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The food additive E171 and titanium dioxide
nanoparticles indirectly alter the homeostasis of
human intestinal epithelial cells in vitro†

Marie Dorier,a David Béal,a Céline Tisseyre,a Caroline Marie-Desvergne,b

Muriel Dubosson,b Frédérick Barreau,c Eric Houdeau,d Nathalie Herlin-Boime,e

Thierry Rabilloud f and Marie Carriere *a

Environmental contamination with TiO2 and the use of TiO2 as a food additive (E171) or in cosmetics result

in human exposure to TiO2 via inhalation, ingestion, and through skin contact. When inhaled, most TiO2

particles are cleared via the mucociliary escalator and are then swallowed. Together with the ingestion of

E171, this process results in a significant exposure of the human gastro-intestinal tract to TiO2. One of the

functions of the intestine is to protect the body from external aggression, via the so-called intestinal barrier

function. The aim of this study was to determine whether, and through which mechanisms, TiO2 affects

this function. Caco-2 and HT29-MTX cells were co-cultured to reconstitute an in vitro mucus-secreting in-

testinal epithelium. This epithelium was exposed to TiO2-NPs, either pure anatase or mixed anatase/rutile,

or to E171. Two exposure scenarii were used: acute exposure for 6 h or 48 h after cell differentiation (21

days post-seeding), or repeated exposure during the course of cell differentiation, i.e., twice a week for 21

days post-seeding. Epithelial cells repeatedly exposed to TiO2 developed an inflammatory profile, together

with increased mucus secretion. Epithelial integrity was unaltered, but the content of ATP-binding cassette

(ABC) family xenobiotic efflux pumps was modified. Taken together, these data show that TiO2 moderately

but significantly dysregulates several features that contribute to the protective function of the intestine.

Background

TiO2 is widely used in many everyday products.1 As a result,

it may be released into the environment. While TiO2 nano-

particles (TiO2-NPs) are mainly used as catalysts, the highest

tonnage of TiO2 production is for pigment-grade particles,

for use as whitening and opacifying agents in paints or food

(where it is referred to as E171 in the European Union).

Pigment-grade TiO2 is composed of particles with a mean

diameter >100 nm, thus it is not a nanomaterial as defined

according to the EU Recommendation on the definition of a

nanomaterial.2 However, recent reports indicate that it can

contain up to 55% of nanoparticles.3–6 Due to its multiple

uses, nano- or micro-sized TiO2 can be ingested by the popu-

lation both when consuming food and when inhaling

contaminated air, followed by mucociliary clearance and
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Environmental significance

TiO2 is widely used in many everyday products. As a result, it may be released into the environment. While TiO2 nanoparticles (TiO2-NPs) are mainly used

as catalysts, the highest tonnage of TiO2 production is for pigment-grade particles, for use as whitening and opacifying agents in paints or food, where it is

referred to as E171. Due to its multiple uses, TiO2 can be ingested by the population both when consuming food and when inhaling contaminated air,

followed by mucociliary clearance and then swallowing. This article reports data on the intestinal impact of TiO2, both as nanoparticles and as the E171

food additive, when ingested. It therefore deals with the consequences of environmental contamination by TiO2.
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swallowing.7 Human oral exposure to TiO2 is estimated to

range between 0.2 and 0.4 mg per kg of body weight (b.w.) in

infants and the elderly, and up to 5.5–10.4 mg per kg b.w. in

children, depending on the exposure scenario.8 TiO2 intake

occurs mostly via the ingestion of candy, coffee creamer and

sauces, and toothpaste by young children.9

In vivo, some studies have shown that pigment-grade TiO2

does not induce significant toxic effects when administered

orally to rodents,10–12 whereas others have indicated that

food-grade TiO2 enhances tumor formation in a colitis-

associated cancer model13 and it spontaneously triggers the

formation of preneoplastic lesions in the normal colonic mu-

cosa, while it promoted their development in a carcinogene-

sis model.14 These effects are associated with the deregulated

expression of genes involved in inflammatory, immunologi-

cal, and specific cancer-related pathways.15 Moreover,

in vitro, E171 and TiO2-NPs induce damage to DNA, including

base oxidation,3 strand breaks, and chromosomal damage,16

via oxidative mechanisms.3,16

The role of the intestine is to absorb nutrients and water,

and to protect the organism from external pathogens and

harmful substances. This protective function, known as the

intestinal barrier function (IBF), relies on several lines of de-

fense. The intestine is populated by commensal bacteria, col-

lectively named the microbiota, which stimulate intestinal

immunity and produce anti-microbial substances that elimi-

nate pathogenic bacteria.17 Intestinal epithelial cells are cov-

ered with mucus, composed of mucins secreted by goblet

cells, which forms a protective blanket on the surface of the

epithelium, creating a physical and chemical barrier to path-

ogens and xenobiotics.18 The intestinal epithelium is com-

posed of cells that are linked together by tight junctions,

which strictly control any transfer from the gut lumen into

internal tissues.19 Moreover, enterocytes express specific

membrane transporters, which actively transfer xenobiotics

from the intracellular compartment to the gut lumen for

elimination.20 Finally, the gut-associated lymphoid tissue

(GALT) is where the intestinal immune response is launched

as the last line of defense.21 The IBF is impaired in inflam-

matory bowel diseases (IBD), including ulcerative colitis (UC)

