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Abstract
Calcifying nanoparticles (CNPs) play an important role in kidney stone formation, but the mechanism(s) are unclear. CNPs 
were isolated and cultured from midstream urine of patients with kidney stones. CNP morphology and characteristics were 
examined by electron microscopy and electrophoresis analysis. Chemical composition was analyzed using energy-dispersive 
X-ray microanalysis and Western blotting. Human renal proximal convoluted tubule cell (HK-2) cultures were exposed to 
CNPs for 0, 12 and 72 h, and production of reactive oxygen species (ROS), mitochondrial membrane potential and apoptosis 
levels were evaluated. CNPs isolated from patients showed classical morphology, the size range of CNPs were 15–500 nm and 
negative charge; they were found to contain fetuin-A. Exposure of HK-2 cells to CNPs induced ROS production, decreased 
mitochondrial membrane potential and decreased cell viability. Transmission electron microscopy showed that CNPs can 
enter the cell by phagocytosis, and micrographs revealed signs of apoptosis and autophagy. CNPs increased the proportion 
of apoptotic cells, down-regulated Bcl-2 expression and up-regulated Bax expression. CNPs also up-regulated expression 
of LC3-B, Beclin-1and p-JNK.CNPs are phagocytosed by HK-2 cells, leading to autophagy, apoptosis and ROS production, 
in part through activation of JNK signaling pathways. ROS and JNK pathways may contribute to CNP-induced cell injury 
and kidney stone formation.
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Introduction

Kidney stones are a frequent disease in urology, and inci-
dence continues to increase. Despite advances in kidney 
stone diagnosis and treatment, how they form continues to 
remain unclear. Although renal calculi can be cured in most 
cases, rates of morbidity were 7.45% in mainland China [1] 
and ranged from 0.1 to 14.8% in Western countries [2].The 

rates of recurrence are high more than 50% [3], highlighting 
a need to understand their etiology.

Many factors appear to influence kidney stone forma-
tion, including heredity, environment, metabolism, and the 
presence of microorganisms. While the initial site of calcu-
lus formation may be in the calcified plaques of the renal 
papilla [4], what causes formation of calcified plaques in 
the first place is unclear. Calcified nanoparticles (CNPs), 
which are also called “nanobacteria,” “nanobacteria-like 
particles,” “nanons,” or “mineral-protein nanoparticles”. 
It was discovered and named for the first time during cell 
culture by Kajander [5], CNPs exists in many human tis-
sues, 50–500 nm in diameter, spherical or oval, with central 
cavity and heat-resistant apatite mineralized crust. It can 
proliferate and replicate by cultured in vitro. CNPs were 
considered biotic by some but abiotic by others, it was 
called “nanobacteria” or “nanobacteria-like structures” in 
the previous article due to the self-proliferation [6, 7], but 
recent studies have shown that CNPs is merely a mineral-
protein nanoparticles with biomimetic functions [8]. But no 
matter what it is, CNPs are closely associated with ectopic 

Jihua Wu and Zhiwei Tao Equal contributors and co-first authors.

 *	 Yaoliang Deng 
	 dylkf317@163.com

 *	 Xiang wang 
	 15182449@qq.com

1	 Department of Urology, The First Affiliated Hospital 
of Guangxi Medical University, Nanning 530021, Guangxi, 
China

2	 Department of Urology, The Langdong Hospital of Guangxi 
Medical University, Nanning 530021, Guangxi, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00240-018-1048-8&domain=pdf


126	 Urolithiasis (2019) 47:125–135

1 3

calcification diseases and may contribute to kidney stone 
formation. CNPs have been found in the Randall’s plaque 
[9], and they are cytotoxic to 3T6 fibroblasts or tumor cells 
in vitro [5, 10, 11].In addition, Wong et al [12] showed that 
mineralo-organic nanoparticles form human kidney diseases 
and thought that the nanoparticles were the possible cause 
for kidney stones. It suggests that CNPs may contribute to 
the renal tubular epithelial cell injury linked to kidney stone 
formation [13].

