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Abstract

Titanium dioxide nanomaterials are applied in numerous fields due to their splendid physicochemical
characteristics, which in turn poses a potential threat to human health. Recently, numerous in vivo studies have
revealed that titanium dioxide nanoparticles (TNPs) can be transported into animal brains after exposure through
various routes. Absorbed TNPs can accumulate in the brain and may disturb neuronal cells, leading to brain
dysfunction. In vitro studies verified the neurotoxicity of TNPs. The mechanisms underlying the neurotoxicity of
TNPs remains unclear. Whether necroptosis is involved in the neurotoxicity of TNPs is unknown. Therefore, we
performed an in vitro study and found that TNPs induced inflammatory injury in SH-SY5Y cells in a dose-dependent
way, which was mitigated by necrostatin-1 (Nec-1) pretreatment. Since receptor-interacting protein kinase 1 (RIP1)
is reported to be the target of Nec-1, we silenced it by siRNA. We exposed mutant and wild-type cells to TNPs and
assessed inflammatory injury. Silencing RIP1 expression inhibited inflammatory injury induced by TNPs exposure.
Taken together, Nec-1 ameliorates the neurotoxicity of TNPs through RIP1. However, more studies should be
performed to comprehensively assess the correlation between the neurotoxicity of TNPs and RIP1.
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Introduction
Owing to their splendid physicochemical properties, ti-
tanium dioxide nanomaterials are synthesized [1] and
widely used for various purposes, such as cosmetics [2],
industry fields [3, 4], and medical areas [5]. However,
this widespread usage may pose a big threat to human
health [6]. Once exposed, the majority of titanium diox-
ide nanoparticles (TNPs) enters the human body
through inhalation and ingestion [6]. The respiratory
system [7], digestive system [8], and cardiovascular sys-
tem [9] all may be interrupted by absorbed TNPs. Simi-
larly, the brain, as the most important part of the central
nervous system, can also be disturbed, since TNPs in the
circulation can penetrate the blood-brain barrier, and in-
haled NPs could be transported into the brain through

the olfactory pathway [10]. Once TNPs enter the brain,
they may accumulate there and cause damage to the
brain, leading to dysfunctions. Damage to the brain is
usually irreversible and severe, and therefore any poten-
tial cause of damage should be investigated [11].
Although no epidemiologic study has explored the as-

sociation between TNPs exposure and brain diseases,
plenty of in vivo and in vitro studies have confirmed the
neurotoxicity of TNPs [12]. Moreover, the major focus
has been on research to uncover the underlying mecha-
nisms. For this purpose, we previously reviewed the cur-
rently known molecular mechanisms of TNPs
neurotoxicity and found that programmed cell death
(PCD) processes, such as apoptosis and autophagy, were
implicated in the neurotoxicity of TNPs [13].
Necroptosis, also called regulated necrosis, is another

type of PCD. Unlike apoptosis which is caspase-
dependent, necroptosis is a receptor-interacting protein
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kinase 1/3 (RIP1/RIP3)-dependent. Activated RIP1 re-
cruits RIP3 to form a necrosome, which activates mixed
lineage kinase domain-like protein (MLKL) to initiate
necroptosis [14]. Necroptosis can regulate cell death and
neuroinflammation [15, 16], which are both involved in
the neurotoxicity of TNPs. Therefore, we hypothesized
that necroptosis is implicated in the neurotoxicity
caused by TNPs.
To test our hypothesis, we performed an in vitro study

to explore the role of necroptosis in the neurotoxicity of
TNPs. In this study, cell viability, LDH leakage, and in-
flammatory cytokines (TNF-α, IL-1β, IL-6, and IL-8)
were measured after TNPs exposure. First, SH-SY5Y
cells were cultured with various concentrations of TNPs.
Second, cells were exposed to TNPs with or without
Nec-1, which is a potent inhibitor of necroptosis. Third,
RIP1 gene expression, which can be suppressed by Nec-
1, was silenced using siRNA, after which mutant and
wild-type cells were treated with TNPs. This study sheds
light on the comprehensive understanding of the mo-
lecular mechanisms underlying neurotoxicity of TNPs.

