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Background: The interaction between urinary microcrystals and renal epithelial cells is 
closely related to kidney stone formation. However, the mechanism of cell state changes that 
affect crystal–cell interaction remains unclear.
Methods: This study investigated the relationship between the sulfate group (–OSO3

−) 
content in Porphyra yezoensis polysaccharide (PYP) and the ability to repair damaged 
cells, as well as the changes in cell adhesion and endocytosis of nano-calcium oxalate 
monohydrate (COM) crystals before and after PYP repair of damaged renal tubular epithelial 
cells. The sulfur trioxide–pyridine method was used to sulfate PYP (–OSO3

− content of 
14.14%), and two kinds of sulfated PYPs with –OSO3

− content of 20.28% (SPYP1) and 
27.14% (SPYP2) were obtained. The above three PYPs were used to repair oxalate-damaged 
human proximal tubular epithelial cells (HK-2), and the changes in the biochemical indica-
tors of the cells before and after the repair and the changes in cell adhesion and endocytosis 
of nano-COM crystals were detected.
Results: After repair by PYPs, the cell viability increased, the number of reactive oxygen 
species decreased, and the reduction of mitochondrial membrane potential and the release of 
intracellular Ca2+ were suppressed. The cells repaired by PYPs inhibited the adhesion of 
nano-COM crystals while promoting the endocytosis of the adhered crystals. The endocy-
tosed crystals mainly accumulated in the lysosome. The ability of PYPs to repair cell 
damage, inhibit crystal adhesion, and promote crystal endocytosis was enhanced when 
the –OSO3

− content increased. Among them, SPYP2 with the highest –OSO3
− content 

showed the best biological activity.
Conclusion: SPYP2 showed the best ability to repair damaged cells, followed by SPYP1 
and PYP. SPYP2 may become a potential green drug that inhibits the formation and 
recurrence of calcium oxalate stones.
Keywords: Porphyra yezoensis polysaccharide, polysaccharide sulfation, cell repair, 
adhesion and endocytosis, kidney stone

Introduction
Hyperoxaluria is one of the main risk factors for idiopathic calcium oxalate (CaOx) 
stones.1 Oxalate is a metabolic end product and the main component of most 
clinically detected CaOx renal stones. High concentrations of oxalate exposed on 
the surface of renal epithelial cells can cause a large amount of reactive oxygen 
species (ROS) production, destroy mitochondrial function, and cause oxidative 
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damage to cells.2 In addition, oxalate can increase the 
release of lactate dehydrogenase (LDH) and the levels of 
hydrogen peroxide (H2O2) and prostaglandin E2 (PGE2),3 

leading to oxidative damage to the cells.
Crystal–cell interaction (adhesion and endocytosis) is 

an important process for the formation of CaOx kidney 
stones. Lieske et al4 co-cultured a 14C-labeled calcium 
oxalate monohydrate (COM) crystal with kidney epithelial 
cells of monkey origin (BSC-1) cells and found that the 
COM crystal adhered to the microvilli on the cell surface. 
The COM crystal was endocytosed, transferred to the 
lysosomes in approximately 30 min, and decomposed 
under the action of many hydrolases. This rapid uptake 
reduces the nucleation sites of crystallites on the cell sur-
face, which is a self-protection mechanism of cells. Lieske 
et al5 indicated that COM crystals can stimulate DNA 
synthesis and promote cell proliferation and growth after 
being phagocytized by MDCK cells. Some researchers 
also showed that the damage to renal epithelial cells will 
promote the adhesion and reduce the endocytosis of 
crystals.6 This is because damaged cells promote the over-
expression of adhesion proteins, such as hyaluronic acid 
(HA), osteopontin (OPN), CD44, and annexin A2.7 

Meanwhile, a large amount of adenosine-triphosphate 
(ATP) is required for cell endocytosis, and the ability of 
damaged cells to synthesize ATP is weakened, which 
reduces the phagocytosis of cells to the crystal, thereby 
intensifying the adhesion and aggregation of crystals on 
the cell surface.8 Zhao et al9 found that oxalate-induced 
damage to HK-2 cells causes phosphatidylserine (PS) 
eversion and increases the expression of OPN, leading to 
increased adhesion of nano-COM crystal. However, when 
damaged cells are repaired by polysaccharides, the expres-
sion of PS and OPN is reduced, and the adhesion of 
crystals on the cell surface is decreased. Cell swallow 
crystals is an active transportation process that requires 
energy consumption. After cell damage, the ability to 
synthesize ATP and endocytosis capacity decrease,10 

which cause crystals to stay in the kidneys, thereby 
increasing the risk of kidney stones.

Seaweed polysaccharides have strong antioxidant activ-
ity and low cytotoxicity, which have attracted the attention 
of researchers.11 Porphyra yezoensis is a seaweed that 
widely grows along the coast of Southeast Asian countries. 
P. yezoensis polysaccharide (PYP) is the main component of 
P. yezoensis, which has many biological activities such as 
antioxidant and anticoagulant activities.12 In our previous 

study, low-molecular-weight PYP was found to have a good 
repair effect on oxalate-damaged cells.13

The biological activity of polysaccharides is closely 
related to their molecular weight and sulfate group 
(–OSO3

−) content.14 Polysaccharides with a higher –OSO3
− 

content show stronger antioxidant activity.15 Ma et al16 

found that four kinds of degraded seaweed polysaccharides 
(DSPs, with –OSO3

− content of 17.9%, 13.3%, 8.2%, and 
5.5%) had obvious repair effects on damaged HK-2 cells. 
After DSP repair, the cell membrane integrity was increased, 
and LDH release and cell apoptosis and necrosis rate were 
significantly decreased. The DSP with the highest –OSO3

− 

content (17.9%) had the strongest repair ability. Wang et al17 

extracted three polysaccharides with –OSO3
− contents of 

23.30% (F1), 36.41% (F2), and 36.67% (F3) from laminarin. 
With the highest –OSO3

− content, F3 showed the best ability 
to scavenge superoxide radicals, followed by F2 and F1.

