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INTRODUCTION 
 

The vascular endothelium which is composed of  

an endothelial cell monolayer serves as the  

primary barrier against pro-atherosclerosis factors. 

Endothelial inflammation tends to induce secondary 

severe pathological changes and accelerate the 

progress of atherosclerosis [1]. Researchers have 

noted that senescent ECs may act as the most 

important inflammatory sources during atherosclerotic 

plaque formation, believed to further induce the 

release of interleukin 1 (IL-1), intracellular adhesion 

molecule 1 (ICAM-1), tumor necrosis factor (TNF-α), 

monocyte chemoattractant protein 1 (MCP-1) and 

other inflammatory factors [2], as an important 

characterization of the senescent-associated secretory 

phenotype (SASP). However, whether and how SASP 

is regulated in ECs in atherosclerosis remains unclear. 
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ABSTRACT 
 

Background: Inflammation is one of the significant consequences of ox-LDL-induced endothelial cell (EC) 
dysfunction. The senescence-associated secretory phenotype (SASP) is a critical source of inflammation factors. 
However, the molecular mechanism by which the SASP is regulated in ECs under ox-LDL conditions remains 
unknown.  
Results: The level of SASP was increased in ox-LDL-treated ECs, which could be augmented by KLF4 knockdown 
whereas restored by KLF4 knock-in. Furthermore, we found that KLF4 directly promoted PDGFRA transcription 
and confirmed the central role of the NAPMT/mitochondrial ROS pathway in KLF4/PDGFRA-mediated inhibition 
of SASP. Animal experiments showed a higher SASP HFD-fed mice, compared with normal feed (ND)-fed mice, 
and the endothelium of EC-specific KLF4-/- mice exhibited a higher proportion of SA-β-gal-positive cells and 
lower PDGFRA/NAMPT expression. 
Conclusions: Our results revealed that KLF4 inhibits the SASP of endothelial cells under ox-LDL conditions 
through the PDGFRA/NAMPT/mitochondrial ROS. 
Methods: Ox-LDL-treated ECs and HFD-fed mice were used as endothelial senescence models in vitro and in 
vivo. SA-β-gal stain, detection of SAHF and the expression of inflammatory factors determined SASP and 
senescence of ECs. The direct interaction of KLF4 and PDGFRA promotor was analyzed by EMSA and fluorescent 
dual luciferase reporting analysis. 
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Krüppel-like factor 4 (KLF4) is a member of the 

SP/KLF family of transcription factors that contain a 

transactivation domain (TAD) and a repressor domain 

[3]. KLF4 is a housekeeper gene functioning in  

cycle progression, maintenance of a pluripotent stem 

cell state, cellular proliferation, and autophagy activity 

[4]. During atherosclerosis, KLF4 maintains normal 

vascular wall shear stress and vasopermeability and 

prevents the secretory phenotype switching from the 

contraction phenotype of smooth muscle cells and 

fibroblast inflammation [5, 6]. KLF4 also represses 

endothelial inflammation in vascular injury and 

neovascularization [7]. Nevertheless, whether and how 

KLF4 regulates ECs’ inflammatory factors release in 

SASP in atherosclerosis remains unknown. 

 

In this study, we found that KLF4 was consistently 

down-regulated in both the vascular endothelium of 

HFD-fed mice and ox-LDL-treated ECs. And the gene 

encoding platelet-derived growth factor receptor α 

(PDGFRA), a receptor tyrosine kinase present in ECs 

and crucial for the development of chronic noninfective 

inflammation in several organs [8], was directly activated 

by KLF4. However, the function and molecular 

mechanism of the PDGFRA pathway in SASP of ECs 

remains unclear. Based on this, we explored whether 

PDGFRA pathway could function as a repressor of  

the SASP and verified PDGFRA pathway regulating 

nicotinamide phosphoribosyltransferase (NAMPT) and 

mitochondrial reactive oxygen (MitoROS) in endothelial 

cells. Altogether, we demonstrated that KLF4/PDGFRA/ 

NAMPT/MitoROS pathway exerts a reliable inhibition 

of the SASP in endothelial cells in the ox-LDL-

stimulated environment. 

 

RESULTS 
 

KLF4 inhibited the ox-LDL-induced EC SASP in 

vivo and in vitro 

 

After feeding C57BL/6J mice a high-fat diet  

for 8 weeks, we used histopathology to observe  

the distribution of KLF4-positive cells. An obvious 

decrease in KLF4 expression in endothelial cells and 

adventitial fibroblasts was observed in high-fat diet- 

fed mice compared to normal diet-fed mice, especially 

in endothelial cells (Figure 1A). Interestingly, KLF4 

expression was lacking in smooth muscle cells. The 

results were also verified using in vitro experiments. 

Western blotting results showed significantly down-

regulated KLF4 protein expression in ox-LDL-treated 

HUVECs (Figure 1B). To verify the possible role of 

KLF4 in endothelial cells, we analyzed the mRNA- 

seq in NC HUVECs, KLF4 knock-in HUVECs and 

KLF4 knockdown KUVECs. GO and KEGG analysis 

revealed that multiple pathways related to endothelial 

cells function and aging-related were significantly 

differentially regulated along with KLF4 expression 

changes (Figure 1C). These results indicated that KLF4 

may play an important role in ox-LDL intervention in 

endothelial cells in vivo and in vitro. 

