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Abstract. The present study aimed to identify the character-
istics and cross-talk between transforming growth factor β1 
(TGF-β1) and calcium ions in nephrolithiasis patients with 
idiopathic hypercalciuria (IH) in order to elucidate the 
potential mechanisms underlying changes in cell phenotype 
induced by bone-associated factors and their influence on 
renal nephrolithiasis formation. Blood samples from a total 
of 29 nephrolithiasis patients with IH, 29 renal stone patients 
without IH and 29 healthy age-matched normal controls 
were subjected to quantification of peripheral serum TGF-β1, 
osteopontin (OPN) and bone morphogenetic protein 2 (BMP2) 
using ELISA. This was followed by detection of BMP2, OPN 
and 1,25-dihydroxyvitamin D3 receptor (VDR) mRNA and 
protein levels in primary renal epithelial cells (PRECs) of IH 
and HK-2 human proximal tubular cell lines (control) using 
reverse transcription quantitative polymerase chain reaction 
(RT-qPCR) and western blot analyses. The mRNA expression 
levels of BMP2, OPN and VDR in PRECs and HK-2 were 
evaluated following stimulation with various concentrations 
of TGF-β1 (0.5, 2.0 and 5.0 ng/ml), Ca2+ (0.5, 1.5 and 2.5 mM) 
or TGF-β1 and Ca2+ combined using RT-qPCR, respectively. 
TGF-β1, BMP2 and OPN expression levels in patients with 
IH were all significantly higher than those in the control 
group. The mRNA and protein expression levels of BMP2 
and VDR were significantly higher in PRECs than those in 
HK-2 cells. Following incubation with TGF-β1 and/or Ca2+, 
the mRNA expression levels of BMP2, OPN and VDR in 
PRECs increased in a dose-dependent manner; however, 

no significant differences were observed in HK-2 cells with 
increasing TGF-β1 dosage. Co-incubation with TGF-β1 and 
Ca2+ in PRECs and HK-2 cell lines resulted in similar effects 
and the expression of BMP2, OPN and VDR mRNA increased 
in a time-dependent manner. In conclusion, the results of 
the present study demonstrated that TGF-β1 regulated the 
expression of BMP2, OPN and VDR in PRECs, but not in 
HK-2 cells. Co-incubation with TGF-β1 and Ca2+ significantly 
increased the expression levels of bone-associated factors in 
PRECs and HK-2 cells, which suggested that this process may 
be partially responsible for the pathogenesis of calcium stone 
development, and also associated with bone formation and the 
TGF-β1-induced epithelial to mesenchymal transition. 

Introduction

Nephrolithiasis is associated with multiple metabolic abnor-
malities and is one of the most prevalent diseases with uncertain 
etiology amongst adults (1). Idiopathic hypercalciuria (IH) is 
the most common metabolic disorder to occur in adult calcium 
stone formers, present in ~30-60% of such patients, and is 
also common among pediatric calcium stone formers (2). 
The development of IH is influenced by genetic background 
and environment (2). Previous studies have demonstrated 
that hypercalciuria may involve the dysregulation of multiple 
calcium transport systems, including increased intestinal 
absorption of calcium, primary renal calcium leakage and 
increased bone demineralization (3,4). Despite extensive 
study, the molecular and genetic causes of stone diseases have 
remained elusive. 

Members of the transforming growth factor β (TGF-β) 
family participate in numerous physiological and pathological 
processes, have vital roles in biological processes, including 
cell differentiation, proliferation and apoptosis, and regulate 
the growth, development and regeneration of extracellular 
materials (5). The function of the profibrotic cytokine TGF-β1 
in the initiation and progression of fibrosis in the kidney has 
been extensively studied and certain studies have indicated 
that TGF-β1 may have an important function in mediating 
the epithelial to mesenchymal transition (EMT), where renal 
tubular epithelial cells lose their epithelial phenotype and a 
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novel mesenchymal phenotype is obtained following treatment 
with TGF-β1 (6,7). Furthermore, studies have revealed that 
Ca2+ is a potent, suppressive effector that induces undiffer-
entiated mesenchymal stem cells (MSCs) to differentiate into 
numerous cell types via intracellular Ca2+ release (8). However, 
to date, the specific effects of TGF-β1 and Ca2+ in IH, as well 
as in renal stone formation, have remained to be elucidated. 

