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Inflammation plays a central role in the onset and progression of numerous diseases, and macrophages 
are key regulators of this process through their polarization toward pro- or anti-inflammatory 
phenotypes. Natural bioactive compounds have emerged as promising candidates to modulate 
inflammatory responses. Amongst these, genistein, a soybean-derived isoflavone, was selected due 
to its reported anti-inflammatory and antioxidant profile across different cell types. In this study, 
we evaluated the effects of genistein in a lipopolysaccharide (LPS)-induced macrophage model to 
investigate its cellular and molecular mechanisms of action. Genistein treatment at subcytotoxic 
concentration preserved cell viability, did not induce apoptosis or cell cycle arrest, and reduced 
oxidative stress. In LPS-stimulated macrophages, treatment with 5 µg/mL genistein significantly 
decreased nitric oxide production and downregulated pro-inflammatory markers while upregulating 
an anti-inflammatory mediator, thus reverting macrophage polarization to an anti-inflammatory 
phenotype. Protein analyses confirmed reduced expression of iNOS and cytokines such as IL-6 
and TNF-α. Furthermore, genistein restored cell morphology and inhibited NF-κB p65 nuclear 
translocation, indicating its capacity to counteract LPS-driven pro-inflammatory signalling. These 
findings support the role of genistein in modulating macrophage polarization and inflammatory 
responses, highlighting its therapeutic potential for the management of acute and chronic 
inflammation-related disorders.
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Inflammation is recognized as key factor in the initiation and progression of several diseases. Its role is essential 
as first response against external and internal stimuli which can contribute to cell damage. The activation of 
inflammatory signaling pathways tries to repair the potential injury through the elimination of the harmful 
agent and the damaged cells as well as boosting the regeneration mechanisms1. However, the dysregulation or 
chronification of inflammation may result in the development of different pathologies, such as cardiovascular 
diseases, cancer, metabolic diseases or osteoarticular diseases.

The inflammatory response involves the activation of organized signaling pathways resulting in the recruitment 
of inflammatory cells from other tissues, mainly the blood, and the regulation of resident inflammation mediator 
levels. The target tissue and the initiator stimulus are determinant in the progression of the inflammatory process 
though all of them share the same molecular events2,3. The main molecular hallmarks in inflammation are the 
activation of key intracellular signaling pathways such as the nuclear factor kappa-B (NF-κB) pathway, the 
mitogen-activated protein kinase (MAPK) pathway or the activator of transcription (STAT) pathway, among 
others3.

Macrophages play a pivotal role in the activation of these inflammatory signaling pathways through the 
expression on their surface of toll-like receptors (TLRs) and the activation of T cells mediated by major 
histocompatibility II (MHC II) molecules. This activation triggers different signaling pathways that result in 
the polarization of naïve macrophages (M0) into their proinflammatory (M1) or anti-inflammatory phenotype 
(M2)4–7. M1 phenotype is characterized by the production and secretion of proinflammatory cytokines such as 
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tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 (IL-6), while M2 phenotype 
can express anti-inflammatory markers, including arginase-1 (Arg-1) and interleukin 10 (IL-10), facilitating 
tissue repair8,9. However, the persistence in M1 phenotype may result in an imbalance of M1/M2 ratio, and thus, 
in the dysregulation of inflammation and tissue damage.

The involvement of this imbalance in severe pathologies such as cardiovascular diseases, cancer or 
autoimmune diseases, has sparked interest in the search of anti-inflammatory strategies, including those based 
on natural compounds. Different strategies are being developed to alleviate inflammatory diseases through 
the targeting of inflammatory signaling pathways, inflammasome or specific cytokines. These approaches are 
mediated by small molecule-inhibitors, diverse drugs or natural biologically active compounds which are able 
to diminish inflammation, and may therefore be useful in the treatment of inflammation-related diseases1,10.

Several natural biologically active compounds have shown promise in preventing or inhibiting acute and 
chronic inflammatory states involved in metabolic diseases, renal pathologies, cancer or osteoarticular diseases, 
by modulating key molecular targets11,12. Specifically, isoflavones have attracted increasing interest regarding 
their antioxidant and anti-inflammatory profile demonstrating their potential therapeutic effects. Genistein is 
a 4’,5,7-trihydroxyisoflavone mainly found in soybeans and soy products which has been shown to regulate 
molecular mediators including TLR-4, cytokines (i.e. IL-1β, IL-6, TNF-α), MAPK and NF-κB pathways, not 
only in vitro but also in preclinical studies13–17. Although other flavonoids exhibit potent and more selective 
anti-inflammatory effects, genistein is a pleiotropic molecule whose biological actions extend beyond its anti-
inflammatory profile. As a phytoestrogen, genistein is able to interact with estrogen receptors (particularly 
ERβ), modulating immune and metabolic pathways18. Genistein is also an inhibitor of several tyrosine kinases, 
contributing to its ability to regulate cell differentiation and proliferation18. In addition, it exerts antioxidant 
effects19, and influences epigenetic marks, including DNA methylation and histone acetylation, thereby 
regulating the expression of multiple target genes20.