Here we explored potential mechanism(s) by which CNPs 
may participate in kidney stone formation. We examined 
CNPs in situ in patient tissues, and we exposed HK-2 human 
proximal tubule epithelial cells to CNPs isolated from 
patients with kidney stones.

Methods

Cell culture

HK-2 cells were purchased from the American Type Culture 
Collection (Manassas, VA, USA) and cultured in DMEM-
F12 medium (Gibco, Life Technologies, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS; 
Gibco). Cultures were incubated at 37 °C in an atmosphere 
of 5% CO2.

CNP culture

Midstream urine was collected from patients with renal cal-
culi and sterile-filtered (0.45 µm). Filtrate (1 ml) was cul-
tured in RPMI 1640 medium containing 10% FBS at 37 °C 
in an atmosphere of 5% CO2. The medium was replaced 
once every 2 weeks. CNPs were collected after 6 weeks.CNP 
concentration was adjusted to 2.0 Meclary turbidity (MCF) 
immediately before use.

CNP characterization

CNP morphology and internal structure were observed 
using transmission electron microscopy (H7650, Hitachi, 
Tokyo, Japan) and scanning electron microscopy (S3400, 
Hitachi). Elemental composition of CNPs was determined 
using energy-dispersive X-ray microanalysis. CNP size and 
zeta potential were analyzed using electrophoresis analysis 
(Zetaview, Particle Metrix, Germany). CNPs were deminer-
alized using 0.6 N HCl, then analyzed by Western blotting 
for the presence of fetuin-A.

CNP cytotoxicity

HK-2 cells were seeded into 96-well plates at a density 
of 1 × 104 cells/well (100 µl/well) and cultured overnight 

at 37 °C in an atmosphere of 5% CO2. Then cultures were 
exposed to CNPs (2 Meclary turbidity MCF) for 0, 12 and 
72 h, cell viability was measured using the Cell Counting 
Kit-8 (CCK-8; Beyotime Biotechnology, Shanghai, China). 
CCK-8 solution (10 µl) was added to each well, plates 
were incubated for approximately 4 h, and then optical 
density (OD) at 450 nm was measured using a microplate 
spectrophotometer.

ROS production assay

HK-2 cells were seeded in 6-well plates (1 × 105 cells/well), 
incubated for 24 h, then exposed to CNPs (2 MCF) for 0, 12 
and 72 h. Levels of intracellular ROS were determined using 
the Reactive Oxygen Species Assay Kit (DCFH-DA, Beyo-
time Biotechnology, Hangzhou, China). DCFH-DA diluent 
(10 mol/l, 1 ml) was added to wells, plates were incubated 
for 30 min at 37 °C, and cells were analyzed using flow 
cytometry (BD Biosciences, San Jose, CA, USA).

Mitochondrial membrane potential analysis

HK-2 cells were plated into 6-well dishes and exposed to 
CNPs (2 MCF) for 0, 12 and 72 h. Then mitochondrial mem-
brane potential was assayed using a commercial kit (JC-1, 
Beyotime Biotechnology). JC-1 working solution (0.5 ml) 
was added to the cells, the dishes were incubated for 20 min 
at 37 °C, and the suspensions were analyzed by flow cytom-
etry. Changes in mitochondrial membrane potential were 
determined based on changes in the ratio of red to green 
fluorescence emission. A reduction in this ratio suggests 
early apoptosis.

Apoptosis assay

HK-2 cells were plated into 6-well dishes (1 × 105 cells/
well), plates were incubated for 24 h, and cultures were 
treated for 72 h with CNPs or PBS. Then cells were trypsi-
nized, washed three times with PBS, resuspended in bind-
ing buffer, and incubated with fluorescein isothiocyanate 
(FITC)-annexin V and propidium iodide (PI) in the dark for 
15 min at normal temperature. Stained cells were immedi-
ately analyzed by fluorescence-activated cell sorting on a 
flow cytometer (BD Biosciences).

