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Objective: Pyroptosis is a new type of programmed cell death associated with many inflammatory diseases. Polysaccharides have 
anti-inflammatory effects. In this study, we investigated whether corn silk polysaccharides (DCSP) before and after selenization (Se- 
DCSP) can reduce the renal tubule pyroptosis induced by calcium oxalate crystals.
Methods: HK-2 cells were exposed to calcium oxalate monohydrate with a size of 3 µm (COM-3μm) to establish a pyroptosis model. 
The degree of cell damage was determined by detecting cell viability, reactive oxygen species (ROS), and lactate dehydrogenase 
(LDH) content. The proportion of pyroptosis cells was quantitatively detected by Caspase-1/PI double staining. The expression levels 
of NLRP3, GSDMD, IL-18, and IL-1β were detected by confocal microscopy and Western blot analyses.
Results: DCSP and Se-DCSP can reduce the secretion of inflammatory factors IL-1β/18 related to pyroptosis by reducing cell damage 
and oxidative stress, as well as down-regulate the expression of Caspase-1, NLRP3, GSDMD, and TNF-α, repair damaged cells, and 
inhibit pyroptosis in HK-2 cells. The inhibitory effect of selenized polysaccharide was significantly enhanced compared with that 
before selenification.
Conclusion: Se-DCSP can inhibit pyroptosis through the NLRP3/Caspase-1/GSDMD/IL-1β/IL-18 signaling pathway to reduce the 
risk of kidney-stone formation.
Keywords: pyroptosis, kidney stones, calcium oxalate crystals, selenized polysaccharide

Introduction
Studies have found that calcium oxalate (CaOx) crystals deposited in renal tubules can induce mitochondria to generate 
excessive reactive oxygen species (ROS) and free radicals. This phenomenon mediates the activation of NOD-like 
receptor thermal protein domain associated protein 3 (NLRP3) inflammasome, up-regulates the expression of apoptosis- 
associated speck-like protein (ASC), Caspase-1 and interleukin-1β (IL-1β), and ultimately triggers renal-cell 
pyroptosis.1–3 Pyroptosis primarily includes the classical pathway dependent on Caspase-1 and the non-classical pathway 
dependent on Caspase-4/5/11.4 Pyroptosis can be evaluated by detecting Caspase-1 and pyroptosis-related proteins, such 
as NLRP3, ASC, cleaved Caspase-1, IL-1β, and IL-18.2

Previous studies on pyroptosis and inflammasome NLRP3 have primarily focused on the role of diseases, such as 
diabetes and atherosclerosis.5 In recent years, studies have shown that pyroptosis is involved in CaOx crystalline 
nephropathy.6,7 Liu et al8 found that the pyroptosis of renal tubular epithelial cells is induced by exposure to CaOx 
crystals. They confirmed that extracellular adenosine triphosphate (ATP) induced by crystals can upregulate ROS 
generation through membrane purinergic 2 × 7 receptor and then activate IL-1β/18 maturation and gasdermin 
(GSDMD) cleavage mediated by NLRP3 inflammasomes. Song et al9 found that the calcium oxalate monohydrate 
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(COM) treatment group significantly increases the protein expression of ASC and cleaved Caspase-1 and the secretion of 
the pro-inflammatory factors IL-1β and interleukin-18 (IL-18). NLRP3 also plays an important role in kidney disease in 
animal models. For example, Sun et al3 found that CaOx crystals can activate the TLR4/NF-κB and NLRP3 inflamma
some pathways and promote the release of inflammatory mediators, leading to damage and crystal deposition in HK-2 
cells and rat kidney tissues.

Blocking or inhibiting a certain link of the pyroptosis pathway can alleviate or block the process of pyroptosis, 
thereby inhibiting diseases related to pyroptosis. Hu et al10 showed that disulfiram can prevent pyroptosis by preventing 
the formation of GSDMD pores in an inflammatory mouse model. Mannose can also inhibit Gasdermin-E (GSDME)- 
mediated pyroptosis by activating AMP-activated protein kinase.11 Zhang et al12 found that sulfonamide can act as 
a targeted inhibitor of GSDMD by covalently binding to the unique residue Cys191 of human GSDMD (Cys192 in 
mice). It also reduces the mRNA and protein levels of Caspase-1, NLRP3 inflammasome, GSDMD, and IL-1β, thereby 
inhibiting cell pyroptosis.