This study aims to shed light on the cellular and molecular events involved in the treatment of lipopolysaccharide 
(LPS)-stimulated macrophages with the isoflavone genistein. Specifically, the anti-inflammatory effects and the 
potential inhibitory activity of genistein on cellular and molecular markers were analyzed to evaluate its potential 
as novel therapeutic strategy in the treatment of acute and chronic inflammatory diseases.

Results and discussion
Cellular effects of genistein treatment on macrophages
J774 murine macrophages were treated with genistein (1–50 µg/mL) for 24 h to assess the biological effects of the 
tested isoflavone regarding cell viability, cell cycle and apoptosis. The evaluation of cell viability by the Blue Cell 
Viability Assay showed that 5 µg/mL corresponded to the highest concentration that did not induce cytotoxicity 
according to ISO 10993-5 (< 30% viability reduction) (Fig. 1a)21. The selected concentration lies within the range 
commonly achieved after high-dose dietary genistein intake or supplementation (1–5 µM) reported in human 
pharmacokinetic studies22–24.

Flow cytometry assays were developed to evaluate the effects of genistein in cell cycle and apoptosis. 
Figure 1b demonstrates that macrophages treatment with the subcytotoxic concentration (5 µg/mL) did not 
involve significant changes, only a slight increase in G1 (5.93%) with the subsequent decrease in G2 (2.56%). 
Conversely, cell treatment with genistein yielded a slight increase in apoptosis (early + late) being lower than 
10% with the concomitant reduction in viability. The slight increase in apoptosis likely reflects a minimal cellular 
stress response rather than a relevant cytotoxic effect. This is supported by the fact that overall viability remained 
high and the cell-cycle profile was unchanged. Given the small magnitude of the effect (< 10%), this increase is 
unlikely to compromise macrophage homeostasis under the conditions tested.

These results are in accordance with previous studies in other murine macrophage cell lines in which cell 
treatment with genistein for 24 h and at concentrations similar to that used in our studies (≤ 25 µM) yielded no 
effects in cell biological status17,25. Thus, 5 µg/mL represents a biologically active but non-toxic dose that allowed 
mechanistic evaluation without compromising cell viability.

On the other hand, cell oxidative status after genistein treatment was evaluated by means of the measurement 
of mitochondrial membrane potential, reactive oxygen species (ROS) and proteasome 20 S activity (Fig. 2). Cell 
oxidative status is essential to maintain cell function and viability. Thus, cell integrity after treatment is crucial 
for the intended biomedical application of genistein.

After treatment of J774 macrophages with genistein for 24 h, the mitochondrial membrane potential was 
increased around 15% (Fig. 2A) while ROS production was significantly decreased when cells were also induced 
by H2O2 (Fig. 2B), demonstrating the antioxidant profile of genistein to macrophages. Several studies have 
demonstrated the ability of genistein to supress ROS generation across a wide range of cellular systems and 
oxidative stimuli26–31. These findings indicate that the reduction in ROS observed in our macrophage model is 
consistent with the broad and stimuli-independent antioxidant activity described for genistein.

Moreover, the activity of proteosome 20 S was slightly decreased (Fig. 2C). The implication of the 20 S 
subunit of proteosome in the activation of NF-κB signalling pathway is highly relevant for the inflammatory 
status of cells32. The ubiquitin-proteasome system is the primary pathway for protein degradation in eukaryotic 
cells32. Proteasomes are enzymatic complexes that degrade damaged or unneeded proteins. The 26 S proteasome 
consist of the 20 S core, responsible for proteolysis, and the 19 S regulatory particle. The 20 S proteasome plays 
a central role in controlling protein turnover and regulating key signalling pathways, including NF-κB33. Under 
physiological conditions, NF-κB is sequestered in the cytoplasm by its inhibitory protein IκB, preventing it 
from activating gene transcription33. Upon certain stimuli, such as inflammation or cellular stress, IκB 
is phosphorylated and degraded by 20 S, which allows NF-κB to translocate to the nucleus and induce the 
transcription of genes involved in inflammation, cell survival and immune responses. Inhibition of 20 S activity 
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Fig. 2.  Role of genistein in oxidative stress in macrophages after 24 h incubation with genistein (5 µg/mL). 
(A) Analysis of mitochondrial membrane potential. (B) Measurement of ROS production on macrophages 
in absence (CTR; control sample) or presence of H2O2 (80 mM for 20 min). (C) Proteasome 20 S activity 
in macrophages. Data are represented as mean ± SD obtained from at least three independent biological 
experiments, performed in triplicate (*p ≤ 0.05, ****p ≤ 0.0001 vs. control; ####p ≤ 0.0001 vs. H2O2).