The biological activities of polysaccharides are directly 
affected by their structure and physicochemical properties, 
especially for their molecular weights (Mws) and active 
group content. In our previous study,18 we investigated the 
relationship between molecular weights (Mws) of PYP 
and cell protection ability. Four degraded fractions, 
namely, PYP1, PYP2, PYP3, and PYP4, were successfully 
obtained, with Mws of 576.2, 49.5, 12.6, and 4.02 kDa, 
respectively. PYP protection reduced the crystal toxicity 
and inhibited the adhesion and endocytosis of HK-2 cells 
by nano-COM. With decreasing molecular weight, the 
ability of PYP to reduce cell damage and inhibit cell 
adhesion and endocytosis increased. In the present study, 
a PYP with a –OSO3

− content of 14.14% was sulfated by 
sulfur trioxide–pyridine, and two kinds of sulfated PYPs 
with –OSO3

− contents of 20.28% and 27.14% were 
obtained. To reveal the internal relationship between cell 
status and the formation of kidney stones, the ability of 
these polysaccharides to repair oxalate-damaged HK-2 
cells and the effects of these cells before and after repair 
on the adhesion and endocytosis of nano-COM were 
investigated.

Materials and Methods
Materials and Apparatus
Materials
Natural P. yezoensis polysaccharide (PYP) was provided 
by Shanxi Ciyuan Biotechnology Co., Ltd. The polysac-
charide content of PYP was 95%. According to our 
previous study,19 COM crystal with the size of 100 nm 
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were prepared, the physicochemical properties of pre-
pared crystals were characterized by XRD analysis, FT- 
IR analysis and SEM observation. HK-2 cells were 
purchased from the Shanghai Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Fluo-4/AM and 
Lyso-Tracker Red were purchased from Shanghai 
Beyotime Bio-Tech Co., Ltd. (Shanghai, China). Cell 
counting kit (CCK-8) was purchased from Dojindo 
Laboratory (Kumamoto, Japan). Hematoxylin-eosin 
(HE) staining kits were purchased from Shanghai 
Beyotime Bio-Tech Co., Ltd. (Shanghai, China). 
Annexin V-FITC/Propidium iodide (PI) was purchased 
from Beijing 4A Biotech Co., Ltd. (Beijing, China). 
5ʹ,6,6-tetrachloro-1,1ʹ,3,3ʹ-tetraethyl-imidacarbocyanine 
iodide (JC-1) and 2ʹ,7ʹ-dichlorodihydrofluorescein diace-
tate (DCFH-DA) were purchased from Becton, 
Dickinson and Company, USA. Primary antibodies 
against the following proteins were used in this study: 
CD44 (#ab24504, 1:1000) and Annexin A2 (#ab185957, 
1:1000) were purchased from Abcam, β-tubulin rabbit 
pAb (#AC008, 1:5000) and GAPDH mouse mAb 
(#AC002, 1:10000) were purchased from ABclonal 
Technology. The following secondary antibodies used 
in this study were purchased from LI-COR 
Biosciences: IRDye 800CW goat anti-mouse IgG (926– 
32210, 1:10000), IRDye 800CW goat anti-rabbit IgG 
(926–32211, 1:10000).

Apparatus
Fourier transform infrared spectrometer (FT-IR, EQUINOX 
55, Bruker, Germany), confocal laser scanning microscope 
(LSM510 Meta Duo Scan, Zeiss, Germany), inverted fluor-
escence microscope (Leica Dmra2, Germany), microplate 
reader (Safire2, Tecan, Männedorf, Switzerland), flow cyt-
ometer (FACS Aria, BD Corporation, Franklin Lakes, NJ, 
USA), ULTRA 55 field emission scanning electron micro-
scope (Zeiss company, Germany), optical microscope 
(Olympus, Ckx41, Japan), transmission electron microscope 
(TEM) (H-7650, Hitachi, Japan).

Experimental Methods
Preparation of P. yezoensis Polysaccharide (PYP)
Samples of P. yezoensis were collected from the Fujian of 
China from August to September 2019. The material was 
sorted, washed and dried immediately by forced air circu-
lation at 50–60°C. PYP was obtained from algal powder of 
P. yezoensis by a hot water-extracted method according to 
our previous study.8,13,20

Sulfation of PYP
According to the reference,21 500 mg of PYP with a –OSO3

– 

content of 14.14% and 30 mL dimethyl sulfoxide were 
added to three-necked flask and stirred at room temperature 
for 1 h. Subsequently, the temperature was raised to 80°C, 5 
g of sulfur trioxide-pyridine dissolved in 5 mL of anhydrous 
formamide was added, and the reaction was carried out for 8 
h and 16 h, then cooled to room temperature and neutralized 
with NaOH. Dialysis was carried out in distilled water with 
3000 M dialysis bag until the polysaccharide solution chan-
ged from yellow to transparent, and then alcohol precipita-
tion for 24 h at 4°C. Sulfated PYP with content of –OSO3

– 

content of 20.28% (SPYP1) and 27.14% (SPYP2) were 
obtained after centrifugation and drying.

Determination of –OSO3
– Content in 

Polysaccharides
BaCl2-gelatin turbidimetry was used to determine 
the –OSO3

– in polysaccharides.22 A standard curve was 
plotted through a series of known concentrations of K2 

SO4, the standard working curve: Y=2.21289X-0.01095; 
R2=0.99449; n=11. Based on the regression equation, 
the –OSO3

– content in polysaccharide was calculated.

