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Background: Seawater drowning-induced acute lung injury (ALI) is a severe clinical condition characterized by increased alveolar-
capillary permeability, excessive inflammatory response, and refractory hypoxemia. C-phycocyanin (C-PC), a biliprotein found in
blue-green algae such as spirulina platensis, is widely used in the food and dietary nutritional supplement fields due to its beneficial
pharmacological effects. Previous studies have revealed that C-PC has anti-inflammatory, antioxidant, and anti-apoptotic activities.
Purpose: Therefore, this study investigated the protective effect and underlying mechanisms of C-PC on lipopolysaccharide (LPS)
and seawater (SW) induced ALI (SW and LPS-induced ALI).

Methods: An SW and LPS mouse model of ALI mice was established through intratracheal administration of 5Smg/kg LPS and 25%
SW. Different doses of C-PC (100, 200 and 400 mg/kg) were administered by intraperitoneal injection for seven days. In addition, gap
junction communication in RAW264.7 and MLE-12 cells was determined following stimulation with 25% SW and 10 pg/ml LPS after
treatment with C-PC (120 pg/ml). Moreover, the arterial partial pressure of oxygen, lung wet/dry weight ratios, total protein content
and MPO levels in the bronchoalveolar lavage fluid (BALF), and the histopathologic and ultrastructure staining of the lung tissues
were determined. The oxidative stress index, levels of the pro-inflammatory mediators, epithelial cell viability and apoptosis, and the
regulatory effect of C-PC on the NF-kB/NLRP3 axis were investigated.

Results: The results showed that C-PC significantly alleviated pathological damages, suppressed oxidative stress, inflammation and
apoptosis, and enhanced the viability of epithelial cells in the lung tissues. Furthermore, C-PC was shown to inhibit activation of the
NF-kB/NLRP3 pathway and the formation of the NLRP3 inflammasome complex.

Conclusions: In conclusion, C-PC shows promising therapeutic value in SW and LPS-induced ALI/ARDS, providing new insight
into ALI/ARDS treatment.
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Introduction

Drowning is the second-leading cause of accidental death in the world. The World Health Organization (WHO) estimates
that drowning leads to the loss of 372,000 people each year." * Approximately 1/3 of near-drowning patients suffer from
severe acute lung injury (ALI) or acute respiratory distress syndrome (ARDS), which is a life-threatening disease with a
mortality rate of between 25% and 40%.> " The number of people drowning in seawater has been increasing each year
due to increased human marine activities. Studies have shown that drowning in seawater causes more significant lung
damage than freshwater.® Seawater has a high osmolality and complex composition. Therefore, aspiration of seawater
leads to ALI/ARDS characterized by inflammation, edema of the pulmonary interstitium, and endothelial barrier damage
induced by apoptosis of epithelial cells.*'* Numerous inflammatory cytokines are released in the late stages of ALI/
ARDS, leading to an imbalance of the inflammatory and anti-inflammatory mediators.'®"? Although the
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pathophysiological and molecular mechanisms are well known, there is no specific therapy for ALI/ARDS. Therefore, it
is important to continue researching specific effective therapy for seawater drowning-induced ARDS.'*

Nucleotide-binding domain, leucine-rich repeat (NLR) family, and pyrin domain-containing 3 (NLRP3) inflamma-
some are multiprotein complexes assembled in the cytoplasm following exposure to pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs). The NLRP3 inflammasome is composed of the
sensory protein NLRP3, the adaptor apoptosis-associated speck-like protein containing caspase-recruitment domain
(ASC), and the effector protein caspase-1.">'® Toll-like receptor 4 (TLR4) induces nuclear factor kappa B (NF-«B)
pathway activation leading to increased expression of NLRP3, IL-1p, and IL-18. The NLRP3 directly interacts with the
adaptor ASC to active caspase-1.""'® The activated caspase-1 then splits gasdermin D (GSDMD), pro-IL-1pB and pro-IL-
18, to the biologically active secreted forms, IL-1B and IL-18, followed by cell pyroptosis.'®° Pyroptosis is a type of
programmed cell death mediated by gasdermin D (GSDMD). Following pyroptosis, numerous inflammatory mediators
are released, inducing a strong inflammatory response.?’ Recent studies have suggested that activation of NLRP3 is
involved in the pathogenesis of ALI/ARDS.**** Grailer et al. revealed the critical role of NLRP3 inflammasome in the
pathogenesis of LPS-induced lung injury. They demonstrated that full development of ALI requires the engagement of
the NLRP3 inflammasome and caspase-1.%

