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Cadmium telluride (CdTe) quantum dots (QDs) can be employed as imaging and drug delivery tools; however,
the toxic effects and mechanisms of low-dose exposure are unclear. Therefore, this pioneering study focused on
hepatic macrophages (Kupffer cells, KCs) and explored the potential damage process induced by exposure to low-
dose CdTe QDs. In vivo results showed that both 2.5 pM/kg-bw and 10 pM/kg-bw could both activate KCs to
cause liver injury, and produce inflammation by disturbing antioxidant levels. Abnormal liver function further
verified the risks of low-dose exposure to CdTe QDs. The KC model demonstrated that low-dose CdTe QDs (0 nM,
5 nM and 50 nM) can be absorbed by cells and cause severe reactive oxygen species (ROS) production, oxidative
stress, and inflammation. Additionally, the expression of NF-kB, caspase-1, and NLRP3 were decreased after
pretreatment with ROS scavenging agent N-acetylcysteine (NAC, 5 mM pretreated for 2 h) and the NF-kB nuclear
translocation inhibitor Dehydroxymethylepoxyquinomicin (DHMEQ, 10 pg/mL pretreatment for 4 h) respec-
tively. The results indicate that the activation of the NF-xB pathway by ROS not only directly promotes the
expression of inflammatory factors such as pro-IL-1p, TNF-q, and IL-6, but also mediates the assembly of NLRP3
by ROS activation of NF-kB pathway, which indirectly promotes the expression of NLRP3. Finally, a high-degree
of overlap between the expression of the NF-kB and NLRP3 and the activated regions of KCs, further support the
importance of KCs in inflammation induced by low-dose CdTe QDs.

1. Introduction frequency of interaction with toxins than other organs [13]. Previous

studies have shown that the liver is a main accumulation organ allowing

Quantum dots (QDs), are novel semiconductor nanoparticles (NPs),
having great applicative value in processes associated with photo-
chemical detection technology and clinical disease diagnosis and med-
ical biological imaging [1-4]. Compared with conventional molecular
probes [5], cadmium telluride (CdTe) QDs have advantages of narrow
emission spectrum, a wide excitation spectrum, and strong photo-
bleaching resistance [6]. Therefore, they have been widely used in
transistors, diode lasers, and as medical imaging agents [7]. The
increasingly wide range of applications have resulted in potentially
significant increases in human exposure from production to use [8-10].
More importantly, CdTe QDs can easily penetrate biological barriers into
the circulation and be transported to the target site. Therefore, it is
necessary to evaluate the health risks caused by CdTe QDs.

The liver, as a target of exogenous chemicals, is an important organ
involved in substance metabolism [11,12], and has a significantly higher
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NPs to enter the body. NPs are mainly deposited in the liver after
exposure, resulting in central vein dilation, focal necrosis, perivascular
inflammatory cell aggregation, and abnormal metabolism of liver en-
zymes [14,15]. Similarly, in in vitro studies, local accumulation of NPs
occurred in liver cells when they were exposed to NPs at doses far below
the lethal dose, and accompanied by a cellular inflammatory reaction
and necrosis [16]. Mesoporous silica NPs can cause normal liver cell
injury via the NLRP3 inflammasome activation pathway and activation
of caspase-1-dependent cell apoptosis [17]. 3-Mercaptopropionic acid
capped CdTe QDs (MPA-capped CdTe QDs) can lead to the destruction of
the mitochondrial intimal structure, increased intracellular Ca%* levels,
decreased mitochondrial membrane potential, and ATP depletion in
HepG2 cells [18]. However, it was worth noting that previous studies
have mainly focused on liver parenchymal cells and hepatocellular
carcinoma cells with malignant proliferation potential as models to
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conduct research on hepatotoxicity, but the study of hepatic macro-
phages with true phagocytic function has rarely received research
attention in Kupffer cells (KCs), also known as hepatic macrophages. KCs
are special macrophages existing in hepatic sinuses, and account for
about 35% of liver nonparenchymal cells. KCs exhibit important bio-
logical functions and are the first responders after liver injury [19]. They
play a pro-inflammatory role in the early stages of the inflammatory
response by recruiting neutrophils, and their anti-inflammatory activity
is exerted by capturing apoptotic neutrophils to the late inflammatory
stages [20]. Another distinctive reactive property of KCs is their high
sensitivity. Compared with members of the non-macrophage family, KCs
can produce statistically significant changes in physical and chemical
indicators at non-cytotoxic doses, thus assisting in the evaluation of the
potential risk of toxic exposure. KCs are a promising in vitro model for
studying the potential toxicity of xenobiotics at low doses. Nevertheless,
based on the limited findings currently available, the functional changes
and toxicity mechanisms involved in hepatic macrophages caused by
CdTe QDs exposure have yet to be explored in detail.

Exposure to QDs can occur in various ways, including industrial
manufacturing, living environments, experimental studies, and medical
treatment. QDs can enter the human body through the skin, digestive
tract, respiratory tract and vasculature, and can accumulate in the heart,
liver, lung and brain [21-23]. While xenobiotics exposed to the skin and
digestive tract are generally first subjected to first pass elimination by
the liver, following venous exposure to xenobiotics, these can directly
enter the blood and have a relatively short stay in the liver, and can
quickly exhibit toxic effects. In the recent exposure studies of QDs,
high-dose acute exposure is a major issue, but there is a gap between this
exposure modality and the characteristics of long-term micro-exposure
of the population. Therefore, this study selected 2.5 pM/kg bw and 10
pM/kg bw as the lowest-toxic doses that did not cause significant toxic
effects (i.e., no accidental deaths of animals occurred during the expo-
sure period and no significant changes in animal body weight in each
dose group after exposure, or animal body weight was not reported). In
conclusion, the presence of hepatotoxic damage just above the lowest
doses, presenting hepatotoxic effects suggests that the risk of exposure to
CdTe QDs deserves further evaluation.

Based on the previous literature, QDs are metal-based NPs, with
strong ability to induce ROS production [21,24-26]. The oxidative stress
reaction involved in ROS is the main mechanism for the toxicity of metal
NPs [23,27,28]. In addition, the activation of endoplasmic reticulum
stress pathway, lysosomal damage, mitochondrial dysfunction, DNA
breakage, and cell cycle disorders are also important mechanisms for the
toxic effects of QDs [18,29-31]. For example, exposure to CdTe/ZnS
QDs results in inhibition of aerobic respiration, membrane destruction
and DNA damage in BV2 cells [32,33]. Further, JB6 cells treated with
CdSe QDs, induce G1 phase arrest in cells, and the expression of
apoptosis inducing factor (AIF), caspase-6, and caspase-8 were
up-regulated [34]. Based on these mechanistic studies, QDs can cause
different types of cell damage, but for these damage processes, there
seems to be a common initiation stage that dominates the whole reaction
process, that is, after cell uptake of QDs, ROS is induced to cause
oxidative and antioxidant homeostasis imbalance, which usually acts as
the initial trigger for subsequent damage [35].

