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Abstract

Background: M2 macrophages have important roles in diseases such as tumours, cardiovas-
cular diseases and renal diseases. This study aimed to determine the effects and protective
mechanism of M2 macrophages against oxidative stress injury and apoptosis induced by cal-
cium oxalate crystals (CaOx) in renal tubular epithelial cells (HK-2) under coculture conditions.
Methods: THP-1 cells were induced to differentiate into M2 macrophages by using phorbol-
12-myristate-13-acetate, IL-4 and IL-13. Morphological features were observed by microscopy.
Phenotypic markers were identified by reverse transcription-polymerase chain reaction,
Western blot and enzyme-linked immunosorbent assay (ELISA). HK-2 cells were treated with
0.5 mg/mL CaOx crystals and co-cultured with M2 macrophages or apocynin. The viability of
HK-2 cells was detected by CCK-8 assay. The lactate dehydrogenase (LDH) activity of HK-2 cells
was analysed using a microplate reader. The apoptosis of HK-2 cells was examined by flow
cytometry and Hoechst 33258 staining. Reactive oxygen species (ROS) expression and mito-
chondrial membrane potential in HK-2 cells were detected by a fluorescence microplate read-
er. Western blot analysis was conducted to detect the expression of p47phox, Bcl-2, cleaved
caspase-3, cytochrome ¢, p38 MAPK, phospho-p38 MAPK, Akt and phospho-Akt. Results: The
results of morphology, reverse transcription-polymerase chain reaction, Western blot and
ELISA showed that THP-1 cells were successfully polarised to M2 macrophages. The results of
co-culture suggested that M2 macrophages or apocynin significantly increased the cell viabil-
ity and decreased the LDH activity and apoptosis rate after HK-2 cells were challenged with
CaOx crystals. The expression of the p47phox protein and the concentration of ROS were re-
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duced, the release of mitochondrial membrane potential and the expression of the Bcl-2 pro-
tein were upregulated and the protein expression of cleaved caspase-3 and cytochrome c was
downregulated. The expression of the phosphorylated form of p38 MAPK increased. Under
coculture conditions with M2 macrophages, the Akt protein of HK-2 cells treated with CaOx
crystals was dephosphorylated, but the phosphorylated form of Akt was not reduced by
apocynin. Conclusions: M2 macrophages reduced the oxidative stress injury and apoptosis
of HK-2 cells by downregulating the activation of NADPH oxidase, reducing the production of
ROS, inhibiting the phosphorylation of p38 MAPK and enhancing the phosphorylation of Akt.
We have revealed one of the possible mechanisms by which M2 macrophages reduce the for-

mation of kidney stones. © 2019 The Author(s)
Published by S. Karger AG, Basel

Introduction

Kidney stones are a common clinical disease that has an increasing prevalence rate and
a recurrence rate of approximately 50% after 10 years of treatment [1-3]. The prevalence
and recurrence rates of this disease are high because the mechanism of the formation of
kidney stones remains unclear; kidney stones have epidemiological and histopathological
correlations with nephropathy, which may lead to chronic kidney disease and end-stage renal
disease [4]. Therefore, kidney stones pose a great threat to human health. Studying the patho-
genesis and prevention of the formation of kidney stones is of great significance.

Macrophages exhibit the strongest plasticity in the haematopoietic system and play an
important role in development, homeostasis, tissue repair and immunity development;
however, these repair and homeostatic functions may be destroyed by chronic damage, indi-
cating a certain relationship between macrophages and diseases [5]. Under different micro-
environments in vivo, macrophages can be activated as M1 or M2 macrophages; the former
are pro-inflammatory and cause damage, and the latter are anti-inflammatory and promote
tissue repair and tumour growth [6]. M1 and M2 macrophages have important roles in
diseases such as tumours, cardiovascular diseases and renal diseases [7-9]. The relationship
between macrophages and diseases has become a research hotspot.

Calcium oxalate (CaOx) crystals can directly induce macrophages to produce a strong
immune response through cell-crystal reactions during the formation of kidney stones.
Macrophages migrate around CaOx crystals in the renal interstitium and exert phagocytosis
to clear the stone crystals [10]. In addition, different types of macrophages play different roles
in the formation of kidney stones: M1 macrophages promote renal stone formation, and M2
macrophages inhibit the formation of kidney stones [11]. For example, renal crystal depo-
sition in CSF-1 gene-deficient mice is more obvious than that in normal wild-type mice [12].
Phagocytic crystals in M2 macrophages are more powerful than M1 macrophages [13].
However, the mechanism through which M2 macrophages inhibit the formation of kidney
stones has not yet been fully understood.

