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A B S T R A C T   

Endothelial cell injury plays an important role in initiating atherosclerotic lesion formation. 
Insulin-like growth factor binding protein 7 (IGFBP7) is known to modulate the behaviors of 
tumor-associated endothelial cells. This study was conducted to test whether IGFBP7 is involved 
in endothelial cell injury during atherosclerosis. Oxidized low-density lipoprotein (oxLDL) 
treatment was used to mimic atherosclerosis-related endothelial cell apoptosis and inflammation 
response. Small interfering RNA (siRNA) technology was employed to deplete IGFBP7 expression 
in human aortic endothelial cells (HAECs). HAECs were exposed to recombinant human IGFBP7 
protein to evaluate the function of IGFBP7. Notably, IGFBP7 expression in HAECs was induced by 
oxLDL treatment. Knockdown of IGFBP7 or treatment with anti-IGFBP7 abolished oxLDL-induced 
apoptosis and inflammation in HAECs. Moreover, recombinant IGFBP7 (40 ng/mL but not 25 ng/ 
mL) promoted apoptosis and inflammation in HAECs. IGFBP7 co-localized with CD93 on the 
surface of HAECs. A mechanistic investigation uncovered that IGFBP7 induced endothelial cell 
injury through interaction with CD93 and reduction of SIRT1 expression via an autocrine manner. 
Overexpression of SIRT1 rescued IGFBP7-induced phenotype in HAECs. Taken together, IGFBP7 
is induced by oxLDL and mediates oxLDL-induced endothelial cell apoptosis and inflammation, 
likely through downregulation of SIRT1. These observations support a rationale to prevent 
atherosclerosis by targeting IGFBP7 activity.   

1. Introduction 

Endothelial cell dysfunction is a key event during atherosclerotic lesion formation and progression [1]. Oxidized low-density li-
poprotein (oxLDL) is recognized as a major pathogenetic factor of atherosclerosis, which affects the biology of multiple cell types 
including macrophages, vascular smooth muscle cells, and endothelial cells [2,3]. It has been reported that oxLDL elicits reactive 
oxygen species (ROS) production and induces apoptosis and inflammation in endothelial cells [4,5]. Lectin-like oxidized low-density 
lipoprotein receptor-1 (LOX-1) is a receptor for oxLDL and participates in the pathogenesis of atherosclerosis [6]. However, the 
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molecular mechanism involved in endothelial cell injury during atherogenesis is not fully clarified. 
Insulin-like growth factor binding protein 7 (IGFBP7) belongs to the IGFBP superfamily and is involved in many biological pro-

cesses including cell proliferation, adhesion, and differentiation [7,8]. Many studies have established a link between IGFBP7 and tumor 
progression [9,10]. IGFBP7 is increased in tumor-associated endothelial cells, suggesting its role in tumor angiogenesis [11]. As a 
secreted protein, IGFBP7 has a capacity to bind to insulin growth factor (IGF), thus regulating IGF signaling [12]. Recently, it has been 
reported that serum IGFBP7 levels are increased in patients with coronary artery disease compared with healthy volunteers [13]. These 
findings encourage us to hypothesize that IGFBP7 might participate in the regulation of endothelial cell biology during atherosclerosis. 

To test this hypothesis, we employed a model of oxidized low-density lipoprotein (oxLDL)-induced endothelial cell injury and 
investigated the role of IGFBP7 in this cell model. Our results indicate the involvement of IGFBP7 in oxLDL-induced endothelial cell 
apoptosis and inflammation. We further explored the mechanism of IGFBP7 action in regulating endothelial cell biology. 

