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1  | INTRODUC TION

Valvular calcification (VC), a common complication of chronic kidney 
disease (CKD), is more prevalent in CKD patients than in normal in-
dividuals, which mostly occurs in the aortic and mitral valves.1 The 

morbidity of VC among patients on dialysis is 28%- 50%,2 which se-
verely affects the survival rate and living quality of CKD patients. 
Among patients undergoing long- term dialysis, the number of calci-
fied valves has previously been shown to be associated with all- cause 
mortality and cardiovascular death. Accordingly, 1- year all- cause 
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Abstract
Background: Endothelial- to- mesenchymal transition (EndMT) is a common patho-
physiology in valvular calcification (VC) among non- chronic kidney disease (CKD) 
patients. However, few studies were investigated in CKD- induced VC. Parathyroid 
hormone (PTH) was considered to be an important component of EndMT in CKD- 
induced cardiovascular diseases. Therefore, determining whether PTH could induce 
valvular EndMT and elucidating corresponding mechanism involved further study.
Methods: Performing	a	5/6	nephrectomy	with	a	high	phosphorus	diet	was	done	to	
construct VC models in rats with CKD. miRNA sequencing was used to ascertain 
changes in microRNA in human umbilical vein endothelial cells (HUVECs) intervened 
by PTH. VC was observed by Von Kossa staining and scanning electron microscope.
Results: PTH induced valvular EndMT in VC. Global microRNA expression profiling of 
HUVECs	was	examined	in	PTH	versus	the	control	in	vitro,	in	which	miR-	29a-	5p	was	
most notably decreased and was resumed by PTHrP(7- 34) (PTH- receptor1 inhibitor). 
Overexpression	of	miR-	29a-	5p	could	inhibit	PTH-	induced	EndMT	in	vitro	and	valvular	
EndMT in vivo. The dual- luciferase assay verified that γ- secretase- activating protein 
(GASP)	served	as	the	target	of	miR-	29a-	5p.	miR-	29a-	5p-	mimics,	si-	GSAP	and	DAPT	
(γ- secretase inhibitor) inhibited PTH- induced γ- secretase activation, thus blocking 
Notch1 pathway activation to inhibit EndMT in vitro. Moreover, Notch1 pathway ac-
tivation	was	observed	in	VC.	Blocking	Notch1	pathway	activation	via	AAV-	miR-	29a	
and DAPT inhibited valvular EndMT. In addition, blocking Notch1 pathway activation 
was also shown to alleviate VC.
Conclusion: PTH	activates	valvular	EndMT	via	miR-	29a-	5p/GSAP/Notch1	pathway,	
which can contribute to VC in CKD rats.
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mortality was 57% with calcification of both aortic and mitral valves, 
40% with either valve calcified, and only 15% for persons in whom 
neither was valve calcified.1 However, the mechanism behind VC in 
CKD patients remains unclear. Thus, understanding the pathogene-
sis of VC is of great significance in improving the prognosis of VC in 
patients with CKD.

Currently, the pathogenesis of VC is comprised of two as-
pects. One such aspect is that valvular interstitial cells (VICs) un-
dergo cartilage/osteoid changes under stimulation of inflammation 
and generate osteoid/cartilage matrix.3 Another aspect is that 
valvular endothelial cells (VECs) are involved in VC by acquiring a 

mesenchymal or myofibroblastic (the activation type of VICs) pheno-
type via endothelial mesenchymal transition (EndMT).4 Accordingly, 
EndMT plays a key role in maintaining a dynamic balance between 
the VECs and VICs of cardiac valves. Physiologically, valvular VECs 
undergo EndMT and differentiate into VICs to promote the forma-
tion of valves in the embryo stage.5 Moreover, zebrafish mutants of 
Nfatc form have significantly fewer VICs due to inhibition of valvular 
EndMT.6 Among adult cardiac valves, ~1% VECs differentiate into 
VICs via EndMT and maintain the internal stability of the valves.7 
However, pathologically, the balance between VECs and VICs is 
broken and is characterized by additional VECs undergoing EndMT 

Species Forward primer (5′- >3′) Reverse primer (5′- >3′)

CD31 Rat ATCTCCATCCTGTCGGGTAA TGTCATTCACGGTTTCTTCG

CD10 Rat CCTCGTTGACTGGTGGACTC TGATAGGCTCTGTATGCTTGG

CD44 Rat GCTCTGATTCTTGCCGTCTG TTGAGTTCACTTGGTTTCCTGT

α- SMA Rat CACTGCTGCTTCCTCTTCTTC GATGCTGTTATAGGTGGTTTCG

FSP1 Rat GTCCACCTTCCACAAATACTCA GCTTCGTCTGTCCTTCTCCC

GAPDH Rat ACACCGACCTTCACCATCT GGATGACTTTGGCTAGAGGAG

TA B L E  1   Primer Sequence

F I G U R E  1   Decreasing PTH could alleviate VC in CKD rats. (A) The pattern diagram of the research design. (B) The serum levels of PTH 
among the CTL, CKD and CKD+CINA groups. (C, D) von Kossa staining of aortic valves of rats. ***P < .01 vs CTL group. ###P < .01 vs CKD 
group. CINA, cinacalcet; CKD, chronic kidney disease; CTL, control; PTH, parathyroid hormone

F I G U R E  2   PTH- induced EndMT in VC of CKD rats. The changes in EndMT markers in the different models. (A) mRNA levels of 
endothelial marker (CD31) and mesenchymal markers (α-	SMA,	FSP1,	CD44,	CD10)	in	the	different	models.	(B,	C)	Protein	levels	of	endothelial	
marker	and	mesenchymal	markers	in	different	models.	(D-	E)	Fluorescence	staining	of	CD31with	FSP1	in	aortic	valves.	Data	were	presented	
as the mean ± SD. n = 4 per group. **P < .01 vs CTL group. ***P < .001 vs CTL group. #P < .01 vs CKD group. ##P < .01 vs CKD group
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in various valvular diseases with VC, such as calcified aortic valve 
disease (CAVD),8 hypoplastic left heart syndrome 9 and mitral valve 
prolapse.10	Inflammatory	cytokine	TNF-	α drives EndMT in a subset 
(5%- 10%) of adult VECs.11 Meanwhile, the results of single- cell RNA 
sequencing in CAVD demonstrated that two novel valve- derived 
stromal cells contributed to VC originated from VECs via EndMT, 
suggesting EndMT’s contribution in VC.12 Reportedly, blocking 
EndMT in VECs could slow down the process of VC; however, the 
contribution of EndMT to VC in a background of CKD requires fur-
ther elucidation. Hence, it is necessary to explore whether VECs 
could undergo EndMT and aggravate VC in CKD.