Furthermore, the activation of NF-B is distinctly involved in LPS induced ALI.*>® The NF-«B signaling pathway is
one of the most widely recognized intracellular signaling pathways in inflammatory responses. Nuclear factor-kappa B
regulates various genes involved in immune and acute-phase inflammatory reactions in almost all cells.?’ Several stimuli,
such as ROS and pro-inflammatory mediators, can activate the NF-xB pathway leading to the release of NF-xB through
the degradation and phosphorylation of inhibitory proteins by the IxB kinase complex (Ikk).>> The released NF-kB then
leads to the transcriptional activation of several pro-inflammatory mediators, including tumor necrosis factor (TNF)-a,
IL-1B, and IL-6.7*® NF-kB is considered a promising pharmacological target for inflammatory diseases including ALI,
asthma, and sepsis.”**° According to Wang et al., the NLRP3 small-molecule inhibitor MCC950 alleviates lung injury
induced by NLRP3 and NF-kB activation.*®

C-phycocyanin (C-PC) is a porphyrin protein extracted from cyanobacteria. In addition, it is a natural food pigment with
high nutritional value.>'* Several studies have shown that C-PC possesses various biological activities, including

3536 anti-cancer,’”3® 39-41

antioxidant,>* anti-inflammatory, immunomodulatory hepatoprotective and antiplatelet activities.
Several mechanisms for the anti-inflammatory activity of C-PC have been reported, including selective inhibition of COX-2,%*
inhibition of NF-kB activation, and consequent inhibition of the release of inflammatory mediators,** eliminating reactive
oxygen species (ROS), and reducing oxidative stress.** Alzokaky et al. revealed that pre-treatment with C-PC significantly
reduced HMGBI1 expression via suppression of NLRP3/NF-«B, oxidative markers, IL-1B, TNF-a, and ulcer index value.*
Thus, there is a need to determine the role of C-PC in the seawater and LPS-induced ALI model. This study investigates the
underlying mechanisms of seawater and LPS-induced ALI. Further, the study aims to determine whether C-PC could

ameliorate lung inflammation in seawater and LPS-induced ALIL

Materials and Methods

Chemical and Reagents
C-phycocyanin (30—50% protein content) and lipopolysaccharide (LPS, compound from Pseudomonas aeruginosa) were
purchased from Sigma (San Diego, MO, USA). Cell culture reagents, including Dulbecco’s Modified Eagle Medium,
fetal bovine serum (FBS), Penicillin-Streptomycin, and Trypsin-EDTA (0.25%), were purchased from Gibco Life
Technologies (Waltham, MA, USA). Antibodies against F4/80, NLRP3, PYCARD (ASC), Caspase-1, cleaved-
Caspase-1, iNOS, NF-kB p65, p-NF-kB p65, IkBa, and p-IkBo were obtained from Affinity (Affinity Biosciences
LTD, USA). In contrast, a-tubulin, horseradish peroxidase (HRP)-labeled secondary antibodies, and CoraLite488 and
555-conjugated secondary antibodies were purchased from Proteintech Group (Chicago, USA).

The experimental seawater was prepared according to the formula provided by the Third Institute of Oceanography,
Ministry of Natural Resources, Fujian, China. The main components and contents of the seawater were close to those of
the southeast coastal seawater of China, pH 8.2, specific gravity 1.05, and osmotic pressure 1300 mmol/L. The SW
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components were as follows: NaCl 26.518 g/L, MgCl, 2.447 g/L, MgS0O, 3.305 g/L, CaCl, 1.141 g/L, NaBr 0.083 g/L,
NaHCO; 0.202 g/L, KCl1 0.725 g/L.

Animal Studies

The C57BL/6 mice were used to develop the seawater aspiration lung injury model. A total of 36 male, 68 weeks old
C57BL/6 mice, weighing between 18-22 g, were purchased from Zi yuan Laboratory Animal Technology Co., Ltd
(Hangzhou, China). All animal experiments were approved by the ethics committee of Zhejiang Ocean University. All
animal experiments complied with the National Institute of Health’s guidelines for the care and use of laboratory animals
(Publication No.85-23, revised 1985). The animals were maintained under constant conditions (temperature 24 + 2°C,
humidity 75%, and 12 h light-12 h dark cycle) in an air-conditioned room. The animals were adaptively bred for seven
days before the experiment.

After one week of acclimation, the mice were randomly assigned to six groups: control group, LPS + 25% SW group
as the model group (intratracheally administration of Smg/kg LPS and 25% SW), model + dexamethasone (Dex) group
(intraperitoneal administration of 5mg/kg dexamethasone), model + C-PC low, medium, and high-dose groups (intraper-
itoneal administration of 100, 200 and 400 mg/kg C-PC).