and Crohn's disease (CD). IBD consists in an abnormal re-

sponse to the host's luminal bacteria, characterized by in-

creased epithelial barrier permeability, a defective mucus

layer, alteration of the so-called pattern-recognition receptors,

including nucleotide-binding oligomerization domain (NOD)-

like receptors (NLRs) and toll-like receptors (TLRs), and a dis-

turbance of antimicrobial peptide production.22 IBF defects

trigger direct contact between the intestinal epithelium and

bacteria, which destabilizes mucosal immune mechanisms

and causes inflammation. The ingestion of food contami-

nants and food additives has been suggested as a potential

causative factor in these diseases.23,24 This hypothesis is

supported by several recent reports showing that TiO2-NPs

and food-grade TiO2 may disturb tight junctions after oral ad-

ministration to mice, leading to increased intestinal perme-

ability.25 TiO2 particles accumulate in mucus-secreting cells

in vitro25 and cause their number to decrease in vivo.13 TiO2-

NPs also increase the intracellular Ca2+ content,26 which pro-

motes mucus secretion.27 However, a recent study rather

showed that the sub-chronic oral exposure of rats to E171

had little or no impact on the quantity and quality of intesti-

nal mucus.28 Overall, the impact of TiO2 on intestinal micro-

biota is limited. Waller et al. demonstrated a modification of

the microbial composition and biochemical responses of the

microbiota after exposure to food-grade TiO2 particles in an

in vitro model human colon reactor.29 Chen et al. reported no

disturbance of mice microbiota after exposure to TiO2-NPs,
30

while Dudefroi et al. reported a limited effect of E171 on a

MET-1 model intestinal bacterial community.31 Finally, E171

and TiO2-NPs destabilized immune homeostasis in orally ex-

posed rats,14 whereas TiO2-NPs induced a pro-inflammatory

response in peripheral blood mononuclear cells,32 macro-

phages,33 and buccal cells34 in vitro.

The aim of the present study was to determine whether ex-

posure to TiO2 alters the intestinal barrier function, with a fo-

cus on enterocytes (responsible for epithelial barrier inte-

grity) and on mucus-producing goblet cells. It also aimed at

identifying the molecular mechanisms involved in the altered

epithelial cell homeostasis, if any. To address these ques-

tions, enterocyte-like (Caco-2) and goblet cells (HT29-MTX)

were co-cultured in a ratio of 70 : 30 Caco-2 :HT29-MTX. This

co-culture mimics the mucus-secreting epithelium in the

large intestine.35,36 Two exposure scenarii were tested: i) cells

were exposed continuously for 21 days, during the differentia-

tion of Caco-2 cells to enterocytes, or ii) differentiated cells

were exposed to acute doses of TiO2 for 6 h or 48 h. Exposure

concentrations were chosen as 10 or 50 μg mL−1. The daily in-

take of TiO2 from food is estimated by EFSA to range between

0.5 and 5.7 mg per kg b.w. per day in adults, when consider-

ing the refined level exposure assessment scenario in a

brand-loyal scenario.37 Considering that the weight of a male

adult is approximately 70 kg, and that their intestine surface

is 250 m2, the high range value corresponds to the ingestion

of ∼400 mg TiO2 per day, i.e., 0.16 μg TiO2 cm−2 of intestine.

In our exposure conditions, 10 μg mL−1 corresponds to 2.5 μg

cm−2 of cells, i.e., 15-fold more than the human daily expo-

sure. This is a high dose compared to human exposure, but

such high doses are not unusual in in vitro assays. Moreover,

this calculation is a rough estimate because it does not take

into account the dynamic flows of food in the intestine. In

the chronic exposure scenario, Caco-2 and HT29-MTX cells

are still proliferative during the first week of exposure, until

they reach confluence. Then during the two following weeks

of exposure, epithelial cells forming the monolayer epithe-

lium start to differentiate into enterocytes and goblet cells, as

in the intestine. TiO2 was presented in the form of E171, P25

TiO2-NPs (mixed anatase/rutile, 25 nm, NM105 from the Joint

Research Center's (JRC) nanomaterial library), or A12 TiO2-

NPs (pure anatase, 12 nm), as in our previous study.3 In this

previous study, E171 and TiO2-NPs were shown to induce

moderate damage to these cells, including an accumulation

of reactive oxygen species, downregulation of the expression
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of antioxidant enzymes, and oxidative damage to DNA.3 E171

was shown to induce more damage than P25, while A12 had

nearly no effect. No endoplasmic reticulum stress was ob-

served.3 The main molecular mechanism of E171 and TiO2-

NP toxicity was therefore via oxidative stress.3 As a follow-up,

the inflammatory profile and impact on mucus secretion as

well as on epithelial integrity and on the expression of xeno-

biotic efflux pumps were assessed in exposed cells, as indica-

tors of intestinal barrier function.

Material and methods
Chemicals

Unless otherwise indicated, all chemicals were purchased

from Sigma-Aldrich and were >99% pure. Cell culture media

and serum were purchased from Thermo Fisher Scientific.

Particle dispersion and characterization

E171 was purchased from a French commercial source. A12

TiO2-NPs were produced in our laboratory38 and P25 TiO2-

NPs were obtained from the European JRC (Ispra, Italy),

where they are referenced as NM105 in the nanomaterial li-

brary. The TiO2 particles were the same as those used and

characterized in our previous studies.3,25,39 TiO2 particles (10

mg mL−1) were suspended in ultrapure sterile water and dis-

persed using an indirect cup-type sonicator (Vibracell 75041,

Bioblock Scientific), operated in continuous mode for 30 min

at 80% amplitude, and maintaining the temperature at 4 °C.

