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ABSTRACT 

The present study aimed to investigate the effect of Pseudomonas aeruginosa (PA) lipopolysaccharide (LPS) on 
Candida albicans biofilm formation in a secretory otitis media (SOM) rat model and its potential impact on the integrity 
of the blood-labyrinth barrier. LPS was extracted from PA standard bacteria, and the effect on the biofilm formation of 
Candida albicans was analyzed. A total of 20 Sprague-Dawley rats were randomly divided into control group (35 μL 
saline) and SOM group (35 μL PA LPS), with 10 rats in each group. The threshold of auditory brainstem response was 
measured. The extravasation rate of blood vessels was detected by intravenous injection of Albumin-FITC. Levels of 
interleukin (IL)-4, IL-6, IL-17, tumor necrosis factor (TNF)-α, and transforming growth factor (TGF)-β in serum were 
detected. The residual amount of Albumin-FITC and the expression of ZO-1, Occludin, and VE-cadherin were detected 
in stria vascularis tissues. PA LPS inhibited the biofilm formation of Candida albicans in vitro. Compared to control 
group, the SOM group had a markedly increased brainstem response threshold and lymphedema in the middle ear 
mucosa (P≤0.05), the serum IL-4 in SOM group decreased (P≤0.05), and the levels of IL-6, IL-17, TNF-α, TGF-β, and 
IFN-γ increased (P≤0.05). As compared to the control group, the SOM group had an obvious raise in the extravasation 
rate of vascular Albumin-FITC (P≤0.05), and residual amount of Albumin-FITC in the stria vascularis (P≤0.05), and 
clear reductions in the mRNA expression of ZO-1 and Occludin and the protein expression of ZO-1, Occludin, and VE-
cadherin in the stria vascularis (P≤0.05). PA LPS can inhibit the formation of Candida albicans biofilm in vitro, PA 
LPS-induced acute SOM directly disrupts the integrity of the blood-labyrinth barrier by increasing vascular permeability 
and reducing the expression of barrier proteins such as ZO-1 and Occludin. 
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INTRODUCTION 

 Secretory otitis media (SOM) is a common 
cause of hearing loss in children (Pang et al., 2020). 
Eustachian tube dysfunction, bacterial and viral infection, 
immune response, etc. are the main causes (Bai et al., 
2019; Covelli et al., 2022; Runge et al., 2023). The tight 
junctions of the blood labyrinth barrier in the stria 
vascularis of the cochlea form a physical barrier that 
prevents most blood-derived substances from entering the 
inner ear and maintains the fluid balance of the inner ear 
(Delaney et al., 2023). 
 Pseudomonas aeruginosa (PA) is a very 
common opportunistic pathogen in human body, and 
leading frequent cause of hospital-acquired bloodstream 
infection (Cruickshank et al., 2024). Infections caused by 

PA are commonly seen in burn or trauma patients, 
particularly occurring frequently in the middle ear, 
cornea, urinary tract, and respiratory tract. PA LPS is not 
only its primary pathogenic component but also a unique 
structural component of its cell wall. LPS is toxic and can 
affect the normal growth and division of host cells. LPS 
can induces the proliferation of middle ear mucosa, 
glands, and goblet cells, and increase capillary 
permeability (Chai et al., 2021). Inflammation in the 
middle ear inflammation caused by LPS can induce lead 
to the release of endotoxin, potentially resulting in and 
cause inner ear infection through the oval window and 
other cochlear infections. This can lead to the disruption 
of inner ear homeostasis, and in severe cases, it may 
result in the destruction of the ossicles in the inner ear 
(Weiss et al., 2021). LPS can activate macrophages, 
promote the release of inflammatory cytokines in tissues, 
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and regulate immune regulatory mechanisms, thereby 
causing fever, glucose metabolism disorders, and 
endotoxic shock (Wang et al., 2021). LPS substance 
released during bacterial death, could cause the 
proliferation of connective tissue in the middle ear 
mucosa, increase cell density, promote capillary 
permeability, and destroy the normal mucosal transport 
system, leading to its accumulation in the middle ear 
effusion, thus leading to SOM (Offor et al., 2022; Lin et 
al., 2022). In addition, LPS can activate the complement 
response, promote the release of histamine, 5-
hydroxytryptamine and other vasoactive mediators, and 
chemokines from basophils or mast cells, leading to 
vasodilation, leukocyte aggregation to the inflammatory 
site, and promoting phagocytosis and the process of SOM 
(Yang et al., 2022). 
 It was hypothesized that PA LPS can increase 
the inflammatory response and capillary permeability in 
the middle ear mucosa, leading to the accumulation of 
middle ear effusion, and can directly or indirectly trigger 
inner ear infection and auditory dysfunction by disrupting 
the blood-labyrinth barrier. This study extracted LPS and 
PA to analyze their impact on Candida albicans biofilm 
formation. The focus was on investigating the potential 
pathological mechanisms of PA LPS in chronic SOM, 
particularly its destructive effects on inner ear 
homeostasis and the blood-labyrinth barrier. In contrast to 
traditional research that centers on the effects of LPS on 
the middle ear mucosa, this study was the first to explore 
the mechanism by which LPS enters the cochlea through 
the oval window, subsequently affecting the structure and 
function of the inner ear. This lays the foundation for 
understanding the pathogenesis of LPS-induced SOM. 

