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Abstract

Background Following the announcement by the European Food Safety Authority that the food additive titanium
dioxide (E 171) is unsafe for human consumption, and the subsequent ban by the European Commission, concerns
have intensified over the potential risks E 171 poses to human vital organs. The liver is the main organ for food-grade
nanoparticle metabolism. It is increasingly being found that epigenetic changes may play an important role in nano-
material-induced hepatotoxicity. However, the profound effects of E 171 on the liver, especially at the epigenetic level,
remain largely unknown.

Methods Mice were exposed orally to human-relevant doses of two types of E 171 mixed in diet for 28 and/

or 84 days. Conventional toxicology and global DNA methylation analyses were performed to assess E 171-induced
hepatotoxicity and epigenetic changes. Whole genome bisulfite sequencing and further ferroptosis protein detection
were used to reveal E 171-induced changes in liver methylation profiles and toxic mechanisms.

Results Exposed to E 171 for 28 and/or 84 days resulted in reduced global DNA methylation and hydroxymethyla-
tion in the liver of mice. E 171 exposure for 84 days elicited inflammation and damage in the mouse liver, whereas
28-day exposure did not. Whole-genome DNA methylation sequencing disclosed substantial methylation alterations
at the CG and non-CG sites of the liver DNA in mice exposed to E 171 for 84 days. Mechanistic analysis of the DNA
methylation alterations indicated that ferroptosis contributed to the liver toxicity induced by E 171. E 171-induced
DNA methylation changes triggered NCOA4-mediated ferritinophagy, attenuated the protein levels of GPX4, FTH1,
and FTL in the liver, and thereby caused ferroptosis.

Conclusions Long-term oral exposure to E 171 triggers hepatotoxicity and induces methylation changes in both CG
and non-CG sites of liver DNA. These epigenetic alterations activate ferroptosis in the liver through NCOA4-mediated
ferritinophagy, highlighting the role of DNA methylation and ferroptosis in the potential toxicity caused by E 171

in vivo.
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Introduction

Titanium dioxide (TiO,), a ubiquitous pigment, is annu-
ally produced in over 9 million tons for various sectors,
such as coatings, paper, food, and medicine [1]. Food-
and pharmaceutical-grade TiO, (E 171), used as a color-
ant and film coating agent, is present in over 3500 food
products, including chewing gums, pudding, and choc-
olate [2—4]. In the United States, exposure to TiO, was
estimated to be on the order of 1 mg/kg per day of Ti for
adults, whereas estimates for children were two to four
times this dose [5]. The European Commission banned E
171 as a food additive in the European Union (EU) fol-
lowing the risk assessment of the European Food Safety
Authority (EFSA) which used a nano-specific method-
ology, i.e., taking into account the particulate nature of
the material and the extensive presence of biopersistent
nanoparticles, concluded that a concern for genotoxicity
could not be excluded along with a potential for accu-
mulation, immunotoxicity, inflammation, induction of
aberrant crypt foci and neurotoxicity [6—8]. However,
the United States government and Department of Agri-
culture disagreed with this decision [9], and E 171 was
deemed a safe food additive by several agencies, includ-
ing the United Kingdom’s Food Standard Agency, Health
Canada, and World Health Organization [10-12]. These
assessments attributed the highest weight to toxicologi-
cal studies in which food-grade TiO, was administered
via the diet at very high concentrations through simple
admixing of the dry material, whereas EFSA rated best
the toxicological studies where E 171 was administered
via oral gavage or drinking water after proper disper-
sion, since extensive agglomeration may prevent particle
uptake resulting in no exposure [13].

E 171 is still widely used outside the EU. It is notewor-
thy that E 171 has been confirmed to enter the blood
circulation of human volunteers through oral exposure
[14]. The entry of E 171 into the bloodstream may pose a
potential risk in vivo [15-18], necessitating further toxic-
ity assessments, particularly on vital organs, using expo-
sure methods that mimic human exposure scenarios.

Due to its unique organ structure and blood flow char-
acteristics, the liver is the main target organ for nano-
particles entering the circulation [19]. Accumulated
nanoparticles in the liver may elicit liver toxicity [20, 21].
DNA methylation is an epigenetic modification that can
be altered in response to environmental changes, includ-
ing exposure to nanomaterials [22—25]. It is increasingly
being found that exposure to nanomaterials may trigger
DNA methylation changes in the liver. For instance, gra-
phene quantum dots induced global DNA methylation
changes in zebrafish liver [26], oxidized graphene altered
DNA methylation patterns in mouse liver [27], and our
previous studies demonstrated that food-grade nanosilica
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elicited extensive DNA methylation changes at CG and
non-CG sites in the liver of male, pregnant, and fetal mice
[28, 29]. This indicates that the epigenetic effects of nano-
materials on the liver should be taken seriously. Recent
studies disclosed that E 171 may accumulate in the liver,
where TiO, particles were also detected in the deceased,
implying that the liver is one of the main organs of E 171
deposition in humans [30-32]. These studies suggested
that exposure to E 171 may have adverse effects on the
liver and cause epigenetic changes. However, the epige-
netic changes and liver toxicity mechanisms caused by
dietary exposure to E 171 are not yet clear.

Ferroptosis is a form of autophagic cell death charac-
terized by the accumulation of iron in cells and subse-
quent lipid peroxidation [33-36]. It plays an important
role in liver inflammation, injury, and metabolic diseases
[37-40]. Ferritin is the primary iron storage protein [41],
which is degraded through the autophagic process (fer-
ritinophagy) mediated by nuclear receptor coactivator 4
(NCOAA4) to release free iron [33]. The increase of free
iron in cells can promote further ferroptosis by increas-
ing the accumulation of lipid peroxidation [42]. Glu-
tathione peroxidase 4 (GPX4) is the key regulator of
ferroptosis that can clear peroxidized phospholipids,
while GPX4 inhibition results in lipid peroxidation accu-
mulation and ferroptosis [35]. Epigenetic modifications
play a critical role in the regulation of ferroptosis and
autophagy [42-44]. High methylation of nuclear fac-
tor E2-related factor 2 (Nrf2) promoter can inhibit Nrf2
expression, which in turn affects GPX4 levels [45]. The
epigenetic regulation of GPX4 levels is a direct way to
regulate ferroptosis [46]. Moreover, there is a close rela-
tionship between ferritinophagy and DNA methylation,
as inhibiting ferritinophagy suppresses DNA demethyla-
tion [47], and the aberrant DNA methylation has been
demonstrated to affect the expression of NCOA4, which
in turn regulates ferritinophagy [48]. These indicated that
epigenetic modifications, especially DNA methylation,
play an important role in autophagy and ferroptosis pro-
cesses. It is worth noting that nanomaterials may induce
ferroptosis and subsequent toxic reactions in multiple
organs, including the liver [49-52]. However, the role of
DNA methylation in nanomaterial-induced ferroptosis is
poorly understood. The effect of E 171 on ferroptosis and
epigenetic mechanisms in the liver remains unclear.

