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Colitis-associated colorectal cancer (CAC) is a major contributor to cancer-related mortality
worldwide. Titanium dioxide (TiO,, E171), a widely used food additive, has been insuffi-
ciently studied regarding its effects on macrophages within colon tumors during CAC develop-
ment. In this study, CAC mouse models were used to investigate the biological impact of diet-
ary E171 on macrophages in vivo, while lipopolysaccharide (LPS)-stimulated RAW264.7 mac-
rophage cell lines were employed to elucidate the underlying mechanisms in vitro. We found
that dietary E171 intake accelerated CAC development, exacerbated inflammatory responses
and oxidative stress, and upregulated CAC-associated genes, including S100a8, S100a9, Lcn2,
S§100a11, Cxcl2, and interleukin-1a (II-1a). E171 also increased the expression of S100A8,
S100A9, NOD-like receptor family pyrin domain-containing 3 (NLRP3), and gasdermin-D N-
terminal (GSDMD-N) in macrophages within colon tumors. In inflammatory macrophages,
E171 exposure enhanced cell viability, increased reactive oxygen species (ROS) levels, and el-
evated the expression and secretion of S100A8 and S100A9, consistent with in vivo histologic-
al observations. Furthermore, E171-induced secretion of S100A8 and S100A9 in macro-
phages was suppressed by specific inhibitors, including N-acetylcysteine (NAC, ROS
inhibitor), MCC950 (NLRP3 inhibitor), Z-YVAD-FMK (caspase 1 inhibitor), disulfiram (GSDMD
inhibitor), and transfection of NLRP3 small interfering ribonucleic acid (siRNA). These res-
ults indicate that dietary E171 promotes CAC development by activating macrophages, with
S100A8 and S100A9 serving as key mediators, and the NLRP3/caspase 1/GSDMD pathway
acting as a critical mechanism.

1. Introduction

meter °. E171 has been identified as a potential immunotoxin cap-
able of inducing intestinal inflammation ’. Previous studies have

Colorectal cancer (CRC) is the third most prevalent cancer
and the second leading cause of cancer-related deaths globally .
Evidence indicates that diet and chronic colon inflammation are
key factors in the development of colitis-associated colorectal
cancer (CAC) °. In particular, consumption of processed foods
containing additives has been associated with carcinogenesis in
the colon and rectum °. One such additive, food-grade titanium di-
oxide (TiO,, E171), is widely used for its coloring and opacifying
properties in over 900 processed food products, including chew-
ing gum, sauces, pastries, ice creams, and candies * °. Given that
TiO, has been classified as a possible carcinogen when inhaled,
and considering growing concerns about the interaction between
TiO, particles and the gastrointestinal tract, it is essential to eval-
uate the potential risks of dietary E171 in intestinal tumor devel-
opment.

The mean particle size of E171 ranges from 106 to 132 nm,
with over 36% of the particles measuring less than 100 nm in dia-
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shown that intragastric administration of E171 exacerbates in-
testinal tumor development, possibly due to reduced goblet cell
numbers °. However, in a model of dimethylhydrazine-induced
carcinogenesis, E171 administered within a food matrix did not
alter immune parameters or the tissue structure of the large in-
testine in rats ’. Therefore, further in-depth research is required
to clarify the immunotoxic mechanisms of dietary E171 in CAC.
Following ingestion, E171 particles reach the colon, where
they may directly influence tumorigenesis . In chronic inflam-
mation, pro-inflammatory macrophages respond to environment-
al stimuli within the tumor microenvironment by producing
chemokines, cytokines, and reactive oxygen species (ROS) ' "
Prior studies have demonstrated that elevated ROS levels in-
duced by TiO, nanoparticles (NPs) can activate nuclear factor
kappa B (NF-kB), resulting in increased expression of pro-inflam-
matory genes in macrophages > '*. Chronic colonic inflammation
is also associated with damage-associated molecular patterns
(DAMPs), such as S100A8 and S100A9, which contribute to CAC
progression . The NOD-like receptor family pyrin domain-con-
taining 3 (NLRP3) inflammasome and gasdermin-D (GSDMD)

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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pore formation play pivotal roles in inflammation and CAC devel-
opment, exerting either protective or detrimental effects depend-
ing on cytokine-dependent pathways '> . However, the influ-
ence of E171 on the NLRP3-GSDMD signaling axis and its down-
stream cytokines in CAC-associated macrophages remains incom-
pletely understood.