FT-IR and NMR Detection of Polysaccharides
FT-IR spectra of polysaccharides were determined using 
films prepared by the dried polysaccharides and KBr pel-
lets on a Fourier-transform infrared spectrophotometer in 
the wave number range of 4000–400 cm−1 with 
a resolution of 4 cm−1.

For NMR analysis, approximately 20 mg of freeze-dry 
PYP sample was dissolved in 0.5 mL of deuterium oxide in 
NMR tube (5 mm diameter), and analysis was performed 
using a Varian Bruker-600 MHz spectrophotometer.

Cell Culture
HK-2 cells were grown in DMEM/F-12 medium supple-
mented with 10% fetal bovine serum and penicillin−strep-
tomycin antibiotics at 37°C under an atmosphere of 95% 
air and 5% CO2.

Cell Viability Detection by CCK-8 Kit
After the cell culture was completed, the cells were divided 
into three groups: (1) normal control group: serum-free 
medium was added; (2) damaged control group: 2.6mM 
sodium oxalate dissolved in PBS buffer solution was 
added to damage HK-2 cells for 3.5 h; (3) polysaccharide 
repair group: PYP and sulfated PYP (SPYP1 and SPYP2) 
with the concentrations of 20, 40, 60 and 100 μg/mL were 
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added to the damaged cells for repairing 12 h. 10 μL CCK-8 
were added to each well and incubated for 1.5 h. The absor-
bance was detected by a microplate reader at 450 nm, and 
cell viability was calculated.

Cell Morphology Observation
2 mL of cell suspension with a concentration of 1×105 

cells/mL was inoculated per well in 6-well plates at 37°C 
for 24 h. The cells were divided into three groups: (1) 
normal control group: serum-free medium was added; (2) 
oxalate injury group: 2.6mM sodium oxalate dissolved in 
PBS buffer solution was added to damage HK-2 cells for 
3.5 h; (3) polysaccharide repair group: PYP, SPYP1 and 
SPYP2 with the concentration of 20, 40, 60 and 100 μg/ 
mL were added to repair damaged cells for 12 h. The cells 
were then observed under a microscope.

Detection of Reactive Oxygen Species (ROS) Level
After the PYPs repair for damaged cells was completed, 
500 μL DCFH-DA staining solution diluted with a serum- 
free culture medium at 1:1000 was added and incubated 
for 30 min at 37°C. ROS distribution was observed under 
fluorescent microscope. The fluorescence intensity of 
intracellular ROS was quantitatively detected by 
a microplate reader at 502 nm.

Intracellular Ca2+ Level Detection
After the PYPs repair for damaged cells was completed, 
the cells were fixed by 3.7% paraformaldehyde solution at 
room temperature for 10 min, and then stained with 200 
µL of Fluo-4/AM (5 µmol/L) and incubated for 45 min. 
DAPI staining solution was then added to the cells and 
incubated for additional 10 min. The prepared samples 
were mounted with an anti-fade fluorescence mounting 
medium and observed in a confocal microscope.

Detection of Mitochondrial Membrane Potential
After the PYPs repair for damaged cells was completed, 
the cells were stained by 5 μg/mL JC-1 staining solution at 
37°C for 1 h. The mitochondrial membrane potential was 
observed and detected with an inverted fluorescence 
microscope and flow cytometry.

Western Blotting Assay
After the PYPs repair for damaged cells was completed, 
the cells were washed 3 times with PBS, and the super-
natant was completely drained. Cell lysates were prepared 
using lysis buffers supplemented with phosphatase and 
protease inhibitors. Equal amounts of protein were loaded 
and separated on 12% SDS-PAGE, and then transferred to 

polyvinylidene fluoride (PVDF) membrane. The mem-
brane was then blotted by incubation overnight with trans-
membrane protein (CD44) and Annexin A2 primary 
antibodies. Images were obtained with an Odyssey® CLx 
Imaging System (LI-COR, USA) and quantified using 
Image J software.

Detection of the Proportion of Cells with Adherent 
Crystals
Preparation of fluorescence labeled nano-COM crystals: 
According to the method reported by Zhao et al,23 the 
nano-COM was labeled with FITC, and FITC−COM was 
prepared by a two-step reaction. First, AMPTES (5 mL) 
was reacted with COM (0.05 g) and absolute ethanol 
(50 mL) at 74°C for 3 h. Subsequently, 0.025 g of FITC 
was supplemented, and the reaction was maintained for 
6 h. Fluorescence-labeled COMs were harvested followed 
by washing and drying.

After the PYPs repair for damaged cells was com-
pleted, the cells were transferred to a 4°C environment 
for cultivation for 30 min to inhibit the endocytic activity 
of cells. The experiment was divided into 3 groups: (1) 
control group: 200 μg/mL freshly prepared FITC-labeled 
COM was added to normal HK-2 cells; (2) injury group: 
200 μg/mL freshly prepared FITC-labeled COM was 
added to oxalate damaged HK-2 cells; (3) repair group: 
200 μg/mL freshly prepared FITC-labeled COM were 
added to PYPs repaired cells. Then, the three groups of 
cells were transferred to 4°C for 1 h. After the culture time 
was reached, the culture medium was aspirated and 
washed twice with cold PBS to remove the unattached 
and non-tightly adherent crystals. After the trypsin diges-
tion, the cells were resuspended in PBS, and the average 
fluorescence intensity and the proportion of cells with 
adherent crystals were measured by a flow cytometer. 
Cells with FITC signal could be considered as cells with 
adherent crystals.