2. Materials and methods 

2.1. Cell culture and treatment 

Primary human aortic endothelial cells (HAECs) were obtained from Lonza (Walkersville, MD, USA) and cultured in Endothelial 
Cell Growth Medium (Lonza) supplemented with 10 % fetal bovine serum (FBS; Sigma, St. Louis, MO, USA). In this study, HAECs were 
used at passages 4–8. For oxLDL treatment, HAECs were exposed to 50–150 μg/mL oxLDL (Biosynthesis Biotechnology Company, 
Beijing, China) for 24 h, as described previously [14]. For IGFBP7 treatment, HAECs were exposed to recombinant human IGFBP7 
(13100-H02H; Sino Biological, Beijing, China) at 25 or 40 ng/mL for 24 h. In some experiments, HAECs were treated with anti-IGFBP7 
(PA5-102670, ThermoFisher Scientific, Waltham, MA, USA) or anti-CD93 antibody (PA5-52664, ThermoFisher Scientific) at a final 
concentration of 20 μg/mL for 24 h. 

2.2. Plasmids and small interfering RNAs (siRNAs) 

Human SIRT1 cDNA (GenBank accession number: NM_012238) was cloned to pcDNA3.1(+) vector. Specific siRNAs targeting 
IGFBP7 (IGFBP7 siRNA#1: 5′-AAGGACAUCUGGAAUGUCATT-3′; IGFBP7 siRNA#2: 5′-CCUCUAAGUAAGGAAGAUGTT-3′) and CD93 
(CD93 siRNA#1: 5′-CUGCCGCUGAAGGGCUUCATT-3′; CD93 siRNA#2: 5′-GGAAAAGGUGAGUUGCUCATT-3′) were synthesized and 
employed in knockdown experiments. 

2.3. Cell transfection 

HAECs were seeded into 6-well plates and grew to near 75 % confluence. The cells were transfected with negative control siRNA 
(siNC) or siRNAs to IGFBP7 or CD93 mRNA at a concentration of 40 nM using Lipofectamine RNAiMAX (ThermoFisher Scientific). For 
overexpression of SIRT1, the pcDNA3.1/SIRT1 plasmid was transfected into HAECs using Lipofectamine 3000 (ThermoFisher Sci-
entific). Twenty-four hours later, the transfected cells were treated with oxLDL (150 μg/mL) or IGFBP7 protein (40 ng/mL) for another 
24 h before viability and gene expression analyses. 

2.4. RNA isolation and quantitative real-time PCR analysis 

Total RNA was purified using TRIzol (ThermoFisher Scientific) and reverse transcribed to cDNA using the SuperScript IV VILO 
Master Mix (ThermoFisher Scientific). Gene expression was measured by quantitative real time PCR using the Platinum SYBR Green 
qPCR SuperMix (ThermoFisher Scientific) according to the manufacturer’s instructions. The cycling conditions are as follows: 95 ◦C for 
10 min, then 40 cycles of 20 s at 95 ◦C and 40 s at 60 ◦C. The gene expression level was normalized to that of GAPDH using the 2− ΔΔCt 

method [15]. PCR primers are shown as follows: IGFBP7 forward 5′-ACTGGCTGGGTGCTGGTA-3′, IGFBP7 reverse 5′-TGGATG-
CATGGCACTCATA-3’; TNF-α forward 5′-TGCACTTTGGAGTGATCGGC-3′, TNF-α reverse 5′-ACTCGGGGTTCGAGAAGATG-3’; IL-1β 
forward, 5′-ATGCACCTGTACGATCACTGA-3′, IL-1β reverse, 5′-ACAAAGGACATGGAGAACACC-3’; CD93 forward, 
5′-GGCAGACAGTTACTCCTGGGT-3′, CD93 reverse, 5′-GGAGTTCAAAGCTCTGAGGATG-3’; GAPDH forward, 
5′-GGAGCGAGATCCCTCCAAAAT-3′, GAPDH reverse, 5′-GGCTGTTGTCATACTTCTCATGG-3′. 