This study investigated the effects of E171 on macrophages
within an inflammatory microenvironment using the azoxymeth-
ane (AOM)/dextran sodium sulfate (DSS)-induced C57BL/6]
mouse model of CAC and lipopolysaccharide (LPS)-stimulated
RAW264.7 mouse macrophages. The objective was to determine
how E171 influences CAC development by examining its impact
on macrophages in colitis-associated tumors. This work provides
critical insights into the molecular factors and mechanisms un-
derlying dietary E171-induced CAC progression.

2. Materials and methods

2.1. Preparation and characteristics

E171 particles were kindly provided by Sensient Technolo-
gies Company in China. The primary size and morphology of E171
particles were analyzed using transmission electron microscopy
(TEM, JEM-2100F, JEOL, Japan). Crystal structures were determ-
ined by X-ray powder diffractometry (XRD, Rigaku Miniflex-II, Ja-
pan). Specific surface areas were measured using the Bruna-
uer-Emmett-Teller (BET) method (Micromeritics ASAP 2020,
USA). Hydrodynamic diameters and zeta potentials of E171 sus-
pensions were measured using a Malvern Zetasizer (Nano-ZS,
Malvern, UK).

For cell experiments, a stock solution of E171 was prepared
by dispersing particles in phosphate-buffered saline (PBS) at a
concentration of 1 mg-mL™, followed by autoclaving. Working
solutions were prepared by diluting the stock in culture medium
and were sonicated in an ice bath for 15 min prior to each use to
ensure uniform dispersion.

2.2. Subjects and treatments

Seven-week-old male C57BL/6] mice were obtained from the
Animal Center of Southern Medical University and housed under
specific pathogen-free conditions at 23 + 1.1 °C and 60% + 10%
humidity. The study was approved by the Bioethics Committee of
Shenzhen Hospital of Southern Medical University (No. 2022-
0132). Mice underwent a one-week acclimatization period be-
fore treatment. Animals were divided into four groups (n = 6):
(1) control, (2) E171, (3) CAC, and (4) CAC + E171. CAC was in-
duced by a single intraperitoneal injection of AOM (MP Biomedic-
als, US) at 10 mg-kg™". One week after AOM administration, mice
received 2% DSS (MP Biomedicals, US) in drinking water for
7 days, followed by two weeks of regular water. This DSS cycle
was repeated twice to establish CAC models '*. Diets were formu-
lated by Jiangsu Xietong Pharmaceutical Bio-engineering Co.,
Ltd. (Jiangsu, China), with E171 uniformly mixed into the feed us-
ing a commercial mixer. The dosage was based on previous stud-
ies '*"”. Fig. 1 outlines the experimental protocol. Disease activity
index (DAI) was assessed weekly *’. After 10 weeks, mice were
euthanized. During necropsy, colon tissues were excised, longit-
udinally opened, photographed, and the tumor number and size
were quantified using Image] software.

2.3. Culture and treatment of cells
The RAW264.7 macrophage cell line was obtained from Pro-

cell Life Science & Technology Co., Ltd. (Wuhan, China) and au-
thenticated via STR profiling, confirming alignment with DSMZ
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reference data. Cells were cultured at 37 °C in a humidified incub-
ator with 5% CO,, using Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum and 1% penicillin-strep-
tomycin. Cells were passaged at approximately 90% confluence,
and culture medium was replaced every other day. Macrophages
were stimulated with LPS (Sigma-Aldrich, US) at 100 ng-mL™" .
LPS-stimulated RAW264.7 cells were co-treated with E171 work-
ing solutions at concentrations of 0, 12.5, 25, 50, 100, or 200
pg-mL™" for durations of 1.5, 3, 6, 12, or 24 h.

2.4. TEM observation

Tissue samples (1 x 2 mm?) were collected from freshly ex-
cised colorectal tumor regions using a sharp surgical blade. Speci-
mens were fixed in 2.5% glutaraldehyde and incubated at 4 °C for
12 h. RAW264.7 cells were rinsed with PBS at 37 °C and fixed
with 2.5% glutaraldehyde. After harvesting adherent macro-
phages by centrifugation at 1000 x g for 5 min at 4 °C, samples
were embedded, and ultrathin sections were prepared. Ultra-
structural features of colon tissues and cells were examined us-
ing TEM.

