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Background: Kidney stone formation is closely related to renal epithelial cell damage and
the adhesion of calcium oxalate crystals to cells.

Methods: In this research, the adhesion of human kidney proximal tubular epithelial cells (HK-2)
to calcium oxalate monohydrate crystals with a size of approximately 100 nm was studied. In
addition, the inhibition of crystal adhesion by four tea polysaccharides (TPSO, TPS1, TPS2, and
TPS3) with the molecular weights of 10.88, 8.16, 4.82, and 2.31 kDa, respectively were compared.
Results: When oxalic acid-damaged HK-2 cells were repaired, cell viability increased. By
contrast, reactive oxygen species level, phosphatidylserine eversion, and osteopontin expres-
sion decreased, thus indicating that tea polysaccharides have a repairing effect on damaged
HK-2 cells. Moreover, after repairing the damaged cells, the amount of adherent crystals was
reduced. The repair effect of tea polysaccharides is closely related to molecular weight, and
TPS2 with the moderate molecular weight displayed the best repair effect.

Conclusion: These results suggest that tea polysaccharides, especially TPS2, may inhibit
the formation and recurrence of calcium oxalate kidney stones.

Keywords: tea polysaccharide, kidney stone, crystal adhesion, molecular weight

Introduction

Kidney stones are a kind of global disease. Treatments exist, but the recurrence rate
of kidney stones remains high, and no effective prevention methods have been
found.'> The main components of calcium oxalate kidney stones are calcium
oxalate monohydrate (COM) and calcium oxalate dihydrate. Specifically, kidney
stones are mostly composed of COM.* Crystal retention in renal tubules is a critical
step toward kidney stone formation.’ The crystals adhere to kidney cells and
aggregate to form kidney stones.® When the cells are damaged, the number of
adherent crystals is significantly increased, which may be associated with increased
expression of adherent molecules, such as hyaluronic acid,” phosphatidylserine
(PS),® transmembrane protein, and osteopontin (OPN).” These negatively charged
adhesion molecules can adsorb Ca?' ions in solution and adhere to positively
charged COM crystals. When the damaged cells are repaired, the expression of
adherent molecules and the number of adherent crystals is reduced.'® We previously
compared the adhesion and internalization between African green monkey kidney
epithelial cells (Vero) and nano-COM crystals (97435 nm) before and after being
damaged by hydrogen peroxide. The results showed that the adherent crystals of
damaged cells are significantly stronger than normal cells."!
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Plant polysaccharides not only repair individual orga-
nelles in cells'? but also reduce the expression of adherent
molecules on the cell surface.'®> For example, degraded
soybean polysaccharide can reduce hyaluronic acidexpres-
sion on the surface of Vero cells induced by oxidative
damage.'* On the surface of normal Madin—Darby canine
kidney (MDCK), the adhesion of COM is 0.24+0.03 pg/cm?,
and the adhesion of cells after being injured increases to
2.33£0.26 pg/cm’. When the damaged cells are self-
repaired, the adhesion reduces to 0.16+0.02 pg/cm.”'°

In recent years, tea polysaccharides have attracted
attention due to their wide range of biological activ-
ities. Tea polysaccharides have anti-oxidation, anti-
cancer, and anti-radiation properties. Moreover, they
blood
immunity.">™'” For example, selenium-containing tea
ratio of Bax/Bcl-2,

increase the activation of caspase-3 and caspase-9,

can lessen sugar levels and regulate

polysaccharides increase the
and inhibit the proliferation of human breast cancer
cells (MCF-7) by triggering the mitochondrial apopto-
tic pathway.'® Gao et al'® and Park et al** had similar
findings."”2° Additionally, ziyang tea polysaccharide
has a protective effect on liver injury induced by
CCl, in mice.?! Glyphosate inhibits proliferation of
mouse testicular cells, increases malondialdehyde and
dehydrogenase levels, and reduces the activation of
superoxide dismutase. On the contrary, tea polysac-
charides can inhibit these effects and repair damaged
cells.?? Ilex Kuding tea polysaccharide has a repairing
effect
endothelial dysfunction in mice.”® Exposure of vascular
endothelial cells to high glucose (33 mM) for 12
h leads to a significant decrease by 30% versus normal

on high fructose-induced liver injury and

control in cell viability. By contrast, conjugates of
green tea polysaccharide increase cell viability in
a concentration-dependent manner.**

Our previous study revealed that four degraded tea
polysaccharides (TPSO, TPS1, TPS2, and TPS3) with
molecular weight of 10.88, 8.16, 4.82, and 2.31 kDa,
respectively, can improve cell morphology and repair
the lysosomes and cell membranes of damaged HK-2
cells. In this research, the differences in COM crystal
adhesion to HK-2 cells before and after repair with tea
polysaccharides are further investigated. Furthermore, we
aimed to provide new insights into the possible utilization
of tea polysaccharides for prophylaxis and to explore
their therapeutic potential in treating kidney stones as
a candidate drug in different dosage forms.

