
group. However, it did not reach values in the intact group. The most potent cytoprotective effect was observed 
in culture treated with 50 µmol/ml of SB followed by 50 µmol/ml of DHSB which was reflected by the highest 
proportions of live cells (91.63 ± 3.5% and 87.17 ± 2.3% resp.)

The impact of SB, SCH and DHSB on cell viability was also evaluated using the MTT test. Compared to 
intact freshly isolated cells, the values in control cells decreased to 75.21 ± 5.5% (p < 0.001, Fig. 1b) after 24 h 
of incubation and restoration of viability was found in all groups, most pronounced after treatment with SB 
(112.68 ± 4.3%) and DHSB (109.39 ± 2.3%) (p < 0.001) at a concentration of 50 µmol/ml. Splenocyte viability was 
also assessed using the neutral red absorption assay. Similarly, as in the previous assays, the proportions of cells 
actively absorbing dye were significantly decreased in control cells (86.01 ± 3.7%) compared to freshly isolated 
splenocytes (p < 0.001) and elevated in all groups (Fig. 1c). In the case of lower concentrations of flavonolignans, 
neutral red uptake was significantly increased in the presence of DHSB (p < 0.05). The higher concentration 
resulted in significantly more intense uptake for all three substances, the most after SB (114.23 ± 4.1). Incubation 
of the splenocytes alone and in combination with AAPH (1 mM, 5 µl) did not significantly affect their viability 
in the mentioned tests, and for this reason, the results are not shown in the given study.

Effects of silybin, silychristin and 2,3-dehydrosilybin on intracellular ROS production
Intracellular ROS levels were determined using the fluorescent dye H2DCFDA. Compared to intact cells, the 
percentage of ROS-producing cells was reduced after 24 h incubation, which was reversed after the addition of 
AAPH. In all groups treated with flavonolignans alone and in combination with AAPH, an average of 99.5% ± 0.3 
cells produced ROS (not shown). Compared to the control, a 5  µmol/ml concentration of SB significantly 
increased MFI levels (8.54 ± 0.4 × 103), which were similar to those in the intact group. However, a decline in 
MFI levels (p < 0.001) was recorded after incubation with 50 µmol/ml of SCH and DHSB (Fig. 2a). Addition of 
AAPH to the cells stimulated ROS production by splenocytes (Fig. 2b) and strong radical-scavenging ability of 
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flavonolignans at both concentrations was demonstrated by a significant decline of MFI levels (p < 0.001), more 
so at 50 µmol/ml concentration in the order DHSB > SCH > SB. Representative histograms for selected groups 
are shown in Fig. 2c.

Effects of silybin, silychristin and 2,3-dehydrosilybin on extracellular production of hydrogen 
peroxide
The extracellular H2O2 production after incubation in HBSS solution for 2  h (Fig.  3a–b) was significantly 
increased in cells treated with SB, SCH, and DHSB at concentrations of 5 and 50 µmol/ml compared to control 
splenocytes (p < 0.001). At both concentrations, higher amounts of H2O2 were recorded after SCH and DHSB in 
comparison with SB. After the addition of AAPH, extracellular H2O2 was increased in all groups, the most after 
SCH at 5 and 50 µmol/ml concentrations.

Effects of silybin, silychristin and 2,3-dehydrosilybin on nitric oxide (NO) production
NO production was determined in the supernatants of unstimulated spleen cells incubated for 24 h indirectly, by 
measuring nitrite (NO2

−) using Griess reagent. Treatment of cells with SB, SCH, and DHSB at both concentrations 
resulted in significantly higher levels of NO (p < 0.001) (Fig. 4a) in comparison with control. Whereas the low 
concentration had a similar effect, at high concentration a decrease was seen after SB (3.75 ± 0.05 µmol/ml) in 
comparison with DHSB (4.41 ± 0.13 µmol/ml) (p < 0.01). The addition of AAPH to the cell suspensions treated 
with SB, SCH, and DHSB at 5 µmol/ml concentrations (Fig. 4b) did not stimulate further NO synthesis, however, 
stimulation was recorded after 50 µmol/ml of SCH and DHSB. This might indicate a different mechanism of 
AAPH effect on NO production.