In the present study, the expression of bone morphogenetic 
protein 2 (BMP2), osteopontin (OPN) and 1,25-dihydroxyvi-
tamin D3 receptor (VDR) were evaluated in nephrolithiasis 
patients with IH, compared with renal stone patients without 
IH and healthy age-matched normal controls. These factors 
are closely associated with osteoblastic differentiation 
and bone formation. The results of the present study indi-
cated that TGF-β1 and Ca2+ may regulate the expression of 
bone-associated factors, including BMP2, OPN and VDR, in 
renal tubular epithelial cells in IH to further promote calculus 
formation in situ. Taken together, it was hypothesized that 
TGF-β1-induced EMT and Ca2+-induced mesenchymal osteo-
genetic differentiation were involved in nephrolithiasis in IH.

Materials and methods

Patients. In the present study, 29 nephrolithiasis patients with 
idiopathic hypercalciuria (mean ± standard deviation; age, 
32.1±9.5 years; range, 20-57 years) were recruited as group IH 
and 29 healthy age-matched volunteers (30.5±10.6 years; range, 
22-54 years) were recruited as normal controls (NC group). 
Furthermore, 29 renal stone patients without idiopathic hyper-
calciuria (35.6±12.1 years; range, 21-58 years) were recruited as 
the nIH group. IH was diagnosed by 24-h urine Ca2+ excretion 
rates >140 mg Ca2+/g urine creatinine on outpatients without 
dietary restrictions (9). Patients with systemic Ca2+ disor-
ders, including hyperthyroidism and diabetic nephropathy, 
were excluded. All procedures were approved by the Ethical 
Committee of Tongji Hospital of Tongji Medical College, 
Huazhong University of Science and Technology (Wuhan, 
China). Prior to participation in the study, informed consent 
was obtained from all subjects.

Measurement of TGF‑β1, BMP2 and OPN by ELISA. Blood 
samples (5 ml) were drawn from patients in the IH, NC 
and nIH groups. Following centrifugation at 20,000xg for 
15 min, sera were collected and aliquoted into 96-well plates 
(100 µl/well). The expression levels of TGF-β1, BMP2 and 
OPN were detected using corresponding TGF-β1-, BMP2- 
and OPN‑specific human ELISA kits (R&D Systems, Inc., 
Minneapolis, MN, USA). Sera samples were acidified with 
1 mol/l HCl solution to activate the cytokines to their immuno-
reactive states (pH 2.0-3.0), prior to neutralization according 
to the manufacturer's instructions and the addition of 50 µl 
diluent RD-121 to each well. Subsequently, a 50 µl sample 
from each group was added in triplicate to each well for 2 h. 
Following washing three times with phosphate-buffered saline 
(PBS; pH 7.2) containing 0.05% Tween 20 (Sigma-Aldrich), 
substrate solution was added to each well for 30 min until the 
reaction was stopped by the additon of Stop Solution. Optical 
density was measured at 450 nm using microplate reader 
SPR-960 (Sunostik Medical Technology Co., Ltd, Changchun, 
China) and cytokine levels were calculated by standard curves.

Preparation of primary renal epithelial cells (PRECs) from 
patients with IH. All patients with IH received invasive 
surgical treatment for urolithiasis. Two patients were required 
to receive a nephrectomy due to ipsilateral renal severe 
hydronephrosis and renal failure, according to diagnosis by 
computed creatinine and emission tomography tests. A section 
of renal tissue was removed from each subject under sterile 
conditions. Isolation and culture of human renal epithelial 
cells was performed as described by a previous study (10). 
Briefly, cortical tissue was finely minced, washed multiple 
times and agitated for 20 min at 37˚C in Hanks' balanced salt 
solution (HBSS) containing collagenase type Ⅱ and calcium 
(Merck Co., Shanghai, China). HBSS was added and the 
solution containing tubular fragments was passed through 
a 100-µm sieve (LFJ706; EHSY Co., Shanghai, China). The 
tubular fragments were subsequently resuspended in 45% 
percoll in phosphate-buffered saline (PBS), and centrifuged 
at 20,000 xg for 10 min. High-density tubular fragments were 
removed and cultured in serum-free, hormonally defined 
Dulbecco's modified Eagle's medium (DMEM)/F12 medium 
(HyClone, GE Healthcare, Little Chalfont, UK) containing 
penicillin (50 U/ml) and streptomycin (50 µg/ml; Invitrogen 
Life Technologies, Carlsbad, CA, USA).

