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Corn Silk Polysaccharide Reduces the Risk of Kidney Stone
Formation by Reducing Oxidative Stress and Inhibiting COM Crystal
Adhesion and Aggregation
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ABSTRACT: The aim of this study is to explore the inhibition of BNl Ciicoors

COM (100 nm)

nanocalcium oxalate monohydrate (nano-COM) crystal adhesion and
aggregation on the HK-2 cell surface after the protection of corn silk
polysaccharides (CSPs) and the effect of carboxyl group (—COOH)
content and polysaccharide concentration. Method: HK-2 cells were
damaged by 100 nm COM crystals to build an injury model. The cells
were protected by CSPs with —COOH contents of 3.92% (CSP0) and
16.38% (CCSP3), respectively. The changes in the biochemical indexes
of HK-2 cells and the difference in adhesion amount and aggregation
degree of nano-COM on the cell surface before and after CSP protection
were detected. Results: CSPO and CCSP3 protection can obviously
inhibit HK-2 cell damage caused by nano-COM crystals, restore
cytoskeleton morphology, reduce intracellular ROS level, inhibit
phosphoserine eversion, restore the polarity of the mitochondrial membrane potential, normalize the cell cycle process, and
reduce the expression of adhesion molecules, OPN, Annexin A1, HSP90, HAS3, and CD44 on the cell surface. Finally, the adhesion
and aggregation of nano-COM crystals on the cell surface were effectively inhibited. The carboxymethylated CSP3 exhibited a higher
protective effect on cells than the original CSPO, and cell viability was further improved with the increase in polysaccharide
concentration. Conclusions: CSPs can protect HK-2 cells from calcium oxalate crystal damage and effectively reduce the adhesion
and aggregation of nano-COM crystals on the cell surface, which is conducive to inhibiting the formation of calcium oxalate kidney
stones.

1. INTRODUCTION and slows down the process of DNA replication.’ Therefore,
reducing the damage and adhesion of COM crystals to renal
epithelial cells is crucial to preventing the occurrence of kidney
calculi.

Some inhibitors containing carboxyl (—COOH) can prevent
cell adhesion to inorganic crystals. For example, citrate has been
reported to have a unique adsorption mechanism for COM
crystals, can effectively weaken COM adhesion, and can block
the adhesion between crystals and renal epithelial cells.”
Similarly, a simple heptapeptide sequence (peptide-7) designed
by Liu et al.® can firmly adsorb hydroxyapatite and resist the
washing action of phosphate buffer solution (PBS), and its
strong binding ability may be attributed to a large number of
negatively charged —COOH groups on peptide-7.

Kidney stone is a common clinical disease, and its prevalence is
increasing annually," in which the incidence of calcium oxalate
(CaOx) stones reaches 78%.> Our previous studies show that
the cytotoxicity of nanocrystals is higher than that of micron
crystals, while the cytotoxicity of calcium oxalate monohydrate
(COM) crystals is significantly higher than that of calcium
oxalate dihydrate crystals at the same concentration.’

The adhesion of COM crystals on the surface of renal tubular
epithelial cells is one of the major causes of CaOx stone
formation.” Damage to renal epithelial cells will promote the
adhesion of COM crystals on the cell surface and increase the
risk of kidney calculi formation. Studies have shown that
hyaluronic acid (HA), osteopontin (OPN), and CD44 (cluster
of differentiation 44) are highly expressed in damaged renal
tubular epithelial cells.” These negatively charged adhesion
molecules can adsorb Ca”* in the solution and adhere to COM
crystals with positive charges on the surface, thereby promoting
crystal adhesion on the cell surface and leading to the occurrence
of stones. In addition, the adhesion of COM crystals to injured
renal tubular cells leads to the transformation of the cell cycle
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Carboxymethylation is a common modification method to
increase the —COOH content in polysaccharides. Carboxyme-
thylated polysaccharides have properties superior to those of
natural polysaccharides. For example, carboxymethylated
fucoidan from Laminaria japonica has stronger antioxidant
capacity in vitro than the noncarboxymethylated one.” Li et al."’
found that the free-radical-scavenging activity of carboxymethy-
lated derivatives has a high correlation with the increase in
—COOH content. Sun et al.'" showed that —COOH groups
played a major role in the antitumor activity of Ganoderma
lucidum polysaccharides.

Corn silk is the style and stigma of Gramineae corn.
Polysaccharides extracted from corn silk have a wide range of
biological activities, such as antioxidation,'” antibacterial,
hypolipidemic,13 and hypoglycemic activities.'"* Our previous
study'” showed that corn silk polysaccharides (CSPs) can
inhibit the crystal growth of CaOx and may be a potential drug
for the prevention and treatment of kidney stones. Li et al.'®
increased the —COOH content of corn bran polysaccharide
from 7.75% to 9.29—12.37%, and its antioxidant and antitumor
activities were enhanced. However, no study on the changes of
the antistone ability of carboxymethyl CSPs has been reported.