Results
TNPs Inhibit Cell Viability
To verify the cytotoxicity of TNPs on SH-SY5Y cells,
we first assessed cell viability using CCK8 assay. Cells
were cultured with TNPs concentrations ranging from
5 to 160 μg/mL for 24, 48, and 72 h. As shown in
Fig. 1, cell viability remained unchanged in the cells
treated with 5, 10, 20, and 40 μg/mL after 24 h of ex-
posure. When cells were treated for 48 and 72 h, cell
viability remained unchanged only in the 5 μg/mL
group (p = 0.4507 at 48 h and p = 0.1002 at 72 h).
Moreover, cell viability was dramatically lower in the
cells treated with 80 μg/mL TNPs after 48 (p =
0.0007) and 72 h (p = 0.0008). Based on those results,
we concluded that TNPs decreased cell viability in a
dose- and time-dependent way (data not shown), indi-
cating that long-term exposure was more toxic.

TNPs Damage Membrane Integrity
Nest, we analyzed the toxic effects of TNPs on
membrane integrity after 72 h of exposure. Mem-
brane integrity was assessed by measuring LDH leak-
age. As shown in Fig. 1b, LDH levels were
significantly increased in cells treated with TNPs at
doses higher than 5 μg/mL. An increased LDH pro-
duction was observed in the cells treated with 40,
80, and 160 μg/mL (p < 0.0001). These results sug-
gested that TNPs increased LDH levels in a dose-
dependent way, which was similar to CCK8 assay.

TNPs Exposure Promotes Inflammation
The inflammatory response after TNPs exposure was ana-
lyzed using ELISA. After cells were treated with various
TNPs concentrations for 72 h, the levels of TNF-α, IL-1β,
IL-6, and IL-8 were measured. As shown in Fig. 2, IL-8 se-
cretion was upregulated in all TNPs-treated cells; the levels
of TNF-α, IL-1β, IL-6, and IL-8 were uniformly elevated in
cells treated with doses higher than 5 μg/mL (p < 0.01).
Moreover, the inflammation was significantly higher in cells
treated with doses higher than 10 μg/mL group (p < 0.0001).
Altogether, TNPs enhanced inflammation in a dose-
dependent way.
Our results indicated that TNPs induced inflammatory in-

jury in a dose-dependent way. We adopted a TNPs concen-
tration of 80 μg/mL and an exposure period of 72 h in the
following experiments to explore the role of necroptosis in
the neurotoxicity of TNPs.

Nec-1 Co-treatment Inhibits Neurotoxicity of TNPs
To analyze the role of necroptosis in inflammatory in-
jury, we co-treated cells with Nec-1 (a necroptosis in-
hibitor) and TNPs. As shown in Fig. 3a, SH-SY5Y cells
were exposed to TNPs or TNPs+Nec-1 (1, 5, 10, 15, or
20 μM), and we found that Nec-1 dramatically amelio-
rated the TNPs-induced reduction in cell viability (10,
15, 20 μM) (p < 0.0001). As cell viability in the 15 μM-
and 20 μM-treated groups was not higher than that in

Fig. 1 Different concentrations of TiO2-NPs exposure on cell viability of SH-SY5Y cells at 24, 48, and 72 h and LDH leakage at 72 h. (Compared
with the control group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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the groups treated with 10 μM (p = 0.6643 and p =
0.6292), we co-treated cells with 10 μM Nec-1 to analyze
the effect on membrane integrity.
After culturing cells with TNPs or TNPs + Nec-1, we

found that LDH levels in the TNPs + Nec-1 group were
much lower than that in the TNPs alone group (p =
0.0005). Besides, treatment with Nec-1 alone did not in-
crease LDH leakage (p = 0.9878).