Polysaccharides can treat a variety of diseases by inhibiting pyroptosis activation. For example, Liang et al13 showed 
that Dendrobium officinale polysaccharide can inhibit the activation of NLRP3 inflammasome, the cleavage of Caspase- 
1, and the production of IL-1β and IL-18, thereby inhibiting dextran sodium-induced acute colitis. Yang et al14 showed 
that LBP can down-regulate the expression of NLRP3, Caspase-1, and membrane GSDMD-N. It can also improve the 
pyroptosis pathway in ARPE-19 cells activated by Aβ1-40, thereby inhibiting macular degeneration and protecting the 
retina. Wu et al15 showed that bletilla polysaccharide can effectively reduce the release of inflammatory cytokines, inhibit 
the NLRP3/caspase-1/GSDMD signaling pathway, alleviate alveolar macrophage pyroptosis, and reduce the High 
mobility group box 1/Toll-like receptor 4 level, thereby reducing lung inflammation in acute respiratory distress 
syndrome mice. Corn silk polysaccharide has bioactive properties such as antioxidation, anti-inflammation and anti- 
glycation.16 Meanwhile, the antioxidant and anti-inflammatory activities of corn silk polysaccharide modified by 
selenization are significantly enhanced. Selenium is an essential trace element in life. It plays an irreplaceable role in 
delaying human aging, improving immunity, preventing cardiovascular diseases and treating Keshan disease.17 

Selenopolysaccharides are organic selenium compounds that bind polysaccharides to selenium through unique chemical 
interactions. As a functional supplement, selenopolysaccharides are less harmful and easier to be absorbed and utilized 
by the human body.18 Selenopolysaccharides have stronger biological properties than selenium and polysaccharide, 
including immune regulation, anti-tumor, anti-oxidation, hypoglycemic, heavy metal resistance, neuroprotection, anti- 
inflammation, liver protection and so on. Scientific studies have shown that selenopolysaccharides have potential for 
future development and have shown that it is an effective treatment for a variety of diseases.19

We previously prepared selenized corn silk polysaccharide (Se-DCSP) with selenium content of 1226.7 μg/g, which 
was much higher than that of unselenized polysaccharide DCSP (19.5 μg/g).20 Compared with DCSP, Se-DCSP had 
significantly improved biological activities, including free radical scavenging ability, reducing reactive oxygen species, 
restoring cell viability and cell morphology, and increasing mitochondrial membrane potential. In addition, Se-DCSP 
could down-regulate the expression of inflammatory factors monocyte chemoattractant protein (MCP-1), NLRP3 and 
nitric oxide (NO) in HK-2 cells to a greater extent than DCSP. In this study, the inhibitory effect and inhibitory pathways 
of Se-DCSP and DCSP on pyroptosis of HK-2 cells were compared in order to provide enlightenment for reducing the 
risk of kidney stone formation.

Methods and Experiments
Reagents and Instruments
Reagent: Human renal proximal tubular epithelial cells (HK-2) were purchased from the Shanghai Cell Bank of the 
Chinese Academy of Sciences (Shanghai, China). Fetal Bovine Serum, FBS (Umedium, He Fei, China).Cell culture 
medium (DMEM-F12) was purchased from Haichun Biochemical Products (Beijing) Co., LTD. (Beijing, China). TNF-α, 
GSDMD and NLRP3 primary and secondary antibody kits were purchased from Aibo Technology Co., LTD. IL-18/IL-1β 
was provided by KGI Bio. Corn silk polysaccharides were provided by the Angelica species.
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Instruments: Inverted fluorescence microscope (IX51, OLYMPUS, Japan); Flow cytometry (FACS Aria, BD, USA); 
Microplate reader (SafireZ, Tecan, Switzerland). Confocal microscope (LSM510 META DUO SCAN, ZEISS, Germany) 
High speed refrigerated centrifuge (Micro21R, USA).

Synthesis and Characterization of COM
COM crystals with size of 3 μm were synthesized with a slight modification according to reference.21 The specific 
process is as follows: 0.04 mol/L CaCl2(50 mL) was added to 300 mL secondary water, mixed evenly and water 
bath to 75°C, to which 0.04 mol/L Na2Ox(50 mL) solution was added drop by drop, the reaction was kept in water 
bath 75°C, high-speed stirring, after the end of the drop, continue stirring for 2 min. They were left overnight at 
room temperature, washed twice with secondary water and once with ethanol, drained and filtered, and dried. 
X-ray diffraction (XRD), Fourier transform infrared spectrometer (FT-IR spectrometer) and scanning electron 
microscope (SEM) were performed. Crystal dimensions 100 crystals were analyzed using Nano Measurer software.

Cell Culture and Protection
Cell Viability Was Detected by CCK-8
Cells were cultured in DMEM-F12 medium with 10% fetal bovine serum (FBS) at 37°C with 5% CO2 saturated 
humidity. A cell density of 1.0 × 105 cells/mL was seeded in 96-well culture plates and incubated for 24 h until the cell 
density was 80% for treatment. The cells were divided into 3 groups: 1) control group: serum-free medium; 2) COM 
damage group: containing 300 μg/mL COM-3μm; 3) Polysaccharide protection group: DCSP or Se-DCSP at concentra
tions of 30, 60, 90 and 120 μg/mL, and COM-3μm crystal at 300 μg/mL were added. After the above groups of cells 
were incubated for 48 h, the cell viability was detected according to the CCK-8 kit instructions.

