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Original Article 

Cinacalcet attenuated bone loss via inhibiting parathyroid 
hormone-induced endothelial-to-adipocyte transition in chronic 
kidney disease rats
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Background: Recently, cinacalcet (CINA) has been shown to be effective for attenuating bone loss in the 
treatment of secondary hyperparathyroidism (SHPT) in patients with chronic kidney disease (CKD), which 
might be associated with the reduction in serum parathyroid hormone (PTH) levels. However, the exact 
mechanism is largely unclear. Emerging studies have revealed that an increased number of bone marrow 
adipocytes (BMAs) are involved in bone loss and the endothelial-to-adipocyte transition via the endothelial-
to-mesenchymal transition (EndMT) might play a key role in this pathological process. Here, we assessed 
whether CINA could attenuate bone loss via inhibiting endothelial-to-adipocyte transition in CKD rats.
Methods: A rat model of CKD was induced by adenine and a high phosphorus diet. CINA was orally 
administrated to CKD animals (10 mg/kg once a day). Dual energy X-ray absorptiometry, micro-computed 
tomography, bone histomorphometry, and bone mechanical tests were used to determine the skeletal 
changes. The bone marrow expression of EndMT markers was also examined. The effect of elevated PTH 
levels on the endothelial-to-adipocyte transition was studied in endothelial cells (ECs).
Results: Elevation of serum PTH levels, remarkable bone loss and increased numbers of BMAs were 
observed in rats with CKD compared with the controls, and these changes were attenuated after treatment 
with CINA. Furthermore, the CINA treatment abolished the upregulation of mesenchymal markers 
(FSP1 and α-SMA) and the downregulation of an endothelial marker (CD31) in bone tissues from rats 
with CKD. The serum PTH concentrations were correlated with the bone marrow protein levels of these 
EndMT-related proteins. An in vitro treatment in ECs demonstrated that PTH induced the EndMT in 
a concentration- and time-dependent manner. Accordingly, ECs treated with PTH exhibited adipogenic 
potential following growth in adipogenic culture medium.
Conclusions: Our study indicated CINA treatment attenuated bone loss in CKD rats, which might be 
associated with inhibiting PTH-induced endothelial-to-adipocyte transition in CKD rats.
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Introduction

Bone loss is a common complication of chronic kidney 
disease (CKD) (1). The prevalence and risk of fractures are 
considerably increased in patients with CKD compared 
with healthy individuals (2). In particular, compared with 
the general population, patients on dialysis exhibit an 
approximately 4.4- to 14-fold increased risk of hip fractures 
(3,4). Cinacalcet (CINA), a calcimimetic agent that acts 
directly at the calcium-sensing receptor in the parathyroid 
gland to reduce parathyroid hormone (PTH) secretion, 
has been widely used for secondary hyperparathyroidism 
(SHPT) in patients with CKD (5). Recently evidence 
indicated that CINA therapy improved bone health by 
improving bone histology and reducing the incidence 
of fractures (6,7). However, the mechanism study of the 
skeletal effects about CINA is still unclear.

Tradit ional ly,  CKD-associated osteoporosis  i s 
usually caused by a variety of factors, including uremic 
toxins, vitamin D deficiency, electrolyte and acid-base 
disorders, medications, dialysis, anemia, inflammation 
and hypogonadism (8). Recently, the importance of 
bone marrow adipocytes (BMAs) in CKD-related bone 
loss has been increasingly appreciated (9). Anatomically, 
BMAs comprise approximately 70% of the bone marrow, 
accounting for 1.35 kg in weight or 8% of the total fat 
mass, with BMAs more predominantly observed in the 
appendicular skeleton than axial skeleton (10). Increased 
BMAs could decrease osteoblast differentiation and increase 
osteoclast formation (11,12). Adipocytes exerted a toxic 
effect on osteoblasts through the secretion of fatty acids, 
and inhibition of fatty acid synthase in ovariectomized mice 
could rescue fat-induced osteoblasts death and toxicity (13). 
These findings indicate that the accumulation of BMAs 
potentially underlies the progression of osteoporosis in 
subjects with CKD.

During the past decade, mesenchymal stem cells (MSCs) 
were considered the major precursors of BMAs (14)  
and contribute to subsequent bone loss. Recently, 
endothelial cells (ECs) were reported to participate in 
adipogenesis through a process known as the endothelial-
to-mesenchymal transition (EndMT) (15,16). The EndMT 
is defined by the loss of cellular adhesion and cytoskeletal 
reorganization of actin and intermediate filaments that 

converts apical-basal polarity to front end-back end 
polarity and forms spindle-shaped cells (17). Numerous 
autocrine or paracrine signaling molecules produced 
by inflammation, tissue injury and cancer stimulate the 
EndMT (18). Transforming growth factor-β (TGF-β) and 
bone morphogenetic protein (BMP) are the most common 
inducers of the EndMT (19). Medici et al. (15) treated 
ECs with TGF-β or BMP-4 and observed their growth 
in adipogenic culture medium for a week. The authors 
found that ECs that underwent the EndMT acquired an 
MSC phenotype and then differentiated into adipocytes. 
As shown in the study by Huang et al. (20), endocardial-
derived cushion MSCs migrate into the myocardium and 
differentiate into adipocytes during cardiac development 
and regeneration. Tran et al. (21) showed an endothelial 
origin of adipocytes in adipose tissue expansion. However, 
the physiological signals that determine adipocyte and EC 
fates remain unclear. Overall, the conversion of ECs to 
adipocytes might represent a novel approach to treat bone 
loss in patients with CKD.