Effects of silybin, silychristin and 2,3-dehydrosilybin on mitochondrial membrane potential
Next, we evaluated the effects of SB, SCH and DHSB on mitochondrial dynamics by measuring the mitochondrial 
membrane potential (MMP) referred to as Δψm by flow cytometry. Values are expressed as mean fluorescence 

Fig. 1.  The effects of silybin (SB), silychristin (SCH) and 2,3-dehydrosilybin (DHSB) at 5 and 50 µmol/m 
concentrations on splenocyte viability assessed by: (a) trypan blue exclusion assay, (b, c) MTT assay and (d, 
e) neutral red absorption assay in intact cells and cells after 24 h incubation (Ctrl). The decrease in viable 
cells in the control group was calculated as the percentage of viable intact cells (100%) and their proportions 
after treatment with SB, SCH and DHSB was calculated as percentage of control. Significantly different values 
between groups are indicated by lines and are marked as: *p < 0.05, **p < 0.01, ***p < 0.001, ns—not significant.
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intensity/cell (MFI) (Fig. 5a,b) and representative histograms for selected groups are shown in Fig. 5c. Compared 
to freshly isolated cells, incubation for 24 h caused a significant decrease in ψm (p < 0.05). The suppressive effect 
of cultivation was moderately alleviated after 5 µmol/ml concentration, reaching values similar to those seen in 
the intact group. However, at 50 µmol/ml concentration, all three compounds stimulated a significant activity of 
mitochondrial enzymes localized in the membranes, as reflected in the higher values of MFI in comparison with 
the control and the intact group. The stimulatory activity was in order DHSB > SB > SCH.

Fig. 3.  Extracellular production of hydrogen peroxide by spleen cells after 2 h incubation in HBSS. 
Concentration was detected in cultures of control cells (Ctrl) and cells treated with 5 or 50 μmol/ml of silybin 
(SB), silychristin (SCH), and 2,3-dehydrosilybin (DHSB) alone (a), or in combination with the oxidative stress 
inducer AAPH (b). Data are expressed in μM of H2O2 and represent means ± SD (n = 6). Significantly different 
values between groups indicated by lines are marked as: *p < 0.05, **p < 0.01, ***p < 0.001, ns—not significant.

 

Fig. 2.  Determination of intracellular ROS in intact cells, untreated control cells (Ctrl) and cells treated with 5 
or 50 μmol/ml of silybin (SB), silychristin (SCH), and 2,3-dehydrosilybin (DHSB) after 24 h incubation. AAPH 
was applied for last 1 h to induce oxidative stress. Values for ROS concentration shown on (a, b), are expressed 
as the mean fluorescence intensity/cell (MFI) (mean ± SD, n = 6).  (c) Representative histograms for 50 μmol/
ml. Significantly different values between groups are indicated by lines and are marked as: *p < 0.05, **p < 0.01, 
***p < 0.001, ns—not significant.
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Effects of silybin, silychristin and 2,3-dehydrosilybin on apoptosis
The effects of SB, SCH and DHSB at the concentrations of 5 and 50 µmol/ml were also evaluated on the percentage 
of living cells, cells in the early stage of apoptosis, and in the late stage of apoptosis, including dead cells, by flow 
cytometry. In our spleen samples, the majority of freshly isolated splenocytes were alive (96.73 ± 0.8%), and 
3.72 ± 1.1% were in the early stage of apoptosis. After 24  h incubation, only 32.77 ± 1.8% were alive and up 
to 61.98 ± 2.1% were already in the early stage of apoptosis (Fig. 6a). Treatment with both concentrations of 
compounds increased the proportions of live splenocytes (p < 0.001) (Fig. 6b), and silybin was the most active 
(65.72 ± 5.4% and 70.81 ± 4.71%, resp.). The second most protective was DHSB (64.07 ± 3.6% and 67.22 ± 1.86%, 
resp.). Treatment with flavonolignans at both concentrations seemed to protect cells from entering into the 
early stage of apoptosis (p < 0.001), showing no significant differences among individual compounds (Fig. 6c). 
SB at 50  µmol/ml was the most effective (25.5 ± 5.4%). In agreement with the effects on viability, the lowest 