Observation of Cellular ROS Levels By Laser Confocal Microscopy
Cell culture was the same as Cell Viability Was Detected by CCK8. The experiment was divided into: 1) normal group: 
serum-free medium; 2) COM damage group: 60 μg/mL COM-3μm was added to damage the cells for 48 h; 3) 
Polysaccharide protection group: 300 μg/mL COM-3μm and 60 μg/mL polysaccharide containing different selenium 
contents were mixed and added to the well plate. After reaching the incubation time, the old culture medium was removed 
by suction, washed twice with phosphate buffered saline (PBS) buffer, and 1 mL 2’,7’-Dichlorodihydrofluorescein diacetate 
(DCFH-DA) (1:1000) diluted in serum-free culture medium was added. The cells were incubated in an incubator at 37°C 
containing 5% CO2 in the dark for 30 min. After reaching the incubation time, the machine was used for observation.

Detection LDH Activity
The cell seed plate is the same as “Cell Viability Was Detected by CCK-8”. The experiment was divided into the 
following five groups: 1) normal group: serum-free medium was added; 2) COM damage group: 60 μg/mL COM- 
3μm was added to damage the cells for 48 h; 3) Polysaccharide protection group: 300 μg/mL COM-3μm was 
mixed with 60 μg/mL polysaccharide containing different selenium content and then added to the well plate; 4) 
Background blank control well: no cells, only serum-free medium was added; 5) sample maximum enzyme 
activity control well. After reaching the predetermined time, 60 μL LDH detection working solution was added 
to each well and incubated in the dark for 30 min, followed by absorbance measurement at 490 nm.

Observation of Cytoskeleton By Laser Confocal Microscopy
The cell seed plate was the same as “Observation of Cellular ROS Levels By Laser Confocal Microscopy”. After 
incubation for 24 h, cells were fixed with 4% paraformaldehyde solution for 10 min and washed 3 times × 5 min with 
PBS. The cells were then permeabilized for 10 min, followed by addition of Actin-tracker Green staining solution and 
incubation in the dark for 1 h. 4’,6-diamidino-2-phenylindole (DAPI) staining solution was added and incubated in the 
dark for 6 min before confocal observation.
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Pyroptosis Detection
Detection of the Expression of NLRP3 by Immunofluorescence
Cell seed plates and experimental groups were the same as in section “Observation of Cellular ROS Levels By Laser 
Confocal Microscopy”. After the incubation time reached, the cells were washed three times with PBS buffer and fixed 
with 4% paraformaldehyde at room temperature for 30 min. After washing with PBS buffer, 0.1% Triton X-100 was 
added for permeabilization for 15 min, and then bovine albumin (BSA) blocking solution was added for blocking at 37°C 
for 2h. Then, NLRP3 rabbit Doron antibody (1:100) was added and the cells were incubated in a refrigerator at 4°C 
overnight, washed three times with PBS buffer, and incubated with fluorescently labeled secondary antibody at 37°C in 
the dark for 1 h. Finally, a small amount of DAPI staining solution was added and the cells were incubated at room 
temperature for 10 min. DAPI staining solution was removed by suction, and the cells were washed three times with PBS 
buffer. Each time was 5 min, and then the expression of NLRP3 was observed directly under the laser confocal 
fluorescence microscope. Semi-quantitative analysis was subsequently performed using ImageJ software.

Immunofluorescence Detection of Pore-Forming Protein GSDMD Expression
Cell culture and grouping were the same as in “Observation of Cellular ROS Levels By Laser Confocal Microscopy”. 
Primary GSDMD antibody was added and incubated overnight at 4°C, and the other procedures were the same as in 
“Detection of the Expression of NLRP3 by Immunofluorescence”. Image software was used for semi-quantitative analysis.

Caspase-1/PI Double Staining Was Used to Detect the Proportion of Pyroptosis Cells
Cell seeding plate and grouping were the same as in “Observation of Cellular ROS Levels By Laser Confocal 
Microscopy”. After reaching the reaction time, the cells were digested with trypsin, resuspended in a centrifuge tube, 
and diluted Caspase-1 staining solution was added to incubate at 37°C for 1 h. The cells were washed with PBS three 
times, and propidium iodide (PI) dye was added.

The Morphology of Pyroptosis Cells Observed After Caspase-1/PI/ Hoechst 33342 Triple Staining
After reaching the action time, the culture medium was removed by suction, and the diluted Caspase-1 staining solution 
was added to the constant temperature incubator at 37°C for 1 h. After that, the cells were washed three times with PBS, 
incubated for 10 min with PI dye, washed three times with PBS, and incubated for 5 min with Hoechst 33342. Confocal 
microscopy was used for observation.

