
2052  |     J Cell Mol Med. 2020;24:2052–2063.wileyonlinelibrary.com/journal/jcmm

 

Received: 9 April 2019  |  Revised: 28 September 2019  |  Accepted: 5 October 2019

DOI: 10.1111/jcmm.14904  

O R I G I N A L  A R T I C L E

NFAT5 promotes arteriogenesis via MCP-1-dependent 
monocyte recruitment

Xing-Chi Lin1 |   Miao Pan1 |   Ling-Ping Zhu1 |   Quan Sun1 |   Zheng-Shi Zhou2 |    
Chuan-Chang Li3,4 |   Guo-Gang Zhang1,4,5

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2019 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

Li and Zhang are contributed equally to this article. 

1Department of Cardiovascular Medicine, 
Xiangya Hospital, Central South University, 
Changsha, China
2Department of Laboratory Animal, 
Xiangya School of Medicine, Central South 
University, Changsha, China
3Department of Geriatric Medicine, 
Xiangya Hospital, Central South University, 
Changsha, China
4National Clinical Research Center for 
Geriatric Disorders, Xiangya Hospital, 
Central South University, Changsha, China
5Department of Cardiovascular Medicine, 
The Third Xiangya Hospital, Central South 
University, Changsha, China

Correspondence
Guo-Gang Zhang, Department of 
Cardiovascular Medicine, Xiangya Hospital, 
Central South University, Changsha, Hunan 
410008, China.
Email: zhangguogang@csu.edu.cn

Chuan-Chang Li, Department of Geriatric 
Medicine, Xiangya Hospital, Central South 
University, Changsha, Hunan 410008, China.
Email: lichuanchang@csu.edu.cn

Funding information
National Natural Science Foundation of 
China, Grant/Award Number: 81570461, 
81670267, 81873479 and 81873509; 
Natural Science Foundation of Hunan 
Province, Grant/Award Number: 
2018JJ6057; National Basic Research 
Program of China, Grant/Award Number: 
2014CB542402

Abstract
Studies have demonstrated that nuclear factor of activated T cells 5 (NFAT5) is not 
only a tonicity-responsive transcription factor but also activated by other stimuli, so 
we aim to investigate whether NFAT5 participates in collateral arteries formation in 
rats. We performed femoral artery ligature (FAL) in rats for hindlimb ischaemia model 
and found that NFAT5 was up-regulated in rat adductors with FAL compared with 
sham group. Knockdown of NFAT5 with locally injection of adenovirus-mediated 
NFAT5-shRNA in rats significantly inhibited hindlimb blood perfusion recovery and 
arteriogenesis. Moreover, NFAT5 knockdown decreased macrophages infiltration and 
monocyte chemotactic protein-1 (MCP-1) expression in rats adductors. In vitro, with 
interleukin-1β (IL-1β) stimulation and loss-of-function studies, we demonstrated that 
NFAT5 knockdown inhibits MCP-1 expression in endothelial cells and chemotaxis 
of THP-1 cells regulated by ERK1/2 pathway. More importantly, exogenous MCP-1 
delivery could recover hindlimb blood perfusion, promote arteriogenesis and mac-
rophages infiltration in rats after FAL, which were depressed by NFAT5 knockdown. 
Besides, NFAT5 knockdown also inhibited angiogenesis in gastrocnemius muscles in 
rats. Our results indicate that NFAT5 is a critical regulator of arteriogenesis and an-
giogenesis via MCP-1-dependent monocyte recruitment, suggesting that NFAT5 may 
represent an alternative therapeutic target for ischaemic diseases.
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1  | INTRODUC TION

Although interventional therapy and bypass surgery are effective 
treatments for patients with coronary heart disease (CHD), these 
procedures are not suitable for some patients and are associated 
with a high postoperative restenosis rate.1,2 Well-developed coro-
nary collateral circulation (CCC) is crucial for improving the symp-
toms and prognosis of CHD patients.3,4 Therefore, investigating the 
regulatory mechanism of CCC formation and promoting the opening 
and development of CCC to reconstruct a patient's autologous blood 
supply may be a promising solution to those patients.

Arteriogenesis, the basic process of CCC formation, during 
which pre-existing small arterioles are remodelled into large and 
functional collateral arteries to divert blood flow around stenotic 
lesions, is a complex set of events involving interactions among 
various cell types and signalling circuits.5,6 Inflammation plays a 
crucial role in arteriogenesis.7 Shear force can induce activation 
of endothelial cells (ECs), with a subsequent up-regulation of cell 
adhesion molecules such as intercellular adhesion molecule-1 
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and chemo-
kines such as monocyte chemoattractant protein 1 (MCP-1), these 
factors further recruit monocytes which secrete matrix metallo-
proteinases (MMPs) and growth factors, leading to rearrangement 
of the extracellular matrix and outward remodelling of the arte-
rioles.8-11 However, the intracellular modules regulating MCP-1 
release and monocytes recruitment during arteriogenesis are still 
unclearly.