Experimental method

Reagents and instruments

Tea polysaccharide (TPS0) was provided by Shaanxi Ciyuan
Biological Co., Ltd. and its molecular weight was 10.88 kDa.
The degradation of polysaccharides was performed as pre-
viously described.”” The molecular weight of TPS1, TPS2,
and TPS3 was 8.16, 4.82, and 2.31 kDa, respectively.

COM was synthesized according to a previous study.*®
Scanning electron microscopy (SEM) and X-ray powder
diffraction indicate that it is a target crystal with a size of
about 100 nm.

Human kidney proximal tubular epithelial (HK-2) cells
were purchased from Shanghai Cell Bank, Chinese Academy
of Sciences (Shanghai, People's Republic of China). FBS and
cell culture medium (DMEM-F12) were purchased from
HyClone Biochemical Products Co. Ltd. (Beijing, People's
Republic of China). The cell proliferation assay kit (Cell
Counting Kit-8 (CCK-8)) was purchased from Dojindo
Laboratory (Kumamoto, Japan). The Reactive Oxygen
Detection Kit (2',7'-dichlorofluorescein diacetate), rabbit
anti-mouse IgG conjugated with fluorescein isothiocyanate
(FITC-IgG), and Annexin V-FITC were all purchased from
Shanghai Beyotime Bio-Tech Co., Ltd. (Shanghai, People's
Republic of China). Paraformaldehyde and ethanol were of
analytical grade (Guangzhou Chemical Reagent Factory).

The apparatus included an ultraviolet—visible spectro-
photometer (Cary 500; Varian, USA), a microplate reader
(SafireZ; Tecan, Switzerland), a flow cytometer (FACS
Aria; BD, Franklin Lakes, NJ, USA), a field emission
scanning electron microscope (ULTRA 55; Carl Zeiss
Meditec AG, Jena, Germany), an optical microscope
(CKX41; Olympus Corporation, Tokyo, Japan),
a multifunction microplate detector (SYNERGY HI1M;
BioTek, USA), and a laser confocal microscope
(LSM510 META DuoScan; Carl Zeiss Meditec AG).

Cell culture

HK-2 cells were cultured in a DMEM-F12 culture medium
containing 10% FBS and 100 U/mL penicillin-100 and pg/mL
streptomycin antibiotics with pH 7.4 at 37 °C in a 5% CO,
humidified environment. Upon reaching an 80-90% confluent
monolayer, cells were blown gently after trypsin digestion to
form a cell suspension for the following cell experiments.

Cell viability detection by CCK-8

Cell suspension with a cell concentration of 1x10° cells/mL
was inoculated per well in 96-well plates and incubated in
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DMEM-F12 culture medium for 24 h. The cells were
divided into three groups: 1) normal control group, in
which only serum-free culture medium was added; 2)
damage control group, in which serum-free culture medium
with 2.8 mM oxalate was added and incubated for 3.5 h;
and 3) repair group, in which the serum-free medium con-
taining 80 ug/mL TPSO, TPS1, TPS2, and TPS3 was added
to repair the damaged cells and incubated for 10 h. After
reaching the time, 10 uL of CCK-8 reagent was added to
each well and incubated for 4 h. The OD values were
measured using the enzyme mark instrument at 450 nm to
detect the repair capacity of polysaccharide.

Reactive oxygen species (ROS) detection
Two milliliters of cell suspension with a cell concentration
of 1x10° cells/mL was inoculated per well in 6-well plates.
Following the cell incubations described in Section 2.3,
the cells were digested and centrifuged at 1000 rpm for 5
min. The cells were resuspended by adding and thoroughly
mixing 500 uL of PBS in a microcentrifuge tube. The
samples were then stained with 2',7'-dichlorofluorescein
diacetate and analyzed by flow cytometry.

PS eversion detection

Two milliliters of cell suspension with a cell concentration
of 1x10° cells/mL was inoculated per well in 6-well plates.
Following the cell incubations described in Section 2.3,
the culture medium was aspirated, washed twice with PBS,
then 100 pL of Binding Buffer and 10 pL FITC-labeled
Annexin-V were added, and the cells were kept in the dark
for 30 min at room temperature. After treatment, the cells
were detected by flow cytometry.