Autophagy detection

Ad-mRFP-GFP-LC3 adenovirus, which carries genes encod-
ing modified red fluorescent protein (mRFP) and green fluo-
rescent protein (GFP), HK-2 cells were transfected with Ad-
mRFP-GFP-LC3 adenovirus according to the manufacturer’s 
instructions (Hanbio Biotechnology, Shanghai, China). After 

Cell viability (%) = Average ODsample∕ Average ODcontrol × 100 %.
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treatment with PBS or CNPs 12 h, cells were analyzed by con-
focal microscopy loss of green color and increase red spots to 
indicate fusion of lysosomes and autophagosomes and appear-
ance of yellow color spots (merge of red and green) to indicate 
formation of autolysosomes.

Effects of CNPs on cell morphology and CNPs 
in specimens

HK-2 cells in 6-well plates were exposed for 12 or 72 h to 
CNPs (2 MCF). Cell morphology, internal structure, and intra-
cellular localization of CNPs were analyzed using transmis-
sion electron microscopy. 20 specimens of the renal papillary 
calcified tissue from kidney stone patient were obtained in 
surgery, the localization of CNPs were analyzed using trans-
mission electron microscopy.

Western blotting

HK-2 cells were plated in 6-well dishes, cultured for 24 h, then 
treated with CNPs (2 MCF) for 0, 12 and 72 h. The culture 
medium was aspirated and cells were washed three times with 
ice-cold PBS, then trypsinized and lysed with RIPA lysis solu-
tion (100 µl/well) for 30 min at 4 °C. Equal amounts of total 
cell lysates were subjected to Western blotting using rabbit 
monoclonal antibodies against Bax, Bcl-2, Beclin-1, LC3-
B, JNK, p-JNK, p38 MAPK, p-p38 MAPK and GAPDH 
(Cell Signaling Technology, USA), Anti-fetuin-A antibody 
(EPR9291) was bought from abcam, All of the antibodies were 
diluted to 1:1000.

Ethics statement

The study protocol was approved by the Ethics Committee 
of Guangxi Medical University (Guangxi, China). Written 
informed consent was obtained from all subjects, who were 
treated in accordance with the Declaration of Helsinki.

Statistical analysis

Results are shown as mean ± SD and were analyzed using 
SPSS 16.0 (IBM, Chicago, IL, USA). Differences between 
two groups were assessed for significance using Student’s t 
test; differences among more than two groups were assessed 
using one-way ANOVA. The threshold of significance was 
defined as *P < 0.05, **P < 0.01.

Results

CNP characteristics (Fig. 1)

Electron microscopy of CNPs cultured for 6 weeks showed 
the classical elliptical–spherical morphology with a dense, 
needle-like hydroxyapatite shell (Fig. 1b, c). CNPs divid-
ing by binary fission were observed [14] (Fig. 1a).The size 
range of CNPs were 15–500 nm, most particles ranged in 
diameter from 50 to 500 nm. The particles (Fig. 1d), which 
had negative zeta potential (Fig. 1e, f), contained primarily 
C, O, Ca and P (Fig. 1e–i). They also contained fetuin-A, 
based on Western blotting (Fig. 1j).

CNP cytotoxicity

Exposing HK-2 cells for 72 h to CNPs significantly reduced 
viability (P < 0.01, Fig. 2). In contrast, viability was similar 
in cultures exposed to CNPs for 12 h and 0 h (P > 0.05).

CNPs in calcified plaque of renal papilla

Microscopy revealed similar morphology of CNPs from 
midstream urine of patients with kidney stones (Fig. 3a), 
CNPs in HK-2 cells (Fig. 3b), and CNPs in calcified plaques 
of renal papilla (Fig. 3c).