Detection of Caspase-1 Activity
Cell seed plates and experimental groups were the same as in “Observation of Cellular ROS Levels By Laser Confocal 
Microscopy”. The cell culture medium was aspirated and set aside. The cells were digested with trypsin, centrifuged, 
collected, the supernatant discarded, and the cells washed with PBS. Two hundred microliter of lysate was added, the 
precipitate was resuspended, lysed in an ice bath for 15 min, centrifuged, and the supernatant was subsequently 
transferred to a centrifuge tube precooled in an ice bath. After the addition of Ac-YVAD-pNA (2 mm), the mixture 
was mixed and the absorbance was measured after incubation at 37°C for 90 min.

Detection of Intracellular Inflammatory Factors
The Expression of Tumor Necrosis Factor-α (TNF-α) and IL-6 Detected by Immunofluorescence
Cell culture and grouping were the same as in “Observation of Cellular ROS Levels By Laser Confocal Microscopy”. Primary 
anti-TNF-α or anti-IL-6 antibodies were added and incubated overnight at 4°C with the same procedures as in “Detection of 
the Expression of NLRP3 by Immunofluorescence”. Semi-quantitative analysis was performed with ImageJ software.

The Contents of IL-18 and IL-1β Determined by Enzyme Linked Immunosorbent Assay
Cell culture and grouping were the same as in “Observation of Cellular ROS Levels By Laser Confocal Microscopy”. 
The levels of IL-18 and IL-1β released by the cells were quantified by enzyme linked immunosorbent assay (ELISA) kits.

The specific process is as follows: After reaching the processing time, the supernatant was sucked into a 1.5 mL 
centrifuge tube, centrifuged at 3000 rpm for 10 min to remove particles and polymers, then the centrifuged supernatant 
was added to the sample well, and then 100 μL of HRP labeled detection antibody was added. The reaction well was 
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sealed with a sealing plate and incubated at 37°C for 60 min. When the incubation time was reached, the liquid was 
discarded and pat dry on absorbent paper. Each well was filled with washing solution, left for 1 min, then the washing 
solution was thrown out and patted dry, and the plate was washed 5 times again. Fifty microliter of substrate A and 
B were added to each well and incubated at 37°C in the dark for 15 min. After that, 50 μL of termination solution was 
added, and the optical density (OD) value of each well was measured at 450 nm within 15 min.

Pro-IL-1β Content Determined by Western Blot
The cells were cultured in large dishes with a diameter of 12 cm and grouped as in Confocal Observation of Cellular 
ROS Levels. After reaching the time of action, the cells were washed with cold PBS and lysed. The lysed cells were 
collected and centrifuged (4°C, 15 min), and the supernatant was retained. Total protein concentrations in whole cell 
lysates were quantified using the BCA Protein Assay kit. The balanced protein was boiled in boiling water for 10 min 
until the protein was completely denatured and cooled. The amount of total protein was equal during loading, with 
a loading volume of 15 μL for each band of the sample. The reference protein β-tubulin was loaded on both sides of the 
sample and subsequently used to cut bands in a volume of 1.5 μL. Separation was performed using sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Then, the isolated proteins were transferred to a 0.45 μM 
polyvinylidene difluoride membrane, washed three times (10 min each time) with Tris buffered saline (TBST) containing 
0.2% Tween 20, blocked with 5% skim milk powder (Bio-Rad) for 2 h, and incubated with primary antibody against IL- 
1β overnight at 4°C. The primary antibody was recovered and washed 3 times with TBST (10 min each time). Finally, the 
secondary antibodies were incubated at room temperature in the dark for 2 h, washed 4 times with TBST (10 min each 
time), and the conjugated antibodies were visualized by a multifunctional chemiluminescence imager.

Statistical Analysis
The experimental results were statistically analyzed using the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA), and 
the Tukey’s test was used to analyze the differences between the means of each experimental group and the control 
group. P values less than 0.05 were considered statistically significant.

Results
Synthesis and Characterization of COM-3μm
Figure 1 shows the XRD, FT-IR and SEM images of the synthesized COM (COM-3μm) crystals. In the XRD pattern 
(Figure 1A), diffraction peaks with crystal-plane spacing d = 0.593, 0.365, 0.296, and 0.227 nm belonged to the (), (020), 
(), and (130) crystal planes of COM (PDF card number: 20–231).21 FT-IR spectra (Figure 1B) showed that the 
asymmetric stretching vibration (νas) and symmetric stretching vibration (νs) of the carboxyl group (COO–) of COM 
were 1620 and 1319 cm–1, respectively. SEM images (Figure 1C) showed that COM-3μm was primarily an elongated 
hexagon with an average size of 3.00 ± 0.27 μm. More clarification on the COM-3µm crystals were validated and 
characterized and can be found in references.21–23

Figure 1 Synthesis and characterization of COM-3μm. (A) XRD pattern; (B) FT-IR spectrum; (C) SEM image.
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Polysaccharide Protection Inhibited COM-3μm-Induced Oxidative Damage in Cells
Restoration of Cell Viability
COM-3μm was used to construct the pyroptosis model. The viability of HK-2 cells damaged by COM-3μm (58.9%) was 
significantly lower than that of the normal control group (100%) (Figure 2A). Corn silk polysaccharides before and after 
selenization were effective in protecting cells from COM-3μm damage. Cell viability (62.70–80.14%) significantly 
increased under the protection of 30, 60, 90, and 120 μg/mL DCSP or Se-DCSP compared with the COM-3μm damage 
group.