In this paper, the damage model of HK-2 cells was
constructed by a nano-COM crystal, and the cells were
protected by CSPs with carboxyl group contents of 3.92%
(CSP0) and 16.38% (CCSP3), respectively. By detecting
changes of the biochemical indexes of HK-2 cells before and
after polysaccharide protection, the inhibitory effect of
polysaccharide on oxidative damage of HK-2 cells induced by
nano-COM was evaluated. By detecting the differences in the
expression of adhesion molecules on the cell surface and
observing the differences in the adhesion amount and
aggregation degree of nano-COM on the cell surface, the
mechanism and potential ability of polysaccharides to inhibit the
formation of calcium oxalate kidney stones were studied,
thereby providing a reference for the application of modified
CSPs in the prevention and treatment of CaOx kidney calculi.

2. MATERIALS AND METHODS

2.1. Materials. 2.1.1. Reagents. HK-2 cells (Shanghai Cell
Bank of the Chinese Academy of Sciences); fetal bovine serum
(FBS), DMEM/F-12 basal medium, PBS, penicillin and
streptomycin (Pen Strep), and 0.25%-EDTA trypsin (Gibco);
fluorescein isothiocyanate (FITC), 4,6-diamino-2-phenylindole
(DAPI) staining solution, bovine serum albumin (BSA), 4%
paraformaldehyde, reactive oxygen species (ROS) detection kit
diluted 2',7'-dichlorodihydro-fluorescein diacetate (DCFH-
DA), mitochondrial membrane potential detection kit (JC-1),
and Cell Counting Kit (CCK-8) (Beyotime Bio-Tech Co.,
Ltd.); osteopontin (OPN) antibody and sheep antimouse IgG-
FITC (Boster Biological Technology Co., Ltd.); cytoskeleton
green fluorescent probe (Keygen Bio-Tech Co., Ltd.); and
Annexin V-FITC/PI apoptosis detection kit (Becton, Dickinson
and Company) were used.

CSPs with carboxyl group content of 3.92% (CSP0) and
16.38% (CCSP3) were prepared according to the previous
article.'” All chemical reagents and solvents were purchased
from the Guangzhou Chemical Reagent Factory (Guangzhou,
China). Ultrapure water was used in all of the related
experiments.

According to our previous reference,"® COM crystals with a
size of about 100 nm were synthesized, and the results of X-ray

diffraction, Fourier transform infrared, and scanning electron
microscopy (SEM) showed that they were all target crystals.

2.1.2. Apparatus. Confocal laser scanning microscopy
(CLSM, 800Meta-DuoScan, Zeiss, Germany), inverted fluo-
rescence microscope (Leica DMRA2, Germany), microplate
reader (GenS$, Bio Tek, USA), flow cytometry (FACS Aria, BD,
USA), SEM (JSM -TE300), optical microscope (OLYMPUS,
CKX41, Japan), and Zetasizer Nano-ZS (Malvern, England)
were used.

2.2. Experimental Methods. 2.2.1. Detection of Cell
Viability, Nano-COM Particle Size, and Zeta Potential.

1) Cell culture: HK-2 cells were cultured in DMEM-F12
medium containing 10% FBS in an incubator at 37 °C, 5%
CO,, and saturated humidity. The cells were passaged by
trypsin digestion, incubated for 24 h, and reached 80%
confluency before proceeding to the next step.

2) Detection of cell viability by CCK-8: the experimental
models were divided into three groups: (1) normal
control (NC): serum-free culture solution; (2) crystal
damage group (COM): cells were damaged by adding
200 pg/mL nano-COM for 12 h; and (3) polysaccharide
protection group: 10, 30, and 60 ug/mL polysaccharide
CSPO or CCSP3 were mixed with 200 yg/mL nano-COM
for 15 min and then damaged cells for 12 h. Each
experiment was set up with five multiple wells, which were
detected by the CCK-8 method according to the
determination method of the kit, and the OD value was
measured at 450 nm. Cell viability (%) = A (treatment
group)/A (control group) X 100.

3) Particle size and zeta potential detection of nano-COM
before and after polysaccharide protection in culture
solution: After mixing 10, 30, and 60 pg/mL CSPO or
CCSP3 with 200 pg/mL nano-COM in DMIM-F12
culture medium for 15 min, about 800 yL of suspension
was injected into the sample pool. The zeta potential and
hydrodynamic particle sizes were measured by a nano-
particle size and zeta potential analyzer. Parallel detection
was carried out three times, and the average was taken.

2.2.2. Detection of the Intracellular ROS Level. The
experimental models were divided into three groups: (1) NC:
serum-free culture solution; (2) damage control (DC): cells
were damaged by adding 200 yg/mL nano-COM for 12 h; and
(3) polysaccharide protection group: 10, 30, and 60 pg/mL
polysaccharide CSPO or CCSP3 were mixed with 200 pg/mL
nano-COM for 15 min and then damaged cells for 12 h.