In this study, we simulated human exposure to E 171 by
feeding mice with E 171-mixed diet and designed 28-day
and 84-day exposure experiments to evaluate its poten-
tial hepatotoxicity. Conventional toxicological evalua-
tions and global methylation evaluations were further
performed. We also performed whole genome bisulfite
sequencing (WGBS) of liver DNA from E 171-exposed
mice to examine the genome-wide DNA methylation
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changes. Our data revealed that E 171 activated ferrop-
tosis through DNA methylation alterations that triggered
NCOA4-mediated ferritinophagy, which further induced
hepatotoxicity.

Materials and methods

Physicochemical characterization of E 171

E 171 from two different manufacturers were used in this
study and designated as E 171-1 and E 171-2. E 171-1
was purchased from Shanghai Jiang Hu Titanium White
Product Co., Ltd. (Shanghai, China), and E 171-2 (Prod-
uct No. 1.00805, Titanium (IV) oxide, Emprove Essential,
Ph. Eur,, BP, ChP, JP and USP) from Merck KGaA (Darm-
stadt, Germany, https://www.sigmaaldrich.cn). The par-
ticles were visualized under a GeminiSEM 300 scanning
electron microscope (ZEISS, Oberkochen, Germany) and
a JEM-1200EX transmission electron microscope (JEOL,
Tokyo, Japan). The crystal structure was identified using
a D8 ADVANCE X-ray powder diffractometry (Bruker,
Karlsruhe, Germany).

In addition, 1.2 mg of E 171-1 and E 171-2 powders
were each dissolved in 8 mL of anhydrous ethanol. The
samples were then vortexed for 10 s and then sonicated
using a JY92-II Ultrasonic Processor equipped with a
6 mm probe (Ningbo Scientz Biotechnology Co., Ltd,,
Ningbo, China) at 40% amplitude for 10 min (1140 J/mL)
to achieve sufficient dispersion for analysis [53]. Imag-
ing was performed using a JEM-1200EX transmission
electron microscope (JEOL, Tokyo, Japan). The acquired
images were counted and analyzed using Image] soft-
ware, following the guidelines proposed by Bresch et al.
(rule number 4) [54]. Specifically, the constituent parti-
cles of the original E 171 samples were characterized by
their minimum and maximum Feret diameter (Fmin and
Fmax), mean Feret diameter (Fmean, i.e., the arithmetic
mean of Fmin and Fmax), and aspect ratio (Fmax/Fmin).

In vitro digestion of feed with or without E 171

Feed samples with E 171-1, E 171-2, or without E 171 were
subjected to in vitro digestion of feed matrices simulating
the processes in the human body, and single-particle ICP-
MS (spICP-MS) was performed to examine the release
of nanosized TiO, particles from the food matrix during
digestion. Feed samples with 0.32% (3.2 g/kg) of E 171-1 or
E 171-2 (same as the feeds for high-dose E 171-1 or E 171-2
group) were prepared and irradiated with Co-60 (Puluteng
Biotechnology, Shanghai, China). Artificial saliva, gastric
fluid, and intestinal fluid (R22154, R30388, R22156) were
purchased from Yuanye Biological Technology (Shang-
hai, China) for simulating the human digestive environ-
ment. Digestion was performed following our previous
studies [28]. Briefly, 4.5 g feed samples were mixed with 6
mlL artificial saliva and incubated at constant temperature
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for 5 min (300 rpm, 37 °C). Then, 12 mL gastric juice was
added to the feed matrix, and the pH was adjusted to a
value of 2. The feed matrix was then incubated for 2 h at
300 rpm and 37 °C. Intestinal juice (12 mL) was subse-
quently added to the feed matrix, and the pH was adjusted
to 6.8. The feed mixture was incubated for 2 h (300 rpm,
37 °C). After each stage, the supernatant was removed, and
the samples were immediately diluted with ultrapure water
(1:100). They were then filtered through a 5 pm filter [13],
and the filtered samples were continued to be diluted to the
appropriate concentration (approximately 1:500) for the
spICP-MS. Detection of spICP-MS was achieved using an
Agilent 8900 Triple Quadrupole ICP-MS instrument (Agi-
lent Technologies, CA, USA) equipped with a microFAST
SC injection system. Instrument conditions and method
performance are summarized in the Supplementary Mate-
rial (Table S1).

Animal experiments

Male BALB/c mice weighing 18—22 g (Vital River Labora-
tory Animal Technologies, Beijing, China) were acclimated
for seven days and randomly assigned to the subacute (28-
day) or subchronic (84-day) exposure group, housed under
a 12-h light/dark cycle at 25+ 1 °C with a relative humidity
of 50 £ 10%. Food and pure water were provided ad libitum.
All procedures and experiments on animals were per-
formed under the guidelines of the Animal Care and Use
Committee of Zhejiang University School of Medicine and
followed the guidelines covered in the Use of Animals in
Toxicology.

After the completion of each exposure period, the mice
were anesthetized with 1.5% pentobarbital sodium by
intraperitoneal injection. The plasma samples from the
inferior vena cava were centrifuged at 4000 rpm (4 °C,
10 min). Major organs were removed, including the liver,
brain, heart, spleen, lung, and kidney. The weight of each
organ was weighed to calculate the organ coefficient (ratio
of organ to body weight). The formula was as follows:

organ weight (g)

Organ coefficient = x 100%

body weight (g)

Samples were collected and fixed in 10% neutral buffered
formalin for further hematoxylin and eosin (H&E) staining.
Samples from the lateral liver lobe were taken for WGBS
analysis. The rest of the major organs were stored at—80 °C
for subsequent analysis.

Experimental design and feed preparation

Seven experimental groups (eight mice in each group)
were designed for subacute and subchronic expo-
sure, respectively, including vehicle control, low-dose
E 171-1 (8 mg/kg bw per day), middle-dose E 171-1
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(80 mg/kg bw per day), high-dose E 171-1 (320 mg/kg
bw per day), low-dose E 171-2 (8 mg/kg bw per day),
middle-dose E 171-2 (80 mg/kg bw per day), and high-
dose E 171-2 (320 mg/kg bw per day). The dosages
for the low-dose (8 mg/kg bw per day) and middle-
dose (80 mg/kg bw per day) groups were determined
based on the methodology established by the EFSA
for assessing the maximum exposure levels to E 171 in
adults (18—64 years old) [2]. Specifically, the low and
middle doses were approximately equal to the lowest
and highest average adult maximum exposure doses
(0.6 — 6.8 mg/kg bw per day) [2], respectively, calculated
by the conversion of human and mouse body surface
area [55]. Since pharmaceuticals, cosmetics, and pig-
ments also contain large amounts of TiO,, food is only
one of the sources of human exposure to TiO,. The high
dose (320 mg/kg bw per day) was four times the mid-
dle dose, and all the doses were computed using body
surface area normalization. Exposure periods were
specified according to the Economic Co-operation and
Development Guidelines for rodent oral toxicity stud-
ies (Test Guidelines 407 and 408). According to the
daily feed intake (0.1 g/g bw per day), the amounts of
E 171 added to feed samples were 0.08, 0.8, and 3.2 g/
kg, corresponding to the low-, middle-, and high-dose
groups, respectively (Table S2). All feeds were prepared
by Puluteng Biotechnology and irradiated with Co-60.
To incorporate E 171 into animal feed, the E 171 pow-
der was gradually pre-mixed with the feed ingredients
in equal amounts until the target percentage of E 171
in the feed was achieved. Subsequently, the pre-mixed
feed was further mixed in a high-efficiency mixer (VH-
50, Tian He Machinery Equipment, Shanghai, China),
during which water, oils, and fats were gradually added.

