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Abstract
Bisphenol-A (BPA) is an endocrine disruptor found in the majority of plastic components with pro-inflammatory effects on adipose tissue, the immune system and 
the intestine, the first tissue exposed to the effects of BPA. Humans are chronically exposed to BPA through contaminated food and beverages. The aim of this study 
was to investigate the effect of a very low dose of BPA (0.1 nM) on intestinal epithelial cells during differentiation, compare it with that of a low dose of BPA (1 nM), 
and determine the role of probiotics in preventing BPA-induced alterations in intestinal permeability and inflammation. 

Human colon adenocarcinoma-derived cells (Caco2 cells) were treated with 0.1 nM and 1 nM BPA in the presence of G-1 and G15, a specific GPR30 agonist 
and antagonist, respectively, and probiotics during differentiation, after which transepithelial electrical resistance (TEER) measurements, confocal fluorescence 
experiments, real-time RT-PCR and Western blot analysis were carried out. 

Even at a dose of 0.1 nM, BPA significantly reduced TEER in differentiated Caco2 cells. The increased permeability of the enterocyte monolayer and a reduction in 
Caco2 cell thickness confirmed the effects of BPA. In addition, BPA induced GPR30 expression and ERK1/2 and NF-κB phosphorylation, especially in the early 
phase of CaCo2 cell differentiation. However, inhibition of GPR30 by G15 reduced the effect of BPA on ERK1/2 and NF-κB phosphorylation. Interestingly, the 
supernatant of cells grown with the probiotic LGG could prevent the decrease in TEER, alteration of tight junctions (TJs) and induction of pNF-κB. 

Very low-dose BPA (0.1 nM) and low-dose BPA (1 nM) induced intestinal inflammation and altered intestinal permeability through a mechanism involving GPR30. 
Treatment with the probiotic LGG reversed the effects of BPA. 
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Introduction 
In Western countries, the prevalence of obesity, metabolic 

syndrome, diabetes, allergies, autoimmune diseases and inflammatory 
bowel disease (IBD) is rapidly increasing [1-6]. These conditions 
are most likely caused by the complex interaction between genetic 
susceptibility; immune deregulation driven by a response to commensal 
flora; and pharmacological, psychological and dietary factors [7,8]. In 
particular, the role of environmental chemical compounds in metabolic 
and inflammatory diseases in humans is supported by a large number 
of reports obtained from tissue culture, animal and human studies and 
epidemiological evidence [9-11]. BPA (Bisphenol A), an “obesogen” 
oestrogen-mimetic compound found in large quantities in plastics, 
has well-known effects on cell proliferation, inflammatory pathways, 
the immune system and the intestine [12-18]. Due to its distribution 
throughout the world, BPA plays an important role in the environmental 
influence on disease and human health [19]. Furthermore, BPA is 
released from food and drink containers made of tin and absorbed 
mainly by food and beverage ingestion. Hence, humans are chronically 
exposed to BPA, which first contacts the intestinal epithelium. 

BPA can bind several oestrogen receptors, particularly the 
transmembrane non-classic oestrogen receptor GPR30, which mediates 
oestrogen-dependent rapid signalling events with non-genomic 

responses [20-22]. BPA can also be recovered from human fluids (0.1–
10 nM). The concentration of BPA in human serum is approximately 
0.1–1000 nM [23,24]. Several studies suggest that low concentrations of 
BPA can alter cells [25,26]. Earlier studies showed that BPA disrupts the 
intestinal barrier in rats and mice [18,27,28].

