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ABSTRACT: Objective: Renal epithelial cell injury and cell−crystal interaction
are closely related to kidney stone formation. Methods: This study aims to explore
the inhibition of endocytosis of nano-sized calcium oxalate monohydrate (nano-
COM) crystals and the cell protection of corn silk polysaccharides (CCSPs) with
different carboxyl contents (3.92, 7.75, 12.90, and 16.38%). The nano-COM
crystals protected or unprotected by CCSPs were co-cultured with human renal
proximal tubular epithelial cells (HK-2), and then the changes in the endocytosis
of nano-COM and cell biochemical indicators were detected. Results: CCSPs
could inhibit the endocytosis of nano-COM by HK-2 cells and reduce the
accumulation of nano-COM in the cells. Under the protection of CCSPs, cell
morphology is restored, intracellular superoxide dismutase levels are increased,
lipid peroxidation product malondialdehyde release is decreased, and mitochon-
drial membrane potential and lysosomal integrity are increased. The release of
Ca2+ ions in the cell, the level of cell autophagy, and the rate of cell apoptosis and necrosis are also reduced. CCSPs with higher
carboxyl content have better cell protection abilities. Conclusion: CCSPs could inhibit the endocytosis of nano-COM crystals and
reduce cell oxidative damage. CCSP3, with the highest carboxyl content, shows the best biological activity.

1. INTRODUCTION
Kidney stones are a common and frequently occurring disease
worldwide, and their incidence is increasing year by year.1,2

About 95% of kidney stones are crystalline, with only 5% of the
stone contributed by organic components (matrix or
proteins).3 The crystalline component of kidney stones in
most of China was calcium oxalate (CaOx; 65.9%), carbapatite
(15.6%), urate (12.4%), struvite (2.7%), and brushite (1.7%).4

Calcium oxalate (CaOx) is the main pathogenic crystalline
component. Among them, the thermodynamically stable
monoclinic system calcium oxalate monohydrate (COM) has
a higher incidence rate of kidney stones and a greater risk of
stone formation than the metastable tetragonal system calcium
oxalate dihydrate (COD).5,6

CaOx crystals that adhered to the cell surface could be
endocytosed into cells under the action of microvilli within 30
min.7 Endocytosis is an energy-dependent process in which
vesicles produced through the plasma membrane take up
substances from the extracellular environment.8 At present, the
role of cells’ endocytosis of external crystals in the process of
stone formation is still unclear. Reports have shown that
adhered crystals could be transferred to lysosomes through
endocytosis and then dissolved within 48 h under the action of
acid hydrolase, thereby reducing the toxicity of crystals to renal

tubular cells.9 Studies have also shown that the cytotoxicity of
CaOx is positively correlated with the number of endocytosed
crystals in a higher concentration range.10 The endocytosed
crystals could directly interact with the lysosome in the cell,
causing the lysosome to rupture, releasing a large amount of
Ca2+ and Ox2−, and then causing cell damage. The endocytosis
of a small amount of external particles could reduce the
adhesion of the cell surface; however, when an excessive
amount of crystals is endocytosed to exceed the digestive
capacity of the cell itself, it could cause cell damage or even
death.10,11

At present, the clinical drugs used to treat or prevent kidney
stones mainly include thiazide diuretics, citrate supplements,
and cysteine-conjugated drugs (such as D-penicillamine and
tiopronin); however, the current incidence of stones and the
recurrence rate are still high, which may be related to the
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insufficient effectiveness of existing drugs.12 Traditional anti-
stone botanicals have the advantages of being cheap, safe, easy
to obtain, and having diverse biological activities, and they may
become an important source of anti-stone drugs.13 Corn silk is
a byproduct of corn crops, and many of its biological activities
have been widely reported, including antioxidant activity, anti-
diabetic activity, diuretic activity, and an antilithiasic
effect.14−17 However, the specific active ingredients of the
antilithiasic effect of corn silk are still unclear. As one of the
most important active ingredients in most plants, polysacchar-
ides are currently attracting increasing attention from
researchers. Plant polysaccharides are rich in anionic groups
(−COO− and −OSO3

