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Objective: This study aimed to investigate the damage mechanism of nanosized hydroxyapatite
(nano-HAp) on mouse aortic smooth muscle cells (MOVASs) and the injury-inhibiting effects
of diethyl citrate (Et,Cit) and sodium citrate (Na,Cit) to develop new drugs that can simultane-
ously induce anticoagulation and inhibit vascular calcification.

Methods: The change in cell viability was evaluated using a cell proliferation assay kit, and
the amount of lactate dehydrogenase (LDH) released was measured using an LDH kit. Intracel-
lular reactive oxygen species (ROS) and mitochondrial damage were detected by DCFH-DA
staining and JC-1 staining. Cell apoptosis and necrosis were detected by Annexin V staining.
Intracellular calcium concentration and lysosomal integrity were measured using Fluo-4/AM
and acridine orange, respectively.

Results: Nano-HAp decreased cell viability and damaged the cell membrane, resulting in the
release of a large amount of LDH. Nano-HAp entered the cells and damaged the mitochondria,
and then induced cell apoptosis by producing a large amount of ROS. In addition, nano-HAp
increased the intracellular Ca*" concentration, leading to lysosomal rupture and cell necrosis.
On addition of the anticoagulant Et,Cit or Na,Cit, cell viability and mitochondrial membrane
potential increased, whereas the amount of LDH released, ROS, and apoptosis rate decreased.
Et,Cit and Na,Cit could also chelate with Ca** to inhibit the intracellular Ca** elevations induced
by nano-HAp, prevent lysosomal rupture, and reduce cell necrosis. High concentrations of Et,Cit
and Na,Cit exhibited strong inhibitory effects. The inhibitory capacity of Na,Cit was stronger
than that of Et,Cit at similar concentrations.

Conclusion: Both Et,Cit and Na,Cit significantly reduced the cytotoxicity of nano-HAp on
MOV ASs and inhibited the apoptosis and necrosis induced by nano-HAp crystals. The chelating
function of citrate resulted in both anticoagulation and binding to HAp. Et,Cit and Na,Cit may
play a role as anticoagulants in reducing injury to the vascular wall caused by nano-HAp.
Keywords: vascular calcification, hydroxyapatite, diethyl citrate, sodium citrate, cardiovas-
cular disease

Introduction

Cardiovascular disease (CVD) is the leading cause of mortality in patients with
end-stage renal disease (ESRD), and vascular calcification (VC) is the major contributor
to the CVD burden and mortality of patients with ESRD."?

VC is a physiological process that predominantly involves the apoptosis of vascular
smooth muscle cells (VSMCs) and the phenotypic transformation of VSMCs into
osteoblast-like cells.** During calcification, Ca** and PO~ released by apoptotic
bodies accumulate in or adjacent to the membranes of matrix vesicles (MVs). Calcium
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phosphate minerals precipitate when sufficient Ca** and
PO, have accumulated within MVs. Crystals initially form
octacalcium phosphate, which reorganizes and stimulates the
epitaxial growth of highly insoluble hydroxyapatite (HAp);’
HAp then repeats nucleation and crystallization in the same
approach and expands the deposition area.®

Liu et al’ found that nanosized calcium phosphate crys-
tals can induce cell calcification by inducing the phenotypic
transformation of human aortic VSMCs into osteoblast-like
cells, and the degree of cell calcification is positively corre-
lated with the acting time of calcium phosphate crystals. Sage
et al® also found that nanosized hydroxyapatite (nano-HAp)
induces the phenotypic transformation of VSMCs into
osteoblast-like cells in a concentration-dependent manner.
Exogenous calcifying calcium phosphate nanoparticles
potentiate the accumulation of smooth muscle-derived
apoptotic bodies at the sites of mineralization, which may
accelerate VC.? Experiments in vitro and in vivo showed that
calcium phosphate ions may act as an initial trigger of ath-
erosclerosis via endothelial damage and further enhance local
inflammation through the induction of pro-atherosclerotic
cytokines and not by direct tissue calcification or functional
changes in anti-calcification proteins.'® In addition, calcium
phosphate and HAp crystals exert a significant toxic effect
on VSMCs that can lead to cell death,'! and this toxicity is
positively correlated with crystal concentration and acting
time.!2!* VSMC death can lead to a series of consequences,
including inflammation by factors produced from apoptotic
and necrotic cells and further promotion to calcification
through the generation of nucleation sites on dead cells.
These effects may lead to atherosclerotic plaque instability
and plaque rupture, which eventually result in myocardial
infarction or stroke.'

Several calcification inhibitors, such as Fetuin-A and
albumin, can inhibit the VC by reducing the death of cal-
cium phosphate-induced VSMCs.!"!* However, the damage
mechanism of calcium deposition on VSMCs and the inhibi-
tion mechanism of calcification inhibitors remain unclear.

