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Abstract
Background  Although copper oxide nanoparticles (CuONPs) offer certain benefits to humans, they can be toxic to 
organs and exacerbate underlying diseases upon exposure. Chronic obstructive pulmonary disease (COPD), induced 
by smoking, can worsen with exposure to various harmful particles. However, the specific impact of CuONPs on COPD 
and the underlying mechanisms remain unknown. In this study, we investigated the toxic effects of CuONPs on the 
respiratory tract, the pathophysiology of CuONPs exposure-induced COPD, and the mechanism of CuONPs toxicity, 
focusing on thioredoxin-interacting protein (TXNIP) signaling using a cigarette smoke condensate (CSC)-induced 
COPD model.

Results  In the toxicity study, CuONPs exposure induced an inflammatory response in the respiratory tract, including 
inflammatory cell infiltration, cytokine production, and mucus secretion, which were accompanied by increased 
TXNIP, NOD-like receptor protein 3 (NLRP3), caspase-1, and interleukin (IL)-1β. In the COPD model, CuONPs exposure 
induced the elevation of various indexes related to COPD, as well as increased TXNIP expression. Additionally, TNXIP-
knockout (KO) mice showed a significantly decreased expression of NLRP3, caspase-1, and IL-1β and inflammatory 
responses in CuONPs-exposed COPD mice. These results were consistent with the results of an in vitro experiment 
using H292 cells. By contrast, TNXIP-overexpressed mice had a markedly increased expression of NLRP3, caspase-1, 
and IL-1β and inflammatory responses in CuONPs-exposed COPD mice.

Conclusions  We elucidated the exacerbating effect of CuONPs exposure on the respiratory tract with underlying 
COPD, as well as related signaling transduction via TXNIP regulation. CuONPs exposure significantly increased 
inflammatory responses in the respiratory tract, which was correlated with elevated TXNIP-NLRP3 signaling.
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Background
Industrial technology using copper oxide nanoparticles 
(CuONPs) has been developed over recent decades, 
driven by their remarkable physicochemical proper-
ties, including high surface-to-volume ratio, tiny size, 
and flexible functionalization [1, 2]. The application of 
CuONPs is gradually expanding to fields such as drug 
delivery, fertilizer and pesticide, and electrical engineer-
ing [3–5]. There are growing concerns about the toxic 
effects of CuONPs on human health, particularly indus-
trial workers and consumers, as the increased CuONPs 
use increases human exposure to the particles. Exposure 
to CuONPs mostly occurs through inhalation; hence, 
various hazard assessments of inhalation exposure to 
CuONPs are in progress [6, 7]. Recently, inhalation 
exposure to CuONPs has been demonstrated to cause 
respiratory toxicity by producing excessive reactive oxy-
gen species (ROS), leading to oxidative stress [2]. How-
ever, there is currently insufficient research on the exact 
mechanism of respiratory toxicity caused by CuONPs 
exposure. Particularly, the research on the effects of 
underlying respiratory disease is also very scarce. Fur-
thermore, no studies investigated the mechanism respon-
sible for the exacerbation of underlying respiratory 
diseases, such as chronic obstructive pulmonary disease 
(COPD).

COPD is characterized by narrowing of the airways 
and a resulting decrease in airflow. It causes dyspnea, 
coughing, and sputum and is linked to chronic inflamma-
tion of the lungs and airways [8, 9]. In addition to fumes 
and particulate matter, cigarette smoke (CS) is the pri-
mary cause of COPD [10]. CS contains various hazardous 
substances, including toxic chemicals, free radicals, and 
heavy metals [10]. Exposure to these substances causes 
abundant inflammatory cell infiltration of the lung tis-
sue, leading to oxidative stress and inflammation, which 
can eventually result in lung failure [11]. These clinical 
signs of COPD can also be worsened by bacteria, fungi, 
and viruses [12]. Additionally, particulate matter can 
exacerbate COPD [13, 14], but the relationship between 
CuONPs and COPD remains largely unexplored, neces-
sitating further research in this area.

Thioredoxin-interacting protein (TXNIP) is associated 
with apoptosis, inflammation, immunological response, 
proliferation, and aging, and is involved in the pathophys-
iology of many disorders [15–17]. Several studies showed 
that in a context of oxidative stress, TXNIP released by 
oxidized thioredoxin (TRX) binds to the NOD-like recep-
tor protein 3 (NLRP3) inflammasome to activate and 
release interleukin (IL)-1β and IL-18, thereby eliciting an 

inflammatory response [18–20]. Mahalanobish et al. [11] 
reported that the TXNIP/NLRP3 pathway is activated 
by increasing ROS and inducing endoplasmic reticulum 
stress in mice exposed to cigarette smoke. Additionally, 
Lim et al. [21] reported that TXNIP is activated by the 
administration of nanomaterials. Therefore, TXNIP is 
expected to have a notable impact on the development 
of COPD as well as on nanomaterial toxicity. However, 
there is currently uncertainty regarding the connec-
tion between CuONPs and TXNIP-mediated inflamma-
tion in COPD. Therefore, further studies are required to 
comprehend the inflammatory mechanism induced by 
TXNIP and the pathophysiology of CuONPs-induced 
COPD exacerbation.