2.5. Histopathological examination

Colon tissues were fixed in 4% paraformaldehyde (Macklin,
China) for 24 h, dehydrated through graded ethanol and xylene,
and embedded in paraffin. Sections of 4 pm thickness were cut
and subjected to hematoxylin and eosin (H&E) staining (Macklin,
China). Colon inflammation was scored based on criteria for in-
flammatory cell infiltration **, with average scores derived from
ten fields at 400 x magnification. Inmunohistochemical analysis
was performed to detect protein expression using antibodies
against S100A8, S100A9, cluster of differentiation 68 (CD68),
CD80, CD163, and CD206 (all Proteintech, USA) and CD86 (AB-
clonal, USA). Images were captured using a Leica DM4B biologic-
al microscope. Staining intensity and area were quantified using
Image] software.

2.6. Ribonucleic acid sequencing (RNA-seq)

Total RNA was extracted from colon tissues by Shanghai Ma-
jorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China), fol-
lowed by RNA purification, reverse transcription, library con-
struction, and sequencing. Quality control and read mapping
were performed according to Illumina (San Diego, CA) protocols.
RNA-seq data and expression files were deposited in the NCBI
GEO Database under accession PRJNA1041953. Differentially ex-
pressed genes (DEGs) were identified using DESeq, and tran-
script expression levels were calculated using the TPM method.
Genes with |log, fold change| > 0 and P < 0.05 were considered
significantly differentially expressed.

2.7. Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis

TRIzol reagent (Thermo Fisher Scientific, USA) was used to
extract RNA from colon tissues previously frozen in liquid nitro-
gen and stored at —-80 °C. RNA purity and concentration were de-
termined spectrophotometrically by absorbance at 260 and 280
nm (Thermo Fisher Scientific, USA). cDNA was synthesized using
the PrimeScript™ RT reagent kit (TaKaRa, Japan). qRT-PCR was
performed using SYBR Premix Ex Taq (TaKaRa, Japan) on a 7500
Fast Real-Time PCR System (Applied Biosystems, Singapore).
Gene expression levels were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) using the 2% method.
RAW?264.7 cells were lysed following the same procedure as for
colon tissues. Primer sequences for mouse genes used in qRT-
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PCR are listed in Table 1.
2.8. Enzyme-linked immunosorbent assay (ELISA)

To quantify cytokine levels, mouse colon tissue homogenates
were subjected to sonication and centrifuged at 5000 x g for 10
min to collect the supernatant. Macrophage culture supernatants
were collected and centrifuged at 1000 x g for 10 min at 4 °C. The
concentrations of S100A8, S100A9 (ELK Biotechnology, China),
interleukin-13 (IL-1f), and IL-18 (Absin, China) were determ-
ined using ELISA Kkits according to the manufacturers’ instruc-
tions. Results were expressed in ng-mL™" or pg-mL™", with concen-
trations calculated from standard curves generated from optical
density (OD) readings. A microplate reader (Biotek SynergyH1,
China) was used to measure absorbance for S100A8, S100A9, IL-
1B, and IL-18.

2.9. Measurements of oxidative stress biomarkers

Frozen colon tissues stored in liquid nitrogen at -80 °C were
homogenized in precooled normal saline using a tissue homogen-
izer. Protein concentrations in the supernatants (1:10, W/V)
were measured using a BCA protein assay kit (Elabscience,
China). According to the manufacturer’s protocols, the activities
of catalase (CAT), glutathione peroxidase (GSH-Px), total super-
oxide dismutase (T-SOD), and malondialdehyde (MDA) levels
were assessed using a microplate reader (Biotek SynergyH1,
China) following the provided reagent procedures (Nanjing Ji-
ancheng Bioengineering Institute, Nanjing, China).

2.10. Cell survival assay

RAW264.7 cells were seeded into 96-well plates at a density
of 4 x 10° cells per well and incubated overnight to allow attach-
ment. Cells were then treated with LPS and E171 particles. Cell
viability was assessed using the cell counting kit-8 (CCK-8) assay
kit (Dojindo, Japan), and absorbance was measured with a micro-
plate reader (Biotek SynergyH1, China).

2.11. Cellular ROS assay

Intracellular ROS levels were measured using 2',7'-dichloro-
fluorescin diacetate (DCFH-DA) probes (Elabscience, China).
After washing with PBS and detachment using EDTA-free trypsin,
RAW264.7 cells were incubated with DCFH-DA (10 mol-L™") for
30 min at 37 °C. Cells were then washed twice and resuspended
in PBS. Fluorescence intensity was quantified using a microplate

Table 1 Primer sequences specific to mice were used in the qRT-PCR analysis.
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reader (Biotek SynergyH1, China) to reflect intracellular ROS
levels.

