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ABSTRACT

ARTICLE HISTORY

Recent studies reported adverse liver effects and intestinal tumor formation after oral exposure
to titanium dioxide (TiO2). Other oral toxicological studies, however, observed no effects on liver
and intestine, despite prolonged exposure and/or high doses. In the present assessment, we
aimed to better understand whether TiO2 can induce such effects at conditions relevant for
humans. Therefore, we focused not only on the clinical and histopathological observations, but
also used Adverse Outcome Pathways (AOPs) to consider earlier steps (Key Events). In addition,
aiming for a more accurate risk assessment, the available information on organ concentrations
of Ti (resulting from exposure to TiO2) from oral animal studies was compared to recently
reported concentrations found in human postmortem organs. The overview obtained with the
AOP approach indicates that TiO2 can trigger a number of key events in liver and intestine:
Reactive Oxygen Species (ROS) generation, induction of oxidative stress and inflammation. TiO2
seems to be able to exert these early effects in animal studies at Ti liver concentrations that are
only a factor of 30 and 6 times higher than the median and highest liver concentration found
in humans, respectively. This confirms earlier conclusions that adverse effects on the liver in
humans as a result of (oral) TiO2 exposure cannot be excluded. Data for comparison with Ti levels in human intestinal tissue, spleen and kidney with effect concentrations were too limited to
draw firm conclusions. The Ti levels, though, are similar or higher than those found in liver, suggesting these tissues may be relevant too.
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Introduction
The discussions on the food additive E171 (titanium
dioxide, TiO2) in the regulatory arena indicate that
it is difficult to draw definitive conclusions about its
safety due to data gaps and conflicting data. For
example, France recently temporarily suspended
the allowance of the food additive E171 based on
the recommendation of the French institute ANSES
to limit the exposure until there is more clarity on
the hazard and risks of E171 (ANSES 2019,
L
egifrance 2019). On the other hand, the European
Food Safety Authority (EFSA) indicates that there
are insufficient new indications to reconsider earlier
conclusions on the safety of the food additive, and
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may consider to revisit this recommendation when
further information comes available (EFSA 2019).
Oral exposure to TiO2 may be due to the intake
of the food additive E171 that is widely used in
various foods, food supplements and due to swallowing toothpaste (the latter particularly in small
children) (Rompelberg et al. 2016). The realistic estimated mean intake of TiO2 via food, supplements
and toothpaste by children (2–6 year old) in the
Netherlands has been estimated to amount
0.67 mg/kg bw/d (Rompelberg et al. 2016), and the
daily intake by children and adolescents has been
estimated to be 2 mg/kg bw by EFSA (EFSA ANS
Panel 2016). In addition, oral exposure to TiO2 can
occur due to its presence as a pharmaceutical
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excipient in medicine (Bachler, von Goetz, and
Hungerbuhler 2015).
It should be noted that the food additive E171 is
known to consist of TiO2 particles with varying size
distributions, including a fraction of particles smaller
than 100 nm, so-called nanoparticles (NPs). Analysis
of several food-grade samples of TiO2 showed that
the fraction of particles <100 nm varied between
10 and 49%, based on the number of particles as
measured by Electron Microscopy (Weir et al. 2012,
Peters et al. 2014, Yang et al. 2014, EFSA FAF Panel
2019). Recently, also percentages higher than 50%
have been reported (Geiss et al. 2020). In addition
to differences in size distribution between different
forms of TiO2, also differences in crystal structure
and surface coatings are possible. In the EU, the
crystal structures rutile and anatase are both
allowed for use in pigment-grade TiO2 in food
(Heringa et al. 2016, Rompelberg et al. 2016). The
TiO2 particles may also be uncoated or alumina
and/or silica coated (Warheit, Brown, and Donner
2015), though, these coatings seem not to be
extensively used in E171 and are likely to be
excluded from the future EU specifications of the
food additive (EFSA FAF Panel 2019).
In biological matrices, the concentration of TiO2
is usually determined by quantifying the level of
titanium (Ti). As is argued in Heringa et al. (2018)
and Peters et al. (2020), it can be assumed that the
Ti found in human tissues almost exclusively originate from oral exposure to TiO2 particles. A potentially alternative source of Ti in organs (at least for
internal organs) could come from corrosion of titanium implants, however, in the study by Heringa
et al. (2018) two donors with such implants did not
have elevated Ti or Ti-particle levels in the internal
organs analyzed (i.e. liver and spleen). Another
potential alternative source of Ti could come from
tattoos (other than black), as their pigments containing Ti, were demonstrated to have reached
lymph nodes (Schreiver et al. 2017).
The present study intends to place new scientific
information on the presence of Ti in human postmortem organs (i.e. liver, spleen, kidney and sections
of ileum and jejunum) in the context of potential
health effects due to oral exposure to TiO2. To that
end, measured levels of Ti in various human postmortem tissues, including intestine (both ileum and

jejunum), kidney, liver and spleen, are compared to
the Ti levels and effects observed in animal studies.
As there are reports of effects in the liver (Wang
et al. 2007, Cui et al. 2011, Wang et al. 2013, Shukla
et al. 2014, Azim et al. 2015, Talamini et al. 2019,
Cornu, Beduneau, and Martin 2020) and intestine
(Urrutia-Ortega et al. 2016, Bettini et al. 2017,
Proquin et al. 2018, Dorier et al. 2019, Talamini et al.
2019) in animal studies, we focused on these organs.
With regard to the intestine, animal studies predominantly studied the effects on the colon. We generalized the effect concentrations of these studies, in
order to be able to compare them with the Ti levels
in the small intestinal tissues (ileum and jejunum).
To get a better understanding of whether oral
exposure to TiO2 in animal studies is able to induce
effects in liver and intestine at concentrations relevant for humans, we not only took into account
histopathological and clinical observations in these
organs, but also whether earlier events which could
lead to these toxicological endpoints have or have
not been observed in animal studies. To accomplish
this, postulated Adverse Outcomes Pathways (AOPs)
describing chains of events leading to the induction
of steatosis, edema and fibrosis in the liver and the
induction of intestinal tumors are used. These
helped to structure the available information from
animal studies and to assess whether the associated
Key Events (KEs) and the Adverse Outcomes (AOs)
are likely to occur due to TiO2 exposure, and at
which dose. Please note the qualitative nature of
using these AOPs, and that establishing these AOPs
was not the aim of the present study. As there are
few reports on effects in kidney and spleen as a
result of oral TiO2 exposure, the measured Ti levels
in these postmortem organs are compared to the Ti
levels and effects observed in animal studies in a
more general manner, without the use of AOPs.
The quantified Ti content in the human postmortem tissues from 15 individuals have been reported
in a separate publication (Peters et al. 2020). The
findings confirmed the results from our previous
study with human postmortem liver and spleen
from 15 (other) individuals (Heringa et al. 2018). In
the present study, these results were combined,
thereby expanding the number of subjects in which
Ti was measured in liver and spleen. The findings in
human intestinal tissues are particularly relevant in
view of the discussion on the possible potential of
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TiO2 to initiate or promote the development of colorectal tumors (Urrutia-Ortega et al. 2016, Bettini et al.
2017) and intestine-related autoimmune diseases such
as Inflammatory Bowel Disease (IBD) including Crohn’s
disease (Powell et al. 1996, Lomer, Thompson, and
Powell 2002, Lomer et al. 2004, Hummel et al. 2014).

Mechanistic insights in effects in liver and
intestine after ingestion of TiO2
It is very challenging to draw firm conclusions on toxicity of TiO2. Recent toxicity studies on TiO2 raised concerns for liver effects (liver fibrosis, steatosis and
edema) (Wang et al. 2007, Cui et al. 2011, Wang et al.
2013, Shukla et al. 2014, Azim et al. 2015, Talamini et al.
2019) and for a potential enhancement or promotion
of intestinal tumor formation (Urrutia-Ortega et al.
2016, Bettini et al. 2017, Proquin et al. 2018, Talamini
et al. 2019), after ingestion. On the other hand, there
are also toxicity studies showing no effect on liver and
intestine, despite prolonged exposure and high doses
(NCI 1979, Warheit, Brown, and Donner 2015, Blevins
et al. 2019). In order to improve the assessment
whether such effects occur due to TiO2 exposure, we
moved beyond the traditional toxicological hazard
assessment based on morphological, histopathological
and clinical observations. We included information
from in vivo studies using advanced techniques to
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assess events in the pathway to specific adverse effects
in liver and intestine. The concept of AOP1 was used,
taking into account all steps on the molecular, cellular
and organ levels (called Key Events (KEs)), to assign
information on early effects, effects that go beyond
these early effects and adverse effects at the right
place within the pathway (Vinken et al. 2020). An overview was developed of the oral studies with TiO2 supporting and not-supporting KEs leading to liver and
intestinal effects, structuring the available information
according to the sequence of KEs in an AOP. In this
way we have obtained a well-organized and more
complete picture of the available information that supports the concern for potential health effects in liver
and intestine due to (oral) exposure to TiO2.
Liver
The suggested AOP for liver effects (Figure 1) is a
compilation of two existing AOPs (AOP 144 and
AOP 34 of the AOP-Wiki2), amended with information from recent research. We used events leading
to liver fibrosis as described in AOP 144 (https://
aopwiki.org/aops/144) as the basis. This pathway is
considered relevant for TiO2 that consists of small
particles of which 10–49% are nanosized, as nanosized particles are listed as one of the stressors. We
have also amended and extended this AOP by