After dispersion, the zeta potential and agglomeration state

of these suspensions were characterized by dynamic light

scattering on a ZetaSizer nanoZS (Malvern Instrument). The

physicochemical characteristics of E171, A12, and P25 were

described previously.3 Briefly, E171 was anatase, with traces

of rutile (<5%), as previously reported. Its specific surface

area was 9.4 m2 g−1. Its mean primary diameter was 119 nm,

with 47% of the particles (by number) having a diameter

<100 nm. Its hydrodynamic diameter in water was 415.4 ±

69.5 nm (polydispersity index: 0.48 ± 0.071). This value in-

creased to 739.3 ± 355.3 nm in the exposure medium (poly-

dispersity index: 0.64 ± 0.221) as the particles agglomerated.

A12 was pure anatase, and P25 was 86% anatase and 14% ru-

tile; their diameters were 12 and 21 nm, respectively.3 As for

E171, the water suspensions of these particles were stable,

and slight agglomeration occurred when the suspensions

were diluted in cell culture medium.3

Cell culture

Caco-2 (ATCC HTB-37, passages 49 to 60) and HT29-MTX

(kindly provided by T. Lesuffleur, INSERM U843, Paris,

France) were grown in Dulbecco's modified Eagle medium +

GlutaMAX™ (Life Technologies) supplemented with 10%

heat-inactivated fetal bovine serum, 1% non-essential amino

acids, 50 units per ml penicillin, and 50 μg per ml streptomy-

cin. They were maintained at 37 °C under 5% CO2.

Depending on the experiment, the cells were seeded at a den-

sity of 24 000 cells per cm2 in Petri dishes, multi-well plates,

or Transwell-Clear® inserts (polyester, 0.4 μm pores, Costar).

Cells were grown as a co-culture of Caco-2 and HT29-MTX

(70 : 30 CaCo-2 :HT29-MTX), which mimics the distal colon

(intestinal epithelium comprises approximately 10% goblet

cells in the duodenum, with this proportion increasing along

the intestine to reach 24% in the distal colon40). To monitor

the release of cytokines and for TEER measurement on the

monolayers, Caco-2 cells were also grown as a mono-culture.

The characteristics of these cell models were reported in our

previous article,3 including the presence of tight junctions

and microvilli, as observed by transmission electron micros-

copy and by the secretion of alkaline phosphatase.

Exposure to particles

For acute exposure experiments, cells were grown to conflu-

ence and allowed to differentiate by maintaining them in cul-

ture for 21 days post-confluence, changing the cell culture

medium three times a week. HT29-MTX cells secreted mucus

as soon as they reach confluence, while Caco-2 cells com-

pleted their differentiation to enterocytes at 21 days post-con-

fluence. Differentiated cells were then exposed for 6 h or 48

h to 50 μg per mL of particles, after dilution in complete cell

culture medium, at pH 7.4. For the chronic (repeated) expo-

sure experiments, two days after seeding, the cell culture me-

dium was replaced by a suspension of TiO2 particles prepared

in complete cell culture medium. Depending on the experi-

ment, the TiO2 concentration was 50 μg mL−1 (monitoring of

cell differentiation, inflammation), 10 and 50 μg mL−1 (efflux

pumps and mucin gene expression and protein level identifi-

cation), or 1, 10, 50, 100, and 200 μg mL−1 (mucus secretion).

In this exposure scenario, in the first days of exposure, the

Caco-2 cells were not fully differentiated to enterocytes, i.e.,

they did not have any microvilli and showed a low value of

TEER. The TiO2-containing medium was renewed twice a week

for 3 weeks, i.e., cells received 8 doses (a schematic representa-

tion of the exposure procedure is presented in the Fig. S1†).

Monitoring cellular differentiation to enterocytes

Tight junction formation and epithelial integrity were moni-

tored by TEER measurement, using an Electrical Resistance

System Millicell® ERS-2, equipped with a chopstick electrode

(Millipore). Cells were grown on Transwell-Clear inserts (poly-

ester, 0.4 μm pore size), with 4.7 cm2 of growth area, then ex-

posed to TiO2 particles repeatedly for 21 days as described in

the previous section. The resistance was measured at days 2,

4, 7, 9, 11, 15, and 21 post-seedling, and TEER was calculated

as TEER (Ω cm2) = [sample resistance – blank resistance

(Transwell without cells)] × Transwell membrane area. At

these time-points, microvilli formation was also probed, by

alkaline phosphatase (ALP) activity monitoring, using an al-

kaline phosphatase activity fluorometric assay kit (Biovision)

following the supplier's instructions. Finally, cell differentia-

tion was monitored using RT-qPCR analysis of the expression

of genes involved in tight and adherens junctions (claudin 1
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(CLDN1), occludin (OCLN), tight junction protein 1 (TJP1),

beta-catenin (CTNNB1)), and in microvilli differentiation

(sucrase isomaltase (SI), and alkaline phosphatase (ALPI)).

Gene expression

Gene expression was measured by real-time-quantitative poly-

merase chain reaction (RT-qPCR). Cells were harvested in the

lysis buffer supplied in the RNA extraction kit and stored at

−80 °C. RNA was then extracted using the GenElute™ mam-

malian total RNA Miniprep kit (Sigma-Aldrich). Total RNA

concentration and purity were determined by measuring the

absorbance (abs) at 260 nm, as well as at abs 260/abs 280 nm

and abs 260/abs 230 nm ratios. Total RNA (2 μg) was reverse

transcribed to produce cDNA with 100 ng μL−1 random

primers, 10 mM dNTP, and SuperScript III Reverse Transcrip-

tase (Invitrogen). Total cDNA concentration and purity were

determined by measuring abs at 260 nm as well as the abs

260/abs 280 nm and abs 260/abs 230 nm ratios. MESA Blue

qPCR Mastermix for SYBR Assay (Eurogentec) with the ROX

reference was used to perform the quantitative PCR in an

MX3005P multiplex quantitative PCR system (Stratagene).