As a metal-based NPs, QDs exert a strong role in inducing ROS pro-
duction. Recent studies have found that metal-based NPs lead to
different types of damage to liver cells through hierarchical oxidative
stress responses. The reaction process includes a disturbance in the
body’s antioxidant response, a subsequent inflammatory over-
compensatory response, and finally cell death after decompensation
[36]. Accordingly, the accumulation of ROS caused by QDs exposure
may be the main cause of inflammation [29,31,37]. Progression of
inflammation can be caused by activation of NLRP3 inflammasomes,
although, preconditioning with caspase-1 inhibitors, silencing of NLRP3
expression with NLRP3 siRNA, will significantly reduce the inflamma-
tory response [38]. Currently, the classical activation pathway of NLRP3
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is mainly defined as two independent steps [39]. At the initial stage,
CdTe QDs and other activators induce the expression of NF-kB and the
mitogen-activated protein kinase-dependent NLRP3 inflammasome.
After the activation signal is detected in the activation stage, apoptosis
associated speck-like protein containing CARD (ASC) binds NLRP3
protein to the collected pro-caspase, which leads to the activation of
pro-caspase-1, and cleavage of its target substrate, pro-IL-1f, into the
mature form. The inflammatory process is finally completed mediated
by the inflammasome [27,40]. Furthermore, cadmium-containing QDs
can induce normal liver cell inflammation through NLRP3, and the
expression of the inflammatory cytokine IL-1f is associated with the
activation of upstream NF-xB [24,40,41]. Nonetheless, it is still unclear
whether the activation of NLRP3 in liver macrophages is associated with
ROS production and whether the related inflammatory response mech-
anism in CdTe QDs induces liver damage.

Considering the knowledge gap about subacute liver effects after
exposure to CdTe QDs as well as the role and mechanism of liver
macrophage damage induced by CdTe QDs, we conducted in vitro and in
vivo studies to better understand whether low dose CdTe QDs produce
toxic effects to the liver during subacute exposure. The results indicated
that the expression of the NLRP3 inflammasome in liver macrophages
was significantly correlated with the activation of the NF-«kB pathway by
ROS, which could be considered as an initiator of the inflammatory
response. These results are important to provide a rationale for the
countermeasures needed for management of exposure to low doses CdTe
QDs in the future, and can be used as a target to control the toxic effects
of CdTe QDs.

2. Materials and methods
2.1. Preparation and characterization of CdTe QDs

A tellurium electrode was used as the source of tellurium, and CdTe
QDs precursors were formed by Te?™ and Cd?* during the electrolysis
process. After the electrolysis, the solution was placed in a water bath at
80 °C for 2 h. The duration of the water bath may affect the particle size
of the final CdTe QDs. Following the water bath, the samples were stored
in a refrigerator at 4 °C for later use. Elution QDs: CdTe QDs were mixed
with acetone at a volume ratio of 1:2, centrifuged at, 15000 rpm at 4 °C
for 20 min. The supernatant was carefully removed and the residual
acetone was air-dried in the dark. Then, the CdTe QDs was resuspended
with a certain amount of Dulbecco’s Modified Eagle’s Medium (DMEM)
complete medium, which was filtered to remove bacteria using a 0.22
pm filter and were stored at 4 °C in the dark for later use.

The morphology and size of CdTe QDs were determined by trans-
mission electron microscopy (TEM, H-600-4, Hitachi Japan). The exci-
tation wavelength and absorption wavelength of CdTe QDs were
measured using a fluorescence spectrophotometer (F-4600, Hitachi,
Japan). CdTe QDs were respectively diluted to 20 pM with normal saline
and DMEM complete medium, after ultrasonic dispersion for 20 min, the
hydrated particle size and zeta potentials of the CdTe QDs in the solution
were detected by scanning with a Malvern laser particle size analyzer
(Zetasizer NanoZS90, Malvern, England).

2.2. Animals and treatment

Eight-week-old male ICR mice were purchased from Animal Center
of Yangzhou University (Yangzhou, Jiangsu, China, NO.20200405016).
The animals were housed in standard laboratory conditions according to
Jiangsu province guidelines. The animal experiments followed standard
procedures for animal housing (20-24 °C, 50-70% humidity, 12-h light
and 12-h dark cycles). All procedures involving animals were approved
by Experimental animal ethics committee of Southeast University.
Before the experiment, we conducted a preliminary experiment to
ensure that the dosage set in the in vivo experiment would not cause
abnormal behavior and physical signs of animals. ICR male mice were
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randomly divided into four groups according to weight, and each group
included six animals. The mice were intravenously injected (tail vein)
once a week for 14 days. In single injection, vehicle control (normal
saline), 2.5 pM/kg-bw and 10 pM/kg-bw of CdTe QDs were given to each
mouse, respectively. N-acetylcysteine (NAC) (Sigma, USA) was dis-
solved in normal saline with a concentration of 10 mg/mL, adjusted with
NaOH to pH 7.2 to obtain NAC reserve solution. For the last intervention
group, on the first day of the experiment, the prepared NAC reserve
solution was intraperitoneally injected into mice at the same time every
day according to the standard of 100 mg/kg-bw for 14 days, during
which the treatment of the intervention group was consistent with 10
pM/kg-bw CdTe QDs. At the 14 days after first administration of CdTe
QDs, the mice were euthanized to collect blood and liver tissue. Blood
biochemical parameters (total protein, albumin, globulin, ALT, AST, and
ALP) were determined by Biochemical Autoanalyzer (Type 7170, Hita-
chi, Japan). Liver tissue was fixed and stained with hematoxylin and
eosin (H&E) to examine morphological changes.

2.3. Cell culture and treatment

The mouse Kupffer cell line, KUP5, was purchased from RIKEN Cell
Bank (Japan). KUP5 cells were cultured in high-glucose DMEM sup-
plemented with 10% fetal bovine serum (FBS), 10 pg/mL bovine insulin
(Sigma, USA), 250 pM 1-thioglycerol (Sigma, USA), and 100 U/mL/100
pg/mL penicillin-streptomycin (Gobco, Waltham, MA, USA) at 5% CO-
and 37 °C. KUP5 cells were cultured until they reached 70-80%
confluence before treatment. The exposure doses of CdTe QDs were 0, 5,
50, and 500 nM. Pharmacological inhibitors were included in this study.
ROS inhibitor NAC (Beyotime Technology, Shanghai, China) (5 mM for
2 h) and NF-kB nuclear transfer inhibitors DHMEQ (MCE, Shanghai,
China) (10 pg/mL for 4 h) were respectively exposed to KUP5 cells
before treatment.