DCFH-DA was added to the cells, incubated at 37 °C for 30
min, and then observed under a fluorescence microscope. The
semiquantitative analysis of ROS fluorescence intensity was
carried out using Image]J software.

2.2.3. Observation of the Cytoskeleton. The experimental
group was the same as that in 2.2.2. After the culture time was
reached, the cells were fixed with 4% paraformaldehyde solution
for 20 min. Actin-Tracker Green staining solution diluted with
PBS containing 1—5% BSA and 0.1% Triton X-100 at a ratio of
1:100 was used to incubate the cells at room temperature for
20—60 min in the dark and then observed under a confocal
microscope.

2.2.4. Detection of Phosphatidylserine Eversion. The
experimental group was the same as 2.2.2; 100 uL of binding
buffer and 10 yL of Annexin V-FITC (20 yg/mL) were added
and kept away from light for 30 min at room temperature; a tube
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without Annexin V-FITC was used as the negative control and
quantitatively detected by flow cytometry.

2.2.5. Detection of the Cell Cycle. The experimental group
was the same as 2.2.2, the cells were collected and resuspended
in 300 uL of PBS, and 700 uL of precooled absolute ethanol was
slowly added while shaking and fixed overnight at 4 °C in the
dark. After centrifugation, the cells were resuspended in 500 4L
of PBS for washing and then stained with 300 yL of PI in an
incubator at 37 °C for 15 min, filtered, and detected by the
computer.

2.2.6. Observation of Mitochondrial Membrane Potential
Changes. The experimental group was the same as 2.2.2. After
the incubation time was reached, JC-1 staining solution with a
concentration of 20 uM was added, and the mixture was
incubated for 30 min in the dark, washed twice with PBS, and
observed by a laser confocal microscope.

2.2.7. Observation of OPN Expression. The experimental
group was the same as 2.2.2. After the incubation time was
reached, 4% paraformaldehyde was added to the fixed cells for
10 min, sheep serum was added to block them for 20 min, and
then osteopontin antibody (1:100) was used to incubate at 4 °C
overnight. After FITC-IgG (1:100) was added and the mixture
incubated in the dark for 0.5 h, the nucleus was stained with
DAPI for 10 min. Finally, the fluorescence was observed by a
laser confocal microscope; the nucleus was blue and the OPN
was green.

2.2.8. Western Blot. The cells were washed with PBS three
times, and then RIPA was added to lyse the cells. Cells and
reagents were collected with a cell scraper; the cells were fully
dissolved by ultrasound and centrifuged at 4 °C 12,000 rpm for
1S min; the supernatant was transferred to a new 1.5 mL
centrifuge tube, namely, the total protein solution. Total protein
was loaded on 12% Tris-glycine SDS-polyacrylamide gel, which
was run at 120 V for 1.5 h, and then transferred to a
polyvinylidene fluoride (PVDF) membrane. It was sealed with
5% skim milk for 1 h, incubated with anti-Annexin Al, anti-
CD44, anti-HAS3, and anti-HSP90 at 4 °C overnight,
respectively, and with secondary antibody (1:10,000) at room
temperature for 1.5 h, and finally developed.

2.2.9. Fluorescence Labeling of Calcium Oxalate Crystal.
Preparation of FITC—COM fluorescent labeled crystals:'* At 74
°C, 5 mL of 3-aminopropyl triethoxysilane was reacted with 0.05
g of COM in 50 mL of absolute ethyl alcohol for 3 h. Then, 25
mg of FITC was added to react for 6 h. Finally, it was washed
with absolute ethyl alcohol and deionized water until it was free
of FITC. The labeled nanoparticles (FITC—COM) were dried,
and proper numbers of crystals were selected and detected by
flow cytometry.

2.2.10. Observation of Crystal Adhesion on the Cell
Surface. The experimental group was the same as 2.2.2. The
cells were cultured at 4 °C for 6 h, stained with 300 uL of Dil for
10 min, stained with DAPI for 10 min, and fixed with 4%
paraformaldehyde for 10 min. The distribution of nano-COM
crystals on the cell membrane was observed by a laser confocal
microscope.

2.2.11. Observation of Crystal Adhesion by SEM. The
experimental group was the same as 2.2.2. Referring to our
previous method,” the crystal adhesion on the cell surface was
observed by a scanning electron microscope.

2.2.12. Quantitative Detection of Cells with Adhered
Crystals. The experimental group was the same as 2.2.2. The
cells were washed with cold PBS twice to remove the
nonadhered and loosely adhered crystals. Cells with FITC

signal can be regarded as cells with adhered crystals, and the
percentage of FITC positive cells was determined by flow
cytometry.

2.2.13. Statistical Analysis. Experimental data are expressed
by at least three independent experiments and are displayed in
the form of mean + standard deviation (¥ + SD). Statistical
analysis of the experimental results was performed using SPSS
13.0 software (SPSS Inc., Chicago, IL, USA), and one-way
ANOVA was used to analyze the difference between the mean
values of each experimental group and COM group. P < 0.05
indicates a significant difference. P < 0.01 indicated that the
difference was very significant.