This study aimed to determine the mechanism by 
which CuONPs exposure exacerbates COPD by mea-
suring inflammatory markers and performing histo-
pathological analysis to examine the impact of CuONPs 
on COPD. Additionally, we explored the fundamental 
mechanism of the inflammatory response by focusing on 
the TXNIP signaling pathway and verified the changes in 
CuONPs-related inflammatory response when TXNIP is 
overexpressed or deleted.

Material & methods
Preparation of copper oxide nanoparticles
CuONPs (sized < 50  nm) were acquired from Sigma-
Aldrich (St Louis, MO, USA). Prior to instillation, 
CuONPs were combined with phosphate-buffered saline 
(PBS) and ultrasonically processed for 3  min. CuONPs 
(0.5  mg/kg) doses were computed based on the body 
weight of each mouse immediately before administration.

Transmission electron microscopy (TEM; JEM-2100 F, 
JEOL, Tokyo, Japan) and scanning electron microscopy 
(SEM; Zeiss Gemini500, Carl Zeiss Meditec AG, Jena, 
Germany) were used to assess the morphology and pri-
mary size of CuONPs at accelerating voltages of 150 kV 
and 15 kV, respectively. The purity of CuONPs was deter-
mined by energy-dispersive X-ray spectroscopy (Zeiss 
Genini500 SEM equipped with X-maxN 150-mm2 silicon 
drift detector; Oxford Instrument, Abingdon, UK). The 
hydrodynamic size and zeta potential of CuONPs were 
established by particle size and zeta potential analyzer 
(ELSZeno, Otsuka Electronics, Tokyo, Japan).

Animal and experimental design
Specific pathogen-free C57BL/6 mice (male, 6 weeks) 
were obtained from Samtako Co. (Osan, Republic of 
Korea). Male mice were chosen to ensure consistency 
in results by minimizing variability due to hormonal 
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fluctuations and to facilitate comparisons with previ-
ous studies on COPD in our laboratory [10, 22, 23]. The 
animals were kept in a setting with a relative humidity of 
50 ± 5%, an artificial 12-hour light/dark cycle, and 13–18 
air changes per hour at a temperature of 22 ± 2℃ with a 
standard rodent diet and water ad libitum. All procedures 
were performed according to the NIH Guidelines for the 
Care and Use of Laboratory Animals and approved by the 
Institutional Animal Care and Use Committee of Chon-
nam National University (CNU IACUC-YB-2021-146). 
The mice were divided into 5 groups (n = 6) to evaluate 
the respiratory toxicity of CuONPs: normal control (NC) 
group and 4 CuONPs-treated (0.1, 0.2, 0.4, and 1.0 mg/
kg) groups. On days 1, 3, and 5, CuONPs-treated groups 
received the CuONPs (0.1, 0.2, 0.4, and 1.0 mg/kg doses 
in 50 µL of PBS) via intranasal instillation under slight 
anesthesia using isoflurane (Isotory®, Troikaa Pharma-
ceuticals Ltd., Gujarat, India) and NC group received PBS 
(50 µL/mouse) in the same way under the same condi-
tions. CuONPs were combined with PBS and sonicated 
in an ultrasonicator (SD-251 H, Sungdong Ultrasonic Co. 
Ltd., Seoul, Republic of Korea) for 3 min (150 W, 40 kHz) 
immediately before instillation (Supplementary Figure 
S1A).

For an experiment to explore whether CuONPs impact 
the exacerbation of COPD, the adapted mice were divided 
into 5 groups (n = 6): normal control (NC) group, COPD 
(CSC and lipopolysaccharide (LPS) instillation) group, 
and 3 COPD + CuONPs (CuONPs 0.25, 0.5, and 1.0 mg/
kg) groups. CSC was provided from the Korea Institute of 
Toxicology (Jeongeup, Republic of Korea). CSC (50 mg/
kg) and LPS (0.5  mg/kg) were administered intranasally 
on days 1, 7, and 13 to all groups except for the NC group 
under slight anesthesia. On days 8, 10, and 12, CuONPs 
were intranasally administered to the CuONPs groups, 
and only vehicle was intranasally administered to the NC 
group and COPD group (Supplementary Figure S1B). 
CSC, LPS, and CuONPs doses were selected based on 
our preliminary experiments and previous papers [9, 10, 
24].

