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Introduction: Since CdTe quantum dots (QDs) are still widely considered as advanced
fluorescent probes because of their far superior optical performance and fluorescence effi-
ciency over non-cadmium QDs, it is important to find ways to control their toxicity.
Methods: In this study, the adverse effects of two cadmium-containing QDs, ie, CdTe QDs
and CdTe@ZnS QDs, on the nervous system of nematode C. elegans, the hippocampus of
mice, and cultured microglia were measured in order to evaluate the neuroinflammation
caused by cadmium-containing QDs and the potential mechanisms.

Results: Firstly, we observed that cadmium-containing QD exposure-induced immune
responses and neurobehavioral deficit in nematode C. elegans. In the mice treated with QDs,
neuroinflammatory responses to QDs in the hippocampus, including microglial activation and
IL-1B release, occurred as well. When investigating the mechanisms of cadmium-containing
QDs causing IL-1B-mediated inflammation, the findings suggested that cadmium-containing
QDs activated the NLRP3 inflammasome by causing excessive ROS generation, and resulted
in IL-1B release.

Discussion: Even though the milder immune responses and neurotoxicity of CdTe@ZnS
QDs compared with CdTe QDs indicated the protective role of ZnS coating, the inhibitions
of NLRP3 expression and ROS production completely reduced the IL-18-mediated inflam-
mation. This provided valuable information that inhibiting target molecules is an effective
and efficient way to alleviate the toxicity of cadmium-containing QDs, so it is important to
evaluate QDs through a mechanism-based risk assessment.

Keywords: quantum dot, Caenorhabditis elegans, hippocampus, BV2 cells, interleukin-18,
NLRP3 inflammasome

Introduction

Quantum dots (QDs) can be used as fluorescence nanoparticles for applications in
targeted drug delivery and biomedical imagery due to their superior optical
properties."> Among various types of QDs, cadmium-containing QDs are still
optimal in some biomedical cases with requirements of high detective sensitivity
because their fluorescence quantum yield (FLQY) is above 70%, which is far
superior optical performance over non-cadmium QDs.> Meanwhile, along with
the rapidly growing development and application of cadmium-containing QDs,
the chance of them becoming an environmental concern is increasing. As is widely
acknowledged, a major issue for QDs containing cadmium is toxicity, so it is a huge
challenge to assure their safety in the population and the environment through
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conducting mechanism-based risk assessments of cad-
mium-containing QDs or optimizing QD synthesis to alle-
viate their toxicity.*>

There are studies reporting that cadmium-containing
QDs can be used to diagnose and treat central nervous
system (CNS) disorders, but they could be dangerous to
the normal CNS because of their tiny size.® Therefore, it is
important to assess the adverse effects of cadmium-
containing QDs in the CNS and their potential mechanisms.
Our previous work suggested bare-core cadmium telluride
(CdTe) QDs exposure-induced inflammatory cell infiltra-
tion in the hippocampus of rats, but the neuroinflammatory
responses to CdTe QDs in vivo and targeted molecules are
underrepresented.”®

Most researchers agree that the release of toxic cad-
mium ions is how cadmium-containing QDs, like CdTe
QDs, cause toxicity. Some studies have reported the protec-
tive role of the zinc sulfide (ZnS) shell encasing the CdTe
core through insulating against the release of cadmium in
living organisms.”'® Moreover, CdTe QDs with ZnS coat-
ing (CdTe@ZnS core@shell QDs) were considered to have
improved function as a fluorescent probe than core-bare
CdTe QDs in biomedical application, due to their higher
quantum yield, dispensability, and biocompatibility,'' but
the protection of the ZnS coating from the toxicity of CdTe
QDs is far less documented.

Although our research group has shown the roles of
sizes and surface coatings influencing the neuroinflamma-
tory reactions to CdTe QDs in neuronal cells,'>"? the
neuroinflammation-promoting effects of CdTe QDs in
in vivo biological models are still not clear. In this study,
two animal models, ie, Caenorhabditis elegans and
Institute of Cancer Research (ICR) mice, were used.
Owning to the simple but sophisticated informed nervous
system of C. elegans, these nematodes have been shown to
be reliable in numerous neurotoxicological studies evalu-
ating various chemicals.'* The highly complex immunity
of vertebrates has evolved from the relatively simple
immune system of C. elegans, so they are also experimen-
tally advantageous to study the host defense or inflamma-
tory functions by testing relevant pathways, such as insulin
(Daf-2/Daf-16) signaling and the p38 mitogen-activated
protein kinase (MAPK) pathway.'>'®

In addition, this study investigates the neuroinflamma-
tory responses to QDs in the hippocampus of mice and the
underlying mechanisms, as the hippocampus has been
found to be the main domain in the brain for the accumu-
lation of CdTe QDs.”'? The BV2 microglial cell line is

then used to confirm the molecular targets to cadmium-
containing QDs in the mediation of neuroinflammation.
The detailed comparative information obtained throughout
this study about the toxicity of CdTe QDs and CdTe@ZnS
QDs will provide valuable information for the bio-safe
application of cadmium-containing QDs in the near future.