SEM Observation
After the PYPs repair for damaged cells was completed, 
200 μg/mL COM crystals with the size of about 100 nm 
were added and inculcated for 6 h, the supernatant was 
removed by suction and cells were washed three times 
with PBS, fixed in 2.5% glutaraldehyde at 4°C for 24 h, 
then fixed with 1% OsO4, washed three times with PBS, 
dehydrated in gradient ethanol (30%, 50%, 70%, 90% and 
100%, respectively), dried under the critical point of CO2, 
treated with gold sputtering, and finally imaged on SEM.
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Detection of the Proportion of Cells with 
Endocytosed Crystals
Cells were divided into three groups according to Detection 
of the Proportion of Cells with Adherent Crystals. After 
incubation for 6 h at 37°C, the cells were washed with 
PBS and incubated with 5 mM EDTA for 10 min to elim-
inate non-internalized (both adherent and non-adherent crys-
tals) COM crystals.24 The internalized crystals were then 
quantified using a flow cytometer. Cells with an FITC signal, 
as detected by flow cytometry, can be regarded as cells with 
endocytosed crystals. The X-axis indicates the relative inten-
sity of the fluorescence signal. The strength of the FITC 
signal represents the amount of endocytosed crystals.

Accumulation of Nano-COM Crystals in Lysozymes
Cells were divided into three groups according to Detection 
of the Proportion of Cells with Adherent Crystals. The cells 
were stained with 70 nM Lyso-Tracker Red to label lyso-
somes for 2 h and then fixed with 4% paraformaldehyde for 
10 min, the cell nucleus was stained with DAPI. 
Accumulation of COM crystals in lysosomes was observed 
by confocal laser scanning microscope.

Statistical Analysis
Statistical analyses were performed using the SPSS 13.0 
software. Data were expressed as the mean ± SD. Multiple 
group comparisons were performed using one-way 
ANOVA, followed by the Tukey post hoc test. If p < 
0.05, there was a significant difference; if p < 0.01, the 
difference was extremely significant; and if p > 0.05, there 
was no significant difference.

Results
Sulfation and Structural Characterization 
of PYPs
Sulfation of PYP
PYP was sulfated by sulfur trioxide–pyridine to obtain two 
sulfated polysaccharides (SPYP1 and SPYP2; Table 1). 
With prolonged sulfation time, the –OSO3

− content of 

polysaccharides increased from 14.11% (PYP) to 20.28% 
(SPYP1) and 27.14% (SPYP2).

FT-IR Characterization
The FT-IR spectrum (Figure 1B) shows that the PYP spectra 
before and after sulfation are similar, indicating that sulfa-
tion with sulfur trioxide–pyridine did not remarkably influ-
ence the overall structure of polysaccharides. These PYPs 
have obvious broad peaks around 3412–3445 cm−1, corre-
sponding to the stretching vibration of O-H; the absorption 
peak at 2933 cm−1 is due to C–H telescopic vibration.25

However, sulfated polysaccharide has strong absorption 
bands near 1250 and 817 cm−1, which are the characteristic 
absorption peaks of the asymmetric stretching vibrations of 
the sulfate groups O=S=O and C–O–S.26 The intensity of 
the peaks (1250 and 817 cm−1) gradually increases with the 
increase in sulfation time (Figure 1B), indicating that the 
content of –OSO3

− in polysaccharides gradually increased.

1H NMR and 13C NMR Characterization
Our previous study13 found that PYP has a typical porphyran 
structure and a backbone of alternating (1→3)-linked β- 
D-galactose units and (1→4)-linked 3,6-anhydro-α- 
L-galactose or (1→4)-linked-α-L-galactose 6-sulfate units.27

The structures of PYP before and after sulfation were 
further characterized by 1H NMR and 13C NMR analysis. 
After sulfation, a strong signal peak appeared at δ4.21 
ppm, which was the reason that the chemical shift of 
δ4.45 and δ4.58 ppm shifted to δ4.21 ppm after sulfation. 
This may be due to the fact that –OSO3

− replaced –OH 
after sulfation.28 In the 13C NMR spectrum, a new peak 
appeared at δ66.96 ppm because the carbon atoms con-
nected by the –OSO3

− group shifted to low frequency,28 

indicating that the C6 position of G is substituted by 
the –OSO3

− (Table 2). After sulfation, the –OH at C2, 
C4, and C6 positions in (1→3)-linked β-D-galactose of 
PYP were partially replaced by the –OSO3

−. These results 
showed that the sulfation of PYP was successful.20

Table 1 Sulfation Conditions and Chemical Properties of Original and Sulfated P. yezoensis Polysaccharides

Sample Reaction Time t/h –OSO3
–Content/% (Mean±SD) Coefficient of Variation/% Characteristic Absorption Peaks 

of Groups/cm−1

–OH -CH2 O=S=O C-O-S

PYP 0 14.14%±0.12 0.83 3412 2933 1248 820
SPYP1 8 20.28%±0.73 3.60 3421 2949 1249 822

SPYP2 16 27.14%±0.65 2.41 3445 2949 1250 820
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PYPs Improved the Viability of Injured 
HK-2 Cells
As shown in Figure 2A, the cell viability decreased from 
100% ± 0.81% to 59.49% ± 1.34% after oxalate-induced 

injury, indicating that oxalate has obvious damage to cells. 
When 20, 40, 60, and 100 µg/mL of PYP, SPYP1, and 
SPYP2 were used to repair the damaged HK-2 cells, the 
cell viability increased to different degrees (69.35– 

Figure 1 Schematic diagram of sulfation reaction and chemical properties characterization of PYPs before and after sulfation. (A) Schematic diagram of sulfation reaction; 
(B) FT-IR spectra; (C) 1H NMR spectra; (D) 13C NMR spectra.