Elevation of serum PTH levels is common in patients 
with CKD and SHPT (22) .  Hyperphosphatemia, 
hypovitaminosis D and hypocalcemia occurred, and 
fibroblast growth factor 23 levels increased as renal function 
declined, which stimulated PTH synthesis and resulted in 
parathyroid hyperplasia (23). PTH plays very important role 
in bone and mineral metabolism. Continuous exposure to 
high levels of PTH is associated with an increased incidence 
of bone fractures, and removal of the parathyroid glands 
from patients with CKD and SHPT significantly decreased 
bone resorption (24). Elevated PTH levels increased 
the expression of monocyte chemoattractantprotein-1 
and the receptor activator of nuclear factor-κB ligand/
osteoprotegerin (RANKL/OPG) ratio, which regulated 
bone resorption (25). However, the underlying mechanism 
of PTH mediated skeletal abnormalities remains largely 
unclear. Our preliminary in vivo and in vitro experiments 
revealed that increased PTH levels could cause the 
EndMT and the acquisition of a multipotent stem cell-
like phenotype in ECs (26,27). However, researchers have 
not clearly determined whether the PTH-induced EndMT 
subsequently leads to the production of adipocytes.

In this study, we assessed whether CINA could attenuate 
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bone loss via inhibiting endothelial-to-adipocyte transition 
in CKD rats, which might provide a new mechanism for 
treating bone loss in patients with CKD.

Methods

Animals

The Institutional Animal Care and Use Committee of 
Southeast University (Nanjing, China) authorized our 
study. Eight-week-old male Sprague Dawley rats (Animal 
Laboratory of Nantong University, China) were randomly 
assigned to three groups: control group (CTL), CKD group, 
and CINA treated CKD group (CKD + CINA). Ten animals 
were included in each group. Our rat models of CKD with 
SHPT were induced by diets containing 0.75% adenine and 
high phosphorus (1.5%), as previously described (28). CINA 
(Kirin Pharmaceutical Company, USA), a calcimimetic 
agent that has been widely used to reduce PTH secretion 
in patients with CKD, was orally administrated once daily  
(10 mg/kg) for 34 weeks (29). Blood samples were collected 
to assess biochemical parameters, and tibia and femur 
samples were used for histology.

Serum biochemistry

Blood urea nitrogen, serum creatinine, phosphate and 
total calcium levels were measured using a UV-5100 
spectrophotometer and semiautomatic biochemical 
analyzer (ECA-2000A). Serum PTH concentrations were 
determined using an ELISA (MEIMIAN). The coefficient 
of variation was <10%. The interval between the test time 
and blood collection time was <1 week. Repeated freeze-
thaw cycles were avoided.

Dual-energy X-ray absorptiometry (DEXA)

A bone mineral DEXA analyzer of (HOLOGIC QDR 
series, America) was used to determine the bone mineral 
density (BMD) of femurs and lumbar vertebrae in each 
group at the Southeast University-affiliated Zhongda 
Hospital before the animals were sacrificed.

Micro-computed tomography (micro-CT)

Using micro-CT (SkyScan 1176, Germany), the trabecular 
bone volume (BV/TV, %) and architecture (trabecular 
thickness, spacing, and number) were determined from 

trabecular bone isolated from the metaphysis of the 
distal femur and the fourth lumbar vertebral body (L4). 
In addition, the tests were performed before the animals 
were sacrificed. Cortical bone geometry (cortical thickness 
and area) was determined from the femoral midshaft. 
Here, an 18-μm resolution was chosen to scan all animals 
under minimal anesthesia to avoid artifacts due to animal 
movements. The resulting images were reconstructed using 
the SkyScan software NRecon. The data were analyzed 
using CtAnalyser (SkyScan software). Three-dimensional 
images were obtained using CtVox (SkyScan software). 
The micro-CT parameters were reported according to the 
international guidelines (30).

Bone mechanics

The material properties and structural mechanical 
properties of the fifth lumbar vertebra (L5) were obtained 
by performing a uniaxial compression testing (Instron 5943, 
America). Samples were loaded at a rate of 0.5 mm/min  
to construct a force-displacement curve, and structural 
mechanical properties were obtained from these curves as 
previously described (31).