Sample preparation and scanning transmission
electron microscopy (STEM) analysis

Following subchronic treatment, samples obtained from
the mouse liver and small intestine were fixed in 2.5% v/v
glutaraldehyde overnight. Then, the samples were washed
and soaked three times in phosphate buffer (0.1 M, pH
7.0) for 15 min. After dehydrating with graded ethanol
(30%, 50%, 70%, 80%, 90%, and 100%) and pure acetone,
the samples were treated with a mixture of resin and
acetone. The embedded samples were cut using an EM
UC7 Ultra-thin microtome (Leica, Wetzlar, Germany)
to obtain flakes of 110—130 nm, which were collected
on nickel or copper grids. The obtained sliced samples
were observed by a STEM Nova Nano 450 (Thermo FEI,
USA), and the elemental analysis was performed using an
EDAX TEAM Octane EDS-70 (Ametek, California, USA)
equipped.
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Global DNA methylation analysis

Quantification of global DNA was determined by a Nan-
oDrop 2000 (Thermo Fisher Scientific, Waltham, USA)
after genomic DNA extraction from the liver using the
Wizard Genomic DNA Purification Kit (Promega, Madi-
son, WI, USA). An equal amount of DNA from each
sample in each group was well mixed as a testing sam-
ple to represent the group. The levels of 5-methylcytosine
(5-mC) were detected using a MethylFlash Global DNA
Methylation (5-mC) ELISA Easy Kit (EpiGentek, USA),
and the 5-hydroxymethylcytosine (5-hmC) levels were
detected by a MethylFlash Global DNA Hydroxymethyla-
tion (5-hmC) ELISA Easy Kit (EpiGentek).

Whole genome bisulfite sequencing

In the control and E 171-2 middle-dose exposure group,
the liver samples from three randomly selected mice
were performed for WGBS. As previously described [28],
genomic DNA was mixed with lambda DNA and cut
into ~ 250 bp fragments by a Covaris S220 Focused-ultra
sonicator (Covairs, MA, USA). An EZ DNA Methylation-
Gold™ Kit (Zymo Research, USA) was used for bisulfite
treatment and KAPA HiFi HotStart Uracil+ReadyMix
(2x) was used for PCR amplification. Libraries were
sequenced on a HiSeq X Ten (Illumina, USA). Paired-end
reads of 150 bp were generated by Shanghai Biotechnol-
ogy (Shanghai, China).

The quality of sequenced sequences was evaluated
using Fastp v 0.20.0 (Fastp, RRID: SCR_016962) and fil-
tered using Trim Galore v 0.4.1 (Trim Galore, RRID:
SCR_011847) to obtain clean reads. The main filtering
steps were as follows: first, the reads with low overall
quality, i.e.,, Q>20 in<50% of the bases, were removed;
next, the bases with quality Q<20 at the 3’ end (base
error rate was greater than 0.01) and the splice sequences
contained in the reads were removed; finally, sequencing
fragments (reads) with lengths less than 70 and unpaired
reads were de-selected. Then, using Bismark (v.0.15.0),
the genome of the reads after pretreatment was com-
pared using a mouse (mm10) as the reference genome,
and possible PCR redundancies were removed.

Quantitative reverse transcription polymerase
chain reaction (RT-qPCR) analysis

Total RNA extracted using a RNeasy Mini Kit (Qiagen,
Germany) from liver tissue was quantified using the Nan-
oDrop 2000 device, for each group, equivalent amounts
of RNA samples from seven mice were taken to prepare
the test samples. After reverse transcription with a HiFiS-
cript ¢cDNA Synthesis Kit (CWBIO, Taizhou, China),
RT-qPCR was performed using the CFX96 Touch™ Real-
Time PCR System (BioRad, CA, USA) with Hieft UNI-
CON® gqPCR SYBR Green Master Mix (Yeasen Biotech,
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Shanghai, China) and the specific primers (Sangon Bio-
tech, Shanghai, China) shown in Table S3. The house-
keeping genes used to normalize the data were Gapdh
and Rps29, and fold changes were calculated using the 2~
AACt method. The experiment was repeated three times.

Western blot analysis

The detailed experimental steps for western blot were
described in the previous studies [29]. Briefly, for each
group, liver samples from six mice were lysed using a
protein lysis buffer, and equal amounts of proteins were
mixed as a representative sample. Protein samples were
then separated by 10% or 12% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transferred to
polyvinylidene fluoride membranes. The membranes
were then blocked in 5% skim milk solution and then
incubated overnight at 4 °C with the following primary
antibodies: IGF-1 (1:500; Abcam, Cambridge, UK),
HSP90B1 (1:1000; Abcam), B-actin (1:1000; Beyotime
Biotechnology, Shanghai, China), NCOA4 (1:1000;
Abcam), p62 (1:1000; Beyotime Biotechnology), LC3B
(1:1000; Beyotime Biotechnology), GAPDH (1:1000;
Beyotime Biotechnology), FTH1 (1:1000; Abcam), FTL
(1:1000; Abcam), and GPX4 (1:1000; Abcam). The blots
were then incubated with horseradish peroxidase-con-
jugated secondary antibodies (Beyotime Biotechnology).
GAPDH or B-actin was used as an internal standard.

Statistical analysis

Values are expressed as mean + standard deviation (SD).
One-way ANOVA followed by Dunnett’s test was used to
test statistical differences between the E 171-exposed and
control groups. Differences with p values <0.05 were con-
sidered statistically significant.

Results

Nanoparticles were present in E 171 and the feed matrix
after in vitro digestion

Two types of E 171 (i.e., E 171-1 and E 171-2) were used
to assess the potential risk of E 171. E 171-1 is com-
monly used as a food additive in mainland China (Jiang
Hu Titanium White, Shanghai, China), while E 171-2
is widely used in food and pharmaceuticals worldwide
(Merck KGaA, Darmstadt, Germany). The physicochemi-
cal properties of nanoparticles determine their uptake
and potential hazards when they enter in vivo [56]. Thus,
the physicochemical properties of the two types of E
171 were first characterized. As shown in Fig. 1A, both
materials exhibited an approximately spherical shape and
contained nanoparticles detected by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM), while large agglomerates were also observed.
X-ray powder diffractometry (XRD) showed that both
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types of E 171 are anatase, which is a common type of
TiO, crystals used in food products (Fig. 1B) [57].