Fig. 5.  Flow cytometric analysis of changes in mitochondrial membrane potential (MMP) referred as Δψm 
are expressed as mean fluorescence intensity/cell (MFI) using rhodamine 123 as fluorescent dye. MMP was 
detected in intact splenocytes, control cells (Ctrl) and cells treated with 5 or 50 μmol/ml of silybin (SB), 
silychristin (SCH), and 2,3-dehydrosilybin (DHSB) after 24 h incubation (a, b). (c)  Representative histograms 
for 50 μmol/ml. Values represent means ± SD (n = 6). Significantly different values between groups indicated by 
lines are marked as: *p < 0.05, **p < 0.01, ***p < 0.001, ns—not significant.

 

Fig. 4.  Extracellular nitric oxide (NO) production by untreated control splenocytes (Ctrl) and cells treated 
with 5 or 50 μmol/ml of silybin (SB), silychristin (SCH), and 2,3-dehydrosilybin (DHSB) (a), after 24 h 
incubation alone or in combination with AAPH (b). Data are expressed in μM of NO produced by 1 × 106 
cells/ml and represent means ± SD (n = 6). Significantly different values between groups indicated by lines are 
marked as: *p < 0.05, **p < 0.01, ***p < 0.001, ns—not significant.
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numbers of dead cells were recorded at 50 µmol/ml concentration of SB (2.55 ± 0.3%) (Fig. 6d). Besides the flow 
cytometric analysis of apoptosis, the preliminary immunofluorescent detection of anti-apoptotic protein Bcl-
xL was carried on. Representative microphotographs show the differential or missing immunoreactivity of the 
protein in splenocyte pools in the control group (Fig. 6e). Differential higher immunoreactivity was seen in cells 
treated with silybin (Fig. 6f) and 2,3-dehydrosilybin (Fig. 6g) (both at 50 μmol/ml). Images show splenocytes in 
the individual stages of apoptosis and dead cells, indicating a cytoprotective effect of flavonolignans.

Effects of silybin, silychristin and 2,3-dehydrosilybin on the mRNA levels of genes regulating 
antioxidant pathways
The first line of defence against oxidative stress is provided by three protein antioxidants with enzymatic 
activity—SOD1, catalase (CAT) and glutathione peroxidase (GPx), which reduce ROS and hydrogen peroxide 
levels. The primary regulator of cell resistance to oxidative stress is the transcription factor nuclear factor 
erythroid 2-related factor 2 (Nrf2), which controls the basal and induced expression of a number of antioxidant 
defence genes. The mRNA levels were examined, to determine whether SB, SCH and DHSB at concentrations of 