25% seawater prepared from seawater and distilled water at a ratio of 1:3, and then mixed with solid LPS to Smg/kg
of final concentration. The mixture was pH adjusted and filter sterilized (0.22-um-pore-size filters) after mixing and
stored at 4°C until use (within 48 h). Mice were anaesthetized using 0.5% sodium pentobarbital by intraperitoneal
injection. The mice were placed under surgical light in the supine and 30-degree head-up position, and tracheal intubation
(outer diameter, 0.5 mm) was performed under a laryngoscopy (Small Animal Laryngoscope for mouse Shanghai Yuyan
Scientific Instrument Co., Ltd.). The mixture liquid of 25% SW and LPS (5 mg/kg) was perfused slowly into both lungs
through the trachea. Within 7 days, the low, medium and high-dose groups of C-PC were intraperitoneally injected with
100, 200 and 400 mg/kg C-PC per day at a fixed time, respectively, the Dex group was intraperitoneally injected with 5
mg/kg dexamethasone solution per day at a fixed time. The model group and the control group were treated with the
same volume of 0.9% saline.

After 7 days of continuous administration, the whole blood of mice in each group was obtained by eyeball extraction
and mice were euthanized by cervical dislocation, and the serum was separated by centrifugation. The thorax was opened
rapidly, and lung tissue samples were collected. Lung tissue was removed from the thoracic cavity. In addition, right
lungs were obtained to determine the wet-to-dry ratio, western blot HE staining, and immunofluorescence.
Bronchoalveolar lavage fluid was obtained from the left lung for biochemical analysis.

Lung Wet-to-Dry Weight Ratio

The lung wet-to-dry ratio is used to characterize the degree of pulmonary edema. The weight of the harvested right lobes
was recorded as the wet weight. The lobes were then dried in an oven at 50°C for 72 h and reweighed to determine the
dry weight. The wet-to-dry ratio was then determined by dividing the wet weight by the dry weight.

Detection of the Total Cells and Proteins in the Bronchoalveolar Lavage Fluid (BALF)
Bronchoalveolar lavage was performed after the mice were sacrificed to detect lung infiltration by inflammatory cells.
The chest cavity of the mice was opened, the right lung was ligatured, the lung was lavaged through the bronchus with
0.5 ml PBS, and then the liquid was pulled away slowly. After three times of bronchoalveolar lavage, the BALF was
collected and centrifuged at 1000 r/min. The total number of cells in BALF was counted by a hemacytometer. The total
protein concentration was determined using the Detergent Compatible Bradford Protein Assay Kit (Beyotime
Biotechnology Co. Ltd., Shanghai, China).

Lung Histopathology
The superior lobe of the left-lung tissue was placed in 4% paraformaldehyde solution for fixation overnight. After
fixation, different concentrations of ethanol were used for dehydration. The lobe was then paraffin-embedded and cut into
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Sum sections that were stained with hematoxylin and eosin (HE). The slides were observed under a microscope to
evaluate the degree of lung injury.

Cell Culture

The RAW264.7 and MLE-12 (Mouse lung epithelial) cell lines were purchased from Zhong Qiao Xin Zhou
Biotechnology Co., Ltd (Shanghai, China). The RAW264.7 cells were cultured in DMEM (Dulbecco’s Modified Eagle
Medium, High Glucose) with 10% FBS. In contrast, MLE-12 cells were cultured in DMEM/F-12 containing 10% FBS.
Cells were maintained at 37°C, and 5% CO2 humidified incubator. The cell lines were then treated with C-PC (120pg/
ml) after 24 h of treatment with LPS (10ug/ml) and 25% SW. The cells and the supernatant were then collected and
stored at —80°C for further analysis.

CCK-8 Assay

The MLE-12 cells were plated onto 96 well plates at a density of 3000 to 5000 cells per well and treated with LPS + 25%
SW and C-PC at a concentration of 40, 80, and 120 pg/ml for 24 h. Thereafter, 10 ul CCK-8 reagent was added to each
well. After 4 h of incubation at 37°C, optical density was read at a wavelength of 450 nm using the multi-function
microplate reader (Molecular Device, Sunnyvale, USA).

Immunofluorescence Analysis

Immunofluorescence analysis was carried out to study the formation of inflammasome complexes. The right-lung lobe was
fixed in 4% paraformaldehyde solution and permeabilized with 0.5% Triton X. The tissues were then embedded in paraffin and
cut into Sum sections, which were then incubated in 0.5% BSA for 1 h to block non-specific protein sites. The lung tissues
were probed with F4/80, NLRP3, PYCARD (ASC), Caspase-1, and Cleaved-Caspase-1 antibodies at 4°C overnight. The
slides were then washed with PBS three times and incubated in Coralite488 or Coralite594 conjugated secondary antibodies
(Proteintech, USA) for 2 h at room temperature. The slides were observed under a laser scanning confocal microscope
(Olympus, Japan). Image J (Rockville, USA) software was used to analyze the co-localization of the merged images.

