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Background: Obesity is a chronic metabolic disease responsible for causing various health problems. Obese individuals experience 
disrupted homeostasis, thus making them more vulnerable to environmental pollutants. This study investigated the effect of pre- 
existing obesity on respiratory toxicity and explored whether sex differences exist in the response to titanium dioxide nanoparticles 
(TiO2-NPs), a component of air pollutants.
Methods: Male and female mice were fed a normal diet (ND) or a high-fat diet (HFD) for 26 weeks and then intratracheally instilled 
with TiO2-NPs at concentrations of 0, 0.1, 0.2, and 0.4 mg/50 μL on days 1, 4, 6, 9, 11, and 13. Mice were sacrificed 24 h after the final 
administration.
Results: In HFD-fed obese mice, TiO2-NPs exposure led to respiratory inflammation through the toll-like receptor 4-mediated 
mitogen-activated protein kinase signaling pathway and a subsequent inflammatory response induced by oxidative stress. These effects 
were more pronounced in females than in males, and this was attributed to the higher sensitivity of females to HFD consumption and 
early depletion of antioxidant defenses.
Conclusion: Our findings suggest an increased risk of respiratory toxicity in individuals with pre-existing obesity and highlight that 
these effects are sex-specific.
Keywords: nanoparticles, high-fat diet, respiratory toxicity, oxidative stress, inflammatory response

Introduction
Obesity is defined as the excessive and abnormal accumulation of fat and has emerged as a major public health issue 
worldwide.1,2 Obesity leads to a chronic inflammatory state due to the secretion of substances such as cytokines from 
adipose tissue.3 Additionally, when adipocytes are exposed to various stressors, including oxidative stress, they trigger an 
inflammatory response that increases susceptibility to a wide range of diseases such as respiratory disorders.4 The 
acceleration of modernization and industrial development has exacerbated air pollution issues and increased the 
prevalence of respiratory diseases such as chronic obstructive pulmonary disease (COPD) and asthma.5 Air pollutants 
enter the human body through inhalation, and the level of harm depends upon both the concentration of the pollutants and 
the underlying health conditions of the exposed individuals.6–8 In obesity where systemic molecular and cellular 
homeostasis is dysfunctional, normal defense mechanisms against air pollutants may be inadequate, thus highlighting 
the need for further research.9

Titanium dioxide (TiO2) is widely used at the nanoscale in biomedicine, organic pollutant treatment, materials engineering, 
and cosmetics.10 With advances in nanotechnology, greater amounts of TiO2 nanoparticles (NPs) are being released into the 
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environment.11,12 In addition to this pollution stemming from industrial increases, Asian sand dust originating from China 
contains numerous pollutants, particularly submicron-sized particulate matter.13 Submicron particles of TiO2 are highly 
dispersed within a dust particle matrix.14 When TiO2-NPs are released into the environment, they remain suspended in the 
air for extended periods and enter the alveoli through the respiratory system.15 TiO2-NPs are harmful to human health due to 
their large surface area and high accumulation in the lungs.16 Previous studies reported increased levels of various oxidative 
biomarkers in the respiratory systems of workers involved in the production and handling of TiO2-NPs that led to pathological 
changes in the lungs.17,18 Furthermore, the physicochemical properties of TiO2-NPs nanoparticles have been documented to 
induce dose-dependent airway inflammation and damage.19–21 However, while research has been conducted examining the 
inhalation toxicity of TiO2-NPs due to industrial and environmental pollution, reports detailing the risk of respiratory diseases 
in underlying disorders such as obesity remain lacking.

In this study, we compared and analyzed if exposure to TiO2-NPs, a component of air pollutants,22 leads to 
differences in respiratory diseases in the lungs of high-fat diet (HFD)-induced obese and normal diet (ND)-fed mice. 
We also investigated if these effects varied according to sex.

Materials and Methods
Characterization of TiO2-NPs
Particle characterization was performed prior to nanotoxicological evaluation. TiO2-NP powder was purchased from 
Sigma-Aldrich (particle size: < 25 nm; St. Louis, MO, USA). The TiO2-NP samples were diluted to a concentration of 
1 mg/mL. The morphology and geometry of TiO2-NPs were investigated using scanning electron microscopy (SU8230, 
Hitachi, Ltd., Tokyo, Japan). The sizes and shapes of the TiO2-NPs were characterized using transmission electron 
microscopy (F30 S-Twin, FEI Company, Hillsboro, OR, USA) at an accelerating voltage of 300 kV. The zeta potential 
and hydrodynamic size of the TiO2-NPs were determined using ELS-8000 (Otsuka Electronic, Tokyo, Japan). The 
specific surface area of TiO2-NPs was measured by nitrogen absorption techniques on the basis of the multi-point 
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Brunauer–Emmett–Teller (BET) method (ASAP2020; Micromeritics, Norcross, GA, USA). The purity of the TiO2-NPs 
used in the experiment was determined by energy-dispersive X-ray spectroscopy (EDX-700, Shimadzu, Kyoto, Japan). 
Endotoxin levels in the TiO2-NP suspension were determined using a Pierce LAL Chromogenic Endotoxin Quantitation 
Kit (Thermo Fisher Scientific, Waltham, MA, USA).