Additionally, CKD, whose factors could induce and regulate 
valvular EndMT, also requires further consideration. Traditionally, 
common factors that induce EndMT of VECs include mechanical 
stimulation, lipid infiltration and oxidative stress.13- 15 Compared to 
non- CKD diseases, a high concentration of parathyroid hormone 
(PTH) was clinically reported to be associated with valve calcification 
in clinic. In patients who have suffered from mild to moderate CKD, 
the calcification degree of aortic valves was found to be related to 
PTH,16 and high PTH levels were shown to aggravate VC, eventu-
ally leading to aortic valve stenosis in CKD patients.17 Interestingly, 
in patients with primary hyperparathyroidism (PHP) without CKD, 
a high level of PTH exists in the body, which is directly related to 
VC.18 Such evidence demonstrates the crucial role of PTH in VC. 
Hence, investigating whether PTH could induce VC in CKD rats, as 
well as understanding its mechanism in CKD, is worth investigating. 
Therefore, the present study attempts to explore the role of PTH in 
valvular EndMT in a VC model among CKD rats.

2  | METHODS

2.1 | Animals

The Institutional Animal Care and Use Committee of Southeast 
University (Nanjing, China) authorized the present study. Eight- 
week- old male Sprague Dawley rats (Animal Laboratory of Nantong 
University, China) were randomly assigned to four groups: the control 
group (CTL) (n = 10), CKD group (n = 15), CKD+CINA group (n = 10), 
CKD+AAV-	29a	 group	 (n	 = 10), and CKD+DAPT- treated group 
(n =	15).	The	CKD	group	was	induced	by	5/6	nephrectomy	followed	
by a high phosphorus diet (2.0%) as per a previous study.19 After pre-
forming	a	5/6	nephrectomy,	CKD+DAPT groups received a Notch1 
signalling pathway inhibitor, DAPT, {N-  [N-  (3,5-  Difluorophenacetyl) 
- l- alanyl]- S- phenylglycine t- butyl ester,} (10 mg/kg) per day for 
10 weeks. The CKD+AAV-	miR-	29a	 group	was	 then	 given	 an	 intra-
venous	 injection	 of	 AAV-	miR-	29a	 (2.5	 × 1011) every three weeks, 

while the CKD+CIINA group was given oral CINA (10 mg/kg) daily for 
10	weeks.	Following	the	in	vivo	experiments,	the	rats	were	anaesthe-
tized using an intraperitoneal injection of pentobarbital (150 mg/kg).

2.2 | Adeno- associated virus9 (AAV9)

A	type	9	recombinant	AAV-	expressing	rats	miR-	29a	gene	(AAV-	rno-	
miR-	29a)	was	prepared	by	GENE.	After	5/6Nx,	the	rats	of	the	AAV-	
miR-	29a	group	were	given	intravenous	injection	through	the	tail	for	
every 3 weeks (2.5 × 1011).

2.3 | Cells

HUVECs were purchased from ScienCell Research Laboratories (cat-
alog number: 8000, USA) and were cultured as previously described. 
All experiments were performed using cells at passages 3 to 5. Cells 
(HUVECs)	were	then	cultured	in	the	presence	of	PTH	(P3796,	Sigma,	
10- 7 mol/L) for 48 hours in order to identify the effects of PTH with/
without DAPT (10 ng/mL, Sigma Aldrich) according to the pheno-
typic transition and differentiation capability of ECs that undergoing 
EndMT.

2.4 | miRNA expression profiling

HUVECs treated with BSA (n = 3) and PTH (n =	 6)	were	 lysed,	
and the total RNA was extracted using Trizol reagent (TAKARA). 
Additionally, 250 ng of total RNA was polyA tailed and labelled 
with	 biotin	 with	 the	 FlashTag	 Biotin	 HSR	 RNA	 Labeling	 Kit	
(Genisphere). RNA labelling and array hybridization were per-
formed according to Biotin's manual and were analysed using the 
Affymetrix 3000 GeneScanner. The significance of differentially 
expressed miRNAs between two groups was identified via fold 
change and P- value. Hierarchical clustering was performed so as 
to show distinguishable miRNA expression profiling among the 
samples.

2.5 | Quantitative real- time PCR assay

Total RNA isolation was performed using Trizol by following the 
manufacturer's instructions (TAKARA). PCR was conducted using 
SYBR Premix Ex Taq and 7300 Real- Time PCR System (Applied 
Biosystems), and the data were normalized to the expression of 
GAPDH. Primer sequences are shown in Table 1.

F I G U R E  3  PTH-	induced	HUVECs	EndMT	via	miR-	29a-	5p.	(A)	miRNA	sequencing	in	HUVECs	by	PTH	versus	CTL.	CTL,	n	= 3; PTH, n =	6.	
(B)	The	level	of	miR-	29a-	5p	in	the	groups	of	CTL,	PTH	and	PTH+PTHrP(7- 34). (C, D) The protein level of EndMT markers in the CTL, PTH, 
PTH+PTHrP(7- 34) PTH+NS, PTH+miR-	29a-	mimics	and	PTH+miR-	NC	groups.	(E,	F)	Fluorescence	staining	of	CD31	with	FSP1	in	HUVECs.	
Data were presented as the mean ± SD. n = 4 per group. *P < .05 vs CTL group. **P < .01 vs CTL group. ***P < .001 vs CTL group. #P < .01 
vs PTH group. ##P < .01 vs PTH group. ###P < .001 vs PTH group
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2.6 | Western blot