Probiotics are defined by the World Health Organization as “live 
microorganisms that can provide benefits to human health when 
administered in adequate amounts, which confer a beneficial health 
effect on the host” (WHO/2001) [29]. Probiotics, used as a novel 
approach in the prevention and treatment of metabolic dysfunction, 
have gained significant attention in recent years. However, live 
probiotic bacteria need to colonize the gut to exert their functions, 
and colonization is not always efficient due to a variety of pathological 
or physiological conditions, especially when the subject is taking 
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gut bacteria-disrupting drugs. Post-biotics, resulting from probiotic 
fermentation in a matrix, do not need to colonize the gut and are 
considered an alternative approach to probiotics. Post-biotics have 
been used in the prevention of several disease conditions. Lactobacillus 
rhamnosus GG (LGG) is one the best characterized probiotic strains 
and has been widely used for the management of a variety of diseases 
[30]. Probiotics have been successfully used to prevent BPA activity in 
mice and to detoxify aqueous solutions [31,32]. Here we demonstrated 
that BPA induce inflammation and interfere with the intestinal 
permeability both a low doses and at very low doses, circa 1000 and 
10000 times below the WHO accepted doses mainly in diffentiated 
Caco2 cells. Moreover in this paper we showed that both in diffentiated 
and non -differentiated intestinal Caco2 cells markers of inflammation 
were increased by both low and very doses of BPA. Post-biotic from a 
very common probiotic such as LGG prevented both inflammation and 
alterations of the intestinal permeability induced by low and very low 
doses of BPA. 

The active doses described in this manuscript are chronically 
present in our environment and regarded as unavoidable. Their effect on 
inflammation and intestinal permeability could create a predisposing 
environment for several diseases including metabolic diseases and 
intestinal inflammatory diseases (IBD). Post-biotics preventing these 
effects could have an important impact on both health and in disease. 

In this study, we investigated the role of low (1 nM) and very low 
(0.1 nM) doses of BPA on intestinal epithelial cells and the effects of 
the post-biotic LGG using a human colon adenocarcinoma-derived cell 
line (Caco2) during differentiation. 

Materials and methods 
Cell culture, materials, and reagents

Human colon adenocarcinoma-derived cells (Caco2 cells), 
[33] which are colon carcinoma cells that can be differentiated 
into epithelial-like cells, were grown in monolayers and treated 
with different concentrations of BPA (0.1 nM and 1 nM) over their 
differentiation (20 days). Caco2 cells obtained from Interlab Cell 
Line Collection (Centro di Biotecnologie Avanzate, Genoa, Italy) 
were grown in DMEM supplemented with 10% foetal calf serum, 100 
units penicillin-streptomycin/mL, and 1 mmol/L glutamine (All these 
products are Gibco Invitrogen, Milan, Italy). Cells were maintained 
in a humidified atmosphere (95%) of air and 5% CO2 at 37°C. Single-
cell suspensions were obtained from 70 to 80% confluent cultures and 
then seeded at 105 cells/cm2 onto 13- or 25-mm glass coverslips with 
detachable polycarbonate microporous cell culture inserts (Transwell, 
24-mm diameter, 0.4-mm pore size; Corning, NY, USA). 

Bisphenol-A (BPA) was supplied by Sigma-Aldrich Chemical Co., 
(Milan, Italy). G-1, a GPR30 agonist (100 nM), and G15, a GPR30 
antagonist (1 μM), were purchased from Azano Pharmaceuticals Inc. 
(Albuquerque, NM). All other chemicals were from Sigma Chemical 
Co. (St. Louis, MO, USA). 

Transepithelial electrical resistance experiments 

Transepithelial electrical resistance (TEER), the measurement 
of electrical resistance across a cellular monolayer, is a very sensitive 
and reliable method to confirm the integrity and permeability of the 
monolayer. TEER over a 48-h period was measured as previously 
described [34]. Briefly, after we removed the Transwell apparatus from 
the incubator, we allowed a 10-min incubation time under a sterile 
hood to allow acclimatization of the sample. Then, we measured the 

TEER in each Transwell with a 1.0-cm2 planar electrode connected to a 
voltmeter (Millipore, Billerica, MA). 

Because vectorial electrolyte transport requires cells to grow in 
a polarized fashion with structured intercellular TJs, the Caco2 cells 
needed to be cultured for at least 20 days before experiments (∼11–13 
days after confluence). TEER in the cell monolayer was measured every 
48 h from 2 to 20 days after seeding and treatment with BPA at 0.1 nM 
and 1 nM to evaluate permeability during differentiation. 