Animals and Treatment
Five-week-old male and female C57BL/6 mice were obtained from Samtako Inc. (Osan, Korea). The mice were 
maintained in a clean, well-ventilated animal room with automatically controlled conditions that included 
a temperature of 23 ± 3 °C, a relative humidity of 30−70%, an approximately 12 h light cycle, and ventilation at 10 
−20 times/h. After a one-week acclimation period, the experiment was initiated. This study was approved by the 
Institutional Animal Care and Use Committee of Chungnam National University (202203A-CNU-016), and animal 
experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

The mice were randomly allocated into six groups, with five mice per group for statistical significance. The 
experimental groups were conducted separately for both male and female mice. The experimental groups, based on the 
TiO2-NPs administration concentrations determined by referencing previous studies,23,24 were as follows: 1) ND 
(Samtako Inc). + TiO2 0 mg/mouse; 2) ND + TiO2 0.4 mg/mouse; 3) HFD (60 kcal% fat; Samtako Inc). + TiO2 

0 mg/mouse; 4) HFD + TiO2 0.1 mg/mouse; 5) HFD + TiO2 0.2 mg/mouse; 6) HFD + TiO2 0.4 mg/mouse. In the HFD- 
induced obesity mouse model, mice were fed a HFD for 26 weeks, after which TiO2-NPs were administered. TiO2-NPs 
were suspended in sterile phosphate-buffered saline (PBS) and sonicated for 10 min at 50/60 hz using a Branson 8210 
ultrasonicator (Branson Ultrasonics Co., Danbury, CT, USA). Mice were administered sterile PBS or TiO2-NPs via 
intratracheal instillation under gas anesthesia with 3% isoflurane in 100% oxygen, at a volume of 50 μL per mouse, 
according to the assigned dose for each experimental group, on days 1, 4, 6, 9, 11, and 13. All mice were sacrificed at 
24 h after the final administration.

Bronchoalveolar Lavage Fluid (BALF) Analysis
BALF was obtained to evaluate toxicant-induced alterations in cellular influx.25 Referring to a previous study,26 the lungs 
of the mice were washed with 700 μL of ice-cold sterile PBS through a tracheal cannula, and this process was repeated 
twice to collect BALF samples (total volume 1.4 mL). The collected BALF was centrifuged, and the supernatant was 
used to analyze the pro-inflammatory cytokines interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α using 
enzyme-linked immunosorbent assay (ELISA) kits (RayBiotech, Peachtree Corners, GA, USA) according to the 
manufacturer’s protocol.

The remaining cell pellet was suspended in 500 μL of PBS. A 200 μL volume of the solution was used to analyze 
intracellular reactive oxygen species (ROS) levels. The cells were stained with the cell-permeant reagent 2′,7′- 
dichlorofluorescin diacetate (DCFDA; Abcam, Waltham, MA, USA) according to the manufacturer’s protocol, attached 
to a slide using a cytospin (Hanil Scientific Inc., Seoul, Korea), and examined using confocal microscopy (Leica, Wetzlar, 
Germany) with a 488 nm laser.

For the analysis of inflammatory cells, 200 μL of the solution was attached to a slide using a cytospin and stained with 
Diff-QuikⓇ reagent (Sysmex Co., Kobe, Japan) for cell counting analysis. Another 100 μL of the solution was used for 
cell population analysis by flow cytometry. The cells were stained with PerCP-CD45, PE-CD11c, APC-SiglecF, and 
FITC-Ly6G antibodies (BD Biosciences, Franklin Lakes, NJ, USA, 1:100 dilution) in the dark at 4 °C for 30 min. The 
cells were washed twice with ice-cold PBS and analyzed using a BD AccuriTM C6 instrument (BD Biosciences).

Biochemical Analysis
For serum biochemical analysis, blood samples were collected in tubes and centrifuged to obtain serum. Serum chemistry 
parameters were measured using a Toshiba 200FR NEO chemistry analyzer (Toshiba Co., Tokyo, Japan). The concen-
tration of free fatty acids (FFAs) in the serum was measured using an assay kit (Abcam) as previously described.27 Leptin 
and adiponectin concentrations were quantified using ELISA kits (Crystal Chem, Elk Grove Village, IL, USA).
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Histopathological Analysis
Lung and liver specimens fixed in 10% neutral buffered formalin were processed, embedded in paraffin, cut into 4 μm 
thick sections, and stained with hematoxylin/eosin (H&E; TissuePro Technology, Gainesville, FL, USA). Images of 
stained tissues were captured from randomly selected areas using a digital photomicroscope (Leica).