Cells and vessel tissues were lysed in ice- cold RIPA Lysis buffer 
(89901,	 Thermo	 Scientific)	 supplemented	 with	 protease	 inhibitor	
cocktail, and the protein concentration was determined by BCA 
assay (KeyGEN, BioTECH). Proteins were subjected to 10% SDS- 
PAGE	 (Thermo	 Scientific)	 and	 transferred	 to	 PVDF	 membranes	
(Millipore). The membranes were then blocked with 5% w/v BSA 
(Biosharp) in TBST and incubated overnight with the following pri-
mary	antibodies:	anti-	CD31	 (1:1000,	ab24590,	Abcam),anti-	α- SMA 
(1:1000,	 ab32575,	 Abcam),	 anti-	FSP1	 (1:1000,	 ab197896,	 Abcam),	
anti-	CD44	 (1:1000,	 ab189524,	 Abcam),	 CD10	 (1:1000,	 ab256494,	
Abcam),	 GADPH	 (1:3000,	 ab181602,	 Abcam),	 GSAP	 (1:1000,	
ab106630,	Abcam),	Snail	(1:1000.ab216347,	Abcam),	NICD	(1:1000,	
sc-	373891,	 Santa	 Cruz)	 and	 HES1	 (1:1500,	 ab221788,	 Abcam).	
Goat anti- mouse or anti- rabbit secondary antibodies (Cell Signaling 
Technology) were used for detection on ImageQuant LAS 500(GE 
Healthcare). The immunoreactive bands were determined using den-
sitometry by the Image J software (NIH).

2.7 | Enzyme- linked immunosorbent assay

γ- Secretase activity was quantified via fluorescent microscopy using 
γ- secretase activity kit according to the manufacturer's instruc-
tions (ImmunoTag, G- Biosciences). Briefly, γ- secretase activity was 
determined by quantification of human APH1A (Gamma- Secretase 
subunit APH- 1A) with biotin- conjugated anti- APH1A antibody as 
a detection antibody. Cleavage- dependent release was measured 
at 450 nm using a fluorescent microplate reader (Multiskan GO 
Microplate Spectrophotometer, Thermo Scientific).

2.8 | Immunofluorescence

The slides of the valve and cells plated in confocal dishes were incu-
bated with the primary antibody, after which they were incubated 
with secondary antibodies. All samples were treated with DAPI dye 
for nuclear staining and were detected by a confocal microscope 
(Olympus	FV1000).

2.9 | von Kossa

Heart sample was embedded in paraffin, sectioned and stained using 
the von Kossa method. The sections were then deparaffinized and incu-
bated	in	5%	silver	nitrate	solution	under	ultraviolet	light	for	60	minutes.	

Unreacted silver was removed by washing with 5% silver nitrate solu-
tion for 5 minutes. The tissues were then counter- stained with eosin 
for 5 minutes, thoroughly rinsed with DI water (2 mL, 3 rinses) and 
dehydrated in absolute alcohol (2 mL, 3 times). von Kossa staining was 
scored visually, with a numerical rating of 1- 5 assigned based on the 
following criteria: 1 = negative; 2 = rare detection; 3 = sparse but con-
sistent; 4 = uniformly present; and 5 = intense and wide- spread stain-
ing. Each section was reviewed by more than 2 pathologists.

2.10 | siRNA

GSAP siRNA was purchased from Geneoharma. The non- targeting 
scramble- sequence siRNA was used as a negative control. The siRNA 
transfection study was performed with the MACSfectin Reagent kit 
(130-	098-	411,	Miltenyi	Biotec	Inc.)	and	its	corresponding	protocol.

2.11 | Scanning electron microscopy and energy 
dispersive spectroscopy

Fresh	 and	decellularized	 aortic	 valve	 leaflet	 samples	were	 fixed	 in	 a	
mixture of 2.5% glutaraldehyde and 4% paraformaldehyde at pH 7.35 
for 30 minutes at room temperature. Next, the valves were washed 
three times with distilled water, after which they were dried using a 
freeze- drying vacuum system for scanning electron microscopy (SEM) 
(S- 4800, Hitachi, equipped with energy dispersive spectroscopy [EDS]).

2.12 | Statistical analysis

Data were expressed as mean ± standard deviation (SD) for each 
group. A two- tailed unpaired Student's t test was used for com-
parisons between two groups, and one- way ANOVA was per-
formed to compare data with more than two groups followed by the 
Bornferroni correction for multiple comparisons. All analyses were 
carried out using GraphPad Prism 5.0. P <.05 was considered to be 
statistically significant.

3  | RESULTS

3.1 | PTH- induced EndMT participated in VC in rats 
with CKD

In line with our previous study,19 a stable VC model in rats with 
CKD	was	established	 (Figure	1A,	Figure	S1A-	C).	Compared	 to	 the	

F I G U R E  4  FIGUREAAV-	miR-	29a	could	inhibit	valvular	EndMT	in	rats	with	CKD.	The	changes	in	EndMT	markers	in	different	models.	(A)	
The	pattern	diagram	of	the	research	design.	(B)	The	level	of	miR-	29a-	5p	in	the	CTL,	CKD	and	CKD+AAV-	29a-	5p	groups.	(C)	mRNA	levels	of	
endothelial marker (CD31) and mesenchymal markers (α-	SMA,	FSP1,	CD44,	CD10)	in	different	models.	(D,	E)	Protein	levels	of	endothelial	
marker	and	mesenchymal	markers	in	different	models.	(F,	G)	Fluorescence	staining	of	CD31with	FSP1	in	aortic	valves.	Data	were	presented	
as the mean ± SD. n = 4 per group. **P < .01 vs CTL group. ***P < .001 vs CTL group. #P < .01 vs CKD group. ##P < .01 vs CKD group. 
###P < .001 vs CKD group
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F I G U R E  5  PTH-	induced	Notch1	pathway	activation	by	regulating	GSAP.	(A)	The	site	prediction	of	miR-	29a-	5p	with	GSAP.	(B)	The	
dual-	luciferase	assay	miR-	29a-	5p	with	GSAP.	n	= 10 per group. ***P < .01 vs mimics- NC group. (C, D) The protein level of GSAP in groups of 
HUVECs and CKD rats respectively. (E) The level of γ- secretase in the CTL, PTH, PTH+PTHrP(7- 34), PTH+miR-	29a-	mimics	and	PTH+si- 
GSAP	groups.	(F,	G)	The	protein	level	of	NICD	and	Hes1	and	in	the	CTL,	PTH,	PTH+miR-	29a-	5p-	mimics,	PTH+miR- NC, PTH+NS and 
PTH+si-	GSAP	groups.	(H,	I)	Fluorescence	staining	of	Hes1.	(J)	The	pattern	diagram	of	Notch1	signal	activation	regulated	by	miR-	29a-	5p/
GSAP. (C- H) Data were presented as the mean ± SD. n = 4 per group. **P < .01 vs CTL group. ***P < .001 vs CTL group. #P < .01 vs PTH 
group. ##P < .01 vs PTH group. ###P < .001 vs PTH group