OPN expression detection

Two milliliters of cell suspension with a cell concentration of
1x10° cells/mL was inoculated per well in 6-well plates.
Following the cell incubations described in Section 2.3, the
supernatant was aspirated and the cells were washed three
times with PBS. Then, 4% paraformaldehyde was added to
fix the cells for 10 min. Subsequently, the cells were washed
with PBS three times. The sheep serum was added to incubate
cells for 20 min. The first antibody of OPN was dropped into
this sample (1:100) (Santa Cruz Biotechnology Inc., Dallas,
TX, USA) and was laid still overnight at 4 °C. After this, the
cells were rinsed three times with PBS before the addition of
FITC secondary antibody (1:100) (Santa Cruz Biotechnology
Inc.) in the dark. The cells were rinsed three times with PBS
again after incubation for 0.5 h at 37 °C. Finally, the cells

were stained with DAPI. The fluorescence was observed
using a laser confocal fluorescence microscope. The color
of the nucleus was blue, the OPN was green.

For quantitative detection of OPN, referring to the
above method, a 96-well plate was used to quantitatively
detect the fluorescence intensity by a multifunctional
microplate reader.

Observation of crystal adhesion on the
cell surface by SEM

The suspension cells were inoculated into 12-well plates
covered with coverslips at a cell concentration of 1x10°
cells/mL, with 1 mL per well. Following the cell incubations
described in Section 2.3, the cells were washed twice with
D-Hanks solution. A serum-free medium containing 200 pg/
mL COM was added to cells. After 1 h of incubation, the
supernatant was aspirated. After washing the cells twice with
PBS, 2.5% glutaraldehyde was added for 24 h and then
washed three times with PBS. The cells were dehydrated by
graded ethanol (30%, 50%, 70%, 90%, and 100%), dried at
the critical point of CO,, and sprayed with gold. After pro-
cessing the sample, crystal adhesion was observed by SEM.

Fluorescent labeling of COM crystals
Preparation of FITC-IgG fluorescent-labeled crystals was
performed as described previously.’” The well-weighed
crystals were pelleted, sterilized by ultraviolet radiation
for 40 min, prepared by adding 400 pg/mL solution with
serum-free medium, and sonicated for 5 min. A total of 10
puL FITC-labeled anti-rat IgG (1 mg/mL) was added to the
4-mL DMEM-FI12 solution with 400 ug/mL COM and
incubated overnight at room temperature in the dark.
Unreacted free FITC-IgG was dialyzed using a dialysis
bag (Mw 8000-14,000). Afterward, the DMEM-F12 solu-
tion was removed by centrifugation, washed twice with
PBS, dried by centrifugation, and stored. The FITC-IgG-
labeled crystals were resuspended in anhydrous ethanol,
sonicated for 10 min, placed on glass slides, air-dried, and
observed under a fluorescence microscope.

Qualitative observation of crystal

adhesion on cells

Two milliliters of cell suspension with a cell concentration
of 1x10° cells/mL was inoculated per well in 6-well plates.
Afterward, the cells were transferred to a 4 °C environ-
ment for cultivation for 30 min to inhibit the endocytic
activity of cells. Crystals can only adhere to cells at 4 °C.
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The experimental model is the same as described in
Section 2.3. A total of 200 pg/mL freshly prepared green
fluorescence-labeled COM was added to the cells after the
repair using tea polysaccharides, and the cells were trans-
ferred to 4 °C for 1 h. After reaching the culture time, the
culture medium was aspirated and washed twice with cold
PBS to remove the unattached and nontightly adherent
crystals. Afterward, cells were stained with 300 puL Dil
for 10 min, and the nuclei were stained with DAPI and
fixed with 4% paraformaldehyde for 10 min. The state of
crystal adhesion on cells was observed under a laser scan-
ning confocal microscope.

Quantitative analysis of the percentage of
cells adhered by crystals by flow

cytometry

Two milliliters of cell suspension with a cell concentration
of 1x10° cells/mL was inoculated per well in 6-well plates
for 24 h. After cooling at 4 °C for 30 min, the medium was
then aspirated and washed twice with cold PBS. The
experimental models were divided into four groups: 1)
blank control group, serum-free medium was added; 2)
normal control group, 200 pg/mL freshly prepared green
fluorescence-labeled COM was added to normal HK-2
cells; 3) damage control group, HK-2 cells after oxalic
acid injury were added with 200 pg/mL freshly prepared
green fluorescence-labeled COM; and 4) repair group, 200
pg/mL freshly prepared green fluorescence-labeled COM
was added to the cells after repair using tea polysacchar-
ides, and four groups of cells were transferred to 4 °C for 1
h. After reaching the culture time, the culture medium was
aspirated and washed twice with cold PBS to remove the
unattached and nontightly adherent crystals. After digest-
ing trypsin, the cells were resuspended in PBS, and the
average fluorescence intensity and adherence were mea-
sured by flow cytometer. Cells with a FITC signal can be
regarded as cells with adherent crystals.

