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Aspidopterys obcordata vine is a Chinese Dai ethnic herb used to treat urolithiasis. However, the material basis
and underlying mechanisms remain undefined. In this study, a 2.3 kD inulin-like A. obcordata fructan (AOFOS)
was isolated by size exclusion column chromatography and characterized by ultrahigh-performance liquid
chromatography-ion trap-time of flight mass spectrometry (UPLC-IT-TOF-MS), nuclear magnetic resonance
(NMR) spectroscopy, gas chromatography mass spectrometry (GC-MS) and high-performance gel permeation

chromatography (HGPC). In addition, AOFOS showed unique anti-urolithiasis activity in Drosophila kidney stone
models. Mechanism study indicated that AOFOS reduced the size of calcium oxalate crystals by inhibiting the
formation of large size crystals and the generation rate of calcium oxalate crystals as well as the crystal form
conversion from calcium oxalate monohydrate (COM) to calcium oxalate dihydrate (COD).

1. Introduction

Urolithiasis (e.g., renal calculus) is an anomalous process of bio-
mineralization (Daudon et al., 2014) with multimorbidity and easy
recurrence (Sorokin et al., 2017). Its recurrence rate is 50 % within 10
years and >75 % within 15 years of the first stone episode in developing
countries (Penniston et al., 2011). Excess consumption of oxalate, sea-
sonal high temperature (Chen et al., 2008), and low fluid intake (Lotan
et al., 2013) were reported to be related to its formation. Meanwhile,
disease factors such as obesity (Taylor et al., 2010) and diabetes may
directly increase the glomerular filtration rate and cause the occurrence
of stones. Urolithiasis is generally treated with surgery (Tiirk et al.,
2016). However, its high recurrence rate and high cost of treatment
makes drug treatment particularly indispensable. Drug therapy is
generally aimed at preventing the formation of small stones (e.g., use of
stone inhibitors), speeding up the diuretic process after the discharge of
graves (with diuretics) or reducing inflammation and complications (e.
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g., use of spasmodic and analgesic drugs or anti-inflammatory drugs)
(Spernat & Kourambas, 2011).

The mechanism of urolithiasis is not fully understood; however,
calcium oxalate occurs in 70 % to 80 % of urolithiasis cases (Ansari et al.,
2005) and has become the focus of lithiasis research. It has been proven
that initialization of lithiasis begins with the generation of crystal nuclei
and their adhesion to the injury site of epithelial cells (Gan et al., 2016;
Semangoen et al., 2008), while continuous growth of crystals (Asselman
etal., 2005; Li et al., 2017) will result in crystals of excessive size, which
will ultimately lead to urinary tract obstruction and lesions (Aggarwal
et al., 2013). Calcium oxalate monohydrate (COM) and calcium oxalate
dihydrate (COD) have been proved to have different physical properties
and cytotoxicity (Sun et al., 2015). Reduction or clearance of calcium
oxalate crystals has been deemed a therapeutic strategy for urolithiasis
treatment (Grohe et al., 2007; Trinchieri et al., 2005).

Herbal medicine has been used in the treatment of urolithiasis
worldwide (Khan et al., 2021). In the Dai minority region of China, the
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perennial woody vine of Aspidopterys obcordata (Hei Gai Guan) has been
used a fork medicine for treating urinary tract infection, cystitis and
urinary tract stones (Lin et al., 2003) and also treated as a drink for
preventing kidney stones. More than 50 compounds including steroids,
glycosides, terpenoids, phenols, phenylpropanin, glycosides and lignin
have been identified and reported to be present in the plant (Hu et al.,
2018; Sun et al., 2020), and pharmacological investigations showed that
the extract of A. obcordata could protect against oxalate-induced damage
in renal tubular epithelial cells (HK-2) and effectively inhibit the for-
mation of calcium oxalate crystals in the rat kidney (Li et al., 2016; Song
et al., 2015). The steroidal saponin obcordata A obtained from this plant
prevented against kidney stones through the NOX4/ROS/P38 MAPK
oxidative stress pathway (Li et al., 2019).