Oxidative Stress Markers Analysis
Various oxidative stress-related markers, including malondialdehyde (MDA), reduced glutathione (GSH), catalase, 
glutathione S-transferase (GST), glutathione peroxidase (GPx), and glutathione reductase (GR) were evaluated in lung 
tissues using commercial assay kits (Cayman Chemical, Ann Arbor, Michigan, USA). Lung tissues were homogenized in 
PBS at a ratio of 1:9 (w/v) using a homogenizer (Hangzhou Allsheng Instruments Co., Hangzhou, China) on ice. The 
homogenates were then centrifuged at 20,000 × g for 10 min at 4 °C, and the supernatants were used for the assays. The 
total amount of oxidative stress-related markers in lung samples was normalized based on the protein concentration 
measured using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA).

Immunohistochemistry (IHC) and Confocal Immunofluorescence Assay
Immunohistochemical detection of inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2 in the lung 
tissue was performed using an ABC-HRP kit (VectorLabs, Newark, CA, USA) according to the manufacturer’s protocol. 
The lung sections were incubated with primary rabbit monoclonal antibodies against iNOS (Abcam, 1:500 dilution) and 
COX-2 (Abcam, 1:500 dilution) at room temperature for 2 h. For color development, 3,3′-diaminobenzidine chromogen 
and hematoxylin were used. A positive reaction was visualized as brown coloration of the cells.

To detect phosphor (p)-p65 and nuclear factor erythroid 2-related factor 2 (Nrf2) expression, lung sections were 
hydrated, fixed, and permeabilized. They were then incubated with primary rabbit monoclonal antibodies against p-p65 
(Cell Signaling Technology, Danvers, MA, USA, 1:500 dilution) and Nrf2 (Cell Signaling Technology, 1:500 dilution) at 
room temperature for 2 h. Following this, the samples were incubated with Alexa Fluor 488-conjugated goat anti-rabbit 
IgG antibody (Abcam) at room temperature for 1 h. Cell nuclei were stained with DAPI. Images were acquired with 
a confocal laser scanning microscope (Leica) using 450 nm (Blue) and 488 nm (Green) lasers.

Immunoblotting Analysis
Lung tissue was homogenized in cell lysis buffer containing protease and phosphatase inhibitors. After measuring the 
protein concentration using the BCA method, samples were prepared with equal protein concentrations and separated 
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Western blotting was performed as previously 
described to compare protein expression levels.28 The primary antibodies that were used included Nrf2 (Abcam, 
1:2000), heme oxygenase-1 (HO-1; Abcam, 1:1000), iNOS (Abcam, 1:1000), COX-2 (Abcam, 1:1000), TNF-α 
(Abcam, 1:1000), p-p65 (Cell Signaling Technology, 1:1000), total (t)-p65 (Abcam, 1:1000), toll-like receptor 4 
(TLR4; Abcam, 1:1000), p-c-Jun N-terminal kinase (p-JNK; Abcam, 1:1000), t-JNK (Abcam, 1:1000), p-p38 (Abcam, 
1:1000), t-p38 (Abcam, 1:1000), and β-actin (Cell Signaling Technology, 1:4000). Relative expression values were 
measured using the ChemiDoc imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

QuantSeq 3′ mRNA Sequencing Analysis
To investigate the effects of HFD intake on lung tissue, we analyzed lung mRNA expression levels. Male and female 
mice were each subjected to HFD consumption for 13, 26, 39, and 52 weeks. At each time point, five mice were 
sacrificed to assess the genetic changes in lung tissue associated with prolonged HFD exposure. Total RNA was isolated 
from lung tissue using TRIzol reagent (Thermo Fisher Scientific). For library construction, the isolated total RNA was 
processed using the QuantSeq 3′ mRNA-seq Library Prep kit FWD (Lexogen, Vienna, Wien, Austria) according to the 
manufacturer’s instructions. Quality control of raw sequencing data was conducted using FastQC v.12.1.29 Adapter 
sequences were trimmed, and low-quality reads was filtered out using bbduk v.39.01.30 The resulting clean reads were 
mapped to the reference genome using STAR v.2.7.10b.31 Read quantification was carried out using HTSeq-count 
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v.2.0.2.32 The read counts were normalized using the TMM+CPM method with the Python “conorm” package v.1.2.0.33 

Data mining and graphical visualization were performed using ExDEGA software (Ebiogen Inc., Seoul, Korea).

Statistical Analysis
All data are presented as mean ± standard deviation (SD). To evaluate the significance between groups, one-way analysis 
of variance (ANOVA) was conducted followed by Dunnett’s or Tukey’s multiple comparison test for normally distributed 
data and the Kruskal–Wallis test for non-normally distributed data. A p-value of < 0.05 or 0.01 was considered 
statistically significant. Statistical analyses were performed using GraphPad Prism 9 software (GraphPad Inc., La 
Jolla, CA, USA). The detailed statistical analysis methods for each dataset are provided in the figure captions.