 

Fig. 1.  Evaluation of macrophage viability, cell cycle and apoptosis. (A) Macrophage viability after incubation 
for 24 h with genistein (1–50 µg/mL). (B) Relative cell cycle phases in macrophages after 24 h incubation 
in absence (CTR; control sample) or presence of genistein (5 µg/mL). (C) Percentage of cell apoptosis by 
flow cytometry after 24 h incubation in absence (CTR; control sample) or presence of genistein (5 µg/mL). 
Data are represented as mean ± standard deviation (SD) obtained from at least three independent biological 
experiments, performed in triplicate (*p ≤ 0.05; ***p ≤ 0.001; ****p ≤ 0.0001 vs. control).
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prevents IκB degradation, retaining NF-κB in the cytoplasm. In this study, genistein significantly reduced 20 S 
proteasome activity, suggesting a mechanism for downregulating NF-κB signalling.

These results, together with those depicted in Fig. 1, demonstrated that genistein treatment did not involve 
detrimental effects in macrophages as it has been widely shown for other cell lines, mainly tumour cells34,35. 
Moreover, genistein exerts a consistent inhibitory effect on ROS generation across different cell types, which 
likely contributes to its anti-inflammatory activity26,30,31 and additionally reduces the activity of the 20 S 
proteasomal subunit, potentially limiting NF-κB activation and downstream inflammatory responses.

Molecular effects of inflammation induction mediated by LPS and genistein treatment on 
macrophages
The molecular anti-inflammatory effects of genistein were studied in LPS-stimulated macrophages following 
a pre-treatment approach and a post-treatment approach, as detailed below, through the evaluation of nitric 
oxide (NO) production, gene expression of pro- and anti-inflammatory markers by RT-qPCR, Western Blot, 
ELISA assays, and the qualitative evaluation of changes in cell morphology and NF-κB translocation by confocal 
microscopy. While the inhibitory effects of genistein on NO release and iNOS expression are well documented, 
as well as its anti-inflammatory potential, here we use a physiologically relevant sub-cytotoxic concentration 
(much lower than those usually tested), and in the direct comparison of pre and post-treatment approaches, 
providing insights into both preventive and restorative anti-inflammatory actions.

NO production after macrophage induction with LPS was significantly increased in J774 macrophages 
compared to the control sample (not treated cells) (Figs. 3A and 4A). The treatment of cells with genistein involved 
a significant reduction in NO production (≈ 35% in the pre-treatment strategy and ≈ 20% in the post-treatment 
strategy) demonstrating the potential antioxidant and anti-inflammatory capacity of genistein. Comparable 
reduction in LPS-induced NO production has been reported in both RAW 264.7 and J774 macrophages treated 
with genistein, although the magnitude of the response differed depending on the concentration of genistein, 
the timing of exposure and, importantly, the dose and source of LPS used36–40. In this context, Hämäläinen et 
al.40 reported that the treatment of J774 macrophages at the same LPS concentration used in our assay (100 ng/
mL) and 10 µM genistein (vs. 18,5 µM) for 24 h, resulted in an 11.6 ± 2.4% inhibition relative to LPS-treated 
cells, results that are consistent with those observed in the present study. However, it is worth mentioning that 
even if the same concentration of LPS was used, its molecular effects can vary depending on its origin and 
structural differences, affecting immune response and signalling pathways41,42. Overall, our findings fall within 
the range of previously reported effects and support the capacity of genistein to attenuate NO production under 
inflammatory challenge.

Fig. 3.  Nitric oxide (NO) production and gene expression of pro- and anti-inflammatory markers in J774 
murine macrophages by quantitative PCR (qPCR) in the pre-treatment strategy. (A) NO production. (B) 
Expression levels of the anti-inflammatory marker TGF-β. (C) Expression levels of the pro-inflammatory 
markers Nos2, IL-6 and IL-1β. The level of the target mRNA was normalized to that expressed by Actb with 
gene expression in LPS-treated cells arbitrarily set to 100%. CTR, no treatment; LPS, lipopolysaccharide; GEN, 
genistein. Data are represented as mean ± SD obtained from at least three independent biological experiments, 
performed in triplicate. (****p ≤ 0.0001 vs. control; #p ≤ 0.1, ##p ≤ 0.01, ###p ≤ 0.001, ####p ≤ 0.0001 vs. LPS).
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Further studies, regarding the expression of characteristic pro-inflammatory markers (Nos2, IL-6 and IL-1β) 
and the anti-inflammatory marker TGF-β, confirmed these results highlighting the significant decrease in pro-
inflammatory markers expression while the anti-inflammatory marker expression was significantly increased 
(Figs. 3B and C and 4B and C). Thus, the treatment with genistein resulted in the shift of macrophage polarization 
towards an anti-inflammatory phenotype. It should be noted that IL-1β was the most downregulated gene in both 
approaches (80–90% expression reduction) suggesting the involvement of genistein in the inhibition of the NF-κB 
signalling pathway. Consistent with our results, several studies have shown that genistein reduces the expression 
of key pro-inflammatory cytokines such as IL-6, TNF-α and iNOS in LPS-stimulated macrophages17,37,38,40. 
This inhibitory effect has been reported across a wide range of genistein concentrations and inflammatory 
conditions in both RAW 264.7 and J774 cells, reflecting its robust anti-inflammatory action despite differences 
in experimental design. Although macrophages are the primary producers of proinflammatory cytokines that 
drive the amplification of the inflammatory response26, the suppressive effect of genistein on pro-inflammatory 
cytokine gene expression has also been demonstrated in other cell lines43,44.