Table 1 further summarizes the results obtained by
analyzing E 171-1 (n=477) and E 171-2 (n=531) parti-
cles using TEM. The average Fmin of E 171-1 and E 171-2
was 111.8 nm and 123.9 nm, respectively. E 171-1 and E
171-2 contain 40.5% and 33.9% of particles with Fmin less
than 100 nm, respectively (in terms of number share). In
terms of particle distribution, the sizes of both E 171 par-
ticles were mainly distributed between 40 and 250 nm,
and the Fmean diameter of the constituent nanoparticles
is generally around 90 nm (Fig. 1C).

The colloidal properties of the two types of E 171 sam-
ples in ddH,O or in simulated human digestive juice
were determined by dynamic light scattering (DLS).
As shown in Table S4, the hydrodynamic diameter (d};)
of E 171-1 in ddH,O was smaller than that of E 171-2
(282.8+6.9 nm versus 543.8+25.4 nm). In artificial
saliva, the di; of E 171-1 and E 171-2 were similar to each
other, at 1022.2+10.4 nm and 975.6+63.7 nm, respec-
tively. The dy; of E 171-1 in artificial gastric fluid was
similar to that in artificial intestinal fluid (591.4+ 10.6 nm
and 587.2+13.0 nm). In contrast, the d;; of E 171-2 in
artificial gastric fluid was greater than that in artifi-
cial intestinal fluid (940.9 +39.3 nm and 680.4 +2.4 nm,
respectively). The d}; of E 171 in artificial saliva is greater
than that in artificial gastric and intestinal fluid, pos-
sibly because of the neutral pH (pH=7) of the artificial
saliva. Previous studies have demonstrated that calcium
and phosphate in the digestive fluid precipitate on the
surface of E 171, thereby increasing its d; at pH>7 [58].
Furthermore, in agreement with previous studies [59], E
171 showed a smaller dy; in artificial intestinal fluids in
this study.

The { potentials determined via electrophoretic light
scattering (ELS) of E 171-1 and E 171-2 were negative in
ddH,O (—11.8£0.9 mV and—13.7+£0.9 mV), artificial
saliva (—13.0+0.5 mV and —13.8+0.7 mV), and artificial
intestinal fluid (—29.5+1.8 mV and—19.6+0.9 mV). In
contrast, the { potential of E 171-1 and E 171-2 became
positive in the acidic artificial gastric fluid (15.6+0.7 mV
and 14.4+0.6 mV). Similarly, previous studies showed
that the iso-electric point pH of E 171 was at approxi-
mately 3.3, and E 171 carried a negative surface charge at
higher pH (pH >4) [60].

E 171-containing foods may release TiO, nanoparti-
cles during digestion, which may influence their toxicity
in vivo. Thus, three types of feed samples were analyzed
to evaluate the effects of simulated human digestion on
E 171 in food: normal feed samples, normal feed samples
with E 171-1, and normal feed samples with E 171-2. These
feed samples were sequentially digested using saliva juice,
gastric juice, and intestinal juice to simulate the human
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Fig. 1 Physicochemical properties of E 171. (A) Characterization of £ 171-1 and E 171-2 using TEM and SEM. The scale bar is 200 nm. (B) Crystal
structure of E 171-1 and E 171-2 by XRD. (C) E 171 number-based particle size distributions (PSDs) of Fmean determined by TEM

Table 1 Summary of the number-based PSDs of E 171-1 (n=477) and E 171-2 (n=531) as determined by TEM: median and mean
values of the Fmin, Fmax, and aspect ratio; number-based percentages of particles with a Fmin smaller than 100 nm and 250 nm

Tio, Fmin Fmax Aspect ratio % of constituent Particles
with Fmin
Median (nm) Mean (nm) Median (nm) Mean (nm) Median Mean <100 nm <250 nm
E171-1 107.5 111.8 131.7 138.2 12 12 40.5 100.0
E171-2 116.7 1239 133.1 1434 1.1 1.2 339 99.2

digestive processes in vivo. The spICP-MS was used to
detect the PSDs of E 171, incorporating samples after ultra-
sound treatment or simulated human gastrointestinal tract
digestion. The spICP-MS was first performed on TiO,-P25
(Merck KGaA, Darmstadt, Germany), which, according to
the supplier, had an initial particle size of 21 nm (TEM).
The results showed that the average size of TiO,-P25 dis-
persed in ultrapure water was 57.3 +4.0 nm (n=3, Fig. S1),

which was in agreement with the results of spICP-MS per-
formed in a previous study using a NexION 350 ICP-MS
on TiO,-P25 from the same supplier [61]. For E 171-1 and
E 171-2 dispersed in ultrapure water, spICP-MS determi-
nation of the PSDs of TiO, particles showed that the most
predominant distribution of particles in both E 171 sam-
ples was between 90 and 150 nm (Fig. 2A). The percentage
of TiO, particles smaller than 100 nm was 17% and 10% for
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both E 171 samples, respectively (Table S5). Next, spICP-
MS was performed on TiO, particles released from nor-
mal feed or feed containing E 171 that had been digested
sequentially with artificial saliva, artificial gastric fluid, and
artificial intestinal fluid. No TiO, particles were detected at
any stage of digestion of normal feed, while TiO, particles
were detected at all stages of digestion of feed containing

A
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E 171-1 or E 171-2. The spICP-MS results showed that the
TiO, particles detected after salivary and gastric diges-
tion were larger than those detected in E 171 dispersed in
ultrapure water after sonication, with no particles smaller
than 100 nm detected (Fig. 2B). Notably, after the final arti-
ficial intestinal fluid digestion, the TiO, particles released
from feeds containing E 171 were significantly smaller in
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size than those released by the artificial saliva and gastric
fluid digestion stages (Fig. 2B). During the artificial intes-
tinal fluid digestion stage, the percentage of TiO, particles
smaller than 100 nm in the particles released from feeds
containing E 171-1 or E 171-2 was 10% and 1%, respectively
(Table S5).

Effects of subacute and subchronic exposure of E
171 on mice

Mice were exposed to E 171 for 28 or 84 days to exam-
ine the phenotypic changes induced by subacute and
subchronic oral exposure. Conventional toxicologi-
cal indicators were evaluated in mice after subacute and
subchronic exposure to E 171-1 and E 171-2. The low- and
middle-dose (8 mg/kg bw per day and 80 mg/kg bw per
day) E 171 groups were designed based on the maximum
human exposure level (0.6—6.8 mg/kg bw per day for
adults aged 18 —64) reported by the EFSA [2], calculated
by the conversion of human and mouse body surface area
[55]. The high-dose (320 mg/kg bw per day) E 171 groups
were used to evaluate the potential risk of E 171 in higher
exposure situations. The actual oral exposure doses of TiO,
were calculated using the average daily feed intake of the
mice and the TiO, content of the feed samples (Fig. S2,
Table S2). The results confirmed that the actual doses
matched the planned doses (Table S2).