2.12. Small interfering RNA (siRNA) transfection

SiRNAs targeting mouse NLRP3 were obtained from GenePh-
arma (Suzhou, China). RAW264.7 cells were transiently transfec-
ted with siRNA using Lipofectamine 3000 Transfection Reagent
(Invitrogen, US) according to the manufacturer’s protocol. Table
2 lists the RNA interference oligonucleotide sequences used for
siRNA transfection in mouse cells.

2.13. Inhibitor application

RAW264.7 cells were pretreated with inhibitors of ROS,
NLRP3, caspase 1, and GSDMD for 3 h prior to E171 exposure for
12 h. N-acetylcysteine (NAC, 5 umol-L™"; Selleck, US) was used as
a ROS inhibitor. MCC950 (1 pmol-L™; Selleck, US) served as an
NLRP3 inhibitor. Z-YVAD-FMK (2 pumol-L™"; Selleck, US) was ap-
plied to inhibit caspase 1, and disulfiram (10 umol-L™"; Selleck,
US) was used to block GSDMD.

2.14. Immunofluorescence examination

For immunofluorescence staining, the following primary an-
tibodies were used in the in vivo study: K18, S100A8, S100A9,
CD68, F4/80, NLRP3 (all Proteintech, USA), Ki67, CD11b, myel-
operoxidase (MPO), gasdermin-D N-terminal (GSDMD-N) (all Im-
munoway, USA), and 8-hydroxydeoxyguanosine (8-OHdG; Bioss,
China). Cells were fixed with 4% paraformaldehyde overnight
and permeabilized with 0.5% Triton X-100 for 15 min. After
blocking with 5% bovine serum albumin (BSA) and 10% goat ser-
um for 2 h, cells were incubated with primary antibodies against
S100A8, S100A9, NLRP3 (all Proteintech, USA), phospho-NF-xB
(p-NF-xB) p65, cleaved-caspase 1, and GSDMD-N (all Immuno-
way, USA) at 4 °C overnight. Subsequently, Alexa 488/594-con-
jugated secondary antibodies (FDbio, China) were applied. Fluor-
escence images were acquired using a DM4B fluorescence micro-
scope (Leica, Germany). Positive cells were quantified using Im-
age] software.

2.15. Western blot analysis

Total proteins were extracted from cells using RIPA lysis buf-
fer supplemented with PMSF, protease inhibitors, and protein
phosphatase inhibitors (all from FDbio, China). Protein concen-
trations were determined using BCA protein assay kits (Elab-

Gene Forward primer Reverse primer
5100a8 CCATGCCCTCTACAAGAATGACT GCCACACCCACTTTTATCACC
5100a9 GCAGCATAACCACCATCATCATCGAC CTGTGCTTCCACCATTTGTCTGA

S5100a11 GCTGCCTTCACAAAGAACCAGA GGAAATCTAGCTGCCCGTCAC

Len2 TCGCTACTGGATCAGAACATTTG GAACTGGTTGTAGTCCGTGGTG

Cxcl2 CTGCCAAGGGTTGACTTCAAGA CTTCAGGGTCAAGGCAAACT

I-1a TCAGCAACGTCAAGCAACGG GGTGCTGATCTGGGTTGGATG
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

Table 2 List of RNA interference oligo sequences used for siRNA transfection.

siRNA Sense 5’ to 3’

Anti-sense 5’ to 3"

NLRP3

CCAACUGGUCAAGGAGCAUTT

AUGCUCCUUGACCAGUUGGTT
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science, China). Equal amounts of protein were separated by 10%
SDS-PAGE and transferred onto PVDF membranes. Membranes
were blocked with 5% BSA (FDbio, China) for 1 h and then incub-
ated with primary antibodies targeting NF-«B p65, p-NF-kB p65,
NLRP3, cleaved-caspase 1, GSDMD-N, IL-1p, IL-18 (all Immuno-
way, USA), S100A8, S100A9, and GAPDH (all Proteintech, USA) at
4 °C overnight. Following incubation with horseradish peroxidase-
conjugated goat anti-rabbit or anti-mouse secondary antibodies
(FDbio, China), protein bands were visualized using an ECL
chemiluminescence solution (FDbio, China) and detected with a
Tanon chemiluminescence imaging system (China). Band intens-
ities were quantified using Image] software.