Confocal fluorescence microscope: Occludin staining 
Caco2 cells seeded on glass coverslips were treated every 48 h with 

0.1 nM or 1 nM BPA for 20 days during differentiation. The cells were 
fixed in 3% paraformaldehyde for 10 min, permeabilized with 0.2% 
Triton X-100 for 10 min, and blocked in 1% FBS-PBS for 30 min at 
room temperature. Staining with polyclonal anti-rabbit occludin 
antibody (1:100; Santa Cruz, DBA Milan, Italy) was performed for 1 h 
in a dark humid chamber. The cells were then incubated with Alexa-488 
conjugated (Invitrogen, Milan, Italy) anti-rabbit secondary antibody 
for 45 min at room temperature. The cells were mounted and then 
examined with a confocal fluorescence microscope (LSM 510; Zeiss, 
Leipzig, Germany) [35]. Colocalization analysis was performed with 
AIS Zeiss software as previously described [36]. Micrographs are shown 
in the figures at the same magnification (63× objective) unless stated 
differently in the figure legend. 

Then, we obtained scanned images of samples in three dimensions 
along the optical axis (identified as the z-axis) without the need for 
mathematical operations. This confocal fluorescence microscopy 
technique allowed us to directly study the entire intestinal cell volume 
in living cells in a 3-D arrangement using actin as the fluorescent dye. 

Western blot analysis
Caco2 cells that were seeded and incubated for 3-20 days 

were treated with 0.1 nM and 1 nM BPA and the GPR30 agonist or 
antagonist G-1 or G15, respectively, for 30 minutes. The cells were 
washed twice and resuspended in lysis buffer (50 mM Tris-HCl (pH 
7.4), 1 mM EDTA, 1 mM EGTA, 5 mM MgCl2, 150 mM NaCl, 1% 
Triton, 1 mM PMSF, 1 mM VO4, 100× Aprotinin, and 50× LAP, all of 
which were purchased from Sigma, Milan, Italy, except for LAP, which 
was obtained from Roche, Milan, Italy). The cell lysates were analysed 
using SDS-PAGE with a standard running buffer (25 mM Tris, 192 mM 
glycine, and 0.1% SDS) and transferred onto nitrocellulose membranes 
(Whatman Gmbh, Dassel, Germany) using transfer buffer (25 mM 
Tris, 192 mM glycine, 0.1% SDS, and 20% methanol, all of which 
were purchased from Sigma-Aldrich, Milan, Italy). The membranes 
were blocked with 5% nonfat dry milk and probed with mouse anti-
pY-ERK1/2 and rabbit anti-ERK1/2 (Santa Cruz, Milan, Italy), rabbit 
anti-pNF-κB (Cell Signaling, Euroclone, Milan, Italy) and mouse anti-
tubulin (Sigma-Aldrich, Milan, Italy). The bands were visualized using 
ECL (GE Healthcare, Amersham, Buckinghamshire, UK) with exposure 
times of 2–10 min. The band intensity was evaluated by integrating all 
the pixels of a band after subtraction of the background to calculate the 
average of the pixels surrounding the band [35,36]. 

Real-time RT-PCR analysis

Total cellular RNA was isolated from Caco2 cells by using the RNeasy 
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's 
instructions and as previously described [37,38]. Reactions were 
performed in triplicate, and Peptidylprolyl isomerase A (PPIA) was 
used as an internal standard. Primer sequences used for real-time RT-
PCR analysis are described in Table 1.
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Cytokine, chemokine and growth factor assays 

A panel of 27 different cytokines, chemokines and growth factors 
produced by differentiated Caco2 cells was determined in the culture 
supernatants using the Bio-Plex multiplex human cytokine and 
growth factor assay kit (Bio-Rad, Hercules, CA, USA) according to the 
manufacturer’s instructions as previously described [39]. In particular, 
Caco2 conditioned media were checked during differentiation, 
specifically at the beginning (day 3) and end (day 20) of differentiation. 