−). They have a good ability to chelate
calcium ions, provide cell protection, and have good potential
for inhibiting the formation and recurrence of stones.
In our previous research,18 corn silk polysaccharides (CSP)

were extracted by hot water extraction, and carboxylate-
modified CSP (CCSP) with different carboxyl contents were
obtained. Based on the FT-IR, 1H, and 13C NMR detection
results, the CSPs primarily consist of α-D-Glcp, α-L-Araf, α-L-
Rhap, β-D-Galp, β-D-Manp, and β-D-Xylp. CCSP showed better
antioxidant activity and could more effectively repair renal
epithelial cells damaged by high oxalate than CSP. Whether
CSP could directly regulate the interaction between CaOx
crystals and cells, thereby affecting the cytotoxicity of the
crystals, remains unclear. In the present study, whether CCSP
could affect the toxic effects and endocytosis of nano-COM
crystals was further explored to clarify the relationship between
crystal endocytosis and cytotoxicity.

2. MATERIALS AND METHODS
2.1. Reagents and Apparatus. 2.1.1. Reagents. Corn silk

polysaccharide (CSP, polysaccharide content = 95%) was
provided by Shaanxi Ciyuan Biotechnology Co., Ltd. Human
kidney proximal tubular epithelial cells (HK-2) were purchased
from the Shanghai Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). Fetal bovine serum and DMEM/
F-12 cell culture medium were purchased from Gibco.
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimi-dazolylcarbo-
cyanine iodide (JC-1) and Annexin V-FITC/PI Apoptosis Kit
were purchased from KeyGEN BioTECH Co. Ltd. (Nanjing,
China). Fluorescein isothiocyanate (FITC), Fluo-4 AM, DiI,
4,6-diamidino-2-phenyl indole (DAPI) staining solution, and
paraformaldehyde were purchased from Beyotime Bio-Tech
Co., Ltd. (Shanghai, China). Acridine orange (AO) and
monodansylcadaverine (MDC) were purchased from Beijing
Soleibao Technology Co., Ltd. (Beijing, China). Malondialde-
hyde (MDA) and superoxide dismutase (SOD) assay kits were
purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). IgG-FITC secondary antibody was
purchased from Wuhan Boster Bioengineering Co., Ltd.
(Wuhan, China). The experimental water is double distilled
water.
2.1.2. Instruments. Laser confocal microscope (LSM510

META DUO SCAN, ZEISS, Germany), inverted fluorescence
microscope (Leica DMRA2, Germany), microplate reader
(Gen5, Bio Tek, USA), flow cytometer (FACS Aria, BD,
USA), scanning electron microscope (SEM, JSM-TE300), and
optical microscope (OLYMPUS, CKX41, Japan).

2.2. Experimental Methods. 2.2.1. Preparation and
Carboxylation of CSP. Samples of corn silk were collected
from the Shandong of China from July to September 2021.
The material was sorted, washed, and dried immediately by

forced air circulation at 50−60 °C. The polysaccharide content
was 95%. CSPs were obtained from corn silk by a hot water-
extracted method.
The original corn silk polysaccharide (CSP0) was carbox-

ymethylated according to our previous method,19 three
carboxymethylated corn silk polysaccharides (CCSP1,
CCSP2, and CCSP3) were obtained. The −COOH content
of polysaccharides was determined by the conductivity titration
method. The −COOH content of CSP0, CCSP1, CCSP2, and
CCSP3 was 3.92, 7.75, 12.90, and 16.38%, respectively.
2.2.2. Preparation and Fluorescent Labeling of Nano-

COM. Nano-sized COM crystals with a size of about 100 nm
were prepared according to our previous study.20 CaCl2 and
K2Ox water solutions were prepared with a concentration of
0.60 mol/L. 50 mL of each solution was directly mixed at room
temperature. The reaction mixture was stirred with a magnetic
stirrer for 6 min; then, ethanediol was added to promote the
precipitation. The characterization results of X-ray diffraction,
Fourier transform infrared spectroscopy, and SEM show that
they were all target crystals. The nano-COM was fluorescently
labeled with FITC according to the method reported by Zhao
et al.21