2.16. Statistical analysis

Data were analyzed using SPSS 18.0 and are presented as
mean + standard deviation (SD). Group comparisons were per-
formed using one-way ANOVA followed by Bonferroni post hoc
tests. A P-value < 0.05 was considered statistically significant.
Graphs were generated using GraphPad Prism (version 9.0).

3. Results

3.1. Characterization and bio-transport of E171 particles

TEM imaging revealed that the E171 particles used in this
study exhibited a typical spherical crystalline morphology (Fig.
1A). Their composition was confirmed by XRD (Fig. 1B). The av-
erage particle size was 107.9 = 28.6 nm (Fig. 1C). Hydrodynamic
diameters in DW and complete culture medium suspensions were
504.6 + 16.7 and 493.4 = 1.3 nm, respectively (Fig. 1D). Zeta po-
tentials were measured at 6.9 + 1.2 mV in DW and -25.6 + 1.7 mV
in complete medium (Fig. 1E). Specific surface area analysis yiel-
ded a value of 7.8 m*g™" for the E171 batch.

The experimental protocol for the mouse study is illustrated
in Fig. 1F. To assess E171 localization within colonic tissues, TEM
was performed on colon samples from control and CAC mice.
While minimal E171 deposition was observed on the intestinal
epithelium of normal mice (Fig. 1G), substantial accumulation
was detected on the surface, within the cytoplasm, and in inter-
cellular spaces of colon tumors in CAC mice (Figs. 1H-1J). This
distinct distribution pattern suggests a potential role for dietary
E171 in modulating the tumor microenvironment and promoting
neoplastic progression. These comprehensive characterizations
provide a solid foundation for investigating the biological effects
of dietary E171 on colitis-associated colorectal carcinogenesis,
ensuring that observed outcomes are attributable to well-defined
physicochemical properties and biological interactions.

3.2. Dietary E171 aggravated pathological symptoms and pro-
moted colon tumor development in CAC mice

Throughout the experiment, food and water intake remained
consistent across all four groups (Supplementary Fig. S2), ruling
out differential consumption as a confounding factor. Body
weight changes were monitored to evaluate systemic effects. Con-
trol and E171-only mice exhibited steady weight gain, whereas
CAC and CAC + E171 mice experienced weight loss during DSS ad-
ministration, followed by recovery after DSS withdrawal. Not-
ably, the CAC + E171 group maintained lower body weights com-
pared to the CAC group even after DSS removal (Fig. 2A). Clinical
disease activity was assessed via DAI scores. No symptoms were
observed in control or E171-only mice. Both CAC and CAC + E171
groups showed elevated DAI scores during DSS treatment, which
declined afterward; however, the CAC + E171 group exhibited
significantly higher DAI scores than the CAC group, a difference
that persisted post-DSS (Fig. 2B). Colon length, a surrogate mark-
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er of inflammation and tumorigenesis, was preserved in control
and E171 groups but reduced in CAC mice, with further shorten-
ing in the CAC + E171 group (Figs. 2C and 2D). Tumor burden
was absent in control and E171 mice, while both CAC groups de-
veloped tumors—Ilarger and more numerous in the CAC + E171
group (Figs. 2E-2G).

Histopathological evaluation corroborated these findings.
Control and E171 mice displayed intact colonic architecture
without cytologic atypia. In contrast, CAC and CAC + E171 mice
exhibited architectural distortion and cellular atypia, with more
severe abnormalities in the E171-exposed group (Fig. 2H). Patho-
logical mitoses, indicative of proliferative activity, were absent in
control and E171 mice but present in both CAC groups, with a sig-
nificantly higher mitosis index in the CAC + E171 group (Fig. 21).
Additionally, intestinal epithelial proliferation was assessed by
K18'Ki67" co-staining (Figs. 2] and 2K). The CAC + E171 group
showed increased numbers of double-positive cells compared to
the CAC group. Collectively, these results demonstrate that diet-
ary E171 exacerbates colitis-associated tumorigenesis, evid-
enced by prolonged clinical symptoms, increased tumor burden,
and enhanced cellular proliferation.