Conclusively, 10 μM Nec-1 could effectively inhibit
the cytotoxicity of TNPs and was not toxic to cells.
To analyze the anti-inflammatory capability of Nec-1,

cells were cultured with TNPs or TNPs + Nec-1. As
shown in Fig. 4, the production of TNF-α (p = 0.003),
IL-1β (p = 0.0013), IL-6 (p < 0.0001), and IL-8 (p =
0.0004) was significantly lower in the TNPs + Nec-1
group than that in the TNPs group.

Fig. 2 Different concentrations of TiO2-NPs (μg/mL) exposure on inflammation of SH-SY5Y cells at 72 h. (Compared with the control group, ****p < 0.0001)

Fig. 3 The effects of Nec-1 on cell viability and LDH after TNPs exposure. (***p < 0.001, ****p < 0.0001)

Zhou et al. Nanoscale Research Letters           (2020) 15:65 Page 3 of 8



Those results imply that Nec-1 can mitigate inflamma-
tory responses induced by TNPs exposure.

Silencing RIP1 Mitigates the Inflammatory Injury Induced
by TNPs
To determine whether Nec-1 abrogated inflammatory injury
induced by TNPs through RIP1, we effectively silenced RIP1
expression of cells using siRNA (Fig. 5, p < 0.0001). Next,
the inflammatory injury after TNPs exposure on mutant
and wild-type cells was measured. Figure 6a demonstrates
that cell viability in the TNPs + si-RIP1 group was remark-
ably higher than that in the TNPs + si-NC group (p =
0.0002). LDH production (Fig. 6b, p < 0.0001) and levels of
TNF-α (p < 0.0001), IL-1β (p = 0.0001), IL-6 (p < 0.0001),
and IL-8 (p = 0.0001) (Fig. 7) in the TNPs + si-RIP1 group
were dramatically lower than that in the TNPs + si-NC
group. These results indicated that TNPs promoted inflam-
matory injury through RIP1.

Discussion
In this study, we found that TNPs exposure induced
cytotoxicity on SH-SY5Y cells in a dose-dependent man-
ner and that necroptosis was involved in the neurotox-
icity of TNPs. To explore the role of necroptosis, we

Fig. 4 The effects of Nec-1 on inflammation after TNPs exposure. (**p < 0.01, ***p < 0.001, ****p < 0.0001)

Fig. 5 The mRNA expression after SH-SY5Y cells transfected with si-
RIP1. (****p < 0.0001)
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exposed cells to TNPs with or without Nec-1 (a potent
necroptosis inhibitor) [17, 18], and measured the cell
viability, LDH leakage, and the levels of inflammatory
cytokines. Our data suggest that Nec-1 co-treatment can
mitigate inflammatory injury induced by TNPs. Since
studies have shown that Nec-1 exerts its effects by

suppressing RIP1 activity, we transfected cells with si-
RIP1 to determine whether RIP1 was involved in the
protective effects of Nec-1. Mutant and wild-type cells
were treated with TNPs, and the inflammatory injury
was assessed. This indicated that cell viability in the si-
RIP1 group was higher than that in the si-NC group,

Fig. 6 Cell viability and LDH leakage after mutant and wild-type cells were exposed to TNPs. (***p < 0.001, ****p < 0.0001)

Fig. 7 Inflammation after mutant and wild-type cells were exposed to TNPs. (***p < 0.001, ****p < 0.0001)
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and levels of LDH leakage and inflammatory cytokines
were lower in the si-RIP1 group than that in the si-NC
group after exposure to TNPs. In conclusion, the present
study revealed for the first time that necroptosis is in-
volved in the TNPs-induced inflammatory injury on cells.
We reconfirmed the neurotoxicity of TNPs in our