ROS induction by CNPs

ROS production was significantly higher in HK-2 cells 
exposed to CNPs for 72 h than in cells exposed to CNPs 
for 0 h (**P < 0.01) and in cells exposed to CNPs for 12 h 
(**P < 0.01) (Fig. 4).

CNP‑induced changes in mitochondrial membrane 
potential

Mitochondrial membrane potential was significantly lower in 
HK-2 cells exposed to CNPs for 72 h than in cells exposed to 
CNPs for 0 h or cells exposed to CNPs for 12 h (**P < 0.01, 
Fig. 5).

Apoptosis induction by CNPs

Flow cytometric detection of double staining with annexin 
V-FITC and propidium iodide (PI) allows accurate detec-
tion of apoptosis. The percentage of apoptotic cells (Right 
upper quadrant add right lower quadrant) was significantly 
higher in HK-2 cells exposed to CNPs for 72 h than in 
cells exposed to PBS for 72 h (P < 0.01, Fig. 6). Apoptotic 
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Fig. 1   CNP characterization. a Transmission electron micrographs of 
CNPs from midstream urine of patients with kidney stones. b Trans-
mission electron micrographs of CNPs following embedding. c Scan-
ning electron micrographs of CNPs. d–f Electrophoresis and Brown-

ian motion video analysis of CNP size, frequency and zeta potential. 
g–i Elemental composition of CNPs based on energy-dispersive 
X-ray microanalysis. j Positive result of Western blotting indicating 
the presence of fetuin-A in CNPs
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cells in cultures exposed to CNPs contained cells in early 
apoptosis (annexin V-positive, PI-negative) as well as late 
apoptosis (annexin V-positive, PI-positive).

Autophagy induction by CNPs

HK-2 cells exposed to CNPs for 12 h contained signifi-
cantly more yellow and red spots in the overlay image than 
cells exposed to PBS for 12 h, reflecting significantly more 
autophagosomes and autolysosomes (P < 0.01, Fig. 7).

Analysis of CNPs internalized by HK‑2 cells

HK-2 cells internalized CNPs (Fig. 8a), and the morphol-
ogy of intracellular CNPs based on transmission electron 
microscopy was similar to that of cultured CNPs isolated 
from patients. Intracellular CNP aggregates were observed 
(Fig. 8b, c), as well as mitochondrial swelling, vacuoli-
zation, and accumulation of CNPs inside intracellular 
vesicles (Fig. 8d–e). Characteristic features of apoptosis 
(Fig. 8i, Apoptotic body), autophagy (Fig. 8h, Autophagy or 
autophagic lysosome) and necrosis (Nuclear fragmentation 
or nuclear dissolution) were observed (Fig. 8f, g).

Fig. 2   Viability of HK-2 cells after exposure to CNPs for 0  h or to 
CNPs for 12 or 72 h. **P < 0.01

Fig. 3   Transmission electron micrographs of CNPs in a ultrathin sections of CNPs, b HK-2 cells and c calcified plaques in renal papilla from a 
patient

Fig. 4   ROS production in HK-2 cells exposed to a CNPs for 0 h, b CNPs for 12 h or c CNPs for 72 h. d Quantitation of flow cytometry data. 
**P < 0.01
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CNP‑induced changes in protein expression

Exposing HK-2 cells for 12 h to CNPs significantly up-
regulated expression of proteins LC3-II, Beclin-1 which 
represent autophagy markersand the apoptosis indicator 
protein Bax (P < 0.01, Fig. 9). Conversely, negative indica-
tor of apoptosis Bcl-2 protein was significantly down-regu-
lated (P < 0.01). The ratios of p-JNK to total JNK (second 
band) after 12-h exposure to CNPs was significantly higher 
than after exposure to CNPs for 0 h (P < 0.01), but of p-p38 
MAPK to total p38 MAPK was not (P > 0.05). In addition, 
the ratio of p-JNK to total JNK was significantly higher after 
12-h exposure than after 72-h exposure (P < 0.01).