No significant changes were observed in the body
weights of mice after subacute or subchronic treatment
with any of the three doses of E 171-1 or E 171-2, com-
pared with the control group (Figs. 3A and S3). However,
the liver coefficients (ratio of liver to body weight) of mice
exposed to the high dose of E 171-2 for 84 days decreased
significantly (Fig. 3B). No other organ coefficients changed
significantly after exposure to E 171 (Figs. S4A and S5).
Similarly, a previous study also reported reduced liver coef-
ficients in C57BL/6 mice after 16 weeks of E 171 admin-
istration via drinking water at 5 mg/kg [17]. These results
suggested that oral exposure to E 171 may have detrimental
effects on the liver.

To further evaluate the liver injury caused by oral
exposure to E 171, plasma alanine transaminase (ALT)
and aspartate transaminase (AST) levels were meas-
ured. Triglycerides (TG), total cholesterol (TC), and
total bilirubin (TBIL) in plasma were measured to
assess lipid metabolism changes. After 28 days of
exposure to E 171-1 or E 171-2, none of the three dose
groups showed significant changes in any of these

(See figure on next page.)
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parameters compared with the control group (Fig. S4B).
However, high-dose E 171 exposure for 84 days
increased ALT and AST levels, especially in the high-
dose E 171-1 group (Fig. 3C). Meanwhile, TG levels
in plasma were significantly reduced in the high-dose
E 171-1 group and both TBIL and TG levels in plasma
were significantly reduced in the high-dose E 171-2
group after 84 days of exposure to E 171 (Fig. 3D).
These results indicated that subchronic exposure to
high doses of E 171 can induce mild liver injury and
lipid metabolism alterations. A previous study reported
a similar phenomenon in CD1 mice after intravenous
injection of E 171 (6 mg/kg bw per day), which elevated
ALT and AST levels above the reference values after 24
and 96 h [31].

Liver samples from mice exposed to E 171-1 and E
171-2 for 28 and 84 days were subjected to H&E stain-
ing. The liver of mice exposed for 28 days showed no
significant changes (Fig. S6). However, inflammatory
cell infiltration was found in the liver tissues of mice
exposed to all three E 171-1 and E 171-2 doses for
84 days (Fig. 3E). These results indicated that two types
of E 171, which contain a fraction of nanoscale TiO,
particles, can induce hepatotoxicity in mice.

Digestion and distribution of E 171 in vivo

To determine whether E 171 can accumulate in the liver
of mice at both low and high doses when administered
orally, the small intestine and liver of mice exposed to
low- and high-dose E 171 for 84 days were examined
using STEM and energy dispersive X-ray spectroscopy
(EDS). As shown in Fig. 4A, after 84-day exposure to
E 171, TiO, particles were found in the small intestine
of mice in the low- and high-dose E 171-1 and E 171-2
groups. The particles appeared individually or in aggre-
gates in the microvilli and enterocytes with an average
size of approximately 100 nm. Furthermore, EDS analy-
sis showed that the single particles and aggregates were
made of TiO, (Fig. S7A). Importantly, STEM further
revealed the presence of single particles and aggregates
in liver sections after 84-day exposure to E 171-1 or E
171-2 (Fig. 4B), and EDS confirmed that the particles
were made of TiO, (Fig. S7B). Moreover, we detected
TiO, aggregates in the hepatic vessel of mice in the
high-dose E 171-2 group (Fig. 4B), implying that they
reached the liver via blood circulation.

Fig. 3 Conventional toxicological evaluation of the effects on mice exposed to E 171 for 84 days. (A) Body weight, (B) Liver coefficients, (C) Plasma
ALT and AST levels, and (D) Plasma TBIL, TG and TC levels, n=8. (E) Representative H&E staining plots of liver, n=4. n indicates the number of mice
in each group. Significance is indicated as *p <0.05 and **p <0.01, compared with the control group
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Effects of E 171 exposure on DNA methylation

and its elements in the liver

DNA methylation and hydroxymethylation levels may be
significantly altered after dietary exposure to nanoparti-
cles [28]. Thus, the changes in global DNA methylation
and hydroxymethylation levels were assessed in vivo by
comparing the 5-mC and 5-hmC levels in the liver sam-
ples of the E 171-exposed and control mice. A slight
decrease in 5-mC levels was found in the liver of mice in
all three doses of E 171 exposure for 28 days, especially in
the low- and high-dose E 171-1 groups as well as the mid-
dle- and high-dose E 171-2 groups, compared with the
control group (Fig. 5A). A similar trend was observed in
liver tissue with 84-day E 171 treatment (Fig. 5B): expo-
sure to three doses of E 171-2 resulted in a significant and
dose-dependent decrease in hepatic 5-mC levels, and the
high-dose E 171-1 group also showed a significant reduc-
tion in 5-mC levels compared with the control group.
Hepatic 5-hmC levels did not change significantly after
28-day treatment with E 171-1 or E 171-2 (Fig. 5C). How-
ever, there was a significant reduction in liver 5-hmC
levels after high-dose E 171-1 exposure and middle- and
high-dose E 171-2 exposure for 84 days (Fig. 5D).

We further explored the expression changes of methyl-
ation elements linked to 5-mC and 5-hmC levels in liver
exposure to E 171 for 28 and 84 days, including DNA
methyltransferases and the TET family. The expression
levels of Dnmtl, Dnmt3a, Tet2, and Tet3 showed no sig-
nificant change in the liver of mice exposed to any of the
three doses of E 171-1 or E 171-2 for 28 days. By contrast,
Dnmtl expression was slightly decreased in the liver of
mice exposed to all three doses of E 171 for 84 days, and
significantly downregulated (>1.5-fold) exposed to the
middle-dose E 171-1 as well as the middle- and high-dose
E 171-2 (Fig. 5E). Thus, lower hepatic 5-mC levels after
subchronic exposure to E 171 may be due to the down-
regulation of DnmtI. Furthermore, the expression of Tet2
and 7et3 in liver tissue was significantly downregulated
after exposure to E 171 for 84 days (Fig. 5F, G), which
was consistent with the decrease in 5-hmC levels. The
decrease in the levels of 5-mC and 5-hmC indicated that
E 171 exposure affects DNA methylation and demethyla-
tion in the liver. Exposure to engineered and food-grade
nanomaterials has been reported to deregulate trans-
posable factor expression [28, 62]. Therefore, we further
evaluated the changes in transposable factor expression
after 28-day and 84-day exposure to E 171. The expres-
sion of LINE-1 ORF1, LINE-1 ORF2, SINEBI, or SINEB2
in liver tissue did not significantly change after expo-
sure to E 171 for 28 days in all groups, but exposure to
all doses of E 171-1 or E 171-2 for 84 days upregulated
LINE-1 ORFI1 and LINE-1 ORF2 expression in liver tissue
(Figs. 5H and S8).
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Our findings suggested that exposure to E 171 for
84 days results in changes in global DNA methylation
and hydroxymethylation in the liver of mice. Moreover,
the levels of 5-mC and 5-hmC significantly changed in
the liver after E 171 treatment for 28 days, but not the
organ coefficients, blood biochemical indices, or histo-
pathological patterns. These results suggested that global
DNA methylation and hydroxymethylation are sensitive
indicators of E 171 toxicity.