 

In high-fat diet-fed C57BL/6J mice, in addition to 

decreased KLF4 levels in the intima, the senescent 

intima area also exhibited increased SA-β-gal staining 

(Figure 2A). To investigate the role of KLF4 in 

mediating intima senescence in high-fat diet-fed mice, 

we designed specific conditional EC KLF4 knockout 

(EC KLF4-/-) mice, and the knockout efficiency was 

confirmed by histopathology (Figure 2B) and Western 

blotting in purified vascular ECs (Figure 2F). Next,  

we found that EC KLF4-/- mice fed a normal diet 

exhibited a larger SA-β-gal-positive area (Figure 2C) 

and increased expression of the senescence protein p21 

(Figure 2D) in the intima. To further verify the role of 

KLF4 in EC senescence, we designed Adv-KLF4 and 

shRNA-KLF4 to regulate KLF4 expression in vitro. 

Then, we found that transfection of ox-LDL-treated 

HUVECs with Adv-KLF4 led to a lower percentage of 

SA-β-gal-positive cells and lower p21 protein expression 

of p21, whereas KLF4 knockdown led to the opposite 

results (Figure 2E, 2G). 

 

Cytokine release, which is also referred to as the SASP, 

is the most important role of senescent cells, and the 

specific chromatin rearrangement, called senescence-

associated heterochromatin foci (SAHF), may represent 

its structural basis. Next, immunofluorescence results 

showed that KLF4 shRNA or ox-LDL treatment induced 

typical heterochromatin foci (Figure 2H). Protein chip 

and qPCR were used to observe cytokine release, and 

different cytokine protein production (Figure 2I and 

Table 1) and mRNA levels (Figure 2J) were observed in 

Adv-KLF4-transduced HUVECs and shRNA-KLF4-

transfected HUVECs. In our experiments, we also 

observed that protein levels of the SASP biomarker  

type 2 plasminogen activation inhibitor (PAI-2) were 

decreased in ox-LDL-treated HUVECs transduced with 

Adv-KLF4 but increased in shRNA-KLF4-transfected 

HUVECs, whereas the opposite results were obtained 

for the SASP inhibition biomarker uridylyl phosphate 

adenosine (uPA) (Figure 2K). All of these in vivo and  

in vitro results indicated that KLF4 has an inhibitory 

effect on the SASP in ECs under ox-LDL-treatment 

conditions. 

 
PDGFRA plays an essential role in KLF4-mediated 

regulation of the SASP 

 
In our experiments, we analyzed the protein‒protein 

interaction (PPI) network in NC HUVECs, KLF4 

knock-in HUVECs and KLF4 knockdown KUVECs. 
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The PDGF/PDGFR pathway was increased in  

KLF4 knock-in HUVECs, whereas KLF4 shRNA-

transfected HUVECs exhibited the opposite result 

(Figure 3A). To verify communication between KLF4 

and the PDGF/PDGFR pathway, we observed the 

expression of proteins in the PDGF/PDGFR pathway 

and found that only PDGFRA protein expression was 

increased in Adv-KLF4-transduced HUVECs. Moreover, 

PDGFRA protein expression was decreased in shRNA-

KLF4-transfected HUVECs (Figure 3B). To further 

verify whether KLF4 directly promoted PDGFRA 

transcription, we searched the seed region (Figure  

3C) and designed pGL4 probes and biotin probes for in 

vitro experiments. We found that transfection of the 

pGL4-KLF4 vector with PDGFRA, but not platelet-

derived growth factor-BB (PDGF-BB) or platelet-

derived growth factor receptor β (PDGFRB), into 

HUVECs effectively induced luciferase activity (Figure 

3D). The EMSA results also showed that KLF4 tightly 

bound to biotin-labeled PDGFRA but not PDGF- 

BB or PDGFRB (Figure 3E). Next, we designed a 

PDGFRA mutant in the KLF4 binding seed region with 

a poly-A sequence and then transfected it with the 

pGL4-KLF4 vector; no luciferase activity was observed 

(Figure 3F). These findings indicated that KLF4 

promotes PDGFRA transcription. We wanted to assess  

whether communication occurs between KLF4 and 

PDGFRA in the KLF4-regulated SASP. To confirm this 

hypothesis, we observed PDGFRA protein expression 

in ECs and found that PDGFRA protein expression 

decreased in ox-LDL-treated HUVECs (Figure 4A)  

and high-fat diet-fed mice (Figure 4B). Histopathology 

showed that PDGFRA protein expression was also 

reduced in EC KLF4-/- intima in mice fed a normal diet 

(Figure 4B). Next, we used Adv-PDGFRA and shRNA-

PDGFRA to upregulate and downregulate PDGFRA 

expression, respectively, in non-treated and ox-LDL-

treated HUVECs. PDGFRA overexpression in ox-LDL-

treated HUVECs led to an apparent decrease in p21 

protein expression (Figure 4C), a decrease in the 

percentage of SA-β-gal-positive HUVECs (Figure 4D), 

and a reduced level of cytokine secretion (Figure 4F). 