Results
Physicochemical Characterization of TiO2-NPs
The physicochemical properties of TiO2-NPs are presented in Figure 1. The morphology of the TiO2-NPs was analyzed 
using transmission electron microscopy and scanning electron microscopy. The results indicated that the TiO2-NPs had 
a spherical shape with an agglomerated morphology (Figure 1A and B). The zeta potential of the TiO2-NPs was −31.8 mV 
(Figure 1C). The purity of the TiO2-NPs was measured using energy-dispersive X-ray spectroscopy and found to be 23.89% 
for Ti and 76.11% for O (Figure 1D). The hydrodynamic sizes of TiO2-NPs in PBS were 239.91 ± 20.94 nm (Figure 1E). In 

Figure 1 Morphology and physicochemical properties of titanium dioxide-nanoparticles (TiO2-NPs). (A) Morphology of TiO2-NPs measured using scanning electron 
microscopy. Scale bar = 1 μm (left) and 0.5 μm (right). (B) Morphology of TiO2-NPs measured using transmission electron microscopy. Scale bar = 200 nm (left) and 100 nm 
(right). (C) Zeta potential of TiO2-NPs measured using ELS-8000. (D) Purity of TiO2-NPs measured using energy-dispersive X-ray spectroscopy. (E) Hydrodynamic size of 
TiO2-NPs in phosphate-buffered saline solution measured using ELS-8000.
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addition, the surface area of TiO2-NPs measured by BET method and single point method was 40.4566 and 39.3805 m2/g, 
respectively (Table S1). TiO2-NP suspensions did not contain detectable endotoxin levels (data not shown).

Effects of HFD Consumption on Biochemical Parameters and Liver Histology in Male 
and Female Mice
Mice fed a HFD for 16 to 20 weeks typically gain 20–30% more weight than do ND-fed mice, and they exhibit 
symptoms similar to those of human obesity, including adipocyte hyperplasia and increased fat mass, thus making them 
a popular model for obesity.34 In this study, HFD consumption resulted in body weight changes in both male and female 
mice (Figure 2A). Male and female mice exhibited rapid weight changes beginning at 10 and 15 weeks of HFD exposure, 
respectively, and no significant differences in body weight changes were observed between sexes.

Figure 2 Effects of a high fat diet (HFD) on male and female mice. (A) Changes in body weight. (B) Concentrations of leptin and adiponectin in serum measured using 
enzyme-linked immunosorbent assay. (C) Concentrations of free fatty acids (FFAs) in serum measured using a specific assay kit. The concentrations of leptin, adiponectin, 
and FFAs were increased in the HFD-fed groups and were higher in females than they were in males. (D) Histological analysis of liver as confirmed by hematoxylin/eosin 
(H&E) staining. Scale bar = 60 μm. Lipid droplets were observed in the HFD-fed groups, with no differences between genders or damage caused by titanium dioxide- 
nanoparticle (TiO2-NP) administration. Values: mean ± standard deviation (n = 5 per group). Significance: *,**p < 0.05 and 0.01 vs Normal diet (ND) control group in each 
gender, respectively. ǂǂp < 0.01 vs male HFD+TiO2 8 mg/mL group. Statistical analysis: Tukey’s multiple comparisons test. ND, ND+phosphate-buffered saline (PBS) 
intratracheal instillation; ND+TiO2 8, ND+8 mg/mL/mouse of TiO2-NPs intratracheal instillation; HFD, HFD+PBS intratracheal instillation; HFD+TiO2 2, 4, and 8, HFD+2, 4, 
and 8 mg/mL/mouse of TiO2-NPs intratracheal instillation, respectively.
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Sexual dimorphism in adipokine concentrations was observed in our results, with leptin and adiponectin levels being 
higher in HFD-fed mice than in ND-fed mice and significantly higher in females than in males (Figure 2B). Serum FFAs 
concentrations also increased in HFD-fed mice, with higher levels observed in female mice than in male mice (Figure 2C). 
Serum biochemical analysis exhibited significantly increased levels of inorganic phosphorus, total cholesterol, aspartate 
aminotransferase, alanine aminotransferase, and phospholipids in HFD-fed males compared to levels in ND-fed males, and 
significantly increased levels of total cholesterol, aspartate aminotransferase, alanine aminotransferase, phospholipids, and 
alkaline phosphatase were observed in HFD-fed females compared to levels in ND-fed females (Table S2).

In the livers of mice fed a HFD for 26 weeks, HFD-induced lipid droplets and massive macrosteatosis were observed 
in both male and female mice compared to these characteristics in ND-fed mice, with no significant differences between 
the sexes and no effect of TiO2-NPs administration (Figure 2D).

Effects of HFD Consumption Duration on Lung mRNA Expression in Male and Female 
Mice
To investigate the effects of HFD intake on the lungs according to sex, lung mRNA expression analysis was conducted. 
Gene expression changes were compared using 13 weeks ND mice of each sex as baseline. HFD consumption exerted 
a significant impact on the expression of greater number of genes in males. However, as the intake period increased, there 
were significant changes in the expression of a greater number of genes in females (13 weeks − male: 151, female: 96; 26 
weeks − male: 236, female: 214; 39 weeks − male: 175, female: 766; 52 weeks − male: 490, female: 509; total genes: 
40,879, fold change > 2.0, p < 0.05).

