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Introduction: The extensive use of TiO, for several applications poses the
problem of its safety. Notably, TiO, has been classified as type Group 2 B
carcinogen by IARC in 2010. It is widely known that DNA methylation is
influenced by the exposure to environmental triggers, including occupational
risk factors. The aim of this study was to evaluate the presence of a cancer DNA
methylation alteration in TiO, exposed workers from a TiO, powder production
plant.

Methods: Due to the possible entry route, by ingestion or by inhalation, of TiO,
nanoparticles in the workers of our study cohort, we analysed a DNA methylation
biomarker altered in lung and colorectal cancers. The analysis was conducted by
MethyLight expressing DNA methylation values as Ct (lower Ct indicates higher
methylation level and viceversa), in cfDNA from plasma samples comparing
workers with different duties from a plant producing TiO, pigment powder,
unexposed subjects as healthy controls and colorectal cancer patients as
positive controls, also considering job-related variables.

Results: The obtained results showed that exposed workers displayed higher
methylation compared to healthy controls approaching the methylation patterns
of colorectal cancer patients, even more evident for workers of some job
categories. Moreover, the methylation data would highlight the importance of
personal protective equipment, as observed in workers using a gas mask
exhibiting a negligible methylation value compared to the job category
average methylation level.

Discussion: This preliminary investigation suggests the harmful role of TiO, in
altering DNA methylation patterns potentially leading to tumorigenesis and
highlights the importance of monitoring workers exposed to TiO, particles.

KEYWORDS

colorectal cancer, DNA methylation, GRIA4, job categories, lung cancer, nanoparticles,
occupational exposure, TiO,
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GRAPHICAL ABSTRACT

Inhaled TiO, may be
carcinogenic as well as
food-grade TiO,.

1 Introduction

It is widely known that human health could be affected by
environmental and genetic factors playing a significant role in the
development of diseases (Bollati and Baccarelli, 2010). The interplay
between genes and the environment is mediated by epigenetic
changes consisting in modification of DNA (e.g., by methylation)
or of proteins that intimately associate with DNA, without altering
the underlying DNA sequence (Kulis and Esteller, 2010). In the
mammalian genome, DNA methylation is the covalent modification
of the fifth carbon (C5) of cytosines in the CpG dinucleotides, often
clustered in regions called CpG islands (CGIs), catalysed by DNA-
methyltransferases (DNMTs) (Kulis and Esteller, 2010). DNA
methylation is crucial for development and physiological cell
functioning, therefore any defect in this process may lead to
several diseases such as cancer characterized by early epigenetic
abnormalities (Kulis and Esteller, 2010; Fadda et al., 2018; Loi et al.,
2019; Sahu, 2023). Exogenous factors such as work environments,
lifestyle, quality of the air, pollutants, exposure to nanoparticles,

Abbreviations: The following abbreviations are used in this manuscript: CRC,
Colorectal cancer; LUAD, Lung adenocarcinoma; COAD, Colon
adenocarcinoma; CGl, CpG Island; MPs, Microparticles; NPs, Nanoparticles;
BA, Bagging operators; WA, White area operators; MTZ, Maintenance
operators; IC, Industrial cleaners; OV, Administrative office employees; MO,
Mobile operators; CT, Healthy controls; PPE, Personal protective equipment;
Ct, Threshold cycle.
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pharmacological treatments, and others can lead to epigenetic
changes affecting human health (Aguilera et al., 2010; Kanherkar
etal, 2014). Of note, these changes are not permanent but reversible
and for this reason it is possible to re-establish the original condition
(Stein, 2012). Since epigenetic changes are early events in cancer
they are used as predictive and diagnostic biomarkers (Antonelli
et al.,, 2018; Fadda et al,, 2018; Loi et al,, 2022; Vega-Benedetti et al.,
2022). Moreover, they can also be searched in biological matrices
like blood, stool, urine avoiding invasive analysis like biopsy (Kim
et al, 2009; Kulis and Esteller, 2010; Fadda et al., 2018; Vega-
Benedetti et al., 2022).