DNA methylation landscape

The livers of mice in the middle-dose E 171-2 group
were selected for further DNA methylation analysis for
the following reasons: (1) E 171-2 is a common food and
pharmaceutical additive; (2) The exposure level of the
middle-dose E 171-2 group (80 mg/kg bw per day) was
within the maximum human exposure level (0.6—6.8 mg/
kg bw per day), calculated by the conversion of human
and mouse body surface area [55]; (3) The liver of the
mice in the middle-dose E 171-2 group exhibited signifi-
cant pathological and DNA methylation changes similar
to those of the high-dose E 171-2 group. We performed
WGBS on the liver of mice exposed to the middle dose
of E 171-2 to investigate the mechanisms underlying the
changes in DNA methylation induced by E 171 expo-
sure. Table S6 shows the quality and clean reads of the
raw sequencing data after WGBS. Based on the WGBS
results, each sample had a basic quality of Q20>93%. The
alignment of mouse genome sequences revealed a unique
alignment rate of over 69% and a conversion efficiency
exceeding 99.5% for each sample. Therefore, the samples
met the quality criteria for subsequent analysis. Based on
the methylation level of CpG sites for each liver sample,
principal component analysis was used to assess simi-
larities and dissimilarities between samples. The sam-
ples from the control and middle-dose E 171-2 groups
showed clear distinctions, indicating significant meth-
ylation changes in the livers of mice treated with middle-
dose E 171-2 for 84 days (Fig. S9).

In addition, the DNA methylation levels in mCG,
mCHG, and mCHH contexts in the liver were ana-
lyzed and visually represented by chromosome-based
Circos plots. The changes of methylation in the mCG,
mCHG, and mCHH environments were observed
in the liver of mice in the middle-dose E 171-2 group
compared with the control group (Fig. 6A—C). Several
methylation alterations were observed after exposure to
E 171 for 84 days. Hypomethylation in the mCG sites
in several regions was detected, including 65—70 Mb
in the Y chromosome, 40—45 Mb in chromosome
1, 130—135 Mb in chromosome 7, and 10—15 Mb in
chromosome 18 (Fig. 6A). While in the liver mCHG
sites, several hypomethylation regions were detected,
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such as 100—105 Mb and 150-155 Mb in chromo-
some X, 30—35 Mb and 130—140 Mb in chromo-
some 5, 115—120 Mb in chromosome 9, 100—105 Mb
and 110-120 Mb in chromosome 12 (Fig. 6B). In the
liver mCHH sites, 115—120 Mb in chromosome 6,
100—-105 Mb, and 110—120 Mb in chromosome 12
were hypomethylated (Fig. 6C). In addition, a slight
increase in upstream and transcription start sites (TSS)
regions of the mCG sites was observed in the liver of

mice treated with middle-dose E 171-2 for 84 days. In
the mCHG and mCHH sites, E 171 treatment showed
a marked methylation decrease in the upstream, TSS,
transcription termination sites (TES), and downstream
regions (Fig. 6D). Notably, E 171 induced elevated
methylation levels in the region near the 8 kb position
of the gene body in both mCHG and mCHH environ-
ments in the livers of mice exposed to middle-dose E
171-2 for 84 days.
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Differentially methylated sites, regions, and genes
after exposure to E 171

Differentially methylated sites (DMSs) were identified
using the Dispersion Shrinkage for Sequencing data
(DSS) tool with parameters “p value <0.05 and methyla-
tion difference degree>10% The methylation variation
patterns in the liver that resulted from subchronic expo-
sure to E 171 were assessed by selecting the DMSs and
visualizing the clustered heat maps (Fig. S10). To fur-
ther investigate DNA methylation alterations in different
regions after E 171 exposure, we screened the differen-
tially methylated regions (DMRs) using the DSS (call
DMR) following parameters “p value <0.05” and “at least
3 nCG” A total of 1409 DMRs were detected in the mCG
sites of the liver tissue. Further analysis revealed that the
distribution of DMRs varied in different gene regions. In
the mCG sites of the liver, DMRs were primarily located
in intron and intergenic regions, followed by promoter
regions and exons. In the mCHG and mCHH environ-
ments, DMRs were mostly located in intergenic regions
and, to a lesser extent, in the introns (Fig. 7A).

Notably, the DMR number detected in the mCHG and
mCHH environments (4911 DMRs and 12,070 DMRs,
respectively) was significantly larger than those in the
mCG environments (1409 DMRs), including in the pro-
moter regions that regulate gene expression (Fig. 7A)
[63]. Thus, exposure to E 171 may cause more changes in
the mCHG and mCHH environments than mCG envi-
ronments in the liver tissue.

E 171 may cause lipid metabolism changes

in the liver

The biological functions of differentially methylated
genes (DMGs) in liver tissue were further investigated
based on the Gene Ontology Biological Processes (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. After subchronic exposure to E 171, the insu-
lin metabolic process pathway was significantly enriched
(Fig. 7B). Insulin metabolism, which occurs mainly in the
liver, affects both physiological processes like fat forma-
tion and disease development [64, 65]. The involvement
of insulin metabolism and the reduced TBIL and TG
plasma levels indicate that subchronic exposure to E 171
may cause changes in hepatic lipid metabolism. To exam-
ine the insulin metabolic process pathway, we analyzed
the genes with significant changes and observed sub-
stantial hypomethylation in the promoter regions of the
key genes Igf-1 and Hsp90b1. The results showed that the
protein expression levels of IGF-1 and HSP90B1 in the
liver of mice were significantly upregulated after 84 days
of exposure to E 171, especially exposure to middle-dose
E 171-2 (Fig. 7D). IGF-1, which is similar to insulin, reg-
ulates glucose metabolism and is associated with lipid
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levels in the liver [66—68], and HSP90B1 can inhibit high
glucose-induced insulin secretion [69]. These findings
implied that exposure to E 171 may alter the metabolism
and, subsequently, the levels of hepatic lipids.