in vitro study. After SH-SY5Y cells were exposed to vari-
ous concentrations of TNPs for various incubation
times, cell viability was assessed using the CCK8 assay.
As shown in Fig. 1a, TNPs exposure reduced cell viabil-
ity in a dose-dependent way; after 48 h and 72 h expos-
ure, cell viability in the 80 and 160 TNPs groups was
decreased dramatically as compared with the control
group (p < 0.001). To further confirm cytotoxicity, we
also measured the LDH leakage. The data in Fig. 1b re-
vealed that LDH production increased in a dose-
dependent way after 72 h of exposure, and the LDH
levels in the 40, 80, and 160 groups were remarkably
higher than that in the control group (p < 0.0001). Because
previous studies have shown that neuroinflammation can
be promoted by exposure to TNPs [19], the levels of TNF-
α, IL-1β, IL-6, and IL-8 were also measured. Figure 2 illus-
trates that the levels of those four inflammatory cytokines
were significantly upregulated as compared with the control
group and were dramatically higher in the groups treated
with 20 to 160 μg/mL (p < 0.0001). Taken together, our re-
sults indicated that TNPs could induce neurotoxicity in a
dose-dependent way, which is consistent with previous
studies. TNPs can be absorbed by neuronal cells and inhibit
proliferation [20–22]. Furthermore, TNPs exposure may
decrease cell viability and promote LDH leakage in a dose-
dependent manner [23–27].
We co-treated cells with Nec-1 to clarify whether

necroptosis was involved in the neurotoxicity caused by
TNPs. After cells were treated with indicated concentra-
tions of TNPs with or without Nec-1, the cell viability,
LDH leakage, and inflammation were assessed. Figure 3a
shows that the reduction in cell viability after TNPs expos-
ure was significantly inhibited by co-treatment with 10
μM Nec-1. Meanwhile, Fig. 3b revealed that treatment
with 10 μM Nec-1 did not increase the LDH levels, and
the LDH levels in cells treated with TNPs + Nec-1 group
were dramatically lower than that in the TNPs alone
group. Next, we measured the effects of co-treatment with
Nec-1 on inflammation induced by TNPs. Figure 4 illus-
trates that the levels of TNF-α, IL-1β, IL-6, and IL-8 were
remarkably lower in the cells treated with TNPs + Nec-1.
These results reverified that Nec-1 could protect cells
from death and inflammatory processes [28, 29].
Finally, since RIP1 is the target of Nec-1, we assessed

whether RIP1 could regulate the neurotoxicity of TNPs.
We constructed mutant cells by silencing RIP1 expres-
sion (Fig. 5). Data from Fig. 6 and Fig. 7 revealed that
after TNPs exposure, the cell viability was higher, and

LDH, TNF-α, IL-1β, IL-6, and IL-8 levels were lower in
the si-RIP1 group than that in the si-NC, which suggests
that TNPs promote cytotoxicity through RIP1. Likewise,
several studies have uncovered that RIP1 can both regu-
late cell death and inflammatory processes [30, 31].
Although we report for the first time that Nec-1 can

mitigate the neurotoxicity of TNPs by suppressing the
necroptosis signaling pathway, our study has a few limi-
tations. Firstly, the cytotoxicity of nano-sized materials
differs from their bulk ones and could be largely influ-
enced by surface properties [32], which may explain the
contrary result of increased cell viability found by Sebas-
tián et al. [33]. Therefore, it is essential to comprehen-
sively evaluate nanotoxicity on subjects from multiple
aspects, such as cell proliferation, membrane integrity,
oxidative stress, inflammation, mitochondrial function,
cell cycle, cytoskeleton, and epigenetics. Secondly, RIP1
can recruit RIP3 to form a functional necrosome, a vital
activator of MLKL, to initiate necroptosis [34]. We
hypothesize that RIP3/MLKL could be involved in the
neurotoxicity of TNPs, which should be explored in fu-
ture work. Furthermore, the associations of RIP3/MLKL
with the neurotoxicity of TNPs should also be evaluated.
Thirdly, reactive oxygen species (ROS), as the main
mechanisms underlying neurotoxicity of TNPs [35, 36],
were reported to be the upstream signal of RIP1 [37].
Therefore, whether ROS are the upstream of RIP1 in the
neurotoxicity of TNPs should be discussed further.
Fourthly, cells should be exposed to non-toxic concen-
trations (TNPs < 5 μg/mL) for a long-term period (more
than 72 h) to assess chronic cytotoxicity. Fifthly, we
should evaluate the role of necroptosis in the neurotox-
icity of TNPs in more neuronal cell lines and primary
human and animal neuronal cells.