3.3. Dietary E171 exposure exacerbated inflammation and oxidat-
ive injury in CAC mice

TiO, NPs are known to promote inflammatory responses *.
Control and E171-only mice showed no significant inflammatory
infiltrates. In contrast, CAC mice exhibited immune cell infiltra-
tion in the lamina propria and submucosa of colon tumors, which
was markedly intensified in the CAC + E171 group (Figs. 3A and
3B). To investigate the genomic impact of E171 on tumorigenesis,
global transcriptome profiling was conducted in colon tissues
from CAC and CAC + E171 mice (Fig. S2). A heatmap depicting
hierarchical clustering of six pro-inflammatory and tumor-pro-
moting DEGs is shown in Fig. 3C. E171 exposure led to significant
upregulation of S100a8, S100a9, Lcn2, S100a11, Cxcl2, and II-1a
in colon tissues. qRT-PCR analysis confirmed elevated messenger
RNA (mRNA) levels of all six genes in CAC mice compared to con-
trols, with further increases in the CAC + E171 group (Fig. 3D).

In addition to inflammation, oxidative stress is a hallmark of
TiO, NP toxicity **. Oxidative stress markers were evaluated in
colon tumors (Fig. 3E). No differences were observed between
control and E171-only mice. However, CAC mice exhibited de-
creased activities of CAT, GSH-Px, and T-SOD, along with in-
creased MDA levels, indicating oxidative damage. These altera-
tions were further exacerbated in the CAC + E171 group. 8-OHdG
expression, a marker of oxidative DNA damage **”°, was also as-
sessed. The number of 8-OHdG" cells in the lamina propria and
submucosa was significantly higher in CAC mice than in controls
and further increased in the CAC + E171 group (Figs. 3F and 3G).
These findings confirm that oral E171 intake aggravates both in-
flammation and oxidative injury during colitis-associated tumori-
genesis.

3.4. Dietary E171 exposure increased the expression of S100A8,
S100A9, NLRP3, and GSDMD-N in the macrophages within colon
tumors

Transcriptomic analysis identified S100a8 and S100a9 as the
two most significantly upregulated genes among selected DEGs
(Supplementary Fig. S2). ELISA quantification confirmed elev-
ated S100A8 and S100A9 protein levels in colon tissues: higher in
CAC mice than controls, and further increased in the CAC + E171
group (Fig. 4A). Immunohistochemistry revealed that S100A8"
and S100A9" signals were predominantly localized in the lamina
propria and submucosa of colon tumors (Fig. 4B). While only a
few positive cells were detected in CAC mice, the CAC + E171
group exhibited a marked increase (Fig. 4C).
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S100A8 and S100A9 are primarily produced by myeloid
cells . To identify their cellular origin, double immunofluores-
cence staining was performed using CD11b, MPO, and CD68.
Most S100A8" and S100A9" cells co-localized with CD68 (Fig. 4D).
Macrophage polarization was further characterized using mark-
ers: CD80 and CD86 (pro-inflammatory), and CD163 and CD206
(anti-inflammatory) **. Serial sections from CAC and CAC + E171
tumors showed that CD68" cells predominantly expressed CD80
and CD86, indicating a pro-inflammatory phenotype (Supple-
mentary Fig. S3).

F4/80, a specific marker for mature murine macrophages *,
was used to further define the source of S1I00A8 and S100A9.
Co-localization analysis revealed that S100A8" and S100A9" cells
in CAC + E171 mice were also F4/80°, with significantly higher
numbers of F4/80°S100A8" and F4/80°S100A9" cells compared
to the CAC mice (Figs. 4E and 4F). Activation of the NLRP3-
GSDMD pathway amplifies inflammation in chronic diseases ***'.
Immunofluorescence demonstrated that F4/80" macrophages
in colon tumors were also positive for NLRP3 and GSDMD-N,
with increased numbers in the CAC + E171 group (Figs. 4G and
4H).
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3.5. E171 increased oxidative stress injury and S100A8/5100A9 ex-
pression in LPS-stimulated RAW264.7 cells