MATERIALS AND METHODS 

Extraction of PA LPS: PA (ATCC9027, China 
Microbial Strain Collection Center, China) preserved in a 
-80℃ refrigerator was inoculated into a 5% CO2 
Eppendorf C170 incubator at 37℃ for 18 h. A single 
strain was inoculated into yeast nitrogen-derived liquid 
(Sigma Aldrich, USA), incubated at 37℃ for 12 h at 75 
rpm/min on a ZXY-48 shaking table (Changzhou Runhua 
Electric Appliance Co., Ltd., China). After centrifugation, 
the precipitate was rinsed 3 times by using phosphate 
buffer solution (PBS, Gibco, USA) at 4,000 rpm/min for 
5 min. Formalin at 0.5% (V/V) was used to inactivate the 
precipitate for 24 h at 4℃. The inactivated PA was 
prepared as a bacterial suspension adopting distilled 
water, and an equal volume of 90% analytical pure 
phenol was added for extraction at 65℃ for 10 min. 
When the temperature was cooled to about 15℃, the 
samples were centrifuged at 5,000 rpm/min for 30 min, 
and the aqueous phase was dialyzed in distilled water at 
4℃ for 3 days. LPS was obtained after freeze-drying. The 

obtained LPS was prepared at 100 mg/mL adopting 
sterile PBS (pH=7.2), detoxified by heat, and stored at 
4℃. 

Candida biofilm analysis: Candida albicans 
(ATCC90029, China Microbial Strain Collection Center, 
China) was routinely cultured and diluted in RPMI-1640 
liquid containing (Gibco, USA) 0.001, 0.01, 0.1, 1, 10, 
and 100 μg/mL PA LPS. The concentration of the 
bacterial solution was adjusted to 5 × 106 cells/mL by cell 
counting using a hemocytometer under a microscope. A 
total of 100 μL of the bacterial solution was added to a 
sterile 96-well plate and cultured at 37°C for 90 minutes 
with shaking at 75 rpm. The bacteria were then rinsed 
three times with PBS to remove non-adherent Candida 
cells. Subsequently, 200 μL of RPMI-1640 medium 
containing various concentrations of PA LPS was added 
to each well. The original culture medium was discarded 
at 6, 12, 24, and 48 hours of culture, and the plates were 
rinsed three times with PBS. Finally, 40 μL of 
methylenetetrazolium salt (Sigma-Aldrich, USA), 2 μL of 
menadione, and 158 μL of PBS were added to each well, 
and the plates were incubated in the dark at 37°C for 3 
hours. The absorbance of each well was detected at 490 
nm adopting a HED-SY96S microplate reader (Xi’an 
Holder Instrument Co., Ltd., China). After 24 h of culture 
in RPMI-1640 liquid medium supplemented with 100 
μg/mL PA LPS, the morphology of Candida albicans 
was observed under an inverted IX73 microscope 
(Olympus, Japan). 

Animals grouping and treatment: a total of 20 Healthy 
Sprague-Dawley rats weighing 250-300 g (Kaixue 
Biotechnology Co., Ltd., China) were selected in this 
experiment. Approval was obtained from the Animal 
Experiment Ethics Committee of The Fourth Hospital of 
Changsha provided ethical approval for the study. All rats 
had normal auricle reflexes and normal bilateral tympanic 
membranes under the M525 F50 operating microscope 
(Leica Microsystems, Germany). The rats were randomly 
divided into control group and SOM group, with 10 rats 
in each group. 
 In the control group, 35 μL normal saline was 
injected into the middle ear cavity of the right ear without 
any treatment. The left ear of rats in SOM group was not 
treated, and 35 μL of PA LPS was injected into the 
middle ear cavity of the right ear. The rats were 
anesthetized by intramuscular injection of 1 mg/kg 
ketamine (Sigma Aldrich, USA) combined with fentanyl 
(Sigma Aldrich, USA). In the supine position, the neck 
skin was prepared, and the rats were routinely sterilized. 
An incision was made along the inner edge of the right 
mandible, and the auditory bulla was carefully blunt-
dissected and exposed. The soft tissue covering the 
auditory bulla was separated, and the wall of the auditory 
bulla was exposed. Using a microsampler, 35 μL of 
normal saline or LPS was gently injected into the middle 
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ear cavity through the auditory bulla wall. The auditory 
bulla was gently pierced 2 mm from the perforation to 
equalize the middle ear cavity pressure during the 
injection, preventing tympanic membrane rupture. After 
the injection of the corresponding fluid, the two holes 
were sealed with bone wax, and the incisions were 
sutured. The tympanic membrane was observed to make 
sure that there was no fissure or signs of effusion. Once 
confirmed, , the operation was completed,, and the rats 
were housed in separate cages for recovery. 