Conclusions
Our study revealed necroptosis as another programmed
cell death mechanism involved in the neurotoxicity caused
by TNPs. In this study, we found that TNPs could induce
inflammatory injury in SH-SY5Y cells in a dose-
dependent way and that Nec-1 (a potent inhibitor of
necroptosis) co-treatment could ameliorate those harmful
effects. RIP1, the target of Nec-1, was silenced by si-RNA,
which effectively mitigated inflammatory injury induced
by TNPs exposure. In conclusion, Nec-1 inhibited the in-
flammatory injury of SH-SY5Y cells induced by TNPs ex-
posure by targeting the RIP1 pathway. The upstream and
downstream signaling pathways of RIP1 involved in the
neurotoxicity of TNPs should be assessed further.

Materials and Methods
TNPs Preparation and Cell Culture
We previously characterized TNPs and prepared them
according to our previously published procedure [38].
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Briefly, TNPs were dissolved in RPMI 1640 to various
concentrations of 5, 10, 20, 40, 80, and 160 μg/mL. The
TNP solution was sterilized and sonicated (300 W, 10
min) at room temperature to keep the particles from ag-
gregating before treatment. Cells in culture medium un-
exposed to TNPs served as the control group. SH-SY5Y
cells, bought from the Cell Bank of the Shanghai Insti-
tute of Life Sciences, Chinese Academy of Sciences, were
cultured in RPMI 1640 medium (HyClone, Logan, UT,
USA) supplemented with 10% fetal bovine serum (Gibco,
a product line of Thermo Fisher Scientific, Waltham,
MA, USA), 100 U/mL penicillin, and 100 μg/mL strepto-
mycin at 37 °C in a humidified incubator with 5% CO2.

Cell Viability and LDH Leakage Assay
Cell viability was measured using a cell counting kit-8
(CCK8. Dojindo, cat no.CK04). In brief, 1 × 104 SH-SY5Y
cells were placed in a 96-well plate and cultured in an incu-
bator at 37 °C (5% CO2) for 24 h before exposure to TNPs.
Cells were then incubated with TNPs at various concentra-
tions (0, 1.25, 2.5, 5, 10, 20, 40, and 80 μg/mL) for another
24 h. After treatment, cells were incubated with CCK-8 for
another 2 h. Next, the optical density (OD) was measured
at 450 nm by placing the 96-well plate into a microplate
reader (BioTek, Winooski, VT, USA). The cell viability of
each group, expressed as a percentage, was calculated as
(ODtreated−ODblank)/(ODcontrol − ODblank) × 100%.
Membrane integrity was measured by a commercial

kit (Nanjing Jiancheng Bioengineering Institute, China).
After SH-SY5Y cells were exposed to various concentra-
tions of TNPs for 72 h, LDH secretion was analyzed ac-
cording to the manufacturer’s instructions.

Inflammatory Response
ELISA was applied to measure the levels of TNF-α, IL-
1β, IL-6, and IL-8 produced by SH-SY5Y cells. Briefly,
SH-SY5Y cells were exposed to TNPs for 72 h, and the
supernatant was collected for analysis as per manufac-
turer’s instructions (Elabscience Biotechnology Co.,
Ltd.).

siRNA Transfection
Following the manufacturer’s protocol, 100 nM concen-
tration of si-RIP1 or negative control siRNA (si-NC) was
transfected into cells by using Lipofectamine 2000. The
efficiency of gene silencing by siRNA was estimated with
real-time PCR.

Real-Time PCR
RNA of cells exposed to various concentrations of TNPs
was isolated using the RNAqueous kit (Ambion Inc.,
Austin, TX, USA) based on the manufacturer’s instruc-
tions. The relative expression of RIP1 was measured by

real-time PCR. The relative mRNA levels of RIP1 were
normalized to β-actin expressions.

