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Abstract

Fatty acid-binding proteins (FABP) are small molecular mass intracellular lipid chaperones that 

are expressed in a tissue-specific manner with some overlaps. FABP4 and FABP5 share ~55 % 

amino acid sequence homology and demonstrate synergistic effects in regulation of metabolic and 

inflammatory responses in adipocytes and macrophages. Recent studies have shown that FABP4 

and FABP5 are also co-expressed in a subset of endothelial cells (EC). FABP4, which has a 

primarily microvascular distribution, enhances angiogenic responses of ECs, including 

proliferation, migration, and survival. However, the vascular expression of FABP5 has not been 

well characterized, and the role of FABP5 in regulation of angiogenic responses in ECs has not 

been studied to date. Herein we report that while FABP4 and FABP5 are co-expressed in 

microvascular ECs in several tissues, FABP5 expression is also detected in ECs of larger blood 

vessels. In contrast to FABP4, EC-FABP5 levels are not induced by VEGF-A or bFGF. FABP5 

deficiency leads to a profound impairment in EC proliferation and chemotactic migration. These 

effects are recapitulated in an ex vivo assay of angiogenesis, the aortic ring assay. Interestingly, in 

contrast to FABP4-deficient ECs, FABP5-deficient ECs are significantly more resistant to 

apoptotic cell death. The effect of FABP5 on EC proliferation and survival is mediated, only in 

part, by PPARδ-dependent pathways. Collectively, these findings demonstrate that EC-FABP5, 

similar to EC-FABP4, promotes angiogenic responses under certain conditions, but it can also 

exert opposing effects on EC survival as compared to EC-FABP4. Thus, the balance between 
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FABP4 and FABP5 in ECs may be important in regulation of angiogenic versus quiescent 

phenotypes in blood vessels.
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Introduction

Fatty acid-binding proteins (FABPs) are a well-conserved family of intracellular lipid 

chaperones that are expressed in a tissue-specific manner with some overlaps [1–5]. Nine 

FABP genes (FABP1-9) have been identified in mammals. FABPs demonstrate an amino 

acid sequence homology of 20–70 % and bind long-chain fatty acids (FA) and other 

hydrophobic ligands with variable affinity and specificity [6]. Recent studies have suggested 

that FABPs have individual functions in different tissues despite the similarities in their 

tertiary structures and FA-binding profiles. However, the biologic functions of FABPs 

remain incompletely understood.

The endothelium is actively involved in lipid metabolism, and our recent studies have shown 

that FABP4 is abundantly expressed in microvascular endothelial cells (ECs) in several 

normal and pathologic tissues [7–10]. EC-FABP4 exhibits a pro-angiogenic role by 

promoting cell proliferation, survival, and migration [9–11]. The expression of EC-FABP4 is 

regulated by VEGF-A and mTORC1, and in turn, FABP4 regulates the activity of several 

mitogenic pathways, including stem cell factor/c-kit signaling, which plays an important role 

in its pro-angiogenic function [9, 10]. FABP4 also regulates the inflammatory activity of 

ECs by regulating the expression of genes that play key roles in EC activation, such as 

endothelial nitric oxide synthase (eNOS) and intercellular adhesion molecule 1 (ICAM-1).

FABP5, which shares 55 % amino acid sequence homology with FABP4, was also reported 

to have a primarily microvascular expression pattern in ECs [12, 13]. However, the function 

of FABP5 in ECs remains largely unknown. A recent study has suggested an essential role 

for FABP4 and FABP5 in FA uptake in the heart and skeletal muscle ECs [13]. FABP5 is 

expressed in several other cell types, including epidermal cells, adipocytes, macrophages, 

and alveolar epithelial cells [14–17]. Through its expression in adipocytes and macrophages, 

FABP5 contributes to regulation of inflammatory and metabolic responses [4, 18]. In animal 

models, combined deficiency of FABP4 and FABP5 provides a greater protection against 

diet-induced obesity, insulin resistance, and atherosclerosis than mice deficient for either 

FABP4 or FABP5 [19, 20]. In addition to long-chain FAs, FABP5 binds natural and 

synthetic peroxisome proliferator-activated receptor (PPAR)-δ ligands, including retinoic 

acid (RA), and, upon binding these ligands, mobilizes to the nucleus to activate PPARδ. 