The study of epigenetic alterations has also a particular relevance
in understanding the effect of occupational exposures to pollutants
and new materials, such as titanium dioxide (TiO,), which are
promising candidates for numerous applications in consumer
products, but with potential toxic effects (Buonaurio et al., 2020).
TiO, has been widely used for its white colouring properties in
several everyday items, including paint, plastics, food, cosmetics,
and pharmaceuticals (Waghmode et al., 2019; Cavallo et al., 2023).
There are distinct types of TiO, nanostructures, such as
nanoparticles (NPs), nanofibers, nanotubes, nanowires, and
nano-coatings (Sahu, 2023). NPs are defined as engineered
produced particles with a dimension between 1 and 100 nm
(Auffan et al, 2009). Previous works have highlighted the
association of the exposure to nanomaterial and nanoparticles
with epigenetic changes, in particular with DNA methylation
(Ravegnini et al., 2015; Pogribna and Hammons, 2021; Valente
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etal,, 2023). Regarding to TiO, exposure, in vitro and in vivo studies
identified DNA methylation alterations in genes involved in cell
proliferation, cancer and cellular stress (Ma et al., 2019; Pogribna
et al.,, 2020; Habl et al., 2024; IARC, n. d.). Of note, TiO, was
classified as possibly carcinogenic to humans (type Group 2 B) by
the International Agency for Research on Cancer (IARC) in 2006,
however this evidence was judged as inadequate in humans but
sufficient in animal studies (IARC, 2010) (IARC, n. d.). It is also
important to consider the size of NPs causing rapid internalization,
diffusion and their interaction with cellular organelles and
macromolecules such as nucleic acids, inducing genotoxicity. The
correlation between genotoxicity and cancer is well established
(Kumar et al., 2011). Previous studies have evaluated some
aspects of the TiO, potential toxicity in workers of a plant
producing TiO, pigment powder. One measured urinary
biomarkers of oxidative stress in the workers exposed to rutile
powder compared to unexposed subjects finding a dysregulation
of Al, Cd, Cr, Cu, Fe, Mn, Pb, Ti, and Zr, and of oxidative stress
biomarkers after the working shift (Buonaurio et al, 2020). In
another work, the investigation focused on whether the TiO,
production process can lead to genotoxicity and cytotoxicity,
finding an increase in genotoxicity parameters in workers
compared to negative controls. The results of this study also
demonstrated that TiO, can overcome both the epithelial cell
plasma membrane and accumulate inside the cells leading to
apoptosis, but also the nuclear membrane, interacting then with
DNA (Ursini et al., 2021). Similarly, studies performed on a different
cohort of 35 workers involved in pigment-grade TiO, production
investigated the toxicity of long-term exposure to TiO, through the
collection of exhaled breath condensate and urine samples and
genotoxicity in buccal cells. An alteration in the expression of
pro- and anti-inflammatory cytokines and other proteins with a
protective role in the lung has been observed in workers’ samples
compared to controls as well as DNA damage (Bonetta et al., 2024).

Of note, respiratory diseases, such as bronchial asthma are more
common in exposed workers than in controls, however the
difference is not statistically significant (Bergamaschi et al., 2022;
Cavallo et al, 2023). Furthermore, a relationship between
occupational exposure and initial effects on workers™ health, such
as respiratory symptoms was demonstrated (Bonetta et al., 2024).
Another study evaluated the carcinogenic effect of inhaled TiO,
finding a bronchioloalveolar tumour in male rats (Baan, 2007).
Growing evidence suggests that TiO, exposure may induce adverse
biological effects and its correlation to respiratory diseases but the
inhalation of NPs may harm several organs, other than the lung,
such as brain, liver, kidney, breast and gastrointestinal tract (Xuan
et al., 2023).