We prepared a TXNIP overexpression model and a 
knockout (KO) model to determine whether TXNIP 
was indeed involved in the effects of CuONPs on COPD 
in mice. TXNIP-overexpressing mice and green fluo-
rescent protein (GFP)-overexpressing mice as a control 
were established 1 week before administration of the 
experimental substances using the adeno-associated 
virus (AAV) system. TXNIP KO mice were provided by 
the Korea Research Institute of Bioscience and Biotech-
nology (Cheong-ju, Republic of Korea). C57BL/6J (wild 
type; WT) mice as a control were purchased from Damul 
Science (Daejeon, Republic of Korea). The overexpres-
sion and KO models were divided into the following 3 
groups along with each control group (each group, n = 6): 

NC, COPD, and COPD + CuONPs 0.5  mg/kg groups. 
The concentration of CuONPs used in this study was set 
at 0.5  mg/kg (equivalent to 10  µg per mouse, assuming 
a mouse weight of 20 g), which corresponds to a human 
dose of approximately 35 mg (based on a human weight 
of 70 kg). This dose is estimated to reflect approximately 
3 weeks of exposure, based on the current National Insti-
tute for Occupational Safety and Health (NIOSH) Rec-
ommended Exposure Limit (REL) of 1 mg/m³, assuming 
a breathing frequency of 15 breaths/min, a tidal volume 
of 600 mL/breath, and a pulmonary deposition fraction 
of 0.5 for 36 nm particles [25]. The procedure used in the 
experiment was the same as the one described in the pre-
vious paragraph (Supplementary Figure S1C and D).

DNA cloning, preparing, and purifying of AAV
We created a mouse TXNIP (NM_001009935.2) gene 
with a FLAG tag under the CAG promoter in an AAV 
vector utilizing Vectorbuilder’s (Chicago, IL, USA) ser-
vices to enable the production of TXNIP using AAV. The 
pAAV vector containing the target gene, pAAV2/8 (Add-
gene, Watertown, MA, USA), and helper plasmid pAd-
DeltaF6 (Addgene) were co-transfected into 293 cells at a 
1:1:1 molar ratio. The cells were collected after 3 days and 
lysed with AAV lysis buffer (150 Mm NaCl, 20 Mm Tris, 
pH 8.0). Benzonase (Sigma-Aldrich) was then added to 
the lysates, and centrifugation was used to eliminate the 
nucleic acids. In order to purify the virus, the supernatant 
was carefully stacked over an iodixanol gradient (15%, 
25%, 40%, and 60%) in a QuickSeal tube (Hitachi, Tokyo, 
Japan). Then, the tube was centrifuged using the Himac 
CP80WX with the P90AT rotor (Hitachi) at 280,000 × g 
for 3 h at 14  °C. After gathering the virus from the 60% 
and 40% gradient interface, it was concentrated using an 
Amicon Ultra-15 Centrifugal Filter Unit (Sigma-Aldrich) 
and subjected to three washings. Lastly, the mice received 
an intranasal injection of either the pure AAV-TXNIP or 
control (AAV-GFP) viruses at a dose of 2 × 1011 viral par-
ticles per mouse.

Bronchoalveolar lavage fluid analysis
Mice were euthanized, followed by tracheotomy 2 days 
after the last CuONPs or CSC + LPS instillation. After left 
bronchus was firmly tied for histological analysis, 700 µl 
of sterile PBS was introduced into the lung using a tra-
cheal cannula and then aspirated to collect bronchoal-
veolar lavage fluid (BALF). This process was repeated 
twice. The recovered BALF was centrifuged (300 × g, 
10 min, 4 °C), and the supernatant was collected in fresh 
EP tubes to measure IL-1β, IL-6, and tumor necrosis fac-
tor (TNF)-α. Using commercial enzyme-linked immuno-
sorbent assay kits (BD Biosciences, San Jose, CA, USA), 
BALF cytokine levels, including IL-1β, IL-6, and TNF-α, 
were assessed according to the manufacturer’s procedure. 
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After removing the supernatant, 500 µl of PBS was newly 
added to the remaining pellet and dissolved. Then, the 
total number of BALF cells was measured with Cell 
Countess III Thermo Fisher Scientific, Waltham, MA, 
USA). The cells were adhered to the slides using a cyto-
spin (Hanil Science Industrial Co., Ltd., Seoul, Repub-
lic of Korea) and then stained with Diff-Quik reagent 
(Thermo Fisher Scientific) to count inflammatory cells 
under a 200× magnification light microscope. The visible 
inflammatory cell count and the overall cell count from 
Cell Countess III were used to determine the differential 
inflammatory cell count in BALF.

Oxidative stress analysis
The expression level of 8-hydroxyl deoxyguanosine 
(8-OHdG; Santa Cruz Biotechnology, Dallas, TX, USA) 
in the lungs was measured by immunofluorescence using 
a confocal microscope. Malondialdehyde (MDA) level 
and superoxide dismutase (SOD) activity were measured 
using commercial kits (Cayman, Ann Arbor, MI, USA) in 
the supernatant obtained by homogenizing superior and 
postcaval lobes of each mouse lung.