To elucidate the mechanism underlying macrophage activa-
tion in CAC tumors upon E171 exposure, CCK-8 assays were con-
ducted in LPS-stimulated RAW264.7 cells (Fig. 5A). E171 at con-
centrations of 12.5-100 pg-mL™ did not affect cell viability.
However, 200 pg-mL™ E171 significantly increased viability at
1.5, 3, 6, 12, and 24 h. ROS generation is a key mechanism in TiO,
NP-induced toxicity ' '°. ROS levels were unchanged at < 50
ug'mL’l, increased at 100 ug-mL’1 (12 h), and significantly elev-
ated at 200 pg-mL™" across all time points, peaking at 12 h (Fig.
5B). TEM images showed E171 internalization by macrophages,
accompanied by mitochondrial swelling and cristae disruption
(Fig. 5C). ROS elevation activates NF-xB, leading to pro-inflam-
matory gene expression ‘> '*, Western blot analysis revealed that
200 pg-mL™ E171 increased p-NF-«kB p65 phosphorylation at
12 h (Figs. 5D and 5E). Immunofluorescence confirmed enhanced
nuclear translocation of p-NF-kB (Fig. 5F). qRT-PCR showed that
200 pg-mL™" E171 upregulated S100a8 and $100a9 mRNA at 12 h
(Fig. 5G). Immunofluorescence also demonstrated increased
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S100A8 and S100A9 protein expression at 12 h (Figs. 5H and 5I).

3.6. E171-induced secretion of S100A8/5100A9 was mediated by
the NLRP3/caspase 1/GSDMD pathway LPS-stimulated
RAW264.7 cells

in

S100A8 and S100A9 are secreted during inflammatory re-
sponses *”*". ELISA showed that 200 pg-mL™ E171 increased
S100A8 and S100A9 secretion after 12 h (Fig. 6A). Given the in
vivo evidence of NLRP3-GSDMD pathway activation, we investig-
ated its involvement in vitro. Western blot analysis revealed that
E171 treatment significantly increased NLRP3, cleaved caspase 1,
GSDMD-N, IL-1B, and IL-18 expression (Figs. 6B and 6C). Immun-
ofluorescence confirmed elevated NLRP3, cleaved caspase 1, and
GSDMD-N (Figs. 6D-6F). ELISA also showed increased IL-1f and
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IL-18 levels (Supplementary Fig. S4). To assess the role of ROS,
cells were pretreated with NAC before E171 exposure. NAC signi-
ficantly reduced NLRP3, cleaved caspase 1, and GSDMD-N expres-
sion (Figs. 6G and 6H). Furthermore, inhibition of ROS (NAC),
NLRP3 (MCC950), caspase 1 (Z-YVAD-FMK), GSDMD (disul-
firam), or NLRP3 knockdown via siRNA all suppressed E171-in-
duced S100A8/S100A9 secretion (Fig. 61). These results indicate
that E171 promotes S100A8/S100A9 release in inflammatory
macrophages via the ROS-dependent NLRP3/caspase 1/GSDMD
pathway.

4. Discussion

The global incidence of CAC is increasing, though etiological
factors remain incompletely understood. Diet plays a pivotal role
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(scale bar = 50 um). Data are presented as mean + SD (n = 6). *P < 0.05 and ***P < 0.001 vs the control group; ‘P < 0.05 and ""P < 0.001 vs the CAC group.