2.4. Cell viability and lactate dehydrogenase assay

A total of 8000 primed KUP5 cells were seeded into each well of a 96-
well plate with a total volume of 100 pL. After overnight incubation at
37 °C, the culture media was replaced with CdTe QDs suspensions in
DMEM media at concentrations of 0, 5, 50, and 500 nM for 24 h. Then
the cytotoxicity was determined using the MTT assay (Sigma-Aldrich,
USA) and the Lactate dehydrogenase (LDH) assay (Beyotime Technol-
ogy, Shanghai, China).

2.5. Determination of intracellular Cd content

To determine intracellular Cd content, KUP5 cells were exposed to
50 nM CdTe QDs for 1.5, 3, 6, 12, and 24 h. The cells were washed with
PBS three times, digested with trypsin, and then centrifuged at 1000 rpm
for 5 min. The cells were digested in 1 mL of 65% HNOj3 overnight in the
dark. The Cd content was measured using atomic absorption spectros-
copy (AAS, GFA-7000A, Shimadzu Company, Japan). All measurements
were performed in triplicate.

2.6. Observation and quantification of intracellular reactive oxygen
species

KUP5 cells (5 x 10%) were cultured in 2 mL in wells of a 6-well plate
and incubated with 0, 5, 50, and 500 nM CdTe QDs for 24 h. Intracellular
ROS levels were measured using fluorescence microscopy (VERT.A1,
ZEISS AG, Germany) and flow cytometry (FACSCANTO II, BD Biosci-
ence) using the Reactive Oxygen Species Assay Kit (Beyotime Technol-
ogy, Shanghai). In brief, KUP5 cells exposed to CdTe QDs for 24 h were
washed with PBS twice, then diluted with serum-free medium and
DCFH-DA at a ratio of 1:2000 and incubated at 37 °C for 30 min. Finally,
the fluorescence signal could be photographed after cleaning with PBS.
The laser axis positioned at an angle of about 90° with a laser beam is
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called side scattered light (SSC), and the size of SSC is proportional to the
complexity of the particle composition of the cell. The fluorescence
values of the SSC and DCF in different dose groups were normalized to
evaluate the production of intracellular ROS and the uptake of intra-
cellular particulate matter. The excitation wavelength and emission
wavelengths were 488 nm and 525 nm, respectively. The data was
evaluated using FlowJo, version 10.4.

2.7. Western blotting analysis

KUPS5 cells (5 x 104) were cultured in a volume of 2 mL complete
medium in the wells of a 6-well plate overnight and incubated with 0, 5,
50, and 500 nM CdTe QDs for 24 h. Next, the cells were washed twice
with PBS and 50 pL of RIPA Lysis Buffer (Beyotime, Shanghai, China)
and 0.5 pL PMSF (Beyotime, Shanghai, China) was added to each well.
The protein lysate was incubated on ice for 30 min and then centrifuged
for 10 min (12000 rpm, 4 °C). The protein supernatant was placed in a
new centrifuge tube and stored on ice. The concentration of the protein
samples was quantified using the BCA protein assay kit (EpiZyme,
Shanghai, China) and aliquots containing equal amount of proteins were
resolved by SDS-PAGE in sample loading buffer and transferred to 0.2
pm PVDF membranes. Next, the membranes were washed with TBST 3
times for 10 min each. Finally, the membranes were trimmed and
incubated overnight at 4 °C with diluted primary antibodies. ECL lu-
minous solution (Thermo Fisher Scientific, USA) was prepared as a 1:1
solution, and proteins were detected. The primary antibodies used in
this study included anti-NF—«B, anti-NLRP3, anti-IkB, anti-pro-IL-
1p-+IL-1p, and anti-GAPDH (all from ABclonal Technology, Wuhan,
China) and anti-pro caspase-1 + p10 + p12 (Abcam, UK).

2.8. ELISA

KUPS5 cells (5 x 104) were cultured in 2 mL medium in the wells of a
6-well plate overnight and were incubated with 0, 5, 50, and 500 nM
CdTe QDs for 24 h. Next, the supernatants were collected to determine
the levels of the pro-inflammatory cytokines IL-1f, TNF-«, and IL-6 using
ELISA kits according to manufacturer’s instructions (Yi Fei Xue
Biotechnology, Nanjing, China). Concentrations were expressed as pic-
tograms per milliliter (pg/mL).

2.9. Tissue immunochemical staining

Paraffin slices of liver tissue were dewaxed, repaired by antigen and
blocked by endogenous peroxidase (refer to the Supporting Experi-
mental Section for specific steps), and sealed with 3%BSA at room
temperature for 30min. Liver tissue slices were incubated with primary
antibody, and 1:100 diluted primary antibody was incubated overnight
at 4 °C: TNF-a, IL-1p, IL-6, NF-kB, NLRP3 and F4/80 (ABclonal Tech-
nology, Wuhan, China). Secondary antibody was incubated at 37 °C for
30min or room temperature for 50min. After DAB chromogenic and
nucleus counterstaining, the slices were sealed with neutral gum and
observed under a microscope. The positive area was brownish yellow.
Quantified using the image processing software ImageJ1.53a.

2.10. Statistical analysis

The quantifiable experimental results are reported as the mean and
standard deviation (SD) of three independent experiments (n = 3). SPSS
Statistical software version 23.0 was used for statistical analysis. One-
way ANOVA was used to determine if the statistical difference be-
tween the control and the exposure group was statistically significant,
and then the Tukey LSD (Least Significant Difference) post-hoc test was
used to determine whether the differences between the groups was
statistically significant. Finally, P-values <0.05 or <0.01 were consid-
ered statistically significant.
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3. Results
3.1. Physical characterization of CdTe QDs

The morphology and size of CdTe QDs were observed by TEM. As
shown in Fig. 1A and B, the CdTe QDs were well-dispersed, the particle
size of CdTe QDs was mainly distributed between 2.2 and 3.0 nm. The
maximum excitation and emission wavelength of CdTe QDs were 300
nm and 570 nm, respectively (Fig. 1C). According to Table 1, the hy-
dration particle size and zeta potential of CdTe QDs in normal saline and
DMEM medium were 4.06 + 1.09 nm and 8.94 + 0.69 nm, —5.84 + 1.80
mV and —9.02 + 0.66 mV, respectively.