Histopathology and immunohistochemistry
Histopathological examination was performed on the 
lung collected from the animals as previously described 
[26, 27]. The left lung tissue was fixed using 10% neutral 
buffered formalin after collecting the BALF samples. Fol-
lowing a 48-hour fixation period, the tissues were paraf-
fin-embedded, sectioned at a 4-µm thickness, and stained 
using hematoxylin and eosin (Sigma-Aldrich) and peri-
odic acid-Schiff solution (IMEB Inc., San Marcos, CA, 
USA) to assess airway inflammation and mucus produc-
tion, respectively. For immunohistochemistry (IHC), the 
sectioned paraffin tissues were prepared as previously 
described [28]. The primary antibodies used to evalu-
ate protein expression were anti-TXNIP (1:200 dilution; 
Novus Biologicals, Littleton, CO, USA) and anti-IL-1β 
(1:200 dilution; Abcam, Cambridge, UK). All quantitative 
analyses related to the lung tissue were conducted using 
an image analyzer (Image J software, version 1.51).

Western blot analysis
We conducted immunoblotting as previously described 
[26]. The following primary antibodies and dilutions 
were used: TXNIP (1:1000; Novus Biologicals), NLRP3 
(1:1000; Abcam), caspase-1 (1:1000; Adipogen Life Sci-
ence, Liestal, Switzerland), IL-1β (1:1000; Abcam), and 
β-actin (1:1000; Cell signaling Technology, Danvers, 
MA, USA). The following secondary antibodies and dilu-
tions were used: goat anti-mouse immunoglobulin (Ig)
G (1:10000; Thermo Fisher Scientific), and goat anti-
rabbit IgG (1:10000; Thermo Fisher Scientific). Using 

Chemi-Doc (Bio-Rad Laboratories, Hercules, CA, USA), 
the relative densitometric protein value was established.

Cell culture and cell viability assay
NCI-H292 cell line derived from cervical node metas-
tasis of pulmonary mucoepidermoid carcinoma was 
purchased from the American Type Culture Collec-
tion (Manassas, VA, USA). The cells were cultivated in 
RPMI 1640 medium (WELGENE, Gyungsan, Republic of 
Korea) with 10% fetal bovine serum and antibiotics, fol-
lowed by incubation in a humidified chamber maintained 
at 37 °C with 5% CO2. Cell viability was measured using 
the EZ-Cytox cell viability assay kit (Dogenbio, Seoul, 
Republic of Korea) as previously described [29].

mRNA expression measurement
As directed by the manufacturer, RNA was extracted 
using the HiGene Total RNA Prep Kit (Biofact, Daejeon, 
Republic of Korea). A cDNA kit (Qiagen, Hilden, Ger-
many) was used to reverse transcribe the extracted total 
RNA into cDNA. The previously mentioned qRT-PCR 
technique was employed to measure the mRNA expres-
sion of inflammatory cytokines [29]. The quantitative 
analysis was conducted using the Real-Time PCR Detec-
tion System (Bio-Rad Laboratories). qRT-PCR assays 
were performed utilizing particular forward and reverse 
primers shown in Supplementary Table S1.

Immunofluorescence and confocal microscopy
Double immunofluorescence was performed according 
to a prior study [30]. The utilized antibodies were as fol-
lows: TXNIP (1:200; Novus Biologicals), NLRP3 (1:200; 
Abcam), FITC (Rabbit IgG; 1:100; Sigma-Aldrich), and 
TRITC antibody (Mouse IgG; 1:100; Sigma-Aldrich). 
Fluorescence images were captured using a confocal 
microscope (ZEISS, Oberkochen, Germany) at 630× 
magnification.

Small interfering RNA transfection
TXNIP and scrambled siRNA were transfected into NCI-
H292 cells using the Lipofectamine™ RNAiMAX reagent 
(Invitrogen, Waltham, MA, USA) following the manufac-
turer’s instructions. After TXNIP expression was inhib-
ited, the cells were treated with 2 µg/mL CuONPs or free 
medium and were harvested after 6 h.

Statistical analysis
Data were expressed as the mean ± standard deviation. 
One-way ANOVA analysis of variance was used to test 
for statistical significance among experiment groups 
followed by Tukey’s multiple comparisons test. P val-
ues < 0.05 indicated statistical significance.
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Results
Physicochemical characteristics of CuONPs
As analyzed by SEM and TEM, CuONPs were spheri-
cal. The primary size of CuONPs was 43.96 ± 12.36  nm 
(Fig. 1A). Figure 1B shows that the atomic ratio derived 
using energy-dispersive X-ray spectroscopy is close to 1 
with Cu 45.37% and O 54.63%, indicating that the mate-
rial was CuO. The ELSZeno showed the hydrodynamic 
size in PBS and zeta potential of 758.8 ± 162.9  nm and 
− 25.63 mV, respectively.