Se-DCSP showed greater protection than DCSP at the same concentration. When the concentration of Se-DCSP was 
60 μg/mL, the cell viability of Se-DCSP and DCSP protected group was 80.1% and 71.6%, respectively.

The polysaccharide concentration is affected by the protective effect. At 60 μg/mL, polysaccharide exerted the best 
protective effect. In other words, too high or too low polysaccharide concentration reduced its protective ability, so 60 μg/ 
mL polysaccharide concentration was selected for subsequent experiments.

Reduction in ROS Level
Excessive ROS may lead to cell damage. As shown in Figure 2B, cells in the injured group emitted strong green 
fluorescence, meaning that the ROS level was very high. The morphology of the cells shrunk, and the number of dead 
cells was relatively large. Conversely, cells in the normal group emitted only weak green fluorescence. After poly
saccharide protection, the fluorescence intensity of cells was significantly reduced, and cell morphology improved. In 
particular, Se-DCSP was more effective in reducing the intracellular ROS level (Figure 2C) and oxidative stress of the 
cells.

Reduction in LDH Release
LDH is a marker of cell-membrane integrity and can also indicate the degree of cell damage. Figure 2D shows that the 
percentage of LDH released in the normal group was 8.62%, which was significantly lower than that in the injury group 
(33.62%). After adding polysaccharide, the release amount decreased (16.26–19.87%), among which Se-DCSP showed 
the best effect (16.26%).

Restoration of Cytoskeleton
Confocal laser microscopy was used to observe the changes of cytoskeleton in HK-2 cells before and after polysacchar
ide protection (Figure 2E). Specifically, the microfilaments of the normal group were clear and bright, with obvious 
protein fibers and uniform distribution around the nucleus. After crystal damage, the contraction of microfilament fibers 
of cells subsided and the shape was blurred, that is, the cytoskeleton was destroyed. Polysaccharide can protect the cells, 
thereby reversing the disappearance of microfilament fibers and restoring the basic fiber morphology of the cells. The 
outcome was a stronger protective effect of Se-DCSP than that of DCSP.

Polysaccharide Inhibited the Pyroptosis of HK-2 Cells
Polysaccharide Inhibited the Expression of NLRP3 and GSDMD
NLRP3 inflammasome is a multimeric protein complex formed by the innate immune sensor protein NLRP3. Excessive 
ROS can activate NLRP3, and the activated NLRP3 oligomerizes and binds to the adaptor protein ASC. It then recruits 
Caspase-1 to form NLRP3 inflammasome.24 NLRP3 inflammasomes lead to the cleavage and activation of Caspase-1, 
which was further cleaved into porogenic protein GSDMD. The cleaved N-terminal fragment of GSDMD (GSDMD-N) 
was released to form membrane pores, thereby promoting cell pyroptosis.25 NLRP3 (Figure 3A) and GSDMD 
(Figure 3C) expression in each group of cells was examined by confocal microscopy. Normal cells showed weak 
fluorescence, whereas HK-2 cells incubated with COM-3μm alone showed obvious green (NLRP3) or red (GSDMD) 
fluorescence. This finding indicated that COM-3μm injury caused an increase in the expression of NLRP3 and GSDMD. 
After the addition of polysaccharide protection, the fluorescence intensity of cells was weakened (Figures 3B and D), that 
is, the expression of NLRP3 and GSDMD was inhibited. Among these polysaccharides, Se-DCSP exhibited a better 
inhibitory effect than DCSP.
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Figure 2 Protective effect of polysaccharide on HK-2 cells. (A) CCK8 assay was used to detect the viability of HK-2 cells. (B) Confocal ROS fluorescence pattern, scale: 
20μm; (C) ROS fluorescence semi-quantitative bar graph; (D) LDH release. (E) Confocal observation of cytoskeleton, bar: 10 μm. NC: normal control group; DC: COM- 
3μm damage group. *P<0.05, **P<0.01, ***P<0.005. The white arrows point to cells that produce a lot of ROS.
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Polysaccharide Inhibited Pyroptosis
During pyroptosis, Caspase-1 was activated by inflammasomes (including NLRP3, NLRC4, and AIM2), which further 
cleaved GSDMD into GSDMD-N, released inflammatory factors such as IL-18 and IL-1β, and induced pyroptosis.15 

Accordingly, we evaluated the degree of pyroptosis by Caspase-1/PI double staining and determination of Caspase-1 
content (Figure 4). As is shown in Figure 4B, the COM-3μm damdge group induced pyroptosis in 20.7% of the cells (Q2 
+Q3 in Figure 4A) and apoptotic necrosis in 14.4% of the cells (Q1 in Figure 4A). After polysaccharide protection, the 
proportion of pyroptosis and apoptotic necrosis cells decreased. The proportion of pyroptosis cells in the Se-DCSP group 
decreased to 8.39%, and the proportion of apoptotic necrosis cells was 9.66%. This result suggested that Se-DCSP can 
inhibit COM-3μm-induced pyroptosis. The trend of cell-survival rate in each group in Figure 4A (65.71–96.44%) was 
consistent with the CCK-8 results (62.04–100%).