H&E staining

For H&E staining, bone tissues were fixed with 10% 
neutral buffered formalin, decalcified in 10% (w/v) 
ethylenediamine tetraacetic acid (EDTA) and embedded 
in paraffin. Sections were stained with H&E after 
deparaffinization and rehydration. Stained sections were 
mounted and histopathological changes were observed by 
one experienced pathologist using light microscope (32). 
The number of BMAs (#/mm2) was calculated using the 
Image-Pro Plus analysis software, n=3 for each group.

Oil red O staining

The femurs were collected, and fixed with 4% (w/v) 
paraformaldehyde, decalcified in 10% (w/v) EDTA, and 
then embedded. Sections were mounted on slides and 
stained with oil red O. Stained sections were mounted 
and observed for histopathological changes and adipocyte 
measurements were observed under a light microscope. The 
number of BMAs per high power field was calculated in 
three randomly selected areas of sections using the Image-
Pro Plus image analysis software, n=3 for each group.

Oil red O staining in cells was performed as described 
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in a previous study (33). Briefly, samples were fixed with 
4% paraformaldehyde for 20 minutes and then stained with 
oil red O for 10 minutes. The red-colored intracellular 
lipid vesicles stained with oil red O were observed under 
a microscope, and lipid accumulations were quantified by 
measuring the absorbance at 500 nm.

Immunofluorescence staining

Paraffin sections or cells were plated in confocal dishes 
were fixed with 4% paraformaldehyde for 20 minutes, 
permeabilized with 0.25% Triton X-100 for 15 minutes, 
and blocked with 10% BSA in phosphate-buffered saline 
(PBS) for 1 hour at room temperature. Samples were then 
immunostained with primary antibodies against CD31 (sc-
376764 from Santa Cruz, 1:300 dilution; ab-28364 from 
Abcam, 1:300 dilution), FSP1 (ab-197896, Abcam, 1:250 
dilution), α-SMA (ab-7817, Abcam, 1:250 dilution) or CD44 
(ab-157107, Abcam, 1:250 dilution) at 4 ℃ overnight. After 
an incubation with the secondary antibodies for 1 hour in 
the dark at room temperature, images were captured using a 
laser scanning confocal microscope (FV1000, Olympus).

Cell culture

Primary human aortic ECs were purchased from ScienCell 
Research Laboratories (catalog number: 6100, USA) and 
cultured as previously described (34). All experiments 
were performed using cells at passages 3 to 5. Cells were 
cultured in the presence of PTH (P3796, Sigma, USA, 
10−7 mol/L) for 48 hours to identify the effects of PTH 
on the phenotypic transition and differentiation capability 
of ECs that undergo the EndMT,. Then, the ECs 
culture medium was replaced with the MSC adipogenic 
differentiation medium (catalog number: 7541, ScienCell 
Research Laboratories, USA) containing MSC adipogenic 
differentiation supplement (catalog number: 7542, 
ScienCell Research Laboratories, USA) for 7 days.

Transmission electron microscopy (TEM)

TEM was performed using to a routine fixation and 
embedding procedure to examine the ultrastructural 
changes of ECs (34).  Cells  were f ixed with 2.5% 
glutaraldehyde. Tissues were embedded in Durcupan resin 
after fixation and dehydration. Then, sections were cut on 
a microtome, placed on copper grids, stained with uranyl 

acetate and lead citrate, and finally examined using a TEM 
(JEM-1010, JEOL, Japan) at the Electron Microscopy Core 
Facility.

Western blot analysis

Protein levels were detected using western blot analyses 
as described in a previous study (35). Briefly, the bone 
tissues and ECs were completely homogenized in 
radio immunoprecipitation assay (RIPA) lysis buffer, 
ultrasonically lysed and centrifuged. Finally, we collected 
the supernatant and placed it in separate Eppendorf tubes. 
Equal amounts of protein obtained from each lysate were 
separated onBis-Tris gels and transferred to polyvinylidene 
fluoride (PVDF) membranes. PVDF membranes were 
incubated overnight with primary antibodies against CD31 
(sc-376764, Santa Cruz, 1:1,000 dilution), FSP1 (ab-
197896, Abcam, dilution), α-SMA (ab-7817, Abcam, 1:1,000 
dilution), CD10 (NBP2-15771, Novus Biologicals, 1:1,000 
dilution), CD44 (ab-157107, Abcam, 1:1,000 dilution), 
C/EBP-α (sc-365318, Santa Cruz, 1:1,000 dilution), or 
PPAR-γ (ab-209350, Abcam, 1:1,000 dilution) followed 
by horseradish peroxidase-labeled secondary IgG (Santa 
Cruz). Signals were detected using an advanced ECL 
system (GE Healthcare). GAPDH (GB12002, Servicebio, 
1:300 dilution) was used as internal standard. Finally, the 
immunoreactive bands were determined using densitometry 
with Image J software (NIH, Bethesda, USA).