2.2.3. Cell Culture and Grouping. HK-2 cells were grown in
DMEM/F-12 medium supplemented with 10% fetal bovine
serum and penicillin−streptomycin antibiotics at 37 °C under
an atmosphere of 95% air and 5% CO2. The experimental
models were divided into three groups: (A) normal control
group (NC): only serum-free medium was added; (B) COM
treatment group: 200 μg/mL nano-COM dispersed in serum-
free medium was added and co-incubated with cells for 12 h;
(C) CCSPs protection group: a certain concentration of
CCSPs (CSP0, CCSP1, CCSP2, and CCSP3) with different
carboxyl content mixed with 200 μg/mL COM crystals were
added to the cells and co-incubated with cells for 12 h.
2.2.4. Cell Morphology Observation. HK-2 cells were

seeded into 12-well plates at a density of 1.0 × 105 cells/mL
and cultured for 24 h. 200 μg/mL nano-COM crystals with or
without the protection of 60 μg/mL CCSPs (CSP0, CCSP1,
CCSP2, and CCSP3) were added and co-incubated with cells
for 12 h. After reaching the treatment time, cell morphology
was observed under an ordinary optical microscope.
2.2.5. Observation of Crystal Endocytosis by Confocal

Microscopy. The FITC-labeled nano-COM (200 μg/mL) with
or without the protection of 60 μg/mL CCSPs (CSP0,
CCSP1, CCSP2, and CCSP3) were added and co-incubated
with cells for 12 h. After reaching the treatment time, 5 mM
ethylenediaminetetraacetic acid (EDTA) was treated for 10
min to remove the adherent crystals, and 500 μL of DiI was
added for staining for 10 min. The nuclei were stained with
DAPI and fixed with 4% paraformaldehyde for 10 min. The
internalized crystals and cell morphology were observed by a
laser confocal microscope.
2.2.6. Quantitative Detection of the Proportion of Cells

with Endocytosed Crystals. The FITC-labeled nano-COM
(200 μg/mL) with or without the protection of 60 μg/mL
CCSPs (CSP0, CCSP1, CCSP2, and CCSP3) were added and
co-incubated with cells for 12 h. After reaching the treatment
time, 5 mM ethylenediaminetetraacetic acid (EDTA) was
treated for 10 min to remove the adherent crystals. The cells
were collected and resuspended in PBS, and the proportion of
fluorescent cells was detected by flow cytometry.
2.2.7. Detection of Lysosome Integrity. The cells were

stained with 5 μg/mL acridine orange (AO) for 15 min, and
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the cells were washed three times with PBS. Then, 200 μg/mL
nano-COM crystals with or without protection by 60 μg/mL
CCSPs (CSP0, CCSP1, CCSP2, and CCSP3) were added and
co-incubated with cells for 12 h. After reaching the treatment
time, the cells were washed three times with PBS, and the
integrity of the lysosome was observed under a fluorescence
microscope.
2.2.8. Detection of the Intracellular Ca2+ Level. 200 μg/

mL nano-COM crystals with or without protection by 60 μg/
mL CCSPs (CSP0, CCSP1, CCSP2, and CCSP3) were added
and co-incubated with cells for 12 h. After reaching the
treatment time, the treated cells were washed twice with PBS,
incubated with 2 μM Fluo-4 AM in the dark for 45 min, and
then stained with DAPI for 10 min. The intracellular Ca2+ level
in the treated cells was observed with a laser confocal
microscope and quantitatively detected by a flow cytometer.
2.2.9. Detection of Mitochondrial Membrane Potential

(ΔΨm). 200 μg/mL nano-COM crystals with or without
protection by 60 μg/mL CCSPs (CSP0, CCSP1, CCSP2, and
CCSP3) were added and co-incubated with cells for 12 h. After
reaching the treatment time, the supernatant was aspirated into
the culture plate, and 1 mL of JC-1 working solution was
added. The cells were incubated in a 37 °C incubator in the
dark for 30 min, washed twice with PBS, and observed with an
inverted fluorescence microscope. ImageJ software was used to
perform fluorescence semi-quantitative analysis.
2.2.10. Detection of SOD and MDA Levels in Cells. 200

μg/mL nano-COM crystals with or without protection by 60
μg/mL CCSPs (CSP0, CCSP1, CCSP2, and CCSP3) were
added and co-incubated with cells for 12 h. After reaching the
action time, the treated cells are tested with the SOD kit and
the MDA kit according to the kit instructions.
2.2.11. Detection of Autophagy. 200 μg/mL nano-COM

crystals with or without protection by 60 μg/mL CCSPs
(CSP0, CCSP1, CCSP2, and CCSP3) were added and co-
incubated with cells for 12 h. After the incubation time was
reached, the culture solution was removed and washed twice
with 1× wash buffer, and 1 mL of 10% monodansylcadaverine
(MDC) dye was added to each well and incubated in an
incubator in the dark for 30 min. The autophagy level was
observed and tested by a fluorescence microscope and a flow
cytometer.