Figure 3 Detection of NLRP3 and porin GSDMD before and after polysaccharide protection. (A) Confocal observation of NLRP3 expression; (B) Semi-quantitative 
histogram of NLRP3 fluorescence; (C) Confocal observation of GSDMD expression; (D) Semi-quantitative histogram of GSDMD fluorescence. NC: normal control group; 
DC: COM-3μm damage group. *P<0.05, **P<0.01, ***P<0.005.
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Figure 4 Pyroptosis markers in HK-2 cells treated with Se-DCSP and DCSP. (A) Caspase-1/PI double staining flow cytometry analysis of the proportion of pyroptosis cells; 
(B) Quantitative histogram of pyroptotic cells; (C) Expression of Caspase-1; (D) Morphology of pyroptotic cells after Caspase-1/PI/ Hoechst 33342 triple staining by 
confocal microscopy. NC: normal control group; DC: COM-3μm damdge group. **P<0.01, ***P<0.005. Bars: 20 μm.
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The expression of Caspase-1 was also measured in the four groups of cells (Figure 4C), which was higher in the COM 
damege group (25.32 μmol) than in the normal control group (21.73 μmol). It was also close to the level of the normal 
control group in the two polysaccharide protection groups (22.30 and 22.61 μmol). These results suggested that 
polysaccharide can effectively reduce the number of pyroptotic cells and Caspase-1 expression.

Confocal Microscopy Used to Observe the Morphology of Pyroptosis Cells
Figure 4D shows the results of Caspase-1/PI/Hoechst 33342 triple staining observed by laser confocal microscopy. 
Caspase-1 fluorescent probe can penetrate cells and covalently bind to Caspase-1, showing green fluorescence signal. 
However, PI was blocked outside living cells and marked only the nucleus of the membrane broken cells (dead cells), 
showing red fluorescence. Hoechst 33342 can label the nuclei of all cells, but the blue fluorescence signal of dead cells 
was stronger. The differences among these three fluorescence signals can be used to distinguish normal cells, apoptotic 
necrotic cells, and pyroptosis cells. Cells in the normal control group in Figure 4D showed blue fluorescence, and no cells 
had green and red fluorescence. This finding indicated that they did not express Caspase-1, and the cell membrane was 
intact. Red and green fluorescence were observed in the COM damege group, indicating Caspase-1production and cell- 
membrane breakage. The decreased expression of green and red fluorescence in cells protected by Se-DCSP and DCSP 
indicated that polysaccharide reduced the expression of Caspase-1, that is, it inhibited cell pyroptosis.

Polysaccharide Reduced the Expression of Inflammatory Factors
Inhibition of TNF-α and IL-6 Expression
Tumor necrosis factor TNF-α and interleukin IL-6 are the key transcription factors involved in regulating inflammation 
and immune response.26 Under normal conditions, its concentration is very low. However, it is secreted in an 
inflammatory environment. High concentrations of oxalate and calcium oxalate crystals can damage HK-2 cells and 
trigger an inflammatory response, inducing the secretion of inflammatory cytokines such as TNF-α and IL-6.27

TNF-α and IL-6 expression in each group was observed by confocal microscopy (Figure 5A and 5C). Normal cells 
showed weak fluorescence, whereas HK-2 cells incubated with COM-3μm alone showed either clear green TNF-α or red 
IL-6 fluorescence. This finding indicated that COM crystal injury resulted in increased TNF-α and IL-6 expression. After 
adding polysaccharide, the fluorescence intensity of the cells weakened (Figure 5B and D), that is, the expression of 
TNF-α and IL-6 was inhibited. Among these polysaccharides, Se-DCSP exhibited the best inhibitory effect.

Inhibition of Expression of the Inflammatory Factors IL-18 and IL-1β
The levels of IL-18 and IL-1β secreted by the cells were quantified using ELISA kits. The contents of IL-18 released by 
COM-3μm-injured cells were as high as 115.1 pg/mL, which was close to 1.5 times that of the normal control group 
(Figure 5E). The content of IL-1β released by the COM-3μm injury group (132.34 pg/mL) was also higher than that of 
the normal group (112.65 pg/mL) (Figure 5F). The contents of IL-18 and IL-1β decreased after protection with Se-DCSP. 
The contents of IL-18 and IL-1β decreased to 91.09 and 116.65 pg/mL, respectively, after protection with Se-DCSP. 
These results suggested that Se-DCSP can reduce the release of inflammatory factors to some extent.