Recent studies in a mouse model of breast cancer have demonstrated that the ratio of cellular 

retinoic acid-binding protein 2 (CRABP2) and FABP5 determines whether RA plays an 

inhibitory role in cell proliferation through the CRABP2/RA receptor signaling or a pro-

survival role through the FABP5/PPARδ pathway [21, 22]. Thus, FABP5 may promote cell 

growth and differentiation by regulation of PPARδ signaling. Consistent with this notion, 
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FABP5 up-regulation in certain cancers, such as breast cancer and squamous cell carcinoma, 

has been linked to poor prognosis and aggressive behavior [23–25].

Regulation of EC homeostasis and vascular integrity is critical to normal organ function as 

well as tissue repair, regeneration, and tumor growth. Based on the additive functions of 

FABP4 and FABP5 in other cell types and their co-expression in microvascular ECs, we 

investigated whether FABP5 also played a role in regulation of angiogenesis-related EC 

functions, such as proliferation, migration, and survival. We also examined the potential role 

of PPAR-δ as a downstream mediator of FABP5-related effects in ECs.

Methods and materials

Cell culture and reagents

Human umbilical vein ECs (HUVECs) were isolated as described previously [10, 26]. 

HUVECs from 3 to 4 cords were pooled for experiments, and passage 2–3 HUVECs were 

used for all experiments. HUVEC culture medium included M199 media (Invitrogen, 

Carlsbad, CA) supplemented with 10 % fetal bovine serum (FBS) (Invitrogen), 30 µg/ml 

endothelial cell growth factor supplement (ECGF) (BD Biosciences, San Jose, CA), 100 

µg/ml heparin sodium (Sigma, St Louis, MO), 1 % sodium bicarbonate (Invitrogen), 1 % 

Glutamax™-1 (Invitrogen), 1 % penicillin/streptomycin (Invitrogen), 0.25 % fungizone 

(Invitrogen), and 0.25 % gentamicin (Invitrogen). Cells were cultured at 37 °C with 5 % 

CO2 and humidity. In some experiments, cells were treated with VEGF-A 165 (R&D 

Systems, Minneapolis, MN) or chemically defined lipid mixture 1 (Sigma). For induction of 

apoptosis, HUVECs were cultured in medium containing 5 % FBS and no ECGF, or treated 

with TNFα (40 ng/ml) for 24 h. PPARδ agonist GW0742 and PPARδ inhibitor GSK0660 

were purchased from Cayman Chemicals (Ann Arbor, MI) and R&D Systems, respectively.

Treatment of HUVECs with VEGF-A, bFGF, and lipid mixture

1.5 × 105 HUVECs (passage 2) per well were seeded onto 1 % gelatin (Sigma)-coated 6-

well plates and cultured in standard HUVEC medium as described above. Twenty-four hours 

later, standard culture medium was replaced with medium without ECGF and with VEGF-A 

(0, 1, 10, or 50 ng/ml), bFGF (1 or 10 ng/ml), or lipid mixture (0, 10, 20, or 100 ng/ml). 

Cells were harvested after 24 or 48 h and processed as described below for analysis by 

immunoblotting.

Immunohistochemistry and immunocytofluorescence

Immunohistochemistry was performed on formalin-fixed, paraffin-embedded wild-type 

(WT) C57BL/6 (Jackson Laboratories, Bar Harbor) and FABP5−/− murine (also on C57BL/6 

background) [16] and human tissue sections as described previously [10, 27]. Discarded 

surgical or autopsy human tissue samples were obtained from Boston Children’s Hospital or 

Brigham and Women’s Hospitals and used with approval from the respective institutional 

review boards. For immunohistochemistry, human and murine sections were incubated with 

a rabbit polyclonal anti-FABP5 antibody (Abcam, 1:500) overnight at 4 °C. For 

immunocytofluorescence, HUVECs were grown on glass coverslips, fixed in 4 % 

paraformaldehyde for 10 min, washed in ice-cold PBS twice, and permeabilized by 
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incubation with PBS containing 0.25 % Triton X-100 for 10 min. Following the blocking 

step with 1 % bovine serum albumin (Sigma) in PBS for 30 min, cells were incubated with 

rabbit polyclonal anti-FABP4 (Abcam, 1:50) and mouse monoclonal anti-FABP5 (R&D 

Systems, 1:200) antibodies for 1 h at room temperature. This was followed by incubations 

with 1:1000 dilutions of the secondary antibodies Alexa Fluor 488 goat anti-rabbit IgG and 

Alexa Fluor 594 goat anti-mouse IgG (Molecular Probes, Eugene, OR, USA) for 1 h at room 

temperature. After washing in PBS, coverslips were mounted in Vectashield (Vector 

Laboratories) and viewed under a Nikon Eclipse 80i microscope. Images were captured 

using NIS-Elements Basic Research® software.

