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Abstract: Objective: This study aimed to investigate the nanobacteria (NB) induced damage to human tubular epi-
thelial HK-2 cells and the potential role of NB in the kidney stone formation. Methods: Serum sample from 15
patients with kidney stone was collected. Four groups were included: control, NB group, nanograde hydroxyapatite
(nHAP) and calcium oxalate monohydrate (COM) group. Catalase (CAT), malonaldehyde (MDA) and Na*/K* ATPase
activity was detected in the supernatant at 12 and 24 h. At 12 and 24 h, COM was added. Results: At 12 h and 24
h, the CAT in NB group was significantly higher than in control group and nHAP group (P<0.01). CAT at 24 h was sig-
nificantly higher than in COM group (P<0.01). At 12 h and 24 h, the MDA in NB group was significantly higher than
in control group and nHAP group (P<0.01) and significantly lower than in COM group (P<0.01). At 12 h, the Na*/K*
ATPase activity in NB group and nHAP group was significantly lower than in control group, but dramatically increased
as compared to COM group (P<0.01). At 24 h, the Na*/K* ATPase activity in NB group and nHAP group was signifi-
cantly lower than in control group (P<0.01). Conclusion: NB may induce lipid peroxidation in HK-2 cells and cause
adhesion of HK-2 cells to COM in a time-dependent manner, resulting in damage to HK-2 cells. This injury-causing
capability of NB is more potent than nHAP and might be involved in the pathogenesis of kidney stone formation.
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Introduction

Urinary lithogenesis is a common disease with
high morbidity, and its incidence is increasing
in recent years [1]. Although a variety studies
have been conducted to investigate the patho-
genesis and therapy of urinary lithogenesis, the
specific mechanism is still poorly understood.
Thus, the prevention of urinary lithogenesis has
been a challenge in clinical practice.

The tubular epithelial cell injury is one of im-
portant cause of kidney stone formation. After
injury, the basement membrane is exposed
to the tubular fluid, which may cause the reten-
tion and growth of microcrystals, forming cry-
stallization nest. In addition, membrane frag-
ments in the supersaturated tubular fluid may
induce heterogeneous nucleation or even tubu-
lar obstruction, which may create an environ-
ment for the crystal growth, resulting in kidney
stone formation [2, 3]. In recent years, numer-
ous studies have been conducted to investi-
gate the calcium oxalate monohydrate (COM)
induced damage to the epithelial cells in the

proximal tubules and collecting tubules. Results
reveal that a large amount of COM is adherent
to tubular epithelial cells under electron micro-
scope after cells are incubated with medium
containing COM for 8 h [4, 5]. The adhesion
between crystals and tubular epithelial cells is
an early event and a key step in the kidney
stone formation [6-8].

In recent years, some investigators have devel-
oped new tools and methods to investigate the
role of nanobacteria (NB) in the pathogenesis
of urinary lithogenesis. NB were first identified
by the Finnish scientist Kajander in 1988 and
named in 1990 [9, 10]. In 95% of patients with
kidney stones, NB are detectable in the blood,
urine and kidney stone. NB may infect any type
of tissues and cells in human body and are toxic
to them. They may cause vacuolization in cells,
induce tissue inflammation and edema and are
closely related to the pathogenesis of infec-
tions and pathological calcification in human
[11, 12]. A variety of studies in rodents and rab-
bits have indicated that NB have the tropism to
the kidney. Circulating NB may be secreted into
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the urine via the kidney and then they become
adherent to the injured cells in the collecting
tubule and renal papillae. Ciftcioglu et al [13]
proposed that NB could cause damage to the
collecting tubules and renal papillae and induce
the formation of the core of calcium phosphate
stones via biomineralization, resulting in kidney
stone formation.

In the present study, cell immunostaining, H&E
staining, transmission electron microscopy and
laser scanning confocal microscopy were em-
ployed to investigate the NB induced damage
to HK-2 cells and the adhesion of COM to in-
jured HK-2 cells as well as explore the poten-
tial mechanism underlying the adhesion of
COM to HK-2 cells.

Materials and methods
Culture and identification of NB

Blood was collected from 15 patients with
clinically proven Kkidney stones and serum
was harvested after centrifugation. The serum
was sterilized via filtration. NB were maintain-
ed in 1640 medium containing bacteria free
serum at 37°C in an environment with 5% CO,,.
The medium was refreshed once every 30-
45 days. The NB growth was observed under
an inverted phase contrast microscope. The
monoclonal antibody against NB (Nanobac,
Finland) was used to identify the NB by im-
munohistochemistry.