3.2. Liver damage and inflammation in mice induced by CdTe QDs

We determined the dose for the in vivo experiment according to the
previous pre-experiment. Mice showed no significant weight change at
the set dose (P > 0.05) (Fig. S1). Analysis of liver coefficient of mice
treated with CdTe QDs showed that although there was no abnormality
in low-dose (2.5 pM/kg-bw) exposure, liver coefficient of mice exposed
to high-dose (10 pM/kg-bw) increased significantly (P < 0.05) (Fig. S2).
To determine whether CdTe QDs caused liver damage, we first observed
changes in blood biochemical parameters caused by CdTe QDs. As
shown in Fig. 2A, following CdTe QDs administration, the levels of AST
in the blood increased in a dose-dependent manner with the increasing
dose in mice (P < 0.05). In addition, liver samples collected from CdTe
QDs-treated animals showed several morphological changes. Liver tis-
sues presented vacuolation and reduced cell pseudopods, partial nuclear
fragmentation, and loss, a small amount of inflammatory cells infiltrated
around the blood vessels and a small amount of exudate filled the he-
patic duct, especially in the 10 pM/kg-bw treatment group (Fig. 2B).
Subsequently, the oxidative stress markers were evaluated to further
determine changes in liver injury. As shown in Fig. 2C and D, compared
with the control group, the protein expression of Nrf2 and HO-1 was
significantly increased (P < 0.05). Fig. 2E illustrates the activation of
macrophages in the liver tissue of mice following exposure to CdTe QDs.
The activated macrophages mostly migrated in the space of liver cells,
and the morphology was more irregular and smaller than that of normal
liver cells. Activated positive tan areas were observed in the low-dose
treatment group. In addition, the expression of inflammatory cyto-
kines IL-1f, TNF-a, and IL-6 was significantly increased on liver tissue
immunohistochemistry compared with the control group (P < 0.05)
(Fig. 2F). This evidence demonstrated that CdTe QDs induced liver
injury in mice, which was closely related to the CdTe QDs-induced
oxidative stress and inflammatory activity in liver. Furthermore, he-
patic macrophages were activated after CdTe QDs treatment, while the
activation process may be related to the triggering of the subsequent
inflammatory response.
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3.3. Cytotoxicity, intracellular uptake and ROS production caused by
CdTe QDs in KUP5 cells

Cytotoxicity assessment was used to conduct cell viability assays and
the LDH assay on the CdTe QDs. As shown in Fig. 3A and B, KUP5 cells
were treated with 5-500 nM CdTe QDs for 24 h and dose-dependent
toxicity for CdTe QDs was observed. When the concentration of CdTe
QDs was 500 nM, the cell viability of KUP5 cells was reduced by 50%.
However, there was no significant decrease in cell viability at the lower
dose of 5 nM. Interestingly, the cell membrane damage of KUP5 cells
observed at the doses of 5 and 500 nM resulted in significant changes in
LDH release (P < 0.05). Furthermore, with increasing exposure to the
doses, the number of cells gradually decreased, and the cell morphology
was altered. as the cell’s pseudopods shortened (Fig. 3C). Based on the
toxicity profiles of CdTe QDs, we hypothesized that intracellular uptake
of CdTe QDs may contribute to their toxicity, and AAS analysis was used
to quantify the Cd content of CdTe QDs particles in cells (Fig. 3F). We
selected a dose of 50 nM, a dose in which the cell membrane was not
seriously damaged. At this dose, the content of Cd in cells gradually
increased as the exposure time increased, and the levels of Cd in cells
reached a maximum at 12 h and 24 h after exposure. Since the mecha-
nism of CdTe QDs-induced toxicity may involve oxidative stress that
may derive from intracellular uptake, we evaluated intracellular ROS
levels using fluorescence microscopy and the ROS were quantified by
flow cytometry. As shown in Fig. 3C, D and 3F, the fluorescence intensity
of cells in the 500 nM dose group was the highest and was consistent
with the LDH results. The consistency between LDH and ROS accumu-
lation led us to speculate that the aggravation of membrane damage may
result from the uptake of higher levels of CdTe QDs, and thus a stronger
ROS accumulation. To this end, we analyzed the correlation between
cell uptake and ROS by flow cytometry. When combined with Fig. 3G
and H, It can be found that the correlation between intracellular particle
intake and ROS is more obvious in the medium-high dose group. As
shown in Fig. 3G, it can be seen more intuitively that the percentage in
Q2 quadrant gradually increases with the increase of dose, indicating
that cells with more intracellular particles intake are more inclined to
stimulate stronger ROS production [42,43].

3.4. CdTe QDs stimulated high expression of the NLRP3 inflammasome,
activation of NF-kB, and secretion of inflammatory cytokines in KUP5
cells

To further explore the levels of cellular inflammation, the content of
intracellular inflammatory cytokines and the expression of
inflammation-related pathway proteins were measured. The release of
key inflammatory cytokines IL-1f, TNF-a, and IL-6 in cell supernatant
was detected by ELISA and the results showed a trend with increasing
dose (Fig. 4A). To prevent treatment with a high dose of 500 nM CdTe
QDs (survival rate of 50%), three doses of 0, 5, and 50 nM were selected
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Fig. 1. Physical characterization of CdTe QDs. (A) Transmission electron microscope imaging. (B) The particle size distribution. (C) Excitation (dotted line) and

emission (solid line) spectra of CdTe QDs in water.
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Table 1
Hydration particle sizes and zeta potentials of CdTe QDs in different systems.

Indicators Hydrodynamic diameter Zeta potential (mV)
(nm)
System Normal DMEM Normal DMEM
saline saline
Values (Mean + 4.06 + 1.09 8.94 + —5.84 + —9.02 +
SD) 0.69 1.80 0.66

DMEM: Dulbecco’s Modified Eagle’s Medium (DMEM) complete medium.
Repeat three times.

for the mechanism study in subsequent experiments. The NF-kB pathway
plays a key role in the inflammatory response mediated by oxidative
stress. In addition, NLRP3 is a protein closely related to inflammation,
and its expression level can directly reflect the body’s inflammation
level. The western blotting results are shown in Fig. 4B and C. As the
concentration of CdTe QDs increased, the expression of NF-«xB increased
significantly. At the same time, the expression of the inhibitory protein
IkB-a of NF-xB was down-regulated. IL-1p is a key inflammatory factor
downstream of the NF-kB pathway and is involved in the regulation of
inflammatory response, and can in turn reflect inflammatory changes.
NLRP3 and caspase-1 are important components that constitute the
NLRP3 inflammasome complex. The results showed that the expression
levels of NLRP3 and mature caspase-1 revealed a consistent upward
trend, while the expression of the precursor protein pro-caspase-1 of
mature caspase-1 was just the opposite. These results indicated that the
inflammatory response of KUP5 cells was significantly increased after
CdTe QDs processing, including the activation of NF-kB pathway and the
expression of NLRP3. In addition, an important finding was that even
low doses (5 nM) of CdTe QDs could trigger the activation of inflam-
matory pathway.