Sodium citrate (Na,Cit), a commonly used anticoagu-
lant in hemodialysis that can alleviate excised heart valve
calcification, significantly decreases calcium and phosphate
levels in valve tissues and reduces irregular and fusiform
calcific formations around collagen fibers.'> However,
heparin, a widely used anticoagulant, does not affect VC
in rats with chronic kidney disease (CKD) and secondary
hyperparathyroidism.'s The three carboxyl groups of citrate
can bind strongly to Ca’>" on the HAp surface and prevent
further crystal growth and thickening.!” Our previous studies

showed that the anticoagulant effects of Na,Cit and diethyl
citrate (Et,Cit) are closely related to chelation of Ca*" ions
to form stable calcium citrate complexes. '8!

On the basis of our previous study, we further investigated
whether Na,Cit or Et Cit can affect the damage on mouse
aortic smooth muscle cells (MOVASs) induced by nano-HAp.
We also aimed to develop new drugs that can simultaneously
act as anticoagulants and inhibit VC to provide new insights
into the treatment for patients with CKD and VC.

Materials and methods

Materials and apparatus

Primary MOV ASs were purchased from Shanghai Cell Bank,
Chinese Academy of Sciences. Nano-HAp (purity =97%;
particle size less than 100 nm) was obtained from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai,
People’s Republic of China). Cell proliferation assay kit
(Cell Counting Kit-8, CCK-8) was purchased from Dojindo
Laboratory (Kumamoto, Japan). Et,Cit was synthesized in our
laboratory.'® It was characterized and identified by elemental
analysis, infrared spectroscopy, mass spectrometry, and
nuclear magnetic resonance. Its mass fraction was 99.27%
according to the results of thin-layer chromatography and
acid value titration tests.

Experimental methods

Cell culture

MOVAS:Ss were used between passages 4 and 8. Cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin,
and 100 pug/mL streptomycin ina 5% CO, incubator at 37°C.
Trypsin digestion was adopted for cell propagation. Upon
reaching 80%—90% confluence, the cells were rinsed twice
with PBS. A certain amount of 0.25% trypsin digestion solu-
tion was then added and maintained for 3—5 min at 37°C.
The DMEM containing 10% FBS was added to terminate
digestion. The cells were blown gently after trypsin digestion
to form a cell suspension for the following experiment.

Characterization of nano-HAp crystals

The phase composition of the prepared nano-HAp crystals was
confirmed by X-ray diffraction (XRDj; Rigaku, Tokyo, Japan)
with Cu-Ko radiation and Fourier transform infrared (FT-IR)
spectroscopy (Thermo Fisher Scientific). The morphology
and size of the nano-HAp crystals were observed using an
XL-type environmental scanning electron microscope (Carl
Zeiss Meditec AG, Jena, Germany) operated at 30 kV.
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CCK-8 to detect cell viability

Exactly 100 L of MOVAS cell suspension with a cell con-
centration of 5x10* cells/mL was seeded per well in 96-well
plates and incubated in a 5% CO, humidified atmosphere at
37°C for 24 h. After incubation with serum-free DMEM for
12 h, the cells were synchronized. The culture medium was
removed, and the cells were washed twice with PBS.

The cells were then divided into four groups: (A) control
group: only serum-free culture medium was added; (B) nano-
HAp injury group: 100 pg/mL nano-HAp crystals (prepared
with serum-free medium) was added; (C) Et,Cit treatment
group: 1 and 4 mM Et, Cit was added to serum-free medium
containing 100 ug/mL nano-HAp crystals; (D) Na,Cit treat-
ment group: 1 and 4 mM Na,Cit was added to serum-free
medium containing 100 pg/mL nano-HAp crystals. Each
experiment was repeated in six-parallel wells. After incuba-
tion for 24 h, 10 uL. of CCK-8 was added to each well, which
was incubated for 1.5 h. The absorbance was measured at
450 nm using a microplate reader (Thermo Multiskan MK3;
Thermo Fisher Scientific). Cell viability was determined
using the equation below.

A (Treatment group)

Cell viability (%) = x100

A (Control group)

Lactate dehydrogenase (LDH) release assay

Cell density and experimental grouping were similar to
those described in the previous section. Each experiment
was repeated in six parallel wells as the cell control group
was set (inhibitor concentration of 0); 100 pL of cell culture
medium was added to each well.

After incubation for 24 h, the optical density values were
measured with a microplate reader according to the LDH
kit test method (Shanghai Beyotime Bio-Tech Co., Ltd.,
Shanghai, People’s Republic of China).

