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Abstract

The toxicity of dietary E 171, a food grade titanium dioxide was evaluated. A recent study
reported rats receiving E 171 in water developed inflammation and aberrant crypt foci (ACF) in
the gastrointestinal tract, here, rats received food containing E 171 (7 or 100 days). The 100-day
study included feeding E 171 after dimethylhydrazine (DMH) or vehicle only pretreatment. Food
consumption was similar between treatment groups with maximum total cumulative E 171
exposure being 2617 mg/kg in 7 days and 29,400 mg/kg in 100 days. No differences were
observed due to E 171 in the percentage of dendritic, CD4* T or Teq cells within Peyer’s patches
or the periphery, or in cytokine production in plasma, sections of jejunum, and colon in 7- or 100-
day E 171 alone fed rats. Differences were observed for IL-17A in colon (400 ppm E 171+DMH)
and IL-12p70 in plasma (40 ppm E 171+DMH). E 171 had no effect on histopathologic
evaluations of small and large intestines, liver, spleen, lungs, or testes, and no effects on ACF,
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goblet cell numbers, or colonic gland length. Dietary E 171 administration (7- or 100-day), even at
high doses, produced no effect on the immune parameters or tissue morphology.
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1. Introduction

Additives are routinely incorporated into food products to enhance properties such as
texture, taste, and color with potential applications including protection from microbial
contamination and oxidation. However, consumer awareness of food additives is currently
heightened and as such, there is much interest in the health impacts of such additives.
Titanium dioxide (TiO») is a naturally occurring metal oxide that has been used as a food
additive for more than 50 years. It confers a naturally white opaqueness to substances to
which it is added due to its high refractive index. In the US, the Food and Drug
Administration allows up to 1% by weight of TiO5 as a food additive [1] while in the
European Union (EU) there is no established threshold as long as levels are not higher than
what is required for the intended purpose (e.g., coloring) [2].

Food grade TiO, can be in either the rutile or anatase form or a mixture of both and is
primarily larger than 100nm in particle diameter [3-5]. Transmission electron microscopy
(TEM) of several lots of E 171, the EU designation for food-grade TiO», revealed an average
frequency of 17-35% of particles by number falling below 100nm in diameter (nano-
fraction) [4]. More relevantly, TEM analysis of various chewing gum coatings revealed that
on average, 4.2% of TiO, particles were of the nano fraction [6, 7]. TiO5 has been
extensively studied for potential hazard to human health, and it is generally accepted that
inhalation of high doses of nano-sized TiO, presents a toxicological risk, especially in an
occupational setting [8-13]. In rodent models, orally ingested TiO, was largely innocuous,
even when administered in the diet at levels of 50,000 ppm (5.0% of the diet) to rats and
mice for up to two years [14]. Adverse effects were only reported in study animals dosed
with high amounts of entirely nano-sized particles [15-23]. However, while it is generally
accepted that >99% of orally ingested TiO5 particles are passed in the feces [24-26], it has
been shown that TiO, particles can accumulate in intestinal crypts [27, 28], bind /in vitro and
in vivoto phagocytic microfold cells (M-cells) [28, 29], and pass through the gut into the
lamina propria [27-29]. Further, intestinal dendritic cells can directly internalize TiO,
particles [27, 29-31]. Many of these studies were performed with TiO, particles of a
diameter less than 100nm [32]. It has also been reported that TiO, particle-uptake can
provoke inflammatory responses as TiO nano-particles induced inflammasome activation /n
vitro [23, 33]. It has been proposed that these effects could potentially provoke or exacerbate
gut inflammatory disorders such as inflammatory bowel disease [23, 34].

Given the potential for TiO, particles to accumulate in the gastrointestinal tract and interact
with the gut immune system, it is critical to examine the effects of relevant oral TiO,
exposure on gut immune homeostasis. While TiO, has been studied extensively, many of
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these studies were not relevant to the human route of exposure, oral dietary ingestion,
instead relying on inhalation, direct injection, oral gavage, or administration in drinking
water with purified TiO, particles of various size fractions (See [32] for review). Further, it
has been shown that TiO, particles routinely incorporate surrounding macromolecules onto
the surface architecture of their particle structure, and depending on the types of molecules,
the physical properties of TiO, particles, such as absorption, aggregation, and tissue uptake
can be drastically altered [35-41]. Food-grade TiO,, E 171, is consumed by humans already
in food preparations, allowing for the incorporation of food macromolecules onto the
surfaces of E 171 particles. Further, food passes slowly through the digestive system
compared to liquids such as water, which is absorbed primarily in the small intestine [42].
Given that TiO», particles are insoluble in water and tend to aggregate, delivery of E 171
particles in water may not recapitulate the biology of TiO, particles already incorporated
into food products.

In addition to possible immunologic effects, recent publications have raised concerns about a
possible carcinogenic effect on the intestines [43—45]. A two-year bioassay of dietary TiO,
to F344 rats and B6C3F1 mice showed no evidence of proliferative or neoplastic effects on
the gastrointestinal tract or neoplastic effects in any tissues [14]. Recently, studies have
focused on shorter-term evaluations of aberrant crypt foci (ACF) and goblet cells as
indicators of possible carcinogenic effects. However, these utilized administration of TiO,
by oral gavage or in drinking water rather than diet, with potential agglomeration of particles
occurring, altering their interaction with host tissues [44, 46, 47].

The objectives of the present study were to evaluate the acute (7 days) and long term (100
days) effects of dietary E 171 exposure on the immune system of the gastrointestinal (GI)
tract and periphery as well as to evaluate chronic exposure either alone or after pre-
administration of a known intestinal genotoxic carcinogen, dimethylhydrazine (DMH).
Following the 7- and 100-day feeding periods, rats were euthanized and measurements of
inflammatory cytokines and phenotyping of immune cells in the periphery and Gl tract were
performed. Peyer’s patches, peripheral blood mononuclear cells (PBMC), and spleen cells
were analyzed for inflammatory and regulatory T-cell responses directly ex vivo or after in
vitro stimulation (7 days). Histopathology, ACF, and goblet cell evaluations were performed
on rats in the 100-day study. All tissues were collected from well-defined areas, and
measurements, procedures, and evaluations were performed in a standardized and blinded
manner. In addition, evaluations of possible proliferative or tumor enhancing effects were
performed focusing on histopathology, assessment of ACF (also evaluated in a blinded
manner), and quantification of goblet cells in the distal large intestine.

2. Materials and Methods

2.1. Chemicals

Food grade sample E171-E was supplied by the Titanium Dioxide Manufacturers
Association based on an assessment and characterization of the different grades of E171
placed on the market. Chemical analysis, including particle size distribution, was performed
and diets (control and E171 containing) were analyzed for TiO, content and homogeneity.. It
was stored at room temperature. N, N’-dimethylhydrazine dihydrochloride (DMH - 2HCI)
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(98% purity) was purchased from Sigma Aldrich (St. Louis, MO) and stored at room
temperature.

2.2. E171 Chemical Analysis

Chemical analysis of the particle size and particle size distribution of the respective lot of
E171 used in food preparations containing TiO, were performed by 2 independent contract
laboratories (Kronos; VENATOR). Analyses were performed using 2 independent
techniques, electron microscopy and direct volume/mass based methods. Consistent with
published findings, the specific method used to quantify E171 particle size and distribution
yielded noticeably different results [48]. For example, analysis using scanning electron
microscopy (SEM) showed 36% of TiO, particles were <100nm in diameter with the
average diameter recorded being between 110-115nm. Volume/mass based approaches
showed similar average particle diameter (150nm) but showed only 1-2% or particles falling
below 100nm in diameter. In spite of the differences observed between the two analytical
methods in the percentage of particles possessing a diameter below 100nm, the results
obtained by the two independent laboratories were similar with each of the two
methodologies, demonstrating good concordance between the two laboratories.