Protocol for the preparation of LGG supernatant 

Lactobacillus rhamnosus GG (LGG) (5×109 CFU), purchased from 
Dicofarm (ATCC53103) was grown in 50 ml of DMEM supplemented 
with FBS and glutamine without antibiotics. The culture was incubated 
overnight at 37 °C in an oscillator (Thermo, Euroclone, Milan, Italy; 
160 oscillations per minute). The bacterial concentration was measured 
by spectrophotometric reading (Beckman DU-7, Chaska, MN) at a 
wavelength of 600 nm; reading of the optical density (OD) allowed 
calculation of the bacterial concentration with the following equation: 
OD 2 = 1.5 × 109 colony-forming units (CFU)/ml. The bacterial culture 
was centrifuged at 3000 rpm for 10 min at room temperature. The 
supernatant was recovered and filtered with 0.22-micron filters [40-42].

Statistical analysis 

GraphPad Prism 5.lnk software (GraphPad Software, San Diego, 
CA, USA) was used for statistical analyses and to construct graphical 
representations. Statistical analyses of differences were performed 
using ANOVA with Bonferroni correction. A p value < 0.05 indicated 
statistical significance. The numbers of replicates used for statistical 
analyses are shown in the figures.

Results 
Effects of bisphenol-A (BPA) on permeability, barrier 
function and thickness 

Transepithelial electrical resistance (TEER) of Caco2 cells, a colon 
carcinoma cell line that can be differentiated into intestinal epithelial-
like cells, is a good marker of barrier integrity. Caco2 cells were grown 
in monolayers and treated every 48 h with 0.1 nM or 1 nM BPA during 
differentiation (20 days). A significant decrease in TEER was observed 
after 17 and 20 days of treatment with BPA when compared to the 
TEER in control cells treated with BPA at both concentrations (p<0.01, 
p<0.001) (Figures 1A and 1B). Next, the integrity of tight junctions 
(TJs) was evaluated at the same time point at which the TEER decreased 
by testing the levels of occludin, a structural TJ protein. After 17 days 
of culture, the expression of occludin showed a significant decrease 
(p<0.05) in the presence of BPA at both concentrations, as shown by 
Western blot analyses (Figures 1C and 1D) and immunofluorescence 
(Figure 1E). 

Confocal microscopy allows scanning of thin planes in a sample 
along the optical z-axis by controlled micrometre increments. BPA 
reduced the cell thickness, as measured by the optical z -axis, from 40 
micrometres in the control samples to 12 micrometres in the samples 
treated with BPA at both 0.1 nM and 1 nM (Figure 1F). 

Effects of BPA on intracellular pathways and inflammation 

BPA is defined as a “weak oestrogen”. Several studies support that 
BPA-dependent oestrogenic activity is mediated by G-protein-coupled 
receptor 30 (GRP30) activation, which results in ERK/MAPK and AKT 
phosphorylation [43]. We investigated the ability of BPA to induce 
ERK1/2 phosphorylation in Caco2 cells on both the third and twentieth 
days of differentiation. Incubation of the cells for 30 minutes with 0.1 
nM and 1 nM BPA significantly increased ERK1/2 phosphorylation at 
both times (p<0.001) (Figures 2A and 2B). 

Since MAPKs are involved in Iκκ-dependent NF-κB activation 
[44], we evaluated the levels of phosphorylated NF-κB (p65) on the 
third and twentieth days of differentiation in the presence of 0.1 nM 
and 1 nM BPA for 30 minutes. BPA at both concentrations stimulated 
the phosphorylation of pNF-κB in a statistically significant way at the 
early stage of differentiation, suggesting that NF-κB is involved in BPA-
mediated inflammatory reactions in both immature and differentiated 
Caco2 cells (Figures 2C and 2D). 