Brainstem response detection: The rats were subjected 
to general anesthesia 48 h after treatment. The 
transdermal needle-shaped electrodes of the LH2805 
brainstem response instrument (Shanghai Hanfei Medical 
Equipment Co., Ltd., China), the record electrode was 
placed in the midline of the calvaria, the reference 
electrode behind the donor ear, and the zero electrode at 
the nasal root. The sound stimulation was click, hearing 
level (dB HL), and the stimulation was delivered through 
earphones. The stimulation frequency was 10.5 times/s, 
the bandpass filter was 50-3,000 Hz, the superposition 
number was 1,000, and the recording duration was 10 ms. 
The response threshold was detected by the decrement 
method, which decreased by 5 dB each time. 

Enzyme-linked immunosorbent assay (ELISA) for 
detecting serum inflammatory factors: Following each 
group’s respective treatment, rat abdominal aortic blood 
was collected 48 hours post-treatment. The blood samples 
were centrifuged at 3,000 rpm for 10 minutes at 4°C to 
isolate the serum. Serum samples were then subjected to 
ELISA according to the manufacturer’s instructions using 
a commercial ELISA kit (Beijing Annoron Biological 
Technology Co., Ltd., China) to quantify the levels of 
inflammatory cytokines interleukin (IL)-4, IL-6, IL-17, 
tumor necrosis factor (TNF)-α, and transforming growth 
factor (TGF)-β, and interferon-gamma (IFN-γ) in the 
serum. 

Tissue preparation: Following general anesthesia, the 
hearts of the rats were fixed and rapidly exposed. The rats 
were perfused with PBS (pH=7.3), and after the perfusion 
solution was clear, 4% polyformaldehyde (Sigma 
Aldrich, USA) was adopted for perfusion until the tail of 
the rat was raised and the whole-body muscles trembled. 
The cochlear tissue was taken by decapination, and the 
cochlea was fixed in 4% paraformaldehyde (perfusion 
from the apex of the cochlea and fix) for 12 h at 4℃. The 
stria vascularis tissues were separated. Through cleaning 
with PBS, the tissues were stored in triplicate in the 
refrigerator at -80℃. 

Capillary network permeability detection: Through 
general anesthesia, a 0.1 mm×0.1 mm rectangular 
window was opened at the base of the cochlea, and the 
Albumin-FITC reagent (Xi’an Qiyue Biotechnology Co., 
Ltd., China) was injected intravenously. The 

extravasation of extravascular Albumin-FITC was 
observed under a fluorescence microscope, and the 
extravasation index was adopted for quantitative 
calculation. A sample of frozen stria vascularis tissue was 
homogenized applying a homogenizer. After 
centrifugation, the supernatant was taken, and the 
residual fluorescence in stria vascularis tissue was 
detected by a Varioskan LUX multi-well plate 
fluorescence analyzer (Thermo Fisher, USA). 

Morphological observation of the cochlea: The fixed 
cochlear tissue was removed, washed three times (2 
minutes each time) with PBS, and then placed in 
decalcification solution overnight. The tissues were 
subsequently rinsed three times (2 minutes each time) 
with PBS and dehydrated using a series of alcohol 
solutions: 70%, 70%, 95%, 95%, and 100%, with each 
gradient for 30 minutes. The tissues were then soaked in 
xylene I and xylene II solutions for 30 minutes each, 
followed by immersion in paraffin solution for 60 
minutes to embed the tissues. The KH-Q320 paraffin 
slicer (Hubei Xiaogan Kuohai Medical Technology Co., 
Ltd., China) was used to prepare paraffin blocks into 6 
μm thick slices, and the sections were baked in an oven at 
60℃ for 2 h. The tissue was dewaxed and hydrated by 
gradient alcohol and xylene, and the morphological 
changes were observed under a microscope. 