3.5. NAC reduced the secretion of inflammatory cytokines, inhibited the
expression of NLRP3 and the activation of NF-kB by reducing ROS
production

Previous studies have shown that CdTe QDs can indeed induce
oxidative stress and inflammatory responses in KUP5 cells, but the exact
mechanism has not been clarified. ROS can act as an activator of
oxidative stress. Therefore, in order to explore whether ROS is involved
in CdTe QDs-induced oxidative stress and the inflammatory response,
this study designed a NAC preconditioning group. We first determined
the effect of NAC pretreatment on KUPS5 cell viability (Fig. S3), and the
results showed that NAC alone did not cause significant cell toxicity.
Subsequently, intracellular ROS levels were determined after NAC pre-
treatment. Fig. 5SA shows that the morphology and number of KUPS5 cells
tended to be normal after ROS removal, which demonstrated that CdTe
QD treatment resulted in ROS production, and ROS levels may be
involved in the activation of a subsequent inflammatory responses. To
further evaluate the role of ROS on the inflammatory response, the levels
of the inflammatory cytokines IL-1f, TNF-a, and IL-6 in the supernatant
of KUPS5 cells were measured by ELISA (Fig. 5B). The results showed that
the levels of inflammatory cytokines decreased following ROS removal.
Further, there was a correlation between the accumulation of ROS
caused by CdTe QDs and the inflammatory response. We tested the
relationship between ROS levels and the NF-xB pathway and NLRP3
expression in the inflammatory response, and the related proteins were
determined by western blotting (Fig. 5C and D). Following ROS clear-
ance using the scavenger NAC, the expression of NF-xB and NLRP3
decreased. In addition, the expression of caspase-land IL-1§ were also
decreased. These results suggested that ROS was involved in the in-
flammatory response induced by CdTe QDs, and the activation of NF-kB
pathway and the high expression of NLRP3 played an important role in
the ROS-activated inflammatory response.
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3.6. The ROS/NF-kB pathway was involved in the secretion of
inflammatory cytokines and the expression of the NLRP3 inflammasome
induced by CdTe QDs

To further investigate whether activation of the NF-kB pathway in
the presence of ROS influences the expression of theNLRP3 inflamma-
some, we used DHMEQ, an irreversible nuclear transport inhibitor of
NF-kB, to pretreat KUP5 cells. ELISA results showed that after DHMEQ
pretreatment, the content of inflammatory cytokines in the cell super-
natant was decreased (Fig. 6A). Western blotting results are shown in
Fig. 6B and C. DHMEQ significantly inhibited the nuclear translocation
of NF-kB, decreased the expression of NF-kB, and down-regulated the
expression of Pro-IL-1p downstream of the NF-kB pathway. In addition,
the expressions of NLRP3 and caspase-1 were also decreased, suggesting
that the NF-kB pathway may regulate the expression of NLRP3 by
affecting the initiate of the NLRP3 inflammatory complex. The forma-
tion of caspase-1 comes from the recruitment, processing, and activation
of pro-caspase-1. As the expression of pro-caspase-1 increased, the final
expression level of caspase-1 decreased. This suggested that NF-kB might
also affect the formation of the NLRP3 inflammasome complex by
influencing the recruitment of pro-caspase-1. In addition, caspase-1
acted as an IL-1p invertase, suggesting that the low expression of IL-1f
was associated with the down-regulation of caspase-1. These results
suggested that the NF-kB pathway might affect the expression of NLRP3
through multiple channels in the ROS-activated inflammatory response.

3.7. NAC decreased the secretion of inflammatory factors and alleviated
the liver toxicity in mice induced by CdTe QDs

As can be seen from the results of the NAC pretreated mice, liver
damage indexes ALT, AST, and ALP in the serum of pretreated mice were
decreased (Fig. 7A), and the expression of antioxidant proteins Nrf2 and
HO-1 in liver tissue were decreased (Fig. 7B and C), indicating that NAC
alleviated the oxidative stress induced by CdTe QDs in mice. The results
of the immunohistochemistry indicated that the expressions of three
inflammatory factors, IL-1f, TNF-a, and IL-6 were decreased in the liver
tissues of mice in the pretreatment group (P < 0.05) (Fig. 7E). At the
same time, combined with the pathological sections of liver tissue, the
inflammatory infiltration of mice in the pretreatment group was reduced
and tissue vacuolization was alleviated (Fig. 7B). The immunohisto-
chemical results of NF-kB and NLRP3 were successful in confirming the
alleviation of liver inflammation after ROS clearance (Fig. 7F) and the
reduced activation percentage of liver macrophages after NAC pre-
treatment (Fig. 7G). More importantly, this study observed a high degree
of overlap between regions with high NLRP3 expression and regions
with NF-xB activation and regions activated by hepatic macrophages,
suggesting that the activation of hepatic macrophages may be involved
in the CdTe QDs-induced oxidative stress and inflammatory response,
and there is a certain correlation between the expression of NLRP3 and
the activation of NF-xB in the oxidative response.

4. Discussion

This study evaluated the risk of CdTe QDs exposure based on in vivo
and in vitro experiments. We revealed the effects of CdTe QDs-induced
liver injury in vivo and further verified the mechanisms of injury in
vitro. The in vivo studies demonstrated that subacute CdTe QDs treat-
ment could lead to an imbalance of antioxidant, inflammatory infiltra-
tion and abnormal changes in liver metabolic enzymes. The in vitro
results were consistent with oxidative damage and inflammation in the
liver after 14 days of tail vein exposure of CdTe QDs, which also induced
higher ROS generation, resulting in the accumulation of inflammatory
cytokines IL-1B, TNF-a and IL-6. In vitro studies also suggested that the
mechanism of CdTe QDs induced injury may involve the assembly of
NLRP3 inflammasome and activation of the NF-xB pathway. Collec-
tively, these data indicated that, NLRP3 inflammasome expression in
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Fig. 2. Liver damage and inflammation in mice caused by CdTe QDs. (A) Serum levels of ALT, AST, and ALP after mice were treated with low (2.5 pM/kg-bw)
and high (10 pM/kg-bw) doses of CdTe QDs for 14 days. n = 6 male mice for each group. (B) The pathological changes of liver tissues of mice treated with different
doses of CdTe QDs after 14 days (HE staining). n = 6 male mice for each group. Magnification using 10 x and 40 x objectives, bar scale = 100 pm and 20 pm
respectively. Qualitative (C) and quantitative (D) evaluation of the expression of antioxidant related proteins Nrf2 and HO-1 in liver tissue of mice treated with
different doses of CdTe QDs after 14 days. n = 6 male mice for each group. (E) Activated hepatic macrophages were labeled by F4/80. n = 6 male mice for each
group. Magnification = 400 x . bar scale = 20 pm. (F) Immunohistochemical expression of IL-1p, TNF-a, and IL-6 in liver tissue of mice treated with different doses of
CdTe QDs for 14 days. n = 6 male mice for each group. Magnification = 400 x , bar scale = 20 pm. All values are mean + SD. The statistical significance of