Determination of Inflammatory Cytokine Levels

Levels of IL-1B, TNF-q, IL-6, and MCP-1 in the mouse serum were determined using an ELISA kit purchased from
Neobioscience Co., Ltd (Shanghai, China). Absorbance was read at 450 nm using a multi-function microplate reader
(Molecular Devices, Sunnyvale, USA). The method was carried out per the manufacturer’s instructions.

Western Blot Analysis

The lung tissues were ground under liquid nitrogen, transferred to RIPA buffer (Beyotime Biotechnology Co. Ltd.,
Shanghai, China) for lysis, and centrifuged to collect the supernatant. The total protein concentration was determined
using the Detergent Compatible Bradford Protein Assay Kit (Beyotime Biotechnology Co. Ltd., Shanghai, China). The
protein concentration of the samples was adjusted for consistency. A loading buffer was then added and boiling was done
to denature the protein. Samples containing 20 pg protein were separated using 10% or 12% SDS-PAGE gels and
transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with tris-buffered saline
(TBS) containing 5% non-fat milk for 1 h. The PVDF membranes were then incubated with primary antibodies against
NLRP3, ASC, Caspase-1, cleaved-Caspase-1, BAX, Bcl-2, Caspase-3, or a-tubulin (Affinity Biosciences LTD, USA)
overnight at 4°C. After washing three times with a TBS Buffer containing 0.1% Twain 20, the membranes were
incubated with a secondary antibody (HRP-conjugated) for 1 h at room temperature. The signals of ECL chemilumines-
cence intensity were captured using the FluorChem FC3 system (Protein Simple, USA). The optical density of the protein
bands was analyzed using ImageJ software (NIH, Bethesda, USA).

Quantitative Real-Time PCR (qRT-PCR)
Total RNA from RAW264.7 cells was extracted and purified using the GeneJET RNA Purification Kit (Thermo
Scientific, USA) to quantify IL-1B, TNF-a, IL-6, MCP-1, and MIF mRNA levels. All steps were carried out per the
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Table | Primer Sequences and Conditions Used in the Present Study

Gene Primer Sequence (5’-3’) Tm (°C)

IL-1p F: 5’-GAAATGCCACCTTTTGACAGTG-3’ 6l
R: 5-TGGATGCTCTCATCAGGACAG-3’

TNF -a F: 5’-CCTGTAGCCCACGTCGTAG-3’ 61.5
R: 5-GGGAGTAGACAAGGTACAACCC-3

MCP-1 F: 5’-TTAAAAACCTGGATCGGAACCAA-3’ 60.7
R: 5-GCATTAGCTTCAGATTTACGGGT-3’

IL-6 F: 5’-CTGCAAGAGACTTCCATCCAG-3 60.8
R: 5-AGTGGTATAGACAGGTCTGTTGG-3’

MIF F: 5’- GCCAGAGGGGTTTCTGTCG-3’ 62.3
R: 5- GTTCGTGCCGCTAAAAGTCA-3

|8srna F: 5’- GTAACCCGTTGAACCCCATT-3’ 70.3
R: 5- CCATCCAATCGGTAGTAGCG-3

Abbreviations: Tm, melting temperature; IL-1B, interleukin-1 B; TNF -a, tumor necrosis factor a; MCP-I,
macrophage chemoattractant protein-|; IL-6, interleukin-6; MIF, macrophage migration inhibitory factor.

manufacturer’s instructions. The integrity and quality of the extracted RNA were determined using Qubit™ RNA 1Q
Assay Kits (Thermo Scientific, USA). Reverse transcription was then performed using HiScript® III RT SuperMix for
qPCR (+gDNA wiper) (Vazyme, Nanjing). Real-time PCR reactions were performed using the BeyoFast™ SYBR Green
gPCR Mix (2X) (Beyotime Biotechnology Co. Ltd., Shanghai, China) on a real-time PCR system (Bio-Rad, USA).
mRNA expression was detected using the 2-2ACq method and normalized to 18s RNA. The primers used in the present
study are listed in Table 1.

Flow Cytometry
The cells were washed in PBS twice and subsequently incubated with Annexin V and PI staining (BD Biosciences, CA)
for 15 min in the dark at 4°C as per the manufacturer’s instructions. The cells were then counted, and flow cytometry was

performed on an FACscan flow cytometer (Becton Dickinson, US). The analysis was done using CytExpert software
V2.3.0.84.