Reduced PDGFRA expression had the opposite effect 

(Figure 4C–4F). Then, we downregulated PDGFRA 

expression in KLF4 knock-in HUVECs by transfecting 

PDGFRA shRNA and restored the HUVEC SASP. In the 

context of reduced PDGFRA expression, the percentage 

of SA-β-gal-positive HUVECs (Figure 4G), p21 protein 

expression (Figure 4H), typical SAHF structure 

formation (Figure 4I) and cytokine release (Figure 4J)  

 

 
 

Figure 1. Analysis of KLF4 protein expression and EC dysfunction. (A) Immunohistochemical detection of vascular wall KLF4 

expression. Scale bar, 20 µm. Representative images (n=5) are shown. Red arrow, KLF4 expression in the intima of mice fed a normal diet. 
Yellow arrow, intima lacking KLF4 expression in mice fed a high-fat diet. Blue arrow, KLF4 expression in adventitial fibroblasts. (B) Western 
blotting analysis of KLF4 protein expression in cultured HUVECs (100 µg/ml ox-LDL, 24 h) (n=5). (C) GO and KEGG analysis of the pathways 
after KLF4 knock in and knock out in HUVECs. 
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Figure 2. KLF4 inhibits the EC SASP. (A) Histochemical detection of the SA-β-gal-positive area in the vascular wall of mice fed a high-fat 

diet. Representative images (n=5) are shown. Red arrow, SA-β-gal-positive intima. (B) Immunohistochemical detection demonstrates the 
efficiency of specific conditional KLF4 knockout in mouse endothelial cells (EC KLF4-/-). Scale bar, 200 µm. Representative images (n=5) are 
shown. Red arrow, KLF4 expression in normal mouse intima. Yellow arrow, intima lacking KLF4 expression in mice fed a high-fat diet. Blue 
arrow, KLF4 expression in adventitial fibroblasts. (C) Histochemical detection of SA-β-gal-positive areas in the vascular wall of EC KLF4-/- mice. 
Scale bar, 1 cm. Representative images (n=5) are shown. Red arrow, SA-β-gal-positive intima. (D) Immunohistochemical detection of p21 
protein expression in the intima of EC KLF4-/- mice. Scale bar, 200 µm. Representative images (n=5) are shown. Red arrow, p21-positive 
endothelial cells. (E) Histochemical detection of SA-β-gal-positive ECs in HUVECs. Scale bar, 50 µm. Representative images (n=5) are shown. 
Blue, SA-β-gal-positive ECs. (F) Western blotting analysis of KLF4 protein expression in the intima of EC KLF4-/- mice. (G) Western blotting 
analysis of p21 protein expression in HUVECs after KLF4 expression is altered (n=5). (H) Immunofluorescence detection of typical SAHF 
formation in HUVECs (n=5). Scale bar, 5 µm. (I) Protein chip analysis in HUVECs (n=3). (J) qPCR analysis of the mRNA levels of cytokines in 
HUVECs (n=5). *P < 0.05. (K) Western blotting analysis of PAI-2 and uPA protein expression in HUVECs (n=5). 
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Table 1. Protein chip analysis of cytokines in cultured HUVECs 
(n=3).  

Inflammatory factor KLF4 KI OD ratio KLF4 KD OD ratio 

GRO-alpha 1.724* 0.499* 

IL-1alpha 0.968 0.623* 

IL-1beta 0.548* 1.925* 

IL-6 2.276* 0.716 

MCP-1 0.23* 0.938 

RANTES 0.956 1.684* 

PDGF-BB 1.829* 0.246* 

*P < 0.05. 

 

exhibited sharp increases in KLF4 knock-in HUVECs. 

Then, we overexpressed PDGFRA in KLF4 knockdown 

HUVECs by transfecting Adv-PDGFRA. Here, the 

increase in the SASP in KLF4-knockdown HUVECs 

was attenuated by the overexpression of PDGFRA 

(Figure 4G–4I, 4K). These results confirmed that the 

regulatory role of KLF4 on the SASP is at least partly 

mediated by PDGFRA. 

 

 
 

Figure 3. KLF4 promotes PDGFRA transcription. (A) PPI network analysis in cultured HUVECs. (B) Western blotting analysis of the PDGF 

pathway in HUVECs. (C) The amounts of PDGFRA, PDGF-BB and PDGFRB in (B) quantified using actin as control. (n=5). *P < 0.05. (D) Seed 
region for the KLF4 binding site. (E) Luciferase activity analysis of the PDGF pathway in HUVECs (n=5). *P < 0.05. (F) EMSA analysis of the 
PDGF pathway in HUVECs (n=3). *P < 0.05. (G) Luciferase activity of mutant PDGFRA in HUVECs (n=5). *P < 0.05. 
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Figure 4. KLF4 inhibited the HUVEC SASP through PDGFRA. (A) Western blotting analysis of PDGFRA protein expression in ox-LDL-
treated HUVECs (n=5). (B) Immunohistochemical detection of PDGFRA protein expression in the intima of ND-fed WT mice, HFD-fed WT mice 
and HFD-fed EC KLF4-/- mice. Scale bar, 200 µm. Representative images (n=5) are shown. Red arrow, PDGFRA-positive endothelial cells. (C) 
Western blotting analysis of p21 protein expression in ox-LDL-treated HUVECs after altered PDGFRA expression (n=5). (D) Histochemical 
detection of SA-β-gal-positive ECs in ox-LDL-treated HUVECs after altered PDGFRA expression. Scale bar, 50 µm. Representative images (n=5) 
are shown. Blue, SA-β-gal-positive ECs. (E) SA-β-gal staining positive cells were counted and presented as percentage of total cells. (F) 
Immunofluorescence detection of typical SAHF formation in cultured HUVECs (n=5). Scale bar, 20 µm. (G) qPCR analysis of the mRNA levels of 
cytokines in ox-LDL-treated HUVECs after regulating PDGFRA (n=5). *P < 0.05. (H) Histochemical detection of SA-β-gal-positive ECs in KLF4-
treated HUVECs after regulating PDGFRA. Scale bar, 50 µm. Representative images (n=5) are shown. Blue, SA-β-gal-positive ECs. (I) Western 
blotting analysis of p21 protein expression in KLF4-treated HUVECs after regulating PDGFRA (n=5). (J) qPCR analysis of the mRNA levels of 
cytokines in KLF4-knock-in HUVECs after PDGFRA knockdown (n=5). *P < 0.05. (K) qPCR analysis of cytokine mRNA levels in KLF4-knockdown 
HUVECs after PDGFRA knock-in (n=5). *P < 0.05. 
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The NAMPT/mitochondrial ROS pathway 