Grouping

There were 4 groups in this study: Control
group (serum and HK-cells), NB group (NB so-
lution was used to treat HK-2 cells), nHAP
group (NHAP solution was used to HK-2 cells),
COM group (HK-2 cells were incubated with 5
mmol/L COM). The NB solution was the se-
rum from 15 patients with kidney stones. Nhap
was purchased from Beijing Dk Nano technolo-
gy Co., LTD and COM was from Beijing Heng-
ye Zhongyuan chemical Co., LTD. The nHAP
solution and COM solution were irradiated with
high dose y-ray at 25-35 kGy for 26 h for ste-
rilization and inhibition of NB growth. For the
investigation of adhesion of HK-2 cells to COM,
HK-2 cells were seeded into 24-well plates
before detection.

Detections

After incubation for 12 h and 24 h, cells were
centrifuged for smearing, H&E staining and
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transmission electron microscopy. At 12 h and
24 h, the catalase (CAT), malonaldehyde (MDA)
content and Na*/K* ATPase activity were detect-
ed in 15 samples in each group.

Hematoxylin-eosin (H&E) staining

At different time points, cells were collected by
digestion in 0.25% trypsin. Then, 100 ul of cell
suspension was collected and centrifuged for
smearing, followed by washing in PBS and dry-
ing. Sections were deparaffinized and hydrated,
followed by Harris hematoxylin staining for 1
min. Sections were then washed with flowing
water for 3 min and treated with 1% hydrochlo-
ric acid for 10 s. Sections were treated with 1%
eosin for 5 min. After dehydration, transparenti-
zation, mounting was performed with neutral
gum. Cells were observed under a light micro-
scope (x600).

Cell processing for transmission electron mi-
croscopy

Cells were digested, centrifuged and then
transferred into a microfuge tube, followed by
incubation with PBS for 10 min. Then, cells
were fixed in 3% glutaraldehyde for 1-2 h, fol-
lowed by washing in PBS thrice. After fixation in
1% osmium tetroxide for 1-2 h, cells were
washed in PBS twice and then dehydrated in
series of ethanol (50%, 70% and 90% for each)
and then in 100% ethanol thrice. After incuba-
tion in Epon812 solution in 100% propylene
oxide (1:1), cells were embedded and polymer-
ized at 80°C over night. Ultrathin sections were
obtained and subjected to uranium and lead
staining. Cell morphology and structure were
observed under an electron microscope at
4000x% and 20000x.

Measurement of CAT

The supernatant (300 ul/well) was collected
from 24-well plates, and colorimetry was done
to detect the hydrogen peroxide in the superna-
tant with corresponding kit.

Measurement of MDA

The supernatant (400 ul) was collected from
24-well plates and the MDA was measured by
colorimetry with corresponding kit.

Measurement of Na*/K* ATPase

At the different time points, the supernatant
was removed and 0.25% trypsin was added to
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Figure 1. A: H&E staining at 12 h in control group (600x); B: H&E staining at 12 h in NB group (600x%); C: H&E stain-

ing at 24 h in NB group (600x).

digest cells. Then, cells were transferred into
EP tubes, followed by homogenization in PBS
(400 pl) with ultrasound. Colorimetry was done
to measure the ATPase activity. All the above
detections were done according to the manu-
facturer’s instructions (Nanjing Jiancheng In-
stitute of Biotechnology).

Adhesion between cells and COM

HK-2 cells were seeded into plates pre-coated
with coverslips and cells were incubated for 12
h and 24 h. At different time points, COM (0.6
mg/well) was added at a final concentration
200 pg/ml. The plates were slightly shaken for
5 s to allow the COM crystals to deposit and
contact with cells. Three minutes later, the
medium was removed, and cells were washed
in saturated sodium oxalate thrice to remove
residual COM crystals.

Cell processing for laser scanning confocal
microscopy

After COM treatment, coverslips were collected
and cells fixed in 4% paraformaldehyde for 20
min. Then, cells were washed in PBS twice (5
min for each) and 5 yg/ml phalloidin-FITC (50
ul) was added, followed by incubation at room
temperature for 18 min in dark. After washing
in PBS twice (5 min for each), mounting was
done with glycerin. Cells were observed under a
fluorescence microscope with the wavelength
of 488 nm for the cells with green fluorescence
and 633 nm for the COM crystals with red fluo-
rescence. Photographs were captured at 200x
and 600x.