Statistical analysis

Experimental data were expressed as mean+SD from at least
three independent experiments. The experimental results
were statistically analyzed using SPSS 13.0 software and
the Tukey test was used to analyze the differences between
the mean of each experimental group and control group. If
p<0.05, there was a significant difference; if p<0.01, the
difference was extremely significant; if p>0.05, there was
no significant difference.

Experimental results

Cell viability before and after repair

Figure 1 shows the cell viability of HK-2 cells before and
after tea polysaccharide repair. Cell viability significantly
decreased after oxalic acid oxidative damage (51.47%),
which was about half that of the normal group (100.0%).
The cell viability of each repair group significantly
increased. Cell viability after repair by TPSO0, TPSI,
TPS2, and TPS3 was 61.59%, 81.83%, 91.26%, and
77.50%, respectively, and the repair ability of TPS2 with
moderate molecular weight was the strongest.

ROS levels of HK-2 cells before and after
repair

Figure 2A illustrates the ROS levels of HK-2 cells before and
after tea polysaccharide repair. The average fluorescence
intensity of ROS in the injury group (7826) was significantly
higher than that in the normal group (3928), whereas the
ROS intensity in the repair groups (7022-4684) was between
that in the normal and injury groups (Figure 2B). Moreover,
the ROS intensity of the TPS2 repair group was the weakest,
indicating that TPS2 had the strongest repair ability.

PS eversion of HK-2 cells before and after
repair

PS is an important adhesion molecule that promotes crystal—
cell adhesion.”® Normally, PS is inside the tubular epithelial
cell membrane, but when the cell is damaged, PS flips to the
surface.”’ Figure 3A displays the PS eversion of HK-2 cells
before and after tea polysaccharide repair. In the normal group,
PS eversion was small (5.41%), whereas in the injury group it
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Figure | Cell viability of HK-2 cells before and after TPS repair. Oxalate damage
concentration: 2.8 mM; damage time: 3.5 h; polysaccharide concentration: 80 pg/
mL; repair time: 10 h. Compared with the DC group: *p<0.05; **p<0.01.

Abbreviations: DC, damaged control; HK-2, human kidney proximal tubular
epithelial; NC, normal control; TPS, tea polysaccharide.
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Figure 2 ROS levels of HK-2 cells before and after TPS repair by flow cytometry detection. (A) Histogram of ROS levels. (B) Statistical histogram of ROS levels. Oxalate
damage concentration: 2.8 mM; damage time: 3.5 h; polysaccharide concentration: 80 pg/mL; repair time: 10 h. Compared with the DC group: *p<0.05; *p<0.01.
Abbreviations: DC, damaged control; HK-2, human kidney proximal tubular epithelial; NC, normal control; ROS, reactive oxygen species; TPS, tea polysaccharide.

significantly increased (22.12%). After repairing injured cells
with TPSO, TPS1, TPS2, and TPS3, PS eversion decreased to
a certain extent (7.24—13.01%), and the decrease in the TPS2
group was the most significant (7.24%) (Figure 3B). After
reducing the PS eversion on the cell surface, the adhesion of
COM crystals to cells was effectively reduced.

OPN expression of HK-2 cells before and
after repair

OPN with a molecular weight of 60-80 kDa is a phosphory-
lated glycoprotein rich in sialic acid. Cell damage leads to an
increase in OPN expression.*” Figure 4 demonstrates the OPN

expression on the HK-2 cell surface before and after tea poly-
saccharide repair. The OPN green color of the normal group
was not evident, indicating that OPN expression was low.
However, OPN expression on the cell surface of the injury
group increased (Figure. 4A and B).

SEM observation of crystal adhesion on

the cell surface

Figure 5 shows the adhesion of HK-2 cells to COM with
a size of approximately 100 nm before and after tea poly-
saccharide repair observed by SEM. The cells in the normal
group were full-bodied and fusiform, with a few adhered
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Figure 3 PS eversion of HK-2 cells before and after TPS repair by flow cytometry. (A) Histogram of PS eversion ratio. (B) Statistical histogram of the percentage of PS eversion.
Oxalate damage concentration: 2.8 mM; damage time: 3.5 h; polysaccharide concentration: 80 pg/mL; repair time: 10 h. Compared with the DC group: *p<0.05; **p<0.01.
Abbreviations: DC, damaged control; FITC, fluorescein isothiocyanate; HK-2, human kidney proximal tubular epithelial; NC, normal control; PS, phosphatidylserine; ROS,

reactive oxygen species; TPS, tea polysaccharide.

crystals. The cell morphology of the injury group obviously
changed, the cells contracted, and the number of adherent
crystals obviously increased. The cell morphology of the
repair group gradually recovered to that of normal cells,
and the number of adherent crystals was between that of
the normal and injury groups. However, no significant dif-
ference was found among the repair groups in SEM images.