Inhibition of Pro-IL-1β and β-Tubulin Expression
In most cells, IL-1β production requires two steps: the priming signal for precursor expression and the upstream signal 
molecules removed the propeptide, and then mature IL-1β was formed by cleaving Pro-IL-1β.28 Pro-IL-1β is produced in 
a biologically inactive form and must undergo proteolytic cleavage to gain functional activity. However, after activation, 
Caspase-1 can cleave pro-IL-1β to form active IL-1β, which was secreted to the extracellular matrix.29

The Pro-IL-1β content was determined by Western blot, as shown in Figure 5G. In the normal control group, almost 
no expression of Pro-IL-1β and no obvious band was found. However, the black band in the COM damage group was 
obvious and higher than that in the polysaccharide protection group. The contents of β-tubulin in the four groups were 
similar. Semi-quantitative analysis (Figure 5H) showed that the expression of Pro-IL-1β in the DC group was 19 times 
higher than that in the NC group. Conversely, the Se-DCSP and DCSP protection groups were only 14 and 12 times 
higher than that in the NC group. Therefore, the polysaccharide can reduce the expression of Pro-IL-1β, and the effect of 
selenized polysaccharide was enhanced.
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Figure 5 Inhibition of inflammatory factor expression after polysaccharide protection. (A) Laser confocal observation of TNF-α expression; (B) Semi-quantitative histogram 
of TNF-α fluorescence; (C) Laser confocal observation of IL-6 expression; (D) Semi-quantitative bar chart of IL-6 fluorescence; (E) Expression of cellular inflammatory 
cytokines IL-18; (F) Expression of cellular inflammatory cytokines IL-1β; (G) Protein visualization of Pro-IL-1β; (H) Bar chart of semi-quantitative analysis of Pro-IL-1β. NC: 
normal control group; DC: COM-3μm damage control group; bar: 10 μm. *P<0.05, **P<0.01, ***P<0.005.
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Discussion
Inflammation and Pyroptosis in Kidney Stones
CaOx crystal deposition can cause inflammation and attract many inflammatory cells, including leukocytes, monocytes, 
and macrophages. Studies30 have shown that urinary inflammatory markers (such as macrophage inflammatory protein- 
1β and IL-13) were higher in patients with stones than in healthy controls. Anders et al31 found in an animal study that 
NLRP3 inflammasome plays an important role in the progression of nephrocalcinosis related chronic kidney disease. 
Inhibiting the formation of NLRP3 inflammasome by β-hydroxybutyrate can reduce ASC oligomerization. It also reduces 
the mRNA expression of kidney injury marker in mouse kidney, thereby reducing renal tubular injury.

As a form of programmed cell death, pyroptosis is primarily triggered by the activation of the related Caspase family 
by NLRP3 inflammasome and the subsequent formation of membrane pores by cleaved GSDMD.32 Ding et al7 

conducted in vivo experiments to study the expression of pyroptosis-related proteins. Compared with control mice, 
vitexin administration leads to a significant reduction in the expression of IL-1β and GSDMD in renal tubular epithelium, 
and can reduce the expression of crystal adhesion-related molecules osteopontin and CD44. This phenomenon helps 
reduce crystal adhesion. Similarly, NLRP3 accelerates glomerulosclerosis in a mouse model of CaOx nephropathy and 
causes progressive renal failure by mediating an inflammatory response.33

Signaling Pathways in Pyroptosis Models
In most studies in the field of kidney stones, pyroptosis models are basically established through the damage of calcium 
oxalate crystals. For example, Ding7 established a mouse model of kidney stones induced by glyoxylate and a cell model 
of renal tubular epithelial cells and macrophages treated with COM. Liu8 induced the pyroptosis of renal tubular 
epithelial cells using synthetic CaOx crystals. COM crystals, the main form of calcium oxalate, are also much more 
damaging to cells than calcium oxalate dihydrate.34 Therefore, in the current work, HK-2 cells were damaged by COM 
with a size of 3 μm to construct a pyroptosis model.

Numerous studies have shown that HK-2 cells can produce a large amount of ROS under COM oxidative stress, and 
ROS can activate NLRP3 inflammasome. ROS inhibitors can block the activation of NLRP3 inflammasome, alleviate 
cellular inflammatory damage, and delay the formation of kidney stones.35 For example, Gan et al36 treated HK-2 with 
CaOx crystals. They found that the levels of LDH and malondialdehyde increased, the level of superoxide dismutase 
(SOD) decreased, and the expression of activated Caspase-1, IL-18, and IL-1β increased. This finding indicated that 
CaOx crystals can aggravate the pyroptosis of HK-2 cells. Studies37 have found that CaOx crystals can activate the 
NLRP3/ASC/Caspase-1 signaling pathway in mononuclear phagocytes, initiate IL-1β-dependent innate immunity, cause 
renal tubular damage, and promote the progression of CaOx nephropathy in mice. The TLR-4/NF-κB signaling pathway 
also activates monocytes and macrophages to produce a large number of inflammatory factors such as IL-6 and TNF-α, 
causing cell damage and promoting the formation of kidney stones.