Fig. 6.  Apoptosis in splenocytes, (a–d), Flow cytometric analysis of the proportions of live spleen cells, 
cells in the early stage and the late stage of apoptosis (including dead cells) after Annexin V and propidium 
iodide staining. Assay was performed on (a), intact cells, control cells (Ctrl) after 24 h incubation and cells 
treated with (b–d), silybin (SB), silychristin (SCH) and 2,3-dehydrosilybin (DHSB) at the concentrations 
of 5 or 50 µmol/ml. Values represent means ± SD (n = 6). Significantly different values between groups 
indicated by lines are marked as: *p < 0.05, ***p < 0.001, ns—not significant. (e–g) Representative images of 
immunofluorescent localisation of Bcl-xL protein in splenocytes in (e), control group and cells treated with (f), 
SB and (g), DHSB (both at 50 μmol/ml), showing differential immunoreactivity (arrows) (green colour) and 
nuclei (red colour). Arrowhead marks dying cell with fragmented nucleus.
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5 and 50 µmol/ml can modulate the activity of these antioxidant enzymes and transcription factors. Splenocytes 
underwent significant physiological changes already after 24  h of cultivation, as evidenced by a significant 
(p < 0.001) increase of Nrf2, SOD1, CAT and GPx mRNA transcripts (Fig.  7a–d) compared to intact cells. 
Treatment of cells with the compounds at both concentrations reduced expression of Nrf2 (p < 0.001) (Fig. 7a), 
especially after SCH. By contrast, a marked increase of mRNA levels of SOD1 (p < 0.001) was detected, most 
pronounced after treatment with SB and SCH (Fig. 7b). In comparison with control, gene expression for CAT 
and GPx was significantly suppressed after treatment with all three compounds (p < 0.001) (Fig. 7c,d), whereas 
only higher concentration of SB was slightly less suppressive on CAT activity than other compounds (Fig. 7c).

Discussion
Spleen cells represent very sensitive primary cells suitable for studying the mechanisms by which natural 
substances can affect oxidative stress and related physiological processes. In our healthy Balb/c mice, they 
comprise approximately 80–85% of T and B lymphocytes and 15–20% of myeloid cells (dendritic cells and 
macrophages)25.

Under the standard culture conditions, atmospheric O2 is unregulated and equilibrates in a CO2 incubator 
at ~ 19–21% and does not ensure physiological conditions that occur in vivo. The organs and tissues of eukaryotic 
organisms require specific extracellular oxygen concentrations (1–11% O2), which characterize their own 
physioxia status19,27. We and others have demonstrated19,25,28–30 that cultivation of different cell types under 
these standard conditions representing “hyperoxia” can negatively affect cell physiology, redox homeostasis, 
gene expression, cellular respiration and mitochondrial dynamics. In our study, cultivation of freshly isolated 
splenocytes for 24 h decreased splenocyte viability and metabolic activity as evaluated by MTT, Trypan blue 
exclusion test and neutral red uptake test, probably as a result of the oxidative stress due to hyperoxic conditions 
in the cell culture. The addition of flavonolignans (SB, SCH and DHSB) to splenocytes seemed to protect cells 
from the above-mentioned changes and cell death. The higher concentration (50 µmol/ml) had a significantly 

Fig. 7.  Relative gene expression of antioxidant genes (a–d) Nrf2, SOD1, CAT and GPx analysed by real-time 
PCR in control cells (Ctrl) and cells treated with 5 or 50 μmol/ml of silybin (SB), silychristin (SCH), and 
2,3-dehydrosilybin (DHSB) after 24 h incubation. Data (Ct values, n = 6) were normalised to housekeeping 
gene (GAPDH) and relative gene expression was calculated using the 2−∆∆Ct method using intact cell data as a 
calibration value. Significantly different values between groups indicated by lines are marked as: ***p < 0.001, 
ns—not significant.
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more positive effect on cell metabolism and viability and SB was the most effective. The cytoprotective activity 
of SB, SCH and DHSB involves several mechanisms that relate to various cellular processes, of which the 
antioxidant and radical-scavenging activity is the most effective15,31. Similarly, using human keratinocyte and 
mouse fibroblast cell lines, Svobodová et al.32 showed in the MTT assay that pre-treatment with SB and DHSB 
at 50  µmol/ml decreased oxidative injury induced by hydrogen-peroxide applied in mmol concentrations 
significantly.