Other authors also demonstrated the significant increase in the expression of the anti-inflammatory markers 
AhR, IL-10 and Arg-1 in RAW 264.7 macrophages stimulated with IL-4 (20 ng/mL) and treated with genistein 
(25–200 µM)16.

Protein expression was analysed by Western Blot and ELISA methodologies (Figs. 5 and S1). iNOS was 
overexpressed in LPS-induced macrophages in both strategies tested being significantly depleted by the addition 
of genistein (60–70%) (Fig. 5A and D), in accordance with the results obtained in the qPCR assays (Figs. 3 
and 4). Other authors have also demonstrated the inhibitory effect of genistein on iNOS protein expression in 
LPS-activated macrophages. Studies in murine macrophages have consistently shown that genistein reduced 
iNOS levels in a dose-dependent manner, although the magnitude of inhibition differed depending on the 
concentration of genistein and the strength of the inflammatory stimulus37,38,40. While higher genistein doses 
and elevated LPS concentrations tend to produce more pronounced effects, even moderate concentration 
comparable to those in our work have been shown to attenuate iNOS expression.

ELISA assays (Fig. 5E and H) highlighted the significant depletion in the protein expression of the pro-
inflammatory cytokines tested when cells were treated with genistein, being more remarkable for IL-6 expression 
(40–60% vs. 10–20% TNF-α expression). Ji et al.17 pre-treated the same cell line with genistein (0.1–10 µM) for 
1 h followed by an incubation with LPS (1 µg/mL) for 24 h, and obtained a significant and dose-dependently 
reduction of IL-6 and TNF-α production. Similarly, other authors have also reported a significant reduction 
in IL-6 production starting at 20 µM genistein (vs. 18.5 µM in our assays), when pre-treating for 30 min and 
incubating with LPS 10 µg/mL for 24 h in RAW 264.7 cells37. Similar to what was observed with gene expression, 

Fig. 4.  Nitric oxide (NO) production and gene expression of pro- and anti-inflammatory markers in J774 
murine macrophages by quantitative PCR (qPCR) in the post-treatment strategy. (A) NO production. (B) 
Expression levels of the anti-inflammatory marker TGF-β. (C) Expression levels of the pro-inflammatory 
markers Nos2, IL-6 and IL-1β. The level of the target mRNA was normalized to that expressed by Actb with 
gene expression in LPS-treated cells arbitrarily set to 100%. CTR, no treatment; LPS, lipopolysaccharide; GEN, 
genistein. Data are represented as mean ± standard deviation (SD) obtained from at least three independent 
biological experiments, performed in triplicate (****p ≤ 0.0001 vs. control; #p ≤ 0.1, ##p ≤ 0.01, ###p ≤ 0.001, 
####p ≤ 0.0001 vs. LPS).
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the production of pro-inflammatory cytokines is also reduced among other cell lines as a consequence of 
genistein treatment26, which supports our results in macrophages.

LPS binding to receptors of the macrophage membrane leads to the activation of NF-κB signalling pathway 
and changes in cell morphology45. These effects in cell morphology were evaluated by confocal microscopy (Fig. 
6). LPS induction involved remarkable changes in morphology where rounded cells became elongated and with 
lamellipodia (Fig. 6A and C). The treatment of macrophages with genistein, both in the pre- and post-treatment 
strategies, exerted the reversion of cell morphology to the control cells one, and a highly significant depletion of 
cell size to levels close to the control samples (not treated and not induced cells). Given the fact that genistein can 
modulate tyrosine kinase signalling, which directly regulate cytoskeletal dynamics, the morphological reversion 
observed may, at least in part, be mediated through this mechanism.