participates in KLF4/PDGFRA-mediated inhibition 

of the SASP in ox-LDL-treated HUVECs 

 

NAMPT-mediated mitochondrial ROS (MitoROS) 

production is a regulator of chronic inflammation 

regulator as documented in numerous studies. In our 

experiments, we observed NAMPT protein expression 

changes under different conditions. We found that 

NAMPT protein expression decreased in ox-LDL-

treated HUVECs (Figure 5A) and high-fat diet- 

fed mice (Figure 5B), whereas KLF4 or PDGFRA 

overexpression increased NAMPT protein expression 

(Figure 5A). Moreover, histopathological assessment 

revealed that intima NAMPT protein expression was 

decreased in KLF4-/- EC mice (Figure 5B). Then, we 

downregulated PDGFRA in KLF4 knock-in HUVECs 

by transfecting PDGFRA shRNA and assessed NAMPT 

 

 
 

Figure 5. KLF4/PDGFRA regulated NAMPT/MitoROS expression. (A) Western blotting analysis of NAMPT protein expression in 
cultured HUVECs (n=5). (B) Immunohistochemical detection of NAMPT protein expression in the intima of high-fat diet-fed mice or EC KLF4-/- 
mice. Scale bar, 200 µm. Representative images (n=5) are shown. Red arrow, NAMPT-positive endothelial cells. (C) Immunofluorescence 
detection of MitoROS in cultured HUVECs. Scale bar, 20 µm. Representative images (n=5) are shown. Red, ROS. Green, Mitochondria. Yellow, 
MitoROS. (D) Flow cytometry analysis for MitoROS quantification in KLF4-treated HUVECs after altering NAMPT expression (n=5). *P < 0.05. 
(E) Flow cytometry analysis of MitoROS quantification in PDGFRA-treated HUVECs after altering NAMPT expression (n=5). *P < 0.05. 
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protein expression. Here, reduced PDGFRA expression 

resulted in reduced NAMPT protein expression (Figure 

5A). Next, we overexpressed PDGFRA in KLF4 

knockdown HUVECs by adding Adv-PDGFRA and 

obtained the opposite results (Figure 5A). Then, we used 

MitoSOX to detect MitoROS and found that ox-LDL-

treated HUVECs had higher MitoROS levels, whereas 

Adv-KLF4- or Adv-PDGFRA-transduced HUVECs had 

lower MitoROS levels (Figure 5C). In addition, we 

separately downregulated NAMPT in KLF4 knock-in  

or PDGFRA knock-in HUVECs and overexpressed 

NAMPT in KLF4 knockdown or PDGFRA knockdown 

HUVECs and measured MitoROS levels. We observed 

lower MitoROS levels along with higher NAMPT 

expression in KLF4 knockdown or PDGFRA knock-

down HUVECs, whereas lower NAMPT expression  

and higher MitoROS levels were noted in KLF4 knock- 

in or PDGFRA knock-in HUVECs (Figure 5D, 5E). 

These results confirmed that KLF4/PDGFRA regulated 

MitoROS production partially through NAMPT. 

 

To determine the potential role of NAMPT/MitoROS in 

the HUVEC SASP, we performed SA-β-gal staining 

and found that NAMPT knockdown increased the SA-

β-gal-positive staining percentage in Adv-KLF4-treated 

or Adv-PDGFRA-treated HUVECs (Figure 6A). In 

addition, NAMPT overexpression yielded the opposite 

result in KLF4 shRNA-treated HUVECs or PDGFRA 

shRNA-treated HUVECs (Figure 6B). Next, we used 

Mitoquinone Q (MitoQ, 1 µM) treatment to scavenge 

MitoROS and assessed SA-β-gal-positive HUVECs. We 

found that MitoQ treatment decreased the SA-β-gal-

positive staining percentage in KLF4 shRNA-treated 

HUVECs and PDGFRA shRNA-treated HUVECs 

(Figure 6C). Then, we assessed p21 protein expression 

and found that NAMPT knock-in or MitoQ treatment 

reduced p21 protein expression in KLF4 shRNA-

transfected HUVECs or PDGFRA shRNA-transfected 

HUVECs (Figure 6D). Next, the immunofluorescence 

results showed that NAMPT knock-in or MitoQ 

treatment prevented typical SAHF formation in ox-

LDL-treated HUVECs, whereas knockdown of NAMPT 

mediated typical SAHF formation (Figure 6E). Then, 

we assessed cytokine mRNA levels. NAMPT knock- 

in or MitoQ treatment decreased cytokine mRNA  

levels in ox-LDL-treated HUVECs, whereas NAMPT 

knockdown increased cytokine mRNA levels (Figure 

6F). These results demonstrated that NAMPT/MitoROS 

are involved in KLF4/PDGFRA-mediated SASP 

inhibition in ox-LDL-treated HUVECs. 
 