HK-2 cells, a permanent and well-characterized human 
proximal tubular cell line immortalized by transduction with 
human papillomavirus 16 E6/E7 genes, were purchased from 
the China Center for Type Culture Collection (Wuhan, China). 
HK-2 cells were cultured in DMEM/F12 supplemented with 
10% fetal bovine serum (FBS; Gibco-BRL, Invitrogen Life 
Technologies), 50 U/ml penicillin and 50 µg/ml streptomycin. 
Serum-free medium was used when serum starvation was 
required.

Reverse transcription quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA extraction was performed using 
TRIzol® reagent (Invitrogen Life Technologies). cDNA synthesis 
(2 µg total RNA) was performed using Omniscript Reverse 
Transcriptase (Qiagen, Hilden, Germany) for first-strand cDNA 
synthesis and oligo-deoxythymine primer generation according 
to the manufacturer's instructions. The mRNA expression 
levels of BMP2, OPN, VDR and housekeeping gene β-actin 
were analyzed using qPCR on a Rotor Gene 3000 (Corbett 
Research, Sydney, Australia) using SYBR Premix Ex TaqⅡ 
(Takara Bio, Inc., Otsu, Japan). Amplification reactions were 
performed under the following conditions: 95˚C denaturation 
for 10 min, followed by 40 cycles of 95˚C for 15 sec, 59˚C for 
15 sec and 72˚C for 30 sec. The primer sequences used were as 
follows: BMP2 forward, 5'-CTTCTAGCGTTGCTGCTTCC-3' 
and reverse, 5'-AGAGCCTGCGATACAGGTCT-3'; OPN 
forward, 5'-GCCAAACGCCGACCAAGGTACA-3' and 
reverse, 5'-TTCCTGCACAGTCACCCACTGAA-3'; VDR 
forward, 5'-GCCCACCATAAGACCTACGA-3' and reverse, 
5'-AGATTGGAGAAGCTGGACGA-3'; β-actin forward, 
5'-CACGATGGAGGGGCCGGACTCATC-3' and reverse, 
5'-TAAAGACCTCTATGCCAACACAGT-3'. The Ct values 
were calculated using the comparative Ct (ΔΔCt) method. The 
fold difference was calculated using the 2-ΔΔCt method.

Western blot analysis. Extracts of total cellular proteins 
were prepared by scraping the cells into Mammalian Protein 
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Extraction reagent (78503; Pierce, Thermo Fisher Scientific 
Inc., Rockford, IL, USA). Protein concentration was detected 
using the bicinchoninic acid (BCA) protein assay kits (#23235; 
Pierce). The protein samples were separated by 12% SDS-PAGE 
and electrotransferred onto polyvinylidene difluoride-nitrocel-
lulose membranes (Immobilon-P; EMD Millipore, Billerica, 
MA, USA). Blots were incubated with mouse monoclonal 
immunoglobulin (Ig)G2a BMP2 antibody (SC-137087; 1:200; 
Santa Cruz Biotechnology Inc., Dallas, TX, USA), polyclonal 
rabbit anti-human IgG OPN antibody (BA1678; 1:400; Boster 
Systems, Inc., Pleasanton, CA, USA) or polyclonal rabbit 
anti-human IgG VDR antibody (BA2877-2; 1:400; Boster 
Systems, Inc.). In addition, polyclonal rabbit anti-GAPDH 
IgG antibody (2275-PC-100; 1:1,000; R&D Systems, Inc.) was 
usedto ensure equal loading. The membranes were incubated 
with secondary antibodies (goat anti-human IgG-horseradish 
peroxidase; 1:2,000; Pierce). Proteins were detected using 
enhanced chemiluminescence (ECL) Prime western blotting 
detection reagent (GE Healthcare). The blots were quanti-
fied by densitometry using TotalLab Quant software (TL120 
v2009; TotalLab Ltd, Newcastle upon Tyne, UK).

Treatment of TGF‑β1 and Ca2+ for PRECs and HK‑2. PRECs 
and HK-2 cells were cultured and passaged to the third 
generation prior to treatment with TGF-β1 (PeproTech Inc., 
Rocky Hill, NJ, USA) and/or Ca2+ in the form of calcium 
chloride (Fortuna Chemical Co., Wuhan, China) at different 
concentrations. To inhibit translation, cycloheximide (5 µg/ml, 
Sigma-Aldrich, St. Louis, MO, USA) was added 30 min prior 
to the addition of TGF-β1 for the indicated time-period. The 
concentrations of TGF-β1 were 0.5, 2.0 and 5.0 ng/ml, while 
the Ca2+ concentrations were 0.5, 1.5 and 2.5 mM. All cells 
were plated in 24-well plates at 4x109 cells/well in DMEM 
supplemented with 10% FBS for 24 h prior to experiments. 