The primer sequences are listed in the Table S1,† except for

MUC2, which was purchased from Bio-Rad. Primer efficien-

cies were determined, and only primers with an efficiency be-

tween 1.8 and 2.2 were used. The relative expression values

were calculated as 2−ΔΔCq, where ΔCq is the difference be-

tween the cycle threshold (Cq) values for the target and refer-

ence genes for each condition, and ΔΔCq is the difference be-

tween the ΔCq measured for one exposure condition and that

for the respective control condition (unexposed cells).

CYCLOA and B, S18 and GAPDH were used as reference genes

for data normalization. Their variability of expression was

assessed using Bestkeeper, which is an Excel-based pairwise

mRNA correlation tool.41 Gene expression levels were deter-

mined and statistical analyses performed using the Relative

Expression Software Tool (REST2009).42

Western blot

Quantification of ABC transporters was assessed by Western

blot. Total proteins were extracted from cells using CelLytic

M reagent (Sigma-Aldrich) and quantified. Denatured pro-

teins (20 μg) were deposited on three independent stain-free

7.5% polyacrylamide gels (TGX Stain-Free FastCast Acrylam-

ide kit, 7.5%, Bio-Rad). Four replicates were performed for

each condition, and control samples were deposited on each

gel. Electrophoresis was performed at 200 V for 40 min;

then the proteins were transferred onto nitrocellulose mem-

branes using a 0.2 μm Nitrocellulose Midi Trans-Blot Turbo

Transfer Pack (Bio-Rad). Specific antibodies (MDR1:

ab170904 1/2500; MRP1: ab24102 1/500; MRP2: ab3373

1/200; BCRP: ab108312 1/2500, all from Abcam) were pre-

pared in TBS containing 0.5% Tween-20 and 5% non-fat

dried milk, and applied to the membranes. Proteins were

revealed using the Clarity™ Western ECL Substrate (Bio-

Rad) and the band-intensity was quantified by chemilumi-

nescence (Bio-Rad, ChemiDoc™ XRS+). The intensity of

each band was normalized with respect to the total protein

content in the lane and divided by the normalized intensity

measured for the control cells.

Analysis of mucus secretion

For qualitative identification of mucus secretion, epithelial

monolayers were stained with Alcian blue. After 21 days of

growth in 6-well plates, the cells were carefully washed three

times with PBS. Then, a fixative solution composed of 3 vol-

umes of 90% ethanol mixed with 1 volume of 3% acetic acid

was applied on the cells, which were then incubated for 20

min at RT. This solution was then replaced by Alcian blue,

pH 2.5, dissolved in 3% acetic acid. After incubation for 30

min at RT in the dark, under gentle agitation, the cells were

washed twice, before observation and image capture using an

optical microscope (Axiovert 25 Zeiss). Mucus secretion was

quantified using the periodic acid-Schiff assay on cells

seeded in 12-well plates (n = 3). After 21 days, the cells were

harvested and simultaneously lysed in PBS + Triton (1%). Du-

plicate aliquots (25 μL) of each cell lysate were deposited in

96-well plates, and then 120 μL of 0.6% periodic acid was

added to each well and the mixture was incubated for 90 min

at 37 °C. Finally, 100 μL of Schiff reagent was added to each

well and incubated for 5 min with agitation at RT, in the

dark, followed by 40 min without agitation. Absorbance was

measured at 550 nm using a SpectraMax M2 (Molecular De-

vices). A positive control was prepared with increasing con-

centrations of porcine stomach mucin (100–5000 μg mL−1).

No interference of NPs with the assay was detected when 10,

50, or 100 μg per mL of particles were added to empty wells.

Inflammation

The Bio-Plex Pro Human Cytokine Assay multiplex immuno-

assay (BioPlex MagPix™ Bio-Rad) was used to characterize

the inflammatory profile of cells exposed to TiO2 particles.

This measures the content of 27 cytokines, which can be clas-

sified as interleukins (IL-1β, 2, 4, 5, 6, 7, 9, 10, 12, 13, 15,

17A), chemokines (IL-8, eotaxin, RANTES, IP-10, MCP-1, MIP-

1α, MIP-1β), tumor necrosis factor (TNF-α), interferon (IFN-

γ), colony stimulating factors (G-CSF and GM-CSF), and

growth factors (PDGF-BB, bFGF, and VEGF). Although epithe-

lial cells generally do not produce some of the cytokines in

this panel, we opted to screen most of them, because some

authors have reported their production by Caco-2 cells.43 We

however did not investigate the production of IL-2, IL-4, IL-5,

IL-9, IL-12, IL-13, and IFNγ, for which the probability of pro-

duction by Caco-2 and HT29-MTX was very low. Cytokine con-

centration was measured in the supernatants of exposed

cells, in triplicate for each condition. The limits of detection

(LD) and quantification (LQ) were determined for each cyto-

kine, according to the manufacturer's instruction. Briefly, for

each cytokine, a blank as well as the lowest and highest de-

tectable values were determined from the standard curve.
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Statistical analysis

Statistical analyses were performed using Statistica 8.0 soft-

ware (Statsoft, Chicago, USA). Unless indicated otherwise, sta-

tistical significance was assessed based on a non-parametric

one-way analysis of variance on ranks approach (Kruskal–

Wallis) followed by pairwise comparison using the Mann–

Whitney u-test. Results were considered statistically signifi-

cant when the p-value was <0.05.