Figure 1. Compilation of two Adverse Outcome Pathways (AOPs) leading to effects on the liver by TiO2. Events resulting in the
adverse outcomes liver fibrosis, steatosis and edema are based on the AOP 144 on liver inflammation of the AOP-Wiki (https://
aopwiki.org/aops/144). Adaptations based on recent studies, AOP 34 with hepatic steatosis as adverse outcome (https://aopwiki.
org/aops/34) and expert judgment, are included. After the molecular initiating event (MIE), a series of key events (KE) take place
that lead to an adverse outcome (AO) or and associated event (AE). ECM: extra-cellular matrix; HSC: hepatic stellate cell; ROS:
reactive oxygen species.
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adding the connection to the AOP describing the
pathway leading to hepatic steatosis (AOP 34)
(color-coded in Figure 1). The generation of
Reactive Oxygen Species (ROS) (KE2 in Figure 1)
was added with a feedback mechanism from leukocyte recruitment. These changes are based on additional information from recent studies (Gerloff et al.
2017, Abbasi-Oshaghi, Mirzaei, and Pourjafar 2019,
Talamini et al. 2019), and the AOP for hepatic steatosis (AOP 34) (https://aopwiki.org/aops/34). Also, in
line with AOP 34, liver steatosis was added as AO
(AO3), and increased liver weight as Associated
Event (AE) based on findings from studies with TiO2
(Shukla et al. 2014, Azim et al. 2015), and expert
judgment. Finally, we have added KE6.1 ‘Liver
inflammation,’ leading to ‘Liver edema’ (AO2) and
‘Increased liver weight’ (AE), based on expert judgment and confirming studies (Cui et al. 2011,
Shukla et al. 2014). These extensions fitted in the
primary structure provided by AOP 144 and were
supported by KE-related assays from the hazard
studies described below.
Table 1 presents a comprehensive overview of all
the available oral in vivo studies with information
on events leading to liver effects as a result of
exposure to TiO2. By visualizing both positive (þ)
and negative () effects or toxicity observations,
along with information on the dose and exposure
duration. In total, 13 in vivo oral exposure rodent
studies using TiO2 were included for investigation
of the suggested AOP leading to liver effects. More
detailed information on the dosing, the animals, the
properties of the TiO2 used and the effects
observed (if any) in the studies are provided in the
Supplementary
Information
(Supplementary
Information 1). Several studies indicated that TiO2
could initiate events that can eventually lead to
liver fibrosis, liver steatosis and/or liver edema. On
the other hand, no indications of liver fibrosis, liver
steatosis and liver edema were found in a number
of other, sometimes older, long-term in vivo studies
in which animals were highly dosed.
It should be noted that the characterization of
the TiO2 composition in the National Cancer
Institute (NCI) carcinogenicity study from 1979 is
very limited (NCI 1979), in contrast to more detailed
information provided in recent studies. It is also not
always clear if the lack of toxicity reported in some
studies is due to the absence of adverse effects, or

because these endpoints were not investigated. For
example, in the NCI study changes in liver weight
were not recorded, nor is a list of examined effects
available (NCI 1979). Furthermore, the 90-day study
that administered a dose of 1000 mg/kg bw/d by
Warheit, Brown, and Donner (2015) used a commercially available TiO2 with an alumina surface coating. As long as the coating is not dissolved, the
body is exposed to alumina rather than to the TiO2
core. To which extent dissolution of the coating
occurs, especially during transit through the acidic
conditions of the stomach, is unknown. Although
TiO2 with these physicochemical properties can
presently be applied in Europe in food according to
the recommended specifications of the food additive, coated TiO2 is not expected to be included in
the specifications of the food additive E171 in
Europe in the future (EFSA FAF Panel 2019).
Warheit, Brown, and Donner (2015) also studied
two other forms of commercially available uncoated
pigment TiO2 (both rutile) in a 28-day oral study at
the extremely high dose of 24 000 mg/kg bw/d,
without finding any effects.
Using the AOP given in Figure 1, we were able
to provide a clear structure for assessment of
effects, e.g. investigating assays beyond those
reported by standard OECD Test Guidelines (TG). A
number of in vivo studies show that KEs potentially
leading to liver fibrosis, steatosis and/or edema can
occur, or found evidence of an AE, i.e. increased
liver weight. The overview shows that a substantial
part of the KE-related early effects are triggered
(Table 1). These effects were already observed in
sub-chronic studies at doses of 5–150 mg/kg bw/d,
doses much lower than used in the negative studies
mentioned above. Only two studies recorded an
AO, i.e. liver fibrosis (Gu et al. 2015), and liver
edema (Wang et al. 2013). Increased liver weight,
an AE, was found in three studies (Wang et al.
2007, Shukla et al. 2014, Azim et al. 2015). The
Molecular Initiating Event (MIE) (Endocytotic lysosomal uptake), KE1 (Lysosomal disruption), KE7
(Hepatic Stellate Cell (HSC) activation) and KE8
(Extra-Cellular Matrix (ECM) alteration/Accumulation,
Collagen) were not investigated in any (in vivo)
study (Table 1). Many in vitro studies give additional
evidence related to the presently used AOPs on
liver fibrosis, steatosis and edema. In vitro studies
covering the MIE (Endocytotic lysosomal uptake),
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Table 1. Overview of the oral in vivo studies with TiO2 investigating the suggested adverse outcome pathway (AOP) leading to liver fibrosis, steatosis and edema, expressed
against dose level (Figure 1).
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Figure 2. Adverse Outcome Pathways (AOP) for the intestine leading to tumor formation as a result of oral TiO2 exposure. The
AOP has been postulated by Braakhuis et al. (2021) for TiO2 related colon carcinogenicity after oral exposure. After the molecular
initiating event (MIE), a series of key events (KE) take place that lead to the adverse outcome (AO). ROS: reactive oxygen species.

KE1 (Lysosomal disruption), KE2 (ROS generation),
KE3 (Mitochondrial dysfunction) and KE4 (Cell
injury/death) often report positive effects for TiO2
(tested concentrations between 50 and 300 mg/ml)
(Jin et al. 2008, Natarajan et al. 2015, AbbasiOshaghi, Mirzaei, and Pourjafar 2019).

Intestine
The mechanism of action regarding the intestine
after oral exposure to TiO2 is not completely understood. It is suggested that TiO2 might induce or
promote colon tumors via ROS generation and
inflammation (Bettini et al. 2017, Proquin et al.
2018). In case of excess ROS generation, oxidative
stress might be induced leading to tissue damage.
An AOP for TiO2 was postulated by Braakhuis et al.
(2021) which we used to gather available information on each of the KEs (Figure 2). Tables 2 and 3
present comprehensive overviews of all the available oral in vivo studies with information relevant
for investigation of the suggested AOP leading to
intestinal tumors as a result of exposure to TiO2 for
rats and mice, respectively. In total, 18 in vivo oral
exposure studies using different types of TiO2 such
as food additive E171 or specific TiO2 NPs,
were included.

For intestinal tumor formation and promotion, it
seems there is a dose dependent increase in generation of ROS, oxidative stress and inflammation
(Trouiller et al. 2009, Wang et al. 2013, Grissa et al.
2015, Urrutia-Ortega et al. 2016, Bettini et al. 2017,
Martins et al. 2017, Hu et al. 2018). These KEs fit
into a mechanism potentially leading to tumor formations. However, for the later KEs, persistent epithelial injury (KE4) and proliferation of intestinal
cells (KE6), insufficient information is available. Only
a single study measured epithelial injury (Sycheva
et al. 2011), and two studies measured proliferation
of intestinal cells (Sycheva et al. 2011, Proquin et al.
2018) (Table 3). More information on these KEs is
needed to evaluate whether the AOP is operative in
rats and mice. For the induction of pre-neoplastic
lesions (KE7) such as hyperplasia in the colon, contradicting results have been reported. Two studies
using high doses of 175–24 000 mg/kg bw/d
showed no induction of hyperplasia (NCI 1979,
Warheit, Brown, and Donner 2015), whereas three
more recent studies did observe induction of hyperplasia at relevant (comparable to human daily
intake) doses of 5–10 mg/kg bw/d (Urrutia-Ortega
et al. 2016, Bettini et al. 2017, Proquin et al. 2018).
A recent study in which both lower and higher
doses of TiO2 in the diet were applied, revealed no
induction of hyperplasia in the colon after 100 days
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activation
(KE3.1)

ND
ND

ND

ND
ND

ND

ND
ND

 (100 d)3
ND
 (7 d)3
ND

ND
ND

ND

 (100 d)3
 (7 d)3
ND






þ

ND
ND
(100 d)3
(7 d)3
(100 d)3
(7 d)3
(7 d)1
(100 d)1

Increased proinflammatory
mediators
(KE3.2)