Statistical analysis

Data of CAT, MDA and ATPase activity were
statistically analyzed with SPSS version 13.0.
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Homogeneity of variance was tested. Homo-
geneity of variance was defined if a value of
P>0.05 was present. Comparisons were per-
formed with one way analysis of variance, fol-
lowed by LSD method for comparisons between
groups. A value of P<0.05 was considered sta-
tistically significant.

Results
Culture and identification of NB

After culture for 4-6 weeks, NB with diffuse dis-
tribution were observed under light micro-
scope. After culture for 4-6 months, NB mass
formed by small, round granules were found.
They had even density and were light yellow,
with small granules around them. In addition,
NB were positive for monoclonal antibody
against NB. These findings confirmed that there
were NB in the serum from patients with kidney
stones.

H&E staining

At 12 h, cells in control group had normal mor-
phology. Some were arranged in tube form, the
nucleus and cytoplasm were dense and no
obvious abnormality was observed (Figure 1A).
In NB group, some cells became swollen, with
loose nucleus and cytoplasm. A fraction of
nuclear membrane was lysed or nucleolus was
absent, and vacuolar degeneration was found
in a few cells (Figure 1B). In nHAP group, the
cell state was similar to that in NB group, but
cells with nuclear membrane lysis and nucleo-
lus disappearance were fewer. In COM group,
the nucleus and cytoplasm were loose, cells
with lysed nuclear membrane increased, and
COM crystals were distributed in diffuse man-
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Figure 2. A: TEM at 12 h in control group, Normal brush border (4000x); B: TEM at 12 h in NB group. The brush
border displayed disordered arrangement (4000x); C: TEM at 12 h in nHAP group: similar to NB group. The brush
border displayed disordered arrangement (4000x); D: TEM at 12 h in COM group. The brush border was bare or stiff
(4000x); E: TEM at 24 h in NB group. a: Vacuole with larger size (20000x%); F: TEM at 24 h in NB group. a: Nanobac-
terias in division phase (20000x%); G: TEM at 24 h in NB group. a: Swollen mitochondria, b: Dissolving karyotheca
(20000x%); H: TEM at 24 h in nHAP group. There were diffuse vacuoles in the cytoplasm and the nuclear membrane
was unclear (20000x); I: TEM at 24 h in COM group: There were a large amount of diffuse vacuoles in the cyto-
plasm, the nuclear membrane was lysed, and the nucleolus disappeared (20000x).

ner in some cells or some cells were adherent
to COM crystals.

At 24 h, cell density increased in different
groups. In control group, the cell morphology
was regular and largely remained unchanged.
In NB group, cells were larger than in control
group, some had irregular morphology, cells
with vacuoles increased, and near 50% of
cells had lysed nuclear membrane (Figure 1C).
In nHAP group, cells had irregular morpho-
logy, and the vacuolar degeneration and nu-
clear membrane lysis were the same to those
in NB group. In COM group, only a few cells
displayed near normal morphology, and COM
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crystals were found between cells in a diffuse
formed, or some cells were adherent to COM
crystals.

Transmission electron microscopy

At 12 h, the cell membrane was intact, there
was typical brush border at the luminal side of
tubular epithelial cells, there was no vacuolar
degeneration in the cytoplasm, the mitochon-
dria were normal and had no swelling, and the
nuclear membrane was intact (Figure 2A). In
NB group, the cell membrane was intact and
continuous, but brush border was absent in a
few cells or cells were irregularly arranged,
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Table 1. CAT, MDA and Na*/K* ATPase activity at different time points

Group CAT (U/mL) MDA (nmol/ml) Na*/K* ATPase activity
12h 24 h 12 h 24 h 12h 24 h
CK 11.47+2.15 9.83+3.34 9.95+2.52 9.23+1.72 13.11+2.56 4.23+2.06
NB 15.27+3.12°  18.22+4.15"*  14.52+1.23° 25.46+5.72"*  7.12+0.62*% 1.15+0.32°%
nHAP 12.08+1.89 8.27+2.73 10.28+3.12 8.12+1.24 6.89+3.12 2.17+2.82
com 16.16+3.35 10.72+1.95 87.27+4.47 68.16+7.79 2.32+0.35 1.43+1.17