Materials and Methods

Preparation and Characterization of QDs
In this study, MPA-modified CdTe QDs and core-shell
CdTe@ZnS QDs were both water-soluble and prepared as
described previously with some improved modifications.'”'®
The physicochemical properties of CdTe QDs and
CdTe@ZnS QDs were evaluated as the method described
in a previous study.'? All characteristic data of QDs are

presented in Table S1 and Figure S1.

Endotoxin Testing

The Gram-negative bacterial endotoxin in solutions of 5 nM
CdTe QD and CdTe@ZnS QD was detected by using an
end-point Limulus Amebocyte Lysate (LAL) assay based
on the protocol described in a previous study.'” All treat-
ments were independently performed three times.

Cell Culture and Treatment

The BV2 cell line was purchased from the Shanghai Cell
Research Center (Shanghai, China) and maintained using
the method described in a previous study.'® The exposure
concentrations of CdTe QDs and CdTe@ZnS QDs were
1.25 nM and 5 nM, and the exposure time was 12 h, based
on results from previous studies.'?

MTT Assay

The BV2 cells were incubated in the 96-well plate with
a density of 1x10* cells/well in a total volume of 100 pL,
and allowed to attach and grow for 24 h at 37°C. The super-
natant in each well was then replaced with serum-free main-
tenance medium containing 1.25 nM and 5 nM CdTe QDs
and CdTe@ZnS QDs. After exposure to QDs for 12 h, 20 uL
of MTT (5 mg/mL; Sigma-Aldrich, Shanghai, China) was
added into each well and incubated for 4 h at 37°C. The
supernatant was then replaced with 150 pL/well dimethyl
sulfoxide (Sigma-Aldrich). The plate was shaken for 15 min
to dissolve the dark blue formazan products and measured
using the Epoch multi-volume spectrophotometer system
(BioTek, Winooski, VT, USA) at a wavelength of 570 nm
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to get the spectrophotometric data. The assay was performed
independently in triplicate.

Detection of Pro-Inflammatory Cytokine
Production

Relevant ELISA Commercial Reagent Kits (Yi Fei Xue
Biotechnology, Nanjing, China) were used to detect the
levels of IL-18 and TNF-a in serum, hippocampus, and cell
culture supernatants based on the manufacturer’s protocol.
All treatments were independently performed three times.

Detection of Intracellular Reactive
Oxygen Species (ROS) Generation in

Cells
The
dichlorofluorescein  diacetate

oxidation-sensitive  fluorescence probe 2',7'-
(DCFH-DA) (Beyotime
Biotechnology, Shanghai, China) was used to measure
the intracellular ROS according to the manufacturer’s
instruction and methods in a previous study.'® All treat-

ments were independently performed three times.

RNA Interference (RNAI) Assay
The
(Shanghai, China) were transferred into BV2 cells by

RNA oligonucleotides prepared by Genechem
using the lentivirus infection reagent (Genechem) based
on the manufacturer’s protocol. The siRNA sequences of
NLRP3 were 5'-UUUUCCCAGAGGUCUCGCCTT-3" and
5-GGCGAGACCUCUGGGAAAATT-3".

Nematodes and Treatment

The wild-type N2 C. elegans strain and the Escherichia coli
OP50 strain were acquired from the Caenorhabditis Genetics
Center (CGC) (University of Minnesota, MN, USA). The
nematodes were cultured and manipulated using standard
methods.”® The final concentrations of CdTe QDs and
CdTe@ZnS QDs were 0.01 uM and 1 pM on the surface of
each well. Synchronized L4-stage and L1-stage nematodes
were exposed to cadmium-containing QDs for 24 and 72 h,
respectively.

Uptake of QDs by Nematodes

The concentration of Cd in nematodes treated with QDs
was measured by using a graphite furnace atomic absorp-
tion spectroscopy (5100ZL Zeeman Furnace Module,
Perkin-Elmer, Norwalk, CT) based on a similar protocol
described in a previous study.'” The fluorescent images
were obtained using a fluorescence microscope to show

the uptake and distribution of QDs by nematodes. All
treatments were independently performed three times.