Table 2 The 13C NMR Chemical Shift Data of PYP Before and After Sulfation

Residue 13C Chemical Shift (ppm)

C-1 C-1# C-2 C-2# C-3 C-3# C-4 C-4# C-5 C-5# C-6 C-6#

PYP (G-A)n G 102.92 71.47 82.35 68.34 75.06 60.37

A 99.58 71.01 79.56 76.34 76.07 69.52

(G-L6S) unit G 103.18 69.91 81.52 69.29 76.67 60.46

L6S 101.89 69.27 71.72 78.61 70.27 67.50

SPYP (G-A)n G 102.67 - 71.66 73.88 82.35 - 68.90 69.67- 75.06 - 60.40 66.96

A 99.71 - 70.83 - 79.38 - 76.39 - 75.97 - 69.51 -

(G-L6S)unit G 103.83 - 70.27 71.75 81.52 - 69.29 70.25- 76.60 - 60.47 66.96

L6S 100.73 - 69.27 - 71.65 - 78.61 - 70.36 - 67.52 -

Notes: #Indicates the 13C NMR chemical shift of PYP after sulfation; G: (1→3)-linked β-D-galactose; A: (1→4)-linked 3,6-anhydro-α-L-galactose; L6S: (1→4)-linked-α- 
L-galactose 6-sulfate.
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91.26%), with 100 µg/mL concentration showing the best 
repair effect. Therefore, a concentration of 100 µg/mL was 
selected for the following experiments.

With a polysaccharide concentration of 100 µg/mL, the 
cell viability increased from 81.16% to 86.25% and 
91.26% when the polysaccharide –OSO3

− content was 
increased from 14.14% (PYP) to 20.28% (SPYP1) and 
27.14% (SPYP2), respectively. This finding shows that 
the sulfated polysaccharides SPYP1 and SPYP2 have 
stronger repair ability than the unsulfated PYP, and the 
higher the –OSO3

− content, the greater the cell viability.

PYPs Restored the Cell Morphology of 
Oxalate-Damaged HK-2 Cells
The morphological changes of HK-2 cells before and after 
PYP repair with different –OSO3

− content were observed 
under a microscope (Figure 2B). Normal cells are fully 
shaped and tightly connected. After the cells were 
damaged by oxalate, the cell morphology became disor-
dered and shrunk, and the number was obviously reduced. 
When the damaged cells were repaired by PYP, SPYP1, 
and SPYP2, the cells gradually returned to normal state. 
Among them, SPYP2 with the highest –OSO3

− content 
had the best repair effect.

PYPs Reduced the Production of 
Intracellular ROS
As shown in Figure 3A, the green fluorescence of normal 
cells is the weakest (5821 ± 225); that is, the ROS level is 
the lowest. By contrast, the green fluorescence of ROS in 

damaged cells is obviously increased (12,809 ± 250). After 
repair with polysaccharides, the ROS level gradually 
decreased with the increase of –OSO3

− content of poly-
saccharides (7745–6080, Figure 3B). SPYP2, which has 
the highest degree of sulfation, effectively eliminated ROS 
in the cells.

PYPs Decreased the Intracellular Ca2+ 

Level
The increase of intracellular free Ca2+ concentration may 
disturb the mitochondrial membrane potential (Δψm) and 
eventually lead to cell apoptosis and necrosis. Fluo-4 AM 
was used as a fluorescence probe to detect intracellular Ca2+ 

level (Figure 4A and B). The green fluorescence intensity of 
normal cells was weak, whereas that of damaged cells was 
obviously increased. In the polysaccharide repair groups, 
the fluorescence intensity of intracellular Ca2+ decreased 
with the increase of –OSO3

− content in polysaccharides. 
The fluorescence intensity in the SPYP2-repaired group 
was close to the normal group.

PYPs Recovered Mitochondrial 
Membrane Depolarization
Cell oxidative damage can lead to decreased Δψm. When 
Δψm decreases, fluorescent probe JC-1 changes from red 
fluorescence (aggregate) to green fluorescence (monomer). 
The normal cells have strong red fluorescence intensity, 
whereas the oxalate-damaged cells show strong green 
fluorescence (Figure 5A and B). The red fluorescence of 
the repaired cells gradually increased, and the green 

Figure 2 Changes of viability (A) and morphologies (B) of damaged cells before and after repair by PYPs with different –OSO3
– content. Polysaccharide concentration: 20, 

40, 60, and 100 μg/mL; oxalate concentration: 2.6 mmol/L: injury time: 3.5 h; repair time: 12 h. Compared with DC group, **P<0.01. Scale bars: 20 μm. 
Abbreviations: NC, normal control; DC, damaged control.
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fluorescence decreased (Figure 5C and D), indicating that 
the repair effect of sulfated polysaccharides (SPYP1 and 
SPYP2) on damaged cells is obviously enhanced than that 
before sulfation (PYP).

PYPs Inhibited the Expression of 
Adhesion Proteins
When renal epithelial cells are damaged, many mole-
cules and proteins can be expressed on their surfaces, 
such as transmembrane protein (CD44),7 HA,29 and 

annexin A2.30 These negatively charged adhesion pro-
teins provide an effective adhesion site for urinary 
microcrystals and promote the formation of early 
microlithiasis.31

Compared with that in the normal group, the 
expression of CD44 and annexin A2 in the injured 
group was obviously increased (Figure 6A and B). 
Oxidative damage resulted in the overexpression of 
cell surface adhesion proteins. After polysaccharide 
repair, the expression of the three adhesion proteins 

Figure 3 Intracellular ROS expression of damaged cells before and after repair by PYPs with different –OSO3
– content. (A) Fluorescence microscopy images; (B) 

quantitative histogram of fluorescence intensity. Polysaccharide concentration: 100 μg/mL; oxalate concentration: 2.6 mmol/L: injury time: 3.5 h; repair time: 12 h. Compared 
with DC group, **P<0.01. Scale bars: 50 μm. 
Abbreviations: NC, normal control; DC, damaged control.