2.2.12. Detection of Apoptosis and Necrosis. 200 μg/mL
nano-COM crystals with or without protection by 60 μg/mL
CCSPs (CSP0, CCSP1, CCSP2, and CCSP3) were added and
co-incubated with cells for 12 h. The cells were collected and
washed with PBS (centrifuged at 1000 rpm for 5 min). 5 μL
annexin V-FITC and 5 μL PI were added and then incubated
in darkness at room temperature for 10 min. The prepared
cells were then analyzed using flow cytometry.
2.2.13. Statistical Analysis. Statistical analyses were

performed using SPSS 13.0 software. The Data were expressed
as mean ± SD. Multiple group comparisons were performed
using one-way ANOVA, followed by the Tukey post hoc test.

3. RESULTS
3.1. CCSPs Inhibit the Destruction of Cell Morphol-

ogy. In our previous study,19 we explored the repair effect of
carboxymethyl-modified corn silk polysaccharide (CSP) on
oxidatively damaged renal epithelial cells. CCSPs had no
toxicity to HK-2 cells at a concentration range of 20−100 μg/
mL for 12 h. CCSPs showed the best bioactivity at a
concentration of 60 μg/mL.
Original CSP (CSP0), carboxymethylated CSP (CCSP1,

CCSP2, and CCSP3, 60 μg/mL), and 200 μg/mL nano-COM
crystals were co-cultured with HK-2 cells for 12 h. Changes in
cell morphology were observed by an ordinary optical
microscope (Figure 1). The normal group showed full cell
morphology and tight connections between cells. The nano-
COM crystal damage group without polysaccharide protection
had a large number of crystals attached to the surface (enlarged
image in the upper left corner). The cell morphology was
abnormal, the number of cells was reduced, and the
distribution of cells was loose. Under the protection of
CCSPs with different carboxyl contents (3.92, 7.75, 12.90, and
16.38%), as the content of −COOH in the polysaccharides
increased, the cells gradually became fuller, the attached
crystals on the cell surface gradually decreased, the cells
became denser, and the overall cell morphology gradually
improved.

3.2. Nano-COM Crystals Distribution in Cells. DiI and
DAPI were used to fluorescently stain the cell membrane and
nucleus. Nano-COM was fluorescently labeled with fluorescein
isothiocyanate (FITC). The adhered COM crystals were
removed via complexation and dissolution with 5 mM EDTA.

Figure 1. Changes in cell morphology of HK-2 cells after the treatment of nano-COM crystals with or without protection by CSPs (CSP0, CCSP1,
CCSP2, and CCSP3) for 12 h. COM concentration: 200 μg/mL. CSPs concentration: 60 μg/mL. Scale bars: 50 μm.
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The internalized crystals were detected via laser scanning
confocal microscopy (Figure 2). In the CCSP-unprotected
cells, nano-COM crystals caused the cell morphology to
become irregular and the cell membrane to become blurred. A
large number of crystals accumulated in the cell, and the
aggregation was serious. In the CCSP-protected cells, the
number of endocytosed crystals was obviously less than that in
the unprotected group, and the degree of crystal aggregation

was reduced. The CCSP3 with the highest −COOH content
exhibited the best inhibition ability for crystal internalization.

3.3. Quantitative Detection of Endocytosed Nano-
COM Crystals. Flow cytometry was used to quantitatively
detect the proportion of cells that had endocytosed crystals in
each group (Figure 3). The detected FITC-positive cells were
the cells with internalized crystals. In the CCSP-unprotected
group, the proportion of cells that endocytosed crystals was the
largest (37.5%). Under the protection of CCSPs, as the

Figure 2. Observation of COM crystal endocytosis by laser scanning confocal microscopy. Cell membrane (red fluorescence), nucleus (blue
fluorescence), and COM crystals (green fluorescence). (A) Fluorescence microscope image and (B) quantitative histogram of green fluorescence
intensity. COM concentration: 200 μg/mL. CSPs concentration: 60 μg/mL. Protection time: 12 h. Compared with the COM treatment group, *P
< 0.05 and **P < 0.01. Scale bars: 20 μm.