Lifespan Assay

The survival analyses of C. elegans were carried out at 20°
C according to the protocol from the research of Zhuang
et al.>! In each treatment, sixty nematodes were examined,
and three replicates were independently performed.

Locomotion Behavior Assay
The forward
a nematode that was picked on an NGM agar plate with

locomotion tracks were observed as
food moving freely for 1 min.** The body bend and head
thrashes were measured as described in a previous study.*
Thirty nematodes were examined in each treatment using
a stereomicroscope (Olympus, SZ61) and all treatments
were independently performed three times.

Measurement of ROS Generation in

Nematodes

The oxidation-sensitive fluorescence probe DCFH-DA
(Beyotime Biotechnology) was also used to detect the ROS
generation in nematode C. elegans but using a fluorescence
microscope. All treatments were independently performed
three times.

Mice and Treatment
Thirty-five male ICR mice (7 mice for each group) used in
this study were aged 6 weeks and weighed around 20
g. They were purchased from the Shanghai Super B&K
laboratory animal Corp. Ltd (Shanghai, China), and housed
as described previously.'® All animal procedures were per-
formed in strict accordance with the Guidelines for Care and
Use of Laboratory Animals of Southeast University and
experiments were approved by the Animal Experimental
Ethics Committee of Southeast University (Nanjing, China).
The administration exposure was intravenous injection
through tail veins, and the administration doses were 0.25
and 2.5 mM x 0.1 mL/20 g body weight (BW) of CdTe
QDs and CdTe@ZnS QDs and normal saline (the control).
The brains and the dissected hippocampi were taken after
the injection for 3 h, 24 h, and 28 days.

Blood Routine and Biochemical Test

The routine blood indicators and biochemical indicators in
serum were measured as the protocol in the previous
study.'”
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Pathological Examination

The organ coefficient of the brain was calculated by divid-
ing weight by the weight of the brain of an individual
mouse. The histopathological examination of the brain was
performed using a standard laboratory procedure.

Immunofluorescence

The ice slices of hippocampi were performed using
a standard laboratory.'® The reagents of primary antibodies,
ie, anti-PECAM, anti-Iba-1, anti-CD16, anti-CD206, and
anti-GFAP, and secondary antibodies, ie, Alexa F luor®488
and Cy3, and conjugated anti-mouse IgG, were all pur-
chased from Cell Signaling Technology, Inc.

Quantitative Real-Time
Reverse-Transcription Polymerase Chain
Reaction (QRT-PCR) Analysis

Total RNA of C. elegans and hippocampus was extracted
to do the qRT-PCR analysis, which was carried out follow-
ing the protocol described in a previous study.'* The qRT-
PCR primers that were designed by using software Primer
Premier based on National Center for Biotechnology
Information (NCBI) are shown in Table S2. All treatments
were independently performed three times.

Western Blotting

Total protein of BV2 cells and hippocampus, as well as the
cytoplasm and nuclear protein of BV2 cells, were
extracted to perform Western blotting analysis, which
was carried out following the protocol described in
a previous study.'> The reagents of primary antibodies,
ieanti-NLRP3, anti-IL-18, and anti-GAPDH were pur-
chased from Cell Signaling Technology, Inc. All treat-
ments were independently performed three times.

Transcriptome Analysis

The treatment of male Wistar rats and the detailed protocol
of transcriptome analysis were described in the previous
study.®

Data Analysis

All quantitative data were displayed as the mean =+ stan-
dard deviation (SD). The SPSS Statistics 19.0 Software
was used to perform statistical analysis. The statistical
significance between control and exposed groups was
detected by one-way analysis of variance (ANOVA) fol-
lowing with Tukey LSD (least significant difference) post

hoc test. Statistical significance was considered as prob-
ability <0.05 and <0.01.