Results
Repeated exposure to TiO2 particles does not affect the

differentiation of Caco-2 cells to enterocytes

As previously reported, repeated exposure to A12, P25, or E171

for 21 days did not affect cell viability in the Caco-2/HT29-

MTX co-culture, assessed via trypan blue assay.3 We monitored

enterocyte differentiation all along the 21 days of exposure to

E171 and P25, by measuring the expression of genes encoding

proteins involved in adherens and tight junction (CLDN1,

OCLN, TJP1, CTNNB1), and in microvilli differentiation (SI,

ALPI) (Fig. 1), as well as the TEER and alkaline phosphatase

activity (Fig. 2). Although in some conditions, mRNA expres-

sion levels for some of these genes were moderately altered in

exposed cells compared to control cells (Fig. 1), the TEER

value and alkaline phosphatase activity were unchanged

(Fig. 2). The TEER, which reflects tight junction development,

increased progressively from day 2 to day 7, reaching a plateau

at 600–800 Ω cm2 (Fig. 2A). Alkaline phosphatase activity,

which reflects microvilli development, also increased progres-

sively from day 4 to day 14, finally reaching a plateau at 0.2 U

ALP per g protein (Fig. 2B). This indicates that neither tight

junction development nor microvilli formation was affected by

the continuous exposure to E171 or P25.

Repeated exposure to TiO2 particles triggers an inflammatory

profile

We monitored the cytokine profile in cells exposed to TiO2-

NPs using the BioPlex MagPix™ technology. The results are

represented as a heat map, showing fold-changes for cytokine

levels in exposed cells, compared to their respective controls

(Fig. 3). Fold-changes lower than 1 (decreased cytokine secre-

tion in exposed cells, compared to unexposed cells) are indi-

cated in green, while fold-changes higher than 1 (increased

secretion) are indicated in red. When the cytokine level is

unchanged, the box appears black. Exposure to TiO2 particles

Fig. 1 Impact of E171 and TiO2-NPs on the mRNA level of genes involved in enterocytic differentiation. The mRNA expression of claudin 1

(CLDN1), occludin (OCLN), ZO-1 (TJP1), catenin (CTNNB1), sucrase isomaltase (SI), and intestinal alkaline phosphatase (ALPI) were monitored by

RT-qPCR during the 21 days necessary for Caco-2/HT29-MTX co-culture to differentiate to enterocytes and goblet cells. During these 21 days,

cells were exposed to 50 μg per mL of E171 or TiO2-NPs three times per week. Results are expressed as fold-increase relative to the control (cells

four days after seedling); mean ± standard deviation, statistical significance *p < 0.05 exposed vs. control at each time-point, n = 3.
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induced an overall decrease in cytokine release by Caco-2/

HT29-MTX cells. This suggests an overall decrease in cellular

functions (e.g., due to decreased cellular metabolism), or of

the cytokine release process (e.g., impact on the secretory path-

way). In addition, continuous exposure to E171 induced an in-

flammatory profile in the Caco-2/HT29-MTX co-culture, with

the increased release of IL-1β (fold-change 10.91), IL-17A (fold-

change 7.2), eotaxin (fold-change 3.02), and RANTES (fold-

change 2.13). P25 induced a comparable response, with in-

creased levels of IL1-β (fold-change 10.5), IL-17A (fold-change

3.8), and eotaxin (fold-change 6.81). P25 also triggered signifi-

cant release of the chemokine CXCL-8 (IL-8, fold-change 3.83).

In contrast, no inflammatory profile was detected in cells con-

tinuously exposed to A12. Since no inflammatory response was

measured in a monoculture of Caco-2 cells exposed to A12 or

E171, this suggest that the presence of mucus-secreting cells,

or of mucus islands on top of the cells, is required to promote

the development of an inflammatory response.

TiO2 affects mucus secretion

Since environmental stimuli, including inflammatory cyto-

kines, have been reported to modulate the release of mucins

in the intestine and their glycosylation level,18 the mucus

content was analyzed in cells chronically exposed to TiO2 par-

ticles. Alcian blue is a cationic dye that binds to negatively

charged mucins, i.e., the acidic mucins. Staining with this

dye showed that mucus was distributed as discrete islands in

unexposed Caco2/HT29-MTX cells (Fig. 4A), certainly on top

of HT29-MTX as previously reported.36 When cells were re-

peatedly exposed to E171, staining also showed islands of

mucus (Fig. 4B–F). Periodic acid-Schiff (PAS), which quantita-

tively stains acidic and neutral mucins by reacting with

glycols from their carbohydrate chains, showed that higher

levels of mucins were detected in HT29-MTX cells continu-

ously exposed to 100 μg per mL of E171, compared to the

control cells (Fig. 4G). In Caco-2/HT29-MTX cells, signifi-

cantly increased mucin staining was observed after exposure

to 100 μg per mL of A12, or 10, 50, or 100 μg per mL of P25

or E171 (Fig. 4H). This effect may be due to the increased

production or secretion of acidic and/or neutral mucins. To

Fig. 2 E171 and TiO2-NPs do not affect epithelial differentiation.

Epithelial differentiation was monitored via TEER measurement (A), which

is a marker of tight junction formation, and alkaline phosphatase (ALP)

activity measurement (B), which is a marker of microvilli development.

Caco-2/HT29-MTX cells were repeatedly exposed to 50 μg per mL of

P25 TiO2-NPs or E171, and harvested at day 4, 7, 9, 11, 14, 16, 18, and 21

post-seeding. At each time-point, TEER and ALP activity were measured.