Interestingly, another possible entry route of TiO, NPs into the
organism is by ingestion affecting the gastrointestinal tract. Notably,
it has been reported that colon of rats exposed to TiO, ingestion for
100 days showed pre-neoplastic lesions (Barreau et al., 2021). In fact,
it has been shown titanium enters the bloodstream via the proximal
part of the small intestine and the distal part of the ileum (Pele et al.,
2015). Considering these evidence, TiO, exposed workers might
have a high risk of NPs inhalation and ingestion possibly leading to
the development of cancers like lung and colon ones.

As said above, the exposure to harmful environmental
factors represent a potential DNA

trigger for early
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methylation alterations involved in the process of
carcinogenesis, detectable even 10 years before cancer
diagnosis (Kulis and Esteller, 2010; Stein, 2012; Chappell
et al, 2016). Therefore, we decided to investigate the
presence of a methylation alteration (associated to GRIA4)
clearly acting as signature of a cancer state as demonstrated
by our group (Barault et al., 2018; Fadda et al., 2018; Vega-
Benedetti et al., 2020) and confirmed in other studies (Xi and
Zhang, 2017; Sun et al., 2020; Deger et al., 2021; Lukacova et al.,
2023; Brenne et al., 2024), in the plasma samples from the same
workers analysed in previous studies (Buonaurio et al., 2020;
Ursini et al., 2021; Cavallo et al., 2023), compared to the plasma
of cancer patients and of unexposed subjects. DNA methylation
levels were quantified by MethyLight as a gold standard method
for detecting methylation of single loci. To the best of our
knowledge, this is the first study that investigates the
potential association between occupational exposure to TiO,
and a higher cancer risk monitoring aberrant DNA methylation
patterns in circulating DNA, suitable for the analysis of such

alterations.

2 Materials and methods
2.1 Study population and sampling

Blood draws were obtained from 47 employees in a TiO,,
pigment and additives production plant. To avoid interfering
with workers operations, blood samples were collected in the
morning at the start of the work shift.18 healthy subjects non
occupationally exposed to TiO, were volunteers from the same
town where the production plant is located and will be referred as
“healthy controls” from now on. Their job category is reported in
Supplementary Table S1. The study cohort has the following
composition: 5 female workers and 42 male workers, 2 female
controls and 16 male controls. The average workers age is
42.1 years, while the average controls age is 39.8 years. Among
the 47 workers, 41 are directly exposed to TiO,, whereas the
remaining 6 are employees of the administrative office (OV),
however their offices are near the production site. The workers
perform different activities, there are 4 bagging area (BA) operators,
6 industrial cleaners (IC), 9 mobile operators (MO), 13 maintainers
(MTZ), and 9 white area (WA) operators. Both control group and
exposed group filled a questionnaire. The form consists of several
items regarding exposure to TiO, and other substances (such as
chemicals and cigarette smoke), job and company seniority, the use
of PPEs, diet and medical history. The characteristics of the study
cohort are summarized in Table 1 and described in detail in
Supplementary Table S1 containing the relevant information of
the questionnaire.

Samples from 19 colorectal cancer patients are considered as
“positive controls” since our previous study has demonstrated that
GRIA4 methylation is detectable in non-invasive matrices from
colorectal cancer patients (Barault et al.,, 2018; Fadda et al., 2018;
Vega-Benedetti et al., 2020; 2022).

Whole blood samples were processed within 3 h after collection.
Samples were centrifuged at 1,600 x g for 10 min for phase
separation and the collected plasma was submitted to a second
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TABLE 1 Characteristics of the study cohort.

Characteristics

Individual related

Individual information

Total (n = 65)

All workers (n = 47)

10.3389/ftox.2026.1901119

Controls (n = 18)

Gender M = 89.2% (n = 58) M = 89.4% (n = 42) M = 88.9% (n = 16)
F=108% (n=7) F = 10.6% (n = 5) F=111% (n = 2)
Age 422 + 104 (n = 65) 42.9 £ 9.5 (n = 47) 403 + 12,5 (n = 18)

Smoke habits

S =32.3% (n = 21)

S =31.9% (n = 15)

S =333% (n=6)

NS = 50.8% (n = 33)

NS = 51.1% (n = 24)

NS = 50% (n = 9)

PS = 16.9% (n = 11)

