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Glucoraphanin and sulforaphane mitigate TNFα-induced Caco-2 
monolayers permeabilization and inflammation

Wei Zhu a, Eleonora Cremonini a, Angela Mastaloudis b, Patricia I. Oteiza a,c,*

a Department of Nutrition, University of California, Davis, CA, USA
b Brassica Protection Products LLC, Baltimore, MD, USA
c Department of Environmental Toxicology, University of California, Davis, CA, USA

A R T I C L E  I N F O

Keywords:
Sulforaphane
Glucoraphanin
Intestinal barrier
Intestinal inflammation
Barrier permeabilization
Tumor necrosis factor alpha

A B S T R A C T

Intestinal permeabilization is central to the pathophysiology of chronic gut inflammation. This study investigated 
the efficacy of glucoraphanin (GR), prevalent in cruciferous vegetables, particularly broccoli, and its derivative 
sulforaphane (SF), in inhibiting tumor necrosis factor alpha (TNFα)-induced Caco-2 cell monolayers inflamma-
tion and permeabilization through the regulation of redox-sensitive events. TNFα binding to its receptor led to a 
rapid increase in oxidant production and subsequent elevation in the mRNA levels of NOX1, NOX4, and Duox2. 
GR and SF dose-dependently mitigated both these short- and long-term alterations in redox homeostasis. 
Downstream, GR and SF inhibited the activation of the redox-sensitive signaling cascades NF-κB (p65 and IKK) 
and MAPK ERK1/2, which contribute to inflammation and barrier permeabilization. GR (1 μM) and SF (0.5–1 
μM) prevented TNFα-induced monolayer permeabilization and the associated reduction in the levels of the tight 
junction (TJ) proteins occludin and ZO-1. Both GR and SF also mitigated TNFα-induced increased mRNA levels of 
the myosin light chain kinase, which promotes TJ opening. Molecular docking suggests that although GR is 
mostly not absorbed, it could interact with extracellular and membrane sites in NOX1. Inhibition of NOX1 ac-
tivity by GR would mitigate TNFα receptor downstream signaling and associated events. These findings support 
the concept that not only SF, but also GR, could exert systemic health benefits by protecting the intestinal barrier 
against inflammation-induced permeabilization, in part by regulating redox-sensitive pathways. GR has here-
tofore not been viewed as a biologically active molecule, but rather, the benign precursor of highly active SF. The 
consumption of GR and/or SF-rich vegetables or supplements in the diet may offer a means to mitigate the 
detrimental consequences of intestinal permeabilization, not only in disease states but also in conditions char-
acterized by chronic inflammation of dietary and lifestyle origin.

1. Introduction

Chronic gut inflammation, characterized by a dysregulated immune 
response and compromised barrier function, contributes to numerous 
gastrointestinal and systemic disorders [1–3]. The delicate homeostasis 
maintained by the intestinal barrier, crucial for efficient nutrient ab-
sorption and effective immune defense, can be disrupted under inflam-
matory conditions. Environmental factors, including dietary 
components, toxins, pathogens, stress, cytokines, obesity and other 
metabolic disorders could all lead to intestinal barrier disruption [4,5]. 
Tumor necrosis factor alpha (TNFα), a pro-inflammatory cytokine, is a 
major player in intestinal inflammatory processes, being known to 
compromise the integrity of the intestinal barrier. Barrier 

permeabilization can cause local and systemic inflammation, which can 
ultimately promote the development of several conditions and diseases, 
including endotoxemia, insulin resistance, metabolic syndrome, meta-
bolic dysfunction-associated steatotic liver disease (MASLD, formerly 
known as NAFLD) type 2 diabetes, cardiovascular disease, and neuro-
inflammation [1–3,6]. Therefore, preserving the intestinal barrier 
function and lowering intestinal inflammation is essential to preserve 
intestinal and overall health.

The integrity and functionality of the intestinal barrier are regulated 
by the tight junctions (TJs), structures composed by membrane and 
cytosolic proteins including occludins, claudins, zonula occludens (ZOs), 
and junctional adhesion molecules [7]. TJs control the paracellular 
transport of water and ions and prevent the passage of luminal toxins 
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and pathogens [8]. Therefore, TJs play a crucial role in sustaining gut 
and systemic health. TNFα promotes the dysregulated opening of TJs 
and subsequent intestinal permeabilization through different mecha-
nisms [9,10]. TNFα increases matrix metalloproteinase (MMP) 2 and 9 
expression and/or activity which can degrade TJ proteins directly, 
leading to a disruption of barrier integrity [11,12]. Through the acti-
vation of nuclear factor κB (NF-κB) and extracellular regulated protein 
kinase 1/2 (ERK1/2), TNFα causes an increased phosphorylation of the 
myosin light chain (MLC) at Ser18/19 which leads to TJ opening. This 
can occur through the inhibition of the MLC phosphatase and/or an 
increased transcription of the MLC kinase (MLCK) that phosphorylates 
MLC [13,14]. Additionally, TNFα-mediated up-regulation of NADPH 
oxidases (NOX) activity and expression, and increased oxidant produc-
tion [15], further activate redox sensitive signaling that promote 
inflammasome activation and the production and secretion of inflam-
matory interleukins [16]. Overall, the above sequence of events pro-
motes intestinal permeabilization and sustained inflammation, 
contributing to the development of associated chronic conditions and 
diseases [17].