The transcription factor, nuclear factor of activated T cells 5 
(NFAT5), belongs to the Rel family, which includes the NF-κB and 
NFATc proteins.12,13 Originally described as a hypertonicity-re-
sponsive transcription factor that orchestrates cellular homeosta-
sis, NFAT5 has also been implicated in regulating the expression 
of genes associated with migration and proliferation of cells.14,15 
NFAT5 mediates the migration and proliferation of smooth muscle 
cells, and thus promotes arterial stiffening.16,17 Besides, NFAT also 
involves in vascular endothelial growth factor (VEGF)-mediated 
human umbilical vein endothelial cell (HUVECs) migration and angio-
genesis.18 More importantly, arterial wall stress, which plays critical 
part in arteriogenesis, activates NFAT5 in cultured vascular smooth 
muscle cells (VSMCs) which may contribute to an improved migra-
tory activity of VSMCs and thus promote maladaptive vascular re-
modelling processes.19

NFAT5/MCP-1 axis has been suggested to play considerable 
roles in inflammation-related diseases. NFAT5 regulates macrophage 
apoptosis, survival and proliferation by inducing MCP-1 secretion and 
thereby plays a central role in the pathogenesis of macrophage-de-
pendent chronic inflammatory diseases such as rheumatoid arthritis.15 
Besides, in human kidney, the high interstitial sodium concentration 
in the medulla generates a defence zone with enhanced antibacte-
rial immunity via NFAT5/MCP-1-dependent monocytes chemotaxis, 
mononuclear phagocytes bactericidal activity and cytokine produc-
tion.20 However, it is not clear whether MCP-1 release and monocytes 
recruitment during arteriogenesis are determined by NFAT5.

In this study, we will demonstrate that NFAT5 controls MCP-1 
release in ECs, as well as promotes monocytes recruitment and arte-
riogenesis in hindlimb ischaemia after femoral artery ligation (FAL), 
in order to discover a new mechanism and provide a novel therapeu-
tic target for the development of collateral circulation.

2  | MATERIAL S AND METHODS

2.1 | Rat hindlimb ischaemia model

All animals care protocols and experiments were reviewed and ap-
proved by the Animal Care and Use Committee of the Department 
of Laboratory Animals, Xiangya School of Medicine, Central South 
University. All of the rats were maintained in the specific patho-
gen-free facility of the Department of Laboratory Animals, Central 
South University. 250-300 g male Sprague-Dawley (SD) rats were 
anaesthetized with 3% pentobarbital sodium (50 mg/kg) by intra-
peritoneal injection, and the surgical procedures were performed 
under sterile conditions. For hindlimb ischaemia model, we per-
formed femoral artery ligature (FAL) referencing previous stud-
ies.21,22 Briefly, a vertical longitudinal incision was made in the left 
hindlimb, and the femoral artery and its branches were then dis-
sected and ligated. For the arteriogenesis experiments, adductor 
muscles were harvested 3 or 21 days after surgery. For the angio-
genesis experiments, gastrocnemius muscles were harvested 7 or 
21 days after surgery. The muscles were fixed in 4% paraformalde-
hyde (PFA) for further experiments. For MCP-1 supplement experi-
ments, MCP-1 (450 ng/mL, Abcam) in phosphate-buffered saline 
(PBS) or PBS alone was infused via osmotic minipumps (10 μL per 
hour for 7 days, DURECT Corporation) after surgery, as described 
previously.23

2.2 | Postmortem angiography

For postmortem angiography, lead sulphate/gelatin contrast agent 
was infused into rat hindlimbs as previously described.22 X-ray pic-
tures were taken in a X-ray chamber (model DHF-155H, HITACHI 
MEDICAL CORPORATION) exposed to 50 kV and 100 mA for 
30 ms Pictures were taken and transferred to a computer where 
identification and counting of collateral arteries were performed. 
Angiographies were obtained after 21 days of the FAL.

2.3 | NFAT5 shRNA adenovirus production and 
administration

The adenoviral vectors carried rat NFAT5 shRNA (Ad-
shNFAT5) or the negative control (Ad-null) were constructed 
by Genechem Co., Ltd. The shRNA sequences were as fol-
lows: Ad-shNFAT5 (5′-CCGGGCAATGGAAGTGTTGACTTGGCT 
CGAGCCAAGTCAACACTTCCATTGCTTTTTG -3′) and Ad-null 
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(5′-CCGGTTCTCCGAACGTGTCACGTCTCGAGACGTGACACGT 
TCGGAGAATTTTTG-3′). For NFAT5 knockdown experiments in 
rats, Ad-shNFAT5 or Ad-null was delivered (1 × 1010 PFU per rat) 
after being divided among four to five injection sites in the adduc-
tor or gastrocnemius and surrounding muscles 3 days before FAL.