Statistical Analysis

Data were expressed as mean + SED. Differences between groups were determined using Student’s -test or one-way
ANOVA, and multiple comparisons among groups using the Tukey method were made. All analyses were performed
using GraphPad Prism software version 8.0 (La Jolla, USA). A P-value <0.05 was considered statistically significant.

Results
C-PC Alleviates Lung Injury Induced by SW and LPS

The weight changes in mice were recorded over seven days to determine the effect of C-PC on appetite (Figure 1A). The
results revealed improved weight gain following treatment with C-PC. In addition, the wet-to-dry ratio suggested the
presence of pulmonary edema. Furthermore, the HE staining showed pathological changes in the lungs. The model group
showed a significantly increased proportion of empty lacunae in HE staining compared with the control group. HE
staining showed that the alveolar wall thickened, edema and hemorrhage, less alveolar space and obvious inflammatory
cells infiltration into interstitial and alveolar spaces in the LPS+SW group compared with the Control group (Figure 1B).
However, treatment with C-PC was shown to significantly alleviate lung edema, reduce alveolar wall thickening, and
limit the damage to the alveolar structure (Figure 1B and C). Seawater and LPS lead to an increase in the MPO levels.
However, this observation was significantly reversed following treatment with C-PC (Figure 1D). Overall, the results

showed that C-PC could alleviate the severity of lung injury induced by SW and LPS in mice.
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Figure | C-PC attenuates LPS and SW-induced lung injury in mice.

Notes: (A) Seven-day weight changes in mice after seawater-LPS exposure. (B) The W/D ratio of lung tissues in each group. (C) Representative H&E staining showing
pathological injury in lung tissue (100 x). (D) MPO activity of lung tissues in each group. Data were expressed as mean = SEM (n = 6). **P < 0.01 vs control group. #P < 0.05
vs model group. *#P < 0.01 vs model group.

Effect of C-PC on SW and LPS-Induced Pulmonary Inflammation

The effect of C-PC on SW and LPS-induced pulmonary inflammation was examined. The total protein concentration and the
total cell count in BALF were determined to reflect inflammatory cells’ infiltration in the alveoli. Treatment with C-PC (40, 80,
and 120 pg/ml) significantly reversed the infiltration by inflammatory cells and decreased the total protein concentration in
BALF (Figure 2A and B). Moreover, treatment with C-PC and Dex decreased the serum levels of TNF-a, IL-1pB, IL-6, and
MCP-1 compared with the SW and LPS groups (Figure 2C—F). Overall, the results showed that C-PC ameliorated lung
infiltration by inflammatory cells induced by SW and LPS-induced mice.

Antioxidant Effect of C-PC in Lung Tissue

In order to explore the effect of C-PC on antioxidation in lung tissue of SW & LPS-induced mice, we detected the level
of MDA, total antioxidant capacity (T-AOC) and antioxidant enzymes in lung tissue. SW and LPS stimulation increased
the MDA level in lung tissue compared with controls, but the changes were prevented by C-PC or Dex treatment
(Figure 3B). And the levels of T-AOC, SOD, CAT and GPx were all decreased in SW & LPS group, and these trends
were reversed by C-PC or Dex (Figure 3A, C and D). These results indicated that C-PC treatment could reduce the level
of oxidative stress induced by SW & LPS in lung tissue.
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Figure 2 C-PC ameliorates inflammation in the LPS and SW-induced ALI in mice models.
Notes: (A) Protein concentration in BALF. (B) Total white blood cell count in BALF. Serum levels of (C) IL-1B, (D) TNF-o, (E) IL-6 and (F) MCP-| data were expressed as
mean % SEM (n = 6). *P < 0.01 vs control group. *P < 0.05 vs model group. *P < 0.01 vs model group.

Effect of C-PC on Gene Expression of Inflammatory Mediators in Macrophages

Gene expression of TNF-a, IL-1B, IL-6, MCP-1, and MIF in macrophages was determined using qRT-PCR. In the
RAW264.7 cell lines, SW and LPS were shown to increase the expression of inflammatory mediators. However,
treatment with C-PC decreased the mRNA levels of TNF-q, IL-1p, IL-6, MCP-1, and MIF (Figure 4A—E). These results
suggest that C-PC could inhibit the expression of inflammatory mediators induced by SW and LPS in macrophages.

Effect of C-PC on the Expression of NLRP3 Inflammasome-Related Proteins

Western blot was used to analyze the effect of C-PC on the expression of NLRP3 inflammasome-related proteins induced
by SW and LPS in RAW264.7 cells. The expression of NLRP3, ASC, cleaved-Caspase-1, and iNOS were increased in
the SW and LPS groups. However, treatment with C-PC decreased the levels of NLRP3, ASC, cleaved-Caspase-1, and
iNOS in the RAW264.7 cells (Figure SA—C). These results demonstrate that C-PC can inhibit activation of the NLRP3
inflammasome in macrophages.