Real-time fluorescence quantitative PCR detection: 
The stria vascularis was fully grounded (low temperature 
operation). TRIzol reagent (Sigma Aldrich, USA) was 
adopted to extract the total RNA from the tissue. Through 
detecting the concentration and purity of the extracted 
RNA, cDNA was synthesized using the cDNA first 
strand assay kit (MedChemExpress, China). GAPDH 
gene was used as an internal control to measure the 
expression levels of ZO-1 and Occludin genes in the 
tissue based on the instructions of the real-time PCR kit 
(Beijing Solarbio Technology Co., Ltd., China). GAPDH 
as the reference gene, the relative expression of ZO-1 and 
Occludin was calculated applying 2-ΔΔCt. Based on the 
gene sequences of ZO-1, Occludin, and GAPDH, the 
amplification primers for each gene were synthesized by 
GenScript Biotech (Shanghai) Co., Ltd. The primer 
sequences for each gene are as follows: ZO-1: upstream 
5’-CTCGGGCATTATTCGCCTTC-3’, downstream 5’-
GAGAGGGAAATCGTGCGTGACC-3’; Occludin: 
upstream 5’-ACGGTGCCATAGAATGAGATGTTG -
3’, downstream 5’-
CAGCTAGTTGTTCATTTCTGCACCA -3’; GAPDH: 
upstream 5’-AATGCATCCTGCACCACCAA-3’, 
downstream 5’-GTAGCCATATTCATTGTCA-3’. 

Western blotting: The stria vascularis tissues were 
ground and fully lysed in radioimmunoprecipitation assay 
lysis buffer (Sigma Aldrich, USA). The mixture was then 
centrifuged at 1,000 rpm for 30 minutes at low 
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temperature, and the supernatant was collected for protein 
concentration analysis. The protein concentration was 
determined using the bicinchoninic acid (BCA) protein 
quantification kit (Thermo Fisher, USA) according to the 
manufacturer’s instructions. The stacking gel and 
separating gel were prepared at the appropriate 
concentrations, and 20 μL of the extracted sample was 
loaded into each well. Electrophoresis was performed at 
120 V for 1 hour. The proteins were transferred to a 
polyvinylidene fluoride (PVDF) membrane and blocked 
in blocking solution having 5% skim milk powder for 15 
min. The membranes were washed three times (10 
minutes each) with Tris-Buffered Saline containing 
Tween 20 (TBST), followed by overnight incubation at 
4°C with primary antibodies (Abcam, UK). The primary 
antibodies included rabbit anti-human ZO-1 antibody 
(1:1000 dilution), rabbit anti-human Occludin antibody 
(1:500 dilution), rabbit anti-human VE-cadherin antibody 
(1:500 dilution), and rabbit anti-human GAPDH antibody 
(1:2000 dilution). The membranes were washed three 
times with TBST (10 minutes each), followed by a 2-hour 
incubation at room temperature with horseradish 
peroxidase (HRP)-conjugated secondary antibody 
(Abcam, UK). The secondary antibody used was goat 
anti-rabbit IgG-HRP (1:2000 dilution). The membranes 
were subjected to rinsing three times (10 min each) 
adopting TBST, placed in enhanced chemiluminescence 
immunoimprinting luminescent reagent (Sigma Aldrich, 
USA), and incubated in the dark for 5 min. Subsequently, 
the images were observed in the WD-9413C gel imaging 
system (Shandong Olabo Medical Equipment Co., Ltd., 
China), with GAPDH as internal reference, and the data 
were analyzed quantitatively by Image J. 

Statistical analysis: SPSS 22.0 was adopted for statistical 
analysis. All experimental data were expressed as 
mean±standard deviation (x� ± s), and t test was adopted. 
The difference was considered statistically significant 
(P≤0.05). 

RESULTS 

Effect of PA endotoxin LPS on Candida albicans 
biofilm: The amount of Candida albicans biofilm 
formation was examined at various concentrations of PA 
LPS, and the effect on the inhibition rate of Candida 
biofilm formation was analyzed (Figure 1A-C). This 
research found that at the biofilm adhesion stage (1.5 h), 
biofilm formation stage (24 h), and biofilm maturation 
stage (48 h), 100 μg/mL PA LPS had the highest 
suppression rate on Candida albicans biofilm formation, 
which were 55.88%, 88.24%, and 85.29%, respectively. 
The effect of 100 μg/mL PA LPS on the morphology of 
Candida albicans biofilm found that the biofilm formed 
by Candida albicans in the untreated group contained 
more hyphae, and the hyphae were intertwined. However, 