3. RESULTS

3.1. Decrease in Cell Viability Was Inhibited by CCSPs.
Figure 1 shows that CSPs with —COOH content of 3.92%

120
[ INC [JCOM [ 10 pg/mL

11047130 pg/mL 160 pg/mL

100{ = v

Cell viability / %

904 " i ok
80< *k

70

113

s L1 || T
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Figure 1. CSPs with —COOH contents of 3.92% (CSP0) and 16.38%
(CCSP3) inhibited the change in HK-2 cell vitality caused by the nano-
COM crystals. NC. Nano-COM concentration: 200 ﬂg/mL. Protection
time: 12 h. Compared with the COM group, **p < 0.01.

Table 1. Particle Size (d) and Zeta Potential () after Mixing
Nano-COM with Different Concentrations of CSP0 and
CCSP3 in Culture Medium for 15 min (Average Result of
Three Tests)

polysaccharide
concentration/pg/mL 0 10 30 60
CSPO
d/nm 1065 1233 1344 1410
¢/mV —-3.18 —7.64 —9.68 —12.6
CCSP3
d/nm 1065 1289 1398 1468
&/mV -3.18 -11.6 -13.7 —16.2

(CSP0) and 16.38% (CCSP3) inhibit the change of HK-2 cell
vitality caused by the nano-COM crystal. Compared with the
NC group (100.00%), the cell viability (59.81%) after 12 h
damaged by nano-COM decreased significantly (p < 0.01). The
cell viability was improved (76.53~94.31%) after CSPO and
CCSP3 protection at concentrations of 10, 30, and 60 pg/mL,
respectively. The ability of CSPO and CCSP3 to protect HK-2
cells from damage by nano-COM crystals was positively
correlated with the concentration of polysaccharide and the —
COOH content in CCSPs. For example, CCSP3 with the
highest carboxyl content increased cell viability to 94.31% at 60
pug/mL.

To uncover the mechanism of this phenomenon, we have
detected the particle size and zeta potential of nano-COM after
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Figure 2. CSPs with different concentrations before and after
carboxymethylation inhibited the change in ROS level caused by the
nano-COM crystals. (A) ROS fluorescence photos (scale bars: S0 um).
(B) Relative fluorescence intensity histogram. NC. Nano-COM
concentration: 200 pg/mL. Protection time: 12 h. Compared with
the COM group, *p < 0.05; **p < 0.01.

mixing with different concentrations of CSP0 and CCSP3 for 15
min in culture medium (Table 1). The result shows that the
nano-COM with a size of 100 nm increased significantly to 1065
nm in culture solution, and it further increased to 1233—1468
nm after interaction with polysaccharides. The zeta potential of
nano-COM was —3.18 mV, but it became more negative (—7.64
to —16.2 mV) after interaction with polysaccharides. With the
concentration increase of adsorbed polysaccharides or the
increase of —COOH content in polysaccharides, the particle size
of nano-COM increased, and the zeta potential became more
negative.

3.2. Increase in Intracellular ROS Levels Was Inhibited
by CCSPs. The ROS levels in the cells before and after CSP0O
protection before carboxymethylation and CCSP3 with the
highest —COOH content were detected by fluorescence
microscopy, and the fluorescence intensity of ROS was

semiquantitatively analyzed by Image] software. Figure 2
shows that almost no ROS green fluorescence was observed in
normal cells, but the fluorescence of cells damaged by nano-
COM crystals increased significantly (p < 0.01).

Under the protection of CSPO and CCSP3, the degree of
damage of nano-COM to cells was reduced and there was a
concentration effect (Figure 2B). At the same concentration,
CCSP3 can inhibit the increase of the ROS level induced by
nano-COM crystals more than CSPO.

3.3. Cytoskeleton Destruction Was Inhibited by
CCSPs. The cytoskeleton changes before and after CSP0O and
CCSP3 protection were observed by CLSM (Figure 3). Normal
HK-2 cells have a complete cytoskeleton and obvious actin
microfilaments. After damage was induced by COM crystals, the
cytoskeleton was deformed, the distribution of actin filaments
was disordered, and the cells shrank.

With increasing concentrations, the cells protected by CSPO
or CCSP3 gradually had a fuller appearance and clear actin
filaments. At the same concentration, the cytoskeleton protected
by carboxymethylated polysaccharide (CCSP3) was more intact
than that of CSPO.

3.4. Phosphatidylserine Eversion Was Inhibited by
CCSPs. The effect of COM crystals on phosphoserine (PS)
eversion on the HK-2 cell membrane before and after CSP0 and
CCSP3 protection was detected by flow cytometry (Figure 4).
The results showed that the PS eversion in the normal group was
less (5.81%), while that in the COM crystal-damaged group was
significantly increased (44.0%; p < 0.01). Under the protection
of different concentrations of CSPO or CCSP3, the PS eversion
of cells was inhibited and there was a concentration effect
(Figure 4B). Compared with CSP0O, CCSP3 after carboxyme-
thylation had a better effect on inhibiting PS eversion.