2.5. Western blot analysis 

Whole cell lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitors 
(Pierce, Rockford, IL, USA). Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The blots 
were incubated with primary antibodies (1:500 dilution) overnight at 4 ◦C, followed by incubation with horseradish peroxidase- 
conjugated goat anti-rabbit IgG (1:3000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at room temperature. 
The primary antibodies used are summarized as follows: anti-IGFBP7 polyclonal antibody (PA5-102670, ThermoFisher Scientific), 
anti-CD93 polyclonal antibody (PA5-52664, ThermoFisher Scientific), anti-SIRT1 polyclonal antibody (#2310, Cell Signaling Tech-
nology, Danvers, MA, USA), and anti-GAPDH monoclonal antibody (#2118, Cell Signaling Technology). The bound immunoproteins 
were detected using an enhanced chemiluminescent assay (Pierce). 
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2.6. Enzyme-linked immunosorbent assay (ELISA) 

The concentration of IGFBP7 was determined using an ELISA kit (Abcam, Cambridge, MA, USA). After oxLDL treatment, HAECs 
were cultured under serum-free medium for 24 h before collecting the conditioned medium [16]. Absorbance was recorded at 450 nm 
using a microplate reader. 

2.7. Cell viability assay 

Cell viability was measured using the Cell Titer 96 AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI, USA). 
The absorbance of the formazan product was determined at 490 nm, which is proportional to the number of viable cells. 

2.8. TUNEL immunofluorescence staining 

Cell apoptosis was determined by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) staining, 
as described previously [17]. In brief, HAECs cultured on coverslips were fixed with 4 % paraformaldehyde and permeabilized with 
0.3 % Triton X-100 (Sigma). The cells were incubated with the TUNEL reaction mixture (Beyotime Biotechnology, Beijing, China) 
containing cyanine-3-labeled dUTP in the dark at 37 ◦C for 1 h. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). 
The cells were examined using a fluorescence microscope, and the percentage of TUNEL-positive cells was determined. 

2.9. Immunofluorescent staining 

HAECs were grown on coverslips, fixed with 4 % paraformaldehyde, and blocked with 4 % bovine serum albumin (Sigma). The cells 
were incubated with anti-IGFBP7 (PA5-102670, ThermoFisher Scientific; 1:100) and anti-CD93 (14-0939-82, ThermoFisher Scientific; 
1:100), followed by incubation with goat anti-rabbit IgG (conjugated with Alexa Fluor 594) or goat anti-mouse IgG (conjugated with 
Alexa Fluor 488). Nuclei were stained with DAPI. Images were obtained by a fluorescence microscope. 

Fig. 1. IGFBP7 depletion blocks oxLDL-induced apoptosis and inflammation in HAECs. (A,B) Analysis of IGFBP7 mRNA (A) and protein (B) in 
HAECs treated with indicated concentrations of oxLDL. (C) Measurement of IGFBP7 levels in the conditioned medium from HAECs treated with 
indicated concentrations of oxLDL. *P < 0.05 vs. untreated control. (D) Analysis of IGFBP7 protein in HAECs transfected with negative control siRNA 
(siNC) or IGFBP7-targeting siRNAs. *P < 0.05 vs. the siNC control. (E) Measurement of the viability of HAECs with indicated treatments. (F,G) 
Apoptosis analysis by TUNEL staining. Scale bar = 50 μm. Quantitative results of TUNEL staining are shown in (F). (H,I) Analysis of TNF-α and IL-1β 
mRNA levels in HAECs with indicated treatments. *P < 0.05 vs. untreated control; #P < 0.05 vs. oxLDL alone. 
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2.10. Statistical analysis 

Data are expressed as mean ± standard deviation. Statistical analysis was performed with one-way analysis of variance (ANOVA) 
followed by the Tukey’s test. P < 0.05 was considered significant. 

3. Results 

3.1. IGFBP7 depletion blocks oxLDL-induced apoptosis and inflammation in HAECs 

We first examined the expression of IGFBP7 in the model of oxLDL-induced human vascular endothelial cell injury, which mimics 
the atheroprone condition. As shown in Fig. 1A and B, oxLDL treatment led to a significant induction of IGFBP7 in HAECs. Moreover, 

Fig. 2. IGFBP7 aggravates oxLDL-induced vascular endothelial injury. (A) Measurement of the viability of HAECs with indicated treatments. (B,C) 
Apoptosis analysis by TUNEL staining. Scale bar = 50 μm. Quantitative results of TUNEL staining are shown in (C). (D,E) Analysis of TNF-α and IL-1β 
mRNA levels in HAECs with indicated treatments. (F) Measurement of the viability of HAECs with indicated treatments. (G) Apoptosis analysis by 
TUNEL staining. (H) Analysis of TNF-α and IL-1β mRNA levels in HAECs. *P < 0.05 vs. untreated control; #P < 0.05 vs. oxLDL alone. 
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such induction was in a concentration-dependent fashion. ELISA confirmed that the conditioned medium from oxLDL-treated HAECs 
had a significantly higher concentration of IGFBP7 than control medium (Fig. 1C). These results indicate an induction of IGFBP7 in 
response to oxLDL treatment. 