Hematoxylin and eosin (HE) staining

Exactly 1 mL of cell suspension with an MOVAS cell
concentration of 1.5x10° cells/mL was seeded per well in
12-well plates. The experimental grouping was similar to
that in the section on CCK-8. After incubation for 24 h, the
supernatant was removed, and the cells were washed twice
with PBS. The cells were fixed with 4% paraformaldehyde
for 15 min at room temperature. The cells were then washed
three times with PBS. After fixation, the cells were stained
with hematoxylin stain (Shanghai Beyotime Bio-Tech Co.,
Ltd.) and incubated for 15 min. They were then washed three
times with distilled water for 2 min to remove excess stains.

Thereafter, the cells were stained with eosin staining solution
for 5 min. The cells were washed three times with distilled
water for 2 min to remove excess eosin. After treatment, the
cells were observed under a microscope (CKX41; Olympus,
Tokyo, Japan).

Intracellular reactive oxygen species (ROS) assay
Exactly 2 mL of cell suspension withan MOV AS cell concen-
tration of 1x10° cells/mL was seeded per well in six-well
plates. The experimental grouping was the same as that in the
section on CCK-8. After 24 h of incubation, the supernatant
was aspirated, and the cells were washed twice with PBS
and digested with 0.25% trypsin. Afterward, DMEM supple-
mented with 10% FBS was added to terminate digestion. The
cells were suspended by pipetting, followed by centrifugation
(1,000 rpm, 5 min). The supernatant was aspirated, and the
cells were washed once with PBS and centrifuged again to
obtain a cell pellet. The cells were stained with 200 uL of
DCFH-DA (Shanghai Beyotime Bio-Tech Co., Ltd.) and
incubated at 37°C for 20 min under the dark. The cells were
then centrifuged, and the supernatant was removed. The cells
were washed once with 500 pL of serum-free medium, fol-
lowed by centrifugation (1,000 rpm, 5 min). The supernatant
was aspirated, added with 200 UL of serum-free medium,
and thoroughly mixed. Subsequently, the cells were detected
via flow cytometry (FACS Aria; BD Corporation, San Jose,
CA, USA).

Measurement of mitochondrial membrane potential
(Aym) after cell damage

Cell density and experimental grouping were similar to those
in the previous section. After incubation for 24 h, the super-
natant was aspirated, and the cells were washed twice with
PBS and digested with 0.25% trypsin. DMEM supplemented
with 10% FBS was added to terminate digestion. The cells
were suspended by pipetting, followed by centrifugation
(1,000 rpm, 5 min). The supernatant was aspirated, and the
cells were washed once with PBS and centrifuged again to
obtain a cell pellet. The cells were resuspended by adding
and thoroughly mixing 500 uL of PBS into a microcentri-
fuge tube. Finally, the samples were stained with JC-1 stain
(Becton Dickinson Bioscience Company, Franklin Lakes,
CA, USA) and detected by flow cytometry.

Quantitative analysis of apoptosis rate by

Annexin V-FITC/PI double-staining assay

Cell density and experimental grouping were similar to those
in the section on intracellular ROS assay. The supernatant
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was aspirated after incubation for 24 h, and the cells were
washed twice with PBS and digested with 0.25% trypsin.
DMEM supplemented with 10% FBS was then added to
terminate digestion. The cells were suspended by pipetting,
followed by centrifugation (1,000 rpm, 5 min). The super-
natant was aspirated, and the cells were washed once with
PBS and centrifuged again to obtain a cell pellet. Exactly
200 pL of binding buffer was added and mixed thoroughly.
The cells were stained with 5 puL of Annexin V-FITC
(Becton Dickinson Bioscience Company) and incubated
in the dark at room temperature for 10 min. The cells were
then centrifuged, and the supernatant was removed. Exactly
200 pL of binding buffer was added and mixed thoroughly.
Subsequently, 5 UL of propidium iodide (PI) was added to
stain the cells. After treatment, the cells were detected by
flow cytometry.

Detection of intracellular calcium concentration

Cell density and experimental grouping were similar to those
in the section on intracellular ROS assay. After incubation
for 24 h, the supernatant was aspirated, and the cells were
washed twice with PBS and digested with 0.25% trypsin.
DMEM supplemented with 10% FBS was then added to
terminate digestion. The cells were suspended by pipetting,
followed by centrifugation (1,000 rpm, 5 min). The superna-
tant was aspirated, and the cells were washed once with PBS
and centrifuged again to obtain a cell pellet. Subsequently,
the cells were stained with 200 uL of Fluo-4/AM (Shanghai
Beyotime Bio-Tech Co., Ltd.) (5 umol/L) and incubated at
37°C for 30 min. Finally, the cells were washed three times
with PBS and detected via flow cytometry.