3.5. CCSPs Inhibit Cell Cycle Retention Caused by
Nano-COM Crystals and Promote Cell DNA Synthesis.
Figure 5 shows the changes in the HK-2 cell cycle before and
after protection with different concentrations of CSPO and
CCSP3 by flow cytometry. Nano-COM crystals led to the
decrease in the G1-phase cells and the increase in S-phase cells,
that is, the damage induced by nano-COM crystals caused more
cells to remain in the S phase and led to the decrease in G1-phase
cells. The protective effects of polysaccharides reduced cell cycle
retention and promoted the cycle transition from G2/M and S
to G1; that is, polysaccharides accelerated the DNA synthesis
process of HK-2 cells and promoted cell proliferation.

Compared with the CSPO group, the CCSP3 protection
group was more effective in maintaining cell cycle progression.

NC

COM

CSPO, 10 pg/mL

20 pm

CCSP3, 10 ug/mL

CSPO, 30

pg/mL CSPO, 60 pg/mL

i

—=20m

CCSP3, 60 ug/mL

20 um

CCSP3, 30 pg/mL

Figure 3. Cytoskeleton changes before and after CSPO and CCSP3 protection were observed by CLSM. (Scale bars: 20 gm). NC. Nano-COM

concentration: 200 yg/mL. Protection time: 12 h.
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Figure 4. Effect of COM crystals on PS eversion on the HK-2 cell membrane before and after CSPO and CCSP3 protection was detected by flow
cytometry. (A) Flow cytometry histogram. (B) Quantitative histogram of PS eversion. NC. Nano-COM concentration: 200 yg/mL. Protection time:

12 h. Compared with the COM group, *p < 0.0S; **p < 0.01.

For example, under the protection of 60 pg/mL CCSP3, the
proportion of G1-phase cells increased from 53.4 to 74.7%, that
of S-phase cells decreased from 30.8 to 17.6%, and that of G2/M-
phase cells decreased from 15.8 to 7.72%. As such, the
proportion of cells at the end of DNA synthesis and mitosis
decreased, indicating that CCSP3 increased the proliferation
rate of HK-2 cells.

3.6. Decrease in the Mitochondrial Membrane
Potential Was Inhibited by CCSPs. The cationic lipophilic
dye JC-1 was adopted as the fluorescence probe, and changes in
red-green fluorescence were observed by laser confocal
microscopy. The changes in the mitochondrial membrane

1924

potential of HK-2 cells before and after CSPO and CCSP3
protection were detected. As shown in Figure 6, almost no green
fluorescence was detected in normal cells. This result suggested
that the mitochondrial membrane potential was high, and JC-1
was located in the mitochondrial matrix, forming polymers that
emitted red fluorescence. Cells damaged by nano-COM have a
strong green fluorescence and show only weak red fluorescence,
indicating a low membrane potential and mostly monomeric JC-
1.

Under the protection of CSPO and CCSP3, the green
fluorescence of cells became weaker, while the red fluorescence
became stronger as the polysaccharide concentration increased.
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cycle diagram. (B) Histogram of G1, S, and G2/M phase contents. NC. Nano-COM concentration: 200 yig/mL. Protection time: 12 h.

This result indicated that polysaccharides inhibited the decrease 3.7. OPN Expression Was Decreased by CCSPs. OPN
in the mitochondrial membrane potential caused by COM overexpression in the cell surface can increase the risk of CaOZ)é
stone formation by increasing its adhesion to COM crystals.

OPN expression was detected by immunofluorescence staining
CSPO (Figure 6B). and semiquantitative image analysis (Figure 7). OPN green

crystals and that the activity of CCSP3 was stronger than that of
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fluorescence was detected in normal cells, while the green
fluorescence of COM-damaged cells increased significantly (p <
0.01). The expression of OPN induced by nano-COM crystals
can be inhibited by the protective effects of CSPO or CCSP3, and
there was a concentration effect (Figure 7B). At the same
concentration, the protective effect of CCSP3 with a high
—COOH content was better than that of CSPO.

3.8. Detection of the Expression of Adhesion-Related
Proteins (Annexin A1, HSP90, HAS3, and CD44). Annexin
Al, HA synthase 3 (HAS3), heat shock protein 90 (HSP90),
and CD44 are adhesion-related proteins. Western blot analysis
was used to detect the expression of these four proteins in HK-2
cells before and after polysaccharide protection (Figure 8). The
results showed that the expression levels of the four proteins
were significantly (p < 0.01) increased after being damaged by
nano-COM. The expression of these proteins can be effectively
inhibited after polysaccharide protection. For CD44, Annexin
Al, and HAS, CCSP3 showed a better protection effect than
CSP0. HSP90 expression in cells protected by CCSP3 and CSPO
had no difference (p > 0.05), but compared with COM-damaged
cells, HSP90 expression in the two polysaccharide-protected
cells was significantly different (p < 0.05).