Diet has a major and direct impact on intestinal permeabilization and 
systemic health given that intestinal cells are directly exposed to high 
concentrations of dietary compounds [18,19]. Among the bioactives 

receiving attention for their health-promoting properties are glucor-
aphanin (GR) and its derivative sulforaphane (SF), primarily found in 
cruciferous vegetables such as broccoli [20] (Fig. 1A). Crucifer-rich diets 
have been linked to various health benefits, which have been attributed 
to SF, as GR has largely been considered to be biologically inert [21]. In 
the intestine, GR undergoes conversion to SF by the enzyme myrosinase, 
which is present in both plants and the intestinal microbiota, and SF is 
subsequently absorbed and metabolized to its bioactive metabolites 
including SF-glutathione (SF-GSH), SF-cysteine (SF-CYS), and 
SF-N-acetyl-L-cysteine (SF-NAC) through the mercapturic acid pathway 
in intestine and in liver. SF’s health benefits are attributed to its ca-
pacity, and perhaps that of its metabolites’ capacity to upregulate 
antioxidant defenses via Nrf2 activation [22], promoting 
anti-inflammatory [23] and anti-cancer [24] effects. On the other hand, 
its precursor GR is mostly non-absorbable and considered biologically 
inactive.

Supplementation with pure GR or GR-containing food has been 
shown to have beneficial metabolic effects, including improvement of 
lipid and glucose homeostasis [25–27]. Nevertheless, discerning 
whether the observed positive outcomes are directly attributable to GR 
is challenging, as the colon microbiota of mice and humans has the 
capability to hydrolyze GR into SF, though the conversion is limited and 

Fig. 1. Transport of GR and SF across Caco-2 cell monolayers. (A) Chemical structure of GR and SF. (B-E) Caco 2 cell monolayers, cultured in 6-well transwell 
inserts, were added to the apical compartment with 10 μM of (B) GR or (C-E) SF for 0–6 h. GR and SF concentrations were measured byUPLC-(ESI+)-MS/MS, as 
described in methods, at each time point in the apical and basiolateral medium and in the cell monolayers. Data are shown as mean ± SEM of 4 independent ex-
periments. Values having different superscripts are significantly different (One-way ANOVA, p < 0.05). N.D.: Not detectable.
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highly variable from person to person. Among the observed effects, a 
reduction in endotoxemia [28] could be mediated by local effects of GR 
at the gastrointestinal tract, protecting barrier function. Thus, this study 
investigated, using the well-established in vitro intestinal model of 
Caco-2 cell monolayer, to investigate the capacity of both GR and SF to 
mitigate TNFα-induced inflammation, TJs disruption and monolayer 
permeabilization. We investigated the underlying mechanisms, 
including the activation of redox-sensitive signaling pathways and 
events involved in the modulation of TJs structure and dynamics. We 
observed that, although with different potency, both GR and SF actively 
mitigated the cascades of events triggered by TNFα leading to monolayer 
permeabilization and sustained inflammation. While there is extensive 
research published on the potential health benefits of SF, to our 
knowledge, this is the first evidence supporting a beneficial health effect 
for GR. This novel concept will help to re-evaluate the intestinal and 
systemic health benefits of cruciferous vegetables.

2. Material and methods

2.1. Materials

GR and SF (purity >95.0 % by HPLC) were obtained from Cayman 
Chemical (Ann Arbor, MI). Caco-2 cells were from the American Type 
Culture Collection (Rockville, MA). Cell culture media MEM, 5-(and-6)- 
carboxy-2′, 7′-dichlorodihydrofluorescein diacetate (H2DCFDA, DCF as 
oxidized form), primary antibodies for ZO-1 (#33–9100), occludin 
(#33–1500) and claudin-1 (#71–7800) were from Invitrogen/Life 
Technologies (Grand Island, NY). Human interferon gamma (IFN-γ) and 
primary antibodies for phospho (Ser176/180)-IKKα/β (#2697), IKKα/β 
(#2370), phospho (Ser536)-p65 (#3033), p65 (#8242), phospho 
(Thr202/Tyr204)-ERK1/2 (#4370), ERK1/2 (#9102), β-actin (#12620) 
and secondary antibody goat anti-rabbit IgG (#7074) were from Cell 
Signaling Technology (Danvers, MA). IL-1β (#sc32294) was from Santa 
Cruz Technology (Santa Cruz, CA). IL-6 high-sensitive human ELISA kit 
was obtained from Abcam (Cambridge, UK), and human IL-8 DuoSet 
ELISA kit was obtained from R&D systems (Minneapolis, MN). The 
Millicell cell culture inserts and dihydroethidium (DHE) were from EMD 
Millipore (Hayward, CA). The Amplex Red Hydrogen Peroxide/Peroxi-
dase Assay Kit was from ThermoFisher Scientific (Waltham, MA). 
Human TNFα, fluorescein isothiocyanate (FITC)-dextran, sulphorhod-
amine B (SRB), 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 
bromide (MTT), apocynin, VAS-2870, and DPI were from Sigma Aldrich 
(St Louis, MO). PVDF membranes and Clarity Western ECL Substrate 
were from Bio-Rad (Hercules, CA). The standards of GR, SF, SF-GSH, SF- 
CYS, and SF-NAC for UHPLC-ESI (+)-MS/MS analysis were from Tor-
onto Research Chemical (Toronto, Canada). All LC-MS grade solvents 
were obtained from ThermoFisher Scientific (Waltham, MA).