DISCUSSION 
 

Atherosclerosis remains a leading cause of  

morbidity and mortality worldwide, and determining 

the underlying pathophysiological mechanisms is 

crucial for the development of new therapeutic 

strategies [9]. In recent years, the effect of senescence, 

especially the SASP, in 3 types of intravascular cells 

on atherosclerosis has become a research hotspot  

[10]. Research documents have shown that senescent 

SMCs and ECs together with the SASP are increased 

in the fibrous cap of atherosclerotic plaques [11], and 

secreted cytokines contribute to collagen degradation, 

lipid uptake, the accumulation of foam cells, plaque 

rupture and thrombosis [12]. Of note, the endothelial 

cell SASP is proposed to be the initial event in the 

development of atherogenesis [13], but its mechanism 

has not been completely characterized. In this study, 

we found a relationship between KLF4 and the SASP 

in ox-LDL-induced endothelial cells and high-fat diet-

fed mouse intima and investigated the possible role of 

PDGFRA through which KLF4 exerts a regulatory 

function on the SASP. Our experimental results 

suggested that KLF4 directly promoted PDGFRA 

transcription and then prevented the SASP in ox- 

LDL-treated ECs. Intriguingly, KLF4/PDGFRA over-

expression led to increased expression of NAMPT  

and decreased expression of MitoROS. NAMPT over-

expression or elimination of MitoROS attenuates  

the SASP in ox-LDL-treated, KLF4 knockdown or 

PDGFRA knockdown HUVECs, and the opposite 

effect was obtained with NAMPT knockdown. These 

results indicated that KLF4/PDGFRA-mediated SASP 

suppression partially involves the NAMPT/MitoROS 

pathway in ox-LDL-treated HUVECs. 

 

Of note, KLF4 may induce positive or negative  

effects of senescence during atherosclerosis because  

it exhibits dual regulation of protein expression 

through direct DNA binding [3, 14]. Given that KLF4 

has been reported to directly or indirectly promote 

p21 transcription [15, 16], some research suggests  

that KLF4 may act as a cell cycle repressor and 

senescence inducer [17]. In endothelial cells, KLF4 

has also been demonstrated to induce pathologic 

senescence and the SASP through a p21-dependent 

manner in high glucose-treated endothelial cells  

[18]. However, it should be noted that KLF4 typically 

functions as an inducer of cellular pluripotency  

[19], and most studies have confirmed that KLF4 

overexpression is very important to maintain a  

young cellular phenotype and suppress replicative 

senescence and physiological or pathological aging  

[4, 7, 20, 21]. Additionally, some papers reported  

that p21 could also alter KLF4 expression in an 

acetylation-dependent manner [5] or induce KLF4 

translocation into the cytoplasm [22]. Therefore, we 

hypothesized that KLF4-regulated senescence may 
occur in a context-dependent manner and depend  

on the cell type or the stress microenvironment. In  

our previous study, we revealed that KLF4 induced 
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Figure 6. NAMPT/MitoROS regulated the SASP in HUVECs. (A) Histochemical detection of SA-β-gal-positive ECs in NAMPT knockdown 
HUVECs after knock-in of KLF4 or PDGFRA. Scale bar, 50 µm. Representative images (n=5) are shown. Blue, SA-β-gal-positive ECs.  
(B) Histochemical detection of SA-β-gal-positive ECs in NAMPT knock-in HUVECs after KLF4 or PDGFRA knockdown. Scale bar, 50 µm. 
Representative images (n=5) are shown. Blue, SA-β-gal-positive ECs. (C) Histochemical detection of SA-β-gal-positive ECs in MitoQ-treated 
HUVECs after KLF4 or PDGFRA knockdown. Scale bar, 50 µm. Representative images (n=5) are shown. Blue, SA-β-gal-positive ECs.  
(D) Western blotting analysis of p21 protein expression in NAMPT knock-in- or MitoQ-treated HUVECs (n=5). (E) Immunofluorescence 
detection of typical SAHF formation in cultured HUVECs after altering NAMPT expression or treatment with MitoQ (n=5). Scale bar, 20 µm.  
(F) qPCR analysis of cytokine mRNA levels in cultured HUVECs after altering NAMPT expression or treatment with MitoQ (n=5). *P < 0.05. 
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autophagy in advanced glycation end products  

(AGE)-treated or ox-LDL-treated HUVECs [23], and 

autophagy has been reported to restrict senescence in 

multiple cell types [24]. Lipid metabolism dysfunction 

is the key risk factor for atherogenesis. Thus, in this 

study, we assessed the effect of KLF4 in an ox-LDL-

treated HUVEC SASP model and a high-fat diet-

induced intima senescence model and found that ox-

LDL or a high-fat diet significantly decreased KLF4 

protein expression. Interestingly, we found that KLF4 

inhibits p21 expression in the present study. This 

finding is inconsistent with previous observations in 

high glucose-treated HUVECs [18] but consistent with 

observations in stem cells and cancer cells [25]. This 

difference may be explained by the notion that high 

glucose levels occasionally induce cell proliferation and 

replicative senescence. In the present study, the effects 

of ox-LDL levels did not mimic by the inflammatory 

control induced by LPS. Thus, endothelial cell uptake 

and lipid metabolism are prerequisites for ox-LDL-

induced endothelial SASP. Our novel findings may 

provide new molecular insights into the regulation of 

endothelial SASP in atherosclerosis. 