Previous studies suggested that the secondary metabolites of
A. obcordata showing capacity of reducing inflammation and oxidative
stress were responsible for its therapeutic effect on urolithiasis (Aggar-
wal etal., 2013; Lietal., 2019; Sun et al., 2020). However, the discovery
that the water-soluble fraction of the water extract could significantly
reduce the crystal size of calcium oxalate in a rat model indicated that
the polysaccharides or proteins present in the fraction could not be
excluded as active principles for calcium oxalate crystal reduction. Since
Porphyra yezoensis polysaccharides could inhibit the adhesion and
endocytosis of crystals (Sun et al., 2021; Zhang, Hu, et al., 2020; Zhang,
Sun, et al., 2020), degraded soybean polysaccharides could inhibit the
crystallization of calcium oxalate (Yao et al., 2012), and carboxylate-
modified inulin biopolymers could direct calcium oxalate crystalliza-
tion from calcium oxalate monohydrate (COM) to calcium oxalate
dihydrate (COD) (Akin et al., 2008), it is possible that the poly-
saccharides in Aspidopterys obcordata could also possess a similar effect.

Thus, in this study, an inulin-like polysaccharide purified from the
aqueous extract of Aspidopterys obcordata (AOFOS) was evaluated for its
inhibitory activity against calcium oxalate crystallization in vitro, in
cells and in fruit fly models. The isolation and biological evaluation of
AOQOFOS were reported.

2. Materials and methods
2.1. Materials and apparatus

A. obcordata was collected from Xishuangbanna Tropical Botanical
Garden (XTBG), Chinese Academy of Science (CAS), Mengla County,
Yunnan Province, People's Republic of China in September 2016, and
was identified by one of the authors (Chun-Fen Xiao). A voucher spec-
imen (No. HITBC_094469) has been deposited in the herbarium of
XTBG.

Calcium chloride, oxalate dihydrate, and all chemicals were of
analytical purity and were purchased from Damao Chemical Reagent
Factory (Damao, China). All solvents used for HPLC were of spectral
grade (Fisher Scientific, USA). Toyopearl HW-40 F (TOSOH, Japan) and
Sephadex LH-20 gel (40-70 pm, Amersham Pharmacia Biotech AB,
Sweden) were used for column chromatography. DMEM and fetal
bovine serum (FBS) were purchased from HyClone Biochemical Prod-
ucts Co. Ltd. (HyClone, USA). MTS Cell Proliferation Colorimetric Assay
Kit (Biovision, USA). Deionized water was obtained from the Millipore-
Q system (Millipore, USA), and the resistance was 18.2 MQ.

2.2. Extraction and purification of polysaccharides

The dried vine of A. obcordata (100 g) was grinded and sieved
powder (100 mesh). The obtained powder was extracted with boiling
water for three times (each for 30 min). The combined solution was
concentrated under reduced pressure to remove ca 2/3 of water to give a
water extract solution, and then methanol was added to the aqueous
solution until a methanol concentration of 80 % was reached. The so-
lution was kept at 4 °C for 24 h before being subjected to centrifugation
(2000 rpm/min, 5 min, 3 times). Removal of the supernatant gave the
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crude polysaccharide (2.18 g) by rotary evaporators.

Purification of the crude polysaccharide on a Sephadex LH-20 col-
umn eluted with water gave a colorless fraction enriched in poly-
saccharides, further purification of which on an HW-40 column (26 mm
x 50 ¢cm) (Li et al., 2021) eluted with distilled water (3.0 mL/min, 10
mL/tube) and monitored by the Abbe refractometer method yielded
AOFOS (20 mg) (Fig. S1). UV analysis at 260 and 280 nm and ferric
chloride test is used to detect the presence of protein and tannin.

2.3. Characterization of A. obcordata fructan (AOFOS)

2.3.1. Molecular weight of AOFOS

The molecular weight of AOFOS was estimated by gel permeation
column chromatography on an Ultrahydrogel™ linear column (7.8 x
300 mm) at 40 °C eluted with a solution of NaNOs (0.1 mol/L) at a flow
rate of 1.0 mL/min. The injected volume was 50 pL and the concen-
tration of the biopolymer was 1 mg/mL. Pullulan samples (Shodex
Standard P-82, Phenomenex) were used as standards for the construc-
tion of the calibration curve.