PS =17% (n = 8)

PS =16.7% (n = 3)

Job seniority

10.8 + 9.1 (n = 60)
N/A (n =5)

10.0 + 8.8 (n = 46)
N/A (n = 1)

13.6 + 10.1 (n = 14)
N/A (n = 4)

Company seniority

14.4 + 10.1 (n = 59)
N/A =7

14.5 + 10.0 (n = 46)
N/A =1

13.9 £ 10.8 (n = 12)
N/A=6

Chemical exposure

Y = 185% (n = 12)

Y = 21.3% (n = 10)

Y =111% (n =2)

N = 81.5% (n = 53)

N =78.8% (n = 37)

N = 88.9% (n = 16)

Job related

Dust exposure

Y =7.7% (n = 5)

Y = 10.6% (n = 5)

Y =0% (n=0)

N =92.3% (n = 60)

N = 89.4% (n = 42)

N =100% (n = 18)

*CRC, patients are not included, abbreviations: M = male, F = female, S = smoker; NS, no smoker; PS, previous smoker, Y = yes, N = no, N/A = not available data.

centrifugation step at 3,000 x g for 10 min to remove platelets and
cell debris. The collected plasma samples were frozen at —80 °C until
the extraction. Samples were thawed, centrifuged for 3 min at
11,000 x g, and the supernatant was used for the DNA extraction.

2.2 Production plant air monitoring

Exposure measurement campaigns were carried out by National
Institute for Insurance against Accidents at Work, in three relevant
areas (bagging area, office area and outside ambient) of the
production plant. It emerged that workers are mostly exposed to
MPs (0.25-micron diameter), however 15% consists of NPs. Air
monitoring focused on two types of materials produced in the plant,
RXL and TR92, ie., two titanium dioxide rutile pigments. The
monitoring reveals that in both bagging and office area there is
TiO, airborne particulate with D, (average diameter) lower than
100 nm. In the bagging area particulate matter (PM) is more
concentrated than the office area, there is also a fraction
composed of NPs. In particular, the bagging area has PMI0,
PM2.5, PM1 concentration two-three times higher than office
area and outside ambient. Furthermore, personal measuring
device was applied to some workers to monitor TiO, exposure
during the 8-h work shift. This monitoring has highly variable values
with peaks above 100,000 part/cm’ in the BA category. Regarding
particles dimension, D,y values outside and in the office area is
similar (50 nm), while D, calculated with the personal measuring
device is lower than 300 nm.

2.3 DNA methylation analysis
DNA was extracted from 1 mL of plasma, following the protocol of
NucleoSpin® Plasma XS kit (Macherey-Nagel GmbH and Co. KG).

The EZ DNA-methylation Gold™ kit (Zymo-Research, Irvine, CA,
United States) was used to bisulfite convert DNA following the
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manufacturer’s protocol. To quantify GRIA4 methylation, a
MethyLight qPCR analysis was performed in a final volume of
30 pL including 1xTagMan Genotyping Master mix (Applied
Biosystems, Foster City, CA, United States), 900 nM of each
primer, 250 nM of the probe and 50 ng of bisulfite converted
DNA. Sequences of the methylation assay are: 5'-GGGTTGGTG
TAGGTTTGTT-3" (primer forward), 5'-CTCCCCCCTTACTTT
CTCACATACACACAA-3" (primer reverse), 5'-AACGCCGCG
ACCGCCACAC-3 (probe). Each reaction was conducted on
technical duplicate on a DNA Engine Opticon 2 Real-Time Cycler
(Bio-Rad, Hercules, CA, United States), the PCR thermal conditions
are: initial activation step at 95 “C for 10 min, subsequent 50 cycles of
denaturation step at 95 °C for 15 s and annealing/extension step at
60 °C for 1 min. GRIA4 methylation levels were quantified as average
Ct values of the two technical replicates. Lower Ct indicates higher
methylation level and vice versa. Samples showing Ct values higher
than 40 were considered negative. Ct values of 50 were conventionally
assigned to samples without a curve output.