Discussion

Urolithiasis is one of the most common urologic diseases 
worldwide, affecting up to 20% of adults in developed 
nations [15]. The primary origin of upper urinary calculi is 
kidney stones, the formation of which is poorly understood. 
Several theories have attempted to account for the formation 

of renal calculi as a result of inflammation, saturation, and 
crystal cell reactions. According to one of the more widely 
advocated theories, kidney stones form initially at Randall’s 
plaque sites at or near the papillary tip in kidneys [4, 16, 
17]. CNPs [14], which are ubiquitous particles found in soil, 
water and air [18], may play a role in kidney stone forma-
tion. Therefore, we examined the effects of CNPs on kidney 
epithelial cells.

When we cultured CNPs from midstream urine of patients 
with calcium oxalate stones, we found their morphology and 
internal structure to be consistent with the classical descrip-
tion [19, 20]. We observed the same structure in renal papilla 
calcifications of such patients using transmission electron 
microscopy, consistent with previous work [9]. These results 
are consistent with the hypothesis that CNPs contribute to 
kidney stone formation. Next we examined the effects of 
CNPs on HK-2 human kidney epithelial cells to identify 
possible pathway(s) and process(es) by which CNPs may 
drive kidney stone formation. We found that CNPs induced 
autophagy, apoptosis, and signaling mediated by ROS and 
JNK. These findings point to potential pathways of kidney 
stone formation that should be investigated in detail in future 

Fig. 5   Change in mitochondrial membrane potential in HK-2 cells after exposure to a CNPs for 0 h, b CNPs for 12 h, or c CNPs for 72 h. d 
Quantitation of flow cytometry data. **P < 0.01

Fig. 6   Levels of apoptosis in HK-2 cells based on double staining with annexin V-FITC and propidium iodide (PI) following exposure to a PBS-
for 72 h or b CNPs for 72 h. c Quantitation of flow cytometry data. ***P < 0.001
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work. Our electron microscopy studies of HK-2 cells that 
internalized CNPs revealed the presence of intracellular 
CNP aggregates and CNPs within vesicles. These results 
suggest that HK-2 may play an important role in CNP trans-
port, which may depend on the negative zeta potential of 
CNPs. This transport may be mediated, at least in part, by 
endocytosis of CNPs. Future work should examine mecha-
nisms of CNP transport in greater detail.

Most CNPs that we cultured from urine were smaller 
than 200 nm (Fig. 1), which were probably small enough 
to pass through the aperture barrier of the glomerular filtra-
tion membrane, enter the pro-urine and deposit in the renal 
papilla. Previous work has shown that CNPs tend to accumu-
late in the kidney [21]. Energy-dispersive X-ray microanaly-
sis revealed the primary components of our cultured CNPs 
to be calcium and phosphorus. This is consistent with data 
indicating that the main component of Randall’s plaques is 
calcium phosphate, not calcium oxalate [22], and that cal-
cium phosphate forms the core of calcium oxalate stones 

[23–25]. Our Western blotting confirmed the presence of 
fetuin-A in cultured CNPs, consistent with previous reports 
that fetal globulin is abundant in CNPs [26] and that fetuin-A 
is the key material of CNP replication [27].

Numerous studies suggest that crystal-induced damage 
to renal tubular epithelial cells, collecting tubules and renal 
papillae helps drive kidney stone formation [28]. Our exper-
iments identify several mechanisms by which CNPs may 
cause such damage, including induction of ROS production, 
autophagy and apoptosis. Exposing HK-2 cells to CNPs led 
to swelling and vacuolization of mitochondria around CNPs, 
and it decreased mitochondrial membrane potential, indicat-
ing mitochondrial damage. Mitochondrial dysfunction leads 
to intracellular ROS overload, which can further damage 
mitochondria as well as other cellular components. Probably 
in response to increased ROS production, we observed signs 
of autophagy based on electron microscopy, immunofluo-
rescence and Western blotting of LC3 and Beclin-1 levels. 
In autophagy, cells can degrade cytoplasmic proteins and 