Results
Cadmium-Containing QD Exposure
Induced the Immune Responses in

Nematode C. elegans

The uptake and distribution of CdTe QDs and CdTe@ZnS
QDs in an intact living nematode were visualized by using
fluorescence microscopy due to the bright fluorescence of
cadmium-containing QDs and the transparent body of
C. elegans. The representative images showed that the
CdTe QDs and CdTe@ZnS QDs, showing red fluorescence,
both spread over the whole body. The digestive system of
worms was where the QDs were mainly distributed, which
might be attributed to the exposure route through the diges-
tive tract (Figure S2A). The level of cadmium-containing
QDs in worms, by measuring the concentration of Cd,
remarkably increased along with the increasing administra-
tion concentration, but slightly increased when the exposure
time reached 72 h (Figure S2B). This might be attributed to
the elimination of QDs following with the exposure time.**

The lifespan of C. elegans is a sensitive toxic endpoint
associated with the immune responses to foreign
chemicals.”>%® It is obvious that the survival rates in
CdTe QDs and CdTe@ZnS QDs-treated nematodes were
different from the control, especially after day 15, and the
nematodes treated with 1 uM CdTe QDs had obviously
lower survival rates than nematodes exposed to
CdTe@ZnS QDs at the same exposure concentration
(Figure 1A). The falling range of lifespan caused by
CdTe QDs was obviously larger than that caused by
CdTe@ZnS QDs, which indicated CdTe QD exposure
might induce a more severe immune reaction than
CdTe@ZnS QDs in C. elegans.

The expression levels of immune genes lys-1, spp-1,
and dod-6 increased to some extent in nematodes treated
with CdTe QDs for 24 h or 72 h, while only 1 uM
CdTe@ZnS QD exposure caused the expression of lys-1
to increase over twofold compared to the control when the
exposure time reached 72 h (Figure 1B-D). Meanwhile,
the expressions of genes pmk-1, daf-2, and daf-16, which
are key molecules in signal pathways regulating immunity
of nematodes, were also upregulated in nematodes after
CdTe QD treatment for 24 h or 72 h, while only 1 uM

CdTe@ZnS QD exposure for 24 h caused the expression
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Figure | The toxic effects of cadmium-containing QDs in the immunity system of C. elegans. (A) The effects of 0.01 pMand | pM CdTe QD and CdTe@ZnS QD treatment for 24
hand 72 h in the lifespan of C. elegans; and the effects of 0.01 pMand | yM CdTe QD and CdTe@ZnS QD treatment for 24 h and 72 h in the expression of lys-1 (B), spp- 1 (C), dod-6
(D), pmk-1 (E), daf-2 (F) and daf-16 (G) mRNA in C. elegans measured by qRT-PCR analysis. Data are presented as the mean * SE of experiments performed independently three
times. The one-way ANOVA following with the Tukey LSD post hoc test was used to determine statistically significant (**P<0.01 vs the control).

of daf-16 to be upregulated over twofold when compared
to the control (Figure 1E-G).

The Nervous System of Nematode
C. elegans Was Damaged by
Cadmium-Containing QD Exposure

The locomotion alteration of nematodes has been

reported in several studies to evaluate the neurotoxicity

of nanomaterials.?’*® Firstly, we observed the forward
locomotion trackers of C. elegans and found that
treated with 1 pM CdTe QDs
72 h became a little disjointed, while those in
CdTe@ZnS QD-treated groups exhibited no difference
to the control (Figure 2A). Furthermore, 1 pM CdTe
QD exposure for 72 h significantly damaged the body

nematodes for

bends and head thrashes in nematodes, two quantitative
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behavior indicators assessing neurotoxicity, when
compared to the control, while the head thrashes
reduced only treated with 1 puM
CdTe QDs and CdTe@ZnS QDs for 24 h (Figure 2B

and C).

in nematodes

CdTe QDs

Cadmium-Containing QD Exposure
Caused Systematic and Brain

Inflammation in Mice
The results suggested that there was no difference in the
growth rate of the weight of mice at the statistical level
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Figure 2 The toxic effects of cadmium-containing QDs in the nervous system of C. elegans. (A) Representative images showing the effects of 0.0l uM and | pM CdTe QD
and CdTe@ZnS QD treatment for 24 h and 72 h in the forward locomotion tracker of C. elegans. Magnification (x100). The effects of 0.0 yM and | pM CdTe QD and
CdTe@ZnS QD treatment for 24 h and 72 h in the quantity of body bends (B) and the quantity of head thrashes (C) in C. elegans. Data are presented as the mean * SE of
experiments performed independently three times. The one-way ANOVA following with Tukey LSD post hoc test was used to determine statistically significant (*P<0.05 vs

the control).
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between cadmium-containing QD groups and the control
(Figure S3A). However, some slight changes were
observed in routine blood indexes in mice treated with
QDs, including white blood count, hemoglobin, neutro-
phil cell, and monocyte (Table S3), and plasma biochem-
ical indexes indicated some hepatic and renal functions,
including glutamic oxaloacetic transaminase and alkaline
phosphatase (Table S4). Importantly, the results showed
that 2.5 mM cadmium-containing QD exposure signifi-
cantly increased the levels of two pro-inflammatory cyto-
kines, ie, IL-13 and TNF-a, in the serum of mice
comparing to the control, and the increased levels in
CdTe QD group were higher than those in CdTe@ZnS
QD group (Figure S3B).