2.4 Publicly available datasets

We consult GRIA4 methylation data from TCGA colon
adenocarcinoma (COAD) and lung adenocarcinoma (LUAD)
datasets by using Wanderer online tool (Diez-Villanueva et al.,
2015) and UCSC Xena (Goldman et al., 2020).

2.5 Statistical analysis and graphical
visualization

A preliminary power analysis was conducted to ensure sufficient
statistical power for the current study. Based on our previous results,
knowing the optimal performance of our biomarker for cancer detection
(AUC = 0.97, specificity = 0.98) (Fadda et al., 2018), the sample size was
determined using the central limit theorem. With a confidence level of
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95% (Z = 1.96), an expected proportion p = 0.98, and a margin of error
d = 0.05 the ideal sample size is N = 30.12. Thus, the selected sample size
is sufficient to achieve reliability in our findings. Furthermore, although
the sample size is not large, it includes all the workers from the factory so
it is the larger one that could be collected.

To compare the different groups, average Ct values and standard
deviations were calculated and visualized by scatter plot graph.
Graph shows Ct values (y-axis) of the various job categories (BA,
IC, MO, MTZ, OV, WA), “healthy controls” (CT) and “positive
controls” (CRC) (x-axis). The statistical analysis was carried out by
unpaired t-test through GraphPad software (GraphPad Prism
10 Statistics Guide - How to: Multiple t tests, 2026).

Ct values of the analyses of all exposed workers and individual
categories with job-related variables were included in a regression
model. Regression analysis was performed through GraphPad
software by using the least square method. Simple linear
regression determines the best fit-value for slope and intercept by
fitting a straight line through the data. If the slope is positive, Y (in
our case Ct values) increases as X (in our case company seniority or
job seniority) increases. On the other hand, if the slope is negative, Y
decreases as X increases (GraphPad Prism 10 Curve Fitting Guide -
Method tab, 2026). The correlation data is expressed as r°.

Heatmaps were generated with R ComplexHeatmap package
(Gu et al., 2016).
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FIGURE 1
GRIA4 mean methylation values in lung (A) and colon adenocarcinoma (B) samples from TCGA 450K Methylation array data. Mean p-values, resulting
from the average of the samples (normal indicated with blue dots and tumours indicated with red dots), of each probe. CpG sites in green belong to a CpG
island. Pictures were downloaded from Wanderer (http://maplab.imppc.org/wanderer/).

3 Results

3.1 GRIA4 methylation in lung and colorectal
cancer tissues

As stated in the Introduction, since TiO, inhalation and
ingestion could lead to DNA methylation alterations involved in
the development of respiratory and gastrointestinal tumours, we
evaluated the methylation levels of GRIA4, previously identified by
our group as a cancer biomarker, in TCGA LUAD and COAD
datasets. Figure 1 shows that both lung (A) and colon (B) tumours
display hypermethylation compared to normal tissues, strongly
evident in the CGIL.

The in silico investigations also showed the optimal performance
of the biomarker for colon cancer (Supplementary Figure S1) and
high specificity for the detection of lung cancer although with a
lower sensitivity (Supplementary Figure S2).

3.2 GRIA4 methylation in TiO,
exposed workers

The DNA methylation analysis showed that on average, controls
(average Ct = 39.7) display low/negligible methylation values
compared to the exposed workers (average Ct = 37.4) (p = 0.03)
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FIGURE 2

GRIA4 methylation values, expressed as Ct, in "healthy controls
(CT), "positive controls” (CRC), exposed workers classified into five job
categories (BA, IC, MO, MTZ, OV and WA). Every point represents mean
Ct value for every subject of the group. The line represents

median value. ** indicates statistically significant p < 0.01; *** indicates
statistically significant p < 0.001.

and CRC patients (average Ct = 35.8) (p = 0.0022). The observed
higher methylation value of CRC patients was expected considering
our previous results allowing to select the alteration as a very
informative CRC biomarker. This explains the definition of CRC