Notes: “P<0.05 vs CK and nHAP groups; *P<0.05 vs COM group; *P<0.05 vs CK group.

there were diffuse vacuoles with similar size in
the cytoplasm, NB and mineralized shell were
observable. NB were in the division phase, but
there were no abnormalities in the mitochon-
dria and nucleus (Figure 2B). In nHAP group,
cell membrane was relatively intact, with disor-
dered brush border. There were vacuoles with
different sizes in the cytoplasm. The mitochon-
dria had no evident swelling, with a little nHAP
granules found in the cytoplasm, and the nucle-
ar membrane was complete (Figure 2C). In
COM group, the brush border was towering or
stiff, with a large amount of vacuoles of differ-
ent sizes in the cytoplasm. The mitochondria
had slight swelling, and the nuclear membrane
was unclear in some cells (Figure 2D).

At 24 h, the findings in control were similar to
above mentioned. In NB group, the cell mem-
brane was intact, with stiff and disordered
brush border. There were large vacuoles in the
cytoplasm (Figure 2E). NB and mineralized
shell were observable (Figure 2F), the mito-
chondrial swelling became evident, and the
nuclear membrane was lysed or being lysed in
some cells (Figure 2G). In nHAP group, the cell
membrane was intact, and the brush border
displayed disordered arrangement. There were
diffuse vacuoles in the cytoplasm, without evi-
dent mitochondrial swelling. nHAP granules
were found in the cytoplasm and intercellular
space, and the nuclear membrane was unclear
in some cells (Figure 2H). In COM group, about
50% of cells had towering brush border. There
were a large amount of vacuoles in the cyto-
plasm. The mitochondria had characteristics
abovementioned, the nuclear membrane was
lysed, and the nucleolus was absent in some
cells (Figure 2I).

Detection of CAT, MDA and Na*/K* ATPase
activity

There was significant difference among 4
groups (P<0.01). Paired comparison with LSD
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method showed the CAT in NB group was
significantly higher than in control group and
nHAP group at 12 h and 24 h (P<0.01). The CAT
in NB group was similar to that in COM group
at 12 h (P>0.05), but significantly higher than
in COM group at 24 h (P<0.01). In NB group,
the MDA at 12 h and 24 h was significantly
higher than in control group and nHAP group
(P<0.01) and significantly lower than in COM
group (P<0.01). At 12 h, the Na*/K* ATPase
activity in NB group and nHAP group was sig-
nificantly lower than in control group (P<0.01),
but there was no significant difference be-
tween NB group and nHAP group (P>0.05). The
Na*/K* ATPase activity at 12 h in NB group
was significantly higher than in COM group
(P<0.01). At 24 h, the Na*/K* ATPase activity in
NB group and nHAP group was significantly
lower than in control group (P<0.01), but there
was no significant difference among NB group,
nHAP group and COM group (P>0.05) (Table 1).

Findings from laser scanning confocal micros-
copy

At 12 h, cell adhesion to COM was not found in
control group and nHAP group (Figure 3A and
3B). In NB group, a small amount of COM crys-
tals were adherent to cells (Figure 3C). In COM
group, COM crystals adherentto cellsincreased,
and some crystals entered the cytoplasm of
cells (Figure 3D).

At 24 h, the cell density increased. In NB group,
the COM adhesion to cells was similar to that at
12 h (Figure 3G). In COM group, the COM adhe-
sion to cells was similar to that at 12 h, but a
large amount of COM crystals entered the cyto-
plasm or were adherent to cells (Figure 3H). In
control group and nHAP group, only a little COM
crystals were found to be adherent to cells,
which was similar to that at 12 h (Figure 3E,
3F).
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Figure 3. A: Cell adhesion to COM shown by laser scanning confocal microscope at 12 h in control group (200x%); B:
Cell adhesion to COM shown by laser scanning confocal microscope at 12 h in nHAP group (200x); C: Cell adhesion
to COM shown by laser scanning confocal microscope at 12 h in NB group (600x); D: Cell adhesion to COM shown
by laser scanning confocal microscope at 12 h in COM group (600x); E: Cell adhesion to COM shown by laser scan-
ning confocal microscope at 24 h in control group (200x); F: Cell adhesion to COM shown by laser scanning confocal
microscope at 24 h in nHAP group (200x); G: Cell adhesion to COM shown by laser scanning confocal microscope
at 24 h in NB group (600x); H: Cell adhesion to COM shown by laser scanning confocal microscope at 24 h in COM

group (600x).