 

In this study, we also explored the downstream 

signaling targets of KLF4 in an ox-LDL-induced  

SASP model and assessed the role of its downstream 

target PDGFRA. Although direct evidence to inhibit 

senescence is lacking, studies have demonstrated that 

the receptor tyrosine protein kinase PDGFRA is a  

basic protein that stimulates multiple cell types to  

enter the proliferative cycle and growth, inducing cell 

differentiation and development [26–28]. In endothelial 

cells, PDGFRA overexpression also resulted in the 

reversion of phenotypes and induced proliferation and 

angiogenesis [29]. These data suggested that PDGFRA 

may have the ability to inhibit senescence. Recently, 

research revealed that PDGFRA inhibitor-treated cells 

showed increased senescence marker levels [30] and 

p53 protein expression [31]. In the present study,  

we explored the pathophysiological action of PDGFRA 

in an ox-LDL-induced HUVEC senescence model  

and found that PDGFRA overexpression significantly 

reduced the number of SA-β-gal-positive cells or typical 

SAHF cell formation. Thus, these data provide direct 

evidence that PDGFRA may represent a key anti-

senescence factor in an ox-LDL environment. As 

discussed in the Introduction, the major pathological 

effects of senescent cells may be attributed to the  

SASP [2]. Then, we assessed cytokine secretion after 

PDGFRA treatment in ox-LDL-treated HUVECs and 

found that PDGFRA inhibited proinflammatory cytokine 

release in ox-LDL-treated HUVECs. These data are 
consistent with its anti-inflammatory role in cancer 

cells, immune cells, fibroblasts and cardiac stromal  

cells [8, 32, 33]. Although most studies support that 

PDGFRA and PDGF exhibit classical receptor‒ 

ligand binding interactions to perform their pro-

proliferation role in cancer cells [34], it should be  

noted that PDGFRA also exerts its role in a ligand-

independent manner through various processes, such  

as autophosphorylation [35]. In our present study, 

protein chip experiments showed that PDGF-BB 

secretion was altered in KLF4-regulated HUVECs, 

whereas bioinformatics analysis and molecular biology 

experiments indicated that KLF4 directly targeted  

the increase in PDGFRA protein expression in ox- 

LDL-treated HUVECs. However, the process was  

not dependent on PDGF-BB binding. Furthermore, 

increased PDGFRA expression may be due to the direct 

transcriptional promotion of PDGFRA by KLF4.  

This regulatory network would be consistent with the 

notion that “PDGF-independent PDGFR activation may 

play more key role in much more story” [36] and the 

phenomenon wherein “PDGFRA expression increased 

together with KLF4 expression in stem cells” [37]. 

 
An increasing number of studies have found that reactive 

oxygen species (ROS) may be the major inducer of 

vascular senescence, and the NAD+/mitochondrial ROS 

(MitoROS) pathway seems to be the most important 

pathway for ROS production [38]. NAMPT is the  

rate-limiting enzyme in the NAD+/MitoROS metabolic 

pathway [39], and the “NAD world” comprising 

“NAMPT/NAD+/MitoROS/Sirt1” may represent an 

intact loop that modulates mammalian aging processes 

[40]. Previous studies showed that NAMPT-deficient 

cells exhibited a higher percentage of SA-β-gal-positive 

cells, increased inflammatory factor levels and more 

senescence-associated gene expression [41]. Based on 

the above findings, we performed NAMPT/MitoROS 

functional experiments in ox-LDL-treated HUVECs. 

The current study showed that ox-LDL-induced 

HUVEC senescence also relied on NAMPT/MitoROS 

scavenging, and NAMPT overexpression or MitoROS 

removal impeded SAHF formation and cytokine 

secretion in ox-LDL-treated HUVECs. Although direct 

evidence of NAMPT in KLF4-inhibited senescence  

is lacking, previous studies verified that KLF4 plays  

a key role in mitochondrial biogenesis and MitoROS 

production [42]. KLF4 activates PGC-1a to remove 

MitoROS and initiates mitophagy to maintain mito-

chondrial homeostasis [6]. KLF4-deficient cells 

exhibited abnormal mitochondrial accumulation, super-

fluous MitoROS production, and abundant inflammatory 

factor secretion [42, 43]. Therefore, we hypothesized 

that KLF4 inhibited HUVEC senescence through the 

NAMPT/MitoROS pathway. Our experimental results 

showed that scavenging MitoROS reversed the young 

phenotype in KLF4 knockdown HUVECs, whereas 

NAMPT knockdown accelerated HUVEC senescence 

and the SASP phenotype in KLF4 knock-in HUVECs. 
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Interestingly, a previous study revealed that extra-

cellular NAMPT also participated in PDGF pathway-

induced pulmonary smooth muscle cell proliferation 

[44]. Considering the relationship between PDGFRA 

and SASP, we also altered NAMPT expression in 

PDGFRA knock-in or PDGFRA knockdown HUVECs, 

and the results showed that intracellular knockdown of 

NAMPT mediated the SASP phenotype in PDGFRA 

knock-in HUVECs. These results suggest that KLF4/ 

PDGFRA signaling plays a key role in regulating SASP 

via NAMPT-MitoROS metabolism and may function  

in a ligand-independent manner to activate PDGFA  

in ox-LDL-treated ECs. Finally, it should be noted  

that MitoROS was the most powerful inducer of p21 

protein expression [45], which may partially explain the 

different expression patterns of KLF4 and p21 protein 

in our experiment. 