The above results indicated that CSPO and CCSP3 could
inhibit the increase in the level of adhesion-related protein
expression induced by COM crystals.

3.9. Observation of Crystal Distribution on the Cell
Surface. Nanoparticles often interact with cells through the
following process: first, nanoparticles adhere to the cell
membrane and trigger cell reactions such as endocytosis. The
adhesion and endocytosis of nanocrystals are significantly
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affected by ambient temperature.”’ Endocytosis of cells is
inhibited at 4 °C, and only nonspecific binding is preserved;22 at
37 °C, the nonspecific binding between the cell membrane and
nanoparticles is inhibited, while active endocytosis is not
restricted, and it can show a linear growth trend.”"*

COM crystals were labeled with FITC and showed green
fluorescence (Figure 9). The cells were incubated at 4 °C, and
the distribution of COM crystals on the cell membrane was
observed by CLSM (Figure 10). The observed crystals were all
adhered crystals, because endocytosis was inhibited at 4 °C. A
large number of COM crystals were adhered to the injured cells,
and the crystals were aggregated, but the adhesion crystals of the
cells in the polysaccharide protection group were obviously
reduced. The higher the polysaccharide concentration, the lesser
is the crystal adhesion. At the same concentration, the adhesion
inhibition effect of CCSP3 was better than that of CSPO.

3.10. Quantitative Detection of Cell Proportion of
Adhered Crystals. FITC was used to fluorescently label nano-
COM crystals (Figure 9), and the percentage of cells with
adhered nano-COM crystals was quantitatively detected by flow
cytometry (Figure 11). The percentage of cells with adhered
nano-COM crystals in the injured group with added COM
crystals was the highest (57.4%). By contrast, the percentage of
cells was only 0.31% with adhered nano-COM crystals in the
normal group. After CSP0O or CCSP3 treatment, the proportion
of cells with adhered nano-COM crystals decreased significantly
(from 21.6 to 50.4%) (p < 0.01), that is, polysaccharides
inhibited the crystal adhesion (Figure 11B). At the same
concentration, CCSP3 can inhibit the adhesion of HK-2 cells to
crystals more strongly than CSPO.
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At different concentrations, there was a concentration-
dependent effect on the ability of polysaccharides to inhibit
crystal adhesion on HK-2 cells. That is, the best inhibition effect
was found at the largest concentration of 60 ug/mL. For
example, after 60 pug/mL CSPO or CCSP3 protection, the
proportion of cells adhering to the crystals was 30.2 and 21.6%,
respectively.

3.11. Observation of the Crystal Adhesion by SEM.
SEM was used to observe the crystal adhesion of HK-2 cells
protected by different concentrations of CSPO and CCSP3
(Figure 12). After treatment with nano-COM crystals for 12 h, a
large number of crystals adhered to the surface of unprotected
cells and the adhered crystals were seriously clustered. Under the
combined action of polysaccharides and crystals, the number of
crystals that adhered to the cell surface decreased and the
crystals were dispersed. Compared with CSPO, under the
protection of CCSP3, the cells adhered to fewer crystals and
more tightly, and the adhered crystals gradually decreased with
the increase in polysaccharide concentration.

Thus, carboxymethylated CSPs not only inhibit the adhesion
of HK-2 cells to COM crystals but also inhibit the aggregation of
crystals on the cell surface.

4. DISCUSSION

4.1. CCSPs Inhibit Oxidative Stress Induced by COM
Crystals. Studies have shown that some natural polysaccharides
have better or wider biological activities after molecular
modification through carboxymethylation, sulfonation, or
phosphorylation.”* In the current study, CSPs modified by
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carboxymethylation showed higher activities than nonmodified
ones in protecting cells from the damage caused by nano-COM
crystals. This ability is attributed to the high —COOH content in
polysaccharides that provides additional reducing functional
groups that can accept and eliminate free radicals.”

Because micron crystals have a smaller damage effect on cells
than nanocrystals,”">”” and crystals with more negative charges
on the crystal surface (i.e., more negative zeta potential) have a
smaller damage effect on cells,”®*° therefore, a higher
concentration of CCSP3 (such as 60 pg/mL) was more
effective in protecting HK-2 cells from nano-COM-free damage.

ROS are potentially dangerous in the formation of renal
tubular epithelial cells and kidney calculi induced by crystals.*
For example, CaOx crystals can induce autophagy by activating
the ROS pathway in cells and aggravate the damage of renal
epithelial cells.”’ COM crystals resulted in an increase in the
ROS level (Figure 2) and a decrease in the mitochondrial
membrane potential (Figure 6). CSPO and CCSP3 can
effectively inhibit these changes.