NF-κB p65 subunit is located in the cytosol of inactivated macrophages. IκB is its inhibitor and, in this state, 
it appears complexed to the p65 subunit. IκB phosphorylation by LPS or proinflammatory cytokines results 
in its ubiquitination and degradation and thus, the activated p65 subunit is released and translocated into the 
nucleus favouring the expression of target genes. The changes in the nuclear translocation of NF-κB p65 subunit 
were evaluated in LPS-stimulated macrophages pre-treated with genistein by confocal microscopy (Fig. 7). 
Cell induction with LPS resulted in the nuclear translocation of p65 subunit which was almost reverted when 
genistein was added, showing its expression predominantly in the cytoplasm. Accordingly, previous studies in 
LPS-induced RAW 264.7 macrophages pre-treated with 10 µM genistein, in which the expression of the p65 
subunit was tested by Western Blot, also showed the almost complete reversal of its expression to the control 
sample level after 24 h of treatment17. Similarly, incubation of J774 cells with LPS 100 ng/mL and 100 µM 
genistein for 30 min inhibited the activation of NF-κB induced by LPS, also using Western Blot to detect the p65 
subunit40. However, other authors did not find this reversion in RAW 264.7 macrophages by EMSA techniques 
after genistein pre-treatment (20 µM) and LPS stimulation29. Therefore, genistein may be able to disrupt the 
nuclear translocation of NF-κB p65, confirming its anti-inflammatory capacity and the potential reversion of 
macrophages polarization. The effect of genistein on NF-κB inhibition has also been reported in other cells 
types26, thus confirming our results.

Given the pleiotropic nature of genistein, it is plausible that part of the anti-inflammatory effects described in 
this study involve pathways beyond NF-κB inhibition, such as modulation of MAPKs46, antioxidant responses19 
or tyrosine kinase-mediated signalling18.

Most studies evaluating genistein in macrophages have used higher concentrations (> 25 µM) than ours, or 
focused on isolated endpoints. In this work, we examined a non-toxic, physiologically relevant concentration 
(5 µg/mL), including pre/post-treatment approaches, and integrating oxidative, morphological and molecular 
markers. These extensive analyses allow a more realistic assessment of genistein’s potential to modulate 
macrophage phenotype.

Despite its beneficial effects, genistein presents several limitations. Its pleiotropic nature and limited 
molecular specificity (compared to other flavonoids) may complicate mechanistic interpretation. Additionally, 
its weak estrogenic activity may raise considerations for certain biological models47. However, the concentrations 
required to elicit measurable effects in vitro are slightly higher than typical plasma levels, reflecting the limited 
bioavailability47. These aspects should be carefully considered when translating in vitro findings to the clinical 
practice.

Fig. 5.  Protein expression and quantitative evaluation in J774 murine macrophages. Western blot analysis of 
iNOS protein expression (A–D) and ELISA assays of the cytokines IL-6 and TNF-α (E-H), both in the pre-
treatment and post-treatment approaches are depicted. Blots were cropped from different sections of the same 
gel and analyzed using Image J (full-length images are shown in Figure S1). Data are represented as mean ± SD 
obtained from at least three independent biological experiments, performed in triplicate (****p ≤ 0.0001 vs. 
control; #p ≤ 0.1, ##p ≤ 0.01, ####p ≤ 0.0001 vs. LPS).
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Materials and methods
Materials
Genistein (≥ 98% purity), Griess reagent and Lipopolysaccharide (LPS) from Escherichia coli O111:B4 were 
purchased from Sigma-Aldrich (Saint Louis, USA). Dimethyl sulfoxide (DMSO) was obtained from PanReac 
Applichem (Castellar del Valles, Spain). Phosphate-buffered saline (PBS), high-glucose Dulbecco’s Modified 
Eagle Medium (DMEM w/stable glutamine) and antibiotic-antimycotic (60  µg/mL penicillin, 100  µg/mL 
streptomycin and 0.25  µg/mL amphotericin B) were obtained from Biowest (Nuaille, France). Fetal Bovine 
Serum (FBS) was purchased from Gibco (Waltham, USA). TRIzol and wheat germ agglutinin Alexa Fluor™ 488 
Conjugate were purchased from Invitrogen (Waltham, USA). PrimeScript™ RT Master Mix and PremixExTaq 
(ProbeqPCR) were obtained from Takara Bio (Shiga, Japan). iNOS antibody was purchased from Abcam 
(Cambridge, UK), GAPDH antibody from Bioss (Woburn, USA) and mouse anti-rabbit IgG-HRP sc-2357-CM 
secondary antibody was obtained from Santa Cruz Biotechnology Inc. (Dallas, USA).

Cell culture and viability
J774A.1 macrophage cells (ATCC® TIB-67™) were cultured in DMEM supplemented with 10% FBS (v/v) and 1% 
antibiotic-antimycotic at 37 °C in a humidified atmosphere with 5% CO2.