Statistical Analysis
SPSS 11.0 software (SPSS Inc., Chicago, IL, USA) was
used to analyze data. One-way analysis of variance was
used to compare groups’ means. p < 0.05 was considered
statistically significant.

Abbreviations
TNPs: Titanium dioxide nanoparticles; Nec-1: Necrostatin-1; RIP: Receptor
interacting protein kinase; MLKL: Mixed lineage kinase domain-like protein;
ROS: Reactive oxygen species

Acknowledgements
Not applicable

Authors’ Contributions
Bin Song designed research; Wei-kun Huang performed research and ana-
lyzed the data; Qiu-yan xu and Ting Zhou performed the literature review;
and Qiuyan-Xu wrote the paper with input from Yue Wang and Xue Zhou.
All authors read and approved the final manuscript.

Funding
This study was supported by the National Natural Science Foundation of
China (81860202 and 81760198); the Science and Technology Joint
Foundation of Guizhou province, China (QKH-LHZ (2016)7159 and QKH-LHZ
(2016)7160); GZSYQN (2016(06) and 2017(03)); QKHPTRC((2018)5764-06).

Availability of Data and Materials
Available from the manuscript.

Ethics Approval and Consent to Participate
Not applicable

Consent for Publication
Not applicable

Competing Interests
The authors declare that they have no competing interests.

Received: 18 November 2019 Accepted: 17 March 2020

References
1. Balati A, Tek S, Nash K, Shipley H (2019) Nanoarchitecture of TiO2

microspheres with expanded lattice interlayers and its heterojunction to the
laser modified black TiO2 using pulsed laser ablation in liquid with
improved photocatalytic performance under visible light irradiation. J
Colloid Interface Sci. 541:234–248

2. Newman MD, Stotland M, Ellis JI (2009) The safety of nanosized particles in
titanium dioxide- and zinc oxide-based sunscreens. Journal of the American
Academy of Dermatology. 61(4):685–692

3. Li W, Elzatahry A, Aldhayan D, Zhao D (2018) Core-shell structured titanium
dioxide nanomaterials for solar energy utilization. Chemical Society reviews.
47(22):8203–8237

4. Balati A, Wagle D, Nash KL, Shipley HJ. - Heterojunction of TiO2 nanoparticle
embedded into ZSM5 to 2D and 3D layered-structures of MoS2 nanosheets
fabricated by pulsed laser ablation and microwave technique in deionized
water: structurally enhanced photocatalytic performance. 2019;- 9(- 1):- 32.

5. Brammer KS, Frandsen CJ, Jin S (2012) TiO2 nanotubes for bone
regeneration. Trends in biotechnology. 30(6):315–322

6. Zhang X, Li W, Yang Z (2015) Toxicology of nanosized titanium dioxide: an
update. Archives of toxicology. 89(12):2207–2217

7. Okada T, Lee BW, Ogami A, Oyabu T, Myojo T (2019) Inhalation of titanium
dioxide (P25) nanoparticles to rats and changes in surfactant protein (SP-D)
levels in bronchoalveolar lavage fluid and serum. Nanotoxicology.:1–13

Zhou et al. Nanoscale Research Letters           (2020) 15:65 Page 7 of 8



8. PA R, B M, HM B, S L, K A, MR S, et al. Titanium dioxide nanoparticles
exacerbate DSS-induced colitis: role of the NLRP3 inflammasome. Gut. 2017;
66(7):1216-1224.

9. Rossi S, Savi M, Mazzola M, Pinelli S, Alinovi R, Gennaccaro L et al (2019)
Subchronic exposure to titanium dioxide nanoparticles modifies cardiac
structure and performance in spontaneously hypertensive rats. Part Fibre
Toxicol. 16(1):25

10. Wu T, Tang M. The inflammatory response to silver and titanium dioxide
nanoparticles in the central nervous system. Nanomedicine (London,
England). 2018;13(2):233-49.