10.3389/ftox.2026.1901119

patients in this study as “positive controls”. As shown in Figure 2, by
considering the different job categories, BA and OV showed the
most similar levels of methylation to the “positive controls”,
followed by WA. These categories showed whereas a marked
difference compared to “healthy controls”, although not
statistically significant. On the other hand, IC (p = 0.0001) and
MO (p = 0.0066) displayed statistically significant lower methylation
levels than the “positive controls”. MTZ, OV, WA and “healthy
controls” presented some outliers on which we will focus our
attention in the discussion. Of note, the identified statistically
significant results did not change after the removal of the
mentioned outliers but several categories resulted even more
similar to CRC, in fact became weakly statistically significant
different compared to healthy controls (Supplementary Figure S3).

Results of the regression analysis are shown in Figure 3. No
significant correlation was observed considering all the exposed
workers neither for job seniority (A) nor company seniority (B). The
analyses performed on the individual job categories showed that
only for the OV cohort there was a statistically significant correlation
(p = 0.0028) with job seniority (C) but not with company
seniority (D).

4 Discussion

The present investigation focuses on the potential capacity of
TiO, to contribute to an increased cancer risk monitorable by

All exposed workers
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Regression analysis considering job seniority and company seniority (x-axis) against Ct values (y-axis) of all exposed workers ((A,B), respectively) and
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detecting altered DNA methylation patterns, signature of a cancer
state, in exposed workers, regardless the mechanism of how TiO,
can be involved in the carcinogenic process. TiO, is widely used in
several fields for its properties, although studies investigating the
effects on human health are proving the toxicity of this compound.
Several in vitro and in vivo studies demonstrated that TiO, can alter
numerous physiological functions, however occupational exposure
to TiO, is not yet well investigated. Previous research has shown that
occupational exposure to rutile dust causes oxidative stress,
dysregulation in interleukin release, and DNA damage and that a
long-term exposure causes epigenetic adaptation (Halappanavar
et al., 2011; Buonaurio et al., 2020; Ursini et al.,, 2021; Cavallo
et al., 2023; Bonetta et al., 2024).

DNA methylation, epigenetic regulator of gene expression
known to be affected by xenobiotics, is a cellular mechanism
early altered in the carcinogenic process. Few studies have
analysed the effect of occupational exposure to dust and fumes
on human health through dysregulation of DNA methylation (Van
Der Plaat et al.,, 2019). Altered DNA methylation patterns related to
TiO, have been demonstrated through in vitro and in vivo studies,
however most of the research prioritizes the carcinogenic effect of
food-grade TiO, (Pele et al.,, 2015; Setyawati et al., 2018; Barreau
et al,, 2021). One study conducted on mouse models demonstrated
that the severity of the consequences to TiO, dust daily exposure
depends on particles dimension (Barreau et al., 2021). In fact, the
potential toxicity of TiO, also depends on the chemical form. It is
common knowledge that TiO, is chemically inert and unalterable
and exhibits distinctive optical properties (high refractive index),
and these features are important in relation with its use to obtain
bright-white paints. However, such an “inertness” is true for coarse,
strongly roasted titania, whereas this could noticeably change when
considering micro- or nanoparticles or also hydrous titania
(“titanium hydroxide” or also “titanic acid(s)”) obtained through
hydrolytic procedures, e.g., by decomposing with acids the alkaline
titanates (Gainsford et al, 1995; Waghmode et al, 2019). The
European Chemicals agency’s (ECHA) Committee for risk
assessment (RAC) in 2021 evaluated TiO, as a carcinogenic
compound through inhalation route (H351, Category 2) when
supplied on its own or in mixtures with 1% or more of TiO,
with an aerodynamic diameter lower than 10 microns (All news
- ECHA, 2021).