Kidney stones are the main part of urolithiasis. The mechanism of their formationincludes
supersaturation, nucleation, growth, aggregation and retention of kidney stones in tubular
cells [14]. CaOx is the main component, accounting for 70-80% of the organic components of
kidney stones [15]. CaOx crystals cause cellular damage, upregulate NADPH oxidase p47phox
expression and promote the release of large amounts of reactive oxygen species (ROS) to
renal tubular epithelial cells [16, 17]. ROS are involved in oxidative stress injury in renal
tubular epithelial cells [18]. ROS can damage the mitochondrial membrane and reduce its
transmembrane potential, causing apoptosis [19]. When crystals induce the apoptosis of
renal tubular epithelial cells, the adhesion of crystal stones significantly increases, thereby
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promoting the formation of kidney stones [20]. Therefore, CaOx crystal-induced oxidative
stress injury and apoptosis in renal tubular epithelial cells play a very important role in the
formation of kidney stones.

Apocynin, a constituent of the Himalayan herb Picrorhiza kurroa Royle, has been used
as an inhibitor of NADPH oxidase. In addition, researchers have confirmed that Apocynin
can inhibit cellular oxidative stress damage and apoptosis [21, 22]. However, the effect of
M2 macrophages on the injury and apoptosis of renal tubular epithelial cells induced by
CaOx crystals during kidney stone formation remains unclear. Therefore, this study used
THP-1 cellsto polarise M2 macrophages and used apocynin as a positive-control treatment.
Co-culture experiments were conducted to analyse and investigate the effects of M2
macrophages on the oxidative stress injury and apoptosis of HK-2 cells induced by CaOx
crystals.

Materials and Methods

Cell Culture and Macrophage Polarisation

THP-1 cells (Cell Bank of the Chinese Academy of Sciences, Shanghai, China) were cultured
in RPMI-1640 (Gibco, Grand Island, NE, USA) conditioned medium containing 10% foetal
bovine serum (Lonsera, Lonsa Science SRL, Uruguay) and 1% antibiotics. HK-2 cells (Cell
Bank of the Chinese Academy of Sciences, Shanghai, China) were cultured in DMEM/F12
(Gibco, Grand Island, NE, USA) conditioned medium containing 10% foetal bovine serum and
1% antibiotics. The cells were cultured in an incubator at 37 °C and 5% CO,. THP-1 cells in
the logarithmic growth phase were adjusted to a density of 2 x 10°/mL and induced with 10
ng/mL phorbol-12-myristate-13-acetate (Sigma-Aldrich, USA) for 24 h to differentiate into
MO macrophages. The cell supernatant was removed, washed 3 times with PBS and added to
RPMI-1640 conditioned medium containing 100 ng/mL LPS (Sigma-Aldrich, USA) and 10 ng/
mL IFN-y (Pepro Tech, USA) for 48 h to polarise M1 macrophages or to the medium containing
20 ng/mL interleukin (IL)-4 (PeproTech, USA) and 20 ng/mL IL-13 (PeproTech, USA) for 48
h to polarise M2 macrophages. The control group MO0 was cultured in RPMI-1640 conditioned
medium for 48 h. After the macrophages were polarised, they were photographed under a
fluorescence microscope (Olympus, Tokyo, Japan) at 100x magnification.

Establishment of a Cocultivation Model

Following the M2 macrophage induction method described earlier, THP-1 cells were
seeded in Transwell upper chambers (0.4 pm, Corning, USA) and polarised to M2 macro-
phages. The supernatant was then aspirated, the cells were washed 3 times with PBS and the
medium was replaced with 1 mL of RPMI-1640 medium. Apocynin was diluted to 50 ng/mL
in RPMI-1640 medium and added to the upper chamber. CaOx was diluted to 0.5 mg/mL in
DMEM/F12 medium and added to HK-2 cells in the lower chamber.