 (7 d)3

 (100 d)3

ND
ND

ND

ND
ND

ND

ND
ND

ND

ND

ND
ND

ND

ND
ND

ND

ND
ND

ND
ND
ND
ND

ND
ND

ND

þ (60 d, leukocytes)6
ND
þ (60 d, leukocytes)6

ND
ND
ND

(100 d)3
(7 d)3
(100 d)3
(7 d)3
(7 d)1
(100 d)1

ND
ND
ND
ND
ND
ND
ND

 (100 d)3
 (7 d)3
þ (60 d, leukocytes)6





þ


ND
ND

Leukocyte recruitment /
activation (KE3.3)

Persistent
epithelial
injury
(KE4)

ND
ND

ND

ND
 (MN assay in bone marrow after
single dose)8

ND

ND
 (MN assay in bone marrow after
single dose)8



þ

þ

þ



þ




ND

ND
ND
ND
ND
(7 d, Comet assay in PP )1
(30 d, MN and y-H2AX in
bone marrow)4
ND
ND
(30 d, y-H2AX) and  (30 d, MN
in bone marrow)4
(60 d, Comet and MN assay in
bone marrow)6
(60 d, Comet and MN assay in
bone marrow)6
ND
(30 d, y-H2AX) and  (30 d, MN
in bone marrow)4
(60 d, Comet and MN assay in
bone marrow)6
ND
ND
ND
(MN assay in bone marrow after
single dose)8

 (45 d)2

DNA
damage
(KE5)

ND
ND

ND

ND
ND

ND

ND
ND

ND
ND
ND
ND

ND
ND

ND

ND
ND
ND

ND
ND
ND
ND
ND
ND
ND

Proliferation
of intestinal
cells
(KE6)

ND
ND

ND

ND

ND

ND
ND

 (14 d, single dose)7
 (28 d)7

 (2 years)9

 (14 d, single dose)7
ND

 (2 years)9

 (14 d, single dose)7
 (90 d)7

 (100 d)3
 (90 d)7

 (14 d, single dose)7
ND

 (90 d)7

 (100 d)3

þ (100 d)1

 (100 d)3

 (100 d)3

 (100 d)1

Pre-neoplastic
lesions
(hyperplasia)
(KE7)





(2
years)9
ND
ND

(2
years)9
ND
ND

ND
 (90 d)7

ND
 (90 d)7
ND
ND

ND
ND

 (90 d)7

ND
ND
ND

ND
ND
ND
ND
ND
ND
ND

Intestinal
tumors
(AO)

The AOP consist of an initiating event (IE) and key events (KEs) leading to the adverse outcome (AO) (Braakhuis et al. 2021). "þ"¼ KE is observed, "-" ¼ KE is not observed. Note at some concentrations mixed evidence, i.e. both positive (þ) and negative (-) effects on the KE, were observed. For each study, information on the exposure duration is provided between parentheses (d: day, w: week) along with the reference.
Further details on the dosing, the animals, the TiO2 used and the observed effects (if any) are provided in the Supplementary Information of Braakhuis et al. (2021). Only Bettini et al. (2017) and Blevins et al. (2019)
explicitly applied food-grade TiO2 (E171), and Warheit, Brown, and Donner (2015) in part of the experiments, but the TiO2 in some other studies (e.g. NCI (1979)) may be similar. A study may be mentioned several
times in case multiple dose levels were investigated. MN: micronucleus; ND: no data/not determined; PP: Peyer’s Patches; ROS: reactive oxygen species.
References: 1: Bettini et al. (2017); 2: Martins et al. (2017); 3: Blevins et al. (2019); 4: Chen et al. (2014); 5: Wang et al. (2013); 6: Grissa et al. (2015); 7: Warheit, Brown, and Donner (2015); 8: Donner et al. (2016); 9:
NCI (1979).

ND
ND

2500

ND

(single
dose)8
ND

(single
dose)8
ND

1750
2000

þ

ND
ND
ND

250
300
374
500

1250

ND
þ (30
d)4, 5

175
200

(single
dose)8
ND

ND

þ (7 d)1
þ (45 d)2
ND
ND
ND
ND
þ (7 d)1
þ (30
d)4, 5
ND
ND
þ (30
d)4, 5

100

22
31.43
50

0.2
0.5
1.30
1.81
3.50
4.76
10

Dose
(mg/kg bw)

Cellular
uptake
In intestine
(MIE)

Inflammation
(KE3)

Table 2. Overview of oral in vivo studies investigating the suggested adverse outcome pathway (AOP) leading to TiO2 related colon carcinogenicity after oral exposure in rats.
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7

ND

ND

þ (24 h –
2 w)1

ND

ND

ND

þ (24 h –
2 w)1

ND

ND
ND
ND

10

40

50

100

200

250

500

1000

1250
2000
2500

ND
þ (7 d)8
ND

þ (7 d)8

 (7 d)8

ND

ND
ND
ND

ND

þ (24 h – 2 w)1

ND

ND

þ (14 d)5

þ (14 d)5

ND

þ (24 h – 2 w)1
 (14 d)5

ND

þ (24 h – 2 w)1
þ (7 – 21 d, gene
expr.)2
þ (3 d/w, 3 w)4
 (14 d)5

Oxidative
stress (KE2)

þ (14d, 26 w)5

ND

 (14d, 26 w)5

ND

ROS
generation
(KE1)

ND
ND
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Tissue
resident
cell
activation
(KE3.1)

ND
ND
ND

ND

þ (5 d)9

ND

ND

ND

ND

ND

ND

þ (72 d)3
þ (3 d/w,
3 w)4

Increased proinflammatory
mediators
(KE3.2)

ND
ND
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Leukocyte
recruitment /
activation
(KE3.3)

ND
ND
ND

þ (7 d)6

ND

ND

 (7 d)6

ND

ND

 (7 d)6

ND

ND

Persistent
epithelial
injury (KE4)
þ (24 h – 2 w, Comet in gastric
cells)1
þ (7 d, gene expression of DNA
repair pathways)2
 (14 d, Comet in liver cells and MN
in bone marrow)5
 (7 d, MN in brain, colon and
liver)6
þ (7 d, MN in bone marrow)6
þ (24 h – 2 w, Comet assay in
gastric cells)1
þ (14 d, Comet in liver cells)5
þ (5 d, y-H2AX in bone marrow)7
2 (5 d, MN in blood)7
þ (14 d, Comet and MN in liver cells
and bone marrow)5
þ (5 d, y-H2AX in bone marrow)7
2 (5 d, MN in blood)7
 (7 d, MN in brain and colon)6
þ (7 d, Comet and MN in liver and
bone marrow)6
þ (5 d, y-H2AX in bone marrow)7
2 (5 d, MN in blood)7
þ (24 h – 2 w, Comet in gastric
cells)1
þ (24 h – 2 w, Comet in brain)9
þ (5 d, y-H2AX in bone marrow and
8-OHdG in liver)7
þ (7 d, Comet in liver and kidney)8
 (7 d, MN in colon)6
þ (7 d, Comet in liver and kidney)8
ND
þ (7 d, Comet in liver and kidney)8
ND

DNA damage (KE5)

ND
ND
ND

 (7 d, mitotic index)6

ND

ND

þ (7 d, colon,
mitotic index)6

ND

ND

 (7 d, mitotic index)6

ND

 (2–21 d, Ki67)2

Proliferation of
intestinal cells (KE6)

 (2 years)10
ND
 (2 years)10

ND

ND

ND

ND

ND

ND

ND

ND

þ (14, 21, 72
d)2, 3

Pre-neoplastic
lesions
(hyperplasia)
(KE7)

 (2 years)10
ND
 (2 years)10

ND

ND

ND

ND

ND

ND

ND

ND

 (72 d)3

Intestinal
tumors (AO)

The AOP consist of an initiating event (IE) and key events (KEs) leading to the adverse outcome (AO) (Braakhuis et al. 2021). "þ"¼ KE is observed, "-" ¼ KE is not observed. Note at some concentrations mixed evidence, i.e. both positive (þ) and negative (-) effects on the KE, were observed. For each study, information on the exposure duration is provided between parentheses (d: day, w: week) along with the reference.
Further details on the dosing, the animals, the TiO2 used and the observed effects (if any) are provided in the Supplementary Information of Braakhuis et al. (2021). Only Urrutia-Ortega et al. (2016), Proquin et al.
(2018) and Talamini et al. (2019) explicitly applied food-grade TiO2 (E171), but the TiO2 in some other studies (e.g. NCI (1979)) may be similar. A study may be mentioned several times in case multiple dose levels
were investigated. MN: micronucleus; ND: no data/not determined; ROS: reactive oxygen species.
References: 1: Mohamed (2015); 2: Proquin et al. (2018); 3: Urrutia-Ortega et al. (2016); 4: Talamini et al. (2019); 5: Shukla et al. (2014); 6: Sycheva et al. (2011); 7: Trouiller et al. (2009); 8: Shi et al. (2015); 9:
Mohamed and Hussien (2016); 10: NCI (1979).