Statistical analysis. Differences among groups were assessed 
using one-way analysis of variance combined with the 
Bonferroni test using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). 
Student's t-test was used to compare two independent samples. 
Values are expressed as the mean ± standard deviation. P<0.05 
was considered to indicate a statistically significant difference 
between values. 

Results

Serum TGF‑β1, BMP2 and OPN concentrations are signifi‑
cantly higher in patients with IH than those in age‑matched 
controls. Serum samples from a total of 58 patients from the 
IH and nIH groups, and 29 subjects from the NC group were 
analyzed by ELISA to detect serum TGF-β1, BMP2 and OPN 
levels. As shown in Fig. 1, TGF-β1, BMP2 and OPN serum 
levels were all significantly higher in IH patients than those in 
the NC group (P<0.01). The higher expression levels of TGF-β 
(Fig. 1A) and OPN (Fig. 1B) in the nIH group compared with 
those in the NC group (P<0.01) suggested that these factors 
were significantly increased in patients with renal stones. 
Furthermore, the results also indicated that the expression 
levels of all three cytokines in the IH group were significantly 
higher than those in the nIH group (P<0.01), suggesting that 
Ca2+ may be a critical factor in regulating cytokine secretion.

Basal expression levels of BMP2 and VDR are higher in PRECs 
than those in HK‑2 cells. Basal levels of bone-associated factors 
BMP2, OPN and VDR were evaluated in PRECs and HK-2 cells. 
As shown in Fig. 2A, the results of RT-qPCR analysis demon-
strated that mRNA expression levels of BMP2, OPN and VDR 
were significantly higher in PRECs than those in HK-2 cells 
(P<0.05). Western blot analysis (Fig. 2B) confirmed that there 
were analogous variations in BMP2 and VDR protein expres-
sion between PRECs and HK-2 cells (P<0.05). By contrast, no 

Figure 1. Serum expression levels of TGF-β1, BMP2 and OPN in the IH, nIH 
and NC groups. Expression levels were determined by ELISA. (A) TGF-β1 
expression levels in the IH group were significantly higher than those in the 
NC group. Expression levels of TGF-β1 in the nIH group were also signifi-
cantly higher than those in the NC group. Serum TGF-β1 expression was also 
significantly different between the nIH and NC groups. (B) Significant dif-
ferences were also detected in the serum expression levels of OPN between 
each group. (C) VDR expression levels in the IH group were significantly 
higher than those in the NC group and levels of VDR in the IH group were 
significantly higher than those in the nIH group. There were no significant 
differences in serum VDR expression levels between the nIH and NC groups. 
Values are expressed as the mean ± standard deviation (n=29). **P<0.01. 
TGF-β1, transforming growth factor-β1; BMP2, bone morphogenetic pro-
tein 2; OPN, osteopontin; VDR, 1,25-dihydroxyvitamin D3 receptor; IH, 
idiopathic hypercalciuria; group IH, patients with IH; group nIH, renal stone 
patients without IH; NC, healthy age-matched controls.
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significant difference was detected in OPN protein expression 
levels between the two types of cell (P=0.076).