F I G U R E  6   Inhibition of Notch1 pathway could inhibit PTH- induced EndMT in vitro. (A, B) Protein levels of endothelial marker and 
mesenchymal markers in the CTL, PTH, PTH+si- NC, PTH+si- GASP and PTH+DAPT	groups.	(C,	D)	Fluorescence	staining	of	CD31	with	FSP1	
in aortic valves. Data were presented as the mean ± SD. n = 4 per group. **P < .01 vs CTL group. ***P < .001 vs CTL group. #P < .01 vs PTH 
group. ##P < .01 vs PTH group. ###P < .001 vs PTH group
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CTL group, serum PTH concentrations were observed to be mark-
edly higher in the CKD group. In this study, high levels of serum PTH 
were	attenuated	by	CINA	(Figure	1B).	As	determined	by	von	Kossa	
staining, the area of calcified lesions in the valves of the CKD group 
was found to be significantly increased compared to that of the CTL 
group; however, it was decreased following treatment with CINA 
(Figure	1C,D).	The	results	indicated	that	decreasing	PTH	levels	could	
inhibit VC in CKD rats.

According to our previous study, PTH was considered as an im-
portant player in the influence of EndMT in CKD with cardiovascu-
lar calcification.20 In the present model, EndMT occurred in valves 
characterized by upregulated expression of mesenchymal markers 
(α-	SMA,	FSP1,	CD44,	CD10)	and	downregulated	expression	of	endo-
thelial markers (CD31) at the mRNA and protein levels, which were 
attenuated	by	CINA	(Figure	2A-	C).	Moreover,	immunofluorescence	
demonstrated that the number of cells both expressing CD31 and α- 
SMA in the CINA group was decreased compared to that of the CKD 
group	(Figure	2D,E).	The	obtained	findings	showed	that	decreasing	
PTH levels in serum could relieve valvular EndMT in CKD, indicating 
the relationship of EndMT and VC.

3.2 | miR- 29a- 5p participated in PTH- 
induced EndMT

Furthermore,	how	PTH	induced	valvular	EndMT	was	subsequently	
investigated. Due to the lack of commercialized human VECs, 
HUVECs were mainly used instead of VECs in the in vitro experi-
ments. Accordingly, the expression profile of miRNAs in HUVECs 
intervened by PTH versus CTL were specifically detected, which 
confirmed that several HUVECs miRNAs were modulated by PTH 
(Figure	3A).	Among	 them,	85	miRNAs	were	observed	 to	be	 raised	
while	 361	 miRNAs	 were	 reduced.	 Additionally,	 levels	 of	 miR-	
29a-	5p	were	 found	 to	be	decreased	 compared	 to	 that	of	 the	CTL	

group	 following	PTH	stimulation	 (Figure	3B),	which	were	 resumed	
by PTHrP(7- 34) (PTHR1 inhibitor), suggesting that PTH- induced 
miR-	29a-	5p	decreased	by	PTHR1.	Afterwards,	 the	effects	of	miR-	
29a-	5p	in	PTH-	induced	HUVECs	EndMT	were	analysed.	Here,	over-
expressing	 miR-	29a-	5p	 or	 blocking	 PTHR1	 was	 shown	 to	 resume	
the expression of endothelial markers and relieve the expression of 
mesenchymal	markers	at	the	protein	level	(Figure	3C,D).	Meanwhile,	
in the PTH+miR-	29a-	5p-	mimics	and	PTH+PTHrP(7- 34) groups, the 
number of HUVECs both expressing CD31 and α- SMA decreased 
compared	to	that	of	the	PTH	group	(Figure	3E,F).	The	corresponding	
results	suggested	that	the	decrease	of	miR-	29a-	5p	in	HUVECs	may	
serve as the cause of PTH- induced EndMT.

In	 order	 to	 further	 study	 the	 effects	 of	miR-	29a-	5p	 in	 vivo,	 a	
CKD	rat	model	was	also	established	with	AAV9-	miR-	29a	treatment	
(Figure	4A).	The	level	of	miR-	29a-	5p	in	the	valves	of	CKD	rats	was	
observed to be lower compared to that of CTL, which was resumed 
by	 AAV-	miR-	29a	 (Figure	 4B).	 AAV9-	miR-	29a	 was	 also	 shown	 to	
resume the expression of endothelial markers and relieve the ex-
pression of mesenchymal markers at the mRNA and protein levels 
compared	to	that	of	the	CKD	model	(Figure	4C-	E).	Meanwhile,	cells	
both expressing CD31 and α- SMA decreased compared to that of 
the	CKD	group	(Figure	4F,G).	This	data	suggested	that	miR-	29a-	5p	
participated in PTH- induced valvular EndMT in CKD.