þ (24 h – 2
w) 1

5

Dose (mg/
kg bw)

Cellular
uptake In
intestine
(MIE)

Inflammation (KE3)

Table 3. Overview of oral in vivo studies investigating the suggested adverse outcome pathway (AOP) leading to TiO2 related colon carcinogenicity after oral exposure in mice.
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(Blevins et al. 2019). The authors suggested that the
differences between studies might be explained by
the difference in the administration of TiO2. A dispersion of TiO2 in water could for instance lead to
different protein corona formation affecting the particle characteristics of TiO2 and thereby potentially
negatively influencing its bioavailability, intestinal
uptake and subsequent effects.
Discussion on the mechanistic insights in effects
in liver and intestine after ingestion of TiO2
As shown in Tables 1–3, in some studies, effects on
liver and intestine resulting from exposure to TiO2
were found, whereas in others no effects were
observed. The following aspects might explain the
observed discrepancies.
First, differences might be due to the properties
of the TiO2 used: variability in crystal structure, particle size distribution, and/or coating. For example,
the size of the TiO2 particles used in the oral studies investigating liver effects varied from 5 nm to
220 nm (NCI 1979, Wang et al. 2007, Cui et al. 2010,
2011, Wang et al. 2013, Shukla et al. 2014, Azim
et al. 2015, Gu et al. 2015, Warheit, Brown, and
Donner 2015, Hu et al. 2018, Abbasi-Oshaghi,
Mirzaei, and Pourjafar 2019, Talamini et al. 2019).
The particle characteristics of the TiO2 used are
sometimes poorly described, especially in older
studies, or even absent in case of the 2-year oral
carcinogenicity performed by NCI (NCI 1979).
Hence, an assessment whether the same or similar
material is used in different studies can often not
be made. Different types of TiO2 may be absorbed
to a different extent, the distribution over and elimination from tissues can vary, whereas also the
potency to exert a hazard may differ. Only a limited
number of studies in Tables 1–3 explicitly applied
food-grade TiO2 (E171) (Urrutia-Ortega et al. 2016,
Bettini et al. 2017, Proquin et al. 2018, Blevins et al.
2019, Talamini et al. 2019), or at least in part of
their experiments (Warheit, Brown, and Donner
2015). The TiO2 used in some other studies may
also be in line with food grade TiO2 (see the
Supplementary Information for details on the TiO2
used per study).
Secondly, the formulation of TiO2 might be an
important factor. In some studies TiO2 was suspended in water and animals were exposed via oral

9

gavage or by dripping water into the mouth, while
in other studies TiO2 is mixed with the diet. The formulation of the oral administration matrix can affect
the particle characteristics of TiO2, for example due
to protein corona formation, and thereby potentially influence its bioavailability, intestinal uptake
and subsequent effects (Blevins et al. 2019). This
supposition is supported by the observation that
TiO2 suspended in water (with or without a dispersant, like 0.5% (w/v) hydroxypropyl-methylcellulose
or 1% Tween 80) and given via oral gavage, intragastric administration or in drinking water, induced
ROS generation, oxidative stress, inflammation and/
or hyperplasia (NCI 1979, Wang et al. 2007, Trouiller
et al. 2009, Cui et al. 2010, 2011, Sycheva et al.
2011, Wang et al. 2013, Chen et al. 2014, Shukla
et al. 2014, Azim et al. 2015, Grissa et al. 2015, Gu
et al. 2015, Mohamed 2015, Shi et al. 2015, Warheit,
Brown, and Donner 2015, Mohamed and Hussien
2016, Urrutia-Ortega et al. 2016, Bettini et al. 2017,
Hu et al. 2018, Proquin et al. 2018, Abbasi-Oshaghi,
Mirzaei, and Pourjafar 2019, Talamini et al. 2019). In
contrast, two other studies that exposed animals to
TiO2 via the diet reported no induction of adverse
effects (NCI 1979, Blevins et al. 2019).
Other aspects that may lead to discrepancy
between studies are the differences in rodent species and strains used, the exposure concentrations
and duration, and the specific effects which were
evaluated. Furthermore, information on the relationship between dose and gastrointestinal uptake is
rarely available. It is known that large agglomerates
of TiO2 particles can be formed at high concentrations, complicating uptake and reducing bioavailability. Increased agglomeration in gut conditions
has been shown for silica particles (Peters et al.
2012), which is in line with observations in a rat
study that the lowest concentration resulted in the
highest absorption (van der Zande et al. 2014). A
high degree of agglomeration may therefore also
reduce the absorption of TiO2 from the gastrointestinal tract. As a result, internal organ or tissue concentrations are not expected to increase linearly
with increasing dose, whereas it is likely that potential effects depend on the internal concentration.
This may be an explanation for the absence of
effects in high dose studies compared to the finding of effects in low dose studies. Recent studies
show, however, agglomeration/aggregation of silica
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NPs does not necessarily reduce their toxicity
(Murugadoss et al. 2020). Hence, to better take the
internal concentration into account in risk assessment, the available information on organ and tissue
concentrations from oral in vivo animal studies is
gathered and compared to concentrations found
in humans.
Ti measurements in organs and tissues
In human
Ti determined in human organs and tissues is
believed to be predominately caused by the presence of TiO2 particles, which, in individuals without
an occupational inhalatory exposure to TiO2, almost
exclusively originates from oral exposure to TiO2
particles. Still, potentially a limited part could be
caused by other Ti compounds (Rompelberg et al.
2016, Heringa et al. 2018, Locci et al. 2019, Peters
et al. 2020). Quantified Ti content (as well as Ti-particle content) in several human postmortem tissues
have been reported separately (Heringa et al. 2018,
Peters et al. 2020). The tissues included liver and
spleen (Heringa et al. 2018, Peters et al. 2020), and
kidney and two sections of intestinal tissue (Peters
et al. 2020). Liver, spleen, kidney and specific parts
of the intestine are among the organs to which
NPs, including TiO2, are known to distribute to and/
or accumulate in (Kreyling et al. 2017, EFSA
Scientific Committee et al. 2018). The postmortem
organs and tissues were obtained from 30 individuals whose bodies were donated to the Department
of Anatomy of the University Medical Center
Utrecht for educational and research purposes, and
were collected for two separate studies (Heringa
et al. 2018, Peters et al. 2020). Details on the 15
human subjects per study with respect to gender
and age, as well as for the combined studies can
be found in Table 4. All but one individual, who
was of Asian origin, had a Caucasian ethnicity, and
all individuals lived in the Netherlands most or all
Table 4. Gender and age of the subjects from Heringa et al.
(2018) and Peters et al. (2020), and of the combined studies.
Gender
Study
Heringa et al. (2018)
Peters et al. (2020)
combined

Age

female

male

average

min

max

9
8
17

6
7
13

84
87
86

56
64
56

104
98
104

of their lives (Heringa et al. 2018, Peters et al. 2020).
From the 15 human subjects of the first study, two
had titanium implants, which, however, did not
lead to elevated Ti levels in the organs analyzed
(Heringa et al. 2018). The presence of implants was
not recorded in the second study (Peters et al.
2020). The presence of tattoos had not been
recorded either, however, it is considered highly
unlikely that many of the subjects were (extensively) tattooed, also taken their age of, on average,
86 years into account (Table 4). Note that there are
no data available on the human post mortem
organs and tissues regarding (histo)pathology.
The same method for the analysis of Total Ti as
has been described in Peters et al. (2018) has been
used by Heringa et al. (2018) and Peters et al.
(2020). Therefore, these separate, independent data
sets can be combined. The total Ti levels in the
human postmortem organs and tissues in each
study, as well as combined are reported in Table 5.
As the analysis of Ti-particles has been performed
with different recovery values, the separate data
sets on Ti-particle levels were not combined. There
is no significant difference between the measured
Total Ti detected in liver between both groups (pvalue: 0.98), according to the two-tailed Welch’s ttest (unequal variances t-test), but the different
group sizes (7 and 11) hamper a good comparison.
There is no significant difference between the
measured Ti detected in spleens between both
groups (p-value: 0.83), either.
In animal studies
Ti levels in organs and tissues have been measured
in a number of different types of animal studies
(Jani, McCarthy, and Florence 1994, Wang et al.
2007, Onishchenko et al. 2012, Cho et al. 2013,
Wang et al. 2013, Geraets et al. 2014, Janer et al.
2014, Kim and Park 2014, Tassinari et al. 2014, Gu
et al. 2015, MacNicoll et al. 2015, Mohamed 2015,
Donner et al. 2016, Ammendolia et al. 2017, Farrell
and Magnuson 2017, Kreyling et al. 2017, Martins
et al. 2017, Hu et al. 2018, Hu et al. 2020, Lee et al.
2019, Talamini et al. 2019). Some are kinetic studies,
others are general toxicity studies or studies aimed
at specific effects, measuring Ti levels for different
reasons (see Supplementary Information 2). Similar
to the comparability aspects of in vivo data and
methodologies discussed earlier, studies reporting
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Table 5. Total Ti levels in postmortem human organs/tissues from Heringa et al. (2018) and Peters et al. (2020), as well as combined total Ti levels (for liver and spleen).
Subjects

Total Ti (mg/kg)

n > LOD

Organ

study

n

Liver

Heringa et al. (2018)