Cell viability assay

Cell proliferation was determined using the CCK8 assay. 
Cells in the logarithmic phase growing in 96-well plates 
were analyzed. Each sample was plated on three plates, with 
three replicates per plate. The plates were cultured with 0, 
10−11, 10−9, 10−7 mol/L PTH for 48 hours at 37 ℃ in a 5% 
CO2 incubator. Then, the cells were incubated with 10 μL 
of CCK8 solution for 2 hours. The absorbance of each well 
was measured using a microplate reader (Multiskan GO 
1510, Thermo Fisher) at 450 nm.

Statistical analyses

The data are presented as the mean ± standard deviation 
(SD) and were analyzed using one-way analysis of the 
variance (ANOVA) with SPSS version 21.0. The data were 
considered significant when P<0.05.

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/vesicle-biology-and-chemistry
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Results

Blood biochemical parameters of animals

As shown in Figure 1, animals with CKD had higher serum 
levels of creatinine (462.82±91.29 μmol/L) and blood urea 
nitrogen levels (73.08±11.87 mmol/L) than the control 
animals (serum creatinine, 42.75±9.48 μmol/L; blood urea 
nitrogen, 7.78±0.94 mmol/L), indicating the presence 
of renal dysfunction; serum levels of PTH (542.94± 
98.51 pg/mL), phosphorus (3.69±0.16 mmol/L) andcalcium 
× phosphorus product (8.40±0.90 mmol2/L2) were all 
significantly higher in the rats with CKD than in their 
normal counterparts (CTL group: PTH75.90±12.10 pg/mL;  
phosphorus 2.72±0.16 mmol/L; calcium × phosphorus 
product6.87±1.00 mmol2/L2), while calcium levels decreased 
(2.28±0.25 vs. 2.52±0.26 mmol/L). CINA, a calcimimetic 
agent that is widely used to reduce PTH secretion, was 
administered to the CKD rats. CINA-treated animals 
presented lower levels of PTH (398.15±72.92 pg/mL), 
phosphorus (3.22±0.31 mmol/L), and calcium × phosphorus 
product (7.03±0.64 mmol2/L2) than their untreated CKD 
counterparts, although no significant changes in serum 
creatinine, blood urea nitrogen and calcium levels were 
observed.

CINA treatment attenuated bone loss in rats with CKD

Next, we study the effects of CINA on skeleton in CKD 
rats. The skeletal system was investigated using DEXA 
scanning, micro-CT analysis, bone mechanical analysis and 
bone histology (H&E staining).

As shown in Figure 2A, BMD, as determined using 
DEXA scanning, was significantly decreased in the CKD 
group compared to the CTL group (femur 0.22±0.02 vs. 
0.26±0.02 g/cm2; vertebra: 0.29±0.03 vs. 0.36±0.04 g/cm2), 
and the change was alleviated by treatment with CINA 
(CKD+CINA group: femur 0.24±0.02 g/cm2; vertebra 
0.33±0.01 g/cm2).

The femur and lumbar bone parameters measured 
using micro-CT are presented in Table 1 and Figure 2B. In 
the distal femur, the BV/TV (29.39%±5.13%), trabecular 
thickness (Tb.Th, 0.10±0.01 mm), and trabecular number 
(Tb.N, 2.91±0.40 1/mm) were reduced, while trabecular 
separation (Tb.Sp, 0.18±0.02 mm) increased in the CKD 
group compared with the control group (CTL group: BV/
TV 44.25%±1.00%; Tb.Th 0.12±0.02 mm; Tb.N 3.58± 
0.73 1/mm; Tb.Sp 0.15±0.03 mm). The CINA treatment 
tended to increase the BV/TV (36.43%±2.71%) and Tb.N 
(3.53±0.29 1/mm) and decrease Tb.Sp (0.15±0.02 mm) in 
the CKD rats. In the femoral diaphysis, the cortical area 

Figure 1 Analysis of (A) serum creatinine, (B) blood urea nitrogen, (C) P, (D) P× Ca product, (E) Ca and (F) PTH levels in the study groups. 
The data are expressed as the mean ± SD. n=10 for each group. *, P<0.05 vs. the CTL group; #, P<0.05 vs. the CKD group. CTL, control; 
CKD, chronic kidney disease; CINA, cinacalcet; PTH, parathyroid hormone; SD, standard deviation.
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(Ct.Ar, 4.64±1.57 mm2) and cortical thickness (Ct.Th, 
0.46±0.17 mm) were lower in the CKD group than in the 
control group (CTL group: Ct.Ar 6.34±1.46 mm2; Ct.Th 
0.65±0.14 mm), and the CINA treatment improved these 
parameters (Ct.Ar, 6.34±1.90 mm2; Ct.Th, 0.61±0.19 mm). 
In the lumbar vertebra, the BV/TV (16.275%±2.21%), 
Tb.Th (0.053±0.005 mm) and Tb.N (3.00±0.29 1/mm) 
were reduced in the CKD group compared with the 
control group (CTL group: BV/TV 22.70%±2.43%, 
Tb.Th 0.059±0.002 mm and Tb.N 3.85±0.46 1/mm). 
Treatment with CINA tended to increase the BV/TV 
(18.466%±2.16%) and Tb.N (3.37±0.36 1/mm). In addition, 

a lower Ct.Th (0.10±0.01 mm) was observed in the CKD 
group than in the control group (Ct.Th 0.13±0.01 mm), 
and the CINA treatment did not change this parameter.