2.3.2. NMR analysis of AOFOS

The dried samples of AOFOS (10 mg) were dissolved in 0.3 mL of
D,0 in a nuclear magnetic tube. 'H and '*C NMR spectra were recorded
on a Bruker Avance spectrometer conducting at 500 and 125 MHz,
respectively. 2D NMR spectra [heteronuclear single-quantum coherence
(HSQC), shift correlation spectroscopy (COSY) and heteronuclear
multiple-bond correlation (HMBC)] were obtained using standard
Bruker procedures (Sun et al., 2020).

2.3.3. Monosaccharide composition analysis of AOFOS

The monosaccharide composition of AOFOS was determined using
the 1-phenyl-3-methyl-5-pyrazolone (PMP) pre-column derivatization
method (Zhang et al., 2021). Liquid chromatography mass spectrometry
(LC-MS) and gas chromatography-mass spectrometry (GC-MS) were
used to analyze AOFOS according to the literature method (De Oliveira
et al., 2011; Dominique et al., 2008; Li et al., 2018). The detailed pro-
cedures are appended in the Supplementary data.

2.4. Effect of AOFOS on Drosophila Malpighian tubule model

2.4.1. Culture of fruit fly

Drosophila melanogaster flies were obtained from the Kunming
Institute of Zoology, Chinese Academy of Sciences. D. melanogaster flies
were maintained at 25 °C and 50 % humidity with 12-h light-dark cycles
in a medium containing 1 % (wt/vol) agar, 2 % (wt/vol) yeast, 6 % (wt/
vol) glucose, 8 % (vol/vol) soluble starch, and 0.08 % (wt /vol) benzoic
acid (Chen et al., 2011). All adult D. melanogaster experiments were
performed in plastic vials with Vent Cap Sterile.

2.4.2. Calcium oxalate model

Female Drosophila were starved for 12 h and divided into two groups
(model group and AOFOS group) with 20 flies in each group. Each group
was given 0.1 % (wt/vol) oxalic acid to reproduce a calcium oxalate
model (Ali et al., 2018), and was given AOFOS (1 mg/mL, for AOFOS
group) or vehicle (for model group). Three flies were removed every 24
h and killed with carbon dioxide. The Malpighian tubes were then
dissected and observed under a polarizing microscope.

2.5. Crystal growth inhibition assay

2.5.1. Crystal preparation

Stock solutions of oxalic acid and calcium chloride (2, 5 and 10 mM)
and AOFOS (1, 0.5, 0.25 and 0.125 mg/mL) were prepared with water.
Calcium chloride solution was placed into EP tubes or 96-well plates,
and 3 replicates were performed in each group. The EP tube or 96-well
plate was preheated on a microplate heating oscillator (T75 °C, medium
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speed oscillation) for 2 min. Equal volumes of AOFOS and oxalic acid
solution were added to each group in sequence. Observations and
measurements were made according to experimental procedure re-
ported (Sun et al., 2015).

2.5.2. Morphological analysis

Crystal (5 mM) suspensions collected under the induction of AOFOS
at different concentrations were dispersed on a 10 mm x 10 mm glass
slide and dried at 50 °C temperature. The samples were firstly examined
under a polarization microscope, and then observed at 6000-fold
magnification by scanning electron microscopy (SEM) operated at 10
kV after being sputtered with a layer of carbon using a sputter coater.

2.5.3. FT-IR spectrum

Crystal (10 mM) suspensions were collected under the induction of
100 pL of AOFOS solutions at different concentrations, dried at 50 °C
and then mixed with KBr. After grinded and pressed into KBr pellets,
scanning was performed between 4000 cm ™! and 400 em L.

2.5.4. Formation rate of crystal

First, 98 pL of 2 mM calcium chloride mixed with different concen-
trations of AOFOS was added to the 96-well plate, and then 2 pL of 100
mM oxalic acid was added. The supernatant was removed every 4 min,
and the density was detected at absorbance 630 nm after 20 min by a
microplate reader.

2.6. Cell culture

NRK-52E (normal rat epithelial cells) was supplied by Central South
University. Cells were maintained as continuously growing monolayers
in 25 cm? culture flasks (Gibco company, USA) in DMEM supplemented
with 10 % fetal bovine serum (FBS) and 1 % streptomycin antibiotics at
37 °Cina5 % CO air atmosphere incubator. When the cells reached an
80-90 % fusion monolayer, trypsin was digested and gently mixed into
the cells to form a single-cell suspension for subsequent cell experi-
ments. A cell suspension with a concentration of 1 x 10° cells/mL was
seeded in each well of a 96-well plate and cultured in medium for 24 h
(Yasui et al., 2001).