in CAC pathogenesis, and growing evidence suggests that E171, a
widely used food additive, may contribute to disease risk. In this
study, AOM/DSS-induced CAC mouse models were fed a diet con-
taining E171, mimicking human dietary exposure ' '°, DSS-in-
duced intestinal barrier disruption likely facilitated TiO, particle
absorption **, as confirmed by TEM detection of E171 retention in
colon tumors. Although E171 alone did not induce tumors in
healthy mice, it significantly increased tumor number and size in
CAC mice. Histopathological analysis revealed enhanced tumor
cell proliferation, evidenced by increased mitotic figures and
K18'Ki67" cells. These findings suggest that dietary E171 pro-
motes CAC progression.
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Despite extensive research on TiO, particles, few studies
have explored the immunotoxic mechanisms of dietary E171 in
CAC. Chronic inflammation drives CAC '*. Here, E171 increased
DAI scores during DSS treatment, indicating worsened colitis, and
was associated with colon shortening and thickening. TiO, is
known to enhance inflammatory cell recruitment. Histology con-
firmed intensified infiltration in the lamina propria and submu-
cosa of E171-treated tumors. RNA-seq analysis revealed upregu-
lation of pro-inflammatory mediators, including S100a8, S100a9,
Len2,5100a11, Cxcl2, and II-1a, all implicated in CAC pathogenes-
is *"***° Both transcriptomic and qRT-PCR data confirmed E171-
induced upregulation of these genes.
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Recent studies highlight the interplay between chronic in- acerbates oxidative damage in CAC.
flammation and oxidative stress in inflammation-driven canc- S100A8 and S100A9, alarmins linked to inflammation and oxi-
ers *. Our results show that E171 disrupts redox balance, redu- dative stress, are implicated in colorectal carcinogenesis ' *"** %,
cing anti-oxidant enzyme activities (CAT, SOD, GSH-Px) and in- Transcriptomic and qRT-PCR analyses identified them as the
creasing MDA and 8-OHdG levels in colon tumors. Thus, E171 ex- most upregulated genes in E171-exposed CAC mice. We further
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demonstrated that E171 enhances S100A8/S100A9 expression
and secretion in colitis-associated tumors. These proteins are
primarily expressed in myeloid cells ** *. Co-localization studies
showed that elevated S100A8/S100A9 in E171-exposed tumors
originated from macrophages (CD68"/F4/80), which exhibited a
pro-inflammatory phenotype (CD80°/CD86%). Hence, E171 pro-
motes macrophage-derived S100A8/S100A9 in CAC.
Macrophages respond robustly to environmental stimuli by
generating ROS and amplifying inflammation "', processes critic-
al in CAC ". To further explore the mechanisms of E171 in pro-
moting CAC, we used LPS-stimulated macrophages as an in vitro
inflammation model. Particle characteristics can influence cellu-
lar uptake *>*. Correa Segura et al. suggested that E171 particles
induce mitochondrial permeability and cardiac damage after oral
exposure in rats *'. Colin-Val et al. found that mitophagy-related
mitochondrial alterations were detected after E171 exposure .
Moreover, the cytotoxic and inflammatory potential of NPs is de-
termined by the accumulation of ROS, a process that can be medi-
ated through the activation of the NF-xB pathway *. In vitro
study, when E171 concentration was below 100 pg-mL™, cell vi-
ability and ROS levels remained unaffected; however, at 200
ug-mL™", both cell viability and ROS levels significantly increased.
The ROS levels peaked at 12 h after treatment with E171, accom-
panied by evident mitochondrial damage. Furthermore, treat-
ment with 200 ug-mL™ E171 at 12 h significantly promoted the
nuclear translocation of p-NFxB and increased the transcription
and expression of S100A8 and S100A9. Mitochondrial damage
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and the generation of ROS are also implicated in the activation of
the NLRP3 inflammasome **, which has been studied in
RAW264.7 cells “*. A positive feedback loop between
S100A8/A9 and the NLRP3-GSDMD pathway reinforces innate
immunity *. Thus, S100A8 and S100A9 can be activated as in-
flammatory factors and agonists of the NLRP3-GSDMD pathway
involved in the inflammatory response. The activation of the
NLRP3-GSDMD pathway in innate immune cells entails a two-
step process: the initial signal induces NF-«B activation, while the
subsequent signal prompts rapid caspase-1 activation via NLRP3,
culminating in the cleavage of pro-IL-1B and pro-IL-18 *. The act-
ive caspase-1 subsequently cleaves GSDMD, producing an active
N-terminal fragment that oligomerizes to form pores, and these
pores facilitate the release of IL-1f and IL-18 *. In vivo, E171 in-
creased NLRP3" and GSDMD-N" macrophages in tumors. In vitro,
E171 activated this pathway in macrophages. S100A8/A9 secre-
tion may share mechanistic similarities with IL-1p release **. Pre-
treatment with NAC or use of specific inhibitors and NLRP3
siRNA all attenuated S100A8/S100A9 secretion, confirming that
E171 promotes their release via the ROS-NLRP3-caspase 1-
GSDMD axis, thereby contributing to CAC progression.

5. Conclusions
In summary, dietary E171 exacerbates colitis-associated

colon tumorigenesis in a mouse model by enhancing macrophage-
derived S100A8 and S100A9 expression (Fig. 7). E171 promotes
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Fig. 6 E171-induced secretion of SI00A8/A9 and activation of the NLRP3/caspase-1/GSDMD signaling pathway in LPS-stimulated RAW264.7 cells. (A) ELISA analysis of
S100A8 and S100A9 protein levels in the supernatants of RAW264.7 cells treated with LPS and varying concentrations of E171. (B) Western blot detection of NLRP3,
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18. (D-F) Immunofluorescence staining of NLRP3, cleaved caspase-1, and GSDMD-N in RAW264.7 cells (scale bar = 25 um). (G) Western blot analysis of NLRP3, cleaved cas-
pase-1, and GSDMD-N in LPS and E171-treated RAW264.7 cells pre-treated with NAC treatment. (H) Quantitation of the protein levels of NLRP3, cleaved caspase-1, and
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