Next, we measured the expression of 27 different cytokines, 
chemokines and growth factors in the supernatants of differentiated 
Caco2 cells. Our results indicated a modest increase in interleukin-7 (IL-
7) and monocyte chemo-attractant protein-1 (MCP-1/CCL2) secretion 
in the cell culture medium upon 0.1 nM and 1 nM BPA treatment 
(p<0.05 and p<0.01, respectively) (Table 2). In addition, in 1 nM BPA-
treated Caco2 cells, we confirmed a modest increase in IL-7 and MCP-1 
mRNA levels, particularly in the early phase of differentiation (p<0.01 
and p<0.001, respectively) (Figures 2E and 2F). All these data suggest 
that low and very low concentrations of BPA increase inflammatory 
markers. 

Effects of very low-dose bisphenol-A (BPA) on GPR30 
expression and function 

Caco2 cells expressed ERß at very low levels, but ERα was not 
detectable (data not shown). GPR30 mRNA levels measured by RT-PCR 
were significantly increased upon 0.1 nM and 1 nM BPA incubation 
(p<0.01, p<0.001) (Figure 3A). To determine whether the effects of BPA 
are mediated by activation of the GPR30 receptor, we used a GPR30-
selective agonist (G-1) and a specific GPR30 antagonist (G15). The 
treatment of Caco2 cells with 0.1 nM and 1 nM BPA induced ERK1/2 
and p65 activation at both stages of differentiation (3 and 20 days), 
similar to that induced after G-1 stimulation. In contrast, G15 reversed 
the effect of BPA during differentiation (Figures 3B-3L). 

By confocal microscopy, we observed that both BPA and G1 
decreased occludin levels, while G15 reversed this effect, suggesting that 
the modifications of occludin levels induced by BPA can be mediated by 
GPR30 (Figure 3B). 

LGG supernatant treatment improved the intestinal barrier 
and prevented BPA-induced inflammation

We next evaluated whether post-biotic treatment could prevent the 
effects of BPA on the intestinal barrier and inflammation. To this end, 
we added LGG supernatant (LGG) to CaCo2 cells on the seventeenth 
day of differentiation and incubated them for 24 hours. Under these 

GENE SEQUENCES 

GPR30 Forward: 5'- CTTCATCGTGCCCTTCGCC -3' 
Reverse: 5'- GAGAAGGCGGCGAGGTTGA-3' 

IL-7 Forward: 5'- ACTTCCTCCCCTGATCCTTG-3' 
Reverse: 5'-GCTGTCCAATAATTGATCGATGC-3' 

MCP-1 Forward: 5'- CTCTGCCGCCCTTCTGTG -3' 
Reverse: 5'- GGGACACTTGCTGCTGGT -3' 

PPIA Forward: 5'- TACGGGTCCTGGCATCTTGT-3' 
Reverse: 5'- GGTGATCTTCTTGCTGGTCT-3' 

Table 1. Primer sequences used for real-time RT-PCR analysis (List of abbreviations. 
GPR30: G protein-coupled oestrogen receptor-30, IL-7: interleukin-7, MCP-1: Monocyte 
chemo-attractant protein-1, PPIA: Peptidylprolyl isomerase A)
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Figure 1. Effect of bisphenol-A (BPA) on intestinal permeability. (A-B) Caco2 cells were grown in monolayers and treated with 0.1 and 1 nM BPA during differentiation (20 days). The time 
course in which BPA (0.1 and 1 nM) induced a decrease in TEER at 17 and 20 days compared to the TEER in control cells. Columns represent the means, and bars represent the standard 
deviations of three independent experiments. ANOVA with Bonferroni correction was performed to compare BPA-treated cells and non-treated cells (NT). (**p<0.01, ****p<0.0001). (C-
D) Protein lysates from untreated Caco2 cells and Caco2 cells treated with BPA at different concentrations (0.1 nM and 1 nM) were analysed by Western blot analysis using antibodies for 
occludin and tubulin, which was used as a loading control. The autoradiographs shown are representative of three independent experiments and were subjected to densitometric analysis. 
Asterisks denote statistically significant differences (***p<0.001). (E) Caco2 monolayers were treated with 0.1 and 1 nM BPA and stained with anti-occludin antibody before observation by 
confocal microscopy. (F) Confocal fluorescence localization of actin along the z-axis. The results are representative of three separate experiments showing similar results