Bone‑associated factors are significantly increased by 
TGF‑β1 or Ca2+ stimulation alone in PRECs compared with 
those in HK‑2 cells. To determine whether TGF-β1 or Ca2+ 
influenced the changes in bone-associated factors in PRECs 
and HK-2 cells in vitro, the mRNA expression levels of 
BMP2, OPN and VDR were examined in each group. Cells 
were cultured with cycloheximide to inhibit further protein 
synthesis so that only mRNAs of direct TGF-β1 targets were 
activated. Subsequently, various concentrations of TGF-β1 
(0.5, 2.0 and 5.0 ng/ml) and calcium chloride (0.5, 1.5 and 
2.5 mM) were added, and RNA was assessed following 48 h 
of incubation. Total mRNA from PRECs treated with TGF-β1 
and Ca2+, respectively, was compared with mRNA extracted 
from analogously treated HK-2 cells. As shown in Fig. 3, 
following incubation with TGF-β1, the mRNA expression 
levels of BMP2, OPN and VDR in PRECs steadily increased 
in a dose‑dependent manner; however, no significant differ-
ences were detected in HK-2 cells with increasing TGF-β1 
dosage. The levels of BMP2, OPN and VDR in PRECs treated 
with TGF-β1 at doses of 2.0-5.0 ng/ml were significantly 
higher than those in PRECs prior to treatment (Fig. 3A-C). 
Furthermore, the BMP2, OPN and VDR mRNA expression 
levels induced by treatment with 5.0 ng/ml TGF-β1 were 
significantly higher than those induced by 2.0 ng/ml TGF-β1 
(P<0.05). Analogously with these trends, when the dose of Ca2+ 
was increased from 0.5 to 2.5 mM, the gene expression levels 
of bone-associated factors in PRECs increased. In particular, 
a statistically significant increase in expression levels was 

observed following treatment with 2.5 mM Ca2+, compared to 
those in untreated PRECs (P<0.01; Fig. 3). The results also 
indicated that the fold change in VDR mRNA expression levels 
in PRECs induced by Ca2+ treatment at concentrations of 1.5 
and 2.5 mM were significantly different (Fig. 3F). These data 
indicated that the primary isolated cells from patients with IH 
exhibited a consistent and dose-dependent response to TGF-β1 
and Ca2+ alone, via the activation of bone-associated genes.

Combined stimulation with TGF‑β1 and Ca2+ significantly 
increases cellular bone‑associated factor expression in PRECs 
and HK‑2 cells. The effects of treatment with a combination 
of TGF-β1 (5.0 ng/ml) and Ca2+ (2.5 mM) (TGF-β1 + Ca2+) 

were evaluated in order to elucidate whether this induced the 
upregulation of cellular bone-associated factors in HK-2 cells 
and PRECs. A previous study revealed that in renal epithelial 
cell culture, TGF-β1 activated a program of mesenchymal 
marker gene expression associated with the transition of 
epithelial cells to more mesenchymal phenotypes (5). In the 
present study, it was therefore hypothesized that Ca2+ may 
have a significant role in enhancing TGF-β-induced EMT. 
As shown in Fig. 4, the mRNA expression levels of BMP2, 
OPN and VDR in HK-2 cells and PRECs which were treated 
with TGF-β1 + Ca2+ were significantly higher than those of the 
control group (P<0.01). This result suggested that Ca2+ may 
have a synergistic effect on the mechanism of TGF-β-induced 
EMT, and promote cells expressing mesenchymal markers 
to differentiate into cells with bone-associated phenotypes. 
The results displayed in Fig. 4A confirmed that there were 
no significant differences in BMP2 mRNA expression 
fold-change between HK-2 cells and PRECs following 
TGF-β1 + Ca2+ treatment (P>0.05). It was also demonstrated 
that there were no significant differences in the mRNA expres-
sion levels of OPN between HK-2 cells and PRECs following 
TGF-β1 + Ca2+ treatment (P>0.05). By contrast, significant 
differences between HK-2 cells and PRECs were detected in 
the expression of VDR mRNA following TGF-β1 + Ca2+ treat-
ment (P<0.05; Fig. 4C).

BMP2 mRNA levels increase in a time‑dependent manner in 
response to TGF‑β1 and Ca2+ stimulation in HK‑2 cells and 
PRECs. In HK-2 cells, examination of BMP2 mRNA expression 
levels following treatment with TGF-β1 and Ca2+ by RT-qPCR 
analysis suggested that levels began to increase at 12 h following 
co-culture and continued to increase up until 48 h. At 48 h, 
BMP2 mRNA expression levels were significantly higher than 
those induced by TGF-β1 or Ca2+ stimulation alone (P<0.01). 
Of note, an analogous trend was observed in PRECs following 
incubation with TGF-β1 + Ca2+ (Fig. 5B). Furthermore, the 
results demonstrated that BMP2 mRNA levels stimulated by 
TGF-β1 + Ca2+ treatment were significantly increased compared 
with those in PRECs treated with TGF-β1 (P<0.05) or Ca2+ 
(P<0.01) alone at 48 h. Furthermore, a significant difference 
was observed in BMP2 expression levels in PRECs induced by 
treatment with TGF-β1 and Ca2+ alone (P<0.05).