Next, we interrogated the role of IGFBP7 in oxLDL-induced endothelial cell injury. Two different siRNAs recognizing IGFBP7 mRNA 
were employed to knock down the expression of IGFBP7 in HAECs (Fig. 1D). Control siRNA-transfected HAECs displayed a 46 % 
reduction in viability after exposure to oxLDL (150 μg/mL) for 24 h (Fig. 1E). When IGFBP7 was silenced by specific siRNAs, oxLDL- 
induced viability reduction was significantly abolished. The proportion of apoptotic HAECs was significantly increased after treatment 
with oxLDL (25.8 ± 2.4 % vs. 3.8 ± 0.8 %, P < 0.05; Fig. 1F and G). Depletion of IGFBP7 significantly attenuated oxLDL-induced 
apoptosis in HAECs. In addition, IGFBP7 deficiency alleviated oxLDL-induced inflammation response in HAECs, decreasing the 
expression of inflammatory genes, i.e., TNF-α and IL-1β (Fig. 1H and I). These results suggest that oxLDL-induced vascular endothelial 
injury may rely on the induction of IGFBP7. 

3.2. IGFBP7 aggravates oxLDL-induced vascular endothelial injury 

IGFBP7 has been identified as a natural ligand for CD93 that is expressed in endothelial cells [11]. Thus, we speculated that IGFBP7 
and CD93 might constitute an autocrine loop to directly regulate endothelial cell behaviors. To test this hypothesis, HAECs were 

Fig. 3. Knockdown of CD93 protects endothelial cells from IGFBP7-induced apoptosis and inflammation. (A) HAECs were co-stained with CD93 
(green) and IGFBP7 (red). Scale bar = 20 μm. (B,C) Analysis of CD93 mRNA (B) and protein (C) in HAECs transfected with negative control siRNA 
(siNC) or CD93-targeting siRNAs. *P < 0.05 vs. the siNC control. (D) Measurement of the viability of HAECs with indicated treatments. (E) Apoptosis 
analysis by TUNEL staining. (F,G) Analysis of TNF-α and IL-1β mRNA levels in HAECs with indicated treatments. (H–J) HAECs were treated with 40 
ng/mL IGFBP7 in the presence or absence of anti-CD93 antibody. (H) Measurement of cell viability. (I) Apoptosis analysis by TUNEL staining. (J) 
Analysis of TNF-α and IL-1β mRNA levels in HAECs. *P < 0.05 vs. untreated control; #P < 0.05 vs. IGFBP7 alone. 

Fig. 4. IGFBP7 promotes endothelial cell apoptosis and inflammation by suppressing the expression of SIRT1. (A) Analysis of SIRT1 protein in 
HAECs transfected with indicated siRNAs. (B) Analysis of SIRT1 protein in HAECs treated with or without recombinant human IGFBP7 protein. (C) 
Analysis of SIRT1 protein in HAECs transfected with indicated constructs. (D) Measurement of the viability of HAECs with indicated treatments. (E) 
Apoptosis analysis by TUNEL staining. (F,G) Analysis of TNF-α and IL-1β mRNA levels in HAECs with indicated treatments. *P < 0.05. (H) Proposed 
mechanism for the role of IGFBP7 in mediating oxLDL-induced vascular endothelial cell injury. 
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treated with recombinant human IGFBP7 protein at a physiological concentration (25 ng/mL) [13] or greater concentration (40 
ng/mL). Recombinant IGFBP7 at 40 ng/mL but not 25 ng/mL significantly decreased the viability of HAECs (Fig. 2A). In the presence 
of oxLDL, the inhibition of endothelial cell viability was aggravated by 40 ng/mL of IGFBP7. Apoptosis analysis demonstrated that 
IGFBP7 (40 ng/mL) caused apoptotic death in HAECs, with a marked increase in the apoptotic proportion when combined with oxLDL 
(Fig. 2B and C). The inflammation response was significantly induced by IGFBP7 (40 ng/mL) alone or in combination with oxLDL 
(Fig. 2D and E). In addition, blocking IGFBP7 with a specific anti-IGFBP7 antibody significantly reversed oxLDL-induced viability 
reduction and inflammation in HAECs (Fig. 2F-H). These findings support our hypothesis that IGFBP7 mediates the deleterious effect of 
oxLDL on endothelial cells. 