Effect of C-PC on the NLRP3 Inflammasome and NF-«kB Signaling Pathway in Lung
Tissues

The NF-kB signaling pathway plays an essential role in NLRP3 inflammasome activation and acute inflammation.
Western blot analysis was used to determine the protein expression of NLRP3, ASC, cleaved-Caspase-1, iNOS, p-P65,
P65, p-IkBa, and IkBa in lung tissues of mice. The results showed that treatment with different concentrations of C-PC
decreased the expression of NLRP3 inflammasome-related proteins and the levels of p-P65 and p-IkBa in SW and LPS-
induced lung injury (Figure 6A-D). These results demonstrate that treatment with C-PC could suppress the activation of
the NLRP3 inflammasome and NF-kB signaling pathway in lung tissues.
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Figure 3 C-PC treatment prevents oxidative stress in lung tissue.
Notes: (A) Total antioxidant capacity (T-AOC). (B) MDA concentrations, (C) SOD, (D) CAT, (E) GPx activities in lung tissues. Data were expressed as mean + SEM (n = 6).
P < 0.05 vs control group. **P < 0.0l vs control group. *P < 0.05 vs model group. *P < 0.01 vs model group.

Effect of C-PC on the Formation of NLRP3 Inflammasome Complex in Pulmonary
Macrophages

F4/80 is considered a marker of resident macrophages, while NLRP3 is the main component of the NLRP3 inflamma-
some. Immunofluorescent analysis revealed that the expression of NLRP3 was co-localized with F4/80 in the lung tissue
sections obtained from the SW and LPS mice groups. However, in the (Figure 7A), Cleaved-Caspase-1 is the active form
of Caspase-1. Release of large amounts of Cleaved-Caspase-1 can exacerbate inflammation and induce cell pyroptosis.
Intratracheal administration of SW and LPS induced the expression of Cleaved-Caspase-1 in lung-resident macrophages.
However, Dex and different concentrations of C-PC decreased the expression of Cleaved-Caspase-1 (Figure 7B). Co-
localization of NLRP3 and ASC suggests the formation of the NLRP3 inflammasome. Stimulation with SW and LPS led
to a marked increase in NLRP3 co-localization with ASC. In contrast, different concentrations of C-PC significantly
inhibited the increased co-localization of NLRP3 with ASC (Figure 7C). These results demonstrate that C-PC could
inhibit the formation of the NLRP3 inflammasome complex in pulmonary macrophages.

Effect of C-PC on Apoptosis in Lung Tissues and MLE-12 Cells

Protein expression of BAX, Bcl-2, and Caspase-3 in lung tissues and MLE-12 cells was analyzed to explore the effect of
C-PC on apoptosis following stimulation with SW and/or LPS. As shown in Figure 8, treatment with C-PC inhibited the
expression of Caspase-3 and BAX, and promoted the expression of Bel-2 in MLE-12 cells following stimulation with
SW and/or LPS (Figure 8A). In addition, different concentrations of C-PC showed similar effects in the lung tissues
following stimulation with SW and LPS (Figure 8B). The flow cytometry analysis revealed increased MLE-12 cell
apoptosis in the SW and LPS groups. However, treatment with C-PC significantly decreased cell apoptosis (Figure 8C).
These findings indicate that C-PC could inhibit apoptosis in lung tissue and MLE-12 cells induced by SW and LPS.
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Discussion
Acute lung injury and acute respiratory distress syndrome remain a significant health challenge, with no current Food and

Drug Administration (FDA) approved drug for its management. Seawater drowning results in pathological damage to the
respiratory system. Approximately 1/3 of seawater drowning patients exhibit characteristics of ALI or ARDS.® Seawater
is hypertonic with a high microbial composition.” The hyperosmotic seawater induces a deficiency of pulmonary
surfactant, destruction of the blood-gas barrier, formation of pulmonary edema, inflammation, oxidative stress, autop-
hagy, and apoptosis.>*® In the present study, saline water and LPS were used to establish SW and LPS-induced ALI
models. The study aimed to elucidate the molecular mechanisms of C-PC in alleviating inflammation and apoptosis in
seawater near-drowning induced ALI. The results showed that treatment with C-PC could ameliorate seawater exposure-
induced lung pathological damage, lung edema, and macrophage infiltration. In addition, treatment with dexamethasone
showed a similar protective effect. The protective mechanism may be associated with inhibiting the excessive inflam-
matory response by suppressing the NF-kB/NLRP3 axis and inhibiting lung epithelial cell apoptosis and the oxidative
stress reaction (Figure 9).