(1) Toxicity of AOFOS to NRK-52E cells: (A) Normal control group:
serum-free medium; (B) AOFOS group: serum-free medium con-
taining different concentrations of AOFOS.

(2) Toxicity of oxalic acid at different concentrations of AOFOS (Peng
et al., 2021): (A) Normal control group: serum-free medium; (B)
Injury control group: serum-free medium containing 2 mM oxalic
acid. (C) Oxalic acid + AOFOS group: serum-free medium con-
taining different concentrations of AOFOS + 2 mM oxalic acid.
Toxicity of crystals precipitated and supernatant induced by
oxalic acid at different concentrations of AOFOS. 2 mM oxalic
acid was added to serum-free medium with different concentra-
tions of AOFOS to induce crystals and precipitate for 3 h. After
centrifugation, the cells were cultured with supernatant and
precipitated.

3

—

After treatment for 24 h, 20 pL. MTS was added to each well and
incubated for 2 h at 37 °C. Absorbance was measured by using a
microplate reader instrument at 492 nm, and cell viability was thus
calculated.

2.7. Data analysis

The results are expressed as the mean + standard deviation (SD). The
data were analyzed via one-way analysis of variance (ANOVA) or Stu-
dent's t-tests. Values of P < 0.05 were considered statistically significant.
All computations for this article were performed using R (R Core Team,
2020).
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3. Results
3.1. AOFOS was identified as an inulin-type fructan

Identification of the purity. The inulin-like polysaccharide solution
does not turn green with the addition of ferric chloride, suggesting that it
does not contain phenolic acids. Ultraviolet absorptions at 260 and 280
nm were not observed, indicating the absence of proteins or peptides.

The MS of AOFOS (Fig. S3) showed the obvious molecular ion peaks
at 364.9470, 527.4487, 670.9086, 841.9006, 1003.901, 1165.8759,
1328.3656, 1490.3215, 1652.3154, 1814.7648, 1976.1688 and
2138.5913, where a mass difference of 162 corresponding to successive
loses of fructose between two neighboring ions was observed and the
maximum abundance at m/z 1490.3215 was assumed to be [GFg +
NH,4]™ (De Oliveira et al., 2011). Although the MS data obtained in the
LC-IT-TOF system only showed m/z values lower than 5000 and only m/
z values lower than 2200 were detected in the spectrum, the current LC-
IT-TOF-MS data provided information for its constitutional feature as an
inulin-type fructan.

Monosaccharide composition analysis results of AOFOS were shown
in Figs. S6 and S7. Briefly, a minor peek corresponding to the PMP-
derivative of glucose was observed in the HPLC-PDA analysis of its hy-
drolysate derivative. Intense fructose and weak glucose derivatives were
observed in the GC-MS chromatogram of its hydrolysate derivative
(Fig. S7) and the area ratio of fructose to glucose derivatives was
determined to be ca 13:1 by their extracted ion chromatograms (EICs)
(Table S2). The molecular ratio of fructose to glucose in AOFOS was
therefore determined to be 13:1.

The 'H NMR and '*C NMR spectra of AOFOS displayed the typical
characteristics of polysaccharides (Mensink et al., 2015; Roberfroid,
2005; Zhang, Hu, et al., 2020). One minor peak at 5.34 ppm, two intense
peaks centered at 4.16 and 4.01 ppm, together with a cluster of signals
between 3.62 and 3.83 ppm were observed in the 'H NMR spectrum. The
13C NMR spectra of AOFOS displayed the presence of six carbon signals,
which were further classified as two methylenes (60.8 and 62.1 ppm),
three methines (74.2, 76.9, and 81.0 ppm) and one quaternary carbon
(103.2 ppm) by the DEPT experiment (Fig. 1a, b).