2.3. E171 Food Preparation

All diets containing E 171 were prepared by Dyets, Inc. (Bethlehem, PA). E 171 was
administered in irradiated and pelleted Certified Purina 5002R33 (LabDiet, Richmond, IN)
at a concentration of 40, 400 or 5,000 ppm and containing 2% maltose dextrin throughout
the 7- and 100-day studies. Two batches of diet were prepared. The first batch of diet was
fed throughout the 7-day study and through week 10 of the 100-day study. The second batch
of diet was fed during the remainder of the 100-day study. Food and water were provided ad
libitum to all animals during the quarantine and acclimation period and the 7- and 100-day
exposure periods. The homogeneity and concentration of E171 in the test diets were
analyzed by Eurofins Food Chemistry Testing US, Inc. (Madison, WI). Analysis of triplicate
samples from top, middle and bottom of the diet preparations confirmed homogeneity (data
not presented). The concentrations of E171 in the first and second batches of diets based on
the mean of six determinations per diet + S.D. were found to be, respectively: 0 ppm dose
(22.3 £1.2, 23.7£1.8 ppm); 40 ppm dose (59.6 £1.1, 61.0+2.6 ppm); 400 ppm dose (384

+ 8, 387+13 ppm) and the 5000 ppm dose (4310 + 132, 4610+£160 ppm).

2.4 Animals

Six-week-old male Wistar Han IGS (Crl:WI (Han)) rats were purchased from Charles River
Laboratories (Raleigh, NC) for all studies. Animals were housed in facilities fully accredited
by the American Association for Accreditation of Laboratory Animal Care (AAALAC). The
level of care provided to the animals is based on federal regulations including the U.S.
Government Principles for the Utilization and Care of Vertebrate Animals Used in Testing,
Research and Training, USDA implementing regulations, (9CFR), of the Animal Welfare
Act and U.S. Public Health Service Policy Assurance for the Humane Care and Use of
Laboratory Animals negotiated with the Office of Laboratory Animal Welfare, OLAW. The
7-day study protocol was approved by the Michigan State University Institutional Animal
Care & Use Committee (IACUC) and performed at Michigan State University. The 100-day
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study protocol was approved by the University of Nebraska Medical Center (UNMC)
IACUC and performed at UNMC. Rats were housed individually during replicate 7-day
studies and 2/cage during the 100-day study in plastic cages with dry corn-cob bedding
containing environmental enrichment.

2.5. Study design

2.5.1 7-day study—Animals were acclimated for 12 days prior to the start of two
replicate feeding studies. At the initiation of each of the replicate studies, rats were
randomized into 4 groups of 5 animals each using an in-house weight-based randomization
program [49]. Total food and water consumption were determined at the end of each study.
Body weights were determined at the start and end of the 7-day exposure period at the time
of euthanasia.

2.5.2 100-day study—Note that all doses are for dimethylhydrazine dihydrochloride not
dimethylhydrazine. After acclimation for 7 days, the animals were randomized as described
above, into 8 groups of 16 animals each. Animals in groups 1-4 were treated with a single
intraperitoneal (i.p.) injection of a sterile dose of 180 mg/kg BW dimethylhydrazine
dihydrochloride (DMH - 2HCI) in 1.5% EDTA-0.9% NaCl, pH 6.5. Animals in groups 5-8
were treated with a single sterile dose of 1.5% EDTA-0.9% NaCl, pH 6.5. Seven days after
i.p. injection, dietary administration of 0, 40, 400, or 5000 ppm E171, respectively, was
initiated in groups 1-4 and 5-8 and continued for 100 days. The dose of DMH - 2HCI was
chosen as the highest dose of DMH - 2HCI that could be administered at pH 6.5 with no
signs of toxicity based on 3 pilot studies. During the first 2 pilot studies, rats exhibited signs
of extreme toxicity including death, when administered i.p. doses of 90, 130, 180 or 398
mg/kg BW DMH - 2HCI (no pH adjustment) which correspond to DMH doses of 41, 59, 81,
and 180 mg/kg BW, respectively. In a third pilot study, there was a statistically significant
decrease in body weights for rats administered i.p. doses of 287 and 398 mg/kg BW DMH -
2HCI, pH 6.5. A dose of 287 mg/kg BW DMH - 2HCI, pH 6.5, corresponds to a DMH dose
of 130 mg/kg BW. There were no signs of toxicity at i.p. doses of 90, 130 and 180 mg/kg
BW DMH - 2HCI, pH 6.5. Animals were checked daily for moribundity and mortality, and
detailed clinical observations were performed during study weeks 8 and 13. Body weights
were determined weekly beginning on day 0 of the study and just prior to euthanasia. Food
consumption was determined weekly beginning with administration of the E171
supplemented diets. Water consumption was determined during weeks 3, 8 and 13 of the
study.

2.6. Blood and Tissue Collection, Processing and Analysis

At the end of the 7- and 100-day studies, rats were euthanized by administration of a lethal
dose (150 mg/kg) of Fatal-Plus® (Mortech Pharmaceuticals, Dearborn, MI) by
intraperitoneal injection. All samples were blinded prior to analysis except for samples from
four control animals in each study that were used to calibrate the flow cytometry analyses,
and samples from three control animals in the 100-day study that were used to establish the
normal histopathology for this strain of rat and samples used for goblet cell analysis.
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2.6.1. 7-day study—Whole blood was collected by cardiac puncture from euthanized
rats using a heparin coated needle and syringe. Red blood cells (RBC) in whole blood were
lysed using ACK lysis buffer, washed twice with HBSS and resuspended in RPMI
containing 10% FBS (Hyclone, Logan, UT) and 100 U/ml of penicillin and streptomycin
(Gibco Life Technologies, Grand Island, NY). Leukocytes were either phenotyped by flow
cytometry or PBMCs were isolated by layering the cell suspension onto Lympholyte-Rat
(CederLang, Burlington, NC) and centrifuged at 1500 x g for 20 min, washed twice with
HBSS and resuspended in RPMI containing 10% FBS (Hyclone, Logan, UT) and 100 U/ml
of penicillin and streptomycin (Gibco Life Technologies, Grand Island, NY) and activated
using anti-CD3/anti-CD28 antibodies to induce cytokine production ex vivo (see below).
Plasma was collected from the remaining whole blood by centrifugation at 500 x g and
stored at —80°C for cytokine quantification. A 1-2 cm segment of jejunum, approximately 15
cm from the cecum and a 1-2 cm segment of colon, approximately 10 cm from the anus
were harvested from each rat for evaluation of immunologic parameters. The tissues were
mechanically disrupted in 1 ml of RIPA buffer (0.5% deoxycholate, 0.1% SDS, and 1%
Igepal in TBS) containing complete protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany) for determination of inflammatory cytokines within the
gastrointestinal track. Cytokine levels were normalized based on total protein concentrations
as determined by a BCA kit (Sigma, St. Louis, MO) following manufacturers protocol.
Peyer’s patches were removed along the jejunum and ileum and leukocytes were isolated for
phenotyping and activated using anti-CD3/ CD28 antibodies to induce cytokine production
ex vivo (see below). Briefly, isolated jejunum and ileum Peyer’s patches were washed 4
times with HBSS. After the last wash, 2ml of Spleen Dissociation Medium (StemCell
Technologies, Cambridge, MA) were added to the harvested Peyer’s patches and incubated
at RT for 30 min. After incubation, EDTA was added to a final concentration of 10 mM. Cell
suspensions were filtered through a 70 pm nylon mesh strainer and then layered onto
Lympholyte-Rat (CederLane, Burlington, NC) and centrifuged at 1500 x g for 20 min. Rat
spleens were excised, weighed and cut transversely. One half of the spleen was frozen at
—80°C, and the other half was made into a single cell suspension, washed with HBSS and
resuspended in RPMI containing 10% FBS and 100 U/ml of penicillin and streptomycin.
Splenocytes were either used for phenotyping by flow cytometry or for cytokine
quantification after ex vivo activation (see below). The whole liver was removed, weighed
and frozen at -80°C.