Pathophysiological alteration in CuONPs-exposed mice
Although the CuONPs 0.1 mg/kg group demonstrated an 
increased inflammatory cell count and cytokines produc-
tion in the BALF compared to the NC group, the increase 
was not significant (Supplementary Figure S2A–G). 
However, the groups exposed to > 0.2  mg/kg CuONPs 
had a markedly increased inflammatory cell count, 
including neutrophils, macrophages, and lymphocytes, 
in the BALF compared with the NC group, which were 
accompanied by the significant elevation of cytokines, 
including IL-1β, IL-6, and TNF-α. Additionally, CuONPs 
(≥ 0.2 mg/kg) groups exhibited inflammatory cell infiltra-
tion into bronchial and alveolar lesions and increased 
mucus production compared with the NC group (Sup-
plementary Figure S2H–J). The expression of TXNIP and 
inflammation-related proteins markedly increased in a 
dose-dependent manner in CuONPs groups compared 
with the NC group (Fig. 2).

Pathophysiological alterations of CuONPs-treated NCI-
H292 cells
The highest concentration of CuONPs used in the in 
vitro experiments was determined to be 2.0 µg/mL based 
on cell viability results, as higher concentrations led to 
excessive cytotoxicity (Supplementary Figure S3A). The 
CuONPs-treated cells showed a significantly increased 
mRNA expression of TNF-α, IL-1β, IL-6, and antioxidant 
enzymes including SOD and glutathione reductase (GR) 
with elevated production of IL-6 and IL-8 in a concentra-
tion-dependent manner compared with the non-treated 
cells (Supplementary Figure S3B–H). Furthermore, 
CuONPs-treated cells had a significantly increased 
expression of TXNIP, NLRP3, caspase-1, and IL-1β 
compared with non-treated cells (Fig.  3A–F). However, 
TXNIP siRNA counteracted the elevation of NLRP3, cas-
pase-1, and IL-1β expression induced by CuONPs treat-
ment (Fig. 4A–E).

Effects of CuONPs exposure on the progression of COPD 
mice
The COPD group exhibited significantly increased 
inflammatory cell counts and inflammatory cytokines 
of the BALF compared with the NC group (Fig. 5A–G). 
CuONPs exposure significantly elevated inflamma-
tory cell counts, including neutrophils, macrophages, 
and lymphocytes, and inflammatory cytokines, includ-
ing IL-1β, IL-6, and TNF-α, in COPD mice compared to 
the COPD group. These events were consistent with the 

Fig. 1  Physicochemical characteristics of CuONPs. (A) The morphology of CuONPs was measured by scanning electric microscopy (Bar = 200 and 
100 nm) and transmission electron microscopy (Bar = 200 and 50 nm). (B) The purity of CuONPs was measured by energy-dispersive X ray spectroscopy 
(Cu: 45.37%, O: 54.63%; Bar = 500 nm)
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results of histological analysis. CuONPs exposure signifi-
cantly increased inflammatory cell infiltration and mucus 
production in COPD mice compared with the COPD 
group (Fig. 5H–J). Additionally, CuONPs exposure mark-
edly increased 8-OHdG and MDA expression in COPD 
mice compared with the COPD group (Fig. 5K and M). 
In contrast, SOD significantly decreased in CuONPs-
exposed COPD groups compared with controls (Fig. 5L).

Effects of CuONPs exposure on the TXNIP-related signaling 
pathway in COPD mice
The COPD group showed a significantly increased 
expression of TXNIP and IL-1β in the lung tissue com-
pared with the NC group (Fig.  6A–C). Moreover, 
CuONPs exposure in COPD mice significantly elevated 
TXNIP and IL-1β expression in the lung tissue com-
pared to the COPD group. Additionally, Western blotting 
demonstrated a markedly increased expression of TXNI, 
IL-1β, NLRP3, and caspase-1 in CuONPs-exposed COPD 
mice compared with the COPD group (Fig.  6D–H). All 
these effects occurred in a dose-dependent manner.

Effects of TXNIP overexpression on the pathophysiology of 
CuONPs exposure in COPD mice
We identified the TXNIP overexpression using the AAV 
system according to previously described method [31] 
(Supplementary Figure S4). The TXNIP-overexpressed 
COPD group showed significantly increased inflamma-
tory cell count and cytokines compared with the COPD 
group (Fig. 7A–G). Furthermore, TXNIP overexpression 
markedly increased inflammatory cell count and cyto-
kines in CuONPs-exposed COPD mice. These responses 
were consistent with histopathology results. TXNIP 
overexpression in CuONPs-exposed COPD mice sig-
nificantly elevated inflammatory cell infiltration and 
mucus production compared with the CuONPs-exposed 
COPD group (Fig.  7H–K). Additionally, the expression 
of 8-OHdG and MDA in the CuONPs-exposed COPD 
group significantly increased due to TXNIP overex-
pression, while SOD activity was markedly decreased 
(Fig. 7L–N). Moreover, TXNIP-overexpressed CuONPs-
exposed COPD mice showed significantly elevated IL-1β, 
NLRP3, and caspase-1 expression compared with their 
counterparts (Fig. 7O–T).