Reverse Transcription-Polymerase Chain Reaction

After the macrophages were polarised, total RNA was extracted according to the RNAiso
Plus instructions (TaKaRa, Japan) and measured. Total RNA (1 pg) was used for reverse tran-
scription into cDNA. The reverse transcription conditions were as follows: 37 °C for 15 min
and 85°C for 5 s. The amplification conditions were as follows: 40 cycles of 95°C for 30 s,
95°C for 5 s, and 60 °C for 34 s. The primers were designed and synthesised by Shanghai
Shenggong Biology Company. The human GAPDH gene was used as an internal reference.
The results were analysed using the 2722¢T method. The primer sequences are shown in
Table 1.
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Table 1. The sequences of the primers

Gene name Forward primer 5’ -3’ Reverse primer 5'—3’
GAPDH GTCAGCCGCATCTTCTTT CGCCCAATACGACCAAAT
TNF-a CCTCAACCTCTTCTGGCTCAA GTGCAGGCCACACATTCCT
IL-18 TCAGCCAATCTTCATTGCTCAA TGGCGAGCTCAGGTACTTCTG
CD206 CCGTATGCCGGTCACTGTTA CAATTCCTCGATGGTGTGGA
IL-1ra TTCATCCGCTCAGACAGTGG ACGCCTTCGTCAGGCATATT

Enzyme-Linked Immunosorbent Assay

After the polarisation of THP-1 cells, the supernatant of each group of cells was collected.
IL-6 (CUSABIO, Wuhan, China) and IL-10 (eBioscience, Austria) were detected according to
the procedure of the enzyme-linked immunosorbent assay (ELISA) kit. Absorbance was
recorded at a wavelength of 450 nm using a microplate reader (Thermo Scientific, USA). The
expression levels of IL-6 and IL-10 were calculated according to the standard curve.

Cell Viability Assay by CCK-8

Each group of co-cultured lower-chamber HK-2 cells had the supernatant discarded and
was washed with PBS once. The CCK-8 reagent (Dojindo, Kamimashikigun, Kumamoto, Japan)
was digested in serum-free medium at a ratio of 1:10 according to the manufacturer’s instruc-
tions. Each group of cells then had 1.0 mL of the diluted CCK-8 reagent added, followed by
incubation at 37 °C for 2 h. After incubation, absorbance was recorded at a wavelength of 450
nm by using a microplate reader. The viability of HK-2 cells in each group was evaluated.

Lactate Dehydrogenase Assay

The supernatant of each group of HK-2 cells was collected and sequentially added to a
96-well plate according to the instructions of the lactate dehydrogenase (LDH) kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). After the sample was added and incu-
bated, absorbance was recorded at 450 nm wavelength by using a microplate reader. The
LDH activity of each group of HK-2 cells was calculated.

Hoechst 33258 Staining

After discarding the supernatant, the cells were washed once with PBS, added to 4%
paraformaldehyde and incubated for 10 min. The cells were washed once with PBS, and
Hoechst 33258 staining solution was added (Solarbio Bioscience Technology, Beijing, China).
The cells were incubated for 5 min at room temperature in the dark. After aspirating the
staining solution, the cells were washed 3 times with PBS for 5 min each and observed under
a fluorescence microscope (Olympus, Tokyo, Japan) with 100x magnification. Four fields of
view were randomly selected, and the numbers of all cells and apoptotic cells in each field of
view were counted to evaluate the percentage of apoptotic cells. (The nuclei of apoptotic cells
presented chromatin condensation, marginalization or nuclear beading.)

Apoptosis Rate Detected by Flow Cytometry

After discarding the supernatant, each group of cells was digested with trypsin. The cells
were collected, centrifuged at 1,000 g for 5 min, washed twice with cold PBS and resuspended
in 1 x binding buffer to obtain a 1 x 10°/mL cell density. Each group of cells (100 pL) was
transferred into a new centrifuge tube with a pipette, added to 5 pL of FITC annexin V and PI
(BD Biosciences, San Jose, CA, USA), incubated at room temperature for 15 min in the dark
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and added to 400 pL of 1x binding buffer. The apoptosis rate of each group of cells was
measured by flow cytometry (BD Biosciences, San Jose, CA, USA).

ROS Determination

Each group of cells was digested with trypsin after discarding the supernatant. The cells
were collected, centrifuged at 1,000 g for 5 min and resuspended in 1.0 mL of PBS. The cells
were then added to 1.0 mL of 10% DCFH-DA (Solarbio Bioscience Technology, Beijing, China).
The cells were incubated in an incubator for 30 min and centrifuged at 1,000 g for 5 min. The
supernatant was discarded and the cells were resuspended in 1.0 mL of PBS. The cells (200
uL) were transferred to a black 96-well plate (Corning, USA) with a micropipette. Fluorescence
intensity was immediately detected at a fluorescence wavelength of 488 nm and an emission
wavelength of 525 nm by using a fluorescence plate reader (Thermo Scientific, USA).