Discussion

The results of the present study indicated that TGF-β1 and 
Ca2+ had a synergistic effect on the differentiation of PRECs 

Figure 2. Basal levels of bone-associated factors BMP2, OPN and VDR 
were detected in PRECs and HK-2 cells. Expression levels were determined 
by (A) reverse transcription quantitative polymerase chain reaction and 
(B) western blot analysis. The expression levels of BMP2, OPN and VDR in 
PERCs were significantly higher than those in HK-2 cells. Expression levels 
of housekeeping gene GAPDH were determined to ensure equal loading. 
Values are expressed as the mean ± standard deviation (n=3). *P<0.05 vs. 
HK-2 cells. BMP2, bone morphogenetic protein 2; OPN, osteopontin; VDR, 
1,25-dihydroxyvitamin D3 receptor; PRECs, primary renal epithelial cells; 
mRNA, messenger RNA.
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Figure 3. Bone-associated factors were detected using reverse transcription quantitative polymerase chain reaction in PRECs and HK-2 cell lines fol-
lowing incubation with TGF-β1 or Ca2+ alone for 48 h. (A) mRNA expression levels of BMP2 in PRECs increased in a dose-dependent manner following 
incubation with TGF-β1 at various concentrations. BMP2 mRNA expression levels were significantly higher following incubation with TGF-β1 at 2.0 
and 5.0 ng/ml than those prior to treatment. No significant differences were detected in HK-2 cells following identical treatment with TGF-β1. (B) OPN 
and (C) VDR mRNA expression levels in PRECs treated with TGF-β1 also increased in a dose-dependent manner. OPN and VDR expression levels were 
statistically different at concentrations of 2.0 and 5.0 ng/ml compared with those in PRECs prior to treatment. (D) When the dose of Ca2+ was increased 
from 0.5 to 2.5 mM, the gene expression profile of BMP2 increased, and this increase was statistically significant at 2.5 mM. An analagous effect was 
observed in the expression profiles of (E) OPN and (F) VDR. Furthermore, the increase in VDR mRNA expression caused by Ca2+ treatment at 2.5 mM 
was significantly greater than that at 1.5 mM. Values are expressed as the mean ± standard deviation. *P<0.05, **P<0.01 vs. untreated cells. TGF-β1, 
transforming growth factor-β1; BMP2, bone morphogenetic protein 2; OPN, osteopontin; VDR, 1,25-dihydroxyvitamin D3 receptor; PRECs, primary renal 
epithelial cells; mRNA, messenger RNA.

Figure 4. Effects of combined stimulation with TGF-β1 and Ca2+ on bone-associated factor expression in HK-2 cells and PRECs. mRNA expression levels of 
(A) BMP2, (B) OPN and (C) VDR in HK-2 and PRECs following incubation with TGF-β1 (5.0 ng/ml) and Ca2+ (2.5 mM), in combination, were significantly 
higher than those in the control group. VDR mRNA expression levels following co-incubation with TGF-β1 and Ca2+ were significantly different between 
HK-2 cells and PRECs. Values are expressed as the mean ± standard deviation. **P<0.01 vs. control group. (D) Representative gel from three independent 
experiments. TGF-β1, transforming growth factor-β1; BMP2, bone morphogenetic protein 2; OPN, osteopontin; VDR, 1,25-dihydroxyvitamin D3 receptor; 
PRECs, primary renal epithelial cells; mRNA, messenger RNA.
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and HK-2 cell lines, and regulated the mRNA and protein 
expression levels of bone- and nephrolithiasis-associated 
factors BMP2, OPN and VDR. In addition, expression 
levels of these factors were significantly increased following 
stimulation with TGF-β1 and Ca2+ alone in PRECs, but not 
in HK-2 cells. Furthermore, serum TGF-β1, BMP2 and 
OPN levels were significantly upregulated in patients with 
renal stones compared with those in healthy controls. The 
mechanism underlying these changes may be associated with 
TGF-β-induced EMT and Ca2+-linked ion channel activation 
for differentiation of renal epithelial cells. It was therefore 
hypothesized that this process may be a vital physiological 
and pathological mechanism underlying renal stone formation 
in IH.