In the mouse model, SW and LPS were shown to induce ALI evidenced by significant weight loss, pathological
damage to the lungs (including alveolar edema, hemorrhage, inflammatory cell infiltration, diffuse alveolus collapse and
increased alveolar wall thickness), high W/D ratio, increased levels of MPO and increased total protein concentration and
total cells in BALF. Various studies have shown that entry of SW into the lungs produces a large amount of ROS, which
destroys the redox balance and induces oxidative stress response causing cell death.”*” In this study, treatment with C-PC
was shown to mitigate lung pathology. In the ALI models, C-PC was shown to alleviate SW and LPS-induced lung tissue
edema, inflammation, and oxidative stress (Figures 1 and 2). Treatment with C-PC decreased the total protein
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software. Data were expressed as mean + SEM (n = 6). ¥P < 0.01 vs control group. P < 0.01 vs model group.

concentration and total cells in BALF, reduced W/D ratio and MPO activity, increased SOD, CAT, Gpx, and T-AOC
activity, and reduced levels of MDA in lung tissues. Oxidative stress is closely related to inflammation. Alveolar
macrophages, activated neutrophils, and pro-inflammatory mediators, such as IL-1B, IL-6, IL-8, TNF-0, and MCP-1,
are considered biomarkers of inflammation in ALL* These markers have been shown to trigger aggravation of lung
tissue injury.** The present study showed that treatment with C-PC significantly decreased the levels of inflammatory
mediators in ALI. It has been reported that the course of acute lung injury caused by seawater inhalation is more acute
and faster than that caused by LPS.'? In previous reports, C-PC has been reported to have a therapeutic effect on LPS-
induced ALI by inhibiting lung cell apoptosis and NF-kB-mediated inflammatory responses.’® We also verified this in
seawater and LPS models, and further found that it is related to the NLRP3 inflammasome.

Alveolar macrophages are closely related to ALI inflammation. The NLRP3 inflammasome is a large intracellular
signaling complex in macrophages, which plays a critical role in the innate immune response. Previous studies have
shown that activation of the NLRP3 inflammasome plays an important role in the pathogenesis of ALL** Alzokaky et al.
showed that C-PC exhibited anti-inflammatory effects in ethanol-induced gastric ulcers by targeting the HMGBI1/
NLRP3/NF-kB pathway.* The present study investigated the underlying mechanism of C-PC in mitigating the inflam-
matory response in ALI. Subsequently, we investigate the role of C-PC in the NF-kB/NLRP3 axis in RAW264.7 cells and
SW- and LPS-induced ALI in the mouse model. Western blot analysis showed that SW and LPS increased the expression
of ASC, cleaved-Caspase-1, and NLRP3 in RAW264.7 cells. The qRT-PCR analysis showed that the mRNA levels of
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inflammatory mediators were up-regulated following the administration of SW and LPS. However, treatment with C-PC
was shown to decrease the mRNA levels of inflammatory mediators. Furthermore, western blot and immunofluorescence
analysis revealed that C-PC inhibited the expression of the NLRP3 inflammasome-related proteins and prevented the
formation of the NLRP3 inflammasome complexes. The NLRP3 inflammasomes were co-localized with F4/80 and
cleaved-caspase-1 in the alveolar macrophages. Different concentrations of C-PC showed an inhibitory effect on the
activation of the NLRP3 inflammasomes and activation of Caspase-1. In addition, C-PC was shown to inhibit the
formation and assembly of the NLRP3 inflammasomes, as evidenced by reduced co-localization of ASC and NLRP3.
The NF-kB signaling pathway is closely related to the NLRP3 inflammasome activation.’’ Results of the western blot
analysis showed that C-PC suppressed the phosphorylation of P65 and IxBa. These results show that C-PC mainly
regulates SW and LPS-induced ALI inflammation through the NLRP3/NF-kB axis.

Apoptosis of the lung epithelial cells is closely related to the pathogenesis of ALIL>? Several studies have shown that
inflammatory cells and cytokines can induce cell death.>>>* Therefore, we studied the effect of C-PC on apoptosis
induced by SW in MLE-12 cells. The western blot and flow cytometry analysis showed that exposure to SW and LPS

Drug Design, Development and Therapy 2022:16 heeps: 1035

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

LPS+25%SW
A C-PC (mglkg)

Ctrl 100

N
o
o

400

o
]
x

F4/80

NLRP3

DAPI

Merge

LPS+25%SW

B C-PC (mglkg

Ctrl

-
o
o

200 400

F4/80

C-casp-1

DAPI

o
{

[¢]

x

Merge

LPS+25%SW
C C-PC (mg/kg)

Ctrl

v
[¢]
X
-
o
=]

200 400

ASC

NLRP3

DAPI

Merge

Figure 7 C-PC inhibits the formation of NLRP3 inflammasome complex in pulmonary macrophages.
Notes: Immunofluorescence images showing (A) co-localization of NLRP3 with F4/80 in lung tissues (400x). (B) Co-localization of cleaved-caspase- | with F4/80 (400%). (C)
Co-localization of NLRP3 with ASC (400x). Scale bar: 25um.