Lysosomal integrity assay

The cell suspension (1 mL) with a cell concentration of
1x10° cells/mL was seeded in 12-well plates. DMEM con-
taining 10% FBS was added, and the cells were incubated
at 37°C for 24 h. The cell medium was removed by suction
and washed twice with PBS. The cells were then loaded with
5 ug/mL acridine orange (AO) (Shanghai Beyotime Bio-Tech
Co., Ltd.) in DMEM for 15 min. The experimental grouping
was the same as that in the section on CCK-8. After incuba-
tion for 24 h, the supernatant was aspirated, and the cells
were washed three times with PBS. The distribution of AO
in each cell was observed under a fluorescence microscope
(Leica DMRAZ2; Leica, Wetzlar, Germany). For fluorescence
quantitative assay, 100 uL of MOVAS cell suspension with
a cell concentration of 5x10* cells/mL was seeded per well
in 96-well plates and stained with AO. After 24 h of incuba-
tion, the cells were washed with PBS prior to fluorescence

measurements with excitation at 485 nm and emission at
530 nm (green cytoplasmic AO) and 620 nm (red lysosomal
AO). Normal lysosomal integrity = (total red fluorescence
intensity)/(total green fluorescence intensity). Lysosomal
integrity = [(total red fluorescence intensity)/(total green
fluorescence intensity) X (normal lysosomal integrity)].

Statistical analysis

Experimental data were expressed as the mean (x) & standard
deviation. The experimental results were analyzed statisti-
cally using SPSS 13.0 software (SPSS Inc., Chicago, IL,
USA). The differences in the means between the experimental
groups and the control group were analyzed using Tukey’s
test. p<<0.05 was considered significant.

Results
Characterization and morphology

observation of nano-HAp crystals

The XRD pattern showed eight characteristic peaks consis-
tent with standard HAp (JCPDS No 09-0432),% indicating
that the nanoparticles were phase-pure HAp with low crystal-
linity (Figure 1A). In the FT-IR spectrum (Figure 1B), the
vibration peaks at 3,575 and 3,438 cm™! were attributed to
the O—H stretching vibration in HAp, and the vibration peaks
at 564 and 610 cm™" belonged to the asymmetric stretching
vibration peaks of P-O in the PO,*" groups; these results
were consistent with those of previous studies.”»* SEM
revealed that the nanoparticles were homogeneous, needle-
like crystals (Figure 1C).

Toxicity of nano-HAp on MOVASs and
the inhibitory effects of Et,Cit and Na,Cit

As shown in Figure 2A, nano-HAp exerted a significant toxic
effect on MOVASs. After MOV ASs were incubated with
100 pg/mL nano-HAp for 24 h, the cell viability decreased
from 100% to 42.6%.

After adding the inhibitor Et,Cit or Na,Cit, cell viability
increased from 42.6% to 52.8%-87.6%. In addition, cell
viability increased with increasing inhibitor concentra-
tion, indicating that both Et Cit and Na,Cit could inhibit
the damage of nano-HAp on MOVASs. The inhibitory
effect of Na,Cit was stronger than that of Et Cit at similar
concentrations.

Cell membrane damage induced by
nano-HAp and the inhibitory effects of
Et,Cit and Na,Cit

The destruction of the cell membrane caused by apop-
tosis and necrosis leads to the release of enzymes from
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Figure | Characterization of nano-HAp. (A) X-ray diffraction pattern of the nano-HAp. (B) Fourier transform infrared spectrum of nano-HAp. (C) Scanning electron

microscopy of particles.
Abbreviation: nano-HAp, nanosized hydroxyapatite.

the cytoplasm to the medium, including LDH whose
enzyme activity is relatively stable. That is, the amount of
LDH released is an important indicator of cell membrane
integrity.” Therefore, after the addition of Et,Cit and Na,Cit,
the degree of damage of the cell membrane induced by nano-
HAp was quantitatively analyzed by detecting the amount
of LDH released.

A - ;
100 A Et,Cit
— Na,Cit
N
<
E- 80
=
©
'S 60+
3
) Bl K

Control HAp

Drug concentration (mM)

The LDH release amount of MOV ASs in the HAp-injured
group significantly increased (22.1%) compared with that in
the normal control group (6.66%; Figure 2B). After the addi-
tion of Et,Cit and Na,Cit, the LDH release amount decreased
from 22.1% to 8.44%—17.78% in a concentration-dependent
manner. This result shows that nano-HAp could damage the
cell membrane of MOVASs, and Et,Cit and Na,Cit could

s
N
)]
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N
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Figure 2 Effects of nano-HAp crystals on (A) cell viability and (B) LDH release in the presence of various concentrations of Et,Cit and Na,Cit for 24 h (*p<0.05, *p<0.01

vs nano-HAp).