Vertebral compression test revealed that CKD rats 
exhibited reductions in the ultimate force (251.26±17.46 N),  
work to failure (52.47±10.98 mJ), stiffness (502.20± 
102.75 N/mm) and elastic modulus (337.63±152.49 MPa) 
compared with the normal animals (CTL group: ultimate 
force 307.62±55.75 N, work to failure 112.40±31.82 mJ,  
stiffness 962.85±49.38 N/mm and elastic modulus 
652.72±103.49 MPa). The CINA treatment increased 
stiffness (737.09±84.39 N/mm) when compared with that of 

Figure 2 CINA treatment attenuates bone loss in the study group. (A) Analysis of the BMD of the left femur and lumbar vertebra in the 
study groups using dual-energy X-ray absorptiometry in the study group. The data are expressed as the mean ± SD. n=10 for each group.  
*, P<0.05 vs. the CTL group; #, P<0.05 vs. the CKD group. (B) Representative micro-computed tomography images of the distal femur, 
femoral diaphysis, and lumbar vertebra. The volume of the trabecular and cortical bone was significantly reduced in the CKD group, and 
the CINA treatment attenuated those changes. BMD, bone mineral density; CTL, control; CKD, chronic kidney disease; CINA, cinacalcet; 
SD, standard deviation.
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rats in the CKD group (Table 2).
Histopathological investigation of the rat tibia bone 

sections revealed a well-formed and connected bone 
with normal thickness and density in rats in the CTL 
group. Tibia bones from the CKD group exhibited widely 
separated and uniform thinning of the trabeculae, resulting 
in osteoporosis. The CINA treatment resulted in a slight 

thinning of bone trabeculae, improving osteoporosis in 
CKD rats (Figure 3A).

CINA treatment decreased the number of BMAs in rats 
with CKD

We further detected BMA infiltration in the study groups. 

Table 1 Micro-CT

Parameter CTL (n=10) CKD (n=10) CKD + CINA (n=10)

Distal femur

BV/TV (%) 44.25±1.00 29.39±5.13* 36.43±2.71*#

Tb.Th (mm) 0.12±0.02 0.10±0.01* 0.10±0.01*

Tb.N (1/mm) 3.58±0.73 2.91±0.40* 3.53±0.29#

Tb.Sp (mm) 0.15±0.03 0.18±0.02* 0.15±0.02#

Femoral diaphysis

Ct.Ar (mm2) 6.34±1.46 4.64±1.57* 6.34±1.90#

Ct.Th (mm) 0.65±0.14 0.46±0.17* 0.61±0.19#

Lumbar vertebra

BV/TV (%) 22.70±2.43 16.275±2.21* 18.466±2.16*#

Tb.Th (mm) 0.059±0.002 0.053±0.005* 0.055±0.004*

Tb.N (1/mm) 3.85±0.46 3.00±0.29* 3.37±0.36*#

Tb.Sp (mm) 0.14±0.02 0.15±00.02 0.15±0.02

Ct.Th (mm) 0.13±0.01 0.10±0.01* 0.10±0.02*

The results are presented as the means ± SD (n=10 for each group). *, P<0.05 vs. the CTL group; #, P<0.05 vs. the CKD group. BV/TV, 

bone volume fraction; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.N, trabecular number; Ct.Ar, cortical area; Ct.Th, 
cortical thickness; CTL, control; CKD, chronic kidney disease; CINA, cinacalcet.

Table 2 bone mechanics

Parameter CTL (n=5) CKD (n=5) CKD + CINA (n=5)

Ultimate force (N) 307.62±55.75 251.26±17.46* 268.30±25.41*

Displacement (mm) 0.72±0.17 0.72±0.13 0.71±0.11

Work to failure (mJ) 112.40±31.82 52.47±10.98* 49.56±10.05*

Stiffness (N/mm) 962.85±49.38 502.20±102.75* 737.09±84.39*#

Maximum stress (MPa) 36.63±8.91 36.50±15.10 39.07±8.56

Maximum strain (MPa) 0.13±0.02 0.13±0.04 0.13±0.01

Toughness (MPa) 2.17±0.66 1.89±0.53 2.20±0.53

Elastic modulus (MPa) 652.72±103.49 337.63±152.49* 356.29±116.80*

The data are expressed as the means ± SD. n=5 for each group. *, P<0.05 vs. the CTL group; #, P<0.05 vs. the CKD group. CTL, control; 

CKD, chronic kidney disease; CINA, cinacalcet.
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Adipogenesis was increased in CKD compared with the 
controls. This change was reversed by the CINA treatment 
(Figure 3A,B,C,D). In addition, the bone marrow protein 

levels of adipocyte markers proteins (PPAR-γ and C/EBP-α) 
were increased in CKD animals, and these values were 
reduced by the CINA treatment (Figure 3E,F,G).