Figure 3. Changes in the proportion of cells with internalized crystals after the treatment of nano-COM crystals with or without the protection of
CSPs (CSP0, CCSP1, CCSP2, and CCSP3) for 12 h. (A) Quantitative detection of the proportion of cells with internalized crystals by flow
cytometry; (B) quantitative histogram of the proportion of cells with internalized crystals. COM concentration: 200 μg/mL. CSPs concentration:
60 μg/mL. Protection time: 12 h. Compared with the COM treatment group, *P < 0.05, **P < 0.01.
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Figure 4. Changes of lysosomal integrity of HK-2 cells after the treatment of nano-COM crystals with or without the protection of CSPs (CSP0,
CCSP1, CCSP2, and CCSP3) for 12 h. (A) Lysosomal integrity was observed by fluorescence microscopy; (B) quantitative histogram of lysosomal
integrity. COM concentration: 200 μg/mL. CSPs concentration: 60 μg/mL. Protection time: 12 h. Compared with the COM treatment group, *P
< 0.05 and **P < 0.01. Scale bars: 50 μm.

Figure 5. Changes of intracellular Ca2+ levels of HK-2 cells after the treatment of nano-COM crystals with or without the protection of CSPs
(CSP0, CCSP1, CCSP2, and CCSP3) for 12 h. (A) Ca2+ levels were observed by fluorescence microscopy; (B) quantitative histogram of green
fluorescence intensity; (C) intracellular Ca2+ levels detected by flow cytometry; (D) quantitative histogram of Ca2+ level. COM concentration: 200
μg/mL. CSPs concentration: 60 μg/mL. Protection time: 12 h. Compared with the COM treatment group, *P < 0.05 and **P < 0.01. Scale bars:
20 μm.
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content of −COOH in CCSPs increased, the proportion of
FITC-positive cells gradually decreased, that is, the number of
endocytic crystals gradually decreased. This finding showed
that CCSPs inhibited the endocytosis of nano-COM, and the
inhibitory effect was in the following order: CSP0 < CCSP1 <
CCSP2 < CCSP3.

3.4. CCSPs Inhibit Lysosomal Rupture. The interior of
the lysosome is acidic with a pH around 4.8, and the cytoplasm
is neutral with a pH around 7.0. Acridine orange (AO) is a pH-
responsive fluorescent probe that exhibits red fluorescence in
lysosomes and green fluorescence in the cytoplasm.22 As
shown in Figure 4, the lysosomes in a normal cell were in good
integrity, and the superposition of red fluorescence and green
fluorescence showed more orange fluorescence. After COM
crystal damage for 12 h, red fluorescence was obviously
weakened, indicating that the structure of lysosomes was
seriously damaged. Under the protection of CCSPs, with the
increase in −COOH content, the red fluorescence gradually

increased, and the degree of lysosome damage decreased.
Thus, CCSPs could inhibit the destruction of lysosomal
integrity caused by COM crystals and reduce the damage of
COM to cells.

3.5. CCSPs Reduce Intracellular Ca2+ Levels. The
fluorescent probe Fluo-4 AM was used to fluorescently label
the intracellular Ca2+.23 The intracellular Ca2+ levels before and
after the protection of each CCSPs were observed with a laser
confocal microscope (Figure 5A,B). The green fluorescence of
normal cells was weak. After nano-COM damage, the green
fluorescence of cells became strong. Under the protection of
each CCSP, as the content of −COOH in CCSPs increased,
the green fluorescence gradually weakened. Thus, CCSPs
could inhibit the increase in Ca2+ levels caused by nano-COM.
CCSP3, with the highest −COOH content (16.38%),
demonstrated the best suppression effect.
In addition, the fluorescence intensity of Ca2+ was

quantitatively detected using a flow cytometer (Figure

Figure 6. Changes of mitochondrial membrane potential (ΔΨm) of HK-2 cells after the treatment of nano-COM crystals with or without the
protection of CSPs (CSP0, CCSP1, CCSP2, and CCSP3) for 12 h. (A) Visualization of ΔΨm observed by fluorescence microscopy. (B)
Quantitative result of ΔΨm. COM concentration: 200 μg/mL. CSPs concentration: 60 μg/mL. Protection time: 12 h. Compared with the COM
treatment group, *P < 0.05 and **P < 0.01. Scale bars: 50 μm.