Abbreviations: EtZCit, diethyl citrate; LDH, lactate dehydrogenase; N33Cit, sodium citrate; nano-HAp, nanosized hydroxyapatite.
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inhibit such damage. In this work, the inhibitory effect of
Na,Cit was significantly greater than that of Et Cit.

Effect of nano-HAp on cell morphology
HE staining is the most commonly used method for observing
the overall morphology of cells in pathology. Hematoxylin is
alkaline, mainly turning chromatin in the nucleus purple and
blue. Iraq red is the acid dye, mainly turning the cytoplasm
components red or pink.

The cells in the control group were smooth and full, show-
ing a long spindle shape (Figure 3A). By contrast, masses of
shrunken cells and chromatin condensation were observed
in the HAp-injury group (Figure 3B).

The addition of different concentrations of Et,Cit and
Na,Cit significantly increased the number of cells close to the
normal cell morphology unlike that in the HAp-injury group.
The connection between cells was gradually tightened, and
the gap between cells decreased (Figure 3C—F), indicating that
both Et,Cit and Na,Cit could significantly inhibit MOVAS
damage induced by nano-HAp. Their inhibitory effects were
strong at high concentrations. The inhibitory effect of Na,Cit
was greater than that of Et,Cit at similar concentrations.

Effect of nano-HAp on ROS

ROS is produced by the reaction between the mitochondria
and NADPH oxidase. Excessive ROS can cause inflammation,

oxidative stress, and apoptosis.’*?’” As shown in Figure 4,
nano-HAp caused MOVASs to produce a large amount of
ROS, indicating that nano-HAp induced cell damage. Both
Na,Cit and Et,Cit significantly inhibited ROS production
induced by nano-HAp, and strong inhibitory effects were
observed at high concentrations (Figure 4B). At the same con-
centration, the inhibitory capacity of Na,Cit was stronger than
that of Et,Cit in ROS production induced by nano-HAp.

Mitochondrial damage induced by nano-
HAp and inhibitory effects of Et,Cit and
Na,Cit
In normal circumstances, the potential of the inner and outer
mitochondrial membranes is in a stable state, maintaining the
normal mitochondrial membrane potential (Aym).?® How-
ever, after nanoparticle stimulation in this work, the perme-
ability of the mitochondrial membrane changed and Aym
decreased. Ca?* in mitochondria flew out and caused the dys-
function of the mitochondria.* JC-1 probe is a mitochondrial
membrane potential-dependent fluorescent molecule. JC-1
differentially labels mitochondria with high and low Aym
by forming J-aggregates or monomers that emit orange-red
or green light, respectively. The effect of nano-HAp on Aym
detected by JC-1 is shown in Figure 5.

In the control group, the cell ratio of the low potential was
4.07% (Figure 5A), whereas Aym decreased by 37.21% in

»
»

Control

HAp

1 mM Et,Cit

4 mM EtCit

1 mM Na,Cit

4 mM Na,Cit

»
»

Figure 3 (A) Normal cells; (B) cells treated with 100 pig/mL nano-HAp crystals; (C) cells treated with 100 pig/mL nano-HAp crystals and | mM Et,Cit; (D) cells treated with
100 pg/mL nano-HAp crystals and 4 mM Et,Cit; (E) cells treated with 100 Lig/mL nano-HAp crystals and | mM Na,Cit; (F) cells treated with 100 pig/mL nano-HAp crystals

and 4 mM Na,Cit. Arrows show the damaged cells, X400 magnification.

Abbreviations: Et,Cit, diethyl citrate; MOVASs, mouse aortic smooth muscle cells; Na,Cit, sodium citrate; nano-HAp, nanosized hydroxyapatite.
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Figure 4 Detection of intracellular ROS level of MOVASs after exposure to 100 pig/mL nano-HAp crystals for 24 h. (A) Histogram of intracellular ROS level. (B) Quantitative

fluorescence intensity of intracellular ROS level (¥p<<0.05, *p<<0.01 vs nano-HAp).

Abbreviations: Et,Cit, diethyl citrate; MOVASs, mouse aortic smooth muscle cells; Na,Cit, sodium citrate; nano-HAp, nanosized hydroxyapatite; ROS, reactive oxygen

species; FITC-H, fluorescein isothiocyanate-H.

the HAp-injury group (Figure 5B). Thus, nano-HAp could
enter the cell to damage the mitochondria.