2.4 | Laser speckle imaging

Blood flow recovery was measured by scanning both rear paws with 
laser speckle contrast imaging (LSCI) (PeriCam PSI Z, Perimed) be-
fore and after the surgical procedure (0, 3, 7, 14 and 21 days). During 
the procedure, the animals were kept under pentobarbital sodium 
anaesthesia and their body temperatures were strictly maintained 
between 36.5°C and 37.5°C. Plantar perfusion was quantified 
within anatomically defined regions of interest (ROIs). The results 
were reported as the ratio of blood flow in the left to the right (L/R) 
hindlimb.24

2.5 | Cell culture and transfection

Human umbilical vein endothelial cells were purchased from 
ScienCell Research Laboratories, Inc and maintained in endothe-
lial cell medium (ScienCell) supplemented with 5% foetal bovine 
serum (FBS), endothelial cell growth supplement and 1% penicillin/
streptomycin (ScienCell). THP-1 cells were obtained from the Cell 
Bank of Type Culture Collection of Chinese Academy of Sciences 
and cultured in RPMI-1640 medium (Gibco) supplemented with 
10% FBS (ScienCell) and 1% penicillin/streptomycin solution. 
Both HUVEC and THP-1 cells were maintained in a humidi-
fied atmosphere containing 5% CO2 at 37°C. The human NFAT5 
siRNA (si-NFAT5) and siRNA negative control (si-NC) (Santa Cruz 
Biotechnology, Inc) were transfected to HUVECs for 24 hours 
using Lipofectamine 2000 (Life Technologies) according to the 
manufacturer's instructions.

2.6 | Quantitative real-time PCR

Total RNA was extracted from muscle or cell samples using RNAiso 
Plus reagent (TaKaRa), RNA concentration was quantitated by 
NanoDrop One (Thermo Fisher Scientific). For detection of NFAT5, 
ICAM-1, VCAM-1, MCP-1 and GAPDH mRNA expressions, cDNAs 
were synthesized by using PrimeScript™ RT reagent kit with gDNA 
Eraser (TaKaRa) according to the manufacturer's instructions. 
Real-time PCR was performed on the 7500 Real-Time PCR System 
(Applied Biosystems) using SYBR Premix Ex Taq reagent (TaKaRa) 
with NFAT5, ICAM-1, VCAM-1, MCP-1 and GAPDH specific prim-
ers. GAPDH was used as internal standard to normalize the mRNA 
expression level using 2−ΔΔCt method. The sequences for each primer 
were shown in Table S1.

2.7 | Western blot analysis

Muscle or cell samples were lysed for 30 minutes on ice in RIPA 
lysis buffer (Beyotime Institute of Biotechnology), and the protein 
concentration was determined by BCA Protein Assay Kit (Beyotime 
Institute of Biotechnology). Total protein (50 to 100 μg) was re-
solved by SDS-polyacrylamide gel electrophoresis, transferred to 
a nitrocellulose membrane, and subjected to immunoblot analy-
sis. The primary antibodies for NFAT5 (1:1000, Abcam), MCP-1 
(1:2000, Abcam), p-ERK1/2 (1:2000, Cell Signaling Technology), 
ERK1/2 (1:1000, Cell Signaling Technology) or GAPDH (1:10 000, 
Abcam) and horseradish peroxidase-conjugated secondary anti-
body (Santa Cruz Biotechnology) were used. The proteins were 
detected using enhanced chemiluminescence reagents (Millipore, 
Burlington), and bands were analysed with Image J software nor-
malized by GAPDH.

2.8 | Immunohistochemistry and 
immunofluorescence assay

We harvested the adductor or gastrocnemius muscles after FAL. 
The mid-zone of the muscle (the 5-mm-wide centremost section) 
was trimmed. Samples were embedded in paraffin and 4 μm thick 
cross-sections were performed for haematoxylin and eosin (HE) 
staining. For immunohistochemistry, we used antibodies to α-SMA 
(1:800, Sigma), Ki-67 (1:200, Abcam) and CD68 (1:200, Abcam). 
Paraffin section was rehydrated and endogenous peroxidase ac-
tivity was blocked for 30 minutes in methanol which contains 0.3% 
hydrogen peroxide. Primary antibody was incubated at 4°C over-
night, followed by 60 minutes for biotinylated secondary antibody 
(1:500, Abcam). All specimens were counterstained with haema-
toxylin staining solution (Beyotime Institute of Biotechnology), 
then neutral gum sealed piece for storage. Analysis of collater-
als was performed after scanning the section through OLYMPUS 
CX41 and Leica Application Suite 4.0 software. For immunofluo-
rescence assays, primary antibodies for NFAT5 (1:100, Abcam), 
MCP-1 (1:100, Abcam), α-SMA (1:400, Sigma) or CD31 (1:50, 
Abcam) were applied, secondary antibodies were used with label-
ling with Alexa Fluor dye (1:200, Abcam) with a maximum exci-
tation at 488 nm (green), and for red with Alexa Fluor 594 nm. 
The slides were counter stained with DAPI (Sigma) to visualize 
cellular nuclei. Images were obtained by fluorescence microscope 
(DMI4000B, Leica) and analysed by Image-Pro Plus 6.0.

2.9 | ELISA assay

The concentration of MCP-1 in the supernatant of the cultured 
HUVECs was determined by using enzyme-linked immunosorbent 
assay (ELISA) kit (R&D Systems) according to the manufacturer's 
instructions.
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2.10 | Chemotaxis assay

4 × 105 THP-1 cells were placed in the upper chamber of a modi-
fied Boyden chamber (pore size 8 μm; Corning). The chambers were 
placed into 24-well cell culture plate containing conditioned culture 
supernatant of the HUVECs treated with or without si-NC, si-NFAT5 
or ERK1/2 inhibitor (U0126). After incubation for 3 hours at 37°C, 
the cells on the lower surface of the chamber were fixed with 4% 
PFA and counterstained with crystal violet and counted manually in 
five random fields using a microscope, the cells in the lower chamber 
were observed using a haemocytometer.