Figure 7. Change of malondialdehyde (MDA) levels and superoxide dismutase (SOD) activities of HK-2 cells after the treatment of nano-COM
crystals with or without protection by CSPs (CSP0, CCSP1, CCSP2, and CCSP3) for 12 h. (A) MDA content; (B) SOD activity. COM
concentration: 200 μg/mL. CSP concentration: 60 μg/mL. Protection time: 12 h. Compared with the COM treatment group, *P < 0.05 and **P <
0.01. Scale bars: 50 μm.
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5C,D). The intracellular Ca2+ ratio of the nano-COM
treatment group (20.9%) was significantly higher than that of
the normal cell group (3.59%, P < 0.01). The level of Ca2+ in
the CCSP protection group gradually decreased with the
increase in −COOH content in the polysaccharide (7.38−
17.7%). Thus, CCSPs could inhibit the increase in Ca2+ level
caused by nano-COM, and the inhibitory effect was as follows:
CSP0 < CCSP1 < CCSP2 < CCSP3.

3.6. CCSPs Increase Mitochondrial Membrane Poten-
tial. The JC-1 fluorescent probe was used to fluorescently label
the mitochondrial membrane potential in the cell.24 The
mitochondria in normal cells are usually in a high membrane
potential state, and they show red fluorescence. When the
mitochondria are damaged, the membrane potential drops and
shows green fluorescence. As shown in Figure 5, cells in the
normal group demonstrated strong red fluorescence, indicating
that their mitochondrial membrane potential was high. The
cells in the nano-COM injury group showed weak red
fluorescence, mainly showing green fluorescence; that is, the
membrane potential of the injury group was obviously reduced.
Under the protection of CCSPs, the red fluorescence of the
cells gradually increased with the increase in the −COOH
content in the polysaccharide. Thus, CCSPs could protect HK-
2 cells and reduce mitochondrial damage caused by nano-
COM.

3.7. CCSPs Improve the Antioxidant Capacity of Cells.
The release amount of malondialdehyde (MDA) is a
commonly used index indicating the degree of lipid
peroxidation damage in cells.25 Superoxide dismutase (SOD)
is the main antioxidant enzyme in the cell. It can scavenge free
radicals in the body and resist the damage caused by free
radicals to the organism. In this study, MDA and SOD
detection kits were used to detect the release of MDA (Figure
7A) and the activity of the SOD enzyme (Figure 7B) in the
cell, respectively, before and after CCSP protection. After the
cells were treated with nano-COM crystals for 12 h, the MDA
content increased from 4.50 nmol/mL in the control group to
14.82 nmol/mL, and the SOD enzyme activity decreased from
5.84 to 3.35 U/mL. Under the protection of CCSP3, the MDA
content decreased to 6.78 nmol/mL, and the SOD enzyme
activity increased to 7.03 U/mL. Thus, CCSPs could inhibit
the increase in MDA release and the decrease in SOD enzyme
activity caused by nano-COM crystals, reduce lipid perox-
idation damage, and improve the ability of cells to resist free
radicals. The higher the −COOH content of CCSPs, the better
the effect of antioxidant capacity.

3.8. CCSP Inhibit Autophagy. Autophagy is the process
of engulfing one’s own cytoplasmic proteins or organelles,
coating them into vesicles, fusing with lysosomes to form
autophagic lysosomes, and degrading the contents it
encapsulates.26 Monodansylcadaverine (MDC) is an auto-
fluorescent compound that can specifically label autophagic
vesicles. In the present study, HK-2 cells were stained with
MDC, and flow cytometry and fluorescence microscopy were
used to detect the level of autophagy in the cells (Figure 8). In
the normal group, the blue fluorescence intensity was weak,
and the proportion of MDC-positive cells was the lowest
(3.72%). The blue dot-like fluorescence in the cells of the
nano-COM injury group was obviously increased, and the
proportion of MDC-positive cells was 27.9%. Under the
protection of CCSPs with different degrees of carboxylation,
with the increase in −COOH content, the proportion of
positive cells gradually decreased. These results showed that

CCSPs could inhibit autophagy caused by nano-COM, and the
higher the −COOH content, the better the inhibitory effect.