E 171 triggered ferroptosis via NCOA4-mediated
ferritinophagy in the liver

KEGG pathway analysis of DMGs showed that the fer-
roptosis pathway was also significantly enriched (Fig. 7C).
To explore the role of DNA methylation regulation in E
171-induced potential ferroptosis, we examined the DNA
methylation profiles of Ncoa4, Sgstml, and Mapllc3b,
the key genes encoding NCOA4, p62, and LC3B pro-
teins that modulate ferroptosis via ferritinophagy, in the
liver of mice exposed to middle-dose E 171-2 for 84 days.
After 84 days of E 171 exposure, the methylation levels
of the promoter regions of Ncoa4 in mCHG and mCHH
contexts in mouse liver were significantly lower than
those of the control group (Fig. 8A). The 84-day expo-
sure to E 171 also resulted in reduced DNA methylation
levels at multiple sites within the promoter regions of
Sgstml1 and Mapllc3b in the liver, which were observed
in the mCpG, mCHG, and mCHH contexts (Fig. 8B, C).
We further analyzed the protein expression of NCOA4,
p62, and LC3B in the liver of mice after 84 days of expo-
sure to E 171. The results showed that the protein expres-
sion levels of NCOA4 were significantly elevated in a
dose-dependent way in the livers of mice exposed to E
171 for 84 days. In addition, both p62 and LC3II (a con-
jugated form of LC3B) were significantly elevated in the
livers of mice exposed to E 171, especially in the mid-
dle- and high-dose E 171-2 groups, compared with the
control group (Fig. 8E). These results indicated that E 171
might upregulate the expression of Ncoa4, Sqstml, and
Map1lc3b by decreasing their promoter methylation lev-
els, resulting in higher levels of NCOA4, p62, and LC3B
expression in mouse liver and affecting NCOA4-medi-
ated ferritinophagy.

Since NCOA4-mediated ferritinophagy plays a crucial
role in the regulation of ferroptosis, we further assessed
the expressions of the key proteins involved in ferropto-
sis. The results showed that the protein expression lev-
els of both FTH1 and FTL were significantly decreased
in the livers of mice exposed to E 171, especially in the
high-dose E 171-1 group and the middle- and high-
dose E 171-2 groups, compared with the control group
(Fig. 8F). In addition, exposure to E 171 induced a signifi-
cant dose-dependent decrease of the protein expression
level of GPX4 in mouse liver in the middle- and high-
dose groups. Reduced protein expression levels of FTH1,
FTL, and GPX4 in the livers of E 171-treated mice may
greatly contribute to the accumulation of lipid peroxida-
tion thereby triggering ferroptosis.
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Discussion

E 171 has been confirmed to enter the blood circula-
tion of human volunteers through oral exposure [14]
and may accumulate in the liver [30-32]. Here, our study

shows for the first time that long-term oral exposure
to human-relevant doses of E 171 within a food matrix
may pose a liver risk through DNA methylation altera-
tions in mice. We show that E 171 when incorporated
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Fig. 8 Effects of E 171 treatment on DNA methylation and protein expression in mouse liver. (A —C) DNA methylation profiles of Ncoa4 (A),
Sgstm1 (B), and Map1lc3b (C) in mCpG, mCHG, and mCHH environments. (D) Schematic diagram of E 171 promoting the process of ferritinophagy
by affecting DNA methylation. (E) Changes in protein expression of NCOA4, p62, and LC3Il'in the liver, n=6. (F) Changes in protein expression
of FTL, FTH1, and GPX4 in the liver, n=6. n indicates the number of mice in each group. Statistical significance is indicated as *p < 0.05 and **p <0.01,
compared with the control group
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into a food matrix, released nanoparticles during intes-
tinal digestion. Following 28 days of oral exposure to E
171 within the maximum human exposure levels, E 171
elicited notable DNA methylation changes in the liver
of mice without inducing significant pathological altera-
tions. After 84-day exposure to human-relevant doses
of E 171, the TiO, particles accumulated in the liver of
mice via intestinal absorption, leading to liver damage
and inflammatory responses. Furthermore, exposure to
E 171 for 84 days elicited dose-dependent DNA meth-
ylation alterations in the mouse liver, as well as causing
significant DNA methylation changes in both CG and
non-CG contexts. Our findings show that E 171-induced
DNA methylation changes prompt ferroptosis through
NCOA4-mediated ferritinophagy, a critical mechanism
behind E 171-related liver injury.

This study demonstrates that the intestinal digestion
stage is crucial for the breakdown of E 171 mixed in
the food matrix upon ingestion. Our findings indicated
that E 171 showed higher absolute values of { potential
in artificial intestinal juice than in water, artificial saliva,
or artificial gastric juice, implying enhanced stability in
artificial intestinal juice [70]. It was observed that dur-
ing the intestinal digestion stage, E 171 released nano-
particles. These results are consistent with our previous
study on food-grade nanosilica, which also released more
nanoparticles during the intestinal fluid digestion phase
[28]. This implies that the intestinal digestion phase is the
main stage of nanoparticle release from food-grade nano-
materials. The liberation of nanoparticles from E 171
within the intestinal tract is likely a contributing factor to
its induction of intestinal toxicity. Previous studies have
identified various adverse effects of E 171 on the intes-
tinal tract, including impairment of intestinal immune
homeostasis [16], worsening of pre-existing intestinal
disease [71], an increase in colonic adenomas [17], and
alteration of the composition of the intestinal bacteria
[72].

Beyond intestinal toxicity, it is particularly significant
that E 171 may be absorbed from the intestines into
the bloodstream, potentially affecting multiple organs,
including the liver. Our study revealed the accumulation
of E 171 in the small intestine and liver. In line with our
findings, a previous study showed that food-grade TiO,
particles were present in the liver, small intestine, and
colons of Wistar rats after 7 days of E 171 gavage (10 mg/
kg bw per day), with the highest density of Ti found near
the portal vein [16]. A significant elevation of Ti levels
in the liver and colon was detected after repeated oral
administration of E 171 suspension to mice (5 mg/kg bw
for 3 days/week for 3 weeks) [30]. Similarly, the Ti con-
centration in the liver increased after a single intravenous
injection of E 171 (6 mg/kg bw per day) [31]. However, in
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these studies, E 171 was given by gavage or injection, and
the in vivo distribution of E 171 when mixed with food
was not investigated. Our results suggested that E 171
can enter the liver through blood circulation even when
mixed with food containing complex components such
as sugars and protein. In addition, our study elucidated
the impact of E 171 on the liver over varying exposure
durations at human-relevant doses. Specifically, a 28-day
exposure period to E 171 elicited no notable pathological
alterations in the liver. In contrast, an 84-day exposure
period was associated with the onset of liver injury and
inflammatory reactions.