2.11 | Statistical analysis

The data were presented as means ± standard deviation (SD). 
Differences between two groups were determined by Student's t 
test. Comparisons of multiple groups were performed with one-
way analysis of variance (ANOVA). All statistical analyses were 
performed using the SPSS 13.0 software package (SPSS Inc), and a 
two-tailed P value < .05 was considered to be statistically significant.

3  | RESULTS

3.1 | NFAT5 is required for the development of 
collaterals in rats after hindlimb ischaemia

In order to investigate whether NFAT5 participates in the devel-
opment of collateral circulations, we performed hindlimb ischae-
mia in rats by FAL, which induced arteriogenesis from pre-existing 
collateral anastomoses. Rats were subjected to FAL at one side 
and the other side was unligated hindlimb that was regarded as 
sham control. We detected NFAT5 expression in adductor mus-
cles, found that both NFAT5 mRNA and protein expressions 
were increased at day 1, 3, 7 after FAL when compared with 
sham hindlimb and showed the most significant increase at day 
3 (Figure 1A,B). Meanwhile, we also found the similar result that 
NFAT5 was activated by hypoxia in HUVECs (Figure S1A,B). We 
furtherly examined whether NFAT5 knockdown could reduce col-
lateral circulations formation via locally injection of NFAT5 shRNA 
adenovirus into hindlimb muscles. As a result, NFAT5 mRNA and 
protein expressions in adductor muscles were increased at day 
3 after FAL but both were remarkably decreased when treated 
with Ad-shNFAT5 (Figure S2A,B). Meanwhile, double staining of 

NFAT5 and α-SMA in adductor muscles 3 days after surgery in-
dicated that NFAT5 was mainly located in ECs of collateral arter-
ies and Ad-shNFAT5 could markedly reduce NFAT5 expression 
in ECs of collateral arteries (Figure S2C). Besides, the number of 
angiographically visible collateral vessels was also significantly de-
creased in rats treated with Ad-shNFAT5 compared with Ad-null at 
day 21 after FAL (Figure S2D).

As arteriogenesis and collateral remodelling are the largest con-
tributors to perfusion recovery after FAL,25 so we next investigated 
whether NFAT5 knockdown inhibits blood flow recovery using 
laser speckle contrast imaging at day 0, 3, 7, 14 and 21 after FAL. 
Consistent with the above, the Ad-shNFAT5-treated rats showed 
attenuated perfusion recovery in the hindlimbs as early as 3 days 
after surgery when compared with Ad-null group (day 3, 32.3 ± 4.1% 
vs 59.1 ± 6.6%, P < .01; day 7, 46.5 ± 6.2% vs 71.8 ± 5.3%, P < .01; 
day 14, 59.5 ± 5.0% vs 83.2 ± 6.2%, P < .01; day 21, 68.3 ± 7.1% vs 
89.2 ± 4.6%, P < .01; Figure 1C). Furtherly, HE staining and immuno-
histochemistry of α-SMA (alpha-smooth muscle actin) and Ki-67 (a 
proliferation marker) in the adductors were used to determine the 
effects of NFAT5 knockdown on arteriogenesis (Figure 1D,E). At day 
21 after FAL, the diameter of collaterals in Ad-shNFAT5-treated rats 
was smaller than those of control in Ad-null-treated rats (35 ± 5 vs 
54 ± 11 μm, P < .01). Additionally, the artery area was also smaller in 
Ad-shNFAT5-treated group than those in Ad-null-treated (548 ± 102 
vs 1584 ± 371 μm2, P < .01). To evaluate the proliferation of collateral 
arteries, we assayed cell proliferation in and around the collaterals 
by Ki-67 staining. Ad-shNFAT5-treated rats showed lower Ki-67 
positive cells (15 ± 4 vs 34 ± 5, P < .01) as well as lower proliferation 
index (0.29 ± 0.05 vs 0.64 ± 0.11, P < .01) than those treated with 
Ad-null. These results demonstrated that NFAT5 is required for col-
lateral arteries growth which was inhibited by NFAT5 knockdown.