To identify the biological functions associated with these changes in gene expression, we used Database for 
Annotation, Visualization, and Integrated Discovery (DAVID) analysis.35 As presented in Figure 3, in males, significant 
changes were observed in biological processes associated with cellular processes throughout the HFD exposure period, 
including regulation of transcription by RNA polymerase II (GO:0045944, GO:0000122), regulation of cell population 
proliferation (GO:0008285), regulation of cell migration (GO:0030335), and regulation of apoptotic process 
(GO:0043065). In contrast, in females, significant changes were mainly observed in the expression genes related to 
defense responses to stimuli, including immune response (GO:0006955), immune system process (GO:0002376), 
inflammatory response (GO:0006954), and chemotaxis (GO:0006935). The list of genes showing significant changes 
within each GO category are proved in Tables S3–S10.

Effects of TiO2-NPs on Airway Inflammation in Male and Female Mice
To compare the toxicity of TiO2-NPs in mice fed ND and HFD, we administered intratracheal instillations of TiO2-NPs 
according to the experimental schedule presented in Figure 4A three times per week for two weeks. Histological analysis 
of the lung tissue revealed severe infiltration of inflammatory cells around the bronchi in TiO2-NPs-treated HFD mice 
compared to that in mice fed a ND, with more pronounced effects observed in females than in males (Figure 4B). As 
presented in Figure 4C, the consumption of HFD and administration of TiO2-NPs increased ROS levels in the BALF, 
with this increase being more significant in females than in males. Additionally, when the concentrations of pro- 
inflammatory cytokines in the BALF were measured by ELISA (Figure 4D), both TiO2-NPs-treated ND mice and 
TiO2-NPs-treated HFD mice exhibited a significant increase compared to levels in the ND control group. Notably, the 
levels of IL-1β and IL-6 increased significantly more in females than they did in males.

Previous studies have reported that TiO2-NPs administration induces an influx of leukocytes, with neutrophils being 
the most abundant among them.36 Consistent with these findings, our results demonstrated that TiO2-NPs administration 
significantly increased neutrophil counts compared to that of the ND control group, with a greater increase observed in 
HFD-fed and female mice (Figure 4E). Flow cytometric analysis revealed a similar trend (Figure 4F), showing that TiO2- 
NPs administration increased the proportion of CD45+LY6G+ cells, which are identified as neutrophils. The increase in 
neutrophils was most pronounced in HFD-fed female mice treated with TiO2-NPs, as confirmed by cell count analysis.
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Effects of TiO2-NPs on Inflammatory Response-Related Factors in Male and Female 
Mice
To investigate the effects of TiO2-NPs exposure on the inflammatory response, various inflammation-related factors were 
examined. Protein expression levels of inflammatory markers such as iNOS, COX-2, TNF-α, and nuclear factor-kappa 
B (NF-κB) in the lungs were analyzed (Figure 5A). Both male and female groups exposed to TiO2-NPs exhibited increased 
levels of all four markers compared to levels of the ND control group, with the increase being more pronounced in HFD 
mice than in ND mice and higher in females than in males. iNOS and COX-2 were tracked by IHC staining, and p65 
phosphorylation was observed using confocal microscopy. All exhibited the same trend (Figure 5B and C).

In a previous study, TiO2-NPs have been demonstrated to generate an inflammatory response in respiratory epithelium 
through the TLR4-dependent mitogen-activated protein kinases (MAPKs) signaling pathway.37 To determine if this 

Figure 3 Effects of a high fat diet on gene expression in the lungs of male and female mice. Database for Annotation, Visualization, and Integrated Discovery (DAVID) 
functional gene ontology (GO) analysis of biological processes. The top 10 gene categories based on fold change > 2.0 and p-value < 0.05 compared to levels in mice fed 
a normal diet for 13 weeks of each gender.
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Figure 4 Effects of titanium dioxide-nanoparticles (TiO2-NPs) on the inflammatory phenotype in male and female mice fed either a normal diet (ND) or a high fat diet 
(HFD). (A) Experimental schedule. (B) Histological analysis of lung tissue using hematoxylin/eosin (H&E) staining. Scale bar = 100 μm. TiO2-NPs were dispersed within the 
lung tissue, and this led to the infiltration of inflammatory cells. This effect was most pronounced in female HFD-fed mice treated with TiO2-NPs. (C) Representative images 
of reactive oxygen species (ROS) levels in BALF were measured using the 2′,7′-dichlorofluorescin diacetate (DCFDA) reagent and are presented in a quantification graph. 
Scale bar = 25 μm. Both HFD consumption and TiO2-NPs exposure increased ROS levels in male and female mice. (D) Concentrations of interleukin (IL)-1β, IL-6, and tumor 
necrosis factor (TNF)-α in bronchoalveolar lavage fluid (BALF) as measured by enzyme-linked immunosorbent assay. The pro-inflammatory cytokines levels were increased 
by TiO2-NPs exposure, with the highest levels observed in the HFD+TiO2 groups. The extent of this increase was greater in females than it was in males. (E) Representative 
images and quantification graph of Diff-Quick® staining of BALF cells. Scale bar = 60 μm. (F) Representative population dot plot and quantification graph of each 
inflammatory cell type in BALF as analyzed by flow cytometry, along with the gating strategy used for flow cytometry data analysis. CD45+ cells, Lymphocyte; CD45+LY6G+ 