Fig. 7   Autophagy induction by CNPs.HK-2 cells were exposed (or 
not) to CNPs, then transduced with Ad-mRFP-GFP-LC3 adenovirus. 
a Red dots (mRFP) correspond to LC3. Yellow dots in the overlay 
image indicate autophagosomes, while red dots in the overlay image 

correspond to autolysosomes. b Quantitation of green and red dots 
per cell. c Quantitation of autophagosomes and autolysosomes per 
cell. Results are mean ± SD of at least 5 independent experiments. 
**P < 0.01
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organelles via a lysosomal pathway [29]. The CNP-induced 
effects on ROS production, mitochondrial membrane poten-
tial and autophagy worsened with time, based on our analy-
sis after 12 and 72 h of CNP exposure.

Our results highlight the potential importance of ROS in 
kidney stone formation. They are consistent with a model in 
which CNPs induce ROS production, which cells attempt to 
compensate for by up-regulating autophagy via activation 
of the MAP kinase JNK. This is consistent with previous 
reports identifying JNK as regulated by ROS [30]. Interest-
ingly, although we observed increased levels of p-JNK after 

CNP exposure, we did not see an obvious increase in p-p38 
MAPK levels, even though both p38 MAPK and JNK belong 
to the same family of serine/threonine kinases that regulate 
various cellular events such as proliferation and apoptosis 
[31]. This suggests that future studies of the potential role of 
ROS in kidney stone formation may wish to focus on JNK 
rather than p38 MAPK.

While the up-regulation of autophagy observed with 
CNP exposure may initially serve to reduce the increased 
production of ROS, the accumulation of ROS over longer 
CNP exposure may lead autophagy and apoptosis pathways 

Fig. 8   Transmission electron micrographs of HK-2 cells exposed to 
CNPs, illustrating different aspects of CNP-induced damage. a CNPs 
entered cells via phagocytosis. Arrow, CNP. b Intracellular CNPs as 
well as swollen mitochondria (arrow). c Zoom-in of panel B. d Swol-
len mitochondria and CNPs within a vesicle (arrow). e CNP (arrow) 

within a cell showing swelling and vacuolization of nearby mitochon-
dria. f CNPs in cells showing signs of cytolysis. g Zoom-in of panel 
f. The arrow indicates CNPs. h Autophagy of CNPs and organelles. i 
Apoptotic cell (arrow)
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to converge towards destroying CNP-affected cells. Previ-
ous work has shown that autophagy can reinforce apoptotic 
pathways [32] or work against them [33], depending on 
the degree of cell injury or ROS level in the cell [34–36].
The complex relationship between these two processes is 
mediated by common signaling molecules such as JNK 
and Akt. JNK, for example, activates the autophagy pro-
tein Beclin-1 as well as the apoptotic protein Bcl-2 [37, 
38]. Activated JNK stimulates ROS production via a Bax-
caspase-3 pathway, and the resulting ROS further acti-
vate JNK, leading ultimately to cell death [39]. Future 
work should clarify the different roles of autophagy and 

apoptosis in CNP-induced kidney epithelial injury, and 
explore how this injury may drive kidney stone formation.

We speculate that CNP-induced apoptosis and related 
necrosis, which we observed here using flow cytometry 
and transmission electron microscopy, can lead to local 
inflammation and aggravate initial damage. Degraded pro-
tein and other nutrients from necrotic cells may provide 
raw material for CNP proliferation. Building blocks for 
CNPs may come also from urinary components such as 
fetuin-A. These processes may then give rise to Randall’s 
plaque formation. This model should be tested in future 
work.

Fig. 9   Expression of various 
proteins in HK-2 cells exposed 
to CNPs for 0 h, CNPs for 12 h 
or CNPs for 72 h.Left panels 
show Western blot results; right 
panels show the corresponding 
quantitation. **P < 0.01
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