The viability of cells was assessed using the Blue Cell Viability Assay (Abnova, Taipei, Taiwan). In brief, cells 
(2 × 104 cells/cm2) were seeded in 96-well plates and treated with genistein (1–50 µg/mL) dissolved in DMSO 
(≤ 0.25% v/v) for 24  h at 37  °C. After treatment, the reagent was added to the cells to evaluate the viability 
following the manufacturer’s instructions (10%; incubation of 4 h at 37 °C and 5% CO2). Metabolically active 
cells were able to reduce the dye, and the fluorescence generated was quantified using a microplate reader 

Fig. 6.  Confocal microscopy images of J774 murine macrophages stained for cell membrane (green) and 
nuclei (blue). (A) Pre-treatment methodology. (B) Average area per cell calculated from the total area obtained 
in cell membrane and dividing it by the total number of events counted (nuclei) in the pre-treatment approach. 
(C) Post-treatment methodology. (D) Average area per cell calculated from the total area obtained in cell 
membrane and dividing it by the total number of events counted (nuclei) in the post-treatment approach. 
CTR, no treatment; LPS, lipopolysaccharide; GEN, genistein. Data are represented as mean ± SD obtained from 
at least three independent biological experiments, performed in triplicate. ****p ≤ 0.0001 vs. control; ##p ≤ 0.01, 
####p ≤ 0.0001 vs. LPS.
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(Varioskan Lux, Thermo Fisher, Waltham, MA, USA) with 530/590 nm excitation/emission wavelengths. Results 
were expressed as viability percentage normalized over the control samples (non-treated cells, 100% viability).

Analysis of cell cycle and DNA content
The effect of genistein on J774 cell cycle was analysed using the PI/RNase Solution Kit (Immunostep, Salamanca, 
Spain). Briefly, cells were seeded at a density of 2 × 104 cells/cm2 in 60 mm dishes and treated with 5 µg/mL 
genistein. After 24 h of incubation, cells were harvested, fixed in 70% ice-cold ethanol and stored at 4°C for 
24 h. Samples were then centrifuged (413 × g, 5 min), rehydrated in PBS and stained with propidium iodide (PI) 
solution (50 µg/mL) containing RNase A (100 µg/mL). PI-stained cells were analyzed for DNA content by flow 
cytometry using a Beckman Coulter Gallios cytometer (Brea, CA, USA).

Evaluation of cell apoptosis
Cells were seeded at a density of 2 × 104 cells/cm2 in 60  mm dishes and treated with 5  µg/mL genistein for 
24  h. After the incubation period, cells were collected, washed in PBS, centrifuged (1500  rpm, 5  min) and 
resuspended in annexin V-binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). 
Then, 5 µL of Annexin V-FITC and 5 µL of propidium iodide were added to each tube. Cells were incubated at 
room temperature for 15 min in the dark and 400 µL of annexin binding buffer was added. The signal intensity 
was measured by flow cytometry using a Beckman Coulter Gallios (Brea, CA, USA). A negative control with 
untreated cells was used to define the basal level of apoptotic and necrotic or dead cells.

Mitochondrial membrane potential assay
J774 cells were seeded in 60 mm dishes and treated with 5 µg/mL genistein for 24 h, using cells not treated 
with genistein as control. After treatment, cells were washed twice, resuspended in PBS, and 5 µL of 10 µM 
1,1′,3,3,3′-hexamethylindodicarbo-cyanine iodide (DiIC1) were added to each sample. Samples were incubated 
at 37 °C for 15 min following addition of 400 µL of PBS prior to the analysis of fluorescence with a Beckman 
Coulter Gallios flow cytometer (Brea, CA, USA). Excitation and emission parameters were set at 633 nm and 
658 nm, respectively. Results are expressed as a percentage of cells exhibiting altered mitochondrial potential.

Reactive oxygen species (ROS) production
To determine the intracellular level of ROS produced, the dichlorofluorescein assay was used. J774 cells were 
seeded at a density of 2 × 104 cells/cm2 in 96-well plates and incubated for 24  h under standard cell culture 
conditions, following treatment with 5 µg/mL genistein for 24 h. Then, the medium was removed, cells were 
washed twice with PBS and incubated with 100 µL of 10 µM 2′,7′–dichlorofluorescein diacetate (DCFH-DA) 
in cell culture medium at 37°C for 30 min. Some wells were incubated with 100 µL of 80 mM H2O2 to induce 
oxidative stress prior to DCFH-DA addition. The fluorescence produced by the formation of the oxidized 

Fig. 7.  NF-κB p65 nuclear translocation in LPS-stimulated macrophages treated with genistein. J774 
macrophages were not treated with LPS in CTR samples (upper row), treated with LPS alone for 30 min 
(middle row), or pre-treated with genistein (5 µg/mL) for 4 h and then LPS-stimulated for 30 min (bottom 
row). NF-κB p65 is stained with Alexa Fluor® 488 (green) while nuclei are stained with DAPI (blue). Data 
are represented as mean ± SD obtained from at least three independent biological experiments, performed in 
triplicate.
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derivate of 2’, 7’ –dichlorofluorescein (CDF) was measured at 485 and 535  nm wavelengths, excitation and 
emission respectively, using a microplate reader (Varioskan Lux, Thermo Fisher, Waltham, MA, USA).