Qualitative observation of crystal

adhesion to the cell
Crystal adhesion to the cell surface was further observed by
FITC-IgG fluorescently labeling nano-COM crystals. Plain

COM crystals can be labeled with FITC-IgG. The crystal
morphology before and after labeling did not change
(Figure 6A and B). The FITC characteristic absorption
peak was observed, and the absorption intensity was deter-
mined (Figure 6C). Green fluorescence was observed under
an inverted fluorescence microscope (Figure 6B), and more
than 99% of COM crystals were labeled (Figure 6E and F).
Therefore, adhesion experiments were performed by fluor-
escently labeled crystals, and cells with FITC signals were
considered to have adherent crystals.

Figure 7 illustrates nano-COM adhesion to HK-2
cells before and after tea polysaccharide repair by
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Figure 4 OPN expression on the HK-2 cell surface before and after TPS repair. (A) Fluorescence observation of OPN expression. (B) Statistical histogram of OPN
expression. Oxalate damage concentration: 2.8 mM; damage time: 3.5 h; polysaccharide concentration: 80 pg/mL; repair time: 10 h. Compared with the DC group: **p<0.01.
Abbreviations: DC, damaged control; HK-2, human kidney proximal tubular epithelial; NC, normal control; OPN, osteopontin; TPS, tea polysaccharide.

TPSO TPS1
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Figure 5 The adhesion of HK-2 cells to COM with a size of approximately 100 nm before and after TPS repair observed by scanning electron microscopy. Oxalate damage
concentration: 2.8 mM; damage time: 3.5 h; polysaccharide concentration: 80 pg/mL; repair time: 10 h; COM concentration: 200 pg/mL; adherent time: | h.
Abbreviations: COM, calcium oxalate monohydrate; DC, damaged control; HK-2, human kidney proximal tubular epithelial; NC, normal control; TPS, tea polysaccharide.

confocal microscopy. The number of crystals adhered to
damaged cells was obviously increased compared with
normal cells, and the crystals likely aggregated. After
repairing cells with tea polysaccharides of different
molecular weights, the number of adhered crystals was
reduced.

In addition, morphological changes of cells before
and after repair were simultaneously observed. The
nucleus of the normal group was intact and round, and
the chromatin was evenly distributed. The damaged cell
nucleus shrank, and the chromatin was concentrated.
The shape of the repaired nucleus mostly returned to
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labeling. (C) Ultraviolet—visible absorption spectra of FITC-IgG
in and FITC-IgG fluorescent labeled nano-COM crystals. (F)
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Figure 7 Nano-COM adhesion to HK-2 cells before and after TPS repair by confocal microscopy. Oxalate damage concentration: 2.8 mM; damage time: 3.5 h;
polysaccharide concentration: 80 pg/mL; repair time: 10 h; COM concentration: 200 pg/mL; adherent time: | h.
Abbreviations: COM, calcium oxalate monohydrate; DC, damaged control; HK-2, human kidney proximal tubular epithelial; NC, normal control; TPS, tea polysaccharide.

normal, and the nucleus shape of the TPS2 repair group
was close to that of the normal group.

Quantitative detection of the proportion

of cells adhering to crystals

The percentage of HK-2 cells adhering to nano-COM
before and after tea polysaccharide repair was quantita-
tively detected by flow cytometry, as shown in Figure 8.
Fluorescent cells (0.26%) were almost undetectable in the
blank group without crystals. On the contrary, fluorescent
cells were detected in other crystal groups (29.3-61.6%),

indicating that the FITC staining of the crystals was
successful.

The percentage of cells adhering to the cells in the injury
group (61.6%) was significantly higher than that in the nor-
mal group (29.3%) (Figure 8B). The percentage of cells
adhering to the crystals in the repair group (33.3-50.3%)
was between that of the normal and injury groups. The
crystal adhesion of each group was damage
control>TPS0>TPS3>TPS1>TPS2>normal control, indicat-
ing that the damaged cells after TPS2 repair had the strongest
anti-crystal adhesion ability.
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Discussion
Cell injury by oxalic acid and kidney stone