11. Zeman T, Loh EW, Cierny D, Sery O (2018) Penetration, distribution and
brain toxicity of titanium nanoparticles in rodents' body: a review. IET
nanobiotechnology. 12(6):695–700

12. Song B, Liu J, Feng X, Wei L, Shao L (2015) A review on potential
neurotoxicity of titanium dioxide nanoparticles. Nanoscale research letters.
10(1):1042

13. Song B, Zhang Y, Liu J, Feng X, Zhou T, Shao L (2016) Unraveling the
neurotoxicity of titanium dioxide nanoparticles: focusing on molecular
mechanisms. Beilstein journal of nanotechnology. 7:645–654

14. Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G (2010) Molecular
mechanisms of necroptosis: an ordered cellular explosion. Nature reviews
Molecular cell biology. 11(10):700–714

15. Newton K, Manning G (2016) Necroptosis and Inflammation. Annual review
of biochemistry. 85:743–763

16. Yuan J, Amin P, Ofengeim D (2019) Necroptosis and RIPK1-mediated
neuroinflammation in CNS diseases. Nature reviews Neuroscience. 20(1):19–33

17. Yang SH, Lee DK, Shin J, Lee S, Baek S, Kim J et al (2017) Nec-1 alleviates
cognitive impairment with reduction of Abeta and tau abnormalities in
APP/PS1 mice. EMBO molecular medicine. 9(1):61–77

18. Xie L, Huang Y (2019) Antagonism of RIP1 using necrostatin-1 (Nec-1)
ameliorated damage and inflammation of HBV X protein (HBx) in human
normal hepatocytes. Artificial cells, nanomedicine, and biotechnology. 47(1):
1194–1199

19. Disdier C, Devoy J, Cosnefroy A, Chalansonnet M, Herlin-Boime N, Brun E
et al (2015) Tissue biodistribution of intravenously administrated titanium
dioxide nanoparticles revealed blood-brain barrier clearance and brain
inflammation in rat. Part Fibre Toxicol. 12:27

20. Huerta-Garcia E, Marquez-Ramirez SG, Ramos-Godinez Mdel P, Lopez-
Saavedra A, Herrera LA, Parra A et al (2015) Internalization of titanium
dioxide nanoparticles by glial cells is given at short times and is mainly
mediated by actin reorganization-dependent endocytosis. Neurotoxicology.
51:27–37

21. Sun Y, Wang S, Zheng J (2019) Biosynthesis of TiO2 nanoparticles and their
application for treatment of brain injury-An in-vitro toxicity study towards
central nervous system. Journal of photochemistry and photobiology B,
Biology. 194:1–5

22. JA P-A, JL V-G, RE GJ, MDP R-G, Z C-V, R L-M. Titanium dioxide nanoparticles
promote oxidative stress, autophagy and reduce NLRP3 in primary rat
astrocytes. Chemico-biological interactions. 2020;317:108966.

23. Fardanesh A, Zibaie S, Shariati B, Attar F, Rouhollah F, Akhtari K et al (2019)
Amorphous aggregation of tau in the presence of titanium dioxide
nanoparticles: biophysical, computational, and cellular studies. International
journal of nanomedicine. 14:901–911

24. Hu Q, Guo F, Zhao F, Fu Z (2017) Effects of titanium dioxide nanoparticles
exposure on parkinsonism in zebrafish larvae and PC12. Chemosphere. 173:
373–379

25. Rihane N, Nury T, M'Rad I, El Mir L, Sakly M, Amara S et al (2016) Microglial
cells (BV-2) internalize titanium dioxide (TiO2) nanoparticles: toxicity and
cellular responses. Environmental science and pollution research
international. 23(10):9690–9699

26. Hong F, Sheng L, Ze Y, Hong J, Zhou Y, Wang L et al (2015) Suppression of
neurite outgrowth of primary cultured hippocampal neurons is involved in
impairment of glutamate metabolism and NMDA receptor function caused
by nanoparticulate TiO2. Biomaterials. 53:76–85