Discussion

A large amount of studies have confirmed that
the kidney stone formation is a complex pro-
cess with involvement of multiple factors in-
cluding urine supersaturation, formation of
small crystals and growth and maturation of
crystals. Of them, the adhesion of small crys-
tals to urinary epithelial cells has been found
as a key and essential step in the kidney stone
formation [14, 15]. In the present study, nHAP
was introduced, aiming to compare with the
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NB induced HK-2 cell injury, and COM served
as a positive control. Thamilselvan et al [16]
employed scanning electron microscopy and
detection of ATPase to investigate the COM (5
mmol/L) induced damage to rat tubular epithe-
lial cells. Thus, COM (5 mmol/L) induced dam-
age to tubular epithelial cells has been wide-
ly accepted and served as a positive control
group in the present study. In our study, H&E
staining, transmission electron microscopy and
detection of ATPase were employed to evaluate
the NB induced damage to cell membrane. In
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addition, CAT and MAD were also measured to
elucidate whether there was lipid peroxidation
in NB induced injury to tubular epithelial cells.
Our findings indicated that NB could cause
damage with similar extent to HK-2 cells as in
nHAP group (transmission electron microscopy
and detection of ATPase activity). At 24 h, cells
with mitochondrial swelling, nuclear membrane
lysis and nucleolus disappearance increased
significantly in NB group as compared to nHAP
group. This indicates that NB induced damage
to HK-2 cells does not merely reflect the
hydroxyapatite shell induced injury. The NB or
NHAP induced damage to cell membrane was
characterized by disordered arrangement of
brush border, and the continuity and integrity of
cell membrane were not significantly affected.
However, COM caused a severe injury to cell
membrane, which was characterized by tower-
ing brush border and even incomplete cell
membrane.

Thamilselvan et al [17] found LLC-PK1 cells
from proximal tubular cells of Hampshire pig
and distal tubular cells of Benny Cox dog dis-
played significant increase in MDA after incuba-
tion with 1.0 mmol/ml oxalic acid and 500 mg/
ml COM for 120 min or 240 min, but it reduced
dramatically in the presence of radical scaven-
gers---catalase or superoxide dismutase. In
addition, a lot of studies have reported that
COM induced damage to HK-2 cells had involve-
ment of pro-inflammatory cytokines including
IL-6 [18, 19]. In the present study, CAT and MDA
were measured to evaluate whether lipid per-
oxidation was involved in the NB induced dam-
age to tubular epithelial cells. Results showed
that NB induced damage to tubular epithelial
cells was accompanied by significant elevation
of MDA and CAT, which was not observed in
nHAP group. This indicates that lipid peroxida-
tionis involved and a key step in the NB induced
damage to tubular epithelial cells, but nHAP
induced damage to cells has no involvement of
lipid peroxidation. However, the target and the
specific mechanism of NB induced peroxida-
tion are required to be further studied in depth.

Yasui et al [20] treated NRK-52E cells with 195
ug/ml COM crystals for 1 h and scanning elec-
tron microscopy showed the adhesion of COM
crystals to cells. In this study, laser scanning
confocal microscopy was employed to observe
the adhesion between COM crystals and cells.
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Results showed the more cells in NB group
were adherent to COM crystals at 12 h and 24
h as compared to control group and nHAP
group, and there was no marked difference be-
tween control group and nHAP group at both
time points. In addition, NB induced damage
to HK-2 cell membrane was similar to that
caused by nHAP, but the adhesion of injured
cells to COM crystals was significantly differ-
ent between NB group and nHAP group. This
might be ascribed to the differences in the
extent of injury of the cell membrane at the
luminal side and the change in the charge of
luminal fluid after cell injury. In recent years,
factors affecting the adhesion of tubular epi-
thelia cells to COM crystals have been a focus
in studies on the kidney stone formation. Lieske
et al [21] found the concentrations of Na*, Ca?*
and H* were important factors affecting the
adhesion of tubular epithelial cells to COM
crystals. Thus, to inhibit the adhesion of tubu-
lar cells to crystals after injury has been a
challenge in clinical practice and our result will
provide a new strategy for the prevention of
kidney stone formation.
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