cells, Neutrophils; CD45+CD11c+SiglecF+ cells, Alveolar macrophages; CD45+SiglecF+ cells, Eosinophils. TiO2-NPs increased the proportion of neutrophils, with the highest 
levels observed in female HFD mice treated with TiO2-NPs. Values: mean ± standard deviation (n = 5 per group). Significance: *,**p < 0.05 and 0.01 vs ND control group in 
each gender, respectively. ##p < 0.01 vs ND+TiO2 8 mg/mL group in each gender. ǂ,ǂǂp < 0.05 and 0.01 vs male HFD+TiO2 8 mg/mL group, respectively. Statistical analysis: 
Tukey’s multiple comparisons test. ND, ND+phosphate-buffered saline (PBS) intratracheal instillation; ND+TiO2 8, ND+8 mg/mL/mouse of TiO2-NPs intratracheal 
instillation; HFD, HFD+PBS intratracheal instillation; HFD+TiO2 2, 4, and 8, HFD+2, 4, and 8 mg/mL/mouse of TiO2-NPs intratracheal instillation, respectively.
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Figure 5 Effects of titanium dioxide-nanoparticles (TiO2-NPs) on the inflammatory response in male and female mice fed either a normal diet (ND) or a high fat diet (HFD). (A) 
Western blot analysis of the indicated proteins in the lung tissue and graphs representing the densitometric values of protein expression. (B) Immunohistochemical staining for 
inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2 in lung tissue and quantification graph. Scale bar = 40 μm and 30 μm, respectively. (C) Immunofluorescence 
staining for phosphor (p)-p65 in lung tissue. Lung tissues were stained with p-p65 (Green) and DAPI (Blue). Scale bar = 25 μm. TiO2-NPs exposure increased the expression of 
inflammation-related factors, with higher expression observed in HFD mice compared to that in ND mice and in females compared to that in males. (D) Western blot analysis of the 
indicated proteins in the lung tissue and graphs representing the densitometric values of protein expression. TNF-a, tumor necrosis factor-α; t-, total-; TLR4, toll-like receptor 4; 
JNK, c-Jun N-terminal kinase. Values: mean ± standard deviation (n = 5 per group). Significance: *,**p < 0.05 and 0.01 vs ND control group in each gender, respectively. #,##p < 0.05 
and 0.01 vs ND+TiO2 8 mg/mL group in each gender, respectively. ǂ,ǂǂp < 0.05 and 0.01 vs male HFD+TiO2 8 mg/mL group, respectively. Statistical analysis: Tukey’s multiple 
comparisons test. ND, ND+phosphate-buffered saline (PBS) intratracheal instillation; ND+TiO2 8, ND+8 mg/mL/mouse of TiO2-NPs intratracheal instillation; HFD, HFD+PBS 
intratracheal instillation; HFD+TiO2 2, 4, and 8, HFD+2, 4, and 8 mg/mL/mouse of TiO2-NPs intratracheal instillation, respectively.
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pathway was involved in the inflammation induced by TiO2-NPs exposure in our experiments, we assessed protein 
activation via Western blotting (Figure 5D). The expression of TLR4 and phosphorylation of JNK and p38 were 
increased in mice exposed to TiO2-NPs compared to those in ND control mice. This increase was more significant in 
HFD mice than it was in ND mice, and expression levels were higher in females than they were in males.

Effects of TiO2-NPs on Oxidative Stress-Related Factors in Male and Female Mice
The intake of a HFD and administration of TiO2-NPs generates ROS, ultimately leading to oxidative stress in the body.38 

As presented in Figure 6A, we assessed the concentration and activity of factors related to both enzymatic and non- 
enzymatic oxidative stress markers in lung tissue. MDA levels that are indicative of lipid peroxidation were increased in 
males in the TiO2-NPs-treated HFD groups compared to those in the TiO2-NPs-treated ND group. In females, similar to 
males, an increase in MDA levels was observed in the HFD groups treated with TiO2-NPs compared to levels in the ND 
group with TiO2-NPs, with the extent of the increase being higher in females than in males. The concentration of reduced 
GSH was decreased with TiO2-NPs administration and HFD consumption in both male and female mice compared to that 
in the ND control group, with the lowest levels in HFD-fed mice treated with TiO2-NPs. The degree of reduction was 
greater in females than it was males. The activities of antioxidant enzymes, including catalase, GST, GPx, and GR, in 
males, the levels were highest in the HFD groups treated with TiO2-NPs compared to that in the ND group treated with 
TiO2-NPs. However, in females, the highest levels were observed in the ND group treated with TiO2-NPs.