Mitochondrial Membrane Potential Detection

Each group of cells was digested with trypsin after the supernatant was discarded. The
cells were collected, centrifuged at 1,000 g for 5 min and resuspended in 1.0 mL of PBS. The
cells were added to 100 pL of 2 pM TMRE reagent (Cell Signaling Technology, Boston, MA,
USA). The cells were incubated in an incubator for 20 min and centrifuged at 300 g for 5 min.
The supernatant was discarded and the cells were resuspended in 1.0 mL of PBS. The cells
(100 pL) were transferred to a black 96-well plate with a micropipette. Fluorescence intensity
was immediately detected at a fluorescence wavelength of 550 nm and an emission wave-
length of 580 nm in a fluorescence plate reader.

Western Blot Analysis

The protein of the cells was extracted according to the specifications of the manufacturer of
RIPA lysate (Beyotime, Shanghai, China). The protein concentration was determined by the BCA
(Beyotime, Shanghai, China) method. The protein was added to the SDSloading buffer and boiled
at 100 °C for 5 min. An SDS-polyacrylamide gel was prepared and loaded with 40 pg of the
proteinin each well. Electrophoresis and transfer were performed. APVDF membrane (Beyotime,
Shanghai, China) membrane was blocked with 5% non-fat dry milk for 1 h. After washing with
TBST 3 times, the PVDF membrane was added to solutions of TGF-8, MCP-1 (Abcam, UK), Akt,
phospho-Akt, p47phox, p38, phospho-p38 MAPK, cytochrome c, Bcl-2, cleaved caspase-3 and
[-actin antibodies (Cell Signaling Technology, Boston, MA, USA). After incubation at 4°C for 12 h,
the membrane was washed 3 times with TBST, added to anti-rabbit IgG (H + L) antibody (Cell
Signaling Technology, Boston, MA, USA) solution and incubated at room temperature for 1 h.
After washing the membrane with TBST 3 times, densitometric analysis of protein expression
was conducted in an Odyssey system (LI-COR Biosciences, Lincoln, NE, USA).

Statistical Analysis

Experimental data is expressed as mean * SD. SPSS 22.0 statistical software was used for
statistical analysis. The mean of multiple groups was compared by one-way analysis of
variance. The Tukey method was used for comparisonbetween groups. p <0.05was considered
statistically significant.

Results
Macrophage Polarisation Results

Under the microscope, THP-1 cells appeared round and suspended in the culture
medium. M0 macrophages showed inconsistent morphology and adherent growth, and

KARGER

781



Kidney Kidney Blood Press Res 2019;44:777-791
&
Blood Pressure DOI: 10.1159/000501558 | © 2019 The Author(s). Published by S. Karger AG, Basel
Reseqrch www.karger.com/kbr

Liu et al.: M2 Macrophages Reduced Apoptosis of HK-2 Cells Induced by CaOx Crystals

c 0561 D
£ e £
5t 6 2084
38 §3%
w5 a
2= 55054
55 a5
gg gF 044
2% 02 £y
g2 E;M
[} .24
Eg €3
004 004
E o, B Isuo-
l_“_l
¥ r -
Esﬁ' 22, 5 401
(]
E Ee
g5 o § gue
i3 i 3
- =
HE i Ia
H H 104
0- 04

o

-
g

e
b

bl
Relative mRNA
expression of CD206

Relative mRNA
expression of IL-1ra

=
hd

Fig. 1. Polarisation of different types of macrophages. A Morphological observation of the polarised macro-
phages; (b) representative bands of MCP-1 and TGF-f protein by Western blot; (C, D) quantification analysis
of MCP-1 and TGF-f protein; (E-H) relative mRNA expression levels of TNF-a, IL-1f3, CD206 and IL-1ra de-
tected by reverse transcription-polymerase chain reaction; (I, J) ELISA detection of IL-6 and IL-10 secretion
(*p <0.05, ** p <0.01). IL, interleukin.