Figure 2. BPA activates inflammatory pathways. Protein lysates from untreated Caco2 cells and Caco2 cells treated with different concentrations of BPA (0.1 and 1 nM) for 30 minutes 
during differentiation (3-20 days) were analysed by Western blot analysis using antibodies for p-ERK1/2, ERK (A-B) and pNF-κB (C-D). Tubulin was used as a loading control. The 
autoradiographs are representative of four independent experiments and were subjected to densitometric analysis. ANOVA with Bonferroni correction was performed to compare BPA-
treated cells and non-treated cells (NT). Asterisks denote statistically significant differences (*p<0.05, *p<0.01). (E-F) IL-7 and MCP1 mRNA levels in Caco2 cells during differentiation 
after 3 and 20 days of 0.1 nM and 1 nM BPA incubation were assayed by real-time RT-PCR analysis; the results are expressed as the relative expression units (REU). PPIA was used as a 
standard control. Bars represent the mean ± SD of three independent experiments. ANOVA with Bonferroni correction was performed to compare BPA-treated cells and non-treated cells 
(NT). Asterisks indicate statistically significant differences (***p<0.001)
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Figure 3. BPA increases GPR30 expression and function. (A) GPR30 mRNA levels in Caco2 cells during differentiation after 3 and 20 days of 0.1 nM and 1 nM BPA incubation were assayed 
by RT real-time PCR analysis and are expressed as relative expression units (REU). Bars represent the mean ± SD of three independent experiments. ANOVA with Bonferroni correction 
was performed to compare BPA-treated cells and non-treated cells (NT). Asterisks indicate statistically significant differences (**p<0.01; ***p<0.001). (B) Caco2 monolayers were treated 
with different concentrations of BPA (0.1 and 1 nM) and treated with G-1 (100 nM) and G15 (1 μM). Then, the cells were stained with anti-occludin antibody. Confocal microscopy revealed 
the disruption of tight junctions upon G-1 treatment, as was observed following BPA exposure, while G15 treatment prevented the deleterious effect of BPA. Protein lysates from untreated 
Caco2 cells and Caco2 cells treated with BPA at different concentrations (0.1 nM and 1 nM), G-1 (100 nM) or G15 (1 μM) were analysed by Western blot analysis using antibodies for 
pERK1/2, pNF-κB, ERK1/2 and tubulin, which was used as a loading control, after 3 days (C-F) and 20 days (G-L) of differentiation. The autoradiographs are representative of four 
independent experiments. ANOVA with Bonferroni correction was performed to compare BPA-treated cells and non-treated cells (NT). Asterisks denote statistically significant differences 
(*p<0.05; **p<0.01; ***p<0.001)

Table 2. Caco2 released cytokines and growth factors

Cytokine/growth factor (pg/mL) CTRL BPA (0.1 nM) BPA (1 nM)
IL-1β 3,095 ± 0,386 2,963 ± 0,213 2,79 ± 0,542
IL-1ra 102,396 ± 2,375 95,143** ± 3,414 91,357** ± 3,285
IL-2 18,573 ± 0,878 18,47 ± 0,966 18,07 ± 0,565
IL-4 2,366 ± 0,159 2,276 ± 0,192 2,183 ± 0,060
IL-5 5,815 ± 0,179 5,855 ± 0,148 6,502* ± 0,454
IL-6 10,49 ± 0,382 10,03 ± 0,471 10,15 ± 0,359
IL-7 3,144± 0,193 4,16* ± 0,240 4,106* ± 0,526
IL-8 29,406 ± 9,948 21,526 ± 9,7062 24,386 ± 6,16903
IL-9 15,863 ± 0,206 14,68 ± 0,866 14,427 ± 0,849