3.3 | miR- 29a- 5p regulated GSAP/Notch1 pathway

The TargetScan results predicted that the γ- secretase- activating 
protein	 (GASP)	 gene	may	 act	 as	 a	 potential	 target	 of	 miR-	29a-	5p	
(Figure	 5A).	 As	 a	 result,	 a	 dual-	luciferase	 assay	 was	 established	
for	 verification	 (Figure	 5B).	 When	 the	 miR-	29a-	5p-	mimics	 were	
co-	transfected	with	 GSAP	WT	 3′-	UTR,	 relative	 luciferase	 activity	
(Renilla/firefly) was found to be significantly decreased compared to 
that	of	the	group	where	GSAP	WT	3′-	UTR	was	co-	transfected	with	

F I G U R E  7   Notch1 pathway in aortic 
valves was activated in CKD model and 
inhibited	by	DAPT	and	AAV-	miR-	29a.	
(A) The pattern diagram of the research 
design. (B) The serum level of γ- secretase 
activity in the CTL, CKD, CKD+AAV- 
29a	and	CKD+DAPT groups. (C, D) 
The protein level of NICD and Hes1 
in the CTL, CKD, CKD+AAV-	29a	and	
CKD+DAPT groups. **P < .01 vs CTL 
group. ***P < .001 vs CTL group. #P < .01 
vs PTH group. ##P < .01 vs CKD group. 
###P < .001 vs CKD group
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F I G U R E  8   Inhibition of Notch1 activation could alleviate valvular EndMT in CKD. (A, B) Protein levels of endothelial marker and 
mesenchymal	markers	in	different	models.	(C,	D)	Fluorescence	staining	of	CD31with	FSP1	in	aortic	valves.	Data	were	presented	as	the	
mean ± SD. n = 4 per group. **P < .01 vs CTL group. ***P < .001 vs CTL group. #P < .01 vs CKD group. ##P < .01 vs CKD group
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miR-	NC	mimics.	The	same	effect	did	not	occur	when	miR-	29a-	5p	or	
miR-	NC	was	co-	transfected	with	GASP	MUT	3′-	UTR.	Moreover,	the	
expression of GSAP was found to be upregulated upon PTH stimula-
tion	at	the	protein	level,	which	was	inhibited	by	miR-	29a-	mimics	or	
AAV-	miR-	29a	in	HUVECs	and	CKD	rats,	respectively	(Figure	5C,D).	
GSAP has been determined to modulate γ- secretase specificity by 
inducing conformational change in presenilin 1 (PS1) to activate γ- 
secretase, thereby inducing Notch1 signal activation.21 In this study, 
PTH was found to enhance γ- secretase activity, which was inhib-
ited	by	PTHR1	 inhibitor,	miR-	29a-	mimics	 and	 si-	GSAP	 (Figure	5E).	
Additionally, PTH was shown to induce Notch1 pathway activation 
characterized by an increased protein level of NICD (the substrate 
of γ-	secretase)	and	Hes1	(Figure	5F-	I).	The	corresponding	data	con-
firmed	that	PTH	could	trigger	a	decrease	in	miR-	29a	through	PTHR1,	
leading to an increase in GSAP at the protein level. GSAP was also 
found to further activate γ- secretase to increase the level of NICD 
in the cytoplasm, which promoted the increase of HES1 expression 
in	the	nucleus	to	mediate	the	activation	of	Notch1	signal	(Figure	5J).

3.4 | Inhibition of miR- 29a- 5p/GSAP/Notch1 
pathway could inhibit PTH- induced EndMT in rats 
with CKD

Next, the effects of Notch1 pathway in EndMT were investigated. 
DAPT [(3,5- Difluorophenylacetyl)- l- alanyl- l- 2- phenylglycine tert- 
butyl	 ester,	 C23H26F2N2O4]	was	 applied	 to	 inhibit	 the	 secretion	
of γ- secretase and indirectly inhibit the activity of NICD in vitro. 
miR-	29a-	5p-	mimics,	si-	GSAP	and	DAPT	were	shown	to	resume	the	
expression of endothelial markers and relieve the expression of mes-
enchymal	markers	 (Figure	 6A-	D),	 suggesting	 that	 inhibition	 of	 the	
Notch1 pathway could inhibit PTH- induced EndMT in vitro.

Meanwhile,	DAPT	and	AAV-	miR-	29a	were	given	intraperitoneal	
injection in order to inhibit the activation of the Notch1 pathway in 
vivo	(Figure	7A).	Compared	to	the	CTL	group,	levels	of	γ- secretase 
activity were found to be higher in the CKD group, which was atten-
uated	by	AAV-	miR-	29a	and	DAPT	 (Figure	7B).	 In	addition,	Notch1	
signal activation occurred in valves characterized by the upregulated 
expression	of	NICD	and	Hes1,	which	was	also	relieved	by	AAV-	29a	
and	DAPT	 (Figure	 7C,D).	 The	 results	 indicated	 that	 AAV-	29a	 and	
DAPT could inhibit valvular Notch1 signal activation in CKD rats.

To evaluate EndMT in vivo, the protein levels of endothelial and 
mesenchymal	markers	in	valves	were	determined	(Figure	8).	The	pro-
tein level of CD31 was found to be significantly lower in rat aortic 
valves in the CKD group compared to that of the CTL group; however, 
its expression was partially restored after administration of DAPT 
(Figure	 8A,B).	 In	 contrast,	 mesenchymal	 markers	 (CD44,	 CD10,	 α- 
SMA,	FSP1)	in	rat	valves	were	observed	to	be	significantly	higher	in	the	

CKD group compared to those of the CTL group, which were largely 
inhibited by administration of DAPT. In addition, confocal microscopy 
images	demonstrated	increased	co-	localization	of	CD31	and	FSP1	(yel-
low arrows) in rat aortic valves in the CKD group compared to that of 
the CTL group, which was eliminated by the administration of DAPT 
(Figure	8C,D).	The	corresponding	findings	suggest	that	the	inhibition	
of the Notch1 pathway could inhibit PTH- induced EndMT in vivo.

3.5 | Inhibition of Notch1 pathway could delay 
valvular calcification

EndMT has been noted to contribute to VC in various valvular 
diseases.22- 24 This study attempted to investigate whether inhibit-
ing the Notch1 pathway could delay VC in rats with CKD by block-
ing	EndMT.	Thus,	we	mainly	focused	on	the	effects	of	AAV-	29a	and	
DAPT on VC in rats with CKD. In the micro- structure of valves, AAV- 
miR-	29a	 and	DAPT	were	 found	 to	 suppress	 the	generation	of	 the	
corpuscles	 of	 calcium	 and	 phosphate	 in	 valves	 (Figure	 9A-	C).	 The	
area of aortic valvular calcified lesions was significantly enlarged in 
the CKD group compared to that of the CTL group, though it was 
reduced	following	AAV-	29a	and	DAPT	treatment	(Figure	9D,E).	All	
of above data suggest that inhibition of the Notch1 pathway could 
delay VC in rats with CKD.