differences was evaluated by one-way ANOVA. ns, P > 0.05; *P < 0.05; **P < 0.01, ***P < 0.001; ****P « 0.001 for all conditions. All the above are compared with
the control group.
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Fig. 3. Cytotoxicity, intracellular uptake, and ROS production caused by CdTe QDs in KUP5 cell. (A) MTT assay of KUP5 treated with different concentrations
of CdTe QDs (0, 5, 50, or 500 nM) for 24 h n = 3 replications. (B) Degree of membrane lipid peroxidation of KUP5 after 24 h treatment with different concentrations
of CdTe QDs. n = 3 replications. (C) Cell morphology changes of KUP5 cells treated with different doses of CdTe QDs for 24 h. ROS generation was observed by
fluorescence microscopy (in green). Magnification = 400 x , bar scale = 20 pm n = 3 replications. (D) and (E) show the relative fluorescence intensity of intracellular
ROS in KUPS5 cells treated with different doses of CdTe QDs for 24 h measured by Flow Cytometry. n = 3 replications. (F) Cadmium content in KUPS5 cells treated with
50 nM CdTe QDs for 0, 0.5, 1.5, 3, 6, 12, and 24 h was determined by the AAS method. n = 3 replications. (G) and (H) show the intracellular particle uptake of KUP5
cells treated with different concentrations (0 nM, 5 nM, 50 nM, 500 nM) of CdTe QDs for 24 h n = 3 replications. All values are mean =+ SD. The statistical significance
of differences was evaluated by one-way ANOVA. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001. All the above are compared with the control group. (For
iAnterpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. CdTe QDs stimulate the activation of the NLRP3 inflammasome, phosphorylation of NF-kB, and secretion of inflammatory factors in KUP5 cells. (A)
The contents of inflammatory factors IL-1f, TNF-a, and IL-6 in the supernatant of KUP5 cells treated with 0, 5 and 50 nM CdTe QDs for 24 h were determined by
ELISA. n = 4 replications. (B) and (C) show the protein expression of NF-kB, IkB, pro-caspase-1, caspase-1, NLRP3, and IL-1f in KUP5 cells treated with 0, 5, and 50

nM CdTe QDs for 24 h as measured by western blotting. n = 3 replications. All values are mean =+ SD. The statistical significance of differences was evaluated by one-

way ANOVA. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; *

liver macrophages was significantly correlated with the activation of NF-
kB pathway involved by ROS, which could be used as the initiator of the
inflammatory response. This study provides countermeasures for coping
with the exposure risk caused by CdTe QDs in the future, and can be used
as a molecular target identified may be used to control the toxic effects
of CdTe QDs.

After absorption by the body, CdTe QDs can accumulate in the liver

P«0.001. All the above are compared with the control group.

[44]. Liver can be used as the primary target after intravenous injection
of nanomaterials and as a secondary target after environmental expo-
sure of nanomaterials [45]. Thus, our study then established an in vivo
model of low-level QDs tail vein exposure, focusing on the liver tissue
damage caused by CdTe QDs. KUP5 cells are a kind of immune cells
mainly distributed in hepatic sinusoids, which have the advantage of
early response to xenobiotics in blood. Based on previous studies on
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Fig. 5. Effects of NAC preconditioning on the expression of inflammatory factors and NF-kB pathway proteins in KUP5 cells. KUP5 cells were pretreated with
NAC (5 mM) for 2 h and then were treated with CdTe QDs (50 nM) for 24 h(A) Cell morphology changes of KUP5 cells after treatment with CdTe QDs. ROS generation
was observed by fluorescence microscopy (in green). n = 3 replications. (B) The levels of inflammatory factors IL-1p, TNF-a, and IL-6 in the supernatant of KUP5 cells
treated with CdTe QDs for 24 h were determined by ELISA. n = 4 replications. (C) and (D) show the protein expression of NF-kB, IkB, pro-caspase-1, caspase-1,
NLRP3, IL-16, and pro-IL-1f in KUP5 cells treated with CdTe QDs for 24 h by western blotting. n = 3 replications. All values are mean =+ SD. ns, P > 0.05; *, P < 0.05;
** P < 0.01; ***, P < 0.001; **** P«0.001; All the above are compared with the control group. Compared to the 50 nM dose group: #, P < 0.05; ##, P <0.01; ###, 14

< 0.001; *###P«0.001.
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Fig. 6. Effects of DHMEQ pretreatment on the expression of inflammatory factors and NF-kB pathway proteins in KUP5 cells after 24 h exposure to CdTe
QDs. KUP5 cells were pretreated with DHMEQ (10 pg/mL), an irreversible inhibitor of nuclear translocation of NF-kB, for 4 h and then treated with CdTe QDs (50
nM) for 24 h. (A) The levels of inflammatory factors IL-1p, TNF-a and IL-6 in the supernatant of KUP5 cells treated with CdTe QDs for 24 h as determined by ELISA. n
= 4 replications. (B) and (C) show the protein expression of NF-kB, pro-caspase-1, caspase-1, NLRP3, IL-1p, and pro-IL-1p in KUP5 cells treated with CdTe QDs for 24
h by western blotting. n = 3 replications. All values are mean + SD. The statistical significance of differences was evaluated by one-way ANOVA. ns, P > 0.05; *, P <

0.05; **, P < 0.01; ***, P < 0.001; ****
### p < 0.001; ####p«0.001.

CdTe QDs hepatotoxicity, KUP5 cells revealed higher sensitivity. For all
types of hepatocytes, when the exogenous particles are transported to
the liver through the blood, they are first recognized and engulfed by
hepatic macrophages located near the hepatic sinusoids, causing dam-
age to the liver macrophages. On one hand, it will significantly reduce
the liver’s ability to remove foreign bodies. On the other hand, hepatic
macrophages after injury can stimulate oxidative stress and inflamma-
tory responses, which indirectly cause liver cell damage. In the low-dose
exposure set in this study, we speculated that KUP5 cells would be
significantly activated. As a result, in vivo experiments firstly focused on
the activation of KUPS5 cells by exposure to low-dose CdTe QDs, and then
analyzed the mechanism of oxidative damage and inflammatory factor
release induced by low-dose CdTe QDs. In addition to the digestive
functions of protein synthesis and transport, carbohydrate metabolism,

10

P«0.001; All the above are compared with the control group. Compared to the 50 nM dose group: #, P < 0.05; *#, P < 0.01;