RNA interference

Mission short-hairpin RNAs (shRNAs) targeting human FABP5 and shRNA control vector 

targeting firefly luciferase were purchased from Sigma. Lentiviral shRNA transfer vectors 

and four expression vectors encoding viral packaging proteins (provided by Dr. Richard 

Mulligan, Boston Children’s Hospital) were co-transfected into HEK293 cells, as described 

previously [9, 10]. Supernatants of HEK293T cells were collected and used to transduce 

HUVECs. Puromycin (2 ng/ml; Sigma) was added to the medium for 24 h for enrichment of 

transduced cells the day after transduction. Cells transduced with the control shRNA reached 

70–80 % confluence 48–72 h after transduction.

Immunoblotting and densitometry

Cells were lysed in RIPA buffer (BioProducts, Ashland, MA) supplemented with 

phosphatase inhibitor cocktail set II (Calbiochem, San Diego, CA) and the protease inhibitor 

cocktail tablet (Roche, Indianapolis, IN). Immunoblot analysis was performed as described 

previously [28]. All primary antibody incubations were performed at 4 °C overnight at the 

following dilutions: rat monoclonal anti-FABP5 (R&D Systems), 1:1000; rabbit monoclonal 

anti-FABP4 (ab92501, Abcam, Cambridge, MA), 1:1000; rabbit polyclonal anti-caspase-3 

(Cell Signaling, Danvers, MA), 1:1000; and mouse monoclonal anti-β-actin (Sigma), 

1:10,000. Relative protein amounts were normalized to β-actin and quantified using NIH 

Image J software.

Proliferation assay and analysis of cell cycle

2 × 104 HUVECs per well were seeded onto 1 % gelatin-coated 96-well plates in 

quadruplicate and transduced with lentiviruses encoding shRNA for FABP5 or firefly 

luciferase. Cells were cultured in the starvation medium for 6 h and then in complete 

medium for 24 h. BrdU incorporation was measured using a chemiluminescence-based cell 

proliferation ELISA kit (Roche Diagnostics) following the manufacturer’s instructions. For 

cell cycle analysis, HUVECs were grown to 70–80 % confluency, treated with RNAase A, 

stained with propidium iodide, and then subjected to flow cytometry with a BD FACSCanto 

flow cytometer (BD Biosciences). Ten thousand events were collected from each sample. 

Data acquisition was carried out using the BD FACSDIVA software, and cell cycle 

distribution was calculated using the FlowJo software (Treestar, Ashland, OR).
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Migration assays

Chemotaxis/directed migration assay was performed using polycarbonate filter wells 

(transwell, 8-µm pores; Coaster, Corning, NY) coated with 1 % gelatin. HUVECs were 

growth-arrested by addition of 2 mmol/L hydroxyurea to the medium and then plated in the 

upper chamber in 0.1 % FBS, ECGF-free medium at a density of 1 × 105 cells per well. 

Transwell migration of ECs was stimulated by addition of VEGF-A (50 ng/ml) or 10 % FBS 

to the culture medium in the lower well. After 6 h, the upper surface of the insert was 

swabbed to remove non-migrating cells. The cells that had migrated to the lower surface 

were fixed and stained by using Diff-Quik Stain Set (Dade Behring, Deerfield, IL). EC 

migration was quantified by counting the number of cells in three random fields per insert.

For cellular wound assay, cells were seeded in 6-well plates at a density of 5 × 105 cells per 

well to achieve 80–90 % confluency and 2 mmol/l hydroxyurea was added to the medium to 

induce growth arrest. Two hours later, three vertical scratches were made across each well 

with a flat-edge forceps. A horizontal reference line was drawn to denote the scratch field of 

view (FOV) at the scratch intersection. Images of the wounded cells were taken above and 

below the reference line at the scratch/cell interfaces at t = 0 and t = 8 h. The average scratch 

width was determined for each FOV, and the distance migrated was calculated [9, 29].