4  | DISCUSSION

VC, a common complication of CKD, is closely correlated to car-
diovascular events and death in CKD patients.1,25 Previous studies 
have shown that VC is related to valvular EndMT without CKD22- 24; 
however, the exact mechanisms in CKD- induced VC remain unclear. 
This study mainly illustrated that: (a) high levels of PTH contributed 
to VC in CKD rats; (b) PTH mediated valvular EndMT by reducing 
miR-	29a-	5p;	(c)	AAV-	miR-	29a	inhibited	EndMT	by	inhibiting	the	ac-
tivity of γ- secretase by targeting GSAP to block the activation of the 
Notch1 pathway; (d) inhibition of the Notch1 pathway blocked VC 
in CKD rats.

EndMT of ECs is known to be an important process in cardio-
vascular calcification. In our previous study, PTH- induced EndMT 
involved in CKD vascular calcification was found.20 However, the 
effects of PTH in VC with CKD remained unknown. One study has 
suggested that high PTH levels aggravated VC in the patients with 
mild to moderate CKD.17 In this paper, decreasing serum PTH level 
by CINA was found to inhibit VC in CKD rats, suggesting that high 
levels of PTH contribute to VC in CKD rats. As such, this is the first 
study to illustrate the role of PTH in a VC model of CKD rats. In 
addition, EndMT of VECs was found to participate in VC of CKD 

F I G U R E  9   Inhibition of Notch1 pathway could alleviate VC in rats with CKD. SEM of aortic valves in different groups. (A) EDS of aortic 
valve in the CKD group. (B, C) The EDS of valves in CKD group. (D, E) von Kossa staining of the aortic group in different groups. Data were 
presented as the mean ± SD. n = 3 per group. **P < .01 vs CTL group. ***P < .001 vs CTL group. #P < .01 vs CKD group. ##P < .01 vs CKD 
group
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rats. Meanwhile, decreasing serum PTH levels by CINA was shown 
to inhibit valvular EndMT. These results indicated that PTH serves 
as the important driver of EndMT in VC with CKD. By conducting 
microRNA	sequencing	of	HUVECs	under	PTH	intervention,	miR-	29a	
was	shown	to	inhibit	EndMT,	and	after	stimulation	of	PTH,	miR-	29a	
was observed to be decreased but was restored by PTHR1 inhibitor 
[PTHrP(7-	34)],	 indicating	 that	 PTH	 regulated	miR-	29a	 via	 PTHR1.	
Meanwhile,	in	the	valves	of	the	CKD	rat	model,	miR-	29a	was	found	
to be decreased compared to CTL, which was consistent with pre-
vious studies in non- CKD VC diseases.26-	28	Besides,	the	miR-	29a/b	
cluster was reported to suppress high glucose- induced EndMT in 
human retinal microvascular endothelial cells.29 In this study, over-
expression	of	miR-	29a	was	shown	to	inhibit	PTH-	induced	EndMT	in	
the valves of CKD rats. Overall, PTH was proven to induce valvular 
EndMT	via	miR-	29a-	5p	in	CKD.

The potential mechanism of inhibiting EndMT through 
antagomiR-	29a	was	further	investigated.	In	the	present	study,	GSAP	
was	 verified	 to	 be	 the	 target	 gene	 of	 miR-	29a-	5p,	 and	 si-	GSAP	
was found to inhibit EndMT of HUVECs. Moreover, GSAP was de-
termined to modulate γ- secretase specificity by inducing confor-
mational changes in PS1, thereby activating γ- secretase to induce 
Notch1 activation.21 Activated γ- secretase is able to independently 
cleave the Notch1 receptor, releasing soluble and active NICD. NICD 
translocates into the nucleus and binds with transcription factor 
RBP- jκ, upregulates the expression of target genes (HES1,HEY1) 
and regulates the activity of cells.30,31 In addition, inhibition of γ- 
secretase	activity	by	DAPT	could	restore	TGF-	β1- induced EndMT.32 
Snail was thought as the main effector of EndMT in response to the 
Notch signal, which plays key roles in the transcriptional control of 
the expression of endothelial and mesenchymal markers.33 In this 
study,	PTH	was	found	to	induce	EndMT	via	miR-	29a/GSAP/Notch1	
pathway in order to upregulate Snail complementing the role of miR- 
29a	in	valve	calcification	with	CKD.

It is widely known that EndMT participates in VC in those with 
non- CKD.22- 24 In this study, Notch1 signal was shown to participate 
in PTH- induced EndMT in HUVECs. Hence, whether the inhibition 
of the Notch1 pathway could alleviate VC in CKD rats was further 
investigated. According to a previous study, abnormal Notch1 signal-
ling activation was found to be closely correlated with osteogenic/
chondrogenic signalling pathway activation as well as the calcifica-
tion of mature cardiac valves.34 In non- CKD VC, Notch- activated 
EndMT is responsible for the initiation of aortic valve calcification.35 
In	this	study,	AAV-	miR-	29a	and	DAPT	were	used	to	inhibit	Notch1	
activation in order to evaluate the significance of the Notch1 path-
way for VC in CKD rat models. In view of valvular morphology, AAV- 
miR-	29a	and	DAPT	could	suppress	the	generation	of	corpuscles	of	
calcium and phosphate in valves. Particles of calcium and phosphate 
are considered to be an important feature of the early calcification 
of cardiac valves.36	However,	AAV-	miR-	29a	and	DAPT	were	found	
to inhibit deposition of chondroid matrix in valves, which indicated 
that the Notch1 pathway may serve as a key therapeutic target in VC 
of CKD rats. In the past, few studies have focused on CKD with VC. 
The study provides a new way for CKD with VC, which provides new 

ideas for subsequent research on targeted drugs. Nevertheless, this 
study has some limitations. Due to the lack of commercialized human 
VECs, HUVECs instead of VECs were mainly use for the in vitro ex-
periments. Previous studies have suggested that HUVECs could 
serve as the primary source of artificial heart VECs.37 Moreover, 
HUVECs and human VECs undergo similar migration and prolifer-
ation as well as changes in endothelial functions in the presence of 
an external stimulus.38 Hence, HUVECs were used to replace human 
VECs in this study.