formation

Numerous studies have shown that CaOx crystals in acute
hyperoxaluria originate from proximal tubules.*'* The
concentration of oxalic acid in proximal tubules is usually
high; proximal tubule cells are more sensitive than distal
tubules and collecting duct cells, and are more vulnerable
to crystallization or oxalic acid damage, which induces
secretion of adhesion molecules.®> Under the same condi-
tions, CaOx crystals can cause acute death of renal prox-
imal tubule cells, but will not cause damage to collecting
duct cells.>® The adhesion and aggregation behavior of
crystals in the upstream proximal tubule will only be
induced when the membrane fragments formed after the
injury and secreted adhesion molecules are transferred to
the distal end and collecting duct. Although lithogenesis
occurs in the distal parts of the nephron and renal papillae,
adhesion and aggregation are mainly caused by the trans-
fer of adhesion molecules due to damage of the proximal
tubules.?” Therefore, understanding the damage and adhe-
sion behavior of proximal tubules is necessary. Moreover,
the renal proximal tubule cell model is commonly applied
in studies on oxalate toxicity and adhesion behavior.>®

Evan et al*! proved that plaque originates in the base-
ment membranes of the thin loops of Henle and spreads
through the interstitium around the ducts of Bellini into the
papillary epithelium. When the epithelium is disrupted, the
calcium phosphate deposits are in contact with the super-
saturated urine issued from the vicinal nephrons, thus
promoting CaOx crystallization and crystal entrapment at
the plaque surface.*** Thus, cell injury is a vital step to
induce CaOx adhesion and aggregation.

UOx is generally more than 1.0 mM/day in primary
hyperoxalate urology, 0.5-1.0 mM/day in enteric hyperox-
aluria, and generally lower in common urological stone
diseases.** The concentration required for in vitro experi-
ments may be higher, ranging from 2 to 4 mM."***¢ For
example. Mittal et al' injured NRK-52E renal epithelial
cells with 2 mM sodium oxalate. Chen et al*® tested HK-2
cell viability with 1, 2, 3, 5, or 10 mM oxalate and 200 pg/
mL COM crystals for 4, 12, and 24 h, and selected 2 mM
oxalate and 200 pg/mL COM crystals for proteomic ana-
lysis. Therefore, we simulated a high oxalic acid environ-
ment based on 2.8 mM oxalate concentration.

The oxidative damage of cells caused by high oxalic acid
and the effect of CaOx adhesion before and after cell repair

were studied. The effect of hyperoxaluria (including heredi-
tary and intestinal hyperoxaluria) on calculi was simulated.
Hyperoxaluria is an autosomal recessive genetic disease.*’
The metabolic disorder of the chromosome leads to the loss
of glyoxylate metabolizing enzyme, and then to excessive
production of endogenous oxalate, thus resulting in compli-
cations, such as renal calcinosis, recurrent renal calculi, and
chronic kidney disease.*®*’ The effect of hyperoxaluria on

stone formation cannot be ignored.

Crystal adhesion promotes formation of

renal calculi

Crystalluria is very common, but stone formation is not.
Therefore, crystal retention is crucial to the formation of
stones.>® The transit time for formed microcrystals in vivo
to pass through the kidney is 5-10 min, and the inner
diameter of the renal tubular segment is 15-60 pm.”'
Since CaOx crystals grow at a speed of 1-2 um/min in
urine, the 5—10 min transit time is too short for the crystals
to nucleate and grow to a size sufficient to block tubules,
and the crystals can be easily excreted in urine without
causing stone formation.”® In other words, nonadherent
crystals will not pose a great risk for the formation of
kidney stones. Only crystals adhering to renal epithelial
cells have sufficient time to grow on the cell surface or
aggregate to form large crystals, eventually leading to the
formation of kidney stones.”

CaOx adheres to Randall’s plaque and grows on the
surface; this process is an important mechanism for the
formation of stones. However, there is currently no ideal
cell model for building Randall’s plaque. Given that the
crystal properties of CaOx and HAP are similar, if
a Randall plaque model is built by adding HAP, then
interference between CaOx and HAP will inevitably
occur in fluorescence colocalization and quantitative
detection. Therefore, to differentiate the crystal adhesion
between normal and damaged cells, we selected the cur-
rently accepted oxalic acid damage model and quantita-
tively analyzed the change in adhesion by fluorescence
staining. It is also the more commonly used model of
crystal adhesion.®*®