Adhesion assay

96-Well plates were coated with 10 ug/ml gelatin, and adhesion assay was performed as 

previously described [30, 31]. Briefly, HUVECs were seeded at a density of 5 × 104 cells per 

well and allowed to attach for 1 h. Non-adherent cells were removed by washing in PBS, 

and adherent cells were fixed and stained in 0.125 % Coomassie Blue [32]. After thorough 

destaining, the contents of the wells were solubilized in 2 % SDS, and optical density, 

indicative of adherent cells, was read at 620 nm.

Aortic ring assay

This study was approved by the Harvard Medical Area Standing Committee on Animals. 

FABP5−/− mice were backcrossed more than 10 generations onto C57BL/6J genetic 

background [16], and aortic ring assay was performed as previously described [9]. 

Abdominal aortas were harvested from 4- to 5-week-old FABP5−/− or WT mice. One-mm-

long mouse aortic rings were embedded in Matrigel in 96-well plates and cultured in 

medium supplemented with bFGF for up to 7 days. Neovessel outgrowth was imaged using 

a Nikon D5-5M camera (Nikon, Tokyo, Japan) and quantified using NIH Image J software.

Flow cytometric analysis of apoptosis

Apoptosis was induced in HUVECs by serum deprivation (5 % FBS). After 24 h, floating 

and adherent cells were collected, stained with fluorescein isothiocyanate (FITC)-conjugated 

annexin V and propidium iodide (PI) (Biovision Inc, Mountain View, CA), and analyzed by 

flow cytometry.
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Measurement of PPARδ-binding activity

Nuclear extracts were prepared from control and FABP5-KD HUVECs using a nuclear 

extraction kit (Chemicon, Temecula, CA) following the manufacturer’s instructions. PPARδ-

binding activity in nuclear extracts was measured using a PPARδ transcription factor 

enzyme-linked immunosorbent assay (Cayman Chemicals).

Statistical analysis

All results are presented as mean ± standard error of mean from a minimum of three 

independent experiments. Mann–Whitney U test was used to determine statistical 

significance, and p < 0.05 was considered significant.

Results

FABP5 expression in vascular endothelial cells

Previous studies have suggested that EC-FABP5 expression was restricted to the 

microvasculature in several tissues [12, 33]. We expanded these previous studies by 

characterizing the vascular expression of FABP5 in several mouse and human tissue samples 

using a polyclonal FABP5 antibody, the specificity of which was confirmed on FABP5−/− 

mouse tissues (Fig. 1a). In contrast to the previous reports, our analyses revealed FABP5 

expression in ECs of some larger vessels, including arteries and veins, in addition to the 

microvasculature in several tissues, such as the kidney, heart, and placenta (Fig. 1b–e and 

Fig. S1). Notably, FABP5 expression was not detected in vascular ECs in the murine liver, 

spleen, and intestine (not shown). Abundant FABP5 expression was also detected in ECs in 

cutaneous hemangiomas, which are the most common EC-derived tumors (Fig. 1F).

FABP5 deficiency dramatically impairs endothelial cell proliferation

HUVECs are the best characterized and most commonly used in vitro culture system for 

primary ECs [26]. In previous studies, we have consistently observed similar cellular 

responses in HUVECs and primary microvascular ECs [10]. Therefore, in this study, we 

primarily employed HUVECs as an in vitro model of both microvascular and large vessel 

ECs. We found that, in contrast to the heterogenous expression pattern of FABP4, FABP5 

was uniformly and abundantly expressed in HUVECs (Fig. 2a). To determine whether 

FABP5 is involved in regulation of EC proliferation, we generated FABP5-knockdown 

(FABP5-KD) HUVECs using lentivirus-mediated shRNA transduction, which consistently 

resulted in a greater than 80 % reduction in FABP5 protein levels without affecting FABP4 

levels (Fig. 2b). Cell proliferation was measured using BrdU incorporation and found to be 

dramatically reduced in FABP5-KD HUVECs as compared to the control cells (Fig. 2c, p < 

0.01). To further assess the effect of FABP5 on EC proliferation, cell cycle analysis was 

performed using flow cytometry. The number of FABP5-KD cells at the G0/G1 phase was 

significantly increased compared to control cells with subsequent decreases in S and G2/M 

phases (Fig. 2d). Thus, FABP5 deficiency resulted in cell cycle arrest in HUVECs at the 

G0/G1 phase.