The protons and carbons of the preponderant residues were un-
equivocally assigned by 2D NMR correlation analysis (Table 1). The
signal at 8y 5.34/5¢ 92.5 ppm correlated to each other in the anomeric
region in the HSQC spectrum (Fig. 1c) indicated the presence of an a-p-
glucopyranosyl residue (Zhang, Hu, et al., 2020). The key correlations of
the 'H-'H COSY and HMBC spectra of AOFOS (Fig. 1d, e) showed that
the polysaccharide was composed of fructose with a terminal «-p-glu-
copyranosyl residue. The HMBC correlation from the anomeric signal of
the glucosyl residue to Fruf-C-2 suggested that the terminal a-p-gluco-
pyranosyl was located at C-2 position of a fructosyl residue. The strong
HMBC correlations from H-3 to C-1, C-2, and C-4 as well as from H-4 to
C-3, C-5, and C-6 were consistent with the presence of a fructosyl res-
idue. Fructans are mainly composed of inulin (2,1-linked-D-Fruf) or
levans (2,6-linked-D-Fruf) (Han & Clarke, 1990). The similar *3C NMR
data of the fructosyl residues between AOFOS and LCPS (Zhang, Hu,
et al., 2020), along with the HMBC correlation between C-2 and H-1 of
the fructosyl residue proved the existence of a 2,1-linkage between
fructosyls, and then, the concomitant correlation peaks were located at
between C-2 of a fructosyl residue and H-1 of the fructosyl residue.
While the ROESY correlation (Fig. S5) between Fruf-H-1 and Fruf-H-3
indicated a B-configuration for the fructosyl.

A proton integral ratio (ca 26:1, Fig. S4) of H3-Fruf and H4-Fruf to
H1-Glcp suggest a degree of polymerization (DP) of approximately 13.
This conclusion can also be verified from the GPC information shown in
Fig. S2. The molecular weights (Mp) of AOFOS were estimated to be
approximately 2.3 kD (Li et al., 2018). Taken together, AOFOS was
therefore determined to be a-D-Glcp-(1 — 2) -[B-D-Fruf-(2 — 1)- p-D-
Fruf] 12-(2 — 1)- p-D-Fruf (Fig. 1f), a typical inulin-type fructan.
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Fig. 1. Structure elucidation of AOFOS. (a) 13C NMR (125 MHz, D,0). (b) H NMR (500 MHz, D,0). (c) HSQC spectrum (600 MHz, D,0). (d) HMBC spectrum. (e)

1H-'H cosy spectrum. (f) Structure and key correlation of AOFOS.

3.2. Effect of AOFOS on crystallization induced by oxalic acid in
Drosophila

The model of oxalate-induced calcium oxalate crystals in Malpighian
tubules in Drosophila has been widely used to simulate urolithiasis in
vivo (Chen et al., 2011). The result of AOFOS on the formation of cal-
cium oxalate crystals in Malpighian tubules observed by polarizing
microscopy showed that AOFOS had no effect on the total crystal area;
however, the crystal size in AOFOS group was obviously smaller than
that in the model group at high magnification (20x). Meanwhile, the
crystal morphology tended to be round without sharp edges and corners

in the AOFOS group, but was sharp and irregular in the model group
(Fig. 2a, b).

To clearly demonstrate the influence of AOFOS on the size of calcium
oxalate crystals, six pairs of Malpighian tubules from three flies in each
group were dissected and analyzed by ImageJ software. The total area of
crystals in Malpighian tubules was measured in the whole field of view
(700 pm x 100 pm, 20x magnification). The quantified data of four
grades (1-4, 5-40, 41-400, and 401-1000 pmz) showed that AOFOS
could significantly inhibit the formation of larger crystals (> 200 pm?)
and induce small crystals (<10 pm?) (Fig. 2c).
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Table 1
Assignments of the 'H and '>C NMR spectra of AOFOS.
No. of C/H 'H 3¢
p-D-Fruf-2,1
1 3.62, 3.83 60.8
2 - 103.2
3 4.16 76.9
4 4.01 74.2
5 3.77 81.0
6 3.74, 3.68 62.1
a-D-Glep
1 5.34 92.5

Detailed data in supplementary data.