3.2 | NFAT5 knockdown inhibits monocyte 
recruitment and MCP-1 expression in rats hindlimb 
ischaemia model

Evidence suggested that inflammation is responsible for collateral 
vessel remodelling and NFAT5 is a critical regulator of inflamma-
tion,7,26 so we therefore explored whether the infiltration of mac-
rophages and secretion of inflammatory factors were affected by 
NFAT5 in vivo. Similarly, our results also demonstrated that collateral 
circulation growth was accompanied with increase of macrophage 
infiltration around the collateral vessels in the adductors, which 
was assessed by CD68-positive staining (26 ± 5 vs 3 ± 2, P < .01, 

F I G U R E  1   NFAT5 is required for collaterals formation in a rat hindlimb ischaemic model. A and B, NFAT5 mRNA and protein expression 
in adductor muscles at 12 h, day 1, day 3, day 7 and day 14 after FAL. C, Representative laser speckle perfusion images and statistical 
analysis of the ratios of left to right (L/R) hindlimb blood perfusion among rats treated with locally injection of Ad-null and Ad-shNFAT5 
into adductor muscles immediately after (acute), 3 d after, 7 d after, 14 d after and 3 wk after FAL. D, HE staining, immunohistochemistry of 
α-SMA and Ki-67 in cross-sections of the adductor muscles collected from sham-, ligature-, ligature + Ad-null- and ligature + Ad-shNFAT5-
treated rats 21 d after FAL. E, Quantification of images from (D), collateral artery diameter and lumen areas were assayed by α-SMA staining, 
and proliferating cells were measured by Ki-67 staining. *P < .05, **P < .01 for multi-time points vs sham (A and B); **P < .01 vs + Ad-null, 
##P < .01 vs sham (C and E); N = 6 rats in each group
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Figure 2A,B). Nevertheless, the infiltrating macrophages were signif-
icantly decreased when rats were treated with Ad-shNFAT5 (7 ± 3 vs 
24 ± 5, P < .01, Figure 2A,B). According to previous studies, ICAM-1, 
VCAM-1 and MCP-1 are the three predominant molecules up-regu-
lated that induce monocyte recruitment during arteriogenesis.8-11 So 
we investigated the expressions of these inflammatory factors in ad-
ductors 3 days after surgery and found that neither ICAM-1 mRNA 
nor VCAM-1 mRNA expression was affected by NFAT5 knockdown 
(Figure 2C,D). However, MCP-1 mRNA and protein were signifi-
cantly down-regulated in rats treated with Ad-shNFAT5 compared 
with Ad-null (Figure 2E,F). In addition, double staining of MCP-1 
and α-SMA in adductor muscles 3 days after surgery indicated that 
NFAT5 knockdown could markedly reduce MCP-1 expression in the 
ECs of collaterals arteries (Figure 2G). These data suggested that 
NFAT5 knockdown results in the reduction of macrophage infiltra-
tion in adductors and MCP-1 expression in ECs of collateral arteries.

3.3 | IL-1β promotes NFAT5 expression and 
translocation to the nucleus in HUVECs

As MCP-1 released from ECs is an important mediator for arterio-
genesis,9 which could be induced by interleukin-1 β (IL-1β),27 so we 
further investigated whether NFAT5 is involved in this process in 
HUVECs. Our results indicated that IL-1β could apparently increase 
NFAT5 mRNA and protein expressions in time- and dose-dependent 
manner in HUVECs (Figure 3A-D), as well as promote NFAT5 trans-
location to the nucleus demonstrated by immunofluorescence assay 
(Figure 3E). Furthermore, we treated HUVECs with NFAT5 siRNA 
under both basal- and IL-1β-treated conditions, finding that NFAT5 
and MCP-1 protein expressions as well as MCP-1 concentration in 
the culture supernatant were markedly increased stimulated by IL-1β 
(Figure 3F-I), but significantly decreased when treated with NFAT5 
siRNA under both basal- and IL-1β-treated conditions (Figure 3F-I).

F I G U R E  2   NFAT5 knockdown inhibits macrophages infiltration and MCP-1 expression after hindlimb ischaemia surgery. A and B, 
Representative of immunohistochemistry staining and quantification of CD68 in adductor muscles selected from sham-, ligature-, +Ad-
null and + Ad-shNFAT5 treated rats 3 d after FAL. C-F, ICAM-1, VCAM-1 and MCP-1 expressions in adductor muscles 3 d after indicated 
treatment. G, Representative immunofluorescence staining of MCP-1 (red), α-SMA (green) and DAPI (blue) in collateral artery 3 d after FAL. 
Scale bar = 50 μm or 5 μm. **P < .01 for vs + Ad-null; ##P < .01 vs sham; N = 6 rats in each group
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3.4 | NFAT5 enhances THP-1 cell chemotaxis by 
regulating MCP-1 release in HUVECs depending on 
activation of ERK1/2 pathway

As the chemotaxis and adhesion of monocytes to ECs are an impor-
tant process of arteriogenesis,9,11 so we next investigated whether 
NFAT5 in HUVECs affects the chemotaxis of THP-1 cells in vitro 
using transwell migration assay to imitate the process during arterio-
genesis in vivo. We firstly cultured HUVECs under different condi-
tions and then investigated the chemotaxis of THP-1 cells cultured in 
the culture supernatant of HUVECs. Our results indicated that IL-1β 
could significantly induce chemotaxis of THP-1 cells, but NFAT5 
knockdown by NFAT5 siRNA markedly inhibited the migration of 
THP-1 cells migrated into the lower surface of the chambers and the 

medium under both basal- and IL-1β-treated conditions (Figure 4A-
C). These data and the results suggested that NFAT5 is essential for 
IL-1β-induced THP-1 cell chemotaxis.