Due to the potent regulation of EC proliferation by FABP5, we next investigated whether 

FABP5 was a downstream target of VEGF-A. However, FABP5 levels remained unchanged 
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in response to VEGF-A (1, 10, and 50 ng/ml) treatment for 24 h (Fig. 2e) or 48 h (not 

shown). Similarly, bFGF (1 and 10 ng/ml) treatment for up to 48 h did not alter FABP5 

protein expression levels in HUVECs (not shown). Since the assumed intracellular function 

of FABP5 is to bind fatty acids, we next assessed whether EC-FABP5 levels were regulated 

by lipids. Incubation of HUVECs with a chemically defined lipid mixture resulted in a dose-

dependent increase in FABP5 protein levels (Fig. 2f). Thus, extracellular lipids, but not 

VEGF-A or bFGF, regulates FABP5 expression in ECs.

FABP5 deficiency attenuates chemotactic migration of endothelial cells

To determine whether FABP5 had an effect on EC motility, a critical process during 

angiogenesis, we first assessed the effect of FABP5 deficiency on chemotactic migration of 

HUVECs using the transwell migration assay (Fig. 3a). These experiments were performed 

using growth-arrested cells to ensure that the effect of FABP5 on cell proliferation would not 

be a confounding factor. The migration of FABP5-KD HUVECs was significantly reduced 

in comparison with control cells in response to both VEGF and 10 % FBS gradient across 

gelatin-coated membranes (p < 0.05). To determine whether FABP5 has an effect on random 

migration of ECs, the cellular wound assay was performed (Fig. 3b). There was no 

difference in chemokinesis of FABP5-KD HUVECs as compared to control cells. To 

determine whether FABP5 played a role in adhesive properties of HUVECs, adhesion of 

FABP5-KD and control HUVECs to gelatin was compared and was found to be similar (Fig. 

3c).

FABP5-knockout aortic rings exhibit reduced angiogenic sprouting

Since FABP5 promotes both EC proliferation and chemotactic migration, two critical 

processes that are essential in angiogenic responses, we next analyzed the role of FABP5 

during blood vessel sprouting by using the aortic ring assay as an ex vivo model of 

angiogenesis. Aortic rings from 4-to 5-week-old, gender-matched FABP5−/− and WT mice 

were embedded in Matrigel and supplemented with bFGF for 7 days as previously described 

[9]. As expected, WT murine aortic rings demonstrated a robust sprouting angiogenesis, 

whereas the number and length of angiogenic sprouts were significantly reduced in 

FABP5−/− aortic rings (Fig. 4a–c). Thus, FABP5 promotes angiogenic responses of ECs both 

in vitro and ex vivo.

FABP5 deficiency confers protection against endothelial cell death

Our previous studies have demonstrated that EC-FABP4 has an anti-apoptotic function [9]. 

To determine whether FABP5 had a similar role in ECs, we first examined the response of 

FABP5-KD HUVECs to serum deprivation-induced cell death. Surprisingly, flow cytometry 

analysis demonstrated that approximately 22 % of FABP5-KD HUVECs were annexin V-

positive (combined early and late apoptosis) compared to 37 % of control cells (p < 0.01, 

Fig. 5a). The positive effect of FABP5 deficiency on EC survival was verified by detection 

of cleaved caspase 3 as a marker of apoptosis by immunoblotting (Fig. 5b). As expected, 

caspase 3 cleavage was not detected or minimal in FABP5-KD or control HUVECs cultured 

in 10 % FBS, but was present in control HUVECs cultured in 5 % FBS. Consistent with the 

flow cytometry analysis, the cleaved caspase 3 signal was dramatically reduced in FABP5-

KD HUVECs as compared to control HUVECs cultured in 5 % FBS. In addition, similar 
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results were obtained using TNFα as the pro-apoptotic signal (Fig. 5c). Incubation of 

HUVECs with TNFα for 24 h resulted in apoptosis as evidenced by detection of cleaved 

caspase 3 in the control, but not in FABP5-KD cells. Thus, unexpectedly, FABP5 deficiency 

provided protection against EC apoptosis induced by two different methods, serum 

deprivation and TNF-α signaling.