2.2. Cell culture and incubation

Caco-2 cells between passages 5 to 20 were cultured at 37 ◦C in a 5 % 
(v/v) CO2 atmosphere. Cells were grown and differentiated in MEM 
supplemented with 10 % (v/v) fetal bovine serum, antibiotics (50 U/ml 
penicillin and 50 μg/ml streptomycin), 1 % (v/v) of 100 × non-essential 
amino acids and 1 mM sodium pyruvate. For the experiments, Caco-2 
cells were differentiated for 21 days in 24-well transwell inserts or 12 
days in dishes. For the treatments, differentiated Caco-2 cells were firstly 
pre-incubated with IFN-γ (10 ng/ml) for 24 h in complete MEM media to 
upregulate the TNFα receptor. Subsequently, the medium was replaced 
by serum/phenol red-free MEM, cells were added without or with 0.1–1 
μM of GR or SF for 30 min (added to the upper chamber when cells were 
differentiated in inserts), and subsequently incubated without or with 
TNFα (10 ng/ml) (added to the lower chamber when cells were differ-
entiated in inserts) for 5 min up to 6 h, depending on the measurements. 
Proteins, mRNA and culture media were collected and processed 
accordingly, based on different determinations.

2.3. Determination of GR and SF transport across Caco-2 cell monolayers

Differentiated Caco-2 monolayers cultured on 6-well transwell in-
serts were treated with GR or SF of 10 μM for 0–6 h. Cells and apical and 
basolateral media were collected for GR, SF and SF metabolites analysis. 
GR, SF and SF metabolites were resolved chromatographically and 
quantified by UHPLC-ESI (+)-MS/MS using an UHPLC system coupled 
with a 6460 tandem mass spectrometer (Agilent Technologies, CA) ac-
cording to our previously described procedure [29]. Poroshell 120 
Bonus-RP column (2.1 × 150 mm, 2.7 μm) equipped with a Bonus-RP 
guard column (2.1 × 5 mm, 2.7 μm) (Agilent Technologies, CA) was 
used to separate the target compounds. Dynamic multiple reaction 
monitoring (MRM) was performed in positive ion mode to characterize 
and quantify the target compounds.

2.4. Transepithelial electrical resistance (TEER)

To measure Caco-2 monolayers permeability, TEER and FITC- 
dextran transport were measured in the 21-day differentiated Caco-2 
monolayer cultured on 24-well transwell inserts (12 mm, 0.4 μm pore 
polyester membranes) at a seeding density of 3 × 104 cells. TEER was 
measured using a Millicell-ERS Resistance System that included a dual 
electrode-voltohm-meter (Millipore, Bedford, MA). To assess the impact 
of GR or SF on TEER, TEER values were first recorded after IFN-γ (10 ng/ 
ml) incubation for 24 h. TEER values were measured again after GR or 
SF (0.1–1 μM) and TNFα (10 ng/ml) treatments for 6 h. TEER was 
calculated using the formula: TEER = (Rm - Ri) × A, where Rm represents 
transmembrane resistance, Ri represents the intrinsic resistance of a cell- 
free medium, and A denotes the surface area of the membrane in cm2. 
Arbitrary units (A. U.) were calculated based on TEER change for the 
control (non-added) monolayers.

2.5. FITC-dextran clearance

The paracellular transport through Caco-2 cell monolayers was 
determined by measuring the apical-to-basolateral clearance of FITC- 
dextran (4 kDa). Caco-2 monolayers differentiated on transwell inserts 
were treated as discussed for TEER determinations. After 6 h of incu-
bation with TNFα, the medium was replaced in both compartments with 
fresh serum and phenol red-free MEM, FITC-dextran was then added to 
the apical compartment (100 μM final concentration). After 4 h incu-
bation 100 μl of the medium in the basolateral compartment was 
collected and diluted with 100 μl 1X HBSS. The FITC fluorescence was 
measured at λex/λem = 485/530 nm in a Bio-Tek plate reader 
(Winooski, VT). The FITC-dextran clearance (CLFITC) was calculated 
using the equation fFITC/(FFITC/A), where fFITC is flux of FITC-dextran (in 
fluorescence units/h); FFITC, the fluorescence of FITC-dextran in the 
upper compartment at zero time (in fluorescence units per nl); and A, the 
surface area of the membrane (1 cm2). Arbitrary units (A.U.) were 
calculated based on the CL value for the non-added (control) cells (75 
nl/h/cm2).

2.6. Western blot

After the corresponding treatments, total proteins were isolated and 
quantified using the Bradford method as previously described [30]. 
Aliquots containing 30–50 μg protein were separated by 7–15 % (w/v) 
polyacrylamide gel electrophoresis and electroblotted to PVDF mem-
branes. Dual standards (colored (Bio-Rad Laboratories, Hercules, CA) 
and biotinylated (Cell Signaling Technologies, Danvers, MA)) were run 
simultaneously. Membranes were blocked for 1 h in 5 % (w/v) non-fat 
milk in TBST buffer (50 mM Tris, 150 mM NaCl, pH = 7.6, 0.1 % 
(v/v) Tween-20), then incubated at 4 ◦C overnight with the corre-
sponding antibodies (1:1000 dilution) in 1 % (w/v) bovine serum al-
bumin in TBST buffer. After incubation for 1.5 h at room temperature 
with the secondary antibody (HRP-conjugated) (1:10,000 dilution), the 
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conjugates were visualized by chemiluminescence detection in a 
ChemiDoc Imaging Systems (Bio-Rad, Hercules, CA).