Figure 4 Changes of intracellular Ca2+ levels of damaged cells before and after repair by PYPs with different –OSO3
– content. (A) Fluorescence microscopy images; 

(B) quantitative histogram of fluorescenceintensity. Polysaccharide concentration: 100 μg/mL; oxalate concentration: 2.6 mmol/L: injury time: 3.5 h; repair time: 12 
h. Compared with DC group, *P<0.05; **P<0.01. Scale bars: 20 μm. 
Abbreviations: NC, normal control; DC, damaged control.
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decreased, and the expression levels were negatively 
correlated with the –OSO3

− content in polysaccharides. 
That is, the expression of adhesion proteins was the 
lowest after repair by SPYP2 with the highest sulfate 
content.

PYP Repair Inhibited the Adhesion and 
Aggregation of Crystals on the Cell 
Surface
The adhesion and aggregation of COM crystals (100 nm) 
on the cell surface were observed by SEM (Figure 7A). In 

Figure 5 Changes of cell mitochondrial membrane potential of damaged cells before and after repair by PYPs with different –OSO3
– content. (A) Fluorescence microscopy 

images; (B) flow cytometry results; (C) quantitative histogram of red fluorescence intensity; (D) quantitative histogram of green fluorescence intensity. Polysaccharide 
concentration: 100 μg/mL; oxalate concentration: 2.6 mmol/L: injury time: 3.5 h; repair time: 12 h. 
Abbreviations: NC, normal control; DC, damaged control.

Figure 6 Expression of adhesion proteins of damaged cells before and after repair by PYPs with different –OSO3
– content. (A) Western blotting; (B) Quantitative histogram 

of protein expression. Polysaccharide concentration: 100 μg/mL; oxalate concentration: 2.6 mmol/L: injury time: 3.5 h; repair time: 12 h. 
Abbreviations: NC, normal control; DC, damaged control.
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the normal group, only a small amount of crystals adhered 
to the cell surface, and the adhered crystals were almost 
not aggregated. The cell surface remained smooth and flat 
after interaction with nano-COM crystals. However, after 
injury by 2.6 mM oxalate, the cell morphology shrunk, the 
amount of crystal adhesion was obviously increased, and 
the degree of crystal aggregation was higher. This finding 
indicated that the injured cells promoted the adhesion and 
aggregation of the crystals. After the cells were repaired 
by various polysaccharides, the amount of crystal adhesion 
and the degree of aggregation on the cell surface were 
obviously lower than those of the injured group.

The adhesion of crystals was further quantitatively 
detected by flow cytometry (Figure 7B). The results 
showed that the amount of crystal adhesion in the normal 
group was the lowest (19.2%) (Figure 7C), and that in the 
injured group, it was the highest (64.2%). The amount of 
crystal adhesion in the polysaccharide repair group was 
between normal group and injured group, and it was 

negatively correlated with the polysaccharide sulfate con-
tent. That is to say, SPYP2 had the strongest ability to 
inhibit crystal adhesion.

PYP Repair Increased the Endocytosis of 
Crystals
The crystals adhering to the cell surface can be endocy-
tosed, and then the endocytosed crystals are transferred to 
the lysosome.32 The accumulation of nano-COM inside 
cells after polysaccharide repair was observed by a laser 
confocal microscope (Figure 8A). The normal group had 
the most orange regions (superposition of green crystals 
and red lysosomes), indicating that this group contained 
the most endocytosed crystals. However, the injured group 
had the least amount of crystal endocytosis. Compared 
with the injury group, the orange region of each polysac-
charide repair group increased to different degrees, which 
indicated that the ability of endocytosis was enhanced after 
polysaccharide repair.

Figure 7 Adhesion of nano-COM crystals on damaged cells before and after repair by PYPs with different –OSO3
– content. (A) SEM observation; (B) quantitative detection 

of the proportion of cells with adhered FITC-labeled nano-COM crystals by flow cytometry; (C) statistical results of the proportion of cells with adhered crystals. 
Polysaccharide concentration: 100 μg/mL; oxalate concentration: 2.6 mmol/L: injury time: 3.5 h; repair time: 12 h. Compared with DC group, *P<0.05; **P<0.01. 
Abbreviations: NC, normal control; DC, damaged control.
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The cells were incubated with 5 mM EDTA for 10 min to 
eliminate non-internalized (both adherent and non-adherent 
crystals) COM crystals.24 The internalized FITC labelled- 
crystals were quantified using a flow cytometer. Cells with 
an FITC signal, as detected by flow cytometry, can be 
regarded as cells with endocytosed crystals.33 The amount 
of crystal endocytosis was quantitatively determined by flow 
cytometry (Figure 8B and C). The proportion of cells having 
endocytosed crystals in the normal group was 37.6%, which 
was significantly greater than that in the injury group 
(12.7%, p < 0.01). That is, the endocytosis ability of the 
damaged cells was obviously reduced. After polysaccharide 
repair, the endocytosis ability of the cells gradually recov-
ered (21.2%–31.9%), and it was positively correlated with 
the polysaccharide sulfate content.