In studies concerning CaOx crystal adhesion cell, the most
common concentrations used are between 100 and 200 pg/
mL.>*7 If the concentration is too small, CaOx crystals have
no toxic effect on cells, while excessive concentration will
lead to death of most cells, which is not conducive to sub-

sequent adhesion research. For example, Narula et al’’
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applied 200 pg/mL COM to renal epithelial cells and Cao
et al®> applied 200 pg/mL COM to ureter epithelial cells.
Therefore, we chose 200 pg/mL for the current experiment.
Adhesion of calcium oxalate crystals to renal tubular
epithelial cells is one of the key causes of kidney stone
formation,>” and cell damage is an important factor of crys-
tal—cell adhesion. Figure 9 displays the changes in crystal
adhesion and biochemical indicators of HK-2 cells before
and after tea polysaccharide repair. Decreased cell viability
and increased ROS level indicate that HK-2 cells are
severely damaged by oxalic acid, and cell damage promotes
the expression of adherent molecules (such as PS and OPN)
on the cell surface. These negatively charged adhesion
molecules adsorb calcium ions in solution and adhere to
the surface of the positively charged COM crystals.>® Our
previous study has demonstrated that the adhesion of nano-
COM and calcium oxalate dihydrate crystals to cells is
positively correlated with the degree of cell damage.’
Polysaccharides can be adsorbed on the crystal surface,
thereby avoiding the direct action of the crystal and the cell,
reducing cell damage caused by the crystal, and reducing
crystal adhesion.”®*® For example, Lieske et al>® showed that
macromolecules, such as glycosaminoglycans (GAGs), can

inhibit the adhesion of COM to BSC-1 cells by adsorbing on
the surface of crystals. Verkoelen et al*® also demonstrated
(GAGs) and
synthetic polysaccharides pretreated with COM crystals inhi-
bit the adhesion of crystals to the surface of MDCK cells. de
Cogain et al®® found that adding Arab cactus extract (which

proves to be a polysaccharide) and COM crystals simulta-

that natural mucopolysaccharides semi-

neously into MDCK-1 cells decreases the amount of crystal
adhesion. However, when the MDCK-1 cells are pretreated
with this extract for 0.25 or 24 h before adding COM crys-
tals, the amount of crystal adhesion does not change con-
siderably. Thus, crystal adhesion is inhibited because the
polysaccharide covers the crystal surface and changes the
interaction between crystals and the cell receptor.

GAGs are important stone inhibitors in urine and contain
acidic groups, such as sulfate (-OSOz—) and/or carboxyl
(—COO-), which are similar to plant polysaccharides in
terms of molecular structure and physicochemical properties.
Polysaccharides can inhibit the nucleation, growth, and
aggregation of CaOx crystals, as well as the adhesion of
crystals to renal epithelial cells, thereby hindering the forma-
tion of CaOx kidney stones. The inhibitory effect of poly-
saccharides on the growth of CaOx crystals is attributed to
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Figure 9 The changes of crystal adhesion and biochemical indicators of HK-2 cells before and after tea polysaccharide repair.
Abbreviations: COM, calcium oxalate monohydrate; HK-2, human kidney proximal tubular epithelial; OPN, osteopontin; PS, phosphatidylserine; ROS, reactive oxygen species.
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the ability of the acidic groups of the polysaccharides to
chelate the Ca®" ions in the solution to form soluble com-
plexes, reduce the supersaturation of the solution, and inhibit
the formation of CaOx crystals.'*®! Tea polysaccharide is
similar to GAGs in chemical structure, so it may be used to
repair damaged renal epithelial cells and inhibit stone
formation.®?

Repair of damaged cells by

polysaccharides
In most literature on cell repair/protection, the applied poly-

saccharide concentration ranges from 25 to 200 pg/mL.%* ¢

For example, Vasantharaja et al®®

found that pretreatment of
25, 50, 75, and 100 ug/mL brown algae Padina gymnospora
sulfated polysaccharide significantly reduces H,O,-induced
L-929 cell damage in a concentration-dependent manner. Cai
et al®® showed that 50, 100, or 200 pg/mL oyster polysac-
charides can reduce H,O,-induced intestinal epithelial (IEC-
6) cell apoptosis and oxidative damage through reduction of
free radicals, thereby decreasing the secretion of proinflam-
matory factors and inhibiting the nuclear factor-kB pathway.
Moreover, in our previous study,’* the reparative effects of
TPS0, TPS2, and TPS3 on damaged HK-2 cells were com-
pared at concentrations of 20, 40, 60, 80, and 100 pug/mL
(Figure 4B). The best reparative effect of all polysaccharides
is observed at a concentration of 80 pg/ml, and the effect is
lower at other concentrations. Thus, we chose 80 pg/mL
polysaccharides to repair cells.

Tea polysaccharides can repair damaged HK-2 cells by
reducing ROS. ROS are a class of highly reactive small
molecules that oxidize proteins, lipids, and DNA, leading
to oxidative damage and programmed cell death.®’ Li et -
al®® revealed that Ganoderma atrum polysaccharide can
reduce the ROS content induced by cyclophosphamide in
the spleen and thymus of mice.