2.6.2. 100-day study—All blood and tissue samples for determination of
immunological parameters by flow cytometry were collected, processed and analyzed as
described in Section 2.6.1 above. For evaluation of aberrant crypt foci (ACF) analysis, three
2 cm sections were removed from the colon: 1) one from the distal end, 2) one
approximately 7 cm from the distal end (midportion), and 3) one at the proximal end. Each
segment of colon for ACF analysis was placed separately between 2 strips of dental wax and
fixed in 10% buffered formalin prior to being processed for ACF evaluation. For evaluation
of histopathology and goblet cells, a 1 cm transverse segment approximately 2 cm from the
distal end of the colon was removed and fixed in 10% buffered formalin. The spleen, liver
and 1 testis were removed and weighed. Sections from the liver, lung, spleen, duodenum,
jejunum and ileum were placed in 10% buffered formalin. The testis was fixed in modified
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Davidson’s solution. All fixed tissues were paraffin embedded in the Tissue Sciences
Facility, UNMC. Approximately 4-5 micron sections were stained with hematoxylin and
eosin and examined histopathologically (Cohen et al., 2007). The second testis was removed
and along with sections from the lungs, colon, and liver were frozen at —20° C.

2.7. Anti-Rat CD3/CD28 Activation

Leukocytes from whole blood, Peyer’s patches and spleen were counted on a Coulter
Counter Z1 (Beckman Coulter, FL) and adjusted to a cell concentration of 1x106 cells/ml.
Leukocytes from whole blood and spleen were placed into 24-well tissue culture plates
while leukocytes from the Peyer’s patches were placed in 96 well flat bottom culture plates
(Corning, Corning, NY) that were precoated with anti-rat CD3 (5 pg/ml) (Biolegend, CA).
Immediately after addition of cells to the 96-well culture plates, anti-rat CD28 (5 ug/ml)
(Biolegend, CA) was added to each well. After a 4-day incubation at 37° C with 5% CO»,
supernatants were collected and stored at —80°C for quantification of cytokines.

2.8. Flow Cytometry

Phenotyping of leukocytes from whole blood, Peyer’s patches and spleen was performed by
flow cytometry using antibodies directed against rat CD45 (OX-1, Biolegend, San Diego,
CA) to identify rat leukocytes. Antibodies directed against rat CD103 (OX-62, Biolegend),
MHC-I1I (RT1B)(OX-6, Biolegend) and CD11b/c (OX-42, Biolegend) were used to quantify
dendritic cells (DC); CD4 (W3/25, Biolegend) to quantify Thejper cells, CD25 (OX-39,
Biolegend) to quantify activated Thelper cells. Similarly antibodies directed against rat FoxP3
(FIK-16s, eBioscience) was used to identify total Treguiatory (Treg) (CD4*, FoxP3*) cells and
activated Treq (CD4*, CD25* and FoxP3*). Flow cytometry data were collected on a Canto
I (BD Biosciences, San Jose, CA) and the collected data were analyzed using Flowjo v10.2
(Tree Star Inc., Ashland, OR).

2.9. Quantification of Cytokines

Cytokines in plasma, tissue extracts and cell culture supernatants were quantified using the
LEGENDplex rat inflammation panel (Biolegend, San Diego, CA) for IL-10, IFN-y,
CXCL1 (KC), MCP-1, TNF-a,, GM-CSF, IL-18, IL-12 (p70), IL-17A, IL-33, IL-1a, IL-1B
and IL-6 per the manufacturer’s protocol.

2.10. ACF analysis

Colon sections were removed from 10% buffered formalin one at a time and rinsed briefly in
0.9% saline. Each section was stained for 30 seconds in 0.5% toluidine blue in 0.5% sodium
borate. Excess dye was removed by rinsing in clean 0.9% saline. The section was placed on
a glass slide, lumen side up that had previously been divided on the back-side into 25
sections with dimensions of approximately 4 mm?2 each so that ACF would not be counted
more than once. The stained colon tissue section was covered with a few drops of aqueous
dry mounting medium and cover slipped. The number of ACF in each 4 mm? and the
number of aberrant -crypts (ABC)/foci was determined by light microscopic examination at
40X. If necessary for confirmation of identification of ABC, the 4 mm? section was
examined at 400X.

Food Chem Toxicol. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blevins et al. Page 8

2.11. Goblet cell analysis

Beginning with the lowest numbered animal in each group, Hemolysin & Eosin stained
slides of colon tissue were evaluated for acceptability to assess goblet cells, which included
no evidence of dilatation of the lumen (secondary to presence of feces) and no evidence of
autolysis. The first five colons from each group that met those criteria were evaluated. Two
glands were randomly chosen for which the entire length of the gland from the colonic
luminal surface to the base of the gland could be identified, and the glandular lumen was
present the entire length of the gland. As close as possible, glands were chosen that were
perpendicular to the intestinal lumen and perpendicular to the underlying connective tissue
to avoid tangential cutting artifact. For the glands that were evaluated, the length of the gland
from the epithelial luminal surface to the base of the crypt was measured using an ocular
micrometer. The number of goblet cells in that gland was then evaluated. Two glands were
evaluated for each colon.

2.12. Statistical analysis

Prism 6 (GraphPad, San Diego, CA) software was used to determine statistical significance.
Data was first assessed for homogeneity using a Bartlett’s test. Homogenous data was then
evaluated for significant differences from comparative controls using a one-way ANOVA
(Dunnett’s multiple comparisons test). For data sets deemed nonhomogeneous per the
Bartlett’s test, values were log transformed to meet the variance of the standard deviation
and then tested using a one-way analysis of variance ANOVA (Dunnett’s multiple
comparisons test). For data sets that still did not pass the variance test (i.e., Bartlett’s test),
an outlier test was performed (Rout test) followed by a reassessment of variance and then a
one-way ANOVA. The only data set for which the outlier test was applied was the 100-day
plasma IL-6 cytokine levels. For statistical analysis of the ACF, a value of 0.5 was added to
all samples so a log transformation could be performed to replace values of “0” in all data
sets [50]. Statistical analysis was performed using SAS for Windows, version 9.4. Group
means for body weights, food and water consumptions, goblet cell analysis, and organ tissue
weights were evaluated using ANOVA, followed by Duncan’s multiple range test for group-
wise comparisons. Histopathology was compared using the 2-tailed, Fisher’s Exact test. A p
value of < 0.05 was deemed statistically significant.

3. Results

3.1. 7-and 100-day studies: In life parameters

In order to investigate the effects of E 171 delivered in a relevant manner, 6-week-old Wistar
Hans rats were fed diets containing E 171 (0, 40, 400 and 5,000 ppm) for 7 and 100 days. As
shown in Table 1, rats in the study groups had comparable body weights by the end of the 7
and 100 day feeding studies. Rats fed acute and chronic high-content dietary E 171 did not
demonstrate significantly different food or water consumption (Tables 2 and 3). It is
noteworthy that despite comparable body weight in rats receiving 400 or 5000 ppm dietary E
171, there was a trend toward increased food consumption in rats receiving 5000 ppm E 171.
At the 5000 ppm dose, rats consumed approximately 10 more grams of food during the 7
day study compared to rats receiving the control diet (Table 2A). However, the difference in
food consumption by weight was not significantly different between any of the treatment
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groups and this trend was not present in the 100 day study at any time point, including after
7 days (Table 2B).