Results are expressed as mean ± standard deviation, statistical

significance *p < 0.05 exposed vs. control at each time-point, n = 3.

Fig. 3 E171 and TiO2-NPs trigger an inflammatory response. The

BioPlex MagPix™ technology was used to screen cells for the

expression of the following 27 cytokines: interleukins (IL-1β, 2, 4, 5, 6,

7, 9, 10, 12, 13, 15, 17A), chemokines (IL-8, eotaxin, RANTES, IP-10,

MCP-1, MIP-1β, and MIP-1α, the latter was under the LQ in both cell

models and is therefore absent from this heat map), tumor necrosis

factor family (TNF-α), interferon (IFN-γ), colony stimulating factors (G-

CSF and GM-CSF), and growth factors (PDGF-BB, basic FGF, and

VEGF). Caco-2 and Caco-2/HT29-MTX were exposed to 50 μg per mL

of E171 or A12, either acutely for 48 h or repeatedly twice a week for

21 days. In addition, the secretion of these cytokines was measured in

Caco-2/HT29-MTX co-cultures repeatedly exposed to 50 μg per mL of

P25. Results represent fold-change of protein concentration in ex-

posed cells vs. control cells. They are presented as a heat map, with

the color scale ranging from light green to black (fold-change: 0 to 1)

and from black to light red (fold-change: 1 to 11); gray: below the limit

of detection. Numbers indicated in boxes correspond to fold-changes.
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explore this hypothesis, mucin mRNA expression was moni-

tored in Caco-2/HT29-MTX cells exposed to TiO2. The mRNA

expression levels for MUC1, MUC2, MUC12, and MUC17 was

either unchanged, or moderately downregulated in exposed

cells compared to the control cells (Fig. 5). In addition, the

expression of trefoil factor 3 (TFF3) and Kruppel-like factor 4

(KLF4), which are involved in goblet cell differentiation44 and

in controlling mucus rheology,18 were also moderately

downregulated in cells continuously exposed to E171 or TiO2-

NPs (Fig. 5). This suggests that the increased PAS staining in

cells chronically exposed to TiO2 results from the increased

secretion of stored mucins, rather than from a transcriptional

response.

TiO2 modulates the expression of xenobiotic efflux pumps

without altering epithelial integrity

Cellular levels of BCRP, MRP1, MRP2, and MDR1—membrane

transporters belonging to the ABC family, responsible for the

efflux of xenobiotics—were modulated (Fig. 6). Acute expo-

sure of Caco-2/HT29-MTX to E171 for 6 h increased the con-

tent of BCRP, MRP1, and MDR1, while acute exposure to P25

only increased the content of MRP1. In contrast, cells repeat-

edly exposed to E171 showed a trend for decreased levels of

BCRP, MRP2, and MDR1, whereas P25 rather increased the

content of MRP2 and MDR1. No response was recorded with

A12 in either acute or chronic exposure conditions. Only a

moderate modulation of the mRNA expression for these

efflux pumps was noted, with a trend for downregulated ex-

pression (Fig. 7).

Discussion

In this study, we sought to decipher the molecular mecha-

nisms of the impact of TiO2 on IBF, which relies on: i) the

mucus coating the intestinal epithelium, which forms a phys-

ical and chemical barrier against pathogenic bacteria and

xenobiotics, ii) the intestinal epithelium, which strictly

Fig. 4 E171 and TiO2-NPs increase mucus staining intensity. Mucus was imaged after Alcian blue staining (×10 magnification) of Caco-2/HT29-

MTX co-cultures either not exposed (A) or repeatedly exposed to 1 (B), 10 (C), 50 (D), 100 (E), or 200 (F) μg per mL of E171 for 21 days. Alternatively,

it was quantified using the periodic acid-Schiff technique in HT29-MTX monoculture (G) or Caco-2/HT29-MTX co-culture (H), repeatedly exposed

to 1, 10, 50, or 100 μg per mL of A12 or P25 or E171 for 21 days. In G and H, the results are expressed as fold-change relative to the control

(unexposed cells); mean ± standard error of the mean, statistical significance *p < 0.05, exposed vs. control, n = 4.
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controls the absorption of nutrients and water from the intes-

tinal lumen and can expel xenobiotics, and iii) the cytokinic

response of intestinal epithelial cells, which participate in in-

testinal immune system. IBF also relies on the microbiota,

defined as the community of commensal bacteria present in

the intestine, but this component was not assessed here.

Although the mRNA expression of some markers of intes-

tinal epithelial differentiation was significantly changed at

some time-points, repeated exposure of Caco-2/HT29-MTX

cells to E171 or P25 over 21 days did not affect the TEER

and alkaline phosphatase activity measurements, through-

out the duration of TiO2 exposure. In some conditions,

claudin 1, occludin and catenin β1 mRNA expressions were

decreased, which would reflect decreased tightness of the

junctions. Conversely, TJP1 mRNA expression was increased

in other conditions, which would contrarily reflect increased

tightness. The rates of gene expression change were low,

which questions their physiological relevance, and indeed

no phenotypical modification was observed, proving that

TiO2 particles did not alter the process of enterocytic

differentiation.

TiO2 particles triggered an inflammatory response in epi-

thelial monolayers formed by the co-culture of Caco-2 and

HT29-MTX cells. This response was characterized by an in-

creased release of IL-1β, IL-8, IL-17A, eotaxin, and RANTES.