2.7. RNA isolation and qPCR

After the corresponding treatments, the RNA was extracted with 
TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA was generated using 
high-capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, 
Grand Island, NY). mRNA levels of NOX1, NOX4, Duox2, MLCK, IL-6, IL- 
8, IL-1β, NLRP3 and TNFα were assessed by qPCR (iCycler, Bio-Rad, 
Hercules, CA) using the primers listed in Supplementary Table S1. 
Relative mRNA levels were normalized to β-actin as the housekeeping 
gene and calculated using the 2− ΔΔCt method [31].

2.8. Secreted IL-6 and IL-8 determinations

Caco-2 cells were treated with IFN-γ, GR or SF and TNFα as previ-
ously described. After 6 h incubation with or without TNFα addition, the 
incubation medium was collected and then centrifuged at 800×g for 10 
min to remove dead cells and debris. 100 μl of medium was used to 
determine IL-6 and IL-8 concentrations by ELISA kits following the 
manufacturer’s protocol. Absorbance was measured at 450 nm (Bio-Tek 
Instruments, Winooski, VT). The concentrations of IL-6 and IL-8 in the 
incubation medium were calculated using the respective standard 
curves.

2.9. Oxidant levels measurement

Cell oxidant levels were estimated using the probes H2DCFDA, DHE, 
and Amplex Red [32]. Caco-2 cells were seeded in white/clear bottom 
96-well plates at a density of 5 × 104 cells/well. After differentiation, 
cells were treated with IFN-γ for 24 h and then with GR or SF or NOX 
inhibitors for 30 min and subsequently with TNFα. To evaluate 
DHE/H2DCFDA oxidation, following a 10-min exposure to TNFα, the 
medium was aspirated, and cells were treated with 20 μM DHE or 25 μM 
H2DCFDA in serum/phenol red-free MEM for 30 min at 37 ◦C. Subse-
quently, cells were rinsed twice with 1X HBSS, and fluorescence was 
measured at λex/λem = 495/525 nm and 520/605 nm for DHE and DCF, 
respectively. H2O2 released into the medium was measured 3 h after 
TNFα addition using the Amplex Red Hydrogen Peroxide/Peroxidase 
Assay Kit following the manufacturer’s instructions. To standardize the 
three determinations, fluorescence values were normalized to the pro-
tein content determined with SRB. Fluorescence and absorbance were 
measured using a Bio-Tek plate reader (Winooski, VT).

2.10. Molecular docking

NOX1 PDB file was generated by AlphaFold predicted model [33]. 
GR and SF PDB files were generated from PubChem (https://pubchem. 
ncbi.nlm.nih.gov). After converting the file format, structures were 
optimized by removal of water molecules, addition of hydrogens and 
minimization of energy. Docking was subsequently done by CB-DOCK 
[34], and all visualizations were conducted by VMD.

2.11. Statistical analysis

Results are shown as means ± SEM (n = 3–6). Data were analyzed by 
one-way analysis of variance (ANOVA) using GraphPad Prism 10.0 
(GraphPad Software, San Diego, CA). Fisher least significance difference 
test was used to examine differences between group means. A p value <
0.05 was considered statistically significant.

3. Results

3.1. Absorption and metabolism of GR and SF in Caco-2 monolayers

Incubation of Caco-2 cells with concentrations of either GR or SF up 
to 100 μM had no significant impact on cell viability, as evaluated by 
MTT assay (Supplementary Fig. S1), confirming a lack of toxicity of 
either compound up to 100 μM. The absorption and metabolism of GR 
and SF (10 μM) in Caco-2 monolayers were analyzed using UHPLC- 
(ESI+)-MS/MS method as we previously described [29]. Results showed 
that GR was not detectable in either cells or the basolateral medium, and 
there was no significant decrease in GR concentration in the apical 
medium observed after 6 h incubation at 37 ◦C (Fig. 1B). A 6-h incu-
bation at 37 ◦C in the absence of cells did not affect GR concentration 
(Supplementary Fig. S2A). This suggests that GR concentration remains 
stable at 37 ◦C within the initial 6 h of incubation in the Caco-2 cell 
model and that GR absorption in Caco-2 cells is not detected during this 
period of incubation at the concentration tested (10 μM). With SF, 
however, 6-h incubation at 37 ◦C without cells resulted in ~18% 
degradation (Supplementary Fig. S2B), highlighting the lability and 
reactivity of SF. Following 1, 2, 4, and 6 h of incubation with cells, SF, 
and its metabolites SF-CYS and SF-GSH were detected in cells and in 
apical and basolateral media, indicating that SF is absorbed and 
metabolized by Caco-2 cells (Supplementary Fig. S3). There was a 
decline in the concentration of SF in the apical medium over time 
(Fig. 1C). Within the monolayers, SF showed an initial increase at 1 h 
followed by a subsequent decrease (Fig. 1D), whereas the concentration 
in the basolateral medium exhibited an increase from 1 to 4 h (Fig. 1E). 
At 4 h, the SF and SF metabolites in cells and in basolateral medium 
accounted for over 70 % of the total SF. These findings confirm previous 
evidence that, while GR showed no detectable absorption at 10 μM in 
Caco-2 cells and poor (~5%) absorption in rats [35], SF is readily taken 
up, metabolized and transported out in Caco-2 monolayers.