after 100 μg/mL PA LPS treatment, Candida albicans 
biofilm suggested yeast phase, and only a few hyphae 
were formed (Figure 1D). The control group had a hyphal 
count of 12.8±2.1 hyphae per field of view, with a hyphal 
ratio of 84.5±5.2%. After treatment with 100 μg/mL PA 
LPS, the hyphal count decreased to 3.4±0.8 hyphae per 
field of view, and the hyphal ratio decreased to 
23.1±3.4% (P≤0.01). The proportion of Candida albicans 
in the 100 μg/mL PA LPS treatment group was 
significantly higher than in the control group (76.9±3.3% 
vs 15.5±3.6%) (P≤0.01). 

Hearing and cochlear morphology in rats: The hearing 
changes of each group of rats are shown in Figure 2A. As 
against the control group, the brainstem response 
threshold of the rats was markedly increased following 
injection of PA LPS into the middle ear cavity (P≤0.01). 
The morphological changes in the cochlear tissues of rats 
were depicted in Figure 2B. In the control group, the 
structures of the apex, middle, and base turns of the 
cochlea were all normal, with no evidence of inner 
lymphatic edema. In the SOM group, rats exhibited mild 
inner lymphatic edema in the apex, middle, and base 
turns of the cochlea, while folding was observed at the 
location of Reissner’s membrane, as indicated by the 
black arrows. 

Inflammatory response in rats: The levels of 
inflammatory cytokines in rat serum were detected using 
the ELISA method pre- and post-intervention. The 
baseline levels of IL-4, IL-6, IL-17, TNF-α, TGF-β, and 
IFN-γ in the control and SOM groups were as follows: 
(28.2±2.6 pg/mL vs 29.1±1.6 pg/mL), (9.8±0.93 pg/mL 
vs 9.2±0.87 pg/mL), (4.3±0.4 pg/mL vs 3.9±0.6 pg/mL), 
(25.6±1.2 pg/mL vs 26.1±1.3 pg/mL), (21.3±2.5 pg/mL 
vs 20.4±1.7 pg/mL), and (150.4±13.8 pg/mL vs 
148.6±12.2 pg/mL). No statistically significant 
differences were observed in the baseline inflammatory 
cytokine levels between the control and SOM groups 
(P>0.05). The inflammatory cytokine levels of the rats in 
each group after intervention are shown in Figure 3. It 
was observed that compared to the control group, rats in 
the SOM group exhibited a significant decrease in IL-4 
levels in serum, while IL-6, IL-17, TNF-α, TGF-β, and 
IFN-γ levels were significantly elevated, with statistically 
significant differences (P≤0.01). One-way analysis of 
variance (ANOVA) was used to compare the cytokine 
levels between the control and SOM groups. The 
ANOVA results showed that the levels of IL-4, IL-6, IL-
17, TNF-α, TGF-β, and IFN-γ were significantly different 
between the two groups (P≤0.01). To further determine 
the specific nature of the intergroup differences, Tukey’s 
honestly significant difference (HSD) post hoc test was 
conducted. The results indicated that the IL-4 level in the 
SOM group was significantly lower than that in the 
control group (P≤0.01), while the levels of IL-6, IL-17, 
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TNF-α, TGF-β, and IFN-γ were significantly higher in 
the SOM group compared to the control group (P≤0.01). 

Blood labyrinthine barrier in rats: Intravenous 
injection of Albumin-FITC was employed to assess the 
permeability of the rat capillary network. In the control 
group, Albumin-FITC was confined within the blood 
vessels, whereas in the SOM group, there was a 
significant increase in vascular permeability, 
accompanied by the penetration of Albumin-FITC 
(Figure 4A). The Albumin-FITC extravasation index 
results are illustrated in Figure 4B, demonstrating a 
marked increase in Albumin-FITC extravasation in rats 

from the SOM group compared to the control group, with 
statistically significant differences (0.36±0.04 vs 
0.49±0.05) (P≤0.01). Additionally, the residual amount 
of Albumin-FITC in the SOM group was notably higher 
than that in the control group (Figure 4C). Semi-
quantitative fluorescence analysis of Albumin-FITC 
levels in vascular tissues is presented in Figure 4D. It was 
observed that compared to the control group, rats in the 
SOM group exhibited a significant increase in residual 
Albumin-FITC levels (1.15±0.18 vs 1.48±0.08), with 
statistically significant differences (P≤0.01). 