Western blot analysis of the protein expression of other antioxidant enzymes (Nrf2 and HO-1) in the lung tissue revealed 
that in males, TiO2-NPs-treated HFD mice possessed the highest expression levels compared to those of TiO2-NPs-treated 
ND mice. In female mice, the highest expression was observed in TiO2-NPs-treated ND mice (Figure 6B). These patterns 
were corroborated by confocal microscopy that revealed similar trends in the positive fluorescence expression of Nrf2 
(Figure 6C). Activated Nrf2 was localized to the nucleus as confirmed by its co-localization with DAPI.

Discussion
There is growing concern regarding obesity, as it causes a variety of health problems.39 Additionally, respiratory diseases are 
on the rise due to industrialization and air pollution.40 Recent studies have increasingly focused on the effect of underlying 
diseases on the prevalence of organ disorders. As obese individuals with altered metabolism and homeostasis due to chronic 
inflammatory conditions caused by excessive fat accumulation may be more vulnerable to external air pollutants, further 
studies in this area are needed. In the present study, we investigated the impact of obesity as a pre-existing condition on 
respiratory toxicity and the potential sex differences in these effects using TiO2-NPs, a component of air pollutants. Our results 
demonstrated that, in HFD-fed mice compared to ND-fed mice, TiO2-NPs exposure led to increased levels of inflammatory 
cytokines and ROS in the lungs along with greater upregulation of TLR4-mediated MAPKs expression. These inflammatory 
responses and the increased expression of inflammation-related proteins are more pronounced in females than they are in 
males. Regarding antioxidant enzyme activity, males exhibited a compensatory increase due to TiO2 exposure, whereas 
females exhibited a decrease in activity due to the early induction of antioxidant responses.

This study focused on evaluating whether there are differences in the effects of inhalation exposure to TiO2-NPs on 
the lungs of HFD-fed mice compared to ND-fed mice and whether there are gender-based differences. Administration of 
TiO2-NPs resulted in their dispersion into the lungs, ultimately leading to the increase in inflammatory cytokines such as 
IL-1β, IL-6, TNF-α, and neutrophil counts in the BALF. This was accompanied by inflammatory responses and increased 
ROS levels in the lung tissues. The inflammatory response induced by TiO2-NPs was more severe in mice fed a HFD 
than it was in those fed a ND and was more pronounced in females than it was in males. Lung gene expression analysis 
demonstrated that exposure to TiO2-NPs in HFD-fed mice exhibited sexually dimorphic patterns of induced inflamma-
tion. In males, the expression of genes related to cellular processes was prominent by HFD consumption, while in 
females, the expression of genes related to defense response, such as inflammation and immune responses, was 
pronounced. HFD can damage epithelial cells41 that undergo dynamic changes in response to tissue damage.42 

Additionally, an immune response is triggered to protect the tissue from further damage. If this process is not properly 
controlled, it can lead to an inflammatory response.43 Considering our results and those of previous studies, there is 
increased sensitivity to respiratory damage from TiO2-NPs in obese states, and this is attributed to epithelial cell damage 
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induced by HFD. Additionally, females are more sensitive to inflammatory responses from HFD consumption, thus 
making them more vulnerable to respiratory toxicity in obese states.

To investigate the inflammatory response mechanisms induced by TiO2-NPs exposure, we examined the protein 
expression of relevant factors and observed a TiO2-NPs dose-dependent increase in inflammatory proteins such as iNOS, 
COX-2, TNF-α, and NF-κB. In obesity, a systemic inflammatory response is triggered by increased adipose tissue.44 