Herein, the levels of NLRP3 and GSDMD in normal HK-2 cells significantly increased after COM-3μm injury, which 
induced the secretion of the downstream inflammatory factors IL-18 and IL-1β. The levels of IL-6 and TNF-α also 
further increased. The reason may be that cells produced oxidative stress response after injury, resulting in increased ROS 
content and activated NLRP3 inflammasome. Accordingly, cell pyroptosis was mediated, and inflammatory factors were 
secreted, consistent with the study of Tian et al.1

Polysaccharides Inhibited Pyroptosis and Reduced the Risk of Kidney-Stone Formation
How to specifically inhibit pyroptosis and reduce the risk of kidney-stone formation has great significance. Fang et al38 

showed that lycopene significantly improves CaOx crystal deposition, rescues renal function, and inhibits renal injury by 
reducing oxidative stress and pyroptosis in rats. As biomolecules, polysaccharides have regulatory effects on signaling 
molecules such as NF-κB, NLRP3, and ROS. However, further studies are needed to determine whether polysaccharides 
can inhibit pyroptosis by affecting related signaling pathways.39 Pachymia cocos can reportedly inhibit NLRP3-mediated 
pyroptosis and alleviate the damage to the small-intestinal barrier.40 Lycium barbarum polysaccharide can significantly 
improve liver injury owing to non-alcoholic steatohepatitis by inhibiting the NLRP3/6 inflammatory pathway and NF-κB 
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activation. The outcome is increased serum alanine aminotransferase and aspartate aminotransferase levels.41 Fucoidan 
can reduce the expression of inflammasome NLRP3 in gastric ulcer tissue and can reduce the expression of the 
pyroptosis markers Caspase-1, Caspase-11, NLRP3, and Gasdermin D. The level of IL-18 also decreases significantly 
(p < 0.05).42 Polygonum polysaccharide inhibits pyroptosis through NLRP3/GSDMD signaling and has a potential 
protective effect on SALI in septic acute liver injury. This is reflected in the reduced liver-function indicators AST, ALT, 
ALP, and TBIL, as well as the inflammatory cytokines TNF-α and IL-6 in serum. The levels of inflammatory cytokines 
IL-18 and IL-1β are related to pyroptosis.43 Our results showed that polysaccharides inhibited pyroptosis through the 
NLRP3/Caspase-1/GSDMD/IL-1β/IL-18 signaling pathway (Figure 6).

The inhibitory effect of Se-DCSP was better than that of DCSP. The reason may be that selenium addition weakened 
the hydrogen-bond dissociation energy and enhanced the hydrogen supply capacity, thereby improving the antioxidant 
activity of polysaccharides.44 The ROS production was further reduced, and the secretion of inflammatory factors such as 
IL-6 and TNF-α was down-regulated. Thus, the risk of kidney-stone formation was reduced.

Different crystal types, concentrations, morphologies, and sizes lead to tubular cell injury by modulating different 
forms of cell death. CaOx stone is considered to be a metabolic disorder, and cell death and stone development are 
closely related.45 Pyroptosis promotes the development of kidney stone by damaging the integrity of cell membrane and 
promoting crystal adhesion.46 Many compounds for the prevention and treatment of CaOx stone have been developed 
based on the anti-inflammatory and antioxidant activities of materials.47,48 Se-DCSP not only has anti-inflammatory and 
antioxidant activities,20 but also inhibits inflammation by inhibiting pyroptosis induced by the NLRP3-GSDMD pathway. 
Therefore, Se-DCSP has a potential effect in the prevention and treatment of kidney stones.

Conclusions
Most studies on kidney stones have focused on the oxidative damage of calcium oxalate crystals to HK-2 cells, as well as 
the apoptosis and necrosis caused by calcium oxalate crystals. Few reports have been made about calcium oxalate 

Figure 6 Se-DCSP inhibits pyroptosis through the NLRP3/Caspase-1/GSDMD/IL-1β/IL-18 signaling pathway. (By Figdraw).
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crystals inducing pyroptosis and causing renal injury. In this work, COM-3μm was successfully used to induce 
pyroptosis. Corn silk polysaccharide inhibited pyroptosis to a certain extent by reducing ROS production and down- 
regulating the expression of NLRP3 inflammasome, GSDMD, and Caspase-1. Se-DCSP showed stronger biological 
activity. It reduced the secretion of TNF-α, IL-6, IL-18, and IL-1β to a greater extent and thus avoided the expansion of 
the inflammatory cascade reaction. Se-DCSP can reduce calcium oxalate-induced renal tubule pyroptosis by inhibiting 
the NLRP3/Caspase-1/GSDMD/IL-1β/IL-18 signaling pathway, which reduced the risk of kidney-stone formation. In the 
future, more cell line studies and in vivo experiments are needed to further investigate the therapeutic effect of Se-DCSP 
on kidney stones.
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