The organ coefficient was firstly used to assess the
neurotoxicity of QDs, and only the organ coefficient in 2.5
mM CdTe@ZnS QDs-treated group reduced significantly in
comparison to the control (Figure 3A). Even though there
were no severe pathological lesions in the hippocampus of
mice exposed to QDs, neutrophil infiltration was observed
in the hippocampus of mice treated with 2.5 nM CdTe QDs
for 28 days (Figure 3B). The fluorescence of adhesion
molecule platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31) in the hippocampus of mice exposed to
CdTe QDs and CdTe@ZnS QDs for 24 h and 28 days,
especially 2.5 mM CdTe QDs, was clearly brighter than
the control, which indicated obvious increases in the
expression of PECAM-1/CD31 (Figure 3C).

Cadmium-Containing QD Exposure-
Induced Microglial Activation Followed by
Mainly IL-1B-Mediated Inflammation in
the Hippocampus

It has been noted that the co-localization of Ibal with
CD16 or CD206 could be used to identify activated micro-
glia in phenotypes of M1 (pro-inflammatory) or M2 (anti-
inflammatory and repair-like), respectively.’ The brighter
fluorescence than the control indicated that cadmium-
containing QD exposure caused microglial activation into
both M1 phenotype polarization and M2 phenotype polar-
ization in the hippocampus (Figure 4A and B)
Additionally, the level of IL-18 significantly increased
in the hippocampus of mice treated with 2.5 mM CdTe
QDs for 24 h and 28 days, and 2.5 mM CdTe@ZnS QDs
for 28 days when compared to the control, which indicated
the inflammatory responses to cadmium-containing QDs in
the hippocampus, but the levels of TNF-a showed no

changes (Figure 4C). The astrocyte activation was
observed in the hippocampus of mice exposed to CdTe
QDs and CdTe@ZnS QDs for 28 days, especially 2.5 mM
CdTe QDs, which was evidenced by the brighter fluores-
cence of GFAP than the control (Figure S4).

In order to determine the mechanisms of QDs causing
microglial activation following inflammatory cytokine
release, the endotoxin levels of QD preparations were
firstly detected due to the confirmed pro-inflammatory
ability of endotoxin. The endotoxin levels of CdTe QDs
and CdTe@ZnS QD preparations were near the detection
limit, ie 0.01 EU/mL in this study, and were considered as
endotoxin-free (Table S5). Therefore, the endotoxin in QD
solution would not be a reason causing inflammation in
BV2 cells.

The Involvement of NLRP3
Inflammasome Activation in the IL-18
Secretion Caused by Cadmium-
Containing QDs

The transcriptome analysis showed remarkable upregula-
tion in the expressions of differentially expressed genes
(DEGs) encoding main components of NLRP3 inflamma-
some (Figure S5A), and significantly enriched the NOD-
like receptor (NLR) signaling pathway in the hippocampus
exposed to CdTe QDs when compared to the control
(Figure S5B). Furthermore, we found that the expressions
of caspase-1 relevant to NLRP3 activation were signifi-
cantly upregulated, but the expressions of caspase proteins
relevant to apoptosis, such as caspase-3, caspase-6, and
caspase-9, did not change in the hippocampus after CdTe
QD treatment (Figure S5C).