15

7

Peters et al. (2020)

15

11

combined

30

18

Jejunum

Peters et al. (2020)

12

11

Ileum

Peters et al. (2020)

12

12

Spleen

Heringa et al. (2018)

15

14

Peters et al. (2020)

15

13

combined

30

27

Peters et al. (2020)

15

14

Kidney

a

median

average

SD

Min

max

0.04
(0.01)
0.02
(0.02)
0.03
(0.02)
0.14
(0.13)
0.26

0.04
(0.02)
0.04
(0.03)
0.04
(0.03)
0.37
(0.34)
0.43

0.02
(0.02)
0.05
(0.04)
0.04
(0.03)
0.59
(0.57)
0.43

0.02
(0.005)a
0.01
(0.005)a
0.01
(0.005)a
0.02
(0.005)a
0.06

0.09

0.03
(0.03)
0.05
(0.04)
0.04
(0.03)
0.06
(0.05)

0.08
(0.07)
0.07
(0.06)
0.07
(0.07)
0.09
(0.08)

0.11
(0.10)
0.06
(0.06)
0.09
(0.08)
0.09
(0.09)

0.02
(0.005)a
0.02
(0.005)a
0.02
(0.005)a
0.01
(0.005)a

0.4

0.16
0.16
2.04
1.41

0.25
0.4
0.37

The non-detects (n < LOD) were included in the values between parenthesis and set at half of the limit of detection (LOD). SD: standard deviation.
half of the LOD (Total LOD ¼ 0.01 mg/kg (Peters et al. 2018, 2020)).

a

Ti content differ in experimental conditions, such as
species, dosing, exposure duration, and type of TiO2
used. They also vary greatly in the sample preparation and analytical techniques applied in order to
detect and quantify the level of Ti. Sometimes,
small group sizes, variability in the data, high background levels or just (too) small concentration differences hamper the derivation of significant Ti
levels in specific organs and tissues. This makes
comparing these study results difficult, and these
aspects should also be taken into account when
relating the results to the Ti levels found in the
human post mortem tissues. Still, risk assessment of
(nano)particles such as TiO2 should preferably be
performed taking organ levels into account.
Absorption of TiO2 from the gastrointestinal tract
and subsequent distribution and potential accumulation may differ between humans exposed via
food and animals in in vivo studies. Species differences and differences caused by experimental conditions, including type of TiO2 used, dose and
exposure duration, likely affect tissue distribution
and organ concentration.
In acute studies, the presence of TiO2 in organs
is highly dependent on the moment of measurement, as is illustrated in the biodistribution study
by Kreyling et al. (2017) in which rats were exposed
to a single low dose ( 30–80 mg/kg bw) of radiolabeled TiO2, and the level of radioactivity was measured in different organs and tissues at different
timepoints after dosing (1, 4, 24 hours and 1 week).

Only liver radioactivity could already be measured
after 1 hour, and peaked at 4 hours in this organ,
while in spleen and kidney radioactivity could first
be detected after 4 hours and increased in concentration up to 1 week (Kreyling et al. 2017). Geraets
et al. (2014) showed for several types of TiO2 that
54–86% of the amount found directly after five
daily iv doses remained in the liver and spleen for
up to 90 days, suggesting that these particles can
remain in tissues for a long period of time.
Therefore, we prefer to use chronic or subchronic
studies where accumulation has taken place and
the organ concentrations are not so much dependent on the exact moment of sampling.
Determination of Ti levels in organs can be a
challenge given the limit of detection. In a number
of studies the Ti levels in organs were below the
limit of detection or did not differ significantly from
the control. Especially when doses are relatively
few, the organ concentrations may not be high
enough for detection or may not have increased
enough compared to the control (Geraets et al.
2014, Farrell and Magnuson 2017, Talamini et al.
2019). Note that also a toxicokinetic 90-day study
(according OECD TG 408) with higher doses of TiO2
NPs (260–1042 mg/kg bw/d) did not report significant increased Ti levels compared to the control
(Cho et al. 2013).
The Ti levels in liver, spleen, kidney or intestinal
tissues from animal studies in which these were
quantified and significantly different from the

ND

ND

0.6 (1 d)
control: 0.2 (effect: -)
0.02–0.4a

0.084
(¼60% of 0.14 mg/kg TiO2)
12.6
(¼60% of 21 mg/kg TiO2)

1.9 (28 w)5
control: 0.6 (effect: þ)
0.94 (28 d)6
control: 0.46 (effect: ND)
0.8 (2 w)7
control: 0.2 (effect: -)
4.0 (1 d)8
control: 0.1 (effect: þ)
0.01–0.16a

0.0048
(¼60% of 0.008 mg/kg TiO2)

0.72
(¼60% of 1.2 mg/kg TiO2)

64

1.1 (8 w)10
control: 0.6 (effect: ND)

2.8 (26 w)4 control:
1.6 (effect: þ)

50

8

ND

ND

0.4 (1 d)
control: 0.2 (effect: þ)
0.01–0.37a
8

ND

ND

ND

5.2 (26 w)4
control: 2.5 (effect: ND)

3.9 (26 w)4
control: 2.5 (effect: ND)

ND

ND

ND

0.02–2.04a

ND

ND

ND

0.13 (5 d) – in small
intestine
control: 0.08 (effect: -)
1.07 (3 w 3/w)3 – in colon
(not in small intestine)
control: 0.60 (effect: þ)
3.4 (26 w)4 – in small
intestine
control: 2.1 (effect: ND)
5.3 (26 w)4 – in small
intestine
control: 2.1 (effect: ND)
ND

9

Intestine

Per cell is indicated whether no (toxicological or early) effects were observed ("-"), an effect was observed ("þ"), or no effects have been studied ("ND"). Note that different studies focus on different effects.
Details on the studies, type of TiO2 used, etc., can be found in the Supplementary Information (Supplementary Information 2). Only Talamini et al. (2019) explicitly applied food-grade TiO2 (E171), and
Onishchenko et al. (2012) in part of the experiments, but the TiO2 in some other studies may be similar. ND: no data/not determined.
a
See Table 5. Note that in some cases the human levels were below the LOD (<0.01 mg Ti/kg)
References: 1: Martins et al. (2017); 2: Tassinari et al. (2014); 3: Talamini et al. (2019); 4: Hu et al. (2018); 5: Gu et al. (2015); 6: Onishchenko et al. (2012); 7: Lee et al. (2019); 8: Wang et al. (2007); 9: Ammendolia
et al. (2017); 10: Hu et al. (2020).

Human levels (for comparison)
(Heringa et al. 2018, Peters
et al. 2020)a
Earlier estimated safe tissue
level in humans (Heringa
et al. 2016)
Earlier estimated tissue level
associated to effects in
animals (Heringa
et al. 2016)

5000

1000

100

ND

3.7 (26 w)4
control: 2.1 (effect: ND)

2.7 (26 w)4
control: 2.1 (effect: ND)

ND

2.1 (26 w)4
control: 1.6 (effect: -)

ND

0.046 (5 d)
control: 0.036 (effect: þ)

10
2.2 (26 w)10
control: 1.2 (effect: ND)

Kidney
2.8 (45 d)1
control: 0 (effect: -)
ND

0.94 (3 w 3/w)3
control: 0.26 (effect: þ)

2
2

ND

Spleen

5

Liver

2.1 (45 d)1
control: 0 (effect: -)
ND

0.5

Dose (mg TiO2/kg bw/d)

Concentration in organ/tissue (mg Ti/kg)