Because activation of ERK1/2 pathway is required for IL-1β-
induced MCP-1 expression,28 so we further investigated the role 
of ERK1/2 pathway in NFAT5-regulated chemotaxis of THP-1 
cells. Our results showed that ERK1/2 pathway inhibitor (U0126) 
could significantly inhibit IL-1β-induced THP-1 cells migration 
(Figure 5A,B). Meanwhile, IL-1β induced phosphorylation of 
ERK1/2 as well as increased NFAT5 and MCP-1 protein expres-
sions, which can be abolished by ERK1/2 inhibitor (Figure 5C-E). 
All these data stated clearly that NFAT5 induced chemotaxis of 
THP-1 cells through MCP-1 which was depended on the activation 
of ERK1/2 pathway.

F I G U R E  3   NFAT5 regulates MCP-1 expression in HUVECs. A and B, NFAT5 mRNA and protein expressions in HUVECs treated with IL-1β 
(5 ng/mL) at different time points. C and D, NFAT5 mRNA and protein expressions in HUVECs treated with different concentrations of IL-1β 
for 12 h. E, Representative immunofluorescence staining of NFAT5 (red) and DAPI (blue) in HUVECs treated with IL-1β (10 ng/mL) for 12 h. 
F-H, Representative of Western blot images and quantification of NFAT5 and MCP-1 protein expressions in HUVECs treated with si-NFAT5 
(20 nmol/L) or si-NC (20 nmol/L) under basal or IL-1β (10 ng/mL) stimulation for 12 h. I, The MCP-1 concentration in culture supernatant of 
HUVECs treated with si-NFAT5 (20 nmol/L) or si-NC (20 nmol/L) under basal or IL-1β (10 ng/mL) stimulation for 12 h. *P < .05, **P < .01, for 
IL-1β vs control (A-D), +si-NC vs + si-NFAT5 (G-I); #P < .05, ##P < .01 vs si-NC (G-I); ++P < .01 vs control (G-I). Each experiment was repeated 
three times. NC, negative control
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3.5 | MCP-1 delivery reverses the inhibitory 
effects of NFAT5 knockdown on collateral circulations 
growth in rats

As we have proved that NFAT5 knockdown in ECs may result in the 
reduction of monocytes chemotaxis through MCP-1, which in turn 
leading a decreased infiltration of macrophages. Therefore, we in-
vestigated whether MCP-1 delivery could reverse the impairment 
of collateral circulations growth result from NFAT5 knockdown. As 
shown in Figure 6A, laser speckle contrast imaging demonstrated 
that MCP-1 delivery into rats hindlimb muscles could markedly re-
store the blood perfusion of hindlimb that was inhibited by NFAT5 
knockdown at day 3, 7, 14 and 21 after surgery (day 3, 33.3 ± 6.1% 
vs 48.5 ± 4.6%, P < .01; day 7, 47.5 ± 5.5% vs 69.8 ± 6.1%, P < .01; 
day 14, 60.5 ± 4.0% vs 76.2 ± 5.2%, P < .01; day 21, 69.3 ± 6.1% vs 
85.9 ± 6.6%, P < .01). Similarly, corresponding angiographies of MCP-
1-treated rat hindlimbs illustrated good collaterals growth when 
NFAT5 knockdown (Figure S3). Besides, immunohistochemistry of 
CD68 indicated that MCP-1 obviously promoted macrophages to in-
filtrate into the adductors when NFAT5 knockdown (8 ± 3 vs 20 ± 4, 
P < .01, Figure 6B). Next, to explore whether MCP-1 reverse the in-
hibitory effect of NFAT5 knockdown on collateral vessels growth, we 

examined the adductors 21 days after FAL. Consequently, the induc-
tion of arteriogenesis in the adductor was better in MCP-1-treated 
rats compared with control rats in condition of NFAT5 knockdown, 
which was reflected by significant increases in artery diameter (33 ± 4 
vs 46 ± 7 μm, P < .01), artery area (566 ± 115 vs 1312 ± 182 μm2, 
P < .01), Ki-67 expression (12 ± 3 vs 25 ± 5, P < .01) and proliferative 
index (0.25 ± 0.05 vs 0.44 ± 0.07; P < .01, Figure 6C,D).

3.6 | Angiogenesis is also impaired in rats 
lacking NFAT5

We also investigated whether NFAT5 is required for angiogenesis 
during collateral circulations growth. Our results showed that in-
jection with Ad-shNFAT5 in gastrocnemius significantly impaired 
the blood flow recovery in the hindlimbs (day 3, 53.3 ± 6.1% vs 
41.9 ± 7.6%, P < .01; day 7, 72.6 ± 5.5% vs 52.8 ± 4.3%, P < .01; 
day 14, 86.2 ± 4.0% vs 72.7 ± 5.3%, P < .01; day 21, 90.1 ± 7.3% vs 
77.6 ± 4.2%, P < .01; Figure S4A). Meanwhile, macrophages infiltra-
tion at day 7 (19.7 ± 4.5 vs 5.3 ± 3.4, P < .01; Figure S4B) and the 
number of capillaries at day 21 (58.2 ± 11.3 vs 23.7 ± 4.4, P < .01; 
Figure S4B) in Ad-shNFAT5-treated rats were also weakened when 
compared with Ad-null-treated rats.