Due to the lack of information on how these compounds affect respiration and ROS production in 
splenocytes under standard conditions, we subsequently investigated the antioxidant capacity of SB, SCH 
and DHSB by measuring the production of intracellular ROS. The concentration of 50 µmol/ml significantly 
reduced ROS levels in the cells, with DHSB being the most potent, also in the cell cultures in which oxidative 
stress was stimulated by AAPH. The weaker ability of SB in comparison with DHSB and SCH to scavenge both 
chemically generated superoxide and DPPH radicals was reported33,34. Authors showed that DHSB is more 
lipophilic and less water-soluble than SB, which predetermines it for an application in the lipophilic milieu, 
for example, as a cell membrane antioxidant. Numerous studies have shown that reactive oxygen species act 
as important physiological regulators of intracellular signaling pathways, activating or deactivating various 
receptors, proteins, and ions35–37 and flavonolignans could interfere with mitochondrial and possibly other ROS-
producing enzymes and transcription factors that regulate ROS level. The antioxidant enzyme SOD1 maintains 
a low superoxide equilibrium state during oxidative stress in the cells by converting superoxide anion to H2O2

38. 
Oxygen levels experienced by cells in the culture also influence hydrogen peroxide production via NADPH 
oxidase 1/4, highlighting the importance of regulating oxygen levels in the culture close to physiological values39. 
Compared to control cells, H2O2 concentration after 2 h of incubation increased after treatment in the order 
SCH > DHSB > SB, and the higher levels of H2O2 were seen after the higher concentrations of substances. 
We assume that apart from direct ROS scavenging activity, the conversion of ROS to H2O2 occurred due to 
stimulation of SOD1 enzyme. Unlike superoxide, H2O2 can easily pass through the cell membrane into the 
extracellular space and may be present in low concentrations inside the cells. It appears that the increased levels 
of H2O2 would not have negative effects, as at low concentrations it acts as an important signaling molecule40. 
SB and its derivates significantly reduced O2

− release and H2O2 formation in PMA-stimulated monocytes, 
suggesting their specific activities in naïve versus inflammatory immune cells41.

Oxidative stress resulting from hyperoxia also negatively influences the mitochondrial functions42. The 
suppressive effect of culture conditions on Δψm was reversed and even increased above values in intact cells at 
50 µmol/ml concentration in order DHSB > SB > SCH. This effect could be the result of their different antioxidant 
capacity15. As the elevation of Δψm above the values in intact cells correlates with stimulation of viability in 
MTT assay, flavonolignans probably protected enzymes localized in the mitochondrial membranes and NADH/
NADPH in the cells. It was documented that SB and SCH at the concentration up to 100 μmol/ml did not have 
a cytotoxic effect on PBMC and platelets, increased mitochondrial membrane potential and protected cellular 
mitochondria43.

Numerous studies showed that apoptosis is tightly associated with changes in Δψm, and the decline of ATP 
generation below threshold value leads to mitochondrial dysfunction and initiation of diseases44,45. Apoptosis 
can be defined by a series of biochemical and morphological changes, including an increase in ROS level, 
activation of caspases, cell shrinkage, chromatin condensation and nucleosomal degradation46,47. In agreement 
with our previous data, 24 h cultivation resulted in the transition of about 60% of splenocytes to the early stage 
of apoptosis. Treatment with all three flavonolignans, already at low concentration, prevented the changes in 
mitochondrial membrane potential and probably in other compartments, resulting in an increased population 
of live splenocytes. These data are consistent with the observed effects on viability, cytotoxicity and metabolic 
activity. SB had anti-apoptotic activity, stimulated metabolic viability as well as proliferation in a normal intestinal 
cell line (IPEC-1), but showed higher cytotoxic, antiproliferative and anti-inflammatory activities in the CaCo 
cancer cell line48. The antiapoptotic activity of SB, SCH and DHSB on primary immune cells and normal cell 
lines contrasts with the induction of apoptosis in various cancer cell lines in vitro and in vivo49,50.

SCH is the second most abundant flavonolignan in silymarin extract. Its strong antioxidant activities were 
proved by biochemical DPPH and ABTS radical scavenging assays, in which antioxidant activity of SCH was 
nearly 14 × higher than that of SB and about 1.5 times lower than DHSB51. Compared to other flavonolignans, 
less is known about its biological activities. In the present study, we observed the slightly weaker sensitivity of 
primary mouse splenocytes to their cytoprotective and antiapoptotic effects in comparison with SB and DHSB.