Based on the weight of food consumed, the amount of E 171 each group received was
calculated and is shown in Table 4 for both the 7- and 100-day studies. For the 100-day
study, two lots of E 171 containing food were used and E 171 content and exposure is
broken down by respective lot used (Table 4B). Rats in the highest E 171 treatment groups
consumed a total of approximately 361.3 mg of E 171 per kilogram of bodyweight per day
during the 7- and 100-day studies (Table 4). Rats in the next highest E 171 group consumed
approximately 10-fold less E 171 during the 7- and 100-day studies compared to the 5000
ppm E 171 group (Table 4). To this end, the 5000 ppm E 171 group received an average
dietary exposure of E 171 per animal that is orders of magnitude higher than the average
reported human exposure of 1.4 mg/kg [32]. Together these results demonstrate that high
acute and chronic E 171 intake did not alter the in life measures of study animals.

Previous studies have shown that high-dose TiO, administration in albino mice resulted in
increased liver weight and cellularity due to the infiltration of nano-sized TiO, particles into
the sinuses of the liver [18]. Another study suggested that TiO, can induce systemic
inflammation [43]. As part of a general assessment of acute toxicity due to dietary E 171,
liver and spleen weights were also determined. As shown in Table 5, E 171 did not alter the
liver to body weight ratio in any of the 7- or 100-day study groups. Similarly, no change in
the spleen to body weight ratio in any experimental groups with the exception of the 400
ppm E 171+DMH treatment group, which was modestly increased compared to 400 ppm E
171. There were no changes in spleen cellularity across any of the treatment groups (Table
5). Collectively, these results suggest that dietary E 171 produced no general signs of overt
toxicity even at doses as high as 5000 ppm of E 171 over 100-days.

3.2. Effects of acute and chronic dietary E 171 exposure on CD103* dendritic cell (DC)
populations in the periphery and in the gut.

While studies have demonstrated that >99% of TiO, particles ingested in food pass through
the digestive system within feces, it has been shown that gut DC, which are CD103 positive,
can actively take up TiO» particles from the gut lumen [31, 33]. TiO, particles have also
been shown to be reactive, particularly in inducing cellular reactive oxygen species [51].
Further, despite the low levels of TiO, retention in the host gut, the possibility of CD103*
DC recruitment to the gut and uptake of E 171 over time by DC in Peyer’s patches exists.
Therefore, the number of CD103* DC in the periphery and in Peyer’s patches was
quantified.

After 7- and 100-days of dietary exposure to E 171, rats were euthanized and blood, spleens,
and Peyer’s patches were isolated and CD103* DC evaluated. Peripherally, CD103* DC
made up less than 1% of the total leukocyte population in peripheral blood as well as in
spleen (Fig.1A) and these percentages were not affected by the E 171-containing diet. These
results were unsurprising as CD103-expressing DC are typically found in tissue parenchyma
such as the lung and the Gl tract [52]. As such, CD103* DC made up a substantially larger
percentage of the total leukocyte population in the Peyer’s patches from the small intestine,
accounting for approximately 1% of the total leukocyte pool (Fig. 1A). Likewise,
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consumption of dietary E 171 did not alter the percent of CD103* DC Peyer’s patches.
When we quantified CD103" DC in rats fed E 171 for 100-days, we again did not observe an
effect with increasing E 171 consumption in any of the tissues analyzed (Fig. 1B), although
the frequency of CD103* DC increased modestly in the peripheral blood and spleen
compared to the 7-day study (Fig. 1). Surprisingly, pretreatment with DMH, an inducer of
Gl tract inflammation, had no effect on CD103* DC content, with or without E 171
consumption (Fig. 1B). Together these results suggest that there was no change in the
percentage of CD103* DC in peripheral blood, spleen or Peyer’s patches due to acute or
chronic dietary E 171 consumption.

3.3. Effect of Dietary E 171 on CD4* Thelper POpulations in the periphery and locally in
Peyer’s patches.

Based on a previous report suggesting CD4* T cells were affected in response to E 171
administration in drinking water, CD4" T cells were quantified after dietary administration
of E 171 for 7- or 100-days. Specifically, the total percentage of CD4* Thelper Cells and the
percentage of Thejper Cells expressing CD25, an indicator of Theyper activation, were
quantified in peripheral blood, spleen, and Peyer’s patches [43].

Activated CD4" Theiper cells traffic in the peripheral blood from lymphoid organs such as the
spleen or draining lymph nodes to areas of inflammation or toward chemokine gradients
where they exert their effector functions, typically in the form of inflammatory cytokine
release [53]. We first examined the total CD4™ T cell population in PBMC, spleen, and
Peyer’s patches. As shown in figure 2, a robust population of CD4" T cells was detected in
all tissues examined from all treatment groups. When the relative proportion of CD4* T cells
was compared to animals exposed to E 171 for 7 or 100 days, we did not observe any E 171
mediated alterations in this population of cells (Fig. 2A and 2B). Since the potential exists
for E 171 to alter activation state, and subsequently effector cytokine release, we next
determined if E 171 modulated CD4* Thelper activation. As such, PBMC were examined to
determine if dietary E 171 altered the activation status of these cells. As shown in figure 2C
and 2D, a sizable percentage of activated CD4* Thelper Cells were not detected in the
peripheral blood of rats fed E 171 acutely or chronically. Likewise, a small proportion of
activated CD4* Thelper Cells were detected in the spleen, a major site for T cell recruitment
and activation, at 7- or 100-days (Fig. 2C and 2D). These results were not surprising as in
the absence of an immunogenic stimuli, one would not expect a high proportion of activated
Thelper Cells [54]. Furthermore, rats fed E 171 for 100 days exhibited no difference in the
percentage of activated CD4* Thelper Célls in peripheral blood or the spleen, compared to
controls, suggesting that E 171 does not induce activation of this population of cells in the
periphery (Fig. 2C and 2D). However, there remains the potential that activated CD4* Thelper
cells may have been recruited to the gut in response to local immune activation. Counter to
this possibility, no significant difference in the percentage of activated CD4" Thejper cells
was observed in the Peyer’s patches of rats fed E 171 containing food compared to rats fed a
control diet for either 7- or 100-days (Fig. 2). DMH pretreatment also did not alter the
percentage of activated Thelper Cells in any of the tissues analyzed in the 100-day feeding
study, despite the predicted increase in gut inflammation [55] (Fig. 2D). Moreover, we made
the unexpected observation that DMH and E 171 appeared to modestly reduce Thejper cell
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activation in Peyer’s patches contrary to previously reported results [43]. Collectively, these
data suggest that despite the potential for accumulation of E 171 particles locally in the gut
or in gut-resident DC, there was no detectable impact on the percentage of activated CD4*
Thelper Cells either peripherally or locally in the Peyer’s patches of rats fed E 171 containing
diets for 7- or 100-days.

3.4. Effect of dietary E 171 on the percentage of Tregulatory (Treg) Cells in the periphery and
locally in Peyer’s patches.

We did not observe an impact of dietary E 171 at any of the dose levels on CD103* DC
populations or on the total percentage of CD4* Thelper Or activated Thejper cells. However,
there remains the potential that E 171 may alter the percentage of Tyeq cells, a critical
mediator of local and systemic inflammation, which could lead to a low level inflammatory
response in the absence of increased inflammatory cells [56]. To test this possibility, the
percentage of leukocytes staining positive for CD4, CD25 and FoxP3, the critical
transcription factor and marker of Tyeg cells [57], was quantified in PBMC, spleen, and
Peyer’s patches from rats fed a control or E 171-containing diet for 7 or 100 days. We first
determined if there were gross differences in the total Ty population (CD4* FoxP3*) in
whole blood, spleen, and Peyer’s patches. As shown in figure 3A and 3B, we did not observe
any significant alterations of the total Tyeq population due to E 171 administration in any of
the tissues examined. Pretreatment with DMH also did not impact the gross Tyeq population
in the periphery (Fig. 3B).