The expressions of genes associated with the NLRP3
inflammasome all statistically significantly increased than
the control in the hippocampus of mice exposed to 2.5 mM
CdTe QDs and CdTe@ZnS QDs for 24 h, but did not change
for 28 days (Figure 5A). Meanwhile, we also observed
significant increases in the expression levels of protein
NLRP3, pro-IL-18, and IL-18 in the hippocampus of mice
exposed to cadmium-containing QDs for 28 days when
compared with the control (Figure 5B). The caspase-1 activ-
ity also enhanced in the hippocampus after CdTe QD treat-
ment at the high dose for 24 h and two cadmium-containing
QDs at the high dose for 28 days (Figure 5C). Generally, the
increases in the protein NLRP3 expression and caspase-1
activity in the hippocampus after CdTe QD treatment were
all less than those after CdTe@ZnS QD treatment.
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Figure 3 The toxic effects of cadmium-containing QDs in the brain of mice. (A) The effect of 0.25 mM x 0.1 mL/20 g BW and 2.5 mM x 0.1 mL/20 g BW CdTe QD and CdTe@ZnS
QD treatment for 24 h and 28 days on the brain weight. Data are presented as the mean * SE of experiments performed independently three times. The one-way ANOVA following
with Tukey LSD post hoc test was used to determine statistically significant (¥P<0.05 vs the control). (B) Representative histological images presented the hippocampus of mice injected
with 0.25 mM % 0.1 mL/20 g BW and 2.5 mM x 0.1 mL/20 g BW CdTe QDs and CdTe@ZnS QDs for 28 days. The arrows indicated neutrophils. Magnification (X100 and x400). (C)
Representative immunofluorescence images presented the expression of PECAM-1 (CD31) in the hippocampus of mice injected with 0.25 mM x 0.1 mL/20 g BWand 2.5 mM x 0.1 mL/
20 g BW CdTe QDs and CdTe@ZnS QD:s for 24 h and 28 days. The PECAM- | showed red by using primary antibodies with cy3-linked secondary antibodies, and the nucleus showed
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Figure 5 Cadmium-containing QD exposure activated the NLRP3 inflammasome in the hippocampus of mice. (A) The effects of 0.25 mM x 0.1 mL/20 g BW and 2.5 mM x
0.1 mL/20 g BW QD treatment for 24 h and 28 days on the expressions of IL- 1B, caspase- |, NIrp3, and Asc mRNA in the hippocampus were measured by qRT-PCR analysis.
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When BV2 cells
containing QDs for 12 h, the cell viabilities all decreased
(Figure 6A). After that, in BV2 cells with NLRP3 expres-
sion knocked down by RNAI technique, the upregulations

were treated with cadmium-

in NLRP3 protein expression and IL-1f secretion caused
by cadmium-containing QDs were both significantly inhib-
ited (Figure 6B and C).

The ROS Excessive Generation Induced
by Cadmium-Containing QDs Plays
a Role in NLRP3 Inflammasome

Activation

The results showed that 1 pM CdTe QD and CdTe@ZnS
QD exposure significantly increased ROS production in
nematodes by detecting the fluorescence of reagent DCFH-
DA probes, particularly when exposed for 72 h (Figure 7A).
Meanwhile, the significantly upregulated expressions of
oxidative stress relevant genes, ie, sod-3 and ctl-2, by
more than twofold, were observed in nematodes treated

with CdTe QDs regardless of the treatment for 24 h or 72
h, while only the expression of gene ctl-2 increased to over
twofold in nematodes treated with CdTe@ZnS QDs for 24
h when compared to the control (Figure 7B and C).

The intracellular ROS in BV2 cells was also measured
by using DCFH-DA probes but through flow cytometry.
The mean fluorescence intensity (MFI) in BV2 cells
exposed to 5 nM cadmium-containing QDs were signifi-
cantly stronger than the control, which indicated excessive
ROS production after QD exposure (Figure 8A and B).
The QDs-induced ROS generation could be effectively
inhibited by pretreatment of a total ROS scavenger GSH
(Figure 8C and D). Meanwhile, the GSH pretreatment also
reversed the abnormal increases in NLRP3 protein expres-
sion and IL-1B secretion in BV2 cells treated with cad-
mium-containing QDs (Figure 8E and F).

Discussion
The toxic effects of cadmium-containing QDs in the
public and the environment are still receiving research
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Figure 6 The NLRP3 inflammasome activation was involved in cadmium-containing QDs increasing IL-1B release in BV2 cells. (A) The effects of 1.25 nM and 5 nM CdTe
QDs and CdTe@ZnS QD treatment for 12 h in the cell viability of BV2 cells were measured by MTT assay. (B) The efficiency of siRNA against NLRP3 and its effects on the
protein expression of NLRP3 in BV2 cells treated with 5 nM CdTe QDs and CdTe@ZnS QDs for 12 h were measured by Western blotting analysis. (C) The effects of
siRNA against NLRP3 on the levels of IL-1B in the culture medium of BV2 cells treated with 5 nM CdTe QDs and CdTe@ZnS QD:s for 12 h were determined by ELISA. Data
are presented as the mean * SE of experiments performed independently three times. The one-way ANOVA following with Tukey LSD post hoc test was used to determine
statistical significance (*P<0.05, **P<0.01 vs the control; ##P<0.01 vs the 5 nM CdTe QDs and CdTe@ZnS QD treatment).
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Figure 8 The role of ROS in cadmium-containing QDs inducing NLRP3 inflammasome activation and IL-1B release in BV2 cells. (A, B) The effects of 1.25 nM and 5 nM
CdTe QDs and CdTe@ZnS QD treatment for 12 h in BV2 cells on the intracellular ROS generation were identified by using flow cytometry with a DCFH-DA probe. (C, D)
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identified by using flow cytometry with a DCFH-DA probe. (E) The effects of GSH on protein NLRP3 expression in BV2 cells treated with 5 nM CdTe QDs and CdTe@ZnS$
QD:s for 12 h were measured by Western blotting analysis. (F) The effects of GSH on the active IL-1B level in the culture medium of BV2 cells treated with 5 nM CdTe QDs
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ANOVA, followed by Tukey LSD post hoc test, was used to determine statistical significance (*P<0.05, **P<0.01 vs the control; ##P<0.01 vs the 5 nM CdTe QDs and