Determination of proteasome activity
Cells (2 × 104 cells/well/90 µL) were seeded in 96-well plates at 37  °C in supplemented medium, overnight. 
Proteasome activity determination involved a fluorometric assay utilizing the Proteasome 20  S Activity Kit 
(MAK172, Sigma-Aldrich). This assay employed LLVY-R110 as a fluorogenic indicator for proteasome activities. 
10 µL of genistein at a concentration of 5 µg/mL were added to J774 cells for 24 h and the cells were analysed 
according to the manufacturer’s instructions. The fluorescence measurements indicated the chymotrypsin-like 
activity of the proteasome (CT-L activity), with heightened fluorescence signifying increased proteasome 20 S 
activity.

In vitro induction of inflammation and treatment in cell culture
Two different approaches were employed in the development of in vitro inflammation and treatment with 
genistein. On the one hand, the pre-treatment approach included a 30 min treatment with genistein 5 µg/mL. 
Then, inflammation was induced by addition of 100 ng/mL of LPS for 24  h at 37  °C and 5% CO2, without 
removing the medium. On the other hand, for the post-treatment approach, J774 cells were stimulated with LPS 
100 ng/mL for 3 h at 37 °C and 5% CO2. After the incubation, genistein 5 µg/mL was added without discarding 
the medium containing LPS.

Nitric oxide (NO) production
NO levels were determined through the Griess reaction, which enables the detection of nitrite, a stable metabolite 
of NO. For this purpose, J774 cells were seeded in 12-well plates at a density of 6.2 × 104 cells/cm2 and stimulated 
with LPS following the treatments described above. Then, 100 µL of the cellular supernatant was mixed with 100 
µL of Griess reagent. The mixture was incubated for 15 min at room temperature, and absorbance was measured 
at 540 nm using a Varioskan Lux plate reader (Thermo Fisher, Waltham, MA, USA). The amount of nitrite in 
the samples was calculated based on a freshly prepared standard curve of sodium nitrite in cell culture medium 
(0.78–100 µM).

Gene expression analysis
Cells (2 × 104 cells/cm2) were seeded in 6-well plates and stimulated following the pre-treatment and post-
treatment approaches explained above. Next, cells were collected to analyse their gene expression by real time 
quantitative polymerase chain reaction (RT-qPCR). For this purpose, cells were washed with PBS and lysed 
with TRIzol. RNA levels were assessed using the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). 500 ng of RNA were reverse transcribed to cDNA with PrimeScript™ RT Master Mix 
and PremixExTaq was used to carry out the DNA amplification, using a QuantStudioTM 5 Real-Time PCR 
Instrument (Applied Biosystems, Waltham, MA, USA) under the following conditions: 30 s at 95 °C, followed 
by 40 cycles of 5 s at 95 °C and 30 s at 60 °C. Gene expression was evaluated using the following target probes 
(Integrated DNA Technologies, Neward, NJ, USA):

•	 Pro-inflammatory genes: Nos2 (Mm.PT.58.43705194), IL-6 (Mm.PT.58.10005566), IL-1b (Mm.
PT.58.41616450).

•	 Anti-inflammatory genes: TGF-β1 (Mm.PT.58.11254750).

Gene expression was normalized to the level of actin beta (Mm.PT.39a.22214843.g). Results were represented 
as a percentage of LPS, which was chosen as the reference at 100%. The 2−ΔΔCT method was used to analyse the 
data. Samples were analysed in triplicates and represented as mean ± SD.

Western blot
J774 cells were seeded at a density of 2 × 104 cells/cm2 in 100 mm dishes, and stimulated with LPS following the 
pre-treatment and post-treatment approaches. Next, cells were washed with PBS and total protein was extracted 
and quantified using a BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). After, 75 µg 
measured proteins were loaded and separated on 8% dodecyl sulphate sodium salt (SDS)-polyacrylamide gel 
electrophoresis, then transferred onto nitrocellulose membrane at 4 °C. After that, the membrane was blocked 
with 5% BSA for 1 h at 4 °C, and the membrane was then endowed with primary antibody against iNOS at 4 °C 
overnight, followed by mouse anti-rabbit IgG-HRP sc-2357-CM secondary antibody at room temperature for 
1 h. Immobilon Crescendo Western HRP substrate was used to visualize protein levels with the ChemiDoc™ MP 
Imaging System (Bio-Rad, USA). GAPDH antibody was used as housekeeping control.