However, as with CD4* Thelper Cells, Treg cells express CD25 when they are activated and
exert suppressive effector function. As such, one would not expect to find Tieq cells in
excess either in the periphery or locally within the tissue in the absence of an immune
reaction [56, 57]. Indeed, studies have shown that the percentage of T cells comprised by
Treg cells steadily increases as inflammation increases [58]. Corroborating this notion, less
than 1% of PBMC and 2% of splenocytes (Fig. 3C) were identified as being of the Teq
population suggesting no evidence of systemic inflammation. Likewise, rats fed the E 171-
containing diet for 100 days did not have significant differences in the percentages of
peripheral leukocytes staining positive for FoxP3 compared to controls (Fig. 3D).

As with activated CD4* Thelper cells, the local distribution of Tyeq cells can be as critical in
mediating biological activity through local exertion of immune suppressive functions [57].
To this end, the percentages of Tyeg and activated Teq cells in the gut Peyer’s patches were
determined for both the acute and chronic feeding studies. As observed peripherally, no
significant differences were detected in the percentage of total or activated Tyeq cells in the
Peyer’s patches of rats fed a control diet compared to rats fed the E 171 containing diets for
7 days (Fig. 3A and 3C). Likewise, the percentage of total and activated Tyeq cells in the
Peyer’s patches of rats receiving dietary E 171 chronically for 100 days was unaffected
compared to rats receiving the control diet (Fig.3B and 3D). DMH pretreatment also did not
alter activation state or tissue accumulation of Tyeq cells (Fig. 3B and 3D). Collectively,
these results suggest that E 171 consumption does not alter T cell-mediated mechanisms of
immune control. Further, these data are in agreement with the results obtained in figure 2,
where no increase in the percentage of activated CD4" The|per cells in Peyer’s patches of
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animals fed E 171 was observed. As stated previously, there is a direct correlation between
the level of inflammation and the number of Tyq cells controlling normal immunological
homeostasis. In total, the results presented in figures 2 and 3 suggest that dietary E 171 is
not pro-inflammatory in the context of either promoting inflammatory CD4* Thelper Cell
activation or in reducing the percentage of anti-inflammatory Tieq cells.

3.5. Dietary E 171 did not significantly alter inflammatory cytokine levels in plasma, small
intestine, or colon.

While the safety of E 171 as a food additive has been studied extensively for the past 50+
years, recent studies have suggested that E 171 and other micro-particles can trigger
intestinal inflammation [23, 33, 34], inflammasome activation [23, 33], and the presence of
TiO, particles weakly associates with the development of inflammatory bowel disease (IBD)
[34]. More recently, a study by Bettini and colleagues suggested that TiO5 intake resulted in
increased inflammatory cytokine profiles strikingly similar to those found in IBD patients
[43]. As stated previously, the method of delivery of TiO, particles can change the properties
of the particles themselves and lead to differential interactions between TiO5 particles and
host tissues [36—-38]. To this end, we attempted to recapitulate the findings of Bettini ef a/.
using a model of TiO, delivery in food containing E 171.

Six-week-old Wistar Han rats were fed a diet consisting of either control chow or chow with
increasing concentrations of E 171 for 7 or 100 days. Rats in the 100-day study were
pretreated with either DMH or vehicle (Vh) before being fed E 171 containing diets.
Following the feeding period rats were euthanized and colon, small intestine, and plasma
were collected. Peyer’s patches from rats acutely fed E 171 were also collected for ex vivo
analysis of anti-CD3/CD28 induced Theper cell inflammatory cytokine release. A rat
inflammatory cytokine bead array was used to quantify tissue levels of IL-1a, IL-1pB, IL-6,
interferon y (IFN<y), IL-12p70, IL-17A, IL-18, IL-33. CCL2/MCP-1, CXCL1/KC (IL-8),
GM-CSF, and tissue necrosis factor a (TNFa), many of which have been implicated in gut
inflammatory disorders such as IBD [59, 60].

First, changes in circulating inflammatory cytokine levels were examined in response to
acute exposure to dietary E 171. Two of the cytokines examined were below the limit of
detection (TNFa and IL-17) while the others were not altered by dietary E 171 in any of the
treatment groups, when compared to control diet (Supplemental Figure 1), suggesting that
acute exposure to dietary E 171 did not alter the levels of circulating inflammatory
cytokines.

We also investigated the possibility of local inflammatory cytokine production in the Gl
tract, specifically in the small intestine and colon where inflammatory cytokine production
has been shown to correspond with inflammatory Gl disorders [59, 60]. Of the inflammatory
cytokines that were detected in both tissues, no statistical differences were observed in the
concentration of these cytokines between any of the E 171 treatment groups (Supplemental
Figure 2 and 3) suggesting 7 days of dietary E 171 did not induce GI inflammation.
Likewise, the anti-inflammatory cytokine, IL-10, which increases in concentration in
response to local inflammation [57], was not altered in plasma, intestine, or colon further
suggesting that inflammation was not induced by consumption of dietary E 171 even in the
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5,000 ppm treatment group (Supplemental Figures 1, 2, and 3). Together these data suggest
that dietary E 171 does not induce inflammation peripherally or in the Gl tract.

As no significant effect of acute dietary E 171 was observed compared to controls on the
levels of inflammatory cytokines in the periphery or Gl tract, additional studies were
performed to explore the possibility that E 171 might alter the effector cytokine profile of
Thelper Célls in lymphoid tissue or circulation, which may not be manifest without T cell
specific stimuli. To address this potential, lymphocytes were isolated from peripheral blood,
spleen, and Peyer’s patches of rats E 171 and activated ex vivo with anti-CD3/anti-CD28 for
4 days to induce Theyper cell cytokine production. Following the 4-day culture period,
supernatants were collected and assayed for inflammatory cytokine production. As shown in
supplemental figures 4, 5, and 6, we did not observe any acute effects of E 171 exposure on
any of the induced cytokines produced from ex vivo stimulated Thejper cells, which is
contrary to a previous study [43].

While there were no overt effects of acute E 171 administration, we also examined the
inflammatory cytokine profile in rats chronically exposed to E 171 as alterations in immune
homeostasis may become evident later. As noted in the 7-day feeding study, we did not
observe any significant E 171-mediated alteration of any of the 13 cytokines assayed in any
of the tissues examined (Fig. 4-6). Furthermore, DMH pretreatment also did not
significantly alter tissue specific cytokine release, with the sole exceptions being elevated
IL-12p70 in plasma (Fig.4) and IL-17A in the colon (Fig.6). These results were surprising as
we would have expected more inflammatory cytokine release in the Gl tract in response to
DMH, a known inflammagen [55, 61].

These results suggest that E 171, fed acutely or chronically, does not alter inflammatory
cytokine production either peripherally or locally in the Gl tract. However, it is noteworthy
that the increase in IL-12p70 occurred in the 40 ppm E 171+DMH treatment group (Fig.4),
and there was no indication of an E 171 dose-dependent effect rendering this finding
difficult to interpret. Conversely, while increased IL-17A was detected in the colons of DMH
treated rats fed 400 ppm E 171 (Fig.6), this effect was not observed in the 5,000 ppm +
DMH treatment group. The biological significance of increased IL-17A in the colon at only
400 ppm E 171+DMH is unclear, especially in light of the fact IL17A levels in this
treatment group were not different from background levels (no treatment control) in the
colon.