3.3. Knockdown of CD93 protects endothelial cells from IGFBP7-induced apoptosis and inflammation 

Immunofluorescent staining validated that IGFBP7 was colocalized to CD93 on the surface of HAECs (Fig. 3A), suggesting that 
CD93 is involved in IGFBP7-induced endothelial cell injury. To address this, CD93-targeting siRNAs were transfected to deplete the 
CD93 expression in HAECs (Fig. 3B and C). IGFBP7-induced viability reduction, apoptosis, and inflammation response were impaired 
when CD93 was depleted (Fig. 3D-G). Similarly, treatment with anti-CD93 antibody blocked the effects of IGFBP7 on HAECs (Fig. 3H- 
J). These data suggest that CD93 is indispensable for IGFBP7-induced vascular endothelial cell injury. 

3.4. IGFBP7 promotes endothelial cell apoptosis and inflammation by suppressing the expression of SIRT1 

Next, we sought to determine how IGFBP7 affects endothelial cell biology. It has been well documented that SIRT1 plays a pivotal 
role in maintaining endothelial cell viability and function [18,19]. Given that IGFBP7 has the ability to enhance SIRT1 activity in 
dental pulp-derived mesenchymal stem cells [20], we asked whether IGFBP7-induced endothelial injury is associated with regulation 
of SIRT1 expression. Of note, knockdown of IGFBP7 increased the expression of SIRT1 in HAECs (Fig. 4A). In contrast, treatment with 
exogenous IGFBP7 (40 ng/mL) led to a significant reduction of SIRT1 (Fig. 4B). Most importantly, overexpression of SIRT1 rescued 
IGFBP7-induced endothelial cell apoptosis and inflammation (Fig. 4C-G). Taken together, these results suggest that IGFBP7-mediated 
vascular endothelial cell injury requires downregulation of SIRT1. 

4. Discussion 

Given the fact that patients with coronary artery disease have a higher serum IGFBP7 level than healthy volunteers [12], we 
speculated that upregulation of IGFBP7 might contribute to atherosclerosis-related vascular injury. In support of this hypothesis, our 
results demonstrate that IGFBP7 is upregulated in HAECs upon exposure to oxLDL. Induction of IGFBP7 is indispensable for 
oxLDL-induced endothelial cell injury, as evidenced by the fact that knockdown of IGFBP7 ameliorates apoptosis and inflammation in 
HAECs after oxLDL treatment. Exogenous IGFBP7 at a concentration higher than the physiological level causes damage to HAECs, 
inducing apoptosis and inflammation. These observations underscore the importance of IGFBP7 in mediating vascular injury during 
atherogenesis (Fig. 4H). 

Upregulation of IGFBP7 occurs in multiple pathological conditions. For example, IGFBP7 levels are high in patients with heart 
failure and correlate with disease severity [21]. The kidney biopsies from patients with renal disease show greater levels of IGFBP7 
than control tissues [22]. IGFBP7 upregulation also predicts the risk of malignant diseases [23,24]. Transforming growth factor beta1 
(TGF-β1) is known to promote the expression of IGFBP7 [25]. Alternatively, hypomethylation contributes to the aberrant expression of 
IGFBP7 in acute leukemia [26]. In this study, we demonstrate that oxLDL treatment induces the expression of IGFBP7 in HAECs. 
Previous studies have reported that oxLDL induces the activation of TGF-β1 signaling pathway in endothelial cells [27,28]. Therefore, 
oxLDL-induced IGFBP7 upregulation may be a result of activation of TGF-β1 signaling. 