3.9. CCSPs Inhibit Cell Apoptosis and Necrosis. The
annexin V-FITC/PI double staining method was used to
detect the proportion of apoptosis and necrotic cells (Figure
9).27 The proportion of dead cells in the normal cell group was
9.80%. The apoptosis and necrosis rates of the nano-COM
injury group without CCSP protection were obviously
increased, and the proportion of dead cells increased to
39.3%, of which necrotic cells were the main ones (33.5%).
Under the protection of CCSPs, the number of dead cells was
obviously reduced (35.8−16.1%), and it gradually decreased
with the increase in the −COOH content of CCSPs.

4. DISCUSSION
4.1. CCSPs Inhibit the Accumulation of Nano-COM in

Cells. In our previous study,18 we demonstrated that CSPs can
regulate CaOx crystallization. CCSPs can interact with the
surface of COM crystals through a calcium bridge, which
prevents free Ca2+ from penetrating into the lattice of COM,
thus inhibiting the formation of COM crystals. The −COOH
groups in CSPs can increase the enrichment of Ca2+ on the
polysaccharide surface and form a high-energy interface on the
polysaccharide surface. Both high-energy interfaces and high
calcium energy states can promote thermodynamically
metastable COD formation.
In addition, the interaction (adhesion and endocytosis)

between crystals and renal tubular epithelial cells is an
important process in stone formation.28 The damage to renal
tubular epithelial cells could promote the retention of crystals
on the cell surface.29 The rapid endocytosis of a small number
of attached crystals by epithelial cells is a protective mechanism
to eliminate residual crystals.30 COM crystals can be
endocytosed into intracellular lysosomes through the transport
function and dissolved under the action of hydrolase in the
lysosomes to release Ca2+ and Ox2−. Too many crystals that are
endocytosed, exceeding the digestive capacity of the cell itself,
could cause the rupture of the lysosome and cell damage.31

CCSPs are anionic polysaccharides rich in −COOH
groups.18 They could interact with nano-COM and increase
the negative charge on the surface of the COM crystal. As the
content of −COOH in CCSPs increased, the negative charge
of the COM crystal increased. The surface of renal epithelial
cells generally has a certain negative charge, and as the damage
worsens, the negative charge on the cell surface increases. The
adsorption of CCSPs on the surface of nano-COM increases
the repulsive force between the crystal and the negatively
charged cell membrane, inhibits the adhesion between the
crystal and the cell, and thus inhibits the endocytosis of the
crystal by the cell.32

In addition to crystal−cell interactions, CaOx is also affected
by other factors, such as urea and carbon dioxide. The
presence of urea and carbon dioxide in the kidney system can
affect the pH of urine and blood, thereby affecting the
formation and growth of CaOx crystals and increasing the risk
of CaOx stone formation.33

4.2. CCSPs Inhibit Oxidative Damage of Cells Caused
by Nano-COM. The endocytosed nano-COM crystals
dissolved under the action of hydrolase in the lysosome,
releasing a large amount of Ox2− and Ca2+ (Figure 5). The
release of a large amount of Ca2+ could cause an imbalance in
the level of Ca2+ inside and outside the cell, causing an
intracellular stress response. The cycling of calcium ions in the
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Figure 8. SLPs inhibit autophagy of HK-2 cells after the treatment of nano-COM crystals with or without the protection of CSPs (CSP0, CCSP1,
CCSP2, and CCSP3) for 12 h. (A) Fluorescence microscope image; (B) quantitative histogram of MDC fluorescence intensity; (C) flow cytometry
quantitative detection of autophagy level; (D) quantitative histogram of autophagy levels. COM concentration: 200 μg/mL. CSPs concentration:
60 μg/mL. Protection time: 12 h. Compared with the COM treatment group, *P < 0.05 and **P < 0.01. Scale bars: 50 μm.

Figure 9. Changes in cell death rate of HK-2 cells after the treatment of nano-COM crystals with or without the protection of CSPs (CSP0,
CCSP1, CCSP2, and CCSP3) for 12 h. (A) Quantitative detection of cell apoptosis and necrosis by Annexin V/PI double staining. Quadrants Q1,
Q2, Q3, and Q4 denote the ratio of necrotic cells, late-stage apoptotic cells, early-stage apoptotic cells, and normal cells, respectively; (B)
quantitative histogram of cell apoptosis and necrosis rates. COM concentration: 200 μg/mL. CSPs concentration: 60 μg/mL. Protection time: 12
h. Compared with the COM treatment group, *P < 0.05, **P < 0.01.
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kidney involves three stages: filtration after intestinal
absorption, reabsorption, and excretion. The calcium ion is
one of the essential ions required for cell signaling and cell
proliferation. In the process of formation and development of
renal tubular epithelial cells, calcium ions can regulate cell
proliferation and differentiation and participate in the
formation of cell membranes and the cytoskeleton. Too
much Ca2+ can have toxic effects on cells and even cause cell
death.34,35 Ca2+ overload has even been suggested to be the
final common pathway of all types of cell death.
Nano-COM caused an increase in the MDA level of HK-2