3.6. Effect of 100-day dietary administration of E 171 on histopathology

As prior studies have suggested that chronic E 171 exposure resulted in increased neoplastic
lesions [43], we next used histopathological analysis to determine any gross abnormalities
associated with E 171 exposure in various tissues. Histologic evaluation of the duodenum,
jejunum, ileum, spleen, liver, lung, and testes was normal for nearly all animals. Occasional
animals had mononuclear infiltrate in the livers, which is a normal finding in this strain of
rats [62]. There were no significant differences in the incidences between groups. In the
spleen, a single animal in the 5000 ppm E 171 group showed possible decreased lymphoid
tissue based only on a visual proportion of lymphoid to non-lymphoid tissue, but this could
be well within the normal range for this strain of rats. The testes were all normal except for
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one atrophic testis with focal tubular calcification in one rat in the 5000 ppm E 171 group, a
common lesion in rats even at this age [62—-66]. There were no histologic changes in any of
the segments of the small intestine.

While we did not observe any gross pathologies in the E 171 treated animals, rats that were
pretreated with DMH displayed several histopathologic abnormalities, with or without E 171
exposure. There were two invasive adenocarcinomas in one animal in the 180 mg/kg DMH -
2HCI + 0 ppm E 171 group, and single adenomas in one animal in the 180 mg/kg DMH -
2HCI + 40 ppm E 171 group and one animal in the 180 mg/kg DMH - 2HCI + 400 ppm E
171 group (Data not shown). There were no other histologic changes in the large intestines
of the other animals treated with E 171 with or without pretreatment with DMH - 2HCI. One
rat in the 180 mg/kg DMH - 2HCI + 0 ppm E 171 group and one rat in the 400 ppm group
had subpleural lymphocytes in the lung, but without any evidence of acute inflammatory
changes or hyperplasia. Collectively, these data suggest that in the absence of a known Gl
carcinogen, that E 171 does not induce gross or histopathologic changes or abnormalities.

3.7. Effect of 100-day dietary E 171 on formation of aberrant crypt foci (ACF) and aberrant
crypts (ABC)

While many of the observed histopathological abnormalities occurred in DMH pretreated
rats, there exists the possibility that 100 days is not adequate to observe the full transition to
cancer. As such, we quantified ACF and ABC as described precursor to Gl tract
carcinogenesis [67, 68]. Unfortunately, much of the epithelial surface of the colon samples
(proximal, middle and distal) were obscured when observed by light microscopy, therefore
we were unable to examine the entire surface of the colon samples (Table 6). This was not
observed in a previous study performed in mice [69]. In an effort to determine if the
epithelial surface was obscured due to mucus, we dehydrated a portion of one section in an
ascending series of alcohols (70-100%) [70]; however, this did not increase the area of
visible epithelium compared to an undehydrated portion of the same section. It is also
possible this obscuring of the surface was the result of autolysis due to delayed fixation,
which was a result of the processing of the colonic tissue during necropsy, although this was
not apparent by histopathology. The results for the areas of epithelium that were observed
show that there is the expected significant increase in ACF/cm? and ABC/cm? in groups 5-8
that were pretreated with 180 mg/kg BW DMH - 2HCI compared to the groups that were not
pretreated with DMH (Table 6). E 171 treatment administered after DMH did not result in
statistically significant increases in ACF or ABC (Table 6). No change in the number of
AFC and ABC were observed due to E 171 exposure alone in the absence of DMH.

3.8. Evaluation of goblet cells

As expressed above, dietary E 171 consumption by rats pretreated with or without DMH did
not increase the incidence of aberrant crypts or tumorgenesis. However, 100 days may not be
an adequate amount of time for this transition. It has been reported that an early contributing
event to intestinal inflammation, morphologic changes, and eventual tumor formation is the
loss of mucin secretion by intestinal goblet cells [71]. These cells produce mucins,
particularly mucin 2, which forms a barrier that maintains intestinal immune homeostasis by
segregating commensal bacteria from the intestinal epithelia [71, 72]. It has been reported
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that a loss of goblet cells, mucin secretion, and a lengthening of the colonic gland precede
intestinal inflammation and tumor formation [71, 73]. Furthermore, another study also
suggested that these cells could preferentially take up nanoparticles, such as TiO2, from
intestinal M cells, allowing for accumulation [74]. As such, we evaluated colonic gland
length and enumerated gland goblet cell content as an early indicator of intestinal
inflammation as a result of dietary E 171. First, we measured the colonic gland length in
defined sections of colon from rats fed E 171 with or without DMH pretreatment. The length
of the colonic glands examined were not significantly different in any treatment group, with
the exception of a significant lengthening of colonic gland length in DMH pretreated rats
receiving no E 171 (Table 7). Next we quantified the number of goblet cells per colonic
gland (unit) to determine if dietary E 171 resulted in a loss of these cells. As shown in Table
7,the number of goblet cells/unit was similar in all treatment groups. Our results suggest that
dietary E 171, with or without treatment with DMH, for 100 days had no effect on the length
of the colonic glands examined or the number of goblet cells/unit.

4.0. Discussion

Food-grade TiO,, otherwise referred to as E 171 in the European Union, is a widely used
food additive that is ingested daily by human consumption of numerous manufactured food
products. Despite the extensive risk assessment performed on E 171 over the course of the
past 5 decades, it has undergone renewed scrutiny as recent reports have suggested that E
171 can bind intestinal cells, pass through intestinal lumen, and induce inflammatory
cytokine production in the Gl tract [15, 23, 26-31]. However, few /n vivo studies have used
E 171 as a dietary component at relevant levels with relevant characteristics, i.e. >100 nm
diameter TiO», particle size [32]. Here we show that acute and chronic dietary consumption
of E 171 at increasing doses (40-5000 ppm) resulted in no significant effects on either
peripheral or Gl tract immune homeostasis as evidenced by immune cell phenotyping or
inflammatory cytokine analysis. The sole exceptions to this were significantly elevated
IL-17A from colon DMH+400ppm E 171 treated rats and IL-12p70 from plasma of DMH
+40ppm E 171 treated rats (Figs. 4&6). Furthermore, there were no effects of E 171 on
histopathologic evaluations of small and large intestine, liver, spleen, lungs, or testes, as well
as no effects on ACF, colonic goblet cell numbers, or colonic gland length, which is in
contrast to recent reports [43, 44] but is consistent with the lack of preneoplastic or
neoplastic changes in rats or mice in a two-year bioassay at dietary doses as high as 50,000
ppm (5%) [14].

Recently, it was reported that acute exposure to TiO, preparations, including E 171, by
intragastric gavage for 7 days resulted in altered frequency of Gl resident DC, Thejper Cells,
and T eq cells [43]. Specifically, it was reported that the frequency of CD103* DC increased
in the Peyer’s patches of rats fed E 171, while the frequencies of Thejper and Tyeg cells
decreased [43]. By contrast, we observed no changes in the frequency of local gut DC,
Thelper OF Treg Cells in either the 7- or 100-day feeding studies. The authors did not propose
a direct mechanism for why Gl resident DC populations would expand with TiO, treatment,
other than to note this could be compensatory to the local inflammation induced by TiO,
exposure. However, they did not detect increased frequency of inflammatory Thejper cells or
anti-inflammatory Teq cells. This finding would be counter to the hypothesis of increased
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local inflammation. Indeed, our own findings suggest no difference in peripheral or local
tissue levels of inflammatory cytokines or tissue frequency of Theper Cells, even at dietary E
171 levels greater than those evaluated by Bettini et al [43]. While we did observe
significantly elevated levels of IL-17A in the colons and increased circulating 1L-12p70 in
plasma of DMH+400ppm E 171 treated rats in the 100-day study, this is in stark contrast to
published findings where IL-17A was significantly increased in as little as 7 days following
E 171 exposure alone [43]. Further, the same study did not identify significant increases in
IL-17A at the tissue level, but rather from peripheral splenocytes [43] highlighting
substantial differences. Despite the elevated levels of inflammatory IL-17A in the colon of
DMH+400ppm E 171 treated rats, it is important to emphasize that this elevation was in
comparison to DMH alone, which was lower than background levels of IL-17A (i.e., no
treatment control). Moreover, the IL-17A levels in DMH + 400ppm E 171 treated rats were
not different from the no E 171, mock treatment control group. Furthermore, studies have
linked increased IL-17A to tumorogenesis in colitis-associated cancer models [75]. Our
finding that IL-17A levels were not significantly elevated compared to control animals
strongly argues against the ability of E 171 to induce colitis or tumorogenesis. Likewise,
there were no changes in the percentage of Teq isolated from the Peyer’s patch nor were
there any histological features indicative of colonic inflammation. Interestingly, DMH did
not significantly alter any of the immune parameters that were evaluated, whether in the
intestines, spleen or peripheral blood [55]. However, there was a general trend in that the
colon associated inflammatory cytokine levels in the DMH only control treatment group
showed lower levels compared to the no treatment control group, including IL-1p, IL-6,
IL-17A, IL-18 and 1L-33.