Although inhalation represents the main route of occupational
exposure to TiO, dust, the biological effects of TiO, are not limited
to the respiratory system (Proquin et al., 2017; Barreau et al., 2021;
Portugal et al., 2024). Previous studies performed in the same cohort
of TiO, exposed workers have reported systemic effects associated
with occupational exposure (Buonaurio et al., 2020; Ursini et al.,
2021; Cavallo et al,, 2023), supporting the hypothesis that inhaled
TiO, particles may induce biological responses beyond the lungs.
Moreover, the workers may accidentally ingest the same TiO, dust
since, as reported, they often do not wear appropriate PPEs. It is
important to mention that exposure to potentially toxic elements
can occur through non-dietary ingestion (Gabers$ek and Gosar,
2024; Zupanci¢ et al, 2024). Other exposure routes, such as
dietary intake, cannot be completely excluded, as TiO, has been
widely used as a food additive; however, their contribution to the
biological effects observed in occupationally exposed workers
remains difficult to estimate. In this regard, it is also worth
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mentioning that TiO, has been largely used as food additive
because of its anti-caking and colouring properties, hence it may
be absorbed through the gastrointestinal tract (Pele et al., 2015;
Proquin et al., 2017; Bidu et al., 2025). According to Barreau et al.,
alimentary TiO, affects DNA repair and carcinogenesis (Barreau
et al., 2021).

Considering the previous evidence that NPs have several effects
on human health potentially leading to respiratory and
gastrointestinal cancers, this study investigated the possible
association between TiO, exposure and cancer through the
analysis of a tumoral biomarker already identified by our
research group and demonstrated to be useful for CRC cancer
detection and better definition of prognosis (Barault et al., 2018;
Fadda et al., 2018; Vega-Benedetti et al., 2020). The biomarker is an
alteration in the DNA methylation pattern of a CpG island located in
the promoter region of GRIA4 (Glutamate Ionotropic Receptor
AMP type subunit 4). TCGA data support the usefulness of this
biomarker for the detection of both lung and colon cancers. This
suggests the interest in analysing GRIA4 as circulating tumour
biomarker in plasma samples from lung cancer patients other
than in CRC patients as we have already demonstrated (Barault
etal, 2018; Fadda et al., 2018), reinforcing our strategy in the choice
of this methylation alteration to be tested in TiO, exposed workers
compared to CRC patients as positive controls.

A differential methylation analysis was conducted on DNA
extracted from plasma samples of TiO,-exposed subjects,
“healthy controls”, and CRC patients considered as “positive
controls”. The results showed that BA and OV groups display
the highest methylation levels comparable to “positive controls”.
Interestingly, the evaluation of the air monitoring has shown that BA
operators are more exposed to rutile dust compared to the other
groups. The apparently unexpected result of the OV group could be
explained by several factors: firstly, the close proximity (less than
200 m) of their office to the productive area and the detection of
particles with D,y, of 50 nm in the office area as well outside,
secondly the lack of personal protective equipment (PPE) and
thirdly the previous task that some OV carried out for the
company. We also considered potential confounding factors such
as simultaneous exposure to other toxic substances including smoke,
solvents, acids, and basis. Among the exposed subjects, 21.3% are
simultaneously exposed to TiO, and chemicals, whereas 31.9% are
smokers and 17% previous smokers. Data not shown did not
support a contribution of these potential confounding factors to
the observed GRIA4 methylation levels.

Regarding the use of PPE, we noticed some interesting results
about higher Ct values (i.e., lower methylation levels) in exposed
subjects using PPE with a protective role against rutile dust. Of note,
a maintainer worker using a gas mask has a Ct value of 47.53 while
the entire MTZ group has an average Ct of 37.4 and the median Ct is
even lower (36.5). Another outlier is represented by an office worker
covering the task of occupational doctor with a Ct value of
49.54 compared to the average OV Ct value of 36.9. It is
important to consider that the occupational doctor carries out
his duties at the TiO, production plant occasionally and not
daily as the other office workers. Since DNA methylation
alterations may arise even 10 years before cancer detection (Loi
et al,, 2019), it is important to consider that the methylation values
recorded in this work may also reflect the previous history of the
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workers, especially considering that the average job seniority is
10.0 years. In addition, we analysed a correlation between job
seniority and Ct values, although a clear association was not
found, a slight trend could be observed. Considering the
individual job categories, we noticed a statistically significant
correlation only between OV Ct values and job seniority, but the
Ct value around 50 corresponds to sample of the occupational
doctor with a job seniority of 40 years but, as said above, an
occasional worker in the plant. We also take into account the
correlation with the company seniority, but we did not observe
any statistical significance both in the overall cohort as well as in the
individual categories.