In conclusion, the mechanism of PTH- induced EndMT and how 
it	contributes	to	VC	in	CKD	rats	were	proposed.	Furthermore,	this	
study	demonstrated	that	PTH	could	induce	EndMT	via	miR-	29a-	5p/
GSAP/Notch1 pathway, and inhibition of the Notch1 signal may 
serve as a novel target for VC in CKD.

ACKNOWLEDG EMENT
Thanks are due to Bicheng Liu for valuable discussion.

CONFLIC TS OF INTERE S T
There are no conflicts of interest in this study.

AUTHOR CONTRIBUTION
Ri- ning Tang: This author is the corresponding author and takes re-
sponsibility for all aspects of the reliability and freedom from bias 
of the data presented and their discussion. Li- ting Wang and Ri- ning 
Tang designed research; Li- ting Wang, Yu- xia Zhang, Zi- xiao Liu 
and Yu Guo performed research; Si- jie Chen, Xiao- chen Wang and 
Li- ting Wang analysed data; Li- ting Wang and Yu- xia Zhang wrote 
the paper; Lin- Li Lv, Hong Liu, Xiao- liang Zhang and Bi- cheng Liu 
reviewed and edited the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
No publicly available data or shared data are cited. All original data 
supporting the conclusion of the current study are available from the 
corresponding author on request.

ORCID
Liting Wang  https://orcid.org/0000-0001-9885-2989 
Yuxia Zhang  https://orcid.org/0000-0001-9432-6236 
Sijie Chen  https://orcid.org/0000-0002-5420-0804 

R E FE R E N C E S
 1. Marwick Thomas H, Kerstin A, Sripal B, et al. Chronic kidney dis-

ease and valvular heart disease: conclusions from a Kidney Disease: 
Improving Global Outcomes (KDIGO) Controversies Conference. 
Kidney Int.	2019;96(4):836-	849.

 2. Pablo U- T, Luis D, Paolo R, et al. Valvular heart disease and cal-
cification in CKD: more common than appreciated. Nephrol Dial 
Transplant.	2020;35(12):2046-	2053.

	 3.	 Laguna-	Fernandez	A,	Carracedo	M,	Jeanson	G,	et	al.	Iron	alters	val-
vular interstitial cell function and is associated with calcification in 
aortic stenosis. Eur. Heart J.	2016;37(47):3532-	3535.

 4. Hjortnaes J, Shapero K, Goettsch C, et al. Valvular interstitial cells 
suppress calcification of valvular endothelial cells. Atherosclerosis. 
2015;242(1):251-	260.

https://orcid.org/0000-0001-9885-2989
https://orcid.org/0000-0001-9885-2989
https://orcid.org/0000-0001-9432-6236
https://orcid.org/0000-0001-9432-6236
https://orcid.org/0000-0002-5420-0804
https://orcid.org/0000-0002-5420-0804


     |  15 of 15WANG et Al.

 5. Monaghan Michael G, Miriam L, Simone L, Ben VH, Layland 
Shannon L, Katja S- L. Endocardial- to- mesenchymal transformation 
and mesenchymal cell colonization at the onset of human cardiac 
valve development. Development.	2016;143(3):473-	482.

	 6.	 Felix	G,	Alessandra	G,	Sébastien	G,	Stainier	Didier	YR,	Anabela	B-	
B. Nfatc1 promotes interstitial cell formation during cardiac valve 
development in zebrafish. Circ Res.	2020;126(8):968-	984.

 7. Kovacic Jason C, Stefanie D, Harvey Richard P, et al. Endothelial to 
mesenchymal transition in cardiovascular disease: JACC State- of- 
the- Art Review. J Am Coll Cardiol.	2019;73(2):190-	209.

	 8.	 Gee	T,	Farrar	E,	Wang	Y,	et	al.	NFκB	(Nuclear	Factor	κ- Light- Chain 
Enhancer of Activated B Cells) activity regulates cell- type- specific 
and context- specific susceptibility to calcification in the aortic 
valve. Arterioscler Thromb Vasc Biol.	2020;40(3):638–	655.

	 9.	 Viktoria	 W,	 Marx	 Gerald	 R,	 Hammer	 Peter	 E,	 Emani	 Sitaram	
M,	 Del	 Nido	 PJ,	 Ingeborg	 F.	 Flow	 disturbances	 and	 the	 devel-
opment of endocardial fibroelastosis. J Thorac Cardiovasc Surg. 
2020;159(2):637-	646.

 10. Ibarrola J, Garcia- Peña A, Matilla L, et al. A new role for the aldo-
sterone/mineralocorticoid receptor pathway in the development of 
mitral valve prolapse. Circ Res.	2020;127(3):	e80-	e93.

	11.	 Mahler	 Gretchen	 J,	 Farrar	 Emily	 J,	 Butcher	 JT.	 Inflammatory	 cy-
tokines promote mesenchymal transformation in embryonic 
and adult valve endothelial cells. Arterioscler Thromb Vasc Biol. 
2013;33(1):121- 130.

 12. Xu K, Xie S, Huang Y, et al. Cell- type transcriptome atlas of human 
aortic valves reveal cell heterogeneity and endothelial to mesenchy-
mal transition involved in calcific aortic valve disease. Arterioscler 
Thromb Vasc Biol.	2020;40(12):2910-	2921.

 13. Yutzey Katherine E, Demer Linda L, Body Simon C, et al. Calcific 
aortic valve disease: a consensus summary from the Alliance of 
Investigators on Calcific Aortic Valve Disease. Arterioscler Thromb 
Vasc Biol.	2014;34:2387-	2393.

 14. Kleinauskiene R, Jonkaitiene R. Degenerative aortic stenosis, 
dyslipidemia and possibilities of medical treatment. Medicina. 
2018;54(2):24.