 
Figure 1. Effect of PA endotoxin LPS on biofilm formation and morphology of Candida albicans. A: at biofilm 

adhesion stage; B: at biofilm formation stage; C: at biofilm maturation stage; D: morphological 
observation of biofilm after 100 μg/mL PA endotoxin LPS treatment, ×40. 

 
Figure 2. Observation of auditory brainstem response threshold and cochlear morphology in rats. A: threshold 

detection of auditory brainstem response; B: observation of cochlear morphology (×40). Compared with 
the control group, *P≤0.01. 
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Figure 3. Detection of serum inflammatory factors in rats. A: IL-4 level; B: IL-6 level; C: IL-17 level; D: TNF-α 

level; E: TGF-β level; F: IFN-γ level. Compared with the control group, *P≤0.01. 
 

 
Figure 4. Measurement of blood labyrinth barrier permeability (×400). A: vascular Albumin-FITC assay; B: 

comparison of Albumin-FITC extravasation rate; C: detection of residual Albumin-FITC fluorescence in 
stria vascularis; D: quantitative detection of residual Albumin-FITC in the stria vascularis. Compared 
with control group, *P≤0.05. 

 
Tight junction protein expression of blood labyrinth 
barrier: Fluorescence quantitative PCR was utilized to 
assess the expression levels of ZO-1 and Occludin in 
vascular tissues. The results, as depicted in Figure 5A and 
Figure 5B, revealed a significant decrease in the 
expression levels of ZO-1 (1.00±0.12 vs 0.19±0.08) and 
Occludin (1.00±0.11 vs 0.73±0.09) in the vascular tissues 

of rats from the SOM group compared to the control 
group, with statistically significant differences (P≤0.01). 
Western blot analysis was conducted to examine the 
protein expression changes of ZO-1 (1.00±0.10 vs 
0.61±0.09), Occludin (1.00±0.09 vs 0.52±0.06), and VE-
cadherin (1.00±0.10 vs 0.59±0.07) in rat vascular tissues. 
In Figure 5C, Figure 5D, Figure 5E, and Figure 5F, it was 
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observed that compared to the control group, rats in the 
SOM group exhibited a notable decrease in the protein 
expression levels of ZO-1, Occludin, and VE-cadherin in 

vascular tissues, with statistically significant differences 
(P≤0.01). 

 
Figure 5. Detection of tight junction protein expression in rat stria vascularis. A: ZO-1 mRNA expression; B: 

Occludin mRNA expression; C: Western blotting; D: expression of ZO-1 protein; E: Occludin protein 
expression; F: VE-cadherin protein expression. Compared with control group, *P≤0.05. 

 
DISCUSSION 

 The formation of bacterial biofilms is a dynamic 
process, primarily consisting of the reversible attachment 
and colonization stage, the irreversible attachment and 
aggregation stage, the biofilm maturation stage, and the 
bacterial detachment and reattachment stage (Cayetano et 
al., 2022; Li et al., 2023; Isom et al., 2022). The stages of 
Candida albicans biofilm formation can be divided into 
the adhesion stage (1-2 hours), formation stage (12-24 
hours), and maturation stage (30-72 hours) (Pereira et al., 
2021). This study found that PA LPS at a concentration 
of 100 μg/mL exhibited the most significant inhibitory 
effect on Candida albicans biofilm formation. In the 
three different stages of biofilm formation, the inhibition 
rates of PA LPS were 55.88%, 88.24%, and 85.29%, 
respectively. These data suggest that PA LPS not only 
significantly inhibits the initial adhesion of biofilms but 
also effectively prevents further biofilm formation and 
maturation. Morphological analysis showed that after 
treatment with 100 μg/mL PA LPS, the Candida albicans 
biofilm exhibited a yeast form, with a significant 
reduction in hyphal count and a marked decrease in the 
hyphal ratio. These findings suggest that PA LPS not 
only reduced biofilm formation but also inhibited the 