Table 6. Significant different (from the control value mentioned) Ti levels in liver, spleen, kidney and intestinal tissues as a result of different doses of TiO2 as reported in different
animal studies with oral exposure (duration of the study between parentheses; d: day, w: week).
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control, have been summarized in Table 6, together
with values to relate to human risk assessment.
Comparing Ti levels in human organs and tissues
with animal studies
We compared the Ti levels in liver, spleen, kidney
and intestine in human to the Ti levels detected in
animals organs and tissues from selected studies
(that quantified Ti in these organs and reported significant changes compared to a vehicle control as a
result of exposure to TiO2), below. The comparison
is discussed per organ/tissue in the paragraphs
below and also includes the associated toxicological
effects detected in the respective studies, and a
relation to risk assessment.
Liver
In the human liver samples, Ti levels ranging from
0.01 up to 0.16 mg/kg liver with a P50 value of
0.03 mg/kg liver were measured (Table 5) as a result
of life-long exposure. Significant increased Ti levels
ranging from 0.94 up to 4.0 mg/kg liver were
reported in animal studies (Table 6).
The Ti level of 0.94 mg/kg liver reported in a 3week study (exposure 3 times a week) with mice
exposed to a low concentration of 5 mg/kg foodgrade TiO2 was associated with molecular and cellular alterations in the inflammatory response in the
liver (i.e. necro-inflammatory foci containing tissue
monocytes/macrophages; KE5 in Table 1) (Talamini
et al. 2019). A similar effect (as determined by genome analysis by RNA sequencing) was seen at the
elevated TiO2 levels of 2.8 mg/kg liver, in mice
sub-chronically exposed to TiO2 P25 NPs at a dose
of 50 mg/kg bw/d (Hu et al. 2018). However, it
should be noted that the TiO2 P25 NPs in this study
are smaller than the TiO2 particles present in the
white pigment that is used as food additive. Serious
liver effects (hepatic injury, as KE4 in Table 1, and
increased liver weight (AE)) were seen at a level of
4.0 mg/kg liver in mice as a result of a single dose
of 5000 mg/kg bw of 80 nm rutile-like TiO2 NPs two
weeks post-dose (Wang et al. 2007). An equal dose
of two other types of TiO2 particles (25 nm rutilelike NPs and 155 nm anatase particles), however,
did not lead to a significantly increased Ti level in
liver in this study (Wang et al. 2007). Also Gu et al.
(2015) noted liver effects (tissue fiber fractures,
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increased ROS generation and inflammatory
markers, all seen as KEs in the AOP leading to
effects on the liver (Figure 1)) at a level of 1.9 mg/
kg liver in mice as a result of a 28 week exposure to
64 mg/kg bw/d anatase TiO2 NPs (18 nm), but no
increased Ti organ concentration, nor effects on the
liver were seen with an equal dose of larger
(120 nm) anatase TiO2 particles.
Because absorption from the gastrointestinal
tract may differ with species, TiO2 dose and type,
and because TiO2 organ and tissue levels may
increase in time, risk assessment of such particles
should preferably be performed based on TiO2 levels in organs and tissues. In an earlier assessment,
based on a No Observed Adverse Exposure Level
(NOAEL) of 10 mg/kg bw/d from an animal study
that showed liver edema in young rats at doses of
50 mg/kg bw/d and higher (Wang et al. 2013), toxicokinetic modeling was used to estimate the liver
concentration at the end of that key toxicity study
(Heringa et al. 2016). A tissue level associated to
effects in animals of 1.2 mg/kg liver was estimated,
and a toxicologically safe tissue level of 0.008 mg/
kg liver for TiO2 was calculated for humans (Heringa
et al. 2016). As Ti accounts for 60% of the molecular
weight of TiO2, this equals an animal effect tissue
level of 0.72 mg/kg liver, and a human safe tissue
level for Ti of 0.0048 mg/kg liver, respectively,
assuming TiO2 is responsible for all Ti present.
In 18 of the total of 30 livers (Table 5), Ti levels
were measured above the Limit Of Detection (LOD)
(0.01 mg/kg), with a P50 value of 0.03 mg/kg being
around 6 times higher than the calculated safe tissue level (note that also some of the livers with a Ti
level below the LOD may contain a Ti level above
the safe tissue level as this is lower than the LOD).
In line with our previous studies, this indicates that
adverse effects on the liver as a result of TiO2
exposure cannot be excluded. Furthermore, now we
have also compared human liver concentrations to
measured (rather than modeled) liver concentrations from animal studies in which effects were
found. The margin between the median Ti level in
human liver, and the Ti level in livers from animals
in experiments showing effects on liver is small (e.g.
a factor 30 compared to the 3-week mice study,
in which inflammatory responses in the liver were
found (Talamini et al. 2019)). For the highest Ti level
found in human liver (0.16 mg/kg liver) this factor is
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less than 6. This further emphasizes that adverse
effects on the liver as a result of TiO2 exposure cannot be excluded, as typically a considerable larger
factor to account for intra- and interspecies differences and variability would be needed.
When considering the overview of KEs and AOs
as structured by an AOP for liver effects (Table 1),
in conjunction with the information on liver concentrations in these toxicity studies (Table 6) and
from the human, real life situation, it can be concluded that early effects occur in many toxicity
studies at liver concentrations slightly higher (a factor 6 or more) than found in human livers.
However, there are also studies that do not show
effects (including specific KEs) at higher tissue concentrations of 2.1 mg/kg liver (Martins et al. 2017,
Hu et al. 2018) (Table 6). Hence, the conclusion that
effects on the liver as a result of oral TiO2 exposure
cannot be excluded, remains standing. Yet, not in
all situations such effects seem to occur. These differences may be due to other aspects, such as
physicochemical properties of the TiO2, or whether
the material is administered well dispersed in solution or in food. In any case, under specific conditions, the margin between Ti levels in livers found
in humans and Ti levels modeled or measured in
animal studies showing effects is considered to be
too limited to exclude the possibility of liver effects
occurring as a result of realistic human exposure levels.
Intestine
In the intestinal tract usually at least four zones are
distinguished: duodenum, jejunum, ileum and
colon. The gut epithelium is composed of enterocytes, and mucus secreting cells (Goblet cells). The
ileum and jejunum regions contain Peyer’s patches,
a gut associated lymphoid tissue where M-cells are
located responsible for the uptake of particles (Frey
et al. 2019, Kobayashi et al. 2019). NPs are usually
believed to be taken up by Goblet cells and M-cells
(Brun et al. 2014), although this process is dependent on the particle size (Powell et al. 2010).
The human intestinal samples analyzed (Table 6),
were taken at the end of the ileum and at the
beginning of the jejunum (Peters et al. 2020). The
median Ti level was higher in the ileum than in the
jejunum, though the highest value of 2.04 mg/kg
intestinal tissue was measured in jejunum. The