After the addition of Na,Cit or Et,Cit, Aym decreased from
37.21%to 13.35%-30.24%, thereby indicating that Na,Cit and

Et,Cit could effectively inhibit mitochondrial damage induced
by nano-HAp crystals. Moreover, their inhibitory effects were
strong at high concentrations. At the same concentration, the
inhibitory effect of Na,Cit was stronger than that of Et Cit.
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Figure 5 Effects of nano-HAp crystals on mitochondrial membrane potential (Aym) of MOVASs in the presence of different concentrations of Et,Cit and Na,Cit for 24 h.
(A) Dot plots of Aym after incubation with nano-HAp. (B) Quantitative histogram of cells with J-aggregates (red) or monomers (green).
Abbreviations: Et,Cit, diethyl citrate; MOVASs, mouse aortic smooth muscle cells; Na,Cit, sodium citrate; nano-HAp, nanosized hydroxyapatite.

H Ap-i nduced cell apoptosis or necrosis apoptosis are characterized by the translocation of PS to the
and inhibito ry effects of EtZC it and extracellular membrane; such a process can be detected using
N a, Cit Annexin-V. Pl is anucleic acid dye that cannot pass through an

In normal cells, phosphatidylserine (PS) is only distributed  intact cell membrane but can permeate late apoptotic cells and
within the cell membrane lipid bilayer. Cells undergoing early ~ dead cell membranes with increasing permeability, leading to
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nuclear red staining. Therefore, Annexin V-FITC/PI double
staining can be used to quantitatively detect cell apoptosis.?

As shown in Figure 6, the cell early apoptotic rate (Q4)
in the control group was 0.47%, whereas that in the HAp-
injury group reached 9.12%. Nano-HAp clearly induced

MOVAS apoptosis. After the addition of Na,Cit or Et Cit, the
cell apoptosis rate decreased to 2.36%—7.57% (Figure 6A),
indicating that Et,Cit and Na,Cit effectively inhibited the
apoptosis induced by nano-HAp, and the inhibitory effects
of Na,Cit were stronger than those of Et,Cit.

A a Control c 1 mM Et,Cit e 1 mM Na,Cit
10° = o1 3339 [ Q2: 1.00% 10° % o1 13.60% || Q2: 16.29% 10° 7 o1 10.00% 7] Q2: 13.58%
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Figure 6 Flow cytometric data of cell death after MOVASs were exposed to nano-HAp crystals in the presence of different concentrations of Et,Cit and Na,Cit for 24 h.
(A) The representative images of apoptosis and necrosis of MOVASs. (B) Quantitative histogram of cellular apoptosis and necrosis. Quadrants Q1, Q2, Q3, and Q4 denote
the ratio of necrotic cells, late apoptotic cells and/or necrotic cells, viable cells, and early-stage apoptotic cells, respectively.

Abbreviations: Et,Cit, diethyl citrate; MOVASs, mouse aortic smooth muscle cells; Na,Cit, sodium citrate; nano-HAp, nanosized hydroxyapatite.
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In addition, nano-HAp resulted in the late apoptosis and/or
necrosis of a large number of cells (Q1 + Q2, 38.28%).
However, the late apoptotic and/or necrosis rates decreased
to 9.05%-29.89% after the addition of Et,Cit or Na,Cit
simultaneously. The above result revealed that both Et Cit
and Na,Cit effectively inhibited the cell necrosis induced by
nano-HAp, and the inhibitory effects of Na,Cit were stronger
than those of Et Cit.

Reduction in nano-HAp-induced
intracellular calcium concentration by
Et,Cit and Na,Cit
Excessive intracellular Ca®" ions can cause cell apoptosis,
necrosis, and autophagic death.'**° Fluo-4/AM can bind with
intracellular free Ca*" to produce strong green fluorescence
instead of binding with extracellular Ca**". Thus, the intracel-
lular Ca?* concentration can be calculated by detecting the
percentage of cells stained by Fura-4/AM.3!

As shown in Figure 7, the percentage of cells stained
by Fura-4/AM in the normal control group was 5.07%
(Figure 7A), and it increased to 27.97% in the HAp-injury
group (Figure 7B). This result indicated that nano-HAp
caused an obvious increase in the intracellular Ca?* concen-
tration. After the addition of the inhibitors Et,Cit and Na,Cit
in the HAp-injury group, the percentage of cells stained
by Fura-4/AM decreased from 27.97% in a concentration-
dependent manner to 9.16%-20.39% (Figure 7B). At the
same concentration, the inhibitory effect of Na,Cit was
stronger than that of Et,Cit.