3.2. GR and SF protect Caco-2 cell monolayers against TNFα-induced 
permeabilization

The permeabilization of Caco-2 monolayers was assessed by 
measuring TEER and FITC-dextran clearance. The protective effects of 
GR and SF were each evaluated at 0.1, 0.5 and 1 μM concentrations. 
Indicating monolayer permeabilization, TNFα caused a 35% reduction 
in TEER values and an 80% increase in FITC-dextran clearance (Fig. 2). 
While at 0.1 nor 0.5 μM concentration, GR did not exhibit protective 
effects, 1 μM GR fully protected the Caco-2 cell monolayer against TNFα- 
induced permeabilization (Fig. 2A–C). SF mediated a full protection of 
the barrier at 0.5 and 1 μM concentrations (Fig. 2B–D). Thus, both GR 
and SF can prevent Caco-2 monolayer permeabilization. Interestingly, 
despite being previously considered not biologically active given its lack 
of absorption, at physiologically achievable concentrations in the in-
testinal context (1 μM), GR showed a protective effect on Caco-2 
monolayers permeabilization. This suggests that both GR and SF may 
exert barrier-protective and anti-inflammatory effects at the gastroin-
testinal tract.

3.3. GR and SF protect Caco-2 cell monolayers from TNFα-induced tight 
junction disruption

The integrity of the TJ in terms of their protein composition and 
distribution is essential for their function. Therefore, we next investi-
gated the effects of TNFα, GR and SF on the levels of the TJ proteins ZO- 
1, occludin, and claudin-1 by Western blot. Following a 6-h incubation 
with TNFα, ZO-1, and occludin levels were significantly decreased (30% 
and 25%, respectively), compared to the control, while claudin-1 
remained unaffected (Fig. 3). Pre-incubation with 1 μM GR effectively 
prevented TNFα-induced decrease in ZO-1 and occludin, whereas 0.1 
μM GR showed no protective effect. 0.5 μM GR prevented TNFα-induced 
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decrease in ZO-1, not occludin (Fig. 3A). Preincubation with 0.5–1 μM 
SF fully prevented decreases in both ZO-1 and occludin (Fig. 3B). 
Neither GR nor SF had any impact on claudin-1 levels (Fig. 3C and D). 
This dose-dependency for GR and SF on TNFα-mediated TJ proteins 
decrease aligns with their protective effects on TEER and FITC-dextran 
clearance. Both GR and SF protect Caco-2 cell monolayers against 
TNFα-induced loss of TJ proteins.

3.4. GR and SF protect Caco-2 cell monolayers from TNFα-induced 
increased oxidant production

Considering the potential oxidative stress induced by pro- 
inflammatory stimuli, we next evaluated the effects of GR and SF on 
TNFα-mediated increased oxidant production using the probes 
H2DCFDA, DHE and Amplex red. After a 10-min incubation, TNFα 
resulted in a 22% increase in DCF fluorescence and a 20% increase in 
DHE fluorescence. Pre-incubation either with 1 μM GR or 0.1–1 μM SF 
fully prevented these increases in DCF (Fig. 4A). All tested concentra-
tions of GR and SF were fully protective against DHE induced increases 
(Fig. 4B). The transient increase (10 min) in cellular oxidants was NOX- 
dependent, as evidenced by the inhibition of TNFα-mediated fluores-
cence increase by three well-known NOX inhibitors: apocynin, VAS- 
2870, and DPI, at 1 μM concentration. Hydrogen peroxide (H2O2) in 
the culture media was assessed using the Amplex Red/Peroxidase kit. 
Following a 3-h incubation, TNFα resulted in a 25% increase in media 
H2O2 concentration (Fig. 4C). This increase was completely prevented 
by 1 μM GR, 0.1–1 μM SF, and 1 μM NOX inhibitors.

Binding of ligands to proteins can significantly impact their function 
and activity. The transient (within 10 min of treatment with TNFα) O2

−

production is largely mediated by NOX1 activation. Since both GR and 
SF inhibited this production, we conducted molecular docking analysis 
to evaluate the potential binding of GR and SF to NOX1. NOX1, being a 
transmembrane protein, possesses several extracellular loops and six 

α-helix domains embedded within the cell membrane, with two heme 
groups located within the α-helix regions. Its NADPH catalytic site and 
co-enzyme FAD binding site are intracellularly situated (Fig. 4D). Since 
GR is mostly not absorbed by cells, including intestinal cells, we char-
acterized the potential interaction of GR with the extracellular and 
transmembrane regions of NOX1 (Fig. 4E). Analysis of the involved 
amino acids residues in the transmembrane regions, suggested that GR 
could interact with NOX1 residues including Ser269, Asn61, Arg54, 
His265, Lys32, Tyr33, His115, His221 and Ala57 by both hydrogen 
bonds and hydrophobic interactions (Fig. 4F, Supplementary Fig. S4A). 
Of these residues, at a minimum, residues His115 and His221 are 
necessary in the interaction between the NOX1 protein and the heme 
group that is required for the electron transfer chain (Supplementary 
Fig. S4B), similar to the role of His115 and His222 in NOX2 [36]. The 
binding free energy of GR to the transmembrane regions of NOX1 is 
− 6.7 kJ/mol. Since SF is rapidly absorbed by cells, we assessed the in-
teractions of SF with the intracellular NOX1 region and determined that 
SF has potential binding capability to the outer heme group 
(Supplementary Fig. S4C) and also with the intracellular FAD binding 
site (data not shown).