some cells had long antennae. M1 macrophages showed a large number of long antennae and
adherent growth. M2 macrophages showed adherent growth, and some cells had a few short
antennae (Fig. 1A). The Western blot assay showed that the relative expression of the MCP-1
protein in M1 macrophages was significantly higher than that in MO and M2 macrophages;
moreover, the expression of the TGF-3 protein in M2 macrophages was significantly higher
than that in MO and M1 macrophages (p < 0.01; Fig. 1B-D). The results of reverse tran-
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Fig. 2. HK-2 cell damage in each group. A HK-2 cell viability in each group; (B) LDH activity in HK-2 cells in
each group; (C) apoptotic staining of Hoechst 33258 cells in each group; and (D) quantitative analysis of
CaOx crystals induced apoptosis in each group (* p < 0.05, ** p < 0.01). CaOx, calcium oxalate; LDH, lactate
dehydrogenase.

scription-polymerase chain reaction showed that the relative mRNA expression levels of
TNF-a and IL-1f in M1 macrophages were significantly higher than those in MO and M2
macrophages (p < 0.01; Fig. 1E, F); the mRNA expression levels of CD206 and IL-1ra in M2
macrophages were significantly higher than those in MO and M1 macrophages (p < 0.01;
Fig. 1G, H). The results of ELISA showed that the expression of IL-6 in M1 macrophages was
significantly higher than that in MO and M2 macrophages, while the expression of IL-10 in
M2 macrophages was significantly higher than that in MO and M1 macrophages (p < 0.01;
Fig. 11, J). These results indicated that THP-1 cells were successfully induced to polarise to
M1 and M2 macrophages.

Cell Viability

All experiments were repeated 6 times. The viability of HK-2 cells significantly decreased
after stimulation with CaOx crystals (p < 0.01). Under coculture conditions, M2 macrophages
significantly promoted the proliferation of HK-2 cells (p < 0.05), whereas apocynin had no
significanteffects (p <0.05).Inaddition, M2 macrophagesand apocynin significantly increased
the viability of HK-2 cells treated with CaOx crystals (p < 0.01; Fig. 2A).
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Fig. 3. Apoptosis detected by flow cytometry. A Apoptosis of HK-2 cells in each group determined with flow
cytometry; (B) apoptotic rate of HK-2 cells in each group (** p < 0.01). CaOx, calcium oxalate.

LDH Activity of HK-2 Cells in Each Group

The activity of LDH in HK-2 cells significantly increased after CaOx crystal stimulation
(p <0.01), and cell damage was evident. M2 macrophages and apocynin significantly reduced
the damage to HK-2 cells after CaOx crystal stimulation (p < 0.01). In addition, M2 macro-
phages and apocynin exerted no damage on HK-2 cells (p < 0.05; Fig. 2B).
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Fig. 4. Oxidative stress damage to HK-2 cells in each group. A Representative bands of p47phox protein in
Western blot; (B) quantification analysis of p47phox protein; (C) ROS fluorescence intensity of HK-2 cells in
each group; (D) mitochondrial membrane potential fluorescence intensity of HK-2 cells in each group (* p <
0.05, ** p < 0.01). CaOx, calcium oxalate; ROS, reactive oxygen species.

Apoptosis Analysis

The apoptosis of HK-2 cells in each group was analysed by Hoechst 33258 staining and
flow cytometry. The cell nuclei in the HK-2 group, HK-2+M2 group and HK-2+Apo group had
normal morphology. The cell nuclei in the HK-2+Ca0x, HK-2+Ca0x+M2 and HK-2+CaOx+Apo
groups presented chromatin condensation, marginalization or nuclear beading. However, the
number of apoptosing cells in the HK-2+CaOx+M2 and HK-2+CaOx+Apo groups was signifi-
cantly less than that of the HK-2+CaOx group (Fig. 2C, D). The apoptosis rate of HK-2 cells in
each group was further examined by flow cytometry; after treatment of HK-2 cells with CaOx
crystals, the apoptotic rate increased significantly (p < 0.01), but M2 macrophages and
apocynin significantly reduced the apoptotic rate of HK-2 cells after CaOx crystal treatment
(p <0.01; Fig. 3A, B). The results of Hoechst 33258 staining and flow cytometry showed that
M2 macrophages and apocynin reduced the apoptosis of HK-2 cells induced by CaOx crystals.