Mitochondria are the main source of ROS production in
cells.”” Excessive production of ROS results in oxidative stress,
which may lead to an inflammatory reaction.”> Moreover, the
mitochondrial stress pathway of cells may be activated by ROS
and other free radicals, which may further cause mitochondrial
damage.”* Guo et al.’® also showed that corn stigma
polysaccharide can inhibit the decrease in mitochondrial
membrane potential induced by H,O, and inhibit oxidative
stress by increasing the enzyme activities of SOD, CAT, and
GPX. Our results confirm that CSPO and CCSP3 can reduce

https://doi.org/10.1021/acsomega.4c00110
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Figure 8. Western blot analysis was used to detect the expression of crystal adhesion-related proteins (Annexin A1, HSP90, HAS3, and CD44) in HK-2
cells before and after CSPO and CCSP3 protection. (A) Western blot bands of CD44, Annexin Al, and 8-Actin. (B) Histogram of relative expression of
CD44. (C) Histogram of relative expression of Annexin Al. (D) Western blot bands of HSP90, HAS3, and $-Tubulin. (E) Histogram of relative
expression of HSP90. (F) Histogram of relative expression of HAS3. NC. Nano-COM concentration: 200 yg/mL. Protection time: 12 h. Compared
with the COM group, *p < 0.05; **p < 0.01.

mitochondrial damage, thus inhibiting the oxidative stress 4.2. CCSPs Can Reduce Cell Damage Induced by COM
Crystals and Promote Cell Proliferation. The activity of

induced by COM crystals. HK-2 cells was reduced by nano-COM crystals (Figure 1),
19244 https://doi.org/10.1021/acsomega.4c00110
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Figure 10. Distribution of nano-COM crystals on the cell membrane
before and after CSPO and CCSP3 protection was observed by CLSM.
(Scale bars: 20 yum). NC. Nano-COM concentration: 200 ug/mL.
Protection time: 12 h.

which resulted in deformation of the cytoskeleton, disorder of
actin distribution (Figure 3), and increased eversion of PS
(Figure 4).

Actin is a ubiquitous cytoskeleton protein in various cells,
which plays an important role in the establishment and
maintenance of normal physiological functions of cells.’® The
destruction of the cytoskeleton may cause various cell injuries.
Ordonez et al.”” showed that the abnormality of actin may
induce mitochondrial dysfunction and neuronal death and
eventually lead to Parkinson’s disease. PS is one of the
phospholipids distributed asymmetrically on the cell membrane.
PS is almost only located in the inner leaf of the plasma
membrane.”® However, in apoptotic cells, PS will turn from the
inner leaf to the outer leaf of the plasma membrane and be
exposed to the external environment of cells. Studies have shown
that PS eversion plays an important role in CaOx urolithiasis
caused by hyperoxaluria.”” Our results showed that under the
protection of polysaccharides, the cell morphology gradually
became full, the actin gradually became clear (Figure 3), and PS

19245 https://doi.org/10.1021/acsomega.4c00110
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eversion was inhibited (Figure 4), which indicated that CSPO
and CCSP3 reduced the cell damage induced by COM crystals.

Cell proliferation is recognized as an important healing
process in several important diseases, such as acute kidney
injury.® The cell cycle is the main process of cell proliferation,
which is an orderly series of events occurring in different stages
that finally leads to a cell dividing into two daughter cells.* Our
analysis of the cell cycle of HK-2 showed that the damage of
nano-COM crystals caused more cells to stay in the S phase and
decreased the number of G1-phase cells, which promoted the
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cell cycle transition of HK-2 cells from G2/M and S phase to G1
phase after CSPO or CCSP3 protection (Figure S). The S phase
is a process of DNA synthesis, and a large number of cells in the S
phase indicate that DNA synthesis is interrupted, which will halt
cell proliferation. The G2/M stage is the late stage of DNA
synthesis and mitotic stage. Stagnation of the tubular cell cycle in
the G2/M phase may lead to the production of fibrosis factors,
such as connective tissue growth factor and transforming growth
factor (TGF-f3), which will lead to acute kidney injury or renal
fibrosis.”' However, the proportion of G2/M cells decreased

https://doi.org/10.1021/acsomega.4c00110
ACS Omega 2024, 9, 19236—19249


https://pubs.acs.org/doi/10.1021/acsomega.4c00110?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00110?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00110?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00110?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

CSPO, 10ug/mL

]
CCSP3, 10pg/mL

60pg/mL .

CSPO, 30pg/mL

CSPO,

= 3 m
CCSP3, 60pg/mL -

T ]
CCSP3, 30pg/mL

Figure 12. SEM observation of the inhibition of adhesion and aggregation of nano-COM crystals after different concentrations of CSP0 and CCSP3
protection. Scale bars: 2 ym. Nano-COM concentration: 200 yg/mL. Protection time: 12 h.