Considering that NOX1, NOX4 and Duox2 are the predominant NOXs 
in intestinal cells [37,38], TNFα-induced O2

− /H2O2 production could be 
also associated with the overexpression of these NOX genes. Thus, we 
next measured NOX1, NOX4, and Duox2 mRNA levels by qPCR. After a 
6-h (NOX1) and 3-h (NOX4 and Duox2) incubation, TNFα induced 1.9-, 
1.8- and 1.6-fold increases in NOX1, NOX4 and Duox2 mRNA levels, 
respectively. 1 μM GR and both 0.5–1 μM SF concentrations prevented 
these increases (Fig. 5A–F).

3.5. GR and SF protect Caco-2 cell monolayers from TNFα-induced 
activation of signaling pathways involved in TJ opening

The redox-sensitive NF-κB pathway is a crucial signaling pathway 

Fig. 2. Effects of GR and SF on TNFα-induced permeabilization of Caco-2 cell monolayers. Caco-2 cell monolayers, cultured in transwell inserts, were pre- 
incubated for 24 h with IFNγ (10 ng/ml) to upregulate the TNFα receptor. Then, 0.1–1 μM of GR or SF were added to the upper chamber and cells incubated for 
30 min. TNFα (10 ng/ml) was subsequently added to the lower chamber and cells were incubated for an additional 6 h. Caco-2 cell monolayer permeability was 
evaluated by measuring: (A, B) TEER, and (C, D) FITC-dextran paracellular transport. Results are shown as mean ± SEM of 6 independent experiments. Values (A.U.: 
arbitrary units) were normalized to controls (1, dashed line). Values having different superscripts are significantly different (p < 0.05, One-way ANOVA).
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that regulates intestinal inflammation and barrier permeability. After a 
5-min incubation, TNFα significantly increased IKK and p65 phosphor-
ylation at Ser160/180 and Ser536, respectively, by approximately 30%. 
These increases were prevented by 1 μM GR and SF (Fig. 6A–D). Another 
pivotal pathway involved in intestinal inflammation and barrier per-
meabilization in response to proinflammatory stimuli is the ERK1/2 
pathway. TNFα significantly increased ERK phosphorylation at Thr202/ 
Tyr204 by 2.5 times after a 3-h incubation, which was prevented by 
0.1–1 μM GR and SF. NF-κB and ERK1/2 regulate the expression of 
myosin light chain kinase (MLCK) [10,39], a central regulator of TJ 
opening [40]. TNFα caused a 50% increase in MLCK mRNA levels that 
was prevented by 0.5–1 μM GR and 0.1–1 μM SF (Fig. 6G and H).

3.6. GR and SF protect Caco-2 cell monolayers from TNFα-induced 
proinflammatory cytokine production

Through the activaton of NF-κB and MAPKs, TNFα promotes cyto-
kine production and release. After a 6-h incubation period, TNFα caused 

a 1.7-fold increase in IL-6 mRNA levels and a 2.5-fold increase in IL-8 
mRNA levels. GR and SF did not mitigate these increases in IL-6 or IL- 
8 mRNA levels in the range of concentrations tested (Fig. 7A–D). 
TNFα caused a 2.8-fold increase in TNFα mRNA level. While GR had no 
effect, SF at 1 μM concentration prevented-TNFα-mediated TNFα mRNA 
increase (Fig. 7E and F).

IL-6 and IL-8 secreted to the medium was measured by ELISA. TNFα 
caused 2.5-fold and 2.6-fold increases in IL-6 and IL-8 protein levels, 
respectively, in the cell culture medium. GR did not mitigate these in-
creases in the range of concentrations tested. SF did not prevent the 
increase in IL-6 protein levels at 0.1–1 μM concentration, but was 
partially protective of the TNFα-induced IL-8 protein level increase at 
0.5 and 1 μM (Fig. 7G–J).

3.7. GR and SF protect Caco-2 cell monolayers from TNFα-induced 
inflammasome activation

Following a 6-h incubation with TNFα, NLRP3, and IL-1β mRNA 

Fig. 3. Effects of GR and SF on TNFα-induced alterations in TJ proteins levels. (A-F) Caco-2 cell monolayers cultured in dishes were pre-incubated for 24 h with 
IFN-γ (10 ng/ml) to upregulate the TNFα receptor. Cells were then incubated without or with 0.1–1 μM (A, C) GR or (B, D) SF for 30 min, and subsequently without 
or with TNFα (10 ng/ml) for 6 h. ZO-1, occludin, and claudin-1 proteins levels were evaluated by Western blot. Bands were quantified and values referred to HSC-70 
or β-actin levels (loading control). Results are shown as mean ± SEM of 4–6 independent experiments. Values having different superscripts are significantly different 
(p < 0.05, One-way ANOVA).
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levels increased 3.8 and 1.7-fold, respectively. These increases were 
mitigated by SF (1 μM), but no by GR (0.1–1 μM) (Fig. 8A–D). TNFα also 
caused a 70 % increase in cellular total IL-1β protein levels, which was 
prevented by 0.1–1 μM SF and by 1 μM GR (Fig. 8E and F).