IGFBP7 can be secreted from numerous types of cells such as failing cardiomyocytes [21], renal epithelial cells [25], 
cancer-associated fibroblasts [23], tumor cells [24], and endothelial cells [29]. Our results confirm that IGFBP7 is released by 
oxLDL-treated HAECs, which provides an explanation for the high serum IGFBP7 level in patients with coronary artery disease. IGFBP7 
has been suggested to exert its biological activity through interaction with CD93, which is a transmembrane glycoprotein mainly 
expressed on endothelial cells [11,30]. Thus, it is plausible that secreted IGFBP7 could modulate endothelial cell biology via an 
autocrine fashion. Indeed, our data indicate that IGFBP7 co-localizes with CD93 on the surface of HAECs. Recombinant IGFBP7 protein 
at a high concentration promotes apoptosis and inflammation in endothelial cells, which resembles the effects of oxLDL on endothelial 
cells. When recombinant IGFBP7 protein is combined with oxLDL, more robust apoptosis and inflammation response is observed in 
HAECs. Most importantly, knockdown of CD93 abolishes IGFBP7-induced apoptosis and inflammation in HAECs. These data collec-
tively suggest that IGFBP7 has an autocrine effect on endothelial cells through the CD93-dependent pathway. 

A recent study has revealed that the interaction between IGFBP7 and CD93 relies on the IGF-binding domain of IGFBP7 and 
epidermal growth factor (EGF)-like domain of CD93, with a binding affinity (Kd) of 4.26 μM [31]. However, we demonstrate that 
IGFBP7 can interact with CD93 in HAECs at a much lower concentration than the in vitro Kd value. This may be explained by post-
translational modifications of CD93 protein in vivo, thus leading to the enhancement of the IGFBP7-CD93 binding. Indeed, it has been 
documented that CD93 is phosphorylated during endothelial cell adhesion and migration [32]. 

Our results further reveals that IGFBP7-induced endothelial cell dysfunction is linked to downregulation of SIRT1. SIRT1 is an 
NAD+-dependent class III histone deacetylase that is highly expressed in endothelial cells [18,19]. Jiang et al. reported that SIRT1 
attenuates IL-1β-induced endothelial cell disruption by deacetylating p66Shc, a redox protein [33]. Activation of SIRT1 protects 
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endothelial cells from oxLDL-induced inflammation and apoptosis [19]. In dental pulp-derived mesenchymal stem cells, IGFBP7 has 
been shown to activate SIRT1 [20]. These studies raise the possibility that IGFBP7 might regulate SIRT1 expression in endothelial cells. 
Unlike the increased SIRT1 activity in IGFBP7-overexpressing mesenchymal stem cells [20], our results indicate that IGFBP7 treatment 
decreases the expression of SIRT1 in endothelial cells. This discrepancy may originate from different cellular contexts where IGFBP7 
modulates SIRT1 expression and activity through cell type-specific factors. Ongoing studies are conducted to clarify the mechanism by 
which IGFBP7 regulates SIRT1 in endothelial cells. Rescue experiments reveal that overexpression of SIRT1 attenuates 
IGFBP7-induced endothelial cell injury. Taken together, IGFBP7 exerts its pro-inflammatory and pro-apoptotic activity, at least 
partially, through downregulation of SIRT1. 

Several limitations of this work should be acknowledged. First, there is no evidence for the link between IGFBP7 and SIRT1 
expression in atherosclerotic lesions. Second, the potential of targeting IGFBP7 in preventing atherogenesis should be explored in 
animal models. 

In conclusion, IGFBP7 is induced by oxLDL and plays a positive feedback role in oxLDL-induced endothelial cell apoptosis and 
inflammation. Mechanistically, IGFBP7 negatively regulates the SIRT1 expression, consequently causing endothelial cell injury. 
Targeting IGFBP7 may represent a potential therapeutic strategy to prevent vascular injury during atherogenesis. 
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