R=H or CH2COONa

%CODNa

o

COM (100 nm)

ol
w® :
o

PS eversion T T
w N Annexin A1 T HEEY

COONa

9

COM + CCSPs

NI

extracellular

PS eversion l
X

HSPQOl
Annexin A1 1
of HA

, s
300006

805004 h bbbt

intracellular

HAS3 l

R
After CCSPs
protection

Figure 13. Schematic diagram of the mechanism of inhibiting the adhesion and aggregation of nano-COM crystals on the HK-2 cell surface before and

after CCSP protection.

from 15.8 to 7.72% after CCSP3 protection (Figure S), which
means that CCSP3 helps to prevent HK-2 cells from blocking in
the G2/M phase. Therefore, we believe that CCSPs can
accelerate the DNA synthesis process of HK-2 cells, promote
cell proliferation, and reduce the risk of acute kidney injury or
renal fibrosis.

4.3. CCSPs Reduce Crystal Adhesion by Inhibiting the
Expression of Adhesion-Related Proteins. The adhesion of
COM crystals on the surface of renal epithelial cells is one of the
key steps in the formation of kidney calculi.*>** The adhesion
enhancement of CaOx crystals to the renal tubular epithelial
cells is realized by the overexpression of adhesion molecules
induced by the crystals, among which OPN, CD44, and HA are
representative adhesion molecules.”** In addition, Annexin Al
and HSP90 expression on the surface of renal tubular epithelial
cells can act as potential receptors of CaOx crystals and
participates in the activation of NF-kB and mitotic activated
protein kinase (MAPK), which leads to cell reactions, such as
cell damage and cell cycle retention, after crystal adhesion.****
Our results indicated that the interaction of COM crystals with
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HK-2 cells upregulated the expression levels of OPN (Figure 7),
CD44, HAS3, Annexin A1, and HSP90 (Figure 8). As one of the
main synthetic sources of HA, HAS3 is involved in cell adhesion
and signal transduction.*® The increased expression of the five
adhesion-related proteins leads to increased adhesion of COM
crystals on the cell membrane (Figures 10—12), thereby
increasing the risk of stone formation. El-Salam et al.*’ showed
that 3,4,5-triphthalic acid methyl ester reduced the adhesion of
cells to CaOx crystals by downregulating Annexin Al expression
on the surface of kidney cells. Similarly, Mulay et al.** showed
that blocking TNF receptor signal inhibited the expression and
mRNA transcription of CD44 and Annexin II in renal tubular
epithelial cells in vitro and in vivo, thus protecting hyperoxaluria
mice from chronic kidney disease. Our study shows that CSP0 or
CCSP3 can inhibit the expression of these adhesion-related
proteins, thereby reducing the adhesion of crystals to cells and
the risk of kidney calculi formation.

Carboxymethylated CCSP3 inhibited the expression of four
proteins, aside from HSP90, compared to the unmodified CSPO.
Peerapen and Thongboonkerd® obtained similar results by
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protein blotting and immunofluorescence. Caffeine specifically
affects Annexin Al expression on the cell membrane but does
not affect the expression of other COM crystal-binding proteins
(Annexin A2, a-enolase, HSP70, and HSP90). Although the
mechanism through which the —COOH content in poly-
saccharides affects the expression of adhesion-related proteins
remains unclear, the protective effect of CCSP3 is actually better
than that of CSPO.

According to the results of this study, we proposed the
mechanism of CCSP inhibition of kidney epithelial cell injury
and crystal adhesion induced by nano-COM crystals (Figure
13). CCSPs can reduce ROS production in cells, maintain the
mitochondrial membrane potential and actin cytoskeleton, and
promote cell proliferation, thus improving cell vitality. Under
the protection of CSP0 and CCSP3, the eversion of PS and the
expression of adhesion-related proteins (OPN, CD44, HAS3,
Annexin Al, and HSP90) were reduced, thus inhibiting cell
adhesion to the COM crystal. The results show that CCSPs can
reduce the risk of CaOx stone formation by protecting kidney
cells from CaOx crystal damage and inhibiting crystal adhesion.

5. CONCLUSIONS

CSPO and CCSP3 can effectively reduce the damage of HK-2
cells caused by nano-COM crystals, and the CCSP3 with a high
content of —COOH (16.38%) or high concentration of
polysaccharides had a better effect. Under the protection of
CSPO or CCSP3, the decrease in cell vitality, cytoskeleton
destruction, increase in the ROS level, PS eversion, and cell cycle
retention caused by COM crystals were inhibited and the
number of COM crystals that adhered to the cell surface was
reduced. CSPO or CCSP3 can reduce crystal adhesion by
inhibiting the expression of adhesion-related proteins (OPN,
CD44, Annexin Al, HSP90, and HAS3) caused by COM
crystals. CCSPs can inhibit stone formation by inhibiting the
damage and adhesion of COM crystals to renal cells. Thus,
CCSPs have potential application value in inhibiting the
formation and recurrence of CaOx stones.
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