Injury of lysosome induced by nano-
HAp and inhibitory effects of Et,Cit
and Na,Cit

AO can enter the lysosome through the cell membrane
and combine with its internal acidic hydrolase to produce
orange-red fluorescence. In normal cells or early apoptotic
cells, the lysosomal structure remains intact, whereas the
intact structure of necrotic cells is destroyed, and orange-
red fluorescence is minimal. Therefore, the damage degree
of cells can be determined by measuring the fluorescence
intensity ratio of red and green fluorescence.*

As shown in Figure 8, the lysosomal structure of the
normal group remained substantially complete, and the red
fluorescence superimposed with the green fluorescence and
showed strong yellow-orange fluorescence.?” However, the
red fluorescence was significantly reduced in the HAp-injury
group, indicating that nano-HAp damaged the lysosome.

After the addition of Et,Cit or Na,Cit, the red fluorescence
intensity in each group was enhanced to different degrees

(Figure 8B). This result indicated that both Et,Cit and Na,Cit
inhibited the lysosomal damage induced by nano-HAp, and
the inhibitory effects were strong at high concentrations.
At the same concentration, the inhibitory effect of Na,Cit
was stronger than that of Et,Cit.

Discussion

This study was the first to investigate whether Et Cit and
Na,Cit as anticoagulants can affect the toxicity of nano-
HAp crystals on MOVASs. Our data suggested that the
mechanism of nano-HAp crystal-induced cell death and
cytoprotective effects of Et,Cit and Na,Cit may involve more
than one pathway. The damage mechanism of nano-HAp on
MOVASSs and the inhibitory effects of Et,Cit and Na,Cit are
shown in Figure 9.

Nano-HAp induces apoptosis of MOVASs
and cytoprotective mechanism of Et Cit

and Na,Cit

The addition of nano-HAp to MOVASSs resulted in cell
membrane damage and increased membrane permeability;>
thus, the cell viability decreased (Figure 2A), and the LDH
release amount significantly increased (Figure 2B). However,
after the simultaneous addition of Na,Cit and Et Cit, the
cell viability significantly increased, and the LDH release
amount decreased. This result suggested that Na,Cit and
Et,Cit inhibited cell membrane damage. After the damage
by nano-HAp, the cell volume decreased, and chromatin
became condensed (Figure 3). At the same time, Na,Cit and
Et,Cit effectively reduced cell damage. Dautova et al'* found
that nano-calcium phosphate crystals cause cell membrane
damage, which can be effectively reduced after the addition
of calcification inhibitors, such as Fetuin-A and albumin.

The cell membrane damage by nano-HAp leads to the dis-
order of intracellular electrolytes (such as Ca?* ions), promotes
ROS production through the activation of NADPH oxidase,
and induces the intracellular oxidative stress response.*
However, Na,Cit and Et,Cit can inhibit the production of
ROS (Figure 4) and reduce the damage of organelles.

Jin et al** demonstrated that nano-HAp can be internalized
into cells, causing mitochondrial membrane permeability and
mitochondrial dysfunction. We also observed that nano-HAp
can damage the mitochondria and decrease Aym (Figure 5).
A series of cell responses would finally lead to cell apoptosis
(Figure 6). However, both Na,Cit and Et,Cit could inhibit
mitochondrial damage and reduce cell apoptotic death.

Therefore, we hypothesized that nano-HAp may enter
the cell through a damaged cell membrane and consequently
damage the mitochondria, which induces the production of
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Figure 7 Effects of nano-HAp crystals on intracellular Ca>* concentration in the presence of different concentrations of Et,Cit and Na,Cit for 24 h. (A) Dot plots of
intracellular Ca? concentration. (B) Quantitative histogram of the percentage of cells stained by Fura-4/AM (*p<0.05, **p<<0.01 vs nano-HAp).
Abbreviations: EtZCit, diethyl citrate; NaSCit, sodium citrate; nano-HAp, nanosized hydroxyapatite.

a large amount of ROS and cell apoptosis. However, both
Na,Cit and Et Cit can reduce HAp-induced cell apoptosis.
The apoptotic bodies produced by apoptosis provide tuber-
culosis sites in the calcium phosphate deposition of VC.*
Na,Cit and Et,Cit can prevent HAp-induced apoptosis and
retard the process of VC.¥7

Nano-HAp induces necrosis of MOVASs
and cytoprotective mechanism of Et Cit
and Na,Cit

To investigate why nano-HAp induces cell necrosis of
MOVASs (Figure 6), we tested whether Na,Cit and Et,Cit
affect cellular Ca’* and the damage of nano-HAp on lysosomes.
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Figure 8 Lysosomal integrity of MOVASs after exposure to nano-HAp crystals in the presence of different concentrations of Et,Cit and Na,Cit for 24 h. (A) Fluorescence
microscope observation. (B) Quantitative analysis of lysosomal integrity in MOVASs (*p<<0.05, **p<<0.01 vs nano-HAp). Yellow-orange fluorescence represented complete

lysosomes.