More importantly, oral exposures of 28 and/or 84 days
to E 171 induced alterations in methylation and hydroxy-
methylation levels in mouse liver DNA. Previous stud-
ies have demonstrated that E 171 induced global DNA
methylation alterations in mouse colonic epithelial cells
[15] and TiO, nanoparticles have been observed to cause
a reduction in global DNA methylation levels across vari-
ous cells in vitro, including colon, liver, lung, and skin
cells [73-75]. Combined with our findings, it appears
that E 171 could exert a broad spectrum of effects on
DNA methylation. It was worth noting that previous
studies have focused on assessing the global DNA meth-
ylation changes induced by E 171 or TiO, nanoparticles.
Our study, however, has provided further evidence that
84 days of E 171 oral exposure results in DNA methyla-
tion alterations in both CG and non-CG contexts in the
mouse liver, with the non-CG context showing more sub-
stantial changes, as determined by WGBS. Our research
delineated a marked augmentation in DNA methyla-
tion levels in the region near the~8 kb position within
the non-CG gene body, instigated by E 171 exposure. To
our knowledge, this phenomenon has not been previ-
ously explored; hence, we advocate for a comprehensive
investigation into the methylation alterations induced
by E 171. Recent studies have provided evidence of the
wide distribution and importance of non-CG environ-
ments in mammals, including gene expression regulation
and chromosomal interactions [76—-78]. Importantly, our
previous studies and other reports have demonstrated
that nanomaterials such as food-grade nanosilica or gra-
phene oxide can alter methylation levels in non-CG con-
texts, as evidenced by the liver of mice exposed to these
substances [28, 29, 79]. Our findings indicated that E
171 may also affect CG and non-CG methylation levels.
Therefore, we need further studies to examine the effects
of nanomaterials on both CG and non-CG methylation.

Drawing on research into E 171-induced DNA methyl-
ation changes within CG and non-CG contexts, our study
uncovered that E 171 initiates ferroptosis through the
regulation of NCOA4-mediated ferritinophagy. NCOA4
is a cargo receptor for ferritin degradation and plays a
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key role in ferritinophagy [80]. Upregulation of NCOA4
expression facilitates ferritinophagy and subsequent fer-
roptosis [81]. During ferritinophagy, NCOA4 directly
binds to FTH1 and transports the ferritin complex to the
lysosome, where the degraded ferritin releases free iron
[82]. Autophagy positively regulates ferroptosis by modu-
lating iron homeostasis through NCOA4-mediated ferri-
tinophagy [33]. Our results showed that autophagy was
activated in mouse liver after 84 days of E 171 exposure,
as indicated by the increased expression of LC3B protein.
Interestingly, the expression of the autophagy substrate
p62 also increased, contrary to the usual decrease during
autophagy activation. Previous studies reported that the
elevation of p62 also occurred in mouse liver with hep-
cidin knockout-induced ferroptosis and in lung epithelial
cells with polystyrene nanoparticles-induced ferroptosis
[49, 83]. This phenomenon might result from the unique
role of p62 in ferritinophagy, as p62 can act as a platform
to tether NCOA4 to LC3 and promote ferritinophagy,
and p62 overexpression can promote ferritinophagy
[84]. Therefore, our findings indicated that the methyla-
tion reduction induced by E 171 increased the expression
of NCOA4, p62, and LC3B in mouse liver after 84 days
of exposure. Under the effect of p62, NCOA4 bound to
LC3B and transported ferritin to the lysosome by bind-
ing to FTH1, degrading ferritin, and inducing ferropto-
sis. Our investigation demonstrated that E 171 induces
ferroptosis in liver tissues and elicits detrimental hepatic
effects, underscoring the necessity for a further evalua-
tion of substances that activate ferroptosis.

Nanoparticles have been widely used to induce fer-
roptosis in tumor cells for the treatment of cancer, but
the toxic effects of nanoparticle-induced ferroptosis
in normal cells should not be overlooked [85, 86]. Iron
homeostasis disruption may be a critical mechanism for
nanomaterial-induced ferroptosis. For instance, alumina
nanoparticles, graphene quantum dots, and silica nano-
particles disrupted iron balance and induced ferropto-
sis in neurons and microglia, respectively [52, 87, 88].
Polystyrene nanoplastics, zinc oxide nanoparticles, and
MoS, nanosheets triggered iron imbalance and ferrop-
tosis through NCOA4-mediated ferritinophagy [49, 89,
90]. These studies, along with our results, indicated that
NCOA4-mediated ferritinophagy and the subsequent
iron homeostasis disruption are crucial steps in nano-
material-induced ferroptosis. Our study unveiled a novel
potential mechanism for nanomaterial-induced ferrop-
tosis, namely, nanomaterials modulate the expression of
key proteins in ferritinophagy by altering DNA meth-
ylation levels, thus enhancing ferroptosis. Epigenetic
modifications can determine the vulnerability of cancer
cells to ferroptosis through transcriptional and trans-
lational mechanisms [42]. Concurrently, the activation
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of ferroptosis by nanomaterials constitutes a significant
strategy for cancer therapy [91]. Therefore, a thorough
understanding of the influence of epigenetic modifica-
tions, especially DNA methylation, on nanomaterial-
induced ferroptosis could advance the application of
nanomaterials in cancer treatment.

It is worth noting that although E 171 was homogene-
ously dispersed as a powder in mouse feed, the process
of preparing mouse feed differed from that of human
food. This difference may have impacted the relatively
milder toxic effects observed for E 171 in this study [13].
Therefore, future studies should consider adding E 171
in a manner that more closely resembles human food
preparation, such as dispersing E 171 initially in a liquid
medium followed by mixing it with feed using an appro-
priate dispersion program [92]. In addition, because
the toxicokinetics of nanomaterials differ from those of
conventional chemicals, the specificity of nanomaterials
including no partitioning equilibrium but macrophage-
mediated distribution should be considered when per-
forming animal and human dose conversions [93, 94].

Conclusions

The present study revealed potential hepatotoxic effects
of E 171 in vivo and demonstrated that both subacute
and subchronic exposure to E 171 resulted in global
changes in DNA methylation and hydroxymethylation
in the liver of mice. Moreover, subchronic exposure to
E 171 induced hepatic inflammation and altered plasma
lipid levels. WGBS results revealed aberrant DNA
methylation patterns in the context of mCG, mCHG,
and mCHH triggered by E 171 in mouse liver. Nota-
bly, ferroptosis was significantly enriched in pathway
enrichment analyses based on DMGs, and subsequent
experiments verified the activation of ferroptosis in
the liver upon subchronic exposure to E 171. Mecha-
nistically, E 171 altered DNA methylation levels and
increased the expression of NCOA4, p62, and LC3B,
which promoted ferritinophagy and caused iron imbal-
ance, leading to further ferroptosis. Overall, this study
assessed the epigenetic effects of E 171 on mouse liver
under a simulated human exposure condition and
showed that E 171-induced epigenetic alterations trig-
gered ferroptosis in the liver through NCOA4-medi-
ated ferritinophagy, providing an epigenetic reference
for the safety assessment of E 171. Given that E 171
may reach other organs through the bloodstream, its
broader effects on other vital organs, especially epige-
netic effects, warrant further evaluation.
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