 

In conclusion, KLF4 exerts a negative role in regulating 

the SASP process in endothelial cells in vitro and  

in vivo, and this function is carried out via PDGFRA. 

The NAMPT/MitoROS pathway partially participates  

in the KLF4/PDGFRA-regulated SASP. Given that the 

SASP is an increasingly important process in inducing 

atherosclerosis formation and development, the results 

from the current study provide new molecular insights 

into the SASP in endothelial cells in the context of 

atherosclerosis. 
 

MATERIALS AND METHODS 
 

Animals 

 

All animal testing procedures were performed in 

accordance with the Guide for the Care and Use of 

Laboratory Animals published by the US National 

Institutes of Health (NIH revised 2011) and approved 

by the Institutional Animal Care and Use Committee of 

Tongji University. Eight-week-old C57BL/6J male mice 

were purchased from the Experimental Animal Centre, 

Chinese Academy of Sciences (Shanghai, China). 

Specific conditional EC KLF4 knockout mice were 

established by Saiye Corp. (Suzhou, Jiangsu, China). 

Briefly, we crossbred Tek-Cre: KLF4 and Floxp/Floxp 

mice. Genotyping was performed at 2 weeks after  

birth. The Tek-Cre: KLF4/Floxp mice have specific 

KLF4 deletion ECs (called KLF4-/- ECs). After being 

fed a normal diet or a high-fat diet for 8 weeks, the mice 

were anesthetized using isoflurane and euthanized using 

cervical dislocation. 

 

Reagents 

 

Adv-vectors (KLF4, PDGFRA and NAMPT) were 

used to overexpress target genes, and sh-RNAs 

(KLF4, PDGFRA and NAMPT) were used to knock 

down target genes. All were purchased from Viogene 

Bio. (Jinan, Shandong, China). The KLF4 luciferase 

reporter plasmid (pGL4-KLF4) was purchased from 

Yeasen Bio. (Shanghai, China). A fluorescent dual 

luciferase reporting system and murine leukemia virus 

reverse transcriptase were obtained from Promega Co. 

(Mannheim, Germany). The SA-β-gal-kit was obtained 

from Beyotime (Haimen, China). The MitoSOX 

Mitochondrial Superoxide Indicator was obtained from 

Yeasen (Shanghai, China). The anti-p21 antibody was 

obtained from HUABIO (Hangzhou, China). The anti-

PDGF-BB, anti-PDGFRA, anti-PDGFRB, anti-KLF4, 

anti-NAMPT, anti-PAI-2, anti-uPA and anti-β-actin 

antibodies and secondary antibodies were obtained 

from Cell Signaling Technology (Danvers, MA, USA). 

Other reagents were purchased from Sigma (St. Louis, 

MO, USA). 

 

Cell culture 

 

The human umbilical vein endothelial cell (HUVEC) 

line and endothelial cell media (ECM) were obtained 

from ScienceCell (Carlsbad, CA, USA). HUVECs 

were grown in ECM (glucose: 5.5 mM). After 

starvation by FBS deprivation for 12 h, HUVECs were 

exposed to ox-LDL (100 µg/ml) for 24 h to induce 

senescence. 

 
Real-time reverse transcription PCR (RT‒PCR) 

 
Total RNA was converted to cDNA using the murine 

leukemia virus reverse transcriptase system. RT‒PCR 

was performed using an ABI 7500 system and SYBR 

Premix chemistry (Takara, Shiga, Japan) following the 

manufacturer’s instructions. β-Actin was chosen as an 

endogenous expression standard. The cycle number 

represents the relative quantity of the specific template 

when the fluorescence of the amplified gene product 

first reached a preset threshold (Ct). Gene expression 

levels were calculated using the double delta Ct method. 

All amplifications were performed independently three 

different times. The following primers were used 

(Sangon Bio., Shanghai, China): IL-1β: Forward: 5’-

ATGATGGCTTATTACAGTGGCAA-3’, Reverse: 5’-

GTCGGAGATTCGTAGCTGGA-3’; IL-6: Forward: 

5’-ACTCACCTCTTCAGAACGAATTG-3’, Reverse: 

5’-CCATCTTTGGAAGGTTCAGGTTG-3’; IL-18: 

Forward: 5’-TTGGCCCAGGAACAATGGCTGC-3’, 

Reverse: 5’-TGCGGTTGTACAGTGAAGTCGG-3’; 

MMP9: Forward: 5’-CAGTACCGAGAGAAAGCC 

TATT-3’, Reverse: 5’-CAGGATGTCATAGGTCAC 

GTAG-3’; TNF-a: Forward: 5’-TGCACTTTGGAGT 

GATCGGC-3’, Reverse: 5’-AGCTTGAGGGTTTG 

CTACAAC-3’; TGF-β: Forward: 5’-CCGTCTCCT 

ACCAGACCAAGG-3’, Reverse: 5’-CCGTCTCCT 

ACCAGACCAAGG-3’; CXCR-2: Forward: 5’-
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AAGGTGAATGGCTGGATTTTTG-3’, Reverse: 5’-

CCCAGATGCTGAGACATATGAA-3’. 