Figure 3 CINA treatment decreases BMAs in CKD rats. (A) Images of H&E staining in the tibia sections from the study groups. Scale 
bar, 500 μm; (B) adipocyte counts per mm2 in tibial bone marrow sections; (C) oil red O staining of the femur in the study group. Scale bar, 
100 μm; (D) adipocyte counts per HPF in femoral bone marrow sections; (E) western blot analysis showing the levels of adipocyte markers 
proteins (PPAR-γ, C/EBP-α) in the different groups of rats, as indicated; (F,G) statistical analysis of the western blot results for the levels of 
the PPAR-γ and C/EBP-α proteins. The data are presented as the mean ± SD. n=3 for each group. *, P<0.05 vs. the CTL group; #, P<0.05 vs. 
the CKD group. HPF, high-power field; CTL, control; CKD, chronic kidney disease; CINA, cinacalcet; BMA, bone marrow adipocyte; SD, 
standard deviation.
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CINA treatment inhibited bone marrow EndMT in rats 
with CKD

As determined by using western blot analyses (Figure 4A,B), 
levels of the endothelial marker CD31 was significantly 
decreased in bone marrow of CKD rats, whereas the 
expression levels of mesenchymal markers (FSP1 and 
α-SMA) and MSC markers (CD10 and CD44) were 
markedly increased. These changes were inhibited by the 
CINA treatment. In addition, confocal microscopy revealed 
an increased colocalization of CD31 and FSP1, as well as 
CD31 and CD44, in bone marrow from the CKD group 
compared with controls (Figure 4C, white arrows). The 
administration of CINA abrogated these changes.

Serum PTH levels correlated with EndMT marker 
expression

As shown in Figure 5, a significant negative correlation was 
observed between serum PTH levels and bone marrow 
levels of the CD31 protein levels (r=−0.87, P<0.01) in 
different group. In addition, FSP1 and α-SMA expression 
positively correlated with serum PTH levels (r=0.85, 
P<0.01, for FSP1; r=0.82, P<0.01, for α-SMA). The results 
from these in vivo studies indicated an important role for 
serum PTH levels in the bone marrow EndMT.

PTH triggered the EndMT in cultured ECs

We performed  in vitro experiments using cultured 
primary human aortic ECs, which have been extensively 
characterized as a population of homogeneous ECs in 
previous studies, to further confirm the effects of PTH 
on bone marrow EndMT. We treated ECs with PTH at 
concentrations ranging from 0 to 10−7 mol/L. ECs exposed 
to 10−7 mol/L PTH acquired a spindle-shaped morphology 
resembling the phenotypic changes typically associated with 
the EndMT (Figure 6A). In addition, the cytotoxic effect of 
PTH on cell viability was evaluated by CCK8 test at various 
concentration (0, 10−11, 10−9, 10−7 mol/L) for 48 hours. 
The results revealed that PTH stimulation did not alter 
cell viability compared to controls (Figure 6B). This result 
indicated that PTH concentration in the range of 10−11, 
–10−7 mol/L showed no cytotoxicity on ECs. Consistent 
with the findings described above, an electron microscopy 
analysis of the CTL group revealed normal structures of 
the ECs. In contrast, the PTH (10–7 mol/L) group exhibited 
considerable microfilamentation (Figure 6C, red arrow), 

which is typical of fibroblasts.
We performed immunofluorescence double-labeling 

experiments using antibodies specific for CD31 and α-SMA 
to corroborate these observations (Figure 6D,E). The 
acquisition of the spindle-shaped morphology in response 
to PTH was associated with the loss of the endothelial 
marker CD31 and de novo expression of the myofibroblast 
marker α-SMA, which is a characteristic of the EndMT. 
Accordingly, PTH induced the EndMT in a concentration- 
and time-dependent manner (Figure 6F,G,H,I). The 
aforementioned results confirmed that PTH triggered 
the EndMT in ECs, and that ECs incubated with PTH 
(10−7 mol/L) for 48 hours exhibited the most remarkable 
phenotypic changes.

The EndMT induced the adipogenic potential of ECs

We next assessed the differentiation capability of ECs that 
underwent the EndMT. Based on the results described 
above, we treated ECs with 10−7 mol/L PTH for 48 hours 
and then changed the ECs culture medium to an adipogenic 
culture medium for 7 days. Western blot analyses indicated 
significantly increased levels of adipocyte markers (PPAR-γ 
and C/EBP-α) in ECs cultured with PTH followed by 
exposure to adipogenic culture medium compared with 
the CTL group (Figure 7A,B). In addition, the oil red O 
staining showed positive staining for adipocytes in the 
ECs of the PTH group (Figure 7C,D). Thus, the cells 
that undergo the EndMT further differentiated into 
adipocytes, confirming that elevated PTH levels induced 
the endothelial-to-adipocyte transition.