4. Discussion

Intestinal inflammation is associated with increased intestinal 
permeability, which in turn is influenced by a range of factors including 
diet, stress, metabolic disorders, infections, autoimmune disorders, and 
inflammatory bowel diseases [41–43]. To date, SF has been attributed 
all of the health benefits linked to GR consumption. The present study 
demonstrated that, at concentrations attainable in the intestinal lumen 
from cruciferous vegetable consumption, not only SF but also GR exer-
ted protective effects against TNFα-induced intestinal permeabilization 

and inflammation in Caco-2 monolayers, despite the fact that GR was 
not being taken up by the cells. This protection was achieved mainly 
through the regulation of oxidant production, activation of 
redox-sensitive signals and preservation of TJ structure. Considering 
that intestinal permeabilization causes metabolic endotoxemia, which 
underlies systemic inflammation leading to the devel-
opment/progression of multiple chronic conditions including insulin 
resistance, GR protective actions at the intestinal level can in part 
contribute to the health benefits of cruciferous vegetables, which were 
previously attributed only to its metabolite, SF.

The binding of TNFα to its receptor is associated with a NOX- 
mediated transient increase in O2

.- production, which in enterocytes is 
primarly due to NOX1 activation [44]. Transient cellular increases in O2

.- 

and H2O2 levels are important for the enhancement of the cascade of 
events downstream of the binding of TNFα to its receptor, which is very 

Fig. 4. GR and SF inhibit TNFα-induced oxidant production and potential interactions with NOX1. Caco-2 cell monolayers cultured in dishes were pre- 
incubated for 24 h with IFN-γ (10 ng/ml) to upregulate the TNFα receptor. Cells were then incubated without or with 0.1–1 μM GR, 0.1–1 μM SF and 1 μM Apo, 
VAS and DPI for 30 min, and subsequently without or with TNFα (10 ng/ml) for further 10 min (H2DCFDA, DHE) or 1 h (Amplex Red/Peroxidase). Cell oxidant levels 
were assessed using the probes (A) DCF and (B) DHE. (C) H2O2 release was measured in the medium using the Amplex Red/Peroxidase assay as described in Methods. 
All values were normalized to the protein content measures with SRB. Results are shown as mean ± SEM of 4–6 independent experiments. Data were normalized to 
control values. Values having different superscripts are significantly different (p < 0.05, one-way ANOVA). (D) Conformation and electrons transfer of NOX1. (E, F) 
Molecular modeling of the potential interactions of GR with NOX1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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important for a physiological inflammatory response. However, high 
levels of TNFα in a chronic inflammatory condition can lead to a pro-
longed activation of NF-κB and ERK1/2, upregulation of NOX1 and 
NOX4, mitochondrial dysfunction and oxidative stress [15,45–48]. 
Molecular docking showed that GR could bind to the extracellular and 
transmembrane regions of NOX1, potentially inhibiting its activity. Such 
an inhibitory effect could explain why, even when GR is not absorbed, it 
could inhibit the TNFα-triggered cascade by decreasing the O2

. /H2O2 
pulses that enhance the downstream cascade which ultimately leads to 
barrier permeabilization and inflammation. While this could be one 
explanation for the observed GR effects, other mechanisms including GR 
interactions with the TNFα receptor and/or with membrane lipid rafts 
cannot be excluded.

TNFα is a key mediator of intestinal inflammation [49] and barrier 
permeabilization [50]. Both processes involve TNFα-mediated activa-
tion of the redox-sensitive signals NF-κB and ERK1/2, that promote the 
production of proinflammatory cytokines and regulate events leading to 
TJ opening [39,50]. Additionally, TNFα causes decreases in the levels of 
the central TJ proteins ZO-1 and occludin, which could be related to 
alterations in their transcription/translation and/or to their degradation 
by metalloproteases. In fact, MMP-9 expression is upregulated by both 
NF-κB and ERK1/2 [51]. In terms of the regulation of barrier dynamics, 
NF-κB and ERK1/2 promote an increased transcription of MLCK, the 
kinase that phosphorylates MLC leading to the contraction of the acto-
myosin ring, TJ opening and enhanced barrier permeability [39,52,53]. 
In this scenario, ERK1/2 also contributes to deactivating the MLC 

phosphatase, leading to increased MLC phosphorylation levels [54,55]. 
Additionally, NF-κB is central to the upregulation of proinflammatory 
cytokines, including IL-6, IL-8, IL-β and TNFα [56] that would further 
contribute to the permeabilization of the barrier and the chronicity of 
the inflammatory process. Thus, the capacity of GR and SF to inhibit 
TNFα-mediated NF-κB and ERK1/2 activation explains their capacity to 
mitigate the associated Caco-2 cell monolayer permeabilization and 
increased cytokine production.

SF is the most well studied naturally occurring inducers of Nrf2 and it 
has been demonstrated to contribute to deliver major benefits to human 
health, whether delivered directly as SF or as its precursor GR, even at 
normal dietary levels [57]. Nonetheless, interest in GR and GR-rich 
vegetables so far has only been based on its bio-conversion to its hy-
drolysis product SF, given that GR does not have a known biological 
activity. Dietary GR is indeed very poorly absorbed (<5 % in a rodent 
model) [35]. In the present study, at 10 μM GR concentration in the 
apical medium, we did not observe detectable GR levels in cells or in the 
basolateral medium in Caco-2 monolayers, which further supports the 
concept that GR is poorly, if at all, absorbed by intestinal cells. Due to its 
direct poor bioavailibility and unknown biological activity, to our 
knowledge there has been no research conducted to specifically address 
GR biological effects. Cruciferous vegetables are commonly eaten 
cooked, exposing individuals to intact GR rather than to its hydrolysis 
product SF, given that cooking destroys myrosinase, the enzyme that 
catalyzes the conversion of GR into SF. GR hydrolysis can also occur in 
the lower gut, as the result of myrosinase activity present in the 