Western Blot Analysis of p47phox Protein Expression

After HK-2 cells were treated with CaOx crystals, the protein expression of p47phox
significantly increased (p < 0.01). After M2 macrophages or apocynin was cocultured with
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Fig. 5. Expression of apoptosis-related proteins observed by Western blot analysis. A, B Representative
bands of Bcl-2, cytochrome c, and cleaved caspase-3 protein by Western blot; (C-E) quantification analysis
of Bcl-2, cytochrome c, and cleaved caspase-3 protein (* p <0.05, ** p < 0.01). CaOx, calcium oxalate.

HK-2 cells exposed to CaOx crystals, the protein expression of p47phox decreased (p < 0.01;
Fig. 4A, B).

ROS Fluorescence Intensity of HK-2 Cells

The release of ROS increased in HK-2 cells treated with CaOx crystals (p < 0.01). The
release was reduced by coculturing M2 macrophages or apocynin with HK-2 cells exposed to
CaOx crystals (p < 0.01; Fig. 4C).

Mitochondrial Membrane Potential

The mitochondrial membrane potential decreased significantly when HK-2 cells were
treated with CaOx crystals. When M2 macrophages or apocynin was cocultured with HK-2
cells exposed to CaOx crystals, they upregulated the mitochondrial membrane potential (p <
0.01; Fig. 4D).

Expression of Apoptosis-Related Proteins Observed by Western Blot Analysis

After HK-2 cells were treated with CaOx crystals, the expression of the Bcl-2 protein
significantly decreased, whereas the expression of cleaved caspase-3 and cytochrome c signif-
icantly increased (p < 0.01). When M2 macrophages or apocynin was cocultured with HK-2
cells exposed to CaOx crystals, the protein expression levels of cytochrome c and cleaved
caspase-3 protein were higher (p < 0.01; Fig. 5A-E).

Expression of p38 and Akt Detected by Western Blot Analysis

The expression of p38 MAPK and Akt pathway proteins in HK-2 cells was detected by
Western blot analysis. After HK-2 cells were treated with CaOx crystals, the protein
expression of phospho-p38 significantly increased, whereas that of phospho-Akt protein
significantly decreased (p < 0.01). In addition, M2 macrophages and apocynin downregu-
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Fig. 6. Western blot analysis of p38 MAPK and Akt protein expression. A, B Representative bands of p38,
phospho-p38, Akt, and phospho-Akt protein by Western blot; (C, D) quantification analysis of phospho-
p38/p38, phospho-Akt/Akt (* p <0.05, ** p < 0.01). CaOx, calcium oxalate.

lated the protein expression of phospho-p38 in HK-2 cells treated with CaOx crystals (p <
0.01). However, M2 macrophages co-cultured with HK-2 cells exposed to CaOx crystals
promoted the protein expression of phospho-Akt (p < 0.01), but apocynin had no effect
(p < 0.05; Fig. 6A-D).

Discussion

The factors involved in the formation of kidney stones are extremely complex, and the
specific mechanisms remain unclear. At present, methods for preventing the formation of
kidney stones are focused on controlling the diet and urine minerals and the use of drugs, such
as sodium citrate, thiazine and allopurinol. However, this type of therapy is ineffective in
preventing and treating kidney stones and for specific pathologies, such as hyperoxaluria,
hypercalciuria, hyperuricaemia and low citric aciduria [23]. Therefore, exploring new ideas
for preventing and treating kidney stones has become one of the key research topics in urology.

M1 and M2 macrophages are related to several diseases. The etoposide-mediated apop-
tosis of human lung adenocarcinoma cells is reduced by M2 macrophages but enhanced by
M1 macrophages [24]. In the development of acute kidney injury or chronic kidney disease,
M2 macrophages repair kidney damage, whereas M1 macrophages promote renal damage
[25]. Taguchi studied the role of M1 and M2 macrophages in the development of kidney
stones [11]. The phagocytosis rate of M2 macrophages was found to be higher than that of M1
macrophages. When renal tubular epithelial cells were cocultured with different types of
macrophages, M2 macrophages significantly reduced the number of crystals attached. In our
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previous study, U937 cell-derived M1 macrophages significantly increased inflammatory
responses and apoptosis in HK-2 cells induced by hydroxyapatite [26]. However, the mech-
anism through which M2 macrophages affect the injury and apoptosis of HK-2 cells induced
by CaOx crystals remains unclear.