Discussion

Patients with CKD have an increased risk of osteoporosis, 
potentially due to the increased infiltration of BMAs (9,36). 
CINA have been reported to reduce serum PTH levels in 
patients with CKD, but the skeletal effects have not been 
adequately characterized. Our study showed that CINA 
treatment significantly attenuated bone loss and decreased 
BMAs in CKD rats. The beneficial effects on skeleton 
might be that CINA decreased BMAs by inhibiting the 
PTH-induced endothelial-to-adipocyte transition.

SHPT is a common complication in patients with CKD. 
Elevation of serum PTH levels due to SHPT exacerbates 
an imbalance in minerals and bone disorders in CKD 
(37,38), which leads to severe bone disorders in CKD (39). 
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Figure 4 CINA treatment inhibits the EndMT in CKD rats. (A,B) Representative western blot analysis and quantification of levels of the 
CD31, FSP1, α-SMA, CD10, and CD44 proteins in the different groups of rats, as indicated. The data are presented as the mean ± SD. 
n=4 for each group. *, P<0.05 vs. the CTL group; #, P<0.05 vs. the CKD group. (C) Representative images of immunofluorescence staining 
for CD31, FSP1, and CD44 in the bone marrow of rats (upper panel: green for CD31, red for FSP1; lower panel: red for CD31, green for 
CD44). White arrows indicate colocalization between CD31 and either FSP1 or CD44. DAPI (blue) labels the nuclei. Scale bar, 50 μm. 
CTL, control; CKD, chronic kidney disease; CINA, cinacalcet; SD, standard deviation.
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Figure 5 Relationship between the serum PTH concentration and protein levels of the CD31 (A), FSP1 (B) and α-SMA (C) proteins in in 
different group (n=4 rats/group). PTH, parathyroid hormone.
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In our study, a rat model of CKD and SHPT was induced 
by adenine and a high phosphorus diet, as previously  
described (28). An analysis of the animals’ skeletal structures 
was performed using multiple methods (e.g., DEXA 
scanning, micro-CT analysis, and bone mechanical tests). An 
apparent decrease in BMD (femur: −16%; lumbar vertebra: 
−20%) was observed in CKD rats using DEXA scanning  
(Figure 2A). A micro-CT analysis, which is a more precise 
metric, further confirmed trabecular and cortical bone loss 
in CKD animals (Table 1 and Figure 2B). In addition, the 
CKD animals exhibited compromised mechanical properties 
(Table 2), which might be attributed to the reduced cortical 
and trabecular bone mass. Based on these results, CKD 
animals presented severe bone loss. CINA treatment 
significantly decreased serum PTH levels and improved 
these skeletal abnormalities. The beneficial skeletal effects 
of CINA are consistent with several early studies in 
uremic animal models (40), renal transplant patients with  
SHPT (41), and hemodialysis patients (42). These bone-
friendly effects may have been attributable to the reduction 
in serum PTH levels (43). However, the exact mechanism 
for CINA on skeletal disease in rats with CKD remains 
largely unclear.

Recently, the importance of BMAs in the skeleton 

has been increasingly appreciated. Three possible 
mechanisms could explain how adiposity influences skeletal  
abnormalities (44): First, endocrine cytokines and growth 
factors released by adipocytes affect osteoblasts and 
osteoclasts. Second, adipokines (e.g., leptin and adiponectin) 
regulate the central nervous system via the sympathetic 
nervous system. Third, paracrine factors secreted by 
adipocytes within the bone marrow milieu influence nearby 
cells on trabecular bone surfaces. In addition, strategies 
targeting BMAs have been shown to promote bone 
regeneration (10,45). Patients with CKD have significantly 
more BMAs than healthy adults (9,36). Consistent with 
these findings, our study revealed more BMAs in CKD rats 
compared with the normal controls, and the increase was 
attenuated by the CINA treatment (Figure 3). Considering 
the adverse effects of BMAs, it’s possible that CINA 
treatment could alleviate osteoporosis by decreasing BMAs.