F I G U R E  4   NFAT5 knockdown 
inhibits chemotaxis of THP-1 cells. A, 
Representative images of migrated THP-
1 cells supplemented with the culture 
supernatant of HUVECs which had been 
incubated in si-NFAT5 (20 nmol/L) or 
si-NC (20 nmol/L) under basal or IL-1β 
(10 ng/mL) stimulation for 12 h. B, The 
number of migrated THP-1 cells on the 
reverse surface of the membrane. C, The 
number of migrated THP-1 cells in the 
lower medium. *P < .05, **P < .01 vs + si-
NC; +P < .05, ++P < .01 vs control; #P < .05, 
##P < .01 vs si-NC. Each experiment 
was repeated three times. NC, negative 
control
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4  | DISCUSSION

The primary findings of the present study are as follows: (a) genetical 
silence of NFAT5 attenuates arteriogenesis and angiogenesis in rat 
hindlimb ischaemia model; (b) NFAT5 can regulate monocyte recruit-
ment by regulating the expression of MCP-1 in ECs both in vivo and 
in vitro; (c) MCP-1 supplementation can reverse the inhibitory effect 
of NFAT5 knockdown on monocyte recruitment and arteriogenesis. 
Collectively, these findings mainly suggest that NFAT5 promotes ar-
teriogenesis via MCP-1-dependent monocyte recruitment.

Hindlimb ischaemia model showed that NFAT5 increased since 
the 12th hour after FAL, reached the highest level at the 3rd day, 
began to decrease from the 7th day and returned to normal level at 
the 14th day. After NFAT5 was knocked down, the blood flow recov-
ery of the lower limbs was inhibited. The diameter and covering area 
of collateral arteries were decreased, as well as the number of pro-
liferative cells, implying that arteriogenesis was inhibited by NFAT5 
knockdown after FAL. Therefore, these results indicated that NFAT5 
can promote collateral artery formation. It was evidenced that the 
3rd day when NFAT5 increased maximally is also the time when 
maximal monocyte recruitment occurred.23,29 Compelling evidence 
has indicated an essential role for monocytes in arteriogenesis.30,31 
Specifically, in the rabbit and mouse hindlimb ischaemia models, 
pharmacological monocyte depletion led to impaired arteriogenesis 

which can be rescued by restoring monocyte blood count through 
the injection of exogenous cells.32 In keeping with these results, 
the magnitude of their infiltration at the site of collateral arteries 
positively correlates with arteriogenesis development.33,34 Our ex-
periments showed that after NFAT5 knockdown, the formation of 
collateral arteries was inhibited, and the aggregation of macrophages 
around collateral arteries was significantly inhibited on the 3rd day 
after ligation as was shown with CD68 immunochemistry assays. At 
the same time, immunofluorescence assays showed that NFAT5 was 
mainly expressed in the endothelium of collateral artery. Therefore, 
we speculated that endothelial NFAT5 might regulate arteriogenesis 
by regulating monocyte recruitment.

Next, we explored the mechanism of NFAT5 regulating mono-
cyte recruitment. According to previous study, ICAM-1, VCAM-1 and 
MCP-1 are the three predominant up-regulated molecules that induce 
monocyte recruitment during arteriogenesis.6,35 Our results showed 
that NFAT5 knockdown did not affect ICAM-1 and VCAM-1 mRNA 
expression, but both mRNA and protein expressions of MCP-1 were 
notably decreased, and MCP-1 around collateral arteries was also de-
creased. Apart from the importance of monocytes for arteriogenesis, 
it is apparent that MCP-1 plays a pivotal role for monocyte recruit-
ment during arteriogenesis. In different animal models of FAL, infusion 
of MCP-1 led to an increased number of macrophages surrounding 
growing collaterals and improved collateral flow.36-38 By contrast, 

F I G U R E  5   The ERK1/2 pathway 
involves in NFAT5-mediated chemotaxis 
of THP-1 cells. A, Representative images 
of migrated THP-1 cells supplemented 
with the culture supernatant of HUVECs 
which had been pretreated with ERK1/2 
inhibitor (U0126, 10 μmol/L) or DMSO for 
30 min before treatment with IL-1β (10 ng/
mL) for an additional 12 h. B, The number 
of migrated THP-1 cells on the reverse 
side of the membrane and in the lower 
medium. C-E, ERK1/2, NFAT5 and MCP-1 
protein expressions in HUVECs treated 
as (A). *P < .05, **P < .01 vs + DMSO; 
##P < .01 vs control. Each experiment was 
repeated three times
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mice genetically deficient for MCP-1 or its isogenous receptor CCR2 
displayed reduced monocyte infiltration and decreased arteriogene-
sis following artery occlusion.39,40 Moreover, clinical data also demon-
strated that in the early stage of acute myocardial infarction, patients 
with high plasma level of MCP-1 developed better collateral vessels 
than those with low level.41 From the evidence above, we have reason 
to believe that NFAT5 affects monocyte recruitment by regulating 
MCP-1 expression, which in turn to affect arteriogenesis.