and the transfer of lipid components such as cholesterol, the liver also
exerts immune defense functions such as assisting the removal of en-
dotoxins and regulating innate immunity [36]. In the process of the liver
participating in the metabolism of nutrients in the body, the participa-
tion of liver metabolic enzymes cannot be ignored, which can indirectly
reflect whether the liver function is normal or not. In this study, AST
levels of the high-dose group were significantly increased, and cell
vacuolation, whereby liver cell injury causes cell swelling, cytoplasmic
looseness, intracellular vacuolation and “balloon-like change”, and in-
flammatory cell infiltration of the liver tissue could be intuitively
observed in the pathological sections The pathological damage gradu-
ally progresses and deteriorates, and eventually affects the normal
physiological function of liver cells [46]. In order to clarify whether
oxidative stress and inflammatory changes are involved in liver tissue
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Fig. 7. NAC decreased the secretion of
inflammatory factors and alleviated the
liver toxicity in mice induced by CdTe
QDs. Mice were pretreated by intraperito-
neal injection of NAC (100 mg/kg-bw) for 2
h, and then exposed to CdTe QDs (10 pM/
kg-bw) via the tail vein for 14 days. (A)
Serum levels of ALT, AST, and ALP after
mice treatment with CdTe QDs in the low
dose (2.5 puM/kg bw), high dose (10 pM/
kg-bw), and NAC pretreatment groups (10
pM/kg-bw + NAC) for 14 days. n = 6 male
mice for each group. (B) Pathological dam-
age to liver tissue after NAC pre-treatment.
n = 6 male mice for each group. Magnifi-
cation using 10 x and 40 x objectives, bar
scale = 100 pm and 20 pm respectively. (C)
and (D) Expression of antioxidant related
proteins Nrf2 and HO-1 in liver tissue of
NAC-pretreated mice after 14 days of 10
puM/kg-bw CdTe QDs treatment. n = 6 male
mice for each group. (E) Immunohisto-
chemical results of IL-1p, TNF-«, and IL-6 in
liver tissue of NAC pretreated mice. n = 6
male mice for each group. Magnification =
400 x , bar scale = 20 pm. (F)The expression
levels of NF-xB and NLRP3 in the liver tis-
sues of NAC pretreated mice were evaluated
by immunohistochemistry. n = 6 male mice
for each group. Magnification = 400 x , bar
scale = 20 pm. (G) Activated macrophages
in mouse liver tissues pretreated with NAC
were labeled by F4/80. n = 6 male mice for
each group. Magnification = 400 x , bar
scale = 20 pm. All values are mean + SD.
The statistical significance of differences was
evaluated by one-way ANOVA. *, P < 0.05;
** P < 0.01; ***, P < 0.001; ****, P«0.001;
All the above are compared with the control
group. Compared to the 10 pM/kg-bw dose
group: *, P < 0.05; **, P < 0.01; *#*# P <
0.001.
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injury, the expression of key proteins HO-1 and Nrf2 and the expression
of inflammatory cytokines IL-1p, TNF-a, and IL-6 in liver tissue were
subsequently measured. Under normal physiological conditions, HO-1
protein expression levels and reactivity were relatively low. However,
under the stimulation of xenobiotics, its upstream transcription factor
Nrf2 first separates from its inhibitor protein Keap-1, then the phos-
phorylated Nrf2 can avoid being degraded by ubiquitination and thus
enters the nucleus to form heterodimer with Maf protein, and finally
binds with ARE to initiate HO-1 expression [47]. In this study, the
increased expression of antioxidant protein HO-1 was consistent with
changes in the upstream transcription factor Nrf2, which indicated that
the subacute treatment of low dose CdTe QDs could cause an imbalance
between oxidation and antioxidation in the liver tissue of mice [48,49].
This reaction process is consistent with Tier2 in the three-tiered
sequence proposed by Nel et al. [50]. After the initial antioxidant de-
fense response in Tier 1, the organism transitions to the Tier 2 stage,
which represents a stage of antioxidant defense failure, and thus, a large
amount of ROS accumulates and causes intense oxidative stress and
inflammation. Furthermore, as a defense against liver injury, mobiliza-
tion of hepatic macrophages is usually the primary cell response. To this
end, activated macrophages were labeled with F4/80, and the results
showed that hepatic macrophages were activated synchronously and
concentrated in the intercellular space during liver injury. Furthermore,
our in vivo study also showed a high expression of inflammatory cyto-
kines IL-18, TNF-a, and IL-6 after low-dose CdTe QD treatment. The
above provide evidence to support the hypothesis that liver injury is
caused by sub-acute exposure to low-dose CdTe QDs. CdTe QDs are
recognized by macrophages and result in an imbalance of oxidation and
antioxidation reactions in the body through the activation of macro-
phages, which then lead to local inflammatory damage through exces-
sive oxidative stress.

Given the association between the activation of liver macrophages
and inflammatory damage after low dose CdTe QDs treatment, this
study successfully established an in vitro model using KUP5 cells to
further explore the mechanisms involved in oxidative stress and in-
flammatory response caused by low-dose CdTe QDs. The in vitro model
first demonstrated the effects of low dose CdTe QDs on cell viability and
membrane lipid peroxidation. CdTe QDs caused decreased viability and
induced damage to the cell membranes of KUP5 cells, including mem-
brane fragmentation and content release, which was similar to the
cytotoxic reactions induced by CdTe QDs in other cell lines [24,51,52].
However, it is of note that the concentration range used in this study was
much lower than that used in most previous studies [18], and significant
LDH release and ROS accumulation could still be observed at the
non-cytotoxic concentration of 5 nM. As a member of the macrophage
family, KUP5 cells are involved in the phagocytosis and signal presen-
tation of xenobiotics, and may produce significant biological changes at
non-cytotoxic concentrations by virtue of their high sensitivity. This
finding helps to achieve a more sensitive evaluation of the potential
toxicity of low dose CdTe QDs in the future. This finding has not been
observed in previous studies. Due to the important phagocytotic activity
of KUP5 cells, whether intracellular uptake is involved in the damage
caused by the in vitro exposure to CdTe QDs should also be considered.
Thus, we assessed cell uptake using the same concentration (50 nM) at
different exposure times, and the results showed that cadmium content
in the cells increased over time. KUP5 cells are macrophages and
represent the main mechanism in the endocytosis and exocytosis of
xenobiotics [33]. Therefore, in the early stages of exposure to CdTe QDs,
KUPS5 cells can actively participate in QDs uptake and metabolism, but
with prolonged exposure, cells can reduce QDs accumulation through
self-protective mechanisms such as exogenous activity [24], which is a
plausible mechanism to explain why the content of cadmium in cells did
not significantly increase after 12 h and 24 h of treatment. In addition,
we also quantified the particulate matter uptake after treatment with
different concentrations of CdTe QDs at the same exposure timepoints,
and the results showed that the higher the dose, the greater the uptake
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by KUPS5 cells, which was consistent with the observed changes in
intracellular ROS storage volume. Since the accumulation of ROS can
induce oxidative stress injury, an excessive stress response can also
evolve into an inflammatory response; thus, we further measured the
levels of inflammatory cytokines in the cell supernatant. Indeed, the
levels of IL-1p, TNF-a, and IL-6 increased consistently with higher CdTe
QDs concentrations. This finding provides further evidence that the
uptake of CdTe QDs by macrophages can generate ROS and induce an
excessive cellular inflammatory response [36,48].