 

Protein extraction and Western blot 

 

Cultured HUVECs or mouse aortic walls were lysed  

in RIPA buffer (EpiZyme, Shanghai, China) and 

sonicated briefly before protein extraction. Proteins 

were quantified using a bicinchoninic acid (BCA) 

protein assay kit (EpiZyme, Shanghai, China). Proteins 

(40 µg) were separated on SDS‒PAGE gels and 

transferred onto 0.45-µm PVDF membranes (Millipore, 

Burlington, MA, USA), which were then incubated  

with primary antibodies at 4° C overnight after blocking 

with 5% fat-free milk in TBST buffer. On the following 

day after incubation with HRP-conjugated secondary 

antibodies for 1 h at room temperature, the membranes 

were visualized using enhanced ECL reagent (Share-

Bio, Shanghai, China). The relative intensities of the 

protein bands were analyzed using ImageJ software. 

 

SA-β-gal analysis 

 

SA-β-gal analysis was performed according the SA-β-gal 

kit manufacturer’s instructions. Briefly, after fixation  

for 15 min, fresh aortic walls or cells were incubated  

with 5-bromo-4-chloro-3-inolyl-b-D-galactoside (β-gal) 

substrate for 24 h at 37° C and then imaged. 

 

SAHF detection 

 

After fixation with 90% ice-cold methanol for 2 min, 

the cells were stained with 0.1 µg/mL anti-fade DAPI 

for 2 min and then analyzed using a laser confocal 

microscope. 

 

EMSA 

 

Nucleoproteins were obtained from cultured HUVECs. 

After incubation with specific probes with biotin,  

the samples were resolved by TBE-PAGE and then 

visualized using a streptavidin-HRP conjugate. 

 

The following probes (1000 fmol) were used: 

PDGF-BB, bio5’-gcttgttaccacacccagctccag-3’, 3’-

cgaacaatggtgtgggtcgaggtc-5’-bio; 

PDGFRA, bio5’-caggcgcaaccaggcccaggtggc-3’, 3’-

gtccgcgttggtccgggtccaccg-5’-bio; 

PDGFRB, bio5’-gttgaggctgggtgcggtggctcaag-3’, 3’-

caactccgacccacgccaccgagttc-5’-bio. 

 

Fluorescent dual luciferase reporting analysis 

 
For luciferase analysis, the pGL4-KLF4 vector and 

PDGF-BB, PDGFRA and PDGFRB vectors were 

cotransfected, and cells were incubated for 48 h.  

The samples were collected and subjected to 3 freeze‒

thaw cycles. The results were obtained using a Lumat 

LB9507 luminometer (EG and GBerthold). Transfection 

efficiency was normalized to Renilla luciferase. 

 

mRNA-seq array 

 

An mRNA-seq array of total RNA obtained from 

HUVECs was performed by Riobio Tech, Inc. 

(Guangzhou, China). 

 

Inflammatory factor spectrum array 

 

An inflammatory factor spectrum array from total 

proteins obtained from lysing HUVECs was performed 

by Riobio Tech, Inc. (Guangzhou, China). 

 

Histopathology 

 

For histological analysis, freshly dissected aortas were 

fixed in 10% (v/v) formalin for 24 h, embedded in 

paraffin, sliced into 4-mm thick sections, stained with β-

gal and specific primary antibodies and observed using 

a ZEISS AXIO scanning microscope. 

 

MitoROS detection 

 

MitoROS analysis was performed according to the 

MitoSOX kit manufacturer’s instructions. Briefly, 

freshly cultured HUVECs were first stained with a 

mitochondria staining kit, and then the MitoSOX  

stain was added. Samples were incubated at 37° C for 

15 min. The samples were analyzed using a laser 

confocal microscope or flow cytometry. 

 

Statistical analysis 

 

Statistical analysis was performed using SPSS 22.0 

software. All data are presented as the mean ± SEM and 

were compared using one-way ANOVA followed by 

Tukey’s HSD test. A value of P < 0.05 was considered 

to indicate statistical significance. 
 

Abbreviations 
 

KLF4: Krüppel-like factor 4; ox-LDL: Oxidized  

low density lipoprotein; PDGFRA: Platelet-derived 

growth factor receptor α; NAMPT: Nicotinamide 

phosphoribosyltransferase; ROS: Reactive oxygen 

species; SASP: Senescence-associated secretory 

phenotype; SA-β-gal: Senescence-associated β-

galactosidase; SAHF: Senescence-associated hetero-

chromatin aggregation; EC: Endothelial cell; IL-1: 
Interleukin 1; ICAM-1: Intracellular adhesion 

molecule 1; TNF-α: Tumor necrosis factor;  

MCP-1: Monocyte chemoattractant protein 1; TAD: 
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Transactivation domain; MitoROS: Mitochondrial 

reactive oxygen species; NIH: National Institutes  

of Health; Adv: Adenoviruses; sh-RNA: Short  

hairpin RNA; HUVEC: Human umbilical vein 

endothelial cell; ECM: Endothelial cell media; IL- 

1β: Interleukin 1 beta; IL-6: Interleukin 6; IL-18: 

Interleukin 18; MMP9: Matrix metallopeptidase  

9; TGF-β: Transforming growth factor beta 1;  

CXCR-2: C-X-C motif chemokine receptor 2; SDS‒

PAGE: Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis; HRP: Horseradish peroxidase; EMSA: 

Electrophoretic mobility shift assay. 
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