cells and a decrease in SOD enzyme activity (Figure 8), which
caused an imbalance between intracellular oxidation and anti-
oxidation, resulting in cell oxidative damage. In addition, the
endocytosed nano-COM crystals caused a decrease in the
mitochondrial membrane potential (Figure 6). The increase in
Ca2+ levels and lipid peroxidation may be important causes of
mitochondrial damage.36 Mitochondria are the main intra-
cellular source of ROS, and mitochondrial metabolic disorders
are accompanied by the production of ROS.37 In addition,
autophagy has been shown to be critical for the regulation of
oxidative stress-induced renal tubular injury.38 Nano-COM
caused the enhancement of cell autophagy (Figure 8), which
further aggravated cell damage. The interaction between
crystals and cells caused oxidative stress damage to cells,
which promoted the retention of crystals in the kidney and
increased the risk of stone formation.39

In addition, CSPs are rich in −COOH groups, which have
the effect of improving the cell’s own antioxidant capacity,
thereby resisting cell oxidative damage caused by nano-COM.
In our previous study,18 CSPs were found to have a good
antioxidant capacity. A series of in vitro antioxidant experi-
ments revealed that CCSPs can chelate ferrous ions and inhibit
the Fenton reaction and free radical reaction, thus reducing
oxidative stress levels and oxidative damage. CCSPs could
improve the antioxidant capacity of cells, maintain cell
morphology (Figure 1) and lysosome integrity (Figure 4),
reduce intracellular autophagy (Figure 8) and Ca2+ levels
(Figure 5), increase the mitochondrial membrane potential
(Figure 6), and finally inhibit cell death (Figure 9). The degree
of substitution (DS) of active groups is an important factor
affecting the biological activity of natural polysaccharides.40 In
general, the higher the content of the sulfuric acid group
(−OSO3

−) or carboxyl group (−COO−) in polysaccharides,
the stronger its ability to reduce the loss of negative charges on
the cell surface and protect the charge barrier, and the greater
its ability to protect cells.41,42 In the present study,
carboxylated CCSPs with −COOH contents of 3.92, 7.75,
12.90, and 16.38% were used to protect HK-2 cells. The
CCSPs with higher −COOH content showed better
protection abilities.
The mechanism by which CCSPs inhibit nano-COM

endocytosis and reduce the oxidative damage caused by
crystals is shown in Figure 10. CCSPs were adsorbed on the
surface of nano-COM crystals to increase the electrostatic

Figure 10. Proposed schematic illustration of CSPs protecting HK-2 cells against nano-COM crystal damage and inhibiting crystal endocytosis.
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repulsion between the crystals and cells, inhibit the endocytosis
of the crystals, reduce the enrichment of COM crystals in cells,
and thus inhibit the damage of renal epithelial cells. In
addition, CCSPs are rich in −COOH groups. They also have
the effect of improving the cell’s own antioxidant capacity,
thereby resisting cell oxidative damage caused by nano-COM.
Taken together, CCSPs inhibited the cell damage caused by
the crystals by inhibiting the endocytosis of nano-COM
crystals and increasing the antioxidant capacity of cells.

5. CONCLUSIONS
This study investigated the protective effects of CCSPs with
different carboxyl contents (3.92, 7.75, 12.90, and 16.38%) on
cell damage induced by nano-COM crystals. Nano-COM
could induce the destruction of cell morphology and lysosome
integrity, increase the level of intracellular Ca2+ and autophagy,
reduce the activity of SOD, increase the MDA level, and
increase cell apoptotic and necrotic rates. CCSPs reduced the
damage caused by crystals by inhibiting the endocytosis of
nano-COM by cells, of which CCSP3 with the highest
−COOH content showed the best inhibition ability. Thus,
these findings implied the potential clinical application of
CCSPs for the prevention of stone formation and recurrence.
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