formation of hyphae, preventing the transition of Candida 
albicans from the yeast form to the hyphal form. This 
morphological change further supports the critical role of 
PA LPS in inhibiting biofilm formation. After PA LPS 
treatment, the hyphal ratio was significantly lower, 
indicating that PA LPS may suppress hyphal formation 
and biofilm development by regulating genes and 
proteins associated with hyphal growth. The significantly 
increased proportion of yeast form after PA LPS 
treatment contrasts sharply with the reduction in hyphal 
form, suggesting that PA LPS may inhibit the transition 
from yeast to hyphal form by promoting the yeast form 
phenotype, thus reducing biofilm formation. This effect 
could be due to PA LPS disrupting the cell membrane 
structure of Candida albicans, impairing its energy 
metabolism and signal transduction pathways, thereby 
inhibiting hyphal formation. Furthermore, PA LPS may 
modulate host immune responses associated with biofilm 
formation, weakening the ability of Candida albicans to 
colonize within the biofilm. 
 Biofilm plays a crucial role in the pathogenesis 
and progression of SOM. SOM is a non-suppurative 
inflammatory disease of the middle ear, characterized by 
middle ear effusion, which is the main clinical feature of 
SOM (Lechien et al., 2021). Immunological responses 
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and dysfunction of the eustachian tube are currently 
believed to be potential factors contributing to the onset 
of SOM (Zhang et al., 2021). The presence of endotoxin 
in the middle ear cavity of SOM patients suggests the 
significant role of endotoxin in the occurrence and 
progression of this disease. Induction and establishment 
of animal models of SOM mainly involve the use of 
bacteria and their metabolites, cytokines, inflammatory 
mediators, and immune responses, albeit with complex 
operational procedures (Zhang et al., 2022). LPS plays a 
crucial role in the progression of SOM by inducing a 
series of inflammatory reactions within the middle ear 
cavity, leading to proliferation of middle ear mucosa, 
glands, and goblet cells, as well as promoting vascular 
dilation and increased vascular permeability (Kim et al., 
2022; Hu et al., 2021). Brainstem response testing 
belongs to short-latency evoked potentials and can be 
used for differential assessment of hearing loss, such as in 
conductive hearing loss, Meniere’s disease, acoustic 
neuroma, brainstem lesions, and others (Acke et al., 
2022). In this research, the rat model of SOM was 
established by intratympanic injection of endotoxin LPS 
from PA, and brainstem response were measured in the 
rats. The results revealed a significant increase in 
brainstem response thresholds in rats following injection 
of PA LPS into the middle ear cavity compared to the 
control group. This suggests that injection of PA LPS 
into the middle ear cavity has a notable impact on the 
auditory levels of rats, indicating structural changes in the 
cochlea and providing initial insights into the effects of 
PA endotoxin LPS on the auditory system. Although the 
pathogenesis of SOM remains incompletely understood, 
immune factors play a crucial role in its onset and 
development. Endotoxin LPS is a bacterial endotoxin that 
directly damages outer hair cells and induces mucosal 
edema (Ko et al., 2023). Furthermore, studies have 
shown that endotoxin LPS can lead to insufficient blood 
supply to the cochlea, where the microcirculation of the 
cochlear lateral wall is essential for maintaining normal 
ion channel function (Kaya et al., 2019). This research 
revealed that injection of PA endotoxin LPS may lead to 
certain abnormal changes in the inner ear structure of 
rats, including mild inner lymphatic edema and folding of 
Reissner’s membrane. These changes may be associated 
with the formation of the otitis media model induced by 
PA endotoxin LPS. Furthermore, the research also found 
a significant decrease in serum IL-4 levels and a 
significant increase in IL-6, IL-17, TNF-α, TGF-β, and 
IFN-γ levels after injection of PA endotoxin LPS in rats. 
This suggests that the inflammatory response is enhanced 
in the SOM group rats, which may be associated with the 
pro-inflammatory effects of PA LPS. LPS is a major 
component of the P. aeruginosa cell wall and can induce 
the release of numerous inflammatory cytokines by 
activating the host’s innate immune system. LPS binds to 
the host’s Toll-like receptor 4 (TLR4), initiating 