While altered basal inflammation could be responsible for the increases observed in Gl
dendritic cells, it would not explain the decreased number of gut-associated Theper Cells. The
aforementioned study ascribed the effect of decreased Theiper cell frequency in the Peyer’s
patches to decreased Theiper Cell differentiation [43]. However, the Peyer’s patch is restricted
to the types of T lymphocytes that can be recruited and maintained compared to the spleen,
which is less selective [76]. Splenic selectivity could also account for the observed
differences between Thejper Cells from Peyer’s patches and spleen stimulated ex vivo with a
non-specific activator or all T cells with anti-CD3/anti-CD28 stimulation. Yet, this would
not explain the differences observed in our study compared to recent reports as we did not
observe any difference in Thejper frequency in Gl-associated tissue or in the spleens of
animals exposed to E 171 in either the 7- or 100-day studies.

Another explanation for the observed difference between our study and the one conducted
by Bettini and colleagues [43] could potentially be how E 171 was delivered. In the
aforementioned study E 171, which was suspended in water, was administered directly into
the stomach of rats by intragastric gavage in a 7-day study. Further, in a 100-day study, they
administered E 171 in the drinking water. These modes of exposure are strikingly different
from the typical mode of human exposure in which E 171 is delivered to the Gl tract as a
constituent of food preparations. As stated previously, the surface structure of TiO,
molecules is rather malleable to alteration by surrounding macromolecules, resulting in
widely different coronas depending on the preparation of TiO, [77, 78], which could have
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impacted the way TiO, particles interact with the host gut environment in our respective
studies.

Equally important, it is well established that TiO is water insoluble [32]. In the Bettini
study [43], the E 171 used for gavage was delivered in a water suspension [79]. Delivery of
TiO, in water can greatly change the nature of the particles themselves, as TiO, tends to
aggregate and agglomerate in water suspension [32], raising the possibility that delivery of E
171 in an aqueous solution could lead to clumps of TiO, passing through to the gut
environment. As mentioned above, the aforementioned study administered, E 171 in
drinking water, which requires sonication, a process with unknown effects on the form of
TiO,. Agglomeration and particle settling could also occur over time. This would represent a
key difference in how TiO, is seen by the host when consumed in food, where more particles
would be part of the food matrix resulting in a more uniform profile of single particles as
compared to clumps [35]. In fact, some studies utilizing differing routes of delivery for TiO,
nanoparticles have suggested that the aggregation/agglomeration of TiO» particles can
impact their interface with the host immune system [80, 81].

Despite the reported effects of E 171 on immune homeostasis, the most pertinent finding by
Bettini and colleagues was the increase in ACF by E 171 in a model of DMH-induced
carcinogenesis, suggesting that E 171 increased intestinal carcinogenesis [43]. However, no
significant differences between groups administered E 171 at any of the three concentrations
evaluated, whether fed alone or after pretreatment with DMH, were observed in ACF or
ABC. Although there was a weak trend observed between increasing E 171 exposure and
increased ACF/ABC in DMH-treated animals, this was not statistically significant. The
failure to reach significance is critical as we utilized 15 rats per group to increase statistical
power of the study. Further, evaluation of the effects of E 171 on proliferative lesions of the
intestine involved histopathology, ACF numbers and size, large intestinal goblet cell number,
and gland length in defined areas of intestine that were evaluated in a blinded manner
(except for goblet cell number and gland length), a key factor in performing reproducible
scientific experiments [82].

Urrutia-Ortega et al. [44] reported that they detected decreases in goblet cells in the distal
colon, and suggested that the decreased mucin could increase the risk of colon cancer. It was
also reported by Talbot et al.[83] that TiO, was trapped by intestinal mucus but no effect on
mucin O-glycosylation or short-chain fatty acid synthesis, concluding that TiO, did not alter
the intestinal barrier protection under healthy conditions. However we did not observe any
differences between treatment groups in numbers of goblet cells per gland, the size of the
glands, or number of goblet cells per unit length of the glands. The one exception to this was
a significant lengthening of colonic glands in rats pretreated with DMH only (Table 7). As
with other parameters, we used well-defined tissue samples, methods, and criteria to
evaluate the goblet cells. We especially were careful to only evaluate glands from segments
of colons that were not dilated because of the presence of feces; such dilation distorts the
shape and size of the glands and can affect the number of goblet cells. Importantly, no
lesions were observed in rats administered E 171 alone. Thus our data suggests that even
under pathologic conditions in the intestine (DMH pretreatment) that dietary E 171 is
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innocuous in regards to reported effects on intestinal goblet cells and mucosal barrier
maintenance.

In rats pretreated with DMH, one rat in the DMH + control group developed two separate
invasive adenocarcinomas, one of which could be identified as arising from an adenoma. In
each of the DMH + low-dose E 171 and DMH + mid-dose E 171, there was an adenoma. In
the DMH + high-dose E 171 group there were no tumors or any abnormalities of the
intestine detected histopathologically. No abnormalities in the small or large intestines were
observed in rats treated with E 171 without DMH pretreatment.

While DMH is a known, potent, genotoxic intestinal carcinogen in rodents, variability in
numbers and types of lesions in the intestine are usually seen in bioassays of DMH and other
carcinogens, particularly when a relatively low dose is administered as in our experiments
[84, 85]. There is also considerable variability in the number and size of ACF that are
induced by DMH, as seen in the present experiment with the inter-individual variability seen
within each group. In the rats fed E 171 without pretreatment with DMH, there were few
ACF in any group, a typical finding for control rats. We did not observe the increase in ACF
reported by Bettini et al. [43]. In their study, there were no groups administered only E 171;
they only evaluated groups pre-treated with DMH. In their publication, they did not mention
whether they neutralized the highly acidic DMH-2HCI, but they almost certainly did as the
acid without neutralization is highly irritating and highly toxic to the rats when injected ip.
Also, they stated that they injected 180 mg/kg of DMH. However, they used DMH-2HCI as
did we, and at that level of DMH (which would be 398 mg/kg DMH-2HCI, there is severe
toxicity. Thus, it is likely that they used 180 mg DMH-2HCI, which is 81 mg/kg DMH, the
dose that we used.