In order to further verify the molecular mechanism of NFAT5 af-
fecting arteriogenesis, we carried out experiments in vitro. The ex-
pression of NFAT5 and nuclear transfer were increased in HUVECs 
when stimulated by IL-1β. NFAT5 knockdown inhibited IL-1β induced 
MCP-1 secretion and the chemotaxis of THP-1 cells. Thus, NFAT5 
could regulate monocyte recruitment via regulating the expression of 
MCP-1. Besides, IL-1β was also suggested to promote ischaemia-in-
duced neovascularization via mobilizing CD34−/B220−CD3–Flk-1+ 
endothelial precursor cells (EPCs), however, whether NFAT5 in-
volves in this process as well as affect EPCs needed further study.42

It should be noted that in the early stage of arteriogenesis, 
MCP-1 is mainly secreted by the activated endothelium induced 
by hemodynamic forces,43 which is followed by accumulation of a 
large number of macrophages that release a variety of inflammatory 
cytokines (such as IL-1β, TNF-α). These cytokines potently induce 
MCP-1 expression in arteries. Our study showed that the expression 
of NFAT5 peaked at the 3rd day when it was also found, by immuno-
fluorescence and immunohistochemistry, to be mainly expressed in 
the endothelial cells of collateral arteries surrounded by numerous 
macrophages and when the ECs are stimulated strongly by inflam-
matory cytokines. Hence, it is reasonable for using ECs stimulated 
by inflammatory cytokines to explore the cellular regulatory role of 
NFAT5 in the process of arteriogenesis. Moreover, animal studies 
showed that NFAT5 increased as early as 12 hours after FAL when 
the ECs are mainly stimulated by mechanical forces. Thus, exploring 
the effect of mechanical stimulation on NFAT5 in ECs and its mech-
anism is still necessary, which is also the limitation of this study and 
worth further studies.

F I G U R E  6   MCP-1 delivery recovery arteriogenesis which is inhibited by NFAT5 knockdown. A, Representative images of laser speckle 
perfusion images and statistical analysis of the ratios of left to right (L/R) hindlimb blood perfusion in NFAT5 knockdown rats treated 
with MCP-1 delivery at various time points after FAL. B, Representative of immunohistochemistry staining and quantification of CD68 in 
adductor muscles selected from NFAT5 knockdown rats treated with MCP-1 delivery 3 d after FAL. C, HE staining, immunohistochemistry 
of α-SMA and Ki-67 in cross-sections of the adductor muscles collected from NFAT5 knockdown rats treated with MCP-1 delivery 21 d after 
FAL. D, Quantification of images from (C), collateral artery diameter and lumen areas were assayed by α-SMA staining, and proliferating cells 
were measured by Ki-67 staining. Scale bar = 50 μm. **P < .01 vs + PBS; N = 6 rats in each group
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In addition, we explored the possible upstream pathway that might 
affect the expression of NFAT5 and MCP-1. Previous studies showed 
that endothelial ERK1/2 pathway is critical for arteriogenesis,44,45 
and ERK1/2 pathway is also involved in the regulation of MCP-1 ex-
pression via NFAT5 in NRK52E cells.46 Besides, activation of ERK1/2 
pathway is required for IL-1β induced MCP-1 expression in various 
cells.47-49 Therefore, we have been suggested that ERK1/2 pathway 
might be the upstream pathway in this study. Accordingly, our exper-
iments in vitro showed that the expression of NFAT5 and MCP-1, as 
well as the chemotaxis of THP-1 cells were attenuated after ERK1/2 
pathway was inhibited by U0126. To summarize, ERK1/2 pathway 
may be involved in the regulation of MCP-1 expression via NFAT5 
and thus promote monocyte recruitment during arteriogenesis.

In order to further confirm the upstream and downstream rela-
tionship between NFAT5 and MCP-1 in the formation of collateral 
arteries, we performed an exogenous MCP-1 supplement to NFAT5 
knockdown rats with FAL. We found that the MCP-1 supplement 
group showed increased diameter, and covering area of collateral ar-
teries, as well as greater number of proliferating cells, enhanced mac-
rophages infiltration and better blood flow recovery. Therefore, the 
inhibitory effect on arteriogenesis induced by NFAT5 knockdown 
could be reversed by MCP-1 supplement, demonstrating that NFAT5 
plays a role in promoting arteriogenesis through MCP-1 pathway.

Previous study also showed that NFAT5 can promote angio-
genesis both in vitro and in vivo.26 Our result showed that when 
injection of Ad-NFAT5 into gastrocnemius, macrophage infiltration 
and density of capillaries in gastrocnemius as well as blood flow of 
lower limbs were also inhibited. Therefore, NFAT5 is also required 
for angiogenesis in hindlimb ischaemia rats dependent on monocyte 
recruitment.

In summary, our results demonstrated that NFAT5 can promote 
arteriogenesis via MCP-1-dependent monocyte recruitment, sug-
gesting that NFAT5 may be an endogenous regulator of arterio-
genesis. Therefore, targeting NFAT5 may be considered as a novel 
strategy in the treatment of ischaemic diseases.
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