Fig. 2  Pathophysiological alteration of CuONPs-exposed mice. (A) Expression of TXNIP (× 200, Bar = 60 nm). (B–F) Protein expression and relative den-
sitometric values. Data are indicated as means ± SD (n = 3). *, **, *** Significant differences from the NC group, p < 0.05, p < 0.01, and p < 0.001, respectively
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Effects of TXNIP deletion on the pathophysiology of 
CuONPs exposure in COPD mice
TXNIP-KO COPD mice showed significantly reduced 
inflammatory cell counts and cytokines compared with 
the COPD group (Fig. 8A–G). Furthermore, TXNIP dele-
tion markedly decreased the inflammatory cell count 
and cytokines in CuONPs-exposed COPD mice. These 
responses were consistent with histopathology results 
demonstrating significantly reduced inflammatory cell 

infiltration and mucus production in CuONPs-exposed 
COPD mice (Fig.  8H–K). Furthermore, 8-OHdG and 
MDA expression in the CuONPs-exposed COPD group 
significantly decreased by TXNIP deletion, whereas SOD 
activity was markedly reduced (Fig.  8L–N). Moreover, 
TXNIP-KO CuONPs-exposed COPD mice showed sig-
nificantly reduced IL-1β, NLRP3, and caspase-1 expres-
sion compared with the CuONPs-exposed COPD mice 
(Fig. 8O–T).

Fig. 3  Pathophysiological alterations of CuONPs-treated NCI-H292 cells. (A) TXNIP and NLRP3 expression by double-immunofluorescence stain (Bar 
= 10 μm). (B–F) Protein expression and relative densitometric values. Data are indicated as means ± SD (n = 3). *, **, *** Significant differences from the 
control group, p < 0.05, p < 0.01, and p < 0.001, respectively
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Discussion
Currently, nanomaterials are utilized in an array of indus-
tries and disciplines due to their unique thermophysical 
properties and antibacterial activity [2, 5, 32]. With the 
increasing use of nanomaterials, there is a growing real-
ization of the potential threats they pose to human health. 
CuONPs, one of the most commonly used nanomaterials, 
are being employed across various industries, including 
healthcare [6, 32]. However, CuONPs could be toxic to 
the respiratory tract since they induce respiratory inflam-
mation via excessive ROS generation [33]. Consequently, 
various toxicity studies of CuONPs have been con-
ducted, but basic research data on the potential toxicity 
of CuONPs remains insufficient. Particularly, research on 
the toxicity mechanisms and their potential to exacerbate 
underlying diseases is scarce. In this study, we examined 
the respiratory toxicity of CuONPs and the pathophysi-
ology of CuONPs exposure in COPD using TXNIP-
overexpressed and TXNIP-KO mice. CuONPs exposure 
in normal mice induced inflammatory responses, such 
as inflammatory cell infiltration, mucus production, and 
cytokines production, with elevated TNXIP expression. 
Additionally, CuONPs exposure in COPD mice markedly 
elevated TXNIP-related signaling with increased various 
inflammatory indexes. TXNIP-overexpressed CuONPs-
exposed COPD mice showed markedly increased COPD-
related indexes and expression of IL-1β, caspase-1, and 
NLRP3 compared with their counterparts. Conversely, 
in TXNIP-KO CuONPs-exposed mice, these responses 

were reversed and decreased compared to CuONPs-
exposed COPD mice.

Exposure to CuONPs caused respiratory inflammation 
with elevated inflammatory cell counts and cytokines 
in a dose-dependent manner, which induced certain 
alterations in COPD mice. CuONPs exposure in COPD 
mice markedly increased inflammatory responses with 
increased oxidative damage, as evidenced by increased 
levels of 8-OHdG and MDA, and decreased SOD activity. 
These findings were also observed in a previous study [24, 
34]. Exposure to CuONPs induces neutrophilic inflam-
mation of the respiratory tract and aggravates allergic 
responses in asthma by elevating inflammatory cytokines 
and oxidative stress [24]. Specifically, the involvement 
of neutrophils is central to the pathogenesis of COPD. 
Because neutrophils are associated with the release and 
production of inflammatory cytokines, ROS and protein-
ases, increased neutrophilic inflammation accelerates the 
progression of COPD [28]. Therefore, CuONPs exposure 
may accelerate the development of COPD. Additionally, 
we observed increased TXNIP expression in the respi-
ratory tract due to CuONP exposure, which was also 
detected when exposing COPD mice to CuONPs. Hence, 
CuONPs exposure–induced alterations in the respiratory 
tract correlate with TXNIP expression.