CdTe@ZnS QD treatment).

attention because of their growing application. Coating
CdTe QDs with a ZnS shell is a common way to
prevent cadmium releasing from CdTe QDs in order
to control their toxicity, but the protective role of ZnS
shell is not assured right now. In this study, the highly

water-soluble CdTe QDs and CdTe@ZnS QDs are
valuable in vivo imaging probes and could translocate
into the CNS.*° Thus, it is important to assess the
of cadmium-

neurotoxicity of these two kinds

containing QDs in living bodies.
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Herein, C. elegans was used because it possesses organs
that represent most essential biological systems of a living
organism, including the nervous system and the
immune system, as well as having the advantages of large
brood size, short life cycle, and inexpensive maintenance.*'
The lifespans were decreased in nematodes treated with
cadmium-containing QDs in a dose- and time-dependent
manner, which indicated immunity injury caused by QDs.
Since genes of lys-1, spp-1, and dod-6 are all involved in
immune responses to foreign materials in C. elegans,****
the upregulations in the expression of these immune genes
after CdTe QD exposure suggested the immune responses to
QDs in living bodies. Furthermore, C. elegans nematodes
have an integrated innate immune system but a deficient
adaptive immunity system, and the Daf-2/Daf-16 pathway
and p38 MAPK pathway are two main pathways involved
in host defense and inflammatory functions.***> The find-
ings showed that CdTe QD exposure increased the expres-
sion levels of key genes in p38 and Daf-2/Daf-16 pathways,
which demonstrated the role of CdTe QDs in the positive
modulation of immunity in living animals. However, the
expression levels of most tested immune genes did not
change in nematodes treated with CdTe@ZnS QDs.

Nervous system injuries caused by cadmium-containing
QDs in nematodes can be evaluated by using quantitative
behavioral measurements as sensitive endpoints.>*>’ Two
kinds of cadmium-containing QD treatments, especially
CdTe QDs, could change the locomotion behaviors in
nematodes in an adverse way. When the administration
concentration and time are the same, the damage to lifespan,
immunity, and behavior of nematodes caused by CdTe QDs
was far more severe than those caused by CdTe@ZnS QDs.

The findings in C. elegans provide an explicit conclu-
sion that cadmium-containing QDs caused immune
responses and nervous system damages in living animals,
and the ZnS shell could effectively alleviate the neurotoxi-
city of CdTe QDs. After that, experimental mice were used
to assess the pro-inflammatory ability and neurotoxicity of
cadmium-containing QDs in living mammals. Apart from
a slight systemic inflammation that was evidenced by the
increased levels of pro-inflammatory cytokines and
immune cells in the circular system, CdTe QDs and
CdTe@ZnS QDs did not cause severe damage in the gen-
eral health of mice at doses used for in vivo fluorescent
imaging. Importantly, cadmium-containing QD exposure
caused immune reactions in the hippocampus of mice,
which were indicated by the neutrophil infiltration in the
hippocampus and upregulated protein PECAM-1/CD31

expression that was considered as a crucial molecule in
neuroinflammation.**-°

In this study, QD-induced microglial activation and inflam-
matory reactions to QDs in the hippocampus occur quickly (24
h after QD exposure), and continue to 28 days, which is similar
to some other kinds of nanoparticles, which were reported to
activate microglia and result in neuroinflammation.****
Furthermore, two phenotypes of activated microglia, ie, M1
(pro-inflammatory) and M2 (anti-inflammatory and repair-
like), were both observed in the hippocampus, so it seems
that the inflammation promoted by cadmium-containing QDs
in the hippocampus is a little complex.