Based on our results it is unlikely that E 171 affects intestinal carcinogenesis in a DMH
model of colonic cancer.. In agreement with this finding, E 171 showed no evidence of
direct carcinogenesis in a National Toxicology Program bioassay in either rats or mice when
fed at levels of 2.5 or 5.0% of the diet [14], doses considerably higher than those used by
Bettini et al. [43] Urrutia-Ortega et al. [44], or in the study presented here. Also, it is well
known that non-genotoxic substances that increase intestinal tumorigenesis show increased
proliferative lesions in short term studies when administered alone, without pretreatment
with a genotoxic carcinogen like DMH [85-88]. Furthermore, non-genotoxic substances that
enhance intestinal carcinogenesis will increase intestinal tumor incidences when
administered alone in a two-year bioassay [14]. Thus, it is highly unlikely that TiO, is an
intestinal carcinogen or enhances intestinal carcinogenesis.

Lastly, histopathology of liver, spleen, lungs, and testes did not show evidence of E 171
treatment-related effects. Subpleural lymphocytes in the lung occur occasionally in this
strain of rats, and mononuclear foci in the liver commonly occur [62]. The finding of
atrophy in 1 testis also is not unusual for this strain of rats, even by 21 weeks of age as in our
experiment.

In conclusion, we report the finding that acute and chronic dietary exposure to E 171 in food
preparation did not result in significant alteration of gut immune homeostasis as evidenced
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by altered frequency of intestinal DC, Theyper, OF Treg Cells. Despite changes at a single dose
in colonic IL-17A and plasma levels of 1L-12p70 in DMH+E 171 treated rats, no other
changes in intestinal tissue or blood inflammatory cytokine production was observed.
Furthermore, no E 171 effects on intestinal histopathology, ACF, or goblet cells were
observed alone or after pretreatment with the genotoxic intestinal carcinogen DMH.
Assessment of E 171 delivered via food represents a critical model of human TiO, exposure,
ingestion through food consumption, and had notably different effects as compared to recent
studies utilizing different models of TiO, delivery to experimental animals with other modes
of administration. Given the varied nature of reports of adverse health effects with TiO5 in
specific contexts, this would suggest that the matrix in which TiO is received when
administered orally might be one important determinant, as E 171 administered in food does
not appear to affect peripheral or Gl tract immune homeostasis or intestinal carcinogenesis.
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Highlights:
To determine the immunological and pathological effects of dietary E 171 consumption
Dietary E 171 did not change immune cell profile in Peyer’s patches or peripherally
Dietary E 171 did not alter inflammatory cytokine profile in Gl tract or circulation
Dietary E 171 did not increase colonic proliferative lesions

Dietary E 171 did not induce histopathologic changes in small and large intestine, liver,
spleen, lungs, or testes
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Figure 1. Dietary exposure to E 171 did not significantly alter systemic or gastrointestinal tract
resident CD103" dendritic cell frequency.
The frequency of gut resident and circulating CD103* DC was determined in rats fed dietary

E 171 for 7 or 100 consecutive days. Rats in the 100 day study were pretreated with 180
mg/kg of DMH or Vh control by i.p. injection. Following the indicated feeding period,
animals were euthanized and PBMC, spleen, and Peyer’s patches were collected and
processed into single cell suspension. Cells were then stained for CD11b/c, CD103, and
MHCII and analyzed by flow cytometry to quantify CD103* DC populations. CD103* DC
from the 7 day study are shown in panel A and from the 100 day study are shown in panel B.
Data are presented as a percentage of the live cells within the lymphocyte gate. Data were
analyzed for statistical significance using a one-way ANOVA with a Dunnett’s multiple
comparisons test when there were no significant differences in the variance of the standard
deviation.
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Figure 2. Dietary E 171 exposure did not change the frequency of CD4* Thelper cells systemically
or in intestinal Peyer’s patches.

The frequency of gut resident and circulating total and activated Thejper Cells were
determined in rats fed dietary E 171 for 7 or 100 days. Rats in the 100 day study were
pretreated with 180 mg/kg of DMH or Vh control by i.p. injection. After the feeding period,
animals were euthanized and PBMC, spleen, and Peyer’s patches were collected and
processed into single cell suspensions. Cells were then stained for CD4 and CD25 and
analyzed by flow cytometry. Activated Thejper Cells were identified as being CD4/CD25
double positive. Total Thelper from 7 (A) and 100 (C) day animals and activated Thelper
from 7 (B) and 100 (D) day studies are shown. Data are presented as a percentage of the live
cells in the lymphocyte gate staining positive. Data were analyzed for statistical significance
using a one-way ANOVA with a Dunnett’s multiple comparisons test when there were no
significant differences in the variance of the standard deviation.
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Figure 3. Acute or chronic exposure to dietary E 171 did not significantly affect the frequency of
circulating or Gl-resident Tyregulatory (Treg) cells.
The frequency of gut resident and circulating total and activated Teq cells were determined

in rats fed dietary E 171 for a total of 7 or 100 days. Rats in the 100 day study were
pretreated with 180 mg/kg of DMH or Vh control by i.p. injection. Following the 7- and
100-day feeding period, animals were euthanized and PBMC, spleen, and Peyer’s patches
were collected and processed into single cell suspensions. Cells were then surface stained
for CD4 and CD25 and subsequently stained intracellularly for FoxP3. Following antibody
stains, cells were analyzed via flow cytometry to identify T,eq cell populations. Data are
presented as a percentage of the live cells falling in the lymphocyte gate. Total Treg from 7
(A) and 100 (C) as well as activated Treg from 7 (B) and 100 (D) day studies are shown.
Data were analyzed for statistical significance using a one-way ANOVA with a Dunnett’s
multiple comparisons test when there were no significant differences in the variance of the
standard deviation.
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Figure 4. Chronic dietary E 171 exposure did not alter systemic inflammation as evidenced by
inflammatory cytokine accumulation.

Rats were pretreated with 180 mg/kg DMH or Vh control by i.p. injection and fed dietary E
171 for a total of 100 days. Following the 100 day feeding period, animals were euthanized
and plasma was collected and assayed for inflammatory cytokines and chemokines using the
LEGENDplex rat inflammation panel. Data are shown as cytokine/chemokine concentration
(pg/ml) for plasma.. Data were analyzed for statistical significance using a one-way ANOVA
with a Dunnett’s multiple comparisons test when there were no significant differences in the
variance of the standard deviation. * = p<0.05 indicates significance compared to no E 171
control.
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Small Intestine (Jejunum) Cytokine/Chemokine Levels
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Figure 5. Chronic dietary E 171 exposure did not modulate small intestine inflammatory
cytokine accumulation.

Rats were pretreated with 180 mg/kg DMH or Vh control by i.p. injection and fed dietary E
171 for a total of 100 days. Following the 100 day feeding period, animals were euthanized
and plasma was collected and assayed for inflammatory cytokines and chemokines using the
LEGENDplex rat inflammation panel. Data are shown as cytokine/chemokine concentration
(pg/ml) for small intestine. Cytokine protein levels were normalized to total protein levels
for each sample of small intestine. Data were analyzed for statistical significance using a
one-way ANOVA with a Dunnett’s multiple comparisons test when there were no significant
differences in the variance of the standard deviation.
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Colon Cytokine/Chemokine Levels
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Figure 6. Dietary E 171 exposure did not alter colonic inflammation as evidenced by
inflammatory cytokine accumulation.

Rats were pretreated with 180 mg/kg DMH or Vh control by i.p. injection and fed dietary E
171 for a total of 100 days. Following the 100 day feeding period, animals were euthanized
and plasma was collected and assayed for inflammatory cytokines and chemokines using the
LEGENDplex rat inflammation panel. Data are shown as cytokine/chemokine concentration
(pg/ml) for colon. Cytokine protein levels were normalized to total protein levels for each
sample of colon. Data were analyzed for statistical significance using a one-way ANOVA
with a Dunnett’s multiple comparisons test when there were no significant differences in the
variance of the standard deviation. *=p<0.05 indicates significance compared to respective
no E 171 control.
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