3.3. Inhibition of crystal growth and induction of COD formation

3.3.1. Effect on the shape of crystals

To study the interaction mechanism between AOFOS and calcium
oxalate crystals, calcium oxalate crystals were created in vitro according
to the literature (Sun et al., 2015). Scanning electron microscopy (SEM)
results (Fig. 3) showed that large crystals and heterogeneous crystals
were dominant in the untreated group, while tiny crystals were formed

(a)
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in AOFOS groups with different concentrations. The crystal size signif-
icantly (p < 0.05) decreased from 1.74 + 0.56 to 0.68 + 0.18 pm?
(Fig. 3d) when the concentration of AOFOS increased from O to 333 pg/
mL. Meanwhile, the crystals were changed from sharp hexagonal to
round at 42 pg/mL and above, which suggested that calcium oxalate
crystals were changed from COM to COD (Liu et al., 2020; Yao et al.,
2012).

3.3.2. Effect on the characteristics of crystals

There were significant differences between COM and COD crystals in
the FT-IR spectra (Sun et al., 2015). For COM crystals, there were
multiple peaks at 3000-3600 cm !, while for COD crystals, only a single
wide absorption peak at 3445 cm ™! was observed (Maurice-Estepa et al.,
2000). FT-IR spectra of 10 mM COM crystals treated with different
concentrations of AOFOS showed that transformation of COM to COD
crystals could be induced by AOFOS in a concentration-dependent
manner (Fig. 4).

3.3.3. Effect on the formation rate of crystals

The crystal formation process was observed. The crystal first formed
small crystal nuclei in the solution, then gradually increased in volume
and finally existed at the bottom of the container in the form of

(b)

(c) Oxalic acid Oxalic acid + AOFOS
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Fig. 2. Effect of OFOS on calcium oxalate crystal deposition in Malpighian tubules. (a) Polarized image of Malpighian tubules from the model group. (b) Polarized
image of Malpighian tubules from AOFOS (1 mg/mL) group. (c) Area distribution of calcium oxalate crystals with different treatments in the Malpighian tubules.
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Fig. 3. Effect of AOFOS on calcium oxalate crystal size. (a—c) SEM images of calcium oxalate crystal formed in the presence of various concentrations of AOFOS: (a)
blank control, (b) 42 pg/mL and (c) 333 pg/mL. (d) Area of distribution of calcium oxalate crystal induced by AOFOS. c(CaOxa) = 5 mM. Data were expressed as
mean + SD from experiments, different letters indicate significant differences (repeated ANOVA, p < 0.05).
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Fig. 4. AOFOS induced the conversion of COM to COD. (a—c) FT-IR spectrum of COM crystals induced by various concentrations AOFOS: (a) blank; (b) 83 pg/mL and
(¢) 333 pg/mL. c(CaOxa) = 10 mM. (d) Feature absorption wavelength (4000-3000 cm™!) of COM crystals induced by various concentrations AOFOS: blank (red);

83 pg/mL AOFOS (blue) and 333 pg/mL AOFOS (green). c(CaOxa) = 10 mM.

precipitation. As indicated in Fig. 5a, a hexagonal and sharp shape was
observed for crystals of the blank control and positive control (citric
acid) groups; however, a diamond shape was formed for the AOFOS
group at 4 min. Larger crystals continued to be formed in the blank

control and positive control (citric acid) groups, while only small crys-
tals were formed in the AOFOS group within 12-20 min. A
concentration-dependent inhibitory effect on the crystal formation was
also observed in crystal density measurement at 630 nm within 20 min
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Fig. 5. AOFOS inhibited the formation rate of calcium oxalate crystals. (A) Polarizing microscope images of calcium oxalate crystal formed of different treatments at
4 min, 12 min and 20 min: (Blank) PBS; (Citric acid) Citric acid 200 pg/ml; (AOFOS LD) AOFOS 100 pg/ml and (AOFOS HD) AOFOS 200 pg/mL. c(CaOxa) = 2 mM.
(B) Density of calcium oxalate crystal induced by Citric acid + OFOS: (orange)PBS; (green) citric acid 200 pg/mL; (purple) OFOS 100 pg/mL and (blue) OFOS 200 ug/

mL. ¢(CaOxa) = 2 mM.

(Fig. 5b).