NADPH oxidase consists of 2 membrane-bound subunits, including gp91phox and
p22phox, and several cytoplasmic subunits, such as p47phox, p67phox and p40phox [27].
Phosphorylation of the p47phox subunit plays a key role in regulating NADPH oxidase activity
in the kidney, and deposition of kidney stone crystals leads to the activation of angiotensin II
[28]. NADPH oxidase is stimulated by activated angiotensin II, and the cytoplasmic subunit
p47phox is phosphorylated, leading to ROS production and further damage to kidney cells
[29]. Apocynin, an antioxidant and NADPH oxidase inhibitor, blocks the activation of NADPH
oxidase by blocking the assembly of cytosolic units and membrane complexes [30, 31].
Damage to tubular epithelial cells induced by oxalate (Ox) and CaOx crystals may be caused
by ROS generation after activation of NADPH oxidase [32]. In rats fed apocynin, renal NADPH
oxidase p47phox activity and H,0, release were significantly inhibited, thereby reducing the
formation of kidney stones [33]. Therefore, we used apocynin as a positive-control treatment
to investigate the specific mechanisms of action of M2 macrophages on CaOx crystal-induced
oxidative stress injury and apoptosis of HK-2 cells.

MAPK is a characteristic subfamily of 3 protein kinases, ERK1/2, p38 and JNK. p38 MAPK
affects cell growth and death, differentiation, inflammation, oxidative stress and apoptosis
[34]. ROS are important intracellular messengers, and ROS signalling seems to trigger the
activation of mitochondrial apoptotic pathways by activating p38 [35]. Overproduction of
ROS can disrupt mitochondrial membrane potential and activate or inhibit downstream
target proteins, including Bcl-2, Bcl-2-associated X, caspase-3 and cytochrome c, thereby
regulating various biological functions, including cell growth, proliferation, adhesion and
apoptosis [36]. In addition, an important cause of cardiovascular dysfunction is the changed
cellular metabolism and apoptosis caused by ROS [37]. The formation of kidney stones has
obvious similarities to the formation of vascular calcification [38]. Therefore, the regulation
of ROS-related pathways may be an important mechanism for the protection of renal tubular
epithelial cells. In the present study, we found that M2 macrophages and apocynin inhibited
the injury and apoptosis of HK-2 cells induced by CaOx crystals and downregulated the
expression of the NADPH oxidase p47phox protein. Further research found that M2 macro-
phages and apocynin increased the mitochondrial membrane potential, upregulated the
protein expression of the Bcl-2 protein, and inhibited the protein expression of cleaved
caspase-3, cytochrome c and phospho-p38 MAPK and the release of ROS in HK-2 cells treated
by CaOx crystals. Hence, M2 macrophages and apocynin may reduce the oxidative stress
injury and apoptosis of renal tubular epithelial cells treated by CaOx crystals by inhibiting the
activation of NAPDH oxidase, reducing the production of ROS and inhibiting the p38 MAPK
signalling pathway.

A previous study found that M2 macrophages promoted the proliferation of rat renal
tubular epithelial cells [39]. In the present work, M2 macrophages increased the activity of
HK-2 cells, as detected by CCK-8 assay. M2 macrophages promoted the proliferation of HK-2
cells, whereas apocynin had no effect on proliferation. The PI3K/Akt pathway is an important
signalling pathway that promotes cell proliferation, angiogenesis, regulation of metabolic
homeostasis [40] and inhibition of apoptosis [41]. ROS produced by oxidative stress can
inhibit the PI3K/Akt signalling pathway and directly induce apoptosis [42]. The present
experiments found that M2 macrophages activated the phosphorylation of the Akt protein in
HK-2 cells treated with CaOx crystals, but apocynin had no effect on it. Hence, M2 macro-
phages may activate the Akt pathway, promote the proliferation of HK-2 cells and protect
against the injury and apoptosis of HK-2 cells treated with CaOx crystals.
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Conclusion

Our research has revealed that M2 macrophages can protect against the oxidative stress
injury and apoptosis of renal tubular epithelial cells induced by CaOx crystals. The mech-
anism may be through inhibiting the NAPDH oxidase-ROS-p38 MAPK pathway and activating
the PI3K/Akt pathway.

M2 macrophages can phagocytose and digest stone crystals; reduce inflammatory reac-
tions, renal tubular epithelial cell damage and apoptosis; and promote the proliferation of
damaged cells to prevent the formation of stones. Further studies must determine the rela-
tionship between macrophages and kidney stones to provide new ideas for the prevention of
the formation of kidney stones by targeting the regulation of M2 macrophage differentiation.
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