IL-10 81,383 ± 7,361 86,983 ± 13,234 80,04 ± 2,616
IL-12 386,653 ± 23,208 397,505 ± 75,682 357,052 ± 41,264
IL-13 18,39 ± 1,390 16,405 ± 2,088 18,467 ± 2,162
IL-15 20,083 ± 0,848 18,853 ± 1,212 19,202 ± 1,851
IL-17 27,793 ± 0,416 26,86 ± 1,509 27,326 ± 1,006

Eotaxin 23,163 ± 0,550 22,123 ± 2,161 23,713 ± 0,545
bFGF 43,466 ± 3,371 48,253 ± 6,398 45,056 ± 3,043

G-CSF 29,36 ± 0,946 28,316 ± 2,188 29,69 ± 2,325
GM-CSF 55,816 ± 0,963 52,263 ± 4,329 48,59 ± 3,034

IFNγ 79,753 ± 5,965 74,043 ± 5,368 74,52 ± 1,992
IP-10 222,41 ± 19,990 230,343 ± 50,996 213,11 ± 42,083

MIP-1a 1,093 ± 0,068 1,085 ± 0,054 1,197 ± 0,185
MIP-1b 8,583 ± 0,248 8,603 ± 0,651 7,786 ± 0,529
MCP1 9,51± 0,098 10,76* ± 0,076 11,005** ± 0,404
PDGF 90,25 ± 2,871 85,865 ± 2,722 99,625* ± 0,756
Rantes 26,9 ± 0,537 26,615 ± 1,427 26,64 ± 0,547
TNFα 25,89 ± 0,514 25,67 ± 1,160 28,566 ± 5,696
VEGF 2738,802 ± 425,326 2586,653 ± 537,244 2708,85 ± 482,474

Miss some cytokine. A panel of 27 different cytokines, chemokines and growth factors produced by differentiated Caco2 cells was assayed in untreated cells and cells treated with 0.1 nM 
and 1 nM BPA using the Bio-Plex multiplex cytokine assay kit, as described in the Methods section (*p<0.05; **p<0.01)
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conditions, LGG supplementation inhibited the BPA-mediated 
decrease in TEER (Figures 4A and 4B). Moreover, LGG significantly 
increased the levels of occludin and prevented the activation of pNF-
κB induced by BPA (Figures 4C-4E). 

Taken together, our results indicated that LGG supernatant could 
limit the effects of BPA on intestinal barrier function. 

Discussion 
In this study, we have revealed that BPA at 0.1 nM and 1 nM 

significantly decreases TEER and deregulates TJ integrity, accompanied 
by decreased Caco2 monolayer thickness. Moreover, during cell 
differentiation, BPA enhances inflammatory pathways by increasing 
p65 expression, which an indicator of NF-κB, and simultaneously 
stimulates the secretion of pro-inflammatory mediators, such as IL-7 
and MCP1. The pro-inflammatory effects of BPA seem to be mediated 
by GPR30 overexpression and activation. Indeed, the same deleterious 
effects of BPA were produced in Caco2 cells treated with the selective 
GPR30 agonist G1 and reversed by G15, a specific GPR30 antagonist. 

The inflammatory effects of BPA on undifferentiated Caco2 cells 
suggest that early BPA exposure, for example, that derived by maternal 
food and beverage ingestion, may disrupt normal pre- and post-natal 
maturation of the gut during its development, with possible permanent 
epigenetic and trans-generational modifications [27,28,45] 

In addition, continuous BPA ingestion in adults might affect 
undifferentiated/stem cells residing at the bottom of the crypt 
villus, which are in contact with different intestinal intraepithelial 
lymphocytes and therefore have a strong influence on gut immune 
regulation [34,46,47]. 

In particular, increased intestinal permeability is an early event in 
mucosal inflammation related to barrier dysfunction, and an increased 

risk of colorectal cancer is related to long-term chronic inflammation 
[48,49]. BPA in its active and free form, which is present in food and 
beverages, first and most frequently contacts the gut epithelium [19] 
and plays a relevant role in the predisposition of local and systemic 
inflammatory pathologies. 