Discussion
Repair Mechanism of PYPs on Damaged 
HK-2 Cells
High concentrations of oxalate can produce toxicity to 
HK-2 cells, promote the production of intracellular ROS, 
and induce lipid peroxidation.34 ROS can rapidly react 
with large intracellular molecules (such as proteins, 

carbohydrates, and lipids) in cells, resulting in the func-
tional damage to cells and eventually leading to oxidative 
damage and even cell death.35 Koul et al36 demonstrated 
that high concentrations of oxalate can lead to a sharp 
decrease in the number of LLC-PK1 cells and reduced 
cell viability. Schepers et al3 showed that when the oxalate 
concentration was more than 5 mmol/L, the release of 
LDH in MDCK cells was increased, and the levels of 
H2O2 and PGE2 were enhanced. In the present study, 
oxalate caused the decrease in cell viability (Figure 2A), 
the disorder of cell morphology (Figure 2B), and the 
increase of intracellular ROS levels (Figure 3). As a kind 
of natural antioxidant, plant polysaccharides can clear free 
radicals and effectively repair oxidative damaged cells.37 

Kim et al38 showed that polysaccharides from Psidium 
guajava leaves can reduce H2O2-induced oxidative stress 
in Vero cells, inhibit lipid peroxidation, and reduce cell 
oxidative damage. PYP before and after sulfation can 
effectively improve cell viability, restore cell morphology, 
and reduce ROS production in cells and oxalate-induced 
oxidative damage to HK-2 cells.

The Δψm of normal cells is higher than that of the 
damaged cells. Oxalate caused the decrease of Δψm 

Figure 8 Accumulation of nano-COM crystals in lysosome of damaged cells before and after repair by PYPs with different –OSO3
– content. (A) Laser confocal observation; 

(B) quantitative detection of the proportion of cells with endocytosed crystals by flow cytometry; (C) statistical results of the proportion of cells with endocytosed crystals. 
Cells were treated with FITC-labeled 200 μg/mL COM crystals (green fluorescence) for 6 h; lysosomes were stained with Lyso-Tracker Red (red fluorescence); cell nuclei 
were stained with DAPI (blue fluorescence). Polysaccharide concentration: 100 μg/mL; oxalate concentration: 2.6 mmol/L: injury time: 3.5 h; repair time: 12 h. Compared 
with DC group, **P<0.01. Scale: 20 μm. 
Abbreviations: NC, normal control; DC, damaged control.
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(Figure 5), disrupted mitochondrial function, and increased 
mitochondrial permeability, leading to the release of Ca2+ 

(Figure 4). The increase in Ca2+ and lipid peroxidation 
may be an important factor to cause mitochondrial 
damage,39 which plays an important role in the formation 
of kidney stones. Polysaccharides can repair damaged 
mitochondria. Li et al40 reported that Ganoderma atrum 
polysaccharide (PSG-1) increased the expression of Bcl-2 
protein in the mitochondria, inhibited the release of cyto-
chrome C, and increased cell Δψm. Our study showed that 
PYPs can reduce cell oxidative damage by reducing Δψm 
and Ca2+ release. Therefore, PYPs improved cell status, 
removed ROS in cells, reduced intracellular Ca2+ levels, 
and restored the polarity of mitochondria, leading to the 
repair of oxalate-damaged HK-2 cells. Our data suggested 
that PYP repaired the renal cell injury caused by oxalate 
toxicity by reducing ROS production and inhibiting the 
reduction of Δψm and the release of intracellular Ca2+.

Repairing Damaged Cells Can Inhibit 
Adhesion and Promote Endocytosis of 
Crystals
Several studies have shown that the surface of renal 
epithelial cells has many crystal adhesion proteins and 
molecules, such as CD44 and annexin A2.7,29,30 CD44 is 
a specific receptor for HA on the cell surface41 and is also 
an adhesion protein. Annexin A2 is a calcium-dependent 
phospholipid-binding protein with a molecular weight of 
approximately 36 kDa and participates in multiple cellular 
processes, including cell adhesion, endocytosis, and actin 
assembly.42 The results of this study show that when HK-2 
cells are damaged, the three negatively charged adhesion 
proteins are upregulated (Figure 6). This promotes the 
adhesion of Ca2+ and CaOx crystals to the cell surface, 
leading to crystal retention and growth and increased risk 
of stone formation. Verhulst et al7 found that renal epithe-
lial cells exposed to CaOx stones have a higher expression 
of HA and its receptor CD44 than normal cells. 
Semangoen et al43 proved that the treatment of MDCK 
cells with 100 µg/mL COD crystals can significantly 
increase annexin A2 levels and crystal adhesion.

Polysaccharides have an obvious repair effect on 
damaged cells, which can restore the morphology and 
membrane structure of damaged cells to near normal 
levels.44 The results of this study indicate that polysac-
charides can reduce the expression of adhesion proteins 
such as CD44, annexin A2 (Figure 6) and inhibit the 

adhesion of crystals. In addition, the cell state is closely 
related to the amount of crystal adhesion; the better the 
state, the fewer the cell adhesion sites and the lower the 
adhesion number of crystals (Figure 7).

Endocytosis is a self-protection mechanism of renal 
epithelial cells. The adhered crystals are transferred to 
the lysosome after being endocytosed and dissolved 
under the action of many hydrolytic enzymes, reducing 
the toxicity of the crystals.45 In the present study, the 
endocytosis ability of oxalate-damaged cells to nano- 
COM crystals was obviously reduced (Figure 8B), and 
the number of crystals accumulated in lysosomes was 
relatively smaller compared with those of normal cells 
(Figure 8A). The uptake capacity of repaired cells by 
PYPs to nano-COM crystals was obviously increased. 
This is probably because endocytosis is a process of active 
transportation, which requires the consumption of energy. 
Cells in good condition have high metabolism and suffi-
cient energy,46 and it is easier to endocytose crystals that 
adhered to the cell surface, reducing the harm of crystal 
adhesion on the cell surface.

Urine microcrystals cannot grow to a large enough size 
to block the renal tubules in a short time; however, crystal 
aggregation can occur in a short period of time. Therefore, 
the accumulation of crystals is an important factor leading 
to the retention of crystals in the kidney.47 Some studies 
showed that patients with renal stones secrete more crystal 
aggregates, which are related to the decrease in stone 
inhibitors (such as citrate and glycoprotein) and the 
increase in promoters (such as cell debris, lipid vesicles, 
and bacteria).48,49 Figure 7A shows that the degree of 
crystal aggregation on the damaged cell surface is 
obviously higher than that in the polysaccharide repair 
group, indicating that PYPs have the ability to inhibit the 
aggregation of urine microcrystals.