What is the mechanism underlying this process? 
Traditionally, bone marrow-derived MSCs have been the 
best characterized source of adipocyte progenitors for 
adipogenesis (46). Recently, cells of endothelial origin have 
also been shown to promote adipogenesis (15,47). Under 
certain conditions, vascular ECs undergo the EndMT, 
transform into MSCs, and subsequently differentiate 
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Figure 6 PTH triggers the EndMT in cultured ECs. (A) Bright field images showing the morphological changes in ECs that had been 
incubated with PTH (0, 10−11, 10−9, or 10−7 mol/L) for 48 hours compared with control cells. Compared with control cells, ECs lost their 
cobblestone appearance. Scale bars, 100 μm. (B) Effects of PTH on cell cytotoxicity in ECs. Cells were cultured with PTH for 48 hours. 
Cell viability was measured by CCK-8 test. The data are presented as the mean ± SD. All experiments were repeated for three times. (C) 
Transmission electronic microscopy images depict the changes in the ultrastructure of ECs. After exposure to PTH, microfilamentation 
appeared in the cytoplasm (left two panels: 10,000× magnification, right panel: 40,000× magnification). (D) Representative images of 
immunofluorescence staining for CD31 (red) and α-SMA (green) staining in ECs treated with various concentrations of PTH (0, 10−11, 
10−9, or 10−7 mol/L) for 48 hours; the nuclei were counterstained with DAPI (blue). Scale bars, 20 μm. (E) Representative images of 
immunofluorescence staining for CD31 (red) and α-SMA (green) staining after exposure to 10−7 mol/L PTH for different periods of time 
(0, 12, 24, or 48 hours). The nuclei were counterstained with DAPI (blue). Scale bars, 20 μm. (F,G) ECs were incubated with increasing 
concentrations of PTH, as indicated, for 48 hours. Protein expression levels were determined using western blotting. The data are presented 
as the mean ± SD. n=3 samples per group. *, P<0.05 vs. 0 group. (H,I) ECs were incubated with PTH (10−7 mol/L) for different time periods, 
as indicated. Protein expression levels were determined using western blotting. The data are presented as the mean ± SD. n=3 samples per 
group. *, P<0.05 vs. 0 group. PTH, parathyroid hormone; ECs, endothelial cells; EndMT, endothelial-to-adipocyte transition; SD, standard 
deviation.
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Figure 7 ECs that undergo the PTH-induced EndMT exhibit adipogenic potential. (A,B) Representative western blot analysis and 
quantification of PPAR-γ and C/EBP-α (adipocyte-specific markers) levels in cells treated with PTH (10−7 mol/L) for 48 hours followed by 
growth in adipogenic culture medium for 7 days. The data are presented as the mean ± SD. n=3 samples per group. *, P<0.05 vs. the CTL 
group. (C,D) Oil red O staining and quantification in EC cultures treated with PTH for 48 hours followed by growth in adipogenic culture 
medium (original magnification, 400×). The data are presented as the mean ± SD. n=3 samples per group. *, P<0.05 vs. the CTL group. 
PTH, parathyroid hormone; EC, endothelial cell; EndMT, endothelial to adipocyte transition; SD, standard deviation.
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into adipocytes, osteoblasts and chondrocytes. Medici  
et al. (15) treated ECs with TGF-β or BMP-4, followed 
by growth in adipogenic culture medium for a week. The 
authors found that ECs that undergo the EndMT acquire 
an MSC phenotype and then differentiate into adipocytes. 
According to Lin et al. (48), tumor-induced bone formation 
is partially derived from tumor-associated ECs that have 
undergone the endothelial-to-osteoblast conversion, 
leading to the osteoblastic bone metastasis of prostate 
cancer. As shown in our previous studies (26,27,49), 
increased PTH levels induces the phenotypic transition of 
ECs to chondrocytes via the EndMT, and this conversion 
is involved in vascular calcification. In our in vivo 
experiment presented here, CINA treatment attenuated 
bone marrow EndMT in CKD animals (Figure 4).  
Moreover, serum PTH levels correlated with the levels 
of EndMT-related proteins in bone marrow (Figure 5).  
The in vitro experiment also showed that elevated PTH 
levels induced the phenotypic transition of ECs to 
adipocytes via the EndMT (Figures 6 and 7). Based on 

these findings, we assumed that the beneficial skeletal 
effects of CINA treatment might be related with the 
inhibition of PTH-induced bone marrow endothelial-to-
adipocyte transition, although the exact mechanism still 
needs to investigate.

Interesting, our study suggested that elevated PTH 
levels increased adipogenesis via the EndMT in ECs. 
However, there is evidence that PTH elicits a bone 
anabolic effect by inhibiting adipogenesis: intermittent 
exposure of human bone marrow-derived MSCs to 
teriparatide reduces adipocyte differentiation (50); 
Pth1r ablation in mesenchymal progenitors results in 
a decrease in bone mass and an increase in the number 
of BMAs in mice (51). In our study, high level of PTH 
increased the adipogenesis via EndMT in ECs. A potential 
explanation for these discrepancies is that the final effect 
on adipogenesis appears to depend on the duration and 
periodicity of PTH exposure and the target cell lineages. 
Our study could be an important complement to the 
existing research on the dual role of PTH in adipogenesis. 
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Actually, CKD related osteoporosis is poorly understood 
and many factors in addition to PTH are involved in 
skeletal abnormalities in patients with CKD. Our study 
indicated a potential effect of PTH on BMAs, which might 
be an additional component of the complex situation of 
renal osteodystrophy.

In summary, our study showed that CINA treatment 
attenuated bone loss in CKD rats, which might be 
associated with the inhibition of PTH-induced bone 
marrow endothelial-to-adipocyte transition (Figure 8).  
These findings warrant translational investigations 
regarding of PTH suppression as the treatment for the 

skeletal disorders observed in subjects with CKD.
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Figure 8 Schematic diagram of this study. Cinacalcet attenuates bone loss through inhibiting bone marrow endothelial-to-adipocyte 
transition via EndMT. EndMT, endothelial-to-mesenchymal transition.
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