downstream signaling pathways, activating transcription 
factors such as nuclear factor kappa B (NF-κB), and 
promoting the expression of various pro-inflammatory 
cytokines (Liu et al., 2024). LPS can also suppress the 
expression of anti-inflammatory cytokines, leading to a 
weakened anti-inflammatory response and allowing the 
pro-inflammatory response to dominate (Oliveras-
Cañellas et al., 2023). 
   Endotoxin LPS can affect the permeability of 
the blood-labyrinth barrier, increasing its permeability 
and inducing vascular leakage (Jiang et al., 2019). The 
spiral ligament (forming the outer wall of the cochlear 
duct) contains a large amount of tissue with capillary 
loops and small blood vessels known as the vascular stria, 
which is the site of lymph formation within the cochlear 
duct (Bae et al., 2021). The vascular stria also contains 
marginal cells, melanocytes, and endothelial cells. The 
results demonstrated that compared to the control group, 
both the extravasation and residual amounts of Albumin-
FITC in the SOM group rats were significantly increased. 
This finding suggests that injection of PA LPS into the 
middle ear cavity may lead to an increase in vascular 
permeability in the rat ear tissues, resulting in increased 
extravasation and retention of Albumin-FITC, a tracer. 
This phenomenon may be related to the inflammatory 
response induced by PA endotoxin LPS in the 
pathogenesis of otitis media. 
 The basis for the regulation of blood labyrinth 
barrier permeability lies in the status of intercellular tight 
junctions, which are composed of transmembrane 
proteins (such as Occludin) and cytoplasmic scaffolding 
proteins (such as ZO), forming connections with 
cytoskeletal proteins (Sekulic-Jablanovic et al., 2022). 
Tight junctions serve as paracellular barriers between 
cells, regulating the transmembrane transport of water, 
ions, and macromolecules through the paracellular 
pathway (Gu et al., 2022). They are present between cells 
and play a crucial role in regulating the barrier function 
of the paracellular pathway. Tight junctions constitute the 
foundation of the blood labyrinth barrier, forming tight 
physical barriers that prevent the entry of most blood-
borne substances into the inner ear, thus maintaining ion 
balance in the perilymph and endolymph (Lin et al., 
2021; Zheng et al., 2024). Among the components of 
tight junctions, Occludin binds with adjacent cells on the 
extracellular side to form paracellular seals, thereby 
influencing the transmembrane resistance of the blood 
labyrinth barrier and the formation of intercellular water 
channels (Glueckert et al., 2018). Previous studies have 
confirmed the expression of tight junction-associated 
proteins such as ZO-1, Occludin, and VE-cadherin in the 
blood labyrinth barrier (Sung et al., 2023). ZO-1 is one of 
the proteins involved in tight junction formation, and its 
expression loss can affect the stability of tight junction 
structures, acting as a bridge between Occludin and Actin 
(Haas et al., 2022). Occludin, as a transmembrane 
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protein, participates in the composition of tight junctions 
and also regulates intercellular permeability (Rawat et al., 
2020). Studies have shown that cerebral ischemia can 
lead to tyrosine phosphorylation of Occludin and a 
significant decrease in ZO-1 levels, thereby causing 
dysfunction of the blood-brain barrier (Du et al., 2020). 
VE-cadherin belongs to the adherens junction family and 
is involved in interendothelial cell communication and 
extracellular signal transduction. Loss of VE-cadherin 
can affect vascular permeability and promote the release 
of inflammatory factors (Yang et al., 2020). This study 
demonstrated that in the SOM group, the expression 
levels of ZO-1, Occludin, and VE-cadherin proteins in the 
vascular stria tissues of rats were significantly lower than 
those in the control group. The decreased expression 
levels of these proteins can lead to increased vascular 
permeability, making the blood vessels more susceptible 
to leakage due to external factors. This finding is 
consistent with the previously observed increase in 
extravasation and retention of Albumin-FITC tracer in 
vascular tissues, suggesting that injection of PA LPS into 
the middle ear cavity may induce changes in vascular 
permeability. These changes are likely due to 
inflammation, further elucidating the role of PA 
endotoxin LPS in the pathogenesis of otitis media. 
Endotoxin LPS activates signaling pathways such as 
TLR4 and triggers inflammatory responses (Afroz et al., 
2022). Furthermore, endotoxin LPS induces pericyte 
migration and disrupts tight junction structures, leading to 
dysfunction of pericytes which, in turn, affects vascular 
function (Castellano et al., 2019). Additionally, studies 
have demonstrated that endotoxin LPS activates 
perivascular-resident macrophage-like melanocytes, 
which can regulate tight junction proteins and maintain 
the integrity of the blood-labyrinth barrier (Urdang et al., 
2020). This indicates that injection of PA LPS into the 
middle ear cavity can affect the expression of tight 
junction-related proteins between endothelial cells in the 
rat cochlea, thereby impairing the blood barrier. 

Conclusion: PA LPS can suppress the biofilm formation 
of Candida albicans in vitro. However, intratumoral 
injection of PA LPS into the middle ear can cause 
lymphedema in the cochlea and hearing loss in rats, 
promoting inflammatory response. In addition, PA LPS 
can down-regulate the expression of ZO-1, Occludin, and 
VE-cadherin in the stria vascularis, affecting the function 
of the blood labyrinth barrier, causing vascular leakage, 
and destroying the balance of the inner ear. However, a 
limitation of this study is that it did not directly 
investigate the mechanism of PA LPS-induced damage to 
the cochlear structure, nor did it fully clarify the causal 
relationship between changes in inflammatory factors and 
hearing loss. Future studies should further explore the 
direct effects of PA LPS on cochlear tissue and validate 
the specific mechanisms linking inflammatory factors to 

hearing loss, thus comprehensively elucidating the role of 
PA LPS in SOM and its mechanism of disrupting inner 
ear barrier function.  
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