Nitric oxide (NO) is produced inside the mitochondria by mitochondrial nitric oxide synthase52 and also 
diffuses into the mitochondria from the cytosol. In our study, the NO concentrations in the cells treated with SB, 
SCH and DHSB (5 and 50 µmol/ml) increased significantly compared to the control, while the lower concentration 
stimulated the production of NO more than the higher one. ROS such as O2

− and H2O2 can directly or indirectly 
activate redox-sensitive transcriptional factor NF-kB that is involved in the expression of pro-inflammatory 
genes including inducible nitric oxide synthase (iNOS)53 which is responsible for synthesis of NO. Free radicals 
themselves can also modulate the function of iNOS54. The increased levels of NO after treatment with SB, SCH 
and DHSB correlated with elevated concentration of H2O2 in treated groups in agreement with the study of 
Wang et al.55 who observed moderately elevated NO levels and iNOS expression after 50 µM concentration of 
SB in MCF-7 cancer cell line. The opposite inhibitory effect on NO production after SB and DHSB treatment for 
48 h was reported in LPS- stimulated RAW.264 macrophage cell line indicating the anti-inflammatory effect16. 
As NO is a weak oxidant, we suppose that the redox scavenging activity of flavonolignans probably prevented the 
reaction of O2

− with NO forming dangerous oxidant peroxynitrite (ONOO−) in correlation with cytoprotective 
and anti-apoptotic effect in unstimulated splenocytes. The excess of H2O2 is converted to water and molecular 
oxygen O2 by the antioxidant enzyme catalase (CAT)56 and glutathione peroxidase (GPx)57, which are present 
in almost all aerobic organisms. Nrf2 is ubiquitously and constitutively expressed by cells, providing a prompt 
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protective response to oxidative, inflammatory, and metabolic stresses58,59. Compared to the intact cells, 
increased mRNA transcription of Nrf2, SOD1, CAT and GPx genes was observed in the control group. Treatment 
of the cells with flavonolignans reduced mRNA copies for Nrf2 at both monitored concentrations compared to 
the control. Downregulation of Nrf2 transcription seems to be directly linked to the reduction of oxidative and 
metabolic stress58. Conversely, flavonolignans significantly stimulated the expression of SOD1 compared to the 
control, which is in correlation with increased conversion of ROS to H2O2. Gene transcription was strongly 
downregulated compared to control in order DHSB > SCH > SB. The data imply that the transcriptional activity 
of these antioxidant genes in splenocytes is regulated by ROS concentrations and reflects the specific antioxidant 
capacity of individual flavonolignans.

Conclusion
Cultivation under standard conditions with the access of atmospheric oxygen to the medium probably induced 
hyperoxia, which in turn led to splenocytes responding to moderate oxidative stress with decreased viability, pro-
apoptotic changes and disruption of the redox balance. A cytoprotective effect was observed for SB, SCH and 
DHSB at a concentration of 5 µmol/ml, with a concentration of 50 µmol/ml appearing to renew and stimulate 
the hyperoxia-induced decrease in physiological functions, in the order SB > DHSB > SCH. The concentration-
dependent effect of the substances in restoring the redox balance based on the concentration of ROS, H2O2 and 
NO was found in the order DHSB > SCH > SB. This may be correlated with the suppression of Nrf2, CAT and 
GPx gene expression. The strong stimulation of the SOD1 gene may indicate its dominant role in inducing redox 
homeostasis during oxidative stress caused by oxygen radicals, and the capacity of flavonolignans to stimulate its 
gene expression during oxidative stress.

Data availability
All data generated or analysed during this study are included in this article and its supplementary information 
file. Primer sequences are provided in Supplementary Table 1, along with original reference describing the se-
quences used in this study.
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