TGF-βs are multifunctional growth factors which partici-
pate in numerous pathophysiological processes, including cell 
differentiation, proliferation, embryonic development, wound 
healing, extracellular matrix (ECM) formation, development 
of the immune and nervous systems, conferment of immu-
nity and tumorigenesis (11-13). Amongst mammals, the most 
abundant form of TGF-β is TGF-β1, which is synthesized 
by multiple cells, including all types of kidney cell, and is 
secreted as a latent precursor complexed with TGF-β-binding 
proteins (14). Stimulation of TGF-β receptors in the cell 
membrane induces the activation of intracellular signaling 
pathways, which modulate numerous developmental, physi-
ological and pathological processes, including renal fibrosis 
and podocyte injury, which influence renal glomerular 

filtration barrier function. The TGF-β membrane receptor 
complex is made up of proteins from two families which 
have serine/threonine kinase activity: Type II (TβRII) (13) 
and type I (TβRI) receptors, which include activin-like 
kinase receptors. TGF-β binds to TβRII, which recruits 
TβRI to form a receptor complex, which is subsequently 
phosphorylated and activates multiple intracellular signaling 
cascades, including Smad2/3. Smad2/3 heterotrimerizes with 
co-activator Smad4, resulting in nuclear translocation of the 
complex, which subsequently induces the transcription of 
TGF-β-responsive genes via the activation of Smad-binding 
elements on their promoters (15). TGF-β1 additionally recruits 
non-Smad pathways in order to activate mitogen-activated 
protein kinases, including Wnt/β-catenin. These effectors 
modulate the expression of specific target genes, which may 
be involved in physiological or kidney disease-associated 
events, including cellular growth, differentiation, apoptosis, 
ECM deposition and EMT (16). Previous studies have also 
revealed that TGF-β1 is a pivotal signaling molecule in the 
Wnt pathway. Of note, the canonical Wnt/β-catenin signaling 
pathway was found to be involved in mediating the EMT and 
TGF-β1-mediated fibrosis (17‑19). Activation of canonical 
Wnt signaling with a Wnt ligand was found to be triggered 
by TGF-β1-induced upregulation of mesenchymal marker 
genes, including Zeb1, Snail1 and αSMA, in renal epithelial 
cells, whereas inhibition of the TGF-β1 pathway alleviated 
the severity of progressive renal fibrosis and EMT (20). 
This effect was also investigated in asthmatic bronchial 
epithelial cells, which were induced by treatment with a 
combination of interleukin-22 and TGF-β1 (21). A previous 
study also revealed that Wnt signaling prevented proteolytic 
processing of β-catenin by the proteasome, resulting in 
β-catenin accumulation in the cytoplasm and interaction 
with T-cell factor/lymphoid enhancer-binding factor proteins 
to regulate gene and protein expression (22). Furthermore, 
Hill et al (23) observed that the BMP and Wnt signaling 
pathways tightly regulate each other. Activation of the Wnt 
signaling pathway induces the expression of members of the 
BMP family, including BMP2, BMP4, and BMP7, as well as 
increasing the expression of BMP target genes, for example 
Msh homeobox 2 (Msx2) and gremlin, in the mesenchyme, 
a process which also occurs during osteoblast differentiation 
and bone formation (24). In brief, downstream genes were 
activated by TGF-β1 via the Wnt signaling pathway. At 
present, the BMP2 signaling pathway is known to include 
BMP2, Runt-related transcription factor 2 (Runx2), Msx and 
Osterix. BMP2, which belongs to the TGF-β superfamily, is a 
critical mediator of osteogenesis physiology, due to its ability 
to upregulate Msx2 and Runx2, which are key regulators 
of osteoblastic differentiation (25). A previous study by our 
group indicated that the upregulation of 1,25-dihydroxyvi-
tamin D3 induced an increase in the expression of BMP2, 
Runx2 and Osterix in PRECs (26). In addition, it was also 
found that bone-associated factors, including BMP2, Runx2, 
Osterix and OPN, had an important role in renal stone forma-
tion in IH (data not shown). Furthermore, VDR knockdown 
reduced the expression levels of BMP2, Runx2, Osterix and 
OPN, as well as decreasing the tubular calcium phosphate 
deposits in the genetic hypercalciuric rat model of IH (26). It 
was therefore postulated that TGF-β1 was a crucial factor in 