TXNIP is an endogenous inhibitor of thioredoxin and 
is associated with the progression of various disorders, 
such as myocardial injury, COPD, diabetic kidney dis-
ease, and several inflammatory conditions [11, 21, 29, 

Fig. 4  Effects of downregulation of TXNIP on CuONPs-provoked inflammation in NCI-H292 cells. (A–E) Protein expression and relative densitometric 
values. Data are indicated as means ± SD (n = 3). **, *** Significant differences from the scrambled siRNA group, p < 0.01 and p < 0.001, respectively; #, ##, ### 
Significant differences from the scrambled siRNA + CuONPs group, p < 0.01, p < 0.05, and p < 0.001, respectively
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Fig. 5  Effects of CuONPs exposure on the progression of COPD mice. (A–D) Inflammatory cell counts in BALF. (E–G) Inflammatory cytokines in BALF. (H) 
Staining with hematoxylin and eosin (× 70, Bar = 100 μm) and periodic acid-schiff (× 100, × 400, Bar = 100 μm) on lung tissue. The black arrows represent 
inflammatory cell infiltration. (I and J) Quantitative analysis of the inflammatory infiltration and mucus production, respectively. (K) 8-OhdG expression 
by immunofluorescence stain (Bar = 50 μm). (L and M) The levels of MDA and the activities of SOD in lung. Data are indicated as means ± SD (n = 6). *, **, 
*** Significant differences from the NC group, p < 0.05, p < 0.01, and p < 0.001, respectively; #, ##, ### Significant differences from the COPD group, p < 0.01, 
p < 0.05, and p < 0.001, respectively
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35, 36]. TXNIP, a possible binding partner of NLRP3 in 
the yeast two-hybrid system with leucine-rich repeats, is 
produced from oxidized TRX under oxidative stress and 
attaches to the NLRP3 inflammasome [16, 37]. This com-
plex activates and releases IL-1β and caspase-1, stimu-
lating inflammatory responses [38]. Particularly, TXNIP 
activation can be elicited by several stimuli, including 
smoking and nanomaterials [11, 21, 29]. In previous 
studies, exposure to cigarette smoke or nanomaterials, 
including titanium dioxide and silica dioxide, increased 
ROS and triggered the TXNIP pathway, increasing IL-1β 
and caspase-1 expression, eventually resulting in an 
inflammatory response with oxidative stress induction in 
the respiratory tract. In this study, exposure to CuONPs 

induced inflammatory responses in the respiratory tract 
and increased TXNIP expression along with the associ-
ated signaling pathway. Additionally, elevated TXNIP 
expression was detected in COPD mice. Furthermore, 
exposure to CuONPs in COPD mice caused an even 
greater increase in TXNIP expression and associated 
signaling pathway compared with non-exposed COPD 
mice, thereby accelerating the development of COPD. 
These results indicate that CuONPs-induced respiratory 
inflammation and exacerbation of COPD are associated 
with TXNIP expression.

TXNIP is associated with the progression of ROS-
related disorders [16, 39, 40]. TRX serves as a key 
defender of cells against oxidative stress through its 

Fig. 6  Effects of CuONPs exposure on TXNIP related signaling pathway in COPD mice. (A–C) Expression of TXNIP and IL-1β (× 200, Bar = 60 nm) and 
expression value. (D–H) Protein expression and relative densitometric values. Data are indicated as means ± SD (n = 3). *, ** Significant differences from the 
NC group, p < 0.05 and p < 0.01, respectively; #, ##, ### Significant differences from the COPD group, p < 0.01, p < 0.05, and p < 0.001, respectively
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Fig. 7  Effects of TXNIP overexpression on pathophysiological alteration in CuONPs-exposed COPD mice. (A–D) Inflammatory cell counts in BALF. (E–G) 
Inflammatory cytokines in BALF. (I) Staining with hematoxylin and eosin (× 60, Bar = 200 μm) on lung tissue. Black arrows represent inflammatory cell 
infiltration. (J) Staining with periodic acid-schiff (× 100, Bar = 100 μm) on lung tissue. (H and K) Quantitative analysis of the inflammatory infiltration and 
mucus production, respectively. (L) 8-OhdG expression by immunofluorescence stain (Bar = 20 μm). (M and N) The levels of MDA and the activities of 
SOD in lung. (O and Q) Expression of IL-1β (× 200, Bar = 60 nm) and expression value. (P and R–T) Protein expression and relative densitometric values. 
Data are indicated as means ± SD (n = 6; A–G, n = 3; H–T). Significant differences are shown by the following symbols: *p < 0.05, **p < 0.01, and ***p < 0.001
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Fig. 8  Effects of TXNIP deletion on the pathophysiological alteration in CuONPs-exposed COPD mice. (A–D) Inflammatory cell counts in BALF. (E–G) 
Inflammatory cytokines in BALF. (I) Staining with hematoxylin and eosin (× 70, Bar = 100 μm) on lung tissue. Black arrows represent inflammatory cell 
infiltration. (J) Staining with periodic acid-schiff (× 100, Bar = 100 μm) on lung tissue. (H and K) Quantitative analysis of the inflammatory infiltration and 
mucus production, respectively. (L) 8-OhdG expression by immunofluorescence stain (Bar = 20 μm). (M and N) The levels of MDA and the activities of 
SOD in lung. (O and Q) Expression of IL-1β (× 200, Bar = 60 nm) and expression value. (P and R–T) Protein expression and relative densitometric values. 
Data are indicated as means ± SD (n = 6; A–G, n = 3; H–T). Significant differences are shown by the following symbols: *p < 0.05, **p < 0.01, and ***p < 0.001
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ROS-scavenging activity and inhibition of apoptosis [41, 
42]. However, TXNIP covalently binds to and suppresses 
TRX, stimulating oxidative stress and apoptosis [43]. 
These alterations are also very important in the patho-
genesis of COPD. Excess production of ROS, known as 
oxidative stress, induces an imbalance between antioxi-
dants and oxidants, increases the production of proin-
flammatory mediators, and damages cells, accelerating 
the progression of COPD [44]. Therefore, the modula-
tion of TXNIP expression is an important strategy in 
controlling COPD [45]. In this study, CuONPs exposure 
in COPD mice significantly increased oxidative stress 
and decreased antioxidant enzymes, exacerbating vari-
ous indicators of COPD. Additionally, increased oxida-
tive stress induced by CuONPs exposure is accompanied 
by elevated TXNIP expression. Hence, the effects of 
CuONPs on the respiratory tract might be associated 
with increased oxidative stress due to elevated TXNIP 
expression.