Growing evidence shows the endocrine-disrupting effects of BPA 
at doses lower than the reference limits [25-28,50]. In this manuscript, 
we used very low doses of BPA (0.1 and 1 nM) to test the inflammatory 
pathway by determining the levels of NF-κB. 

NF-κB plays a central role in the regulation of chronic inflammation 
by controlling the transcription of inflammation genes, and NF-κB 
dimers containing p65 appear to have profound pro-inflammatory 
activity [51]. 

In our experiments, NFkB levels were increased following the 
treatment of undifferentiated cells with BPA at both 0.1 and 1 nM and 
after 20 days of differentiation. These results again indicate that less 
differentiated epithelial cells are sensitive to very small doses of BPA. 
These effects were followed by moderately increased secretion of the 
pro-inflammatory chemokines IL-7 and MCP-1 in the medium. IL-
7, a well-known pro-inflammatory cytokine produced by intestinal 
epithelial cells, mainly goblet cells, is a pleiotropic immune regulatory 
protein involved in the survival, proliferation, differentiation and 
maturation of B and T lymphocytes [52-55]. MCP-1 is a chemokine 
reported to be increased in IBD patients compared with normal 
healthy subjects that plays a prominent role in enhancing the severity 
of intestinal as well as systemic inflammation [56-58]. 

GPR30, a non-classical oestrogen receptor, is involved in 
modulating many biological processes, including immune responses 
and gastrointestinal physiology, influencing intestinal barrier 
maturation [25,59-61]. In particular, the presence of GPR30 in gut 

Figure 4. Effect of LGG supernatant on BPA. (A-B) Caco2 cells were grown in monolayers and treated with 0.1 and 1 nM BPA during differentiation. Time course of the 0.1 and 1 nM 
BPA-induced decrease in TEER after 17 days of differentiation with respect to the control after treatment with LGG for 24 hours (red line). Columns represent the means, and bars represent 
the standard deviations of three independent experiments. A Bonferroni test was performed to compare BPA- and LGG-treated sample with the NT sample (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001). (D-E) Caco2 cells were treated for 30 minutes with LGG, stimulated with 0.1 and 1 nM BPA and analysed by Western blot analysis using antibodies for pNF-κB and tubulin, 
which was used as a loading control. The autoradiographs shown are representative of three independent experiments and were subjected to densitometric analysis. ANOVA with Bonferroni 
correction was performed to compare BPA-treated cells with non-treated cells (NT) and cells after LGG treatment. Asterisks denote statistically significant differences (*p<0.05)
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mucosa mast cells has been reported to be increased in IBD patients 
[62]. In line with the results of Chan published in 2010, we describe the 
increased expression and activity of GPR30 on Caco2 cells incubated 
with BPA, supported by the activation of ERK1/2 [63].

Recently, it was demonstrated that BPA at 0.1 nM induced 
inflammation in cultured mature mammary adipocytes and SVF cells 
isolated from human adipose tissue biopsies [25]. 

LGG and its supernatant (or post-biotic) can improve intestinal 
barrier function [64]. Post-biotics have most of the effects of the 
original bacteria but not all the problems related to bacterial therapy 
[40-42]. For this reason, we used LGG supernatant for our experiments. 
Interestingly, LGG supernatant prevented the effects of BPA on TEER, 
TJ distribution and inflammation. 

Previous works have highlighted the role of probiotics in BPA-
induced effects. Bifidobacterium breve strain Yakult and Lactobacillus 
casei strain Shirota could exert a protective effect against dietary 
exposure to BPA in rats [31], and interestingly, certain probiotics were 
found to have the capability to remove BPA from an aqueous solution 
[32]. We used post-biotic from LGG probiotic to demonstrate that most 
of the effects of BPA can be prevented in the absence of bacterial bodies. 
Recent studies have shown the beneficial effects of post-biotics in vivo 
and in vitro [40-42,65-67]. Whether BPA exposure contributes to an 
increased risk of developing intestinal inflammation that post-biotics 
can prevent remains to be better defined through in vivo or ex vivo 
studies. 
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