Figure 5. Time-dependent fold-change in BMP2 mRNA expression levels 
in HK-2 cells and PRECs following TGF-β1 and/or Ca2+ stimulation. 
(A) Following co-culture with TGF-β1 (5.0 ng/ml) and Ca2+ (2.5 mM), 
BMP2 mRNA expression levels in HK-2 cells increased in a time-dependent 
manner and were significantly higher than those following TGF-β1 or Ca2+ 
stimulation alone at 24 and 48 h (**P<0.01). (B) A similar trend was observed 
in PRECs following incubation with TGF-β1 + Ca2+. In addition, levels of 
BMP2 stimulated by TGF-β1 + Ca2+ were significantly increased compared 
with those following TGF-β1 (P<0.05) or Ca2+ (P<0.01) stimulation alone at 
48 h. A significant difference was also observed between expression levels 
induced by treatment with TGF-β1 and Ca2+ alone (*P<0.05). Values are 
expressed as the mean ± standard deviation.TGF-β1, transforming growth 
factor-β1; BMP2, bone morphogenetic protein 2; primary renal epithelial 
cells; mRNA, messenger RNA.



MOLECULAR MEDICINE REPORTS  11:  2199-2206,  2015 2205

urolithiasis formation in patients with IH, and that upregula-
tion of TGF-β1 may increase the expression of markers of 
osteoblastic cells in PRECs and renal tissue from patients 
with IH. The results of the present study indicated that 
the mRNA expression levels of BMP2, OPN and VDR in 
PRECs increased in a dose-dependent manner following 
incubation with TGF-β1. The expression levels of BMP2, 
OPN and VDR in PRECs, which were treated with TGF-β at 
doses of 2.0-5.0 ng/ml, were significantly higher than those 
in PRECs prior to treatment. It was also demonstrated that 
TGF-β expression levels were significantly higher in patients 
with IH than those in the NC and nIH groups. These results 
confirmed our prior hypothesis stating the essentiality of 
TGF-β-induced differentiation of renal epithelial cells in 
urolithiasis formation.

Hypercalciuria is the most common abnormality identi-
fied amongst calcium stone formers (27). However, the role 
of hypercalciuria in stone formation remains to be elucidated. 
High urinary calcium concentrations lead to increased satu-
ration of urinary calcium salts and inhibitory activity via 
complexion with negatively charged inhibitors, including 
citrate and chondroitin sulfate (4). The intracellular concentra-
tion of calcium has been shown to be an important regulator 
of gene expression patterns during numerous cellular physi-
ological development processes (28). An association between 
extracellular calcium stimulation and vascular calcification 
has emerged and studies have revealed that increasing calcium 
concentration to levels observed in hypercalcemic individuals 
increased the mineralization of human smooth muscle cell 
cultures at normal phosphorus levels (29,30). Furthermore, 
examination of calcified vessels in humans and animals 
revealed the expression of BMP2, OPN, VDR and osteoblast 
transcription factors, including Runx2/Cbfa1, Osterix and 
Msx2, which suggested that calcium has an essential role in 
ectopic calcification (25). The effects of calcium on cells may 
be mediated through multiple receptors. Chang et al (31) inves-
tigated the hypothesis that extracellular calcium may enhance 
terminal differentiation and mineralization of osteoblast 
precursor cells via a calcium receptor-sensitive mechanism. 
Similarly, L-type calcium channels have been implicated in 
the calcium-mediated regulation of osteoblastic differentia-
tion (24). In the present study, levels of BMP2, OPN, VDR in 
PRECs of the IH group were found to exhibit a consistent and 
dose-dependent response to Ca2+ stimulation alone. These 
results suggested that Ca2+ may be closely associated with 
ectopic calcification in calcium stone formation in patients 
with IH, and it was concluded that Ca2+ may promote the 
cellular differentiation of PRECs and enhance TGF-β-induced 
EMT. However, the mechanisms underlying the cross-talk 
between TGF-β1 and calcium in PRECs in the nephron remain 
to be elucidated. 

In conclusion, the present study demonstrated that TGF-β1 
regulated the expression of BMP2, OPN and VDR in PRECs, 
but not in HK-2 cells. Furthermore, co-incubation with 
TGF-β1 and Ca2+ significantly increased the expression levels 
of bone-associated factors in PRECs and HK-2 cells. Further 
studies are required in order to elucidate the specific mecha-
nism underlying the association between Ca2+-stimulated and 
TGF-β1-induced EMT and the process of cell differentiation 
in hypercalciuria. Furthermore, the present study supplied 

experimental evidence that the pathogenesis of calcium stone 
development is associated with bone formation.
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