The

containing QDs were also confirmed by the increased pro-

neuroinflammatory responses to cadmium-
inflammatory cytokine IL-18 level in the hippocampus trea-
ted with CdTe QDs. The transcriptome analysis provided
a hint that the activation of the NOD-like receptor pyrin
domain containing 3 (NLRP3) inflammasome might be
involved in cadmium-containing QDs causing IL-1B-
mediated inflammation in the hippocampus. The results sug-
gested that cadmium-containing QDs enhanced not only the
NLRP3 protein expression but also caspase-1 activity, a key
component of the multiprotein complex NLRP3 inflamma-
some, in the hippocampus.* More importantly, CdTe QDs
caused more serious IL-1B-mediated inflammation in the
hippocampus than CdTe@ZnS QDs, which might be related
to the fact that the ZnS coating prevented CdTe QDs from
significantly activating the NLRP3 inflammasome.

Owing to the important role of microglia mediating
inflammation in the CNS, a microglial cell line (BV2 cells)
was used to evaluate the molecular mechanisms of neuroin-
flammatory responses to QDs in vitro. Unsurprisingly, cad-
mium-containing QDs decreased the cell viability of BV2
cells. In BV2 cells with NLRP3 knocked down, cadmium-
containing QD exposure failed to increase the IL-18 secre-
tion, which indicated the important mediation of NLRP3
inflammasome activation in IL-1B release caused by QDs.

Recently, among the factors that are evaluated by research-
ers to activate NLRP3 inflammasome, excessive ROS genera-
tion is a common consequence of QDs.***" In C. elegans
treated with cadmium-containing QDs, the increased produc-
tion of ROS in nematode bodies was observed, which is
similar to previous studies suggesting nanoscale materials
induced oxidative stress in C. elegans.>*® Meanwhile, the
enhanced expression of antioxidant enzyme genes sod-3 and
ctl-2 in C. elegans treated with CdTe QDs also indicated that
CdTe QDs could induce oxidative stress resistance in
nematodes.*’
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The increased level of intracellular ROS caused by
cadmium-containing QDs could be inhibited by a ROS
scavenger GSH in BV2 cells. Pretreatment with GSH
also could effectively reduce the increases in NLRP3
protein expression and IL-1B release caused by cadmium-
containing QDs, which demonstrated that excessive ROS
generation induced by QDs was the direct activator of the
NLRP3 inflammasome, and then resulted in IL-18 release
in BV2 cells.

When comparing the neuroinflammatory responses to
these two kinds of cadmium-containing QDs, the
CdTe@ZnS QD exposure caused milder damage than
CdTe QDs in terms of immune reactions and neurotoxic
effects in C. elegans as well as microglial activation and
IL-1B-mediated inflammation in the hippocampus, which
indicated the protective role of the ZnS shell. However,
CdTe QDs and CdTe@ZnS QDs were both capable of
causing excessive ROS production and activating the
NLRP3 inflammasome in different degrees, which sug-
gested that the ZnS shell still failed to prevent some
adverse effects caused by CdTe QDs at a molecular
level. Fortunately, inhibiting oxidative stress induced by
QDs would be an effective and efficient way to control the
promoting-inflammatory effects of QDs.

Conclusion

In this study, we firstly observed the immune responses to
CdTe QDs and CdTe@ZnS QDs and their neurotoxicity in
a valuable in vivo biological model C. elegans. On this
basis, these two kinds of cadmium-containing QDs causing
microglial activation followed by mainly IL-1B-mediated
inflammation were observed in the hippocampus of mice
treated with QDs. According to the hint of cadmium-
containing QDs being an activator of NLRP3 inflammasome
from the transcriptome analysis, we found that QDs expo-
sure could activate NLRP3 inflammasome by causing exces-
sive ROS generation and resulted in IL-1B-mediated
inflammation in microglia. Generally, CdTe@ZnS QDs
caused milder neuroinflammatory reactions than CdTe QDs
in vivo and in vitro, which indicated the partially protective
role of the ZnS shell. However, the inhibitions of NLRP3
inflammasome activation and ROS generation basically
reduced the increased IL-18 release caused by cadmium-
containing QDs. It seems that the way of inhibiting mole-
cular targets of QDs is effective and efficient to control their
toxicity. This study emphasizes the necessity to assess QDs
through a mechanism-based toxicological approach to con-
trol their toxicity. Further studies should focus on the

influence of various chemical compositions on the toxicity
of QDs.
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