To verify whether the activation of the key inflammatory NF-«kB
pathway and the expression of important inflammation-related protein
NLRP3 are involved in the inflammatory response induced by low-dose
CdTe QDs exposure, we quantified the related proteins. As a multi-
functional transcription factor, NF-kB is normally present in the cyto-
plasm after binding to IkB-a in an inactive form. IkB-a is an inhibitory
protein of NF-xB, when external stimuli act on cells IkB-a is degraded,
and NF-xB undergoes nuclear translocation to participate in the regu-
lation of the subsequent inflammatory response [53]. This study found
that the NF-kB pathway was activated in KUP5 cells after a low dose
CdTe QDs treatment. In addition, the expression of NLRP3, IL-1p, and
caspase-1 gradually increased while the expression of pro-caspase-1
gradually decreased. Therefore, we speculated whether activation of
the NF-xB pathway mediated the assembly of NLRP3 inflammasomes.
There are two steps involved in the activation of the NLRP3 inflamma-
some [39]. The first step is the activation phase, where the activator
induces the expression of NF-kB and MAPK-dependent NLRP3 inflam-
masomes [54], including NLRP3 activation and pro-IL-1p production.
The second step is the activation stage. After detecting the activation
signal, ASC binds NLRP3 protein to the recruited pro-caspase-1. Acti-
vated caspase-1 p10/20 cleaves its target substrate, pro-IL-1f, to form
the mature IL-1p inflammatory cytokine [55]. In summary, low dose
CdTe QDs induces NF-kB pathway activation and NLRP3 inflammasome
expression in KUP5 cells. However, whether this activation is mediated
by ROS and whether there is an indirect association between the NF-kB
pathway and NLRP3 expression remains to be further demonstrated.

In order to identify the specific mechanism and role of ROS in the
activation of the NF-kB pathway and in the assembly of NLRP3 induced
by low dose CdTe QDs, we used the ROS scavenger NAC in further
studies. NF-kB has been shown to be involved in the inflammatory
response, and ROS can act as an inducer for the activation of this
pathway [56]. We found that by reducing ROS levels, the levels of in-
flammatory factors IL-18, TNF-a, and IL-6 decreased, indicating that
ROS was involved in the inflammatory response. In addition, the
expression of NF-xB decreased after NAC treatment, which provided
addition support to the conclusion that the NF-kB pathway could be
activated by ROS, and in turn participate in the inflammatory response.
Further analysis found that the expression of NF-kB and NLRP3 were
inhibited after ROS clearance by NAC treatment, and the expression of
caspase-1 and IL-1p were decreased while the expressions of
pro-caspase-1 and pro-IL-1p were increased, indicating that
pro-caspase-1 failed to shear into mature caspase-1, and further,
pro-IL-1f could not be converted to IL-1p, suggesting that ROS could
directly activate NF-kB pathway to promote the expression of down-
stream pro-IL-1p [57]. These changes in NLRP3 expression may be
directly related to ROS production, but the possibility of indirect regu-
lation of NLRP3 inflammasome assembly through NF-xB pathway
cannot be excluded.

To determine whether there is an association between the assembly
of the NLRP3 inflammasome and activation of the NF-xB pathway, we
treated cells with DHMEQ, a nuclear translocation inhibitor of NF-xB,
which induces irreversible inhibition of NF-kB and is often used to
inhibit cancer metastasis [58]. Our results confirmed that DHMEQ
inhibited the expression of NF-kB, and NLRP3 was also inhibited at the
same time. The expression of the caspase-1 family components revealed
that pro-caspase-1 was increased and caspase-1 was decreased after
DHMEQ treatment, indicating that the assembly of the NLRP3
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inflammasome was inhibited. In addition, the observed decrease in
expression of IL-1, a key inflammatory factor, can be explained by two
mechanisms. First, NLRP3 inflammasome assembly is blocked after
NF-kB nuclear translocation is inhibited and caspase-1 levels are
reduced, more specifically, after IL-1p invertase activity is reduced.
Second, the inhibition of the nuclear translocation of NF-kB leads to a
decrease in downstream pro-IL-1p [30], both of which may lead to the
remission of the inflammatory response after DHMEQ treatment [59].
The above pathway analysis explains that ROS can activate NF-kB
pathway-mediated assembly of NLRP3, thereby inducing the inflam-
matory outcome of KUP5 cells.

Finally, in vivo experiments further confirmed the in vitro findings of
our study. After ROS clearance, the degree of pathological damage in
liver tissue was reduced, the levels of liver metabolic enzymes AST, ALT
and ALP returned to normal, and the levels of the antioxidant HO-1 and
NRF2 were increased in the mouse model. More importantly, the pro-
portion of activated macrophages in liver tissue was decreased following
ROS clearance, and the expression of NF-xB and NLRP3 in regions of
macrophage aggregation region decreased simultaneously. This high
overlap between the activated region of macrophages and the expression
of inflammatory proteins as well as the synchronous changes observed
after ROS clearance convincingly explained the mechanisms involved in
liver damage induced after sub-acute exposure of low dose CdTe QD.
QDs activates macrophages and induces the accumulation of ROS, which
leads to the imbalance of oxidation and anti-oxidation responses. In
turn, oxidative damage gradually evolves into inflammatory damage,
which eventually leads to structural damage and abnormal function of
normal tissues. However, accidental exposure to CdTe QDs during in-
dustrial production or in the environment may lead to acute and chronic
exposure. Thus, it is necessary to conduct further research on the im-
plications of short- and long-term exposure to low-doses of CdTe QDs in
the future.

Although this study fully demonstrates the toxic effects of low-dose
CdTe QDs exposure on liver, there are still some limitations in this
study that need to be further addressed for the complex organism as a
whole. For example, although the exposure method adopted in this
study can more directly observe the role of CdTe QDs after transfusion,
the actual exposure method of human body should still be fully
considered. Whether the hepatic macrophages used in this study can
represent the response characteristics of the entire macrophage family
and whether non-hepatic macrophages will be damaged after prolonged
low-dose exposure remains to be further studied.

5. Conclusions

We provide a comprehensive summary of the exposure risk to low
doses of CdTe QDs, which has not been previously explored. Our study
provides an explanation of the toxicity and outcomes to KUP5 cells after
treatment with low-dose CdTe QDs. In this study, we found that sub-
acute exposure to low-dose CdTe QDs can induce the activation of
liver macrophages in the body, which leads to subsequent antioxidant
imbalance and to the infiltration of inflammatory cytokines in the liver,
and the expression of abnormal liver metabolic enzymes and liver tissue
damage. Subsequent in vitro models further demonstrated that KUP5
cells could be activated following low dose CdTe QDs uptake, resulting
in ROS production. ROS-mediated activation of the NF-kB pathway can
further regulate the assembly of distal NLRP3 inflammasomes, and
finally, the inflammatory cascade stimulated by inflammatory cytokines
IL-1B, TNF-a, and IL-6 ultimately leads to KUP5 cell damage. This study
highlights the importance of low-dose exposure to CdTe QDs and the key
effect of ROS in the mechanisms involved in low-dose CdTe QDs-induced
liver injury, via activation of the NF-kB pathway and indirect promotion
of NLRP3 expression. Our findings provide a rationale for countermea-
sures to counteract the exposure risk of low dose CdTe QDs in the future,
and can the identified mechanisms may be targeted to control the
toxicity of CdTe QDs.
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