27. Coccini T, Grandi S, Lonati D, Locatelli C, De Simone U (2015) Comparative
cellular toxicity of titanium dioxide nanoparticles on human astrocyte and
neuronal cells after acute and prolonged exposure. Neurotoxicology. 48:77–89

28. Shen B, Mei M, Pu Y, Zhang H, Liu H, Tang M et al (2019) Necrostatin-1
attenuates renal ischemia and reperfusion injury via meditation of HIF-
1alpha/mir-26a/TRPC6/PARP1 signaling. Molecular therapy Nucleic acids. 17:
701–713

29. Jie H, He Y, Huang X, Zhou Q, Han Y, Li X et al (2016) Necrostatin-1
enhances the resolution of inflammation by specifically inducing neutrophil
apoptosis. Oncotarget. 7(15):19367–19381

30. Newton K (2019) Multitasking kinase RIPK1 regulates cell death and
inflammation. Cold Spring Harbor perspectives in biology.

31. Buchrieser J, Oliva-Martin MJ, Moore MD, Long JCD, Cowley SA, Perez-
Simon JA et al (2018) RIPK1 is a critical modulator of both tonic and TLR-
responsive inflammatory and cell death pathways in human macrophage
differentiation. Cell death & disease. 9(10):973

32. Kim ST, Saha K, Kim C, Rotello VM (2013) The role of surface functionality in
determining nanoparticle cytotoxicity. Accounts of chemical research. 46(3):
681–691

33. Ferraro SA, Domingo MG, Etcheverrito A, Olmedo DG, Tasat DR.
Neurotoxicity mediated by oxidative stress caused by titanium dioxide
nanoparticles in human neuroblastoma (SH-SY5Y) cells. Journal of trace
elements in medicine and biology : organ of the Society for Minerals and
Trace Elements (GMS). 2019:126413.

34. Zhang Y, Su SS, Zhao S, Yang Z, Zhong CQ, Chen X et al (2017) RIP1
autophosphorylation is promoted by mitochondrial ROS and is essential for
RIP3 recruitment into necrosome. Nature communications. 8:14329

35. Wilson CL, Natarajan V, Hayward SL, Khalimonchuk O, Kidambi S (2015)
Mitochondrial dysfunction and loss of glutamate uptake in primary
astrocytes exposed to titanium dioxide nanoparticles. Nanoscale. 7(44):
18477–18488

36. Nalika N, Parvez S (2015) Mitochondrial dysfunction in titanium dioxide
nanoparticle-induced neurotoxicity. Toxicology mechanisms and methods.
25(5):355–363

37. Jia Y, Wang F, Guo Q, Li M, Wang L, Zhang Z et al (2018) Curcumol induces
RIPK1/RIPK3 complex-dependent necroptosis via JNK1/2-ROS signaling in
hepatic stellate cells. Redox biology. 19:375–387

38. Song B, Zhou T, Liu J, Shao L (2017) Measuring global DNA methylation to
assess neurotoxicity of titanium dioxide nanoparticles. Science of Advanced
Materials. 9(6):1051–1056

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Zhou et al. Nanoscale Research Letters           (2020) 15:65 Page 8 of 8


	Abstract
	Introduction
	Results
	TNPs Inhibit Cell Viability
	TNPs Damage Membrane Integrity
	TNPs Exposure Promotes Inflammation
	Nec-1 Co-treatment Inhibits Neurotoxicity of TNPs
	Silencing RIP1 Mitigates the Inflammatory Injury Induced by TNPs

	Discussion
	Conclusions
	Materials and Methods
	TNPs Preparation and Cell Culture
	Cell Viability and LDH Leakage Assay
	Inflammatory Response
	siRNA Transfection
	Real-Time PCR
	Statistical Analysis
	Abbreviations

	Acknowledgements
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Ethics Approval and Consent to Participate
	Consent for Publication
	Competing Interests
	References
	Publisher’s Note