Figure 9 shows a model of the adhesion and endocy-
tosis of nano-COM crystals in damaged HK-2 cells before 
and after repair by PYPs. On the one hand, after PYP 
repair of damaged cells, the cell viability is enhanced, 
the cell morphology is restored, the production of ROS is 
reduced, and the damaged cells are repaired. On the other 
hand, the reduction of adhesion molecules inhibits the 
adhesion and aggregation of crystals on the cell surface, 
promotes the endocytosis of crystals, and reduces the 
toxicity of cells.

In summary, the adhesion, aggregation, and endocyto-
sis of crystals are closely related to the state of cells. 
Reducing the adhesion and aggregation of crystals and 
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promoting the endocytosis of crystals are effective ways to 
inhibit the formation of kidney stones.

Sulfation of Polysaccharides Helps to 
Improve Their Biological Activity
In this study, two sulfated polysaccharides with –OSO3

− 

group contents of 20.28% (SPYP1) and 27.14% (SPYP2) 
were obtained by sulfating PYP (14.14%) with sulfur 
trioxide–pyridine for 8 and 16 h, respectively. FT-IR and 
NMR showed that sulfation did not remarkably affect the 
overall structure of polysaccharides.

Many studies have shown that the biological activity of 
sulfated polysaccharides is mainly related to sulfate 
content.50,51 Song et al51 extracted three kinds of sulfated 
polysaccharides with –OSO3

− contents of 7.56% (B1), 
6.71% (B2), and 11.4% (B3) from feather algae and found 
that B3 had the strongest scavenging ability to superoxide 
anion and DPPH radicals. Wang et al50 showed that 100 µg/ 
mL of sulfated Cyclocarya paliurus polysaccharide could 
increase the viability of H2O2-damaged macrophages from 
60% to 90%. Sun et al52 degraded marine microalgae to 
obtain three polysaccharides with –OSO3

− contents of 

14.0%, 17.3%, and 25.4% and inhibitory ability against 
H2O2-induced erythrocyte hemolysis.

The results showed that the repair ability of polysac-
charides to damaged HK-2 cells was directly proportional 
to their –OSO3

− group content. Negatively 
charged –OSO3

− in polysaccharides can reduce the nega-
tive charge loss on the cell surface and repair the charge 
barrier.53 Compared with natural PYP, sulfated SPYP has 
stronger antioxidant activity and can lower ROS levels. 
The antioxidant ability of polysaccharides is mainly due to 
their hydrogen supply ability. Hydrogen combines with 
free radicals and forms stable free radicals to terminate 
the free radical chain reaction. PYP containing 
higher –OSO3

− content has a stronger ability to activate 
the hydrogen atoms of anomeric carbon and enhance the 
donor ability of hydrogen atoms.54

As with most polysaccharides, PYP is composed of 
sugar chains formed by the combination of a variety of 
monosaccharides through glycosidic bonds. Most poly-
saccharides have similarities in pharmacokinetics in the 
body. Many researchers have studied the pharmacoki-
netics of polysaccharides, and confirmed that polysacchar-
ides can reach the kidney to exert biological activity.55–58 

Figure 9 Mechanism of adhesion and endocytosis of nano-COM crystals in damaged HK-2 cells before and after repair by PYPs with different –OSO3
– content.
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For example, Dawes et al57 administered dermatan sul-
phate to healthy human volunteers by the intravenous, 
subcutaneous and oral routes, the intact form of dermatan 
sulphate was subsequently excreted unchanged in the 
urine. Odlind et al58 studied the distribution in rats of 
tritiated sulphated polysaccharide pentosanpolysulphate 
(PPS) after intravenous injection (5 mg/kg b.wt.) for 1 
h. The highest activity in the body was found in the urine 
as well as in the linings of the renal pelvis, ureter and 
bladder. Fukatani et al56 tested the pharmacokinetics and 
the changes in crystallization inhibitory capacity for pen-
tosan polysulphate (SP-54) in small groups of healthy 
volunteers. After oral administration of SP-54, 1% to 2% 
is excreted unaltered in the urine. Desired increases in 
urine inhibitory potential against CaOx crystallization 
were found. In addition, Zhang et al55 extracted and iso-
lated PYP by hot-water extract method and studied anti-
oxidant activity in aging mice, PYP presented obvious 
antioxidant capacity in vivo, but detail pharmacokinetic 
of PYP has not deeply studied.

There are some limitations to our study, which are 
worth mentioning. First, the molecular mechanism of 
PYP repairing damaged renal epithelial cells need to be 
explored in depth. Secondly, in the present study, we just 
did an in vitro study, so further in vivo and clinical 
verification is necessary. Thirdly, the detail pharmacoki-
netics of PYP in vivo need to be further investigated.

Conclusions
PYP before and after sulfation has repair effect on damaged 
HK-2 cells, and its repair ability is positively correlated with 
the sulfation degree of polysaccharides. With 
increased –OSO3

− content in polysaccharides, the viability 
of the repaired cells increases, the amount of ROS decreases, 
and the reduction of Δψm and the release of intracellular Ca2+ 

are suppressed. The abilities of repaired cells to resist crystal 
adhesion and promote crystal endocytosis were obviously 
higher than those of injured cells, which was beneficial to 
reduce the risk of CaOx kidney stone formation. With the 
highest sulfate content, SPYP2 showed the strongest repair 
and anti-calculus abilities and may become a potential drug 
for inhibiting the formation and recurrence of CaOx stones.
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