Enzyme-linked immunosorbent assay (ELISA)
Cells (6.2 × 104 cells/cm2) were seeded in 12-well plates and stimulated with LPS following the treatments 
described above. After, the culture supernatant was collected for the measurement of TNF-α and IL-6 levels with 
ELISA kit (Thermo Fisher, Waltham, MA, USA), following the manufacturer’s instructions.

Analysis of cell morphology
J774 cells (6.2 × 104 cells/cm2) were seeded onto 24-well plates on glass coverslips and stimulated with LPS 
following the pre-treatment and post-treatment approaches described above. Next, cells were washed twice in 
PBS and fixed in 4% paraformaldehyde for 15 min at room temperature. Cells were washed thrice with PBS and 
stained with wheat germ agglutinin Alexa Fluor™ 488 Conjugate following manufacturer’s instructions in order 
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to stain cell membrane. Finally, nuclei were stained with DAPI (Molecular Probes, Eugene, OR, USA) for 30 min 
in the dark and mounted using Mowiol mounting medium (Thermo Fisher, Waltham, MA, USA). Images were 
collected using a Leica TCS SP2 Laser Scanning Confocal Microscope (München, Germany).

Evaluation of NF-κB translocation
Cells were cultured at a density of 2 × 104 cells/cm2 onto 24-well plates on glass coverslips and pre-treated with 
genistein 5 µg/mL for 30 min prior to stimulation with LPS for another 30 min. Next, cells were fixed with cold 
formaldehyde (3.7% in PBS) for 15 min, washed with PBS and incubated for 1 h with blocking buffer (containing 
5% normal goat serum (Sigma-Aldrich, St. Louis, MO, USA) and 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, 
MO, USA) at room temperature. After, cells were first stained with anti-NF-κB/p65 rabbit monoclonal antibody 
(1:100; Abcam, Cambridge, UK) and later incubated with a secondary Alexa Fluor® 488 goat anti-rabbit IgG 
(H + L) polyclonal antibody (1:1000; Molecular Probes, Eugene, OR, USA). The nuclei was stained with 2 µg/
mL of DAPI (Molecular Probes, Eugene, OR, USA). Samples were mounted using Mowiol mounting medium 
(Thermo Fisher, Waltham, MA, USA). Images were collected using a Leica TCS SP2 Laser Scanning Confocal 
Microscope (München, Germany).

Statistical analysis
Statistical analysis of the data was performed using GraphPad version 8 software (GraphPad Software, Inc. La 
Jolla, CA, USA). A one-way analysis of variance (ANOVA) set was used for multiple comparisons with a Tukey’s 
post-test and an unpaired t-test. All experiments were performed using at least three independent biological 
replicates, each containing three technical replicates. Data are presented as mean ± SD.

Conclusion
Macrophages play a pivotal role in the release of inflammation mediators being essential in complex physiological 
and pathological processes such as acute and chronic inflammation, immunity and tissue regeneration. The 
development of novel therapeutic strategies, based in personalized and precision medicine for the modulation 
of macrophages polarization and function, makes imperative the deep understanding of cellular and molecular 
events in macrophages. The use of natural biologically active compounds such as flavonoids and, specifically, 
genistein, would involve a promising tool to achieve the regulation of macrophages and the modification of their 
polarization state. Our work reveals the effectiveness of genistein in the regulation of macrophage phenotype 
and M1/M2 ratio and therefore, in inflammation. The treatment of J774 macrophages with genistein did not 
involve cell apoptosis or cell cycle arrest, also providing the regulation of cell oxidative status while preserving 
cell viability. Moreover, the induction of inflammation by means of LPS following the pre- and post-treatment 
strategies highlighted the beneficial effects of genistein in the depletion of the expression of proinflammatory 
markers while increasing the expression of the anti-inflammatory ones. Cell morphology and size as well as the 
disruption in the nuclear translocation of NF-κB p65 subunit were also reverted to the basal state of control 
cells after genistein treatment. Our results confirm the anti-inflammatory capacity and the potential reversion 
of macrophages polarization mediated by genistein treatment at both gene and protein levels. Ongoing research 
regarding the targeting of macrophages would involve great advances in the improvement of inflammation 
therapies. Nevertheless, the translation of in vitro findings to clinical applications remains challenging due to 
differences in bioavailability, metabolism and the complexity of in vivo inflammatory environments. Further 
studies in animal models and human systems are required to validate the therapeutic potential of genistein.

Data availability
Data will be made available from the corresponding author on reasonable request.
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