human Ti levels range from 0.02 up to 2.04 mg/kg
jejunum with a P50 value of 0.14 mg/kg, and from
0.06 up to 1.41 mg/kg ileum with a P50 value of
0.26 mg/kg (Table 5). Surprisingly, these values were
much higher compared to liver and spleen, organs
in which accumulation of TiO2 is expected to take
place. This may be because the intestinal cells are
in direct contact with the relatively high concentration of TiO2 in the gut lumen, which can explain
the higher concentrations found in intestinal tissues, and accumulation can also take place in the
M-cells. The variation in Ti-level in the intestinal tissues is higher than in the other tissues, which can
be explained by the differences between individuals
in the presence of the Peyer’s patches in the tissue
samples analyzed.
There are only few studies in which Ti has been
analyzed or quantified in intestinal tissues of animal
studies (Jani, McCarthy, and Florence 1994, Janer
et al. 2014, MacNicoll et al. 2015, Ammendolia et al.
2017, Kreyling et al. 2017, Hu et al. 2018, Talamini
et al. 2019). Most of them did not focus on effects
on the intestinal tissue (Jani, McCarthy, and
Florence 1994, Janer et al. 2014, MacNicoll et al.
2015, Hu et al. 2018), or uptake in intestinal tissues
(Jani, McCarthy, and Florence 1994, Kreyling et al.
2017). Janer et al. (2014) studied Ti levels in several
intestinal tissues, 24 hours after a single dose of
100 mg/kg bw in rats, but did not find significant
increased levels. Also another single dose study did
not report significant (increased) levels in intestinal
tissues 4 days post-dose after 5 mg/kg bw
(MacNicoll et al. 2015). Kreyling et al. (2017)
detected an increased amount of radiolabeled TiO2
in the small intestinal wall 1 hr post-dose, and an
increased amount in the colon 4 and 24 hours postdose. These studies indicate the time point after a
single dose is important and suggest that (sub)chronic exposure is needed in order to cause
detectable, increased Ti levels in intestinal tissues,
probably as well as subsequent effects. After a 5day exposure to a low dose of 2 mg/kg bw/d TiO2
NPs, Ammendolia et al. (2017) reported an
increased Ti level in the small intestine of 0.13 mg/
kg intestine, but no local effects on the intestine as
a result of this were studied in vivo (though some
effects on villi were reported). Talamini et al. (2019)
is the only study in which significant increased Ti
levels in intestinal tissues (i.e. colon) were measured
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along with local effects in this tissue. In that study,
a significantly increased Ti level of 1.07 mg/kg colon
(compared to 0.6 mg/kg colon in the vehicle control) as a result 3 weeks (3 times a week) 5 mg/kg
bw food-grade TiO2 was measured (Talamini et al.
2019). Interestingly, in this study no significant
increased level was found in the small intestine
(Talamini et al. 2019). The internal concentrations
were accompanied by an increase in the expression
of interleukin (IL)-1b and downregulation of tumor
necrosis factor (TNF)-a and intracellular adhesion
molecule (ICAM)-1, as determined in the whole
intestine, which indicate increased ROS generation
and inflammatory status (Talamini et al. 2019).
These effects can be seen as early effects that could
potentially lead to an AO (Figure 2). One other
study in which Ti levels were quantified in intestinal
tissues (i.e. small intestine) and significantly higher
levels of Ti were found, was performed by Hu et al.
(2018). In this sub-chronic study with mice exposed
to 10 or 50 mg/kg bw/d TiO2 P25 NPs, Ti levels
were relatively high in small intestine, i.e. 3.4 or
5.3 mg/kg small intestine, respectively (Hu et al.
2018). Increased ROS generation and inflammatory
markers were detected in liver and serum, but no
local effects in the intestinal tissue were studied.
The P50 values of Ti levels human intestinal tissue differ a factor 4–8 from the Ti level found in
colon in which effects were observed in mice. In
two human donors Ti levels in intestinal tissues
were detected which were higher (Peters et al.
2020), up to a factor two over the concentration of
1.07 mg/kg colon detected by Talamini et al. (2019).
Ideally, there is a considerable margin between
these tissue concentrations in order to exclude risks
for humans. Considering the overlap, it seems feasible that molecular and cellular alterations in the
inflammatory response in the intestine as found by
Talamini et al. (2019), could occur in humans too.
However, no studies are available with human tissue concentrations in combination with AO effects.
Hence, it seems feasible that early effects (KE1–5,
Figure 2) occur at concentrations that occur in
human intestinal tissues. However, Tables 2 and 3
indicate that in three studies the latest KE (KE7) is
triggered (Urrutia-Ortega et al. 2016, Bettini et al.
2017, Proquin et al. 2018), whereas a number of
other studies investigated this aspect but found no
effects related to this KE (NCI 1979, Warheit, Brown,
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and Donner 2015, Blevins et al. 2019). As the concentration in the intestinal tissues was not measured, a comparison on tissue concentration cannot
be made, but daily doses administered in these
studies were only slightly higher than the estimated
human intake. Therefore, presently the information
available is insufficient to draw firm conclusions.
Spleen
In the human spleen, Ti levels ranging from 0.02 up
to 0.4 mg/kg spleen with a P50 value of 0.04 mg/kg
spleen were measured (Table 5) as a result of lifelong exposure. Significantly increased Ti levels ranging from 0.046 up to 3.7 mg/kg spleen were
reported in animal studies (Table 6). The Ti level of
0.046 mg/kg spleen was found by Tassinari et al.
(2014) after a 5-day exposure of rats to TiO2 NPs at
a dose of 2 mg/kg bw/d. The white-to-red pulp area
ratio was altered as a result of this exposure, indicating an immunological effect (Tassinari et al.
2014). Higher levels of 2.7–3.7 mg/kg spleen were
reported by Hu et al. (2018), however, they did not
study the adverse effects on the spleen. No effects
were seen at a level of 0.6 mg/kg spleen in mice
as a result of a single dose of 5000 mg/kg bw to 3
types of specific TiO2 materials two weeks postdose, either (Wang et al. 2007).
Regarding risk assessment, based on the provisional NOAEL for spleen from Tassinari et al. (2014),
and toxicokinetic modeling accounting for life-long
accumulation, a tissue level associated with effects
in animals of 21 mg/kg spleen was estimated, and a
toxicological safe tissue level of 0.14 mg/kg spleen
for TiO2 for humans was calculated (Heringa et al.
2016). As Ti accounts for 60% of the weight of TiO2,
this equals an animal effect tissue level of 12.6 mg/
kg spleen, and a human safe tissue level for Ti of
0.084 mg/kg, respectively, assuming TiO2 is responsible for all Ti present.
The P50 value measured in spleen was a factor
2 below the safe human tissue level. In seven
spleens, a Ti level above this safe human tissue
level was measured. Although the concentration at
which alteration in white-to-red pulp area ratio was
noticed in an animal study is in the range of concentrations found in humans (Tassinari et al. 2014),
the relevance of this effect for humans is not clear.
Gu et al. (2015) reported decreased folliculi lymphaticus in the spleen as a result of a 28-week
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exposure of mice to 64 mg/kg bw/d TiO2 NPs
(18 nm), however, they did not look at the organ
concentration of the spleen. Other animal studies
which looked at histopathological changes in the
spleen as a result of TiO2 exposure did not find
effects on the spleen (NCI 1979, Wang et al. 2007,
Bu et al. 2010, Wang et al. 2013, Auttachoat et al.
2014). Hence, one study indicates that effects occur
at spleen levels that equals the P50 value of Ti
found in human spleens, whereas many other studies did not find effects. One other study that determined spleen concentrations in combination with
studying effects did not find an effect at spleen
concentrations above the highest dose observed in
human (0.6 mg/kg spleen), after a single dose of
5000 mg/kg bw (Wang et al. 2007). Therefore, conclusions cannot be drawn based on the present data.
Kidney
In the human kidney, Ti levels ranging from 0.01 up
to 0.37 mg/kg kidney with a P50 value of 0.06 mg/
kg kidney were measured (Table 5) as a result of
life-long exposure. These levels are higher than
have been detected in liver, and similar to the levels in spleen (Table 5). Higher kidney than liver concentrations are also found in most animal studies
(Cho et al. 2013, Kim and Park 2014, Martins et al.
2017, Hu et al. 2018).
Significant increased Ti levels ranging from 0.4
up to 5.2 mg/kg kidney were reported (Table 6).
The level of 0.4 mg/kg kidney was a result of an
experiment with mice with single dose of 5000 mg/
kg bw to 25 nm or 80 nm rutile-like TiO2 NPs, after
two weeks (Wang et al. 2007). As a result of this
exposure, serious changes in blood markers (indicating kidney disfunction) and histopathological
changes (filled renal tubule by proteinic liquids, serious swelling of the glomerulus) were noted (Wang
et al. 2007). In the same study, no significant
increased Ti level in kidney was found with 155 nm
anatase TiO2 particles, however, still serious swelling
of the glomerulus was found (Wang et al. 2007).
Higher levels of 2.8 and 3.9–5.2 mg/kg kidney
were reported in sub-chronic studies (Table 6), however, these did not study effects on kidney (Martins
et al. 2017, Hu et al. 2018). Some studies reported
histopathological changes in the kidney as a result
of (relatively high) exposure to TiO2, however, did

not find a significant changed Ti level in the kidney
(nor in other organs) (Wang et al. 2013), or did not
study Ti levels in organs (Al-Rasheed et al. 2013, Gu
et al. 2015). Hence, the present data set is too limited and scattered to allow drawing conclusions.
Additional human data
Only very few studies investigated Ti-particle levels
in human tissues, for instance Powell et al. (1996)
that detected TiO2 particles in gut associated
lymphoid tissue. Two other, recent studies of relevance are discussed here.
First, Ti levels in human pancreas were recently
reported by Heller, Coffman, and Friedman (2019).
The reported levels of Ti (0.75–3.78 mg/kg) in pancreas are remarkably high, 25–45 times higher than
the levels determined in human liver and spleen.
The authors link this finding to diabetes 2 associated with high body mass index (Heller, Coffman,
and Friedman 2019). On the other hand, in subchronic studies with mice exposed to TiO2 NPs, the
concentration Ti in pancreas was low compared to
other organs (Hu et al. 2018), or similar to the level
determined in liver (Gu et al. 2015, Hu et al. 2020).
Hence, given the very limited number of studies
that either indicate high concentrations and potential effects or low concentrations and no effects,
it is recommended for future studies to include
determination of concentrations and effects in
the pancreas.
Furthermore, the presence of Ti particles have
been qualitatively detected in human liver and kidney by Locci et al. (2019). They determined size,
shape and elemental composition of particles in
postmortem liver and kidney from 35 subjects from
Sardinia, Italy (Locci et al. 2019). Quantitative determinations of particles, e.g. number or mass per kg
organ, were not performed. Instead, the number of
particles in a defined area of a field-emission scanning electron microscopy sample, as prepared from
a slice of 5 g tissue sample was determined.
Elemental composition of the particles was determined by energy-dispersive X-ray spectroscopy. No
major differences in the determined number of particles, size and morphology between liver and kidney were observed. No relationship between
gender, age and detected particles was observed.
They found particles, as aggregates or agglomerates, ranging between 50 nm and 100 mm and often
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consisting of multiples associations of elements. Ti
comprised about 2% of the elemental composition
over all particles determined, whereas Si and Fe
comprised 61 and 23% (note that C and O were
not included in the elemental composition) (Locci
et al. 2019).