Finally, we investigated the role of TXNIP in respi-
ratory toxicity and exacerbation of COPD induced by 
CuONPs exposure using TXNIP-KO mice and AAV-
TXNIP transgenic mice. TXNIP overexpression aggra-
vated respiratory inflammation and increased the NLRP3 
signaling and COPD-related markers in COPD mice and 
CuONPs-exposed COPD mice. Conversely, TXNIP dele-
tion significantly reduced not only the NLRP3 signaling 
but also respiratory inflammation and oxidative stress in 
COPD mice and CuONPs-exposed COPD mice. The acti-
vated TXNIP-NLRP3 signaling increases caspase-1 and 
IL-1β expression, stimulating inflammatory responses 
and oxidative stress with elevated inflammatory cyto-
kines [24, 46]. Thus, CuONPs might induce respiratory 
inflammation and exacerbate COPD by activating the 
TXNIP-NLRP3 signaling. Moreover, our findings were 
supported by previous studies [29, 47–49]. Given the 
pro-inflammatory and pro-apoptotic effects associated 
with TXNIP upregulation, targeting this pathway may 
offer a promising strategy to mitigate the acute effects of 
nanoparticle exposure and develop therapeutic interven-
tions for managing underlying diseases, such as the use of 
small molecule inhibitors, RNA interference, or antioxi-
dants to modulate TXNIP activity.

While these results are significant, there are certain 
limitations that should be acknowledged. Our study pri-
marily focused on the acute exposure effects of CuONPs. 
Although it did not address the potential impacts of 
chronic exposure to nanoparticles, data on acute expo-
sure are important for establishing baseline effects and 
can inform the design of future studies on chronic expo-
sure. We also utilized the NCI-H292 cell line, a human 
bronchial epithelial cell line derived from non-small cell 
lung cancer, to investigate the effects of CuONPs expo-
sure. Although this cell line has been widely used in 

experiments on various lung inflammatory responses, 
it is important to consider that its response to nanopar-
ticle exposure may differ from that of normal bronchial 
epithelial cells [50]. Additionally, the direct addition of 
CuONPs to culture media may not fully replicate the 
interactions of nanoparticles with airway epithelial cells 
in real-world scenarios where inhalation is the primary 
route of exposure. Therefore, experiments using models 
such as aerosolization or air-liquid interface systems may 
provide more physiologically relevant data [51]. A novel 
culture system incorporating normal bronchial epithelial 
cells could enhance our understanding of the effects of 
CuONPs exposure.

Conclusion
CuONPs exposure significantly increased inflammatory 
responses in the respiratory tract, which was correlated 
with elevated TXNIP-NLRP3 signaling. Moreover, we 
elucidated the exacerbating effect of CuONPs exposure 
on the respiratory tract with underlying COPD, as well 
as related signaling transduction via TXNIP regulation. 
Therefore, our study provides novel information on tar-
get signaling in respiratory toxicity and exacerbation of 
COPD induced by CuONPs exposure and targeting the 
TXNIP pathway may represent a promising approach 
for mitigating the respiratory toxicity associated with 
CuONPs exposure and developing therapeutic interven-
tions for related diseases.
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