 15. Julien T, Nancy C, Laura K, Annabelle N, Marie- Annick C, Philippe 
P. Chronic kidney disease and the pathophysiology of valvular heart 
disease. Can J Cardiol.	2019;35:1195-	1207.

	16.	 Di	 Lullo	 L,	Gorini	 A,	 Bellasi	 A,	 et	 al.	 Fibroblast	 growth	 factor	 23	
and parathyroid hormone predict extent of aortic valvular calcifica-
tions in patients with mild to moderate chronic kidney disease. Clin 
Kidney J.	2015,	8(6):	732-	736.

 17. Iwata S, Hyodo E, Yanagi S, et al. Parathyroid hormone and systolic 
blood pressure accelerate the progression of aortic valve stenosis 
in chronic hemodialysis patients. Int J Cardiol.	2013;163(3):256-	259.

 18. Iwata S, Walker MD, Di Tullio MR, et al. Aortic valvular calcification 
in mild primary hyperparathyroidism. J Clin Endocrinol Metab. 2012, 
97(1):	132-	137.

	19.	 Wang	L,	Tang	R,	Zhang	Y,	et	al.	A	rat	model	with	multivalve	calcifi-
cation induced by subtotal nephrectomy and high- phosphorus diet. 
Kidney Dis.	2020;6:346-	354.

 20. Wu M, Zhang J- D, Tang R- N, et al. Elevated PTH induces endothelial- 
to- chondrogenic transition in aortic endothelial cells. Am J Physiol 
Renal Physiol.	2017;312(3):F436-	F444.

 21. Eitan W, Liao George P, Chang Jerry C, Peng XU, Li Y- M, 
Greengard P. GSAP modulates γ- secretase specificity by in-
ducing conformational change in PS1. Proc Natl Acad Sci USA. 
2019;116(13):6385-	6390.

 22. Sonsoles P- V, Jimenez SA. Endothelial to mesenchymal transition: 
role in physiology and in the pathogenesis of human diseases. 
Physiol Rev.	2019;99(2):1281-	1324.

 23. Guorong D, Liyi Z, Chunliang W, et al. AGEs- RAGE axis causes 
endothelial- to-  mesenchymal transition in early calcific 

aortic	valve	disease	via	TGF-	β1 and BMPR2 signaling. Exp Gerontol. 
2020;141:111088.

 24. Sudip D, Peter H, Murray Bruce T, Mahler GJ. Endothelial to 
mesenchymal transformation is induced by altered extracellu-
lar matrix in aortic valve endothelial cells. J Biomed Mater Res A. 
2017;105(10):2729-	2741.

 25. Raggi P, Bellasi A, Gamboa C, et al. All- cause mortality in hemodial-
ysis patients with heart valvular calcification. Clin J Am Soc Nephrol. 
2011;6(8):	1990-	1995.

	26.	 Haunschild	 J,	 Schellinger	 IN,	 Barnard	 SJ,	 et	 al.	 Bicuspid	 aortic	
valve patients show specific epigenetic tissue signature increasing 
extracellular matrix destruction. Interact Cardiovasc Thorac Surg. 
2019;29(6):937-	943.

 27. Jan MI, Khan RA, Ali T, et al. Interplay of mitochondria apoptosis 
regulatory factors and microRNAs in valvular heart disease. Arch 
Biochem Biophys.	2017;633:50-	57.

 28. Derda AA, Thum S, Lorenzen JM, et al. Blood- based microRNA 
signatures differentiate various forms of cardiac hypertrophy. Int J 
Cardiol.	2015;196:115-	122.

	29.	 Jiayu	Z,	Yue	Z,	 Jiawei	C,	et	al.	miR-	29a/b	cluster	suppresses	high	
glucose- induced endothelial- mesenchymal transition in human ret-
inal microvascular endothelial cells by targeting Notch2. Exp Ther 
Med.	2019;17(4):3108-	3116.

 30. Tian DY, Jin XR, Zeng X, Wang Y. Notch signaling in endothelial 
cells: Is it the therapeutic target for vascular neointimal hyperpla-
sia? Int J Mol Sci.	2017;18(8):1615.

 31. Tatsuya I, Yasuo H, Larry K. Notch signaling in vascular develop-
ment. Arterioscler Thromb Vasc Biol. 2003;23(4):543- 553.

	32.	 Cheng	 LI,	 Fei	 D,	 Jia	 Yanni	 DU,	 et	 al.	 Notch	 signal	 regulates	
corneal endothelial- to- mesenchymal transition. Am J Pathol. 
2013;183(3):786-	795.

 33. Timmerman LA, Grego- Bessa J, Raya A, et al. Notch promotes epi-
thelialmesenchymal transition during cardiac development and on-
cogenic transformation. Genes Dev.	2004;18:	99-	115.

 34. Asha A, Hans Chetan P, Koenig Sara N, et al. Inhibitory 
role of Notch1 in calcific aortic valve disease. PLoS One. 
2011;6(11):e27743.

 35. Kostina A, Shishkova A, Ignatieva E, et al. Different Notch signaling 
in cells from calcified bicuspid and tricuspid aortic valves. J Mol Cell 
Cardiol.	2018;114:211-	219.

	36.	 Sergio	B,	Eileen	G,	Cloyd	Kristy	L,	Chester	Adrian	H,	Yacoub	Magdi	
H, Stevens MM. Nano- analytical electron microscopy reveals fun-
damental insights into human cardiovascular tissue calcification. 
Nat Mater.	2013;12:576-	583.

 37. Alexander W, Bastian S, Takayuki O, et al. Reendothelialization of 
human heart valve neoscaffolds using umbilical cord- derived endo-
thelial cells. Circ J.	2013;77(1):207-	216.

 38. Klinkner Denise B, Densmore John C, et al. Endothelium- derived 
microparticles inhibit human cardiac valve endothelial cell function. 
Shock.	2006;	25(6):	575-	580.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Wang L, Tang R, Zhang Y, et al. 
PTH-	induced	EndMT	via	miR-	29a-	5p/GSAP/Notch1	pathway	
contributed to valvular calcification in rats with CKD. Cell 
Prolif. 2021;54:e13018. https://doi.org/10.1111/cpr.13018

https://doi.org/10.1111/cpr.13018