Abbreviations: EtZCit, diethyl citrate; MOVASs, mouse aortic smooth muscle cells; Na3Cit, sodium citrate; nano-HAp, nanosized hydroxyapatite.

Cellular Ca* overload causes cytotoxicity and frequently
results in necrotic, apoptotic, or autophagic cell death.
Lysosomal rupture is an important feature of cell necrosis.***
Nano-HAp could induce an increase in the intracellular Ca**
concentration (Figure 7) because nano-HAp that enters cells
can be dissolved by lysosomes and lead to the release of a large
amount of Ca?". Meanwhile, nano-HAp could also damage the

lysosome (Figure 8). This condition leads to an imbalance in
cell self-repair and steady-state mechanism, thereby leading
to cell necrosis.'** The addition of Na,Cit and Et Cit could
inhibit the increase in the intracellular Ca*" concentration
induced by nano-HAp and lysosomal damage.

Thus, nano-HAp induced an increase in the intracellular
Ca?* concentration, which led to lysosomal damage and cell
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necrosis. This result was consistent with that obtained by
Zhao et al*! and Fu et al.*?

Given that lysosomal rupture is induced by the degradation
of calcium phosphate, a dissolution inhibition might reduce
lysosomal rupture.* Our previous study revealed that Na,Cit
and Et,Cit can chelate with Ca** ions to form stable calcium
citrate complexes.” In addition, citrate can be adsorbed on
the positively charged surface of calcium phosphate, thereby
increasing the negative charges on the crystallite surface.®
The increase in negative charges of crystal may account for
the delayed cellular uptake and the reduced plasma membrane
damage of calcium phosphate particles.'* Therefore, Et,Cit
and Na,Cit might bind with high affinity to nano-HAp surface
and alter the surface properties of calcium phosphate particles,
thereby interfering with the exposure of calcium phosphate

particles to the cell surface and inhibiting lysosomal dissolu-
tion of nano-HAp.!** This occurrence slows the release of
Ca?* to the cytosol and reduces intracellular calcium increase,
lysosomal damage, and necrosis of MOVAS:s. In addition,
whether nano-HAp bound to Et,Cit and Na,Cit enters endo-
somes or lysosomes in MOVASS has yet to be determined.

Differences in cytotoxicity-inhibiting
effect of Et,Cit and Na,Cit on nano-HAp
in MOVASs

The stability constants of the complexes formed by Na,Cit
and Et,Cit with Ca* at a ratio of 1:1 were 1988 and 231,
respectively, at pH 7.4 and 37°C.%° The Ca**-chelating
capacity of Na,Cit was greater than that of Et,Cit. Therefore,
the inhibitory effect of Na,Cit on increased HAp-induced
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Ca* concentration was stronger than that of Et, Cit (Figure 7),
and the ability of Na,Cit to inhibit lysosomal damage and cell
necrosis was greater than that of Et,Cit (Figures 5 and 8).

Na,Cit and Et,Cit could effectively inhibit the cytotox-
icity of nano-HAp on MOVASs, as well as the apoptosis
and necrosis induced by nano-HAp, thereby weakening the
process of VC. Therefore, Et,Cit and Na,Cit may play a role
as anticoagulants in alleviating VC in patients with CKD in
clinical applications. In addition, citrate is a treatment drug
for calcium oxalate and HAp kidney stones. Citrate can
bind intestinal and urine calcium and increase urine pH,
metabolize to bicarbonate, and decrease calcium excretion
by reducing bone resorption and increasing renal calcium
reabsorption.***¢ However, citrate binding to intestinal cal-
cium may increase absorption and renal excretion of both
phosphate and oxalate.** Thus, the effect of oral citrate on
urine calcium oxalate, calcium phosphate supersaturation,
and VC is complex and difficult to predict. Moreover, cal-
cification in vitro and in patients with CKD substantially
varies.’ Further investigations are necessary to gain addi-
tional mechanistic insights into the mode of action of Et,Cit
and Na,Cit to prevent VC.

Conclusion

Nano-HAp crystals decreased the viability and cell mem-
brane damage of MOVASs and induced ROS production.
Moreover, nano-HAp reduced Aym and further increased
intracellular ROS, which induced cell apoptosis. Nano-HAp
also induced the increase in intracellular Ca?* concentration
and lysosomal damage, resulting in cell necrosis. Both Et,Cit
and Na,Cit effectively reduced HAp-induced cell apoptosis
or necrosis. At the same concentration, the inhibitory effect
of Na,Cit was stronger than that of Et,Cit because of the
stronger chelating function of Na,Cit. This result could help
elucidate the mechanism of HAp-induced VSMC damage
and the possible protection mechanism of Et,Cit and Na,Cit
on the vascular wall.
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