Negatively charged OPN molecules not only adsorb
calcium ions in solution but also adhere to positively
charged COM crystals.”® Therefore, upregulating OPN
promotes crystal adhesion on the cell surface,”’ thereby
promoting kidney stone formation. The OPN expression of
the repair group was between the normal and injury
groups, implying that polysaccharide can repair damaged
cells and reduce OPN expression, thereby reducing crystal
adhesion to the cell surface.

Comparing the relationship between the percentage of
cells adhering to crystals and cell viability, OPN expres-
sion, and PS eversion of the cell surface, the percentage

was negatively correlated with cell viability (Figure 8C),
that is, the greater the cell viability, the stronger the anti-
crystal adhesion ability. However, the percentage of cells
adhering to crystals was positively correlated with the
amount of OPN expression (Figure 8D) and PS eversion
(Figure 8E) on the cell surface, that is, the greater the
amount of PS or OPN on the cell surface, the stronger
the ability to adhere to crystals.

Therapeutic potentials in treating kidney

stones of tea polysaccharides

The anti-stone effect of tea polysaccharides has attracted
research attention. In vitro studies showed that tea poly-
saccharides can reduce the nucleation rate in solution and
inhibit the growth of CaOx crystals. Our previous research
showed that tea polysaccharides can inhibit the growth of
CaOx crystal and increase the absolute value of zeta
potential on the crystal surface, thus inhibiting crystal
aggregation.”’ Mosta'anzade et al’' showed that Alhaji
herbal tea can prevent high concentrations of calcium
and oxalate ions from forming CaOx crystals.
Montealegre et al’> found that Blumea balsamifera
(Sambong) tea can form a large number of easily negated
small crystals by reducing the free energy of the crystal
surface and the nucleation rate.

Many clinical trials have demonstrated the anti-stone
effect of tea polysaccharides. For example, Rode et al”
found that drinking green tea significantly reduced the
prevalence of COM stones in 273 high-calcium kidney
stones. Shu et al”® surveyed the history of 319,211
Shanghai men (n=58,054; baseline age of 40-74 years)
and 696,950 Shanghai women (n=69,166; baseline age of
40-70 years) tea intake information. The results showed
that the intake of green tea was associated with a lower
risk of developing kidney stones. Chen et al”> examined
13,842 subjects with kidney stones by ultrasound and
found that the daily tea consumption of people with or
119.2+306.8 131.7

+347.3 mL, respectively. Thus, daily tea intake of

without kidney stones is and
>240 mL (two cups) and tea consumption of >20 cups
can reduce the risk of kidney stone formation. Similar
results were reported by Sihombing et al.”®

After repair by tea polysaccharides with different
molecular weights, the cell viability of damaged cells
increased, the ROS level decreased, and PS and OPN
expression was downregulated, resulting in a decrease in

the number of adhered crystals. Mittal et al' argued that
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Tris—Cl extract of Terminalia arjuna prevents cell injury in
a dose-dependent manner when normal rat epithelial-
derived renal tubular epithelial cells (NRK-52E renal
epithelial cells) are damaged by 2 mM oxalic acid for 48
h, increasing the cell viability and reducing CaOx crystal
adhesion. Polysaccharide repair can significantly reduce
crystal adhesion to cells, thereby decreasing the risk of
kidney stone formation.

Our results show that TPS2 has great potential to repair
damaged HK-2 cells. The reason is that if the molecular
weight is too large, the polysaccharide does not easily func-
tion across the cell membrane. On the contrary, if the mole-
cular weight is too small, the stereostructure of the
polysaccharide is destroyed, and the biological activity is
low. Other studies have similar findings. For example, Xu
et al’’ ultrafiltered four Camellia oleifera seed cake poly-
saccharides (COP-1, COP-2, COP-3, and COP-4) with mole-
cular weight of 7.9, 36, 83, and 225 kDa, respectively. Their
antioxidant activity and reducing ability are COP-2>COP-
¢>COP-3>COP-4>COP-1, that is, the ability of COP-2 with
moderate molecular weight (36 kDa) is the strongest.

Given that tea is the most popular nonalcoholic beverage
and common food ingredient in Asia,”® tea polysaccharides
extracted from green tea are nontoxic to humans. Tea poly-
saccharides, especially TPS-2, may be considered as candidate
drugs with therapeutic potential for treating kidney stones.
Studies with animal and clinical experiments are in progress.

Conclusions

Tea polysaccharides increase the viability of damaged HK-
2 cells, reduce the ROS level, and reduce PS and OPN
expression on the cell surface, thereby decreasing COM
crystals adherence to renal epithelial cells. The repair
effect of tea polysaccharides is closely related to their
molecular weight, and the polysaccharide with moderate
molecular weight has the best repair effect. The results of
the present study suggest that tea polysaccharides have
great potential as candidate drugs for the prevention and
treatment of kidney stones.
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