Discussion
On a daily basis, humans are exposed orally to TiO2
via food, food supplements, tooth paste (i.e. for
young children) and medicines (Bachler, von Goetz,
and Hungerbuhler 2015, Rompelberg et al. 2016).
Analysis of postmortem tissues indicates that these
particles are taken up by the intestine and subsequently transported to secondary organs such as
liver and spleen, where they can accumulate
(Heringa et al. 2018, Peters et al. 2020). Current
legislation of the food additive E171 is based on
the lack of effects in the chronic study by NCI
(1979), investigating only traditional toxicological
endpoints (NCI 1979). As there is information from
recent studies showing toxicological responses, we
decided to include these studies as an evidence of
possible adverse effects. However, there are also
recent studies in which no adverse effects were
demonstrated.
For both liver and the intestine, postulated AOPs
were used describing steps that can lead to liver
steatosis, edema and fibrosis, and to intestinal
tumor formation as a result of oral exposure to
TiO2. Using the AOP approach allowed us to take
into consideration not only morphological, histopathological and clinical observations, but also the
available data from in vivo animal studies investigating some of the KEs in the AOPs. We did not seek
to prove the AOPs, but we used postulated AOPs to
obtain an organized picture of the available information. The AOPs helped to get a more structured
and better representation of early effects that may
have limited health implications and can be reversible, versus effects that go beyond these early
effects and adverse effects such as organ toxicity.
The AOP construct facilitated in assigning qualitatively the investigated endpoints and available
assays to the right place in the chain of events
leading to the ‘point of no return’: the AO. The
structure also helps to show the data gaps and formulate more focused questions to aid the relevance
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of future studies for risk assessment. There are
indeed many data gaps (as illustrated by the blank
‘NDs’ in Tables 1–3). The data gaps and research
recommendations related to a potential carcinogenic effect of TiO2 are described and discussed in
detail in Braakhuis et al. (2021). Altogether, the
methodology helped us to organize the available
information and to get a more complete representation of toxicological pathways leading to the
organ toxicity, better list the uncertainties and formulate more focused questions (Vinken et al. 2020).
Note that the postulated AOPs are solely based on
rodent data, and this should be taken into account
when translating their outcome to the human situation (Braakhuis et al. 2021).
The general comparison of studies is hampered
by differences in various aspects. It remains
unknown to what extent the observed discrepancies are caused by factors such as the properties of
TiO2 (including the fraction of TiO2 NPs), dose,
exposure duration and animal species. We noted
that differences in administration methodology (suspension in water versus dietary exposure) may
greatly affect the toxicity. A suspension of TiO2 in
water could for instance lead to different protein
corona formation affecting the particle characteristics of TiO2, thereby potentially negatively influencing its bioavailability, intestinal uptake and
subsequent effects. On the other hand, a suspension in water could also enable aggregation/
agglomeration potentially negatively influencing
bioavailability. To take into account differences in
absorption from the gastrointestinal tract, as well
as accumulation in tissues (e.g. by different
species and between different types of TiO2), the
information available on Ti tissue concentrations
was considered.
For the effects on liver (Figure 1), the analysis
shows KEs in line with the AOP of liver fibrosis,
steatosis and/or edema (KE2–KE6), are triggered in
most studies that assessed those (Table 1). Two
studies also observed AOs: liver fibrosis (AO1 in
Figure 1) (Gu et al. 2015), and liver edema (AO2 in
Figure 1) (Wang et al. 2013). Nevertheless, there are
also a number of other studies that do not find any
AOs (NCI 1979, Warheit, Brown, and Donner 2015,
Blevins et al. 2019). The KEs are, unfortunately, not
investigated in most of these studies (Table 1).
When comparing Ti levels in liver, only a factor of
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30 and 6 is observed between liver concentrations
found in mice associated with inflammatory
responses (KE6, Figure 1) in the liver, and the P50
value and highest liver concentration found in
humans, respectively. Unfortunately, TiO2 uptake
and/or tissue concentrations have not been investigated in studies that used dietary exposure to TiO2.
This makes it difficult to extrapolate and conclude
whether there is a health risk due to exposure to
TiO2 in food. Looking at the oral intake, it cannot
be ignored that TiO2 seems to be able to trigger
KEs in the liver AOP at doses that are within one or
two orders of magnitude of the average daily oral
intake of E171 estimated for the Dutch, or
European population. Whether this subsequently
results in irreversible adverse liver effects in humans
remains unknown, given the discrepancies in observations of later KEs and as the number of studies
that investigated the AO (i.e. liver fibrosis, liver
edema, liver steatosis or intestinal tumors) is limited. Generally, KEs closer to the AO are more reliable in predicting toxic effects (Hu et al. 2018,
Martins et al. 2017). The earlier KEs (i.e. ROS generation, inflammation) could be reversible depending
on the dose and the exposure duration. It might be
that persistent and/or higher ROS generation and
inflammation are needed to induce subsequent KEs
such as tissue injury and histopathological lesions.
Similarly, for intestinal effects, the analysis shows
that for the earlier KEs such as generation of ROS,
oxidative stress, and inflammation (KE1–KE3, Figure
2), there is evidence that oral exposure to TiO2
(including NPs) can trigger these KEs (Tables 2 and
3). The body can resolve the induced earlier KEs
without progressing to later KEs and an AO.
However, it remains unclear whether those later KEs
and AO could be induced upon prolonged exposure to TiO2. The results from animal studies are contradicting as some do show the induction of
hyperplasia of the colon or associated events
(Bettini et al. 2017, Proquin et al. 2018, UrrutiaOrtega et al. 2016), while other studies do not
(Blevins et al. 2019, NCI 1979, Warheit, Brown, and
Donner 2015). The reason for not observing hyperplasia or tumors at high doses remains unclear. This
is complicated by the fact that the internal dose in
organs has not been measured in the majority of
the studies, making it impossible to relate the
internal dose to the observed effects. Of the few

studies in which Ti levels in intestinal tissue are
determined, one study found an increased Ti level
in colon after 3 weeks of exposure (3 times a week)
to food-grade TiO2 that was accompanied by
increased ROS generation and inflammatory status
(KE1 and KE3, Figure 2) (Talamini et al. 2019),
whereas others did not find increased tissue concentrations and local effects. For the studies that
used high concentrations (>1000 mg/kg bw/d) it is
unknown whether large agglomerates were formed
that might have hampered the uptake and bioavailability of the TiO2 particles. For the later KEs such
as epithelial cell proliferation, pre-neoplastic lesions
(KE6 and KE7, Figure 2) and for the AO, available
studies are inconsistent and lacking information on
tissue concentrations (Tables 2 and 3). In the paper
by Braakhuis and colleagues, the AOP leading to
intestinal tumors has been analyzed semi-quantitatively taking the doses at which effects were
observed in animals into account. The semi-quantitative approach shows that there is evidence that
the AOP might be operative for TiO2; to reduce
uncertainties, specific future studies are recommended (Braakhuis et al. 2021).
For kidney and spleen, data are too scattered,
and limited, to draw conclusions on potential health
risks. However, the Ti level in these tissues found in
humans is similar or higher than in liver. Also a
recent study suggest that Ti levels in human pancreas
are
high
(Heller,
Coffman,
and
Friedman 2019).
Another AO that is receiving increasing attention,
but that is not included in the AOP regarding the
intestine in Figure 2, is the possibility that TiO2 may
exacerbate inflammation in patients with IBD such
as Crohn’s disease (Hummel et al. 2014, Lomer et al.
2004, Powell et al. 1996, Ruiz et al. 2017). In a
mouse model, TiO2 NPs were shown to exacerbate
acute colitis (Ruiz et al. 2017). A pilot study in IBD
patients showed that a diet low in exogenous particles such as TiO2 and aluminosilicates appears to
alleviate the symptoms of Crohn’s disease (Lomer,
Thompson, and Powell 2002), though another study
could not confirm this (Lomer et al. 2005).

Conclusions and recommendations
The available data is, however, sufficient to conclude that TiO2 (including NPs) has the potential to
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generate ROS, induce oxidative stress and inflammation in liver and intestinal tissue, but it is
unknown whether these events subsequently result
in irreversible adverse effects in humans. To allow
for conclusions whether TiO2 leads to AOs, and, if
so, under which conditions this is possible, further
studies would be needed.
With regard to kidney and spleen, data are too
limited to draw conclusions on potential health
risks. The level presence of TiO2 in these organs,
and in addition in pancreas as has been reported,
indicate that it is relevant to gain further knowledge on potential effects of TiO2 on these tissues.
In addition, more information is needed on the
potential effects of TiO2 exposure in patients
with IBD.
In line with a recent publication on the intestinal
AOP potentially induced by TiO2 (Braakhuis et al.
2021), we recommend the performance of chronic
in vivo studies using well-characterized food-grade
TiO2, including measurement of Ti levels in key tissues (liver, spleen, kidney, intestinal tissues and
pancreas), assessment of KEs (Figures 1 and 2) and
AOs. Furthermore, it is recommended to investigate
whether administration via diet and well-dispersed
in water affects the uptake, tissue concentrations
and toxicity. The same holds for systematic research
on the relationships between the properties of the
TiO2 and toxicokinetic behavior (uptake, tissue distribution, accumulation) as well as toxicity.
Furthermore, the present document can be seen as
a start toward a weight of evidence approach
assessing the risk of oral exposure to TiO2. We recommend, as a next step, to include all aspects of
reliability, relevance, consistency and transparency
of a complete weight of evidence approach (EFSA
Scientific Committee 2017). Finally, it is recommended that future studies are performed with
realistic to high doses (e.g. 1–1000 mg/kg bw/d). At
extremely high doses (even up to 24 000 mg/kg
bw/d, Table 1) the dose itself may paralyze the
gastrointestinal tract, leading to situations that have
no relevance for real life.

Notes
1. An AOP describes a sequential chain of causally linked
events at different levels of biological organisation that
lead to an adverse health or ecotoxicological effect.
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AOPs are the central element of a toxicological
knowledge framework being built to support chemical
risk assessment based on mechanistic reasoning (https://
www.oecd.org/chemicalsafety/testing/adverse-outcomepathways-molecular-screening-and-toxicogenomics.htm).
2. The AOP-Wiki is a collaborative, international effort and
serves as a component of the OECD-sponsored AOP
Knowledgebase (AOP-KB) effort. This wiki is hosted by
the Society for the Advancement of Adverse Outcome
Pathways (SAAOP). The AOP-KB represents the central
repository for all AOPs developed as part of the OECD
AOP Development Effort by the Extended Advisory
Group on Molecular Screening and Toxicogenomics. All
AOPs from the AOP Knowledgebase are available at
https://aopwiki.org/.
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