An increased secretion of IL-1β is an indicator that the

NLRP3 inflammasome is activated, as previously reported for

TiO2-NPs in a number of cell models.1 Activation of this path-

way was observed only in the co-culture with HT29-MTX cells,

suggesting that either these cells, or the presence of mucus,

was required. This result is consistent with previous reports

showing that HT29-MTX respond to pro-inflammatory stim-

uli,45 while Caco-2 cells do not.46 An increased secretion of

IL-1β has been reported to stimulate RANTES production in

Caco-2 cells,47 which could explain the associated increased

secretion of RANTES observed here. We detected relatively

high levels of IL-17A in Caco-2/HT29-MTX (up to 128 pg

mL−1), even if this was unexpected. IL-17A is reputedly only

secreted by TH17 cells,48 but some reports indicate that it

can also be secreted by Caco-2 cells.43 Its upregulation in

cells exposed to E171 or P25, in addition to being a sign of

intestinal inflammation,49 also suggests that these particles

Fig. 5 E171 and TiO2-NPs do not alter mRNA expression levels for

genes encoding mucus proteins. mRNA expression levels were

measured for 6 proteins and transcription factors involved in mucus

composition and secretion by quantitative PCR in the Caco-2/HT29-

MTX co-culture. The products monitored were: mucin 1 (MUC1),

mucin 2 (MUC2), mucin 12 (MUC12), mucin 17 (MUC17), trefoil factor

3 (TFF3), Kruppel-like-factor 4 (KLF4). Cells were either repeatedly

exposed to E171, A12, or P25 NPs at 10 and 50 μg mL−1 twice a week

for 21 days (A), or acutely exposed to E171, A12 or P25 NPs at 50 μg

mL−1 for 6 h and 48 h (B). Results are expressed as fold-increase rel-

ative to the control (unexposed cells); mean ± standard deviation,

statistical significance *p < 0.05 exposed vs. control (unexposed

cells), n = 3.

Fig. 6 E171 and TiO2-NPs alter levels of ABC transporters. Protein

content was quantified by Western blot. Caco-2/HT29-MTX co-

culture were either acutely exposed to 50 μg per mL of E171, A12, or

P25 for 6 h or 48 h (A) or repeatedly-exposed twice a week for 21

days to 10 or 50 μg per mL of E171, A12, or P25 (B). Results are

expressed as fold-increase relative to the control (unexposed cells);

mean ± standard deviation; statistical significance *p < 0.05 exposed

vs. control, n = 4.
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stimulate the intestinal barrier defenses, since IL-17A trig-

gers the production of some protective factors, including

defensins, mucins, and lipopolysaccharide-binding pro-

teins.49 The secretion of eotaxin, which specifically attracts

eosinophils, which are involved in allergic reactions, tumor

immunity, and inflammatory diseases, including IBD, was

also affected.50 Finally, CXCL-8 secretion was induced only in

the Caco-2/HT29-MTX co-culture, and only upon exposure to

P25. This result suggests that nanoparticles are more potent

inducers of CXCL-8 release than microparticles, as previously

demonstrated in lung epithelial cells.51 TiO2 also induces the

release of this chemokine in undifferentiated Caco-2

cells,52,53 which are more sensitive than the differentiated

Caco-2 cells used in the present study.54

Interestingly, a broad array of inflammatory cytokines, in-

cluding IL-1β and IL-17A, modulate the release of mucins in

the intestine.18 For this reason, the mucus content was ex-

plored in cells repeatedly exposed to TiO2 particles. By using

Alcian blue, which exclusively stains acidic mucins, no signif-

icant change of mucus content was observed. Conversely,

when using the periodic acid Schiff technique, which is

quantitative and reveals both acidic and neutral mucins as

well as some glycoproteins and carbohydrates,55 increased

staining was observed. This would suggest that TiO2 in-

creased the content of only neutral mucins or other glycopro-

teins or carbohydrates. However, this interpretation must be

considered with caution, since Alcian blue staining relies on

observation by the naked eye, which can easily be biased.

This impact on mucus was not due to increased mucin gene

expression since the mRNA expression for mucins was

unchanged. Rather, it would reflect the increased release of

mucins stored in cytoplasmic granules. Mucins and TFF

genes are expressed long before proteins are secreted and de-

tectable in the medium. This latency period is devoted to dif-

ferent steps of mucin biosynthesis, including N-glycosylation

and other post-translational modifications, which are neces-

sary for mucins folding, dimerization, O-glycosylation,

multimerization, and storage in vesicles and secretory gran-

ules before their secretion.56 Then, mucin exocytosis occurs

via two distinct mechanisms: constitutive secretion and regu-

lated secretion. Constitutive secretion leads to a continuous

release of mucin granules, while regulated secretion occurs

via external stresses, including exposure to bacteria or in-

flammatory mediators.57 Likewise, TiO2 particles may trigger

this stimulated secretion, as already shown in bronchial cells,

where it was triggered by changes in cytosolic calcium

concentration.27

Since mucus secreted by HT29-MTX has recently been

shown to trap TiO2 particles, including E171,28 increased mu-

cus secretion would increase TiO2 entrapment in the vicinity

of cells. In similar experimental conditions, we previously

showed that Ti intracellular accumulation is not significantly

different in Caco-2 cells and in Caco-2/HT29-MTX cells.3 This

suggests that even if some TiO2 particles are trapped in the

mucus, some can also reach the epithelium as efficiently as

in the absence of mucus. From a more general point of view,

this increased release of mucins suggests enhanced protec-

tion of the epithelium. Furthermore, since mucus is a niche

for bacteria, increasing the amount of mucus might increase

the amount of commensal bacteria, which use mucins as

attachment sites and as an energy source.58

We also reported that the repeated exposure to TiO2

downregulated KLF4, which controls the proliferation and

differentiation of goblet cells.59 Consequently, HT29-MTX

would be less proliferative and less differentiated. A reduced

number of goblet cells has previously been demonstrated in

mice orally exposed to E171.13 However, Talbot et al. recently

showed that the sub-chronic oral exposure of rats to E171

had little or no impact on the quantity and quality of intesti-

nal mucus, and concluded that the protective function of mu-

cus remained intact.28 Therefore, this suggests that the re-

duced number of goblet cells reported by Urrutia-Ortega

et al. would have a limited physiological consequence for

healthy persons.