1036 " Drug Design, Development and Therapy 2022:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

c-PC - - + - + - +
25 ## 15
LPS - - - + + + + o
# # L
sw - + + - - + + —
c 20 " e
Casp-3 --.-.!: 46 kD B"%_; §§1.0
2E15 @ ##
<2} ]
Bcl-2 . % 26 kD S0 59
e e R e e & i 1.0 Y
. @ > 2 05
BAX 21kD 8>
e g G0 eon sun ey oot 8% os
LR | i —— — o — — | ° ©
0.0 T T T 0.0
>
&S & L 3% L 3% L o“\@ & QO Q% Qc, Qa Qc,
(<4 (<8 (<8
W s & & ¢ $ ‘Z% & &
S L X\‘/Z & $,<\/
B %‘Y\ <
LPS+25%SW
C-PC (mg/kg)
Control 0 100 200 400 4 15
Casp-3 __. - s | 46 kD c o #H#
23 : # 510
Cl- 0 [ =4
o 9 N 9
587 i 33 . #
Q@ @
BAX‘---— -‘211@ = 8¢ o5
o
| - — | 0 o
Control 0 100 200 400 Control 0 100 200 400
C-PC (mg/kg) C-PC (mg/kg)
LPS+25%SW LPS+25%SW
- 02-UR(3.99%)| T JoruLze% 02-UR(34 60%)| b CIRVVEETT 02-UR(33.81%)| ~ JoruL2ren 02-UR(41.85%)|
3 * * ##
~ 60 T
i &= &= < # i -
w_ —
2 =8 - -
5 .2 40
o31R037%) o31ra0sn) ovtrussm| o Josusss 024R611%) o 8
o e T T B T A T 23
= froa froa g8
o S o
- SWecPC:P1 - Lpsecre Pt - SWeLPSHCPC - P1 3 @ 20
* Joruasen Ty I CIRVRR ey GRasem| - Joruiesen GURGT17%) L=
o @
- - Qo
T T T @
£ - -
i 3 iz 0 T T T
Y
S & L P L P L
z I\ 9 NV G
S &~ o N o
o X N
avisaow) ausasm| avssaem) 2
ot e - o %Q\

Annexin V-FITC

Figure 8 C-PC inhibits apoptosis in lung tissue and MLE-12 cells.

Notes: (A) Protein expression of caspase-3, Bax and Bcl-2 in MLE-12 cells. (B) Protein expression of caspase-3, BAX and Bcl-2 in lung tissues. (C) Apoptosis was analyzed
using flow cytometry after annexin V/PI staining in MLE-12 cells. Data were expressed as mean + SEM (n = 6). *P < 0.05 vs control group. **P < 0.01 vs control group. P <
0.05 vs model group. *P < 0.01 vs model group.

lead to apoptosis in MLE-12 cells. In contrast, treatment with C-PC was shown to inhibit apoptosis. However, the
specific underlying mechanism needs to be further explored.

There are still some issues that need to be considered in the study. First, when reviewing the literature, we found that
some studies suggest that the lung injury induced by seawater is more serious than that induced by freshwater, but the
clinical treatment of these two types of lung injury has not been distinguished, which deserves further study.’>>°
Secondly, the reason why we use the model of seawater and LPS is to better simulate the clinical patient situation,
but our model needs more improvement to be as close to clinical confirmation as possible. Finally, our experiments need
to consider more clinical indicators, such as blood oxygen concentration, lung capacity, and so on, in order to better
explore the clinical applicability of phycocyanin.

Some studies have found that there is a correlation between hypoxia-inducible factor (HIF)-a and seawater-induced
lung injury.'?> We will further explore the relationship between C-PC and HIF-a in affecting the inflammation of
seawater-induced lung injury in our next research. We will further explore the designing efficacious formulations and

dosage forms of C-PC to improve its bioavailability and lung targeting.
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Conclusion

In summary, this study revealed that C-PC has a protective effect on SW and LPS-induced ALI. The protective
mechanism was associated with alleviating inflammation by inhibiting the NLRP3/NF-kB axis in macrophages and
inhibiting apoptosis in lung epithelial cells. These results show that C-PC may have a potential therapeutic value in
seawater near-drowning induced ALI/ARDS.
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