Fig. 5. Effects of GR and SF on TNFα-mediated increased expression of NOX1, NOX4 and Duox2. Caco-2 cell monolayers cultured in dishes were pre-incubated 
for 24 h with IFN-γ (10 ng/ml) to upregulate the TNFα receptor. Cells were then incubated without or with 0.1–1 μM GR or SF for 30 min, and subsequently without 
or with TNFα (10 ng/ml) for 6 h (NOX1) or 3 h (NOX4 and Duox2). (A, B) NOX1, (C, D) NOX4, and (E, F) Duox2 mRNA levels were determined by qPCR. The relative 
gene expression was normalized to β-actin as housekeeping gene. Results are shown as mean ± SEM of 4–6 independent experiments. Data were normalized to 
control values. Values having different superscripts are significantly different (p < 0.05, one-way ANOVA).
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microbiota [58–60]. However, this conversion is very limited (~10 % of 
ingested GR) and highly variable (1–40 %). Given the above, research 
emphasis has focused on increasing GR conversion to SF in the small 
intestine by the addition of exogenous plant myrosinase, rather than in 
the understanding of potential direct biological effects of GR.

Many dietary components, including fiber, proanthocyanidins 
(polymerization degree> 4) have been shown to promote health benefits 

even when not absorbed at all or not absorbed as parent compounds [61,
62]. Their capacity to promote health is associated with their action at 
the gastrointestinal level, which results in systemic effects. In particular, 
sustaining the intestinal barrier function is critical to prevent the pas-
sage of unwanted luminal elements, i.e. pathogens, bacterial and food 
toxins, into the circulation. Thus, the paracellular transport of bacterial 
lipopolisaccharides and associated endotoxemia causes a condition of 

Fig. 6. Effects of GR and SF on TNFα-mediated NF-κB and ERK1/2 activation and increased MLCK gene expression. Caco-2 cell monolayers cultured in dishes 
were pre-incubated for 24 h with IFN-γ (10 ng/ml) to upregulate the TNFα receptor. Cells were then incubated without or with 0.1–1 μM GR or SF for 30 min, and 
subsequently without or with TNFα (10 ng/ml) for 5 min (for IKK and p65 phosphorylation) or 3 h (for ERK1/2 phosphorylation and MLCK mRNA level). (A, B) Total 
and phosphorylated IKK (Ser178/180), and (C, D) total and phosphorylated p65 (Ser536), and (E, F) total and phosphorylated ERK1/2 (Thr202/Tyr204) were 
measured by Western blot. β-actin was also determined as loading control. Western blot bands were quantified, and results are shown as mean ± SEM of 4–6 in-
dependent experiments. (G, H) MLCK mRNA levels were determined by qPCR. The relative gene expression was normalized to β-actin as housekeeping gene. Values 
having different superscripts are significantly different (p < 0.05, One-way ANOVA).
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chronic inflammation that is proposed to underlie several diseases, 
including obesity-associated type 2 diabetes, steatosis and neuro-
inflammation [63]. Thus, our observation of the capacity of GR to pre-
serve intestinal barrier function can in part explain some of the health 
benefits previously only attributed to SF. In support of this, adminis-
tration of 0.3 % (w/w diet) GR as boiled broccoli sprouts powder miti-
gated obesity-induced endotoxemia and associated insulin resistance 
and altered metabolic parameters [28]. Other beneficial actions 
observed for GR and GR-containing foods could be in part due to GR 
effects at the intestinal mucosa. They include the mitigation of dyslipi-
demia in high-fat diet-fed mice [25] and a reduction in plasma LDL 
cholesterol in humans [64]. However, discerning whether the health 

benefits described for SF, can be in part also attributed to GR is chal-
lenging, as the colon microbiota of mice and humans have the capability 
to hydrolyze GR into SF to a limited and variable degree.

To our knowledge, the present study is the first to demonstrate that 
not only SF but also GR can exert health benefits. Both, SF and GR 
mitigated TNFα-induced permeabilization and inflammation in Caco-2 
cell monolayers. This effect is in part due to their capacity to inhibit 
TNFα-mediated NOX1 activation, increases in O2

. /H2O2 production and 
NF-κB and ERK1/2 activation. Given the relevance of the gastrointes-
tinal tract on overall health, the protection of barrier function is critical 
to prevent the pathologies associated to endotoxemia and its associated 
systemic inflammation.

Fig. 7. Effects of GR and SF on TNFα-mediated increased expression and secretion of proinflammatory cytokines: IL-6, IL-8 and TNFα. Caco-2 cell 
monolayers cultured in dishes were pre-incubated for 24 h with IFN-γ (10 ng/ml) to upregulate the TNFα receptor. Cells were then incubated without or with 0.1–1 
μM GR or SF for 30 min, and subsequently without or with TNFα (10 ng/ml) for 6 h. (A, B) IL-6 and (C, D) IL-8 (E, F) TNFα mRNA levels were determined by qPCR. 
The relative gene expression was normalized to β-actin as housekeeping gene. (G, H) IL-6, and (I, J) IL-8 released to the medium were measured by ELISA as 
described in Methods. Results are shown as mean ± SEM of 4–6 independent experiments. Values having different superscripts are significantly different (p < 0.05, 
one-way ANOVA).
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