Epithelial homeostasis is preserved following repeated

exposure to TiO2, with tight junctions remaining intact, as

demonstrated by maintenance of the high transepithelial re-

sistance. This finding concurs with our previous study

performed with TiO2-NPs,
25 which showed that they did not

Fig. 7 E171 and TiO2-NPs do not alter mRNA expression levels for

ABC transporters. mRNA expression levels for four ABC transporters

involved in xenobiotic efflux were measured by RT-qPCR: BCRP,

MRP1, MRP2, and MDR1. Caco-2/HT29-MTX cells were either acutely

exposed to 50 μg per mL of E171, A12, and P25 for 6 h or 48 h (A) or

repeatedly-exposed twice a week for 21 days to 10 or 50 μg per mL of

E171, A12, or P25 (B). Results are expressed as fold-increase relative to

the control (unexposed cells); mean ± standard deviation, statistical

significance *p < 0.05 exposed vs. control, n = 3.
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alter the TEER in vitro, while causing significant increase in

the paracellular permeability in vivo. Moreover, an increase

in efflux pump levels was observed in cells exposed to E171

and TiO2-NPs, as previously demonstrated in Caco-2 cells ex-

posed to other types of TiO2-NPs.
39 These pumps are gate-

keepers in the intestine;60 thus a continuous exposure to

ingested TiO2 could enhance the ability of intestinal epithe-

lium to exclude potentially harmful substances, resulting in

increased resistance toward xenobiotics.

Overall, as previously discussed for other endpoints,3 the

impact of TiO2 particles on Caco-2/HT29-MTX is limited.

E171 and P25 have a higher impact than A12, and this can be

explained by the very low intracellular accumulation of A12,

which is close to zero.3 Both E171 and P25 induce an inflam-

matory response and increase the secretion of mucus,

suggesting that these cellular responses are triggered when

the intracellular content of TiO2 reaches and exceeds a cer-

tain threshold. Regarding efflux pumps, we can speculate

that the subtle differences observed in cells exposed to E171

compared to P25 can be explained by their different primary

diameters or agglomerate sizes, and/or by their different crys-

tal structures and/or by the different biocorona that form on

their surface.

In the intestine, stem cells proliferate in the crypts of

Lieberkühn to generate precursors of all the cellular lineages

of the intestine.61 Precursors of enterocytes divide and then

stop proliferating while moving upward along the crypt-villus

axis, where their differentiation occurs. Finally villi are cov-

ered by fully-differentiated, post-mitotic cells, which are ex-

posed to the intestinal luminal content before being exfoli-

ated from the villus tip after 2 to 7 days.62 The chronic

exposure scenario used here thereby mimics the chronic ex-

posure received by an intestinal cell from the first day of its

growth to the end of its differentiation, along the crypt-villus

axis. Although in vivo this process is very rapid, in vitro full

differentiation is obtained 21 days post-confluence, which is

why this exposure duration was chosen here. However, one

bias of this study is that the repeated exposure to NPs, twice

a week for 3 weeks, implies that NPs progressively settle

down on cells and are not washed out when the exposure me-

dium is renewed. As a consequence, the quantity of NPs

trapped in the mucus gel and in close contact with the cells

could progressively increase from day 3 to day 21, and may

be reaching a high level at the end of the exposure period.

On top of HT29-MTX cells, TiO2 particles would be trapped

in mucus islands.28 Conversely, on top of Caco-2 cells, which

are not protected by mucus, agglomerates of TiO2 can cause

damage to epithelial cells, including disruption of the brush

border, because of the mass of TiO2 that settles down on the

microvilli,63 but also because of the movement of TiO2 ag-

glomerates in the vicinity of the microvilli, as previously dem-

onstrated.4 This bias could be avoided by using inverted cul-

tures or microgravity reactors.4,63 Nevertheless, even in the

inverted configuration, TiO2 food additive is accumulated in

Caco-2 cells and causes a disruption of the brush border,4

which shows that the impact of TiO2 particles is not only due

to mechanical stress. Consequently, it is probable that some

effects observed in this study would also occur in the inverted

configuration. Another bias of this study is that in vitro cells

were exposed to particles without any food matrix and micro-

biota, which differs from the situation where particles are

orally absorbed during a meal. This could change the fate

and impact of these particles, as previously demonstrated by

others,64,65 and should be considered in future studies.

Conclusions

Our results show that repeated in vitro exposure of intestinal

epithelial cells to TiO2 does not affect the differentiation of

enterocytes, while it induces an inflammatory response. Mu-

cus secretion is also modified, with the increased release of

mucins. Finally, exposure to TiO2 does not directly impair ep-

ithelial homeostasis, but moderately increases the expression

of some efflux pumps, members of the ABC family of trans-

porters, exporting xenobiotics as well as chemotherapeutic

agents from intestinal cells. Therefore, TiO2 particles, both

micro- and nano-scaled, induce a moderate but significant

dysregulation of multiple markers of the intestinal barrier

function, probably mediated by the secretion of inflammatory

cytokines, which rather evokes a protective response of the

epithelium in vitro.
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