3.4. Effects of AOFOS on cells

3.4.1. Cytotoxicity of AOFOS
Cytotoxic activity of AOFOS against normal rat epithelial cells NRK-
52E cells at 25, 50, 100 and 200 pg/mL (Fig. 6e) showed that AOFOS had

no significant cytotoxicity, which indicated that AOFOS were safe at all
concentrations below 200 pg/mL.

3.4.2. Effects of AOFOS on oxalic acid-induced cellular injury

Oxalate ions and calcium oxalate crystals play an important role in
the process of occurrence and development of urolithiasis. The cyto-
toxicity of oxalic acid (2 mM) was reported (Song et al., 2015; Peng
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Fig. 6. Effect of AOFOS on NRK-52E. (a—d) Cell morphology: (a) Normal medium; (b) Medium with 2 mM oxalic acid; (¢) Medium with 2 mM oxalic acid + 200 pg/
mL AOFOS; (d) Supernatant medium induced by 2 mM oxalic acid 3 h. (e-h) Cell viability. (e) Toxicity of AOFOS to NRK-52E cells; (f) Cytotoxicity of 2 mM oxalic
acid in the presence of different drugs; (g) Cytotoxicity culture medium supernatant induced 3 h by 2 mM oxalic acid in the presence of various concentrations
AQFOS. (h) Cytotoxicity of culture medium sediment induced 3 h by 2 mM oxalic acid in the presence of various concentrations AOFOS. Data were expressed as mean
=+ SD from three independent experiments, compared with Blank group, different letters indicate significant differences between the cell viability (repeated ANOVA,

p < 0.05).
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et al., 2021). To verify whether AOFOS can inhibit the damage of oxalic
acid on cells, the following experiments were carried out. Coincubation
of NRK-52E cells without or with different concentrations of AOFOS and
oxalic acid (2 mM) showed that oxalic acid itself significantly reduced
cell viability, and increasing concentration of AOFOS increased the
cytotoxicity in a concentration-dependent manner (Fig. 6f).

3.4.3. Effects of AOFOS on oxalic acid-induced precipitation and
supernatant cellular injury

According to the result shown in Section 3.3.3, it was speculated that
AOFOS slowed down the rate of crystal formation and increased the time
for free oxalate ions to act on cells, ultimately resulting in decreased cell
viability. Another possible reason may be that AOFOS promoted the
formation of smaller crystals (Fig. 6a, b, c), which were more likely the
cause of increased cytotoxicity (Sun et al., 2015).

To verify our hypothesis, oxalic acid was first treated with the culture
medium containing various concentrations of AOFOS for 3 h to produce
precipitates, and then the cells were cultured separately with the ob-
tained precipitation and supernatant. As indicated in Fig. 6g, compared
to the blank control group and supernatant group, the supernatant had a
damaging effect on cells (p < 0.05), which may be related to the lack of
calcium ions in the medium (Fig. 6g). However, cell culture by precip-
itation showed no cytotoxicity (Fig. 6h). Based on the above cell ex-
periments and literature, the following hypothesis can be drawn: (1)
Oxalate exposure induces a disruption of phosphatidylserine (PS) dis-
tribution in the renal epithelial cell membranes, and PS externalized into
the exoplasmic leaflet serves as an attachment site, thereby promoting
the retention of calcium oxalate monohydrate (COM) crystals at the cell
surface (Bigelow et al., 1997; Cao et al., 2001; Khan, 2006). Cell damage
mainly came from the action of oxalate ions in a short period of time,
and the formation of calcium oxalate crystals was beneficial for reducing
cell damage as oxalate passes through the urinary system compared with
precipitation and oxalic acid groups. (2) The formation rate of calcium
oxalate crystal was very fast. Although the cytotoxic activity was
increased with AOFOS intervention (Fig. 6f) in the short term, the for-
mation of large crystals was inhibited in the long term, which would
increase the possibility of small crystal excretion in the urinary system
reducing urinary tract blockage by stones.

4. Conclusions

In this study, AOFOS that could inhibit the formation of calcium
oxalate crystals was purified and structurally characterized by MS, NMR
and GPC. AOFOS significantly reduced the size of calcium oxalate
crystals in Drosophila by inhibiting the formation of large size crystals
and the generation rate of calcium oxalate crystals, as well as the COM
crystallization. AOFOS is expected to exert a desirable effect in the
prevention and treatment of urolithiasis.
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