These results contribute to the increasing knowledge of TiO,
potential carcinogenic effect and therefore the need of a strict
attention to its use. In 2021, the European Food Safety
Authority’s (EFSA) evaluated food additive TiO, (E171) as no
longer safe, because it was not possible to establish unequivocally
a safe level for daily intake for E171 (EFSA Panel on Food Additives
and Flavourings, 2021) (Safety assessment of titanium dioxide as a
food additive | EFSA Panel on Food Additives and Flavourings,
2021). The European Medicine Agency (EMA) points out that the
feasibility of E171 substitution at this stage is not possible because it
may have a negative impact on the quality, safety, and efficacy of
medicinal products. For this reason, E171 is still on the list of
excipients authorized for use as a colouring agent in medicinal
products (Re-evaluation - European Commission, 2010) and is used
in many sunscreens for its outstanding ability to either scatter or
absorb UV radiation (Gopinath et al., 2020).

In line with its carcinogenic effect, the literature reports that
TiO, NPs participate in the epithelial to mesenchymal transition in
epithelial cancer cells (Setyawati et al., 2018). Of note, it is known
that in different cancer types, genes encoding for adhesion
molecules, including cadherins and protocadherins, showed
altered DNA methylation patterns (Vega-Benedetti et al., 2019).
Moreover, TiO, NPs increased the invasive ability of cancer cells,
and it activates TGF-P pathway through mitogen-activated protein
kinase (MAPK) pathways, inducing a sustained ROS production in
CRC cells (Setyawati et al., 2018). Weichental et al. observed an
association between exposure to ultrafine particles (diameter below
0.1 um) and brain tumour (Weichenthal et al, 2020). The
administration in vivo of TiO, NPs impairs gut microbiota,
creating an imbalance between commensal and pathogenic
bacteria, leading to inflammatory reactions caused by oxidative
This CRC
progression (Kumar et al.,, 2024).

stress. environment promotes initiation and

It is worth mentioning that the aggregation of TiO, NPs may
also cause to the formation of fibres that the cells cannot eliminate
leading to an accumulation responsible for their toxicity, a
mechanism similar to that described for asbestos (Allegri
et al., 2016).

Considering the strengths and limitations of our work, we
believe that this pilot study can pave the way for an increased
attention on the use and exposure to TiO, although the preliminary
results derived from the analysis of job categories with a limited
number of workers. Another limitation is the size of the healthy
control cohort that should match the one of the exposed workers.
Moreover, we are aware that several environmental and endogenous

factors can confound our results but if considered, they will even
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decrease the statistical power. Although the difficulty to enrol
workers from large companies producing TiO, pigments, we
hope that further studies can be carried out on vaster cohorts to
validate our findings.

5 Conclusion

Our findings contribute to the growing body of evidence
indicating that occupational TiO, exposure may be associated
with biological changes relevant to carcinogenesis, although
further investigations are establish
relationships. The requires
interpretation but the observation in the technician consistently

required to causal

limited sample size cautious
wearing personal protective equipment may further support the

importance of adequate protective measures in reducing
occupational exposure. Our findings reveal that occupational
TiO, exposure requires attention like it has been for food-grade
TiO, additive but not for medicinal products leading to conflicting
information for the general population. In fact, the use of TiO, in
pharmaceuticals remains debatable despite the ban of E171, because
its replacement poses challenges for drug bioavailability due to
excipient-excipient or drug-excipient interactions (Panakanti and
Narang, 2012). Further studies including larger cohorts, quantitative
individual exposure assessment, and detailed physicochemical
characterization of TiO, particles are needed to better clarify the
relationship between occupational TiO, exposure and the observed

biological effects.
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