Figure 6 Effects of titanium dioxide-nanoparticles (TiO2-NPs) on oxidative stress in male and female mice fed either a normal diet (ND) or a high fat diet (HFD). (A) 
Concentrations of malondialdehyde (MDA) and reduced glutathione (GSH) and activities of catalase, glutathione S-transferase (GST), glutathione peroxidase (GPx), and 
glutathione reductase (GR) in lung tissue as measured by assay kit. Values: mean ± standard deviation (n = 5 per group). Significance: #,##p < 0.05 and 0.01 vs ND+TiO2 8 mg/ 
mL group in each gender, respectively. Statistical analysis: MDA, reduced GSH, catalase, GPx, and GR, by Dunnett’s multiple comparisons test for both males and females; 
GST, by Dunnett’s multiple comparisons test for males and Kruskal–Wallis test for females. (B) Western blot analysis of the indicated proteins in the lung tissue and graphs 
representing the densitometric values of protein expression. Significance: #,##p < 0.05 and 0.01 vs ND+TiO2 8 mg/mL group in each gender, respectively. Statistical analysis: 
Dunnett’s multiple comparisons test for both males and females. (C) Immunofluorescence staining for nuclear factor erythroid 2-related factor 2 (Nrf2) in lung tissue. Lung 
tissues were stained with Nrf2 (Green) and DAPI (Blue). Scale bar = 25 μm. The antioxidant response increased with HFD consumption and exposure to TiO2-NPs in males 
but was highest in the ND+TiO2 group and slightly decreased in the HFD+TiO2 groups in females. HO-1, heme oxygenase-1. ND, ND+phosphate-buffered saline (PBS) 
intratracheal instillation; ND+TiO2 8, ND+8 mg/mL/mouse of TiO2-NPs intratracheal instillation; HFD, HFD+PBS intratracheal instillation; HFD+TiO2 2, 4, and 8, HFD+2, 4, 
and 8 mg/mL/mouse of TiO2-NPs intratracheal instillation, respectively.
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When the homeostasis of lipid metabolism is disrupted in obesity, large amounts of FFAs can act as endogenous ligands 
for TLRs, thereby activating TLR-dependent signaling cascades that can induce inflammatory responses by producing 
pro-inflammatory cytokines.45 The inflammatory response that occurs in obesity is sex-specific, and it has been reported 
that females are more prone to systemic inflammation due to increased adiposity, with an increased number and size of 
adipocytes.46,47 In obese individuals in a systemic inflammatory state, exposure to TiO2-NPs may induce inflammation. 
Recent studies have reported that NPs induce immunotoxicity via MAPK/NF-κB in the TLR downstream signaling 
cascade.48,49 Additionally, pulmonary exposure to NPs has been demonstrated to induce more pronounced inflammatory 
and other pulmonary responses in female mice than those in male mice.50 In this study, we confirmed that the expression 
levels of TLR4 and the downstream signaling pathway MAPKs increased dose-dependently in the TiO2-NPs-treated 
groups, with a more significant increase in the HFD-fed mice than was observed in the ND-fed mice. Additionally, the 
increase was higher in females than it was in males. Overall, respiratory inflammation induced by TiO2-NPs is mediated 
through TLR4-dependent MAPKs signaling pathways, and females with obesity are more vulnerable to respiratory 
inflammation than are males.

As an upstream pathway of the inflammatory response, oxidative stress generates ROS that increase the transcription 
of inflammatory mediators through intracellular signaling pathways.51 HFD causes damage at the cellular and molecular 
levels and triggers oxidative stress processes.52 Additionally, oxidative stress is a key factor in the exacerbation of lung 
pathology through airway inflammation, particularly when exposed to respiratory-specific substances.53,54 To prevent 
cellular damage caused by ROS, the body possesses endogenous defense mechanisms that include both non-enzymatic 
and enzymatic antioxidants that protect against the harmful effects of oxidative stress.55 Our findings demonstrated that 
in males, HFD intake was associated with increased MDA concentrations, decreased GSH levels, and increased catalase, 
GST, GPx, and GR activities. Administration of TiO2-NPs further induced oxidative stress that in turn activated these 
defense mechanisms. However, in females who were more affected by HFD consumption, the antioxidant response was 
induced earlier by the HFD, and activation appeared to be reduced by the time of observation after TiO2-NPs exposure. 
Consequently, unlike males, female HFD-fed mice treated with TiO2-NPs exhibited reduced antioxidant enzyme activity 
compared to that of female ND-fed mice treated with TiO2-NPs. These effects were also observed in the Nrf2/HO-1 
pathway, a key regulatory pathway in the cellular defense against oxidative stress.56 Collectively, the inflammatory 
response appears to be due to the oxidative stress caused by TiO2-NPs exposure, and TiO2-NPs administration in the 
obese state seems to lead to more severe inflammatory responses in females due to the early activation and depletion of 
cellular protective mechanisms induced by HFD consumption.

One limitation of this study is the use of intratracheal instillation instead of inhalation exposure to evaluate the 
pulmonary toxicity of TiO2-NPs. Although inhalation is the most physiologically relevant route for assessing real-world 
respiratory exposure, as a more practical alternative, intratracheal instillation was selected due to its relative simplicity 
and widespread use in non-clinical toxicological studies, particularly those involving nanoparticles, airborne pollutants, 
and fine particulate matter.57 Previous research suggests that intratracheal instillation can produce lung toxicity outcomes 
qualitatively similar to those observed with inhalation exposure, including inflammation, fibrosis, and carcinogenesis.58 

However, notable differences exist between the two methods in terms of deposition patterns, dose delivery, and overall 
exposure kinetics. These differences should be carefully considered when interpreting the findings and extrapolating 
them to real-world inhalation scenarios.

Conclusion
In conclusion, patients with obesity as a pre-existing condition are at a greater risk of respiratory toxicity due to the 
expression of TLR4-mediated MAPKs and the subsequent inflammatory response induced by oxidative stress. 
Additionally, this toxicity is more pronounced in females than it is in males due to their increased sensitivity to HFD 
consumption and early depletion of antioxidant responses. Our results provide important insights into the risk of 
respiratory toxicity under pre-existing conditions of obesity and highlight the sex differences in these effects.
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