Role of PPAR-δ activation on FABP5-induced responses in endothelial cells

Previous studies have shown that PPARδ participates in regulation of EC proliferation and 

angiogenic responses [34–36]. FABP5 is known to regulate the activity of PPARδ in tumor 

cell lines [21, 22, 25], but whether this occurs in EC is not known. To determine whether 

PPARδ played a role on reduced EC proliferation in FABP5-KD HUVECs, we treated the 

cells with the selective PPARδ agonist GW0742 [37, 38] for 24 h and assessed its effect on 

cell proliferation using BrdU incorporation (Fig. 6a). As previously reported, PPARδ 
activation induced a significant increase in proliferation of control HUVECs in a dose-

dependent manner. There was also a modest, but statistically significant increase in 

proliferation of FABP5-KD HUVECs treated with GW0742 as compared to the vehicle-

treated cells. However, the cell proliferation rate of GW0742-treated FABP5-KD cells 

remained much lower than GW0742-treated control cells. These results suggested that both 

PPAR-δ-dependent and PPAR-δ-independent mechanisms were involved in inhibition of EC 

proliferation by FABP5 deficiency.

We next examined the effect of PPARδ activity on survival of FABP5-KD HUVECs. We 

reasoned that if increased resistance of FABP5-KD cells to serum deprivation-induced 

apoptosis was mediated via PPARδ, then inhibition of PPARδ activity would increase their 

susceptibility to apoptotic cell death. Indeed, treatment of FABP5-KD HUVECs cultured in 

5 % FBS with the PPARδ specific inhibitor GSK0660 [39] led to the detection of a weak 

cleaved caspase 3 band, which was not evident in vehicle-treated FABP5-KD cells (Fig. 6b). 

However, GSK0660 did not cause a significant increase in caspase 3 activation in control 

cells. Thus, PPARδ activation appeared to mediate, only in part, the resistance of FABP5-

KD cells to serum deprivation-induced apoptosis.

Next we examined whether differential regulation of PPARδ activity, in a nutrient-dependent 

manner, might be responsible for the opposing effects of FABP5 on EC proliferation and 

survival. To examine this hypothesis, we examined the DNA-binding activity of PPARδ 
using nuclear extracts from 10 to 5 % FBS-exposed control and FABP5-KD HUVECs (Fig. 

6c). FABP5-KD HUVECs grown in 10 % FBS demonstrated an approximately 25 % 

decrease in PPARδ-binding activity as compared to control HUVECs (p < 0.05). Serum 

deprivation led to a dramatic 75 % reduction in PPARδ activity in control cells, whereas 

FABP5-KD cells grown in 5 % FBS demonstrated a significantly higher PPARδ activity as 

compared to control cells (p < 0.05). These results suggest that while EC-FABP5 functions 

as a positive regulator of PPARδ under normal culture conditions, it inhibits the activity of 

PPARδ in serum deprivation.
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Discussion

FABP4 and FABP5 are co-expressed in macrophages, adipocytes, and a subset of ECs. 

Previous studies have shown that these two FABPs have complementary functions in 

macrophages and adipocytes [2, 20]. In ECs, FABP4 exerts a pro-angiogenic effect [9–11], 

but the role of EC-FABP5 has not been investigated previously. Our study demonstrates that 

in contrast to FABP4, the expression of FABP5 is not restricted to microvascular ECs, but 

also extends to larger vascular ECs. Furthermore, while EC-FABP5 has some overlapping 

pro-angiogenic functions with FABP4, i.e., promotion of proliferation and chemotactic 

migration, contrary to EC-FABP4, it can also enhance apoptotic EC death under certain 

conditions. These functions of EC-FABP5 are mediated by both PPARδ-dependent and 

PPAR-δ-independent pathways.

FABP5-KD ECs had a profound impairment in cell proliferation. The magnitude of this 

effect (>90 % reduction) was greater than that observed in FABP4-KD cells (~70–80 %). 

Double FABP4/5 knockdown ECs demonstrated similar proliferation rates compared to 

those of FABP5-KD ECs (data not shown). Cell cycle analysis demonstrated that the 

percentage of FABP5-KD cells were higher in the G0/G1 phase and lower in the S and M 

phases compared to control cells. Taken together, these results demonstrate that EC-FABP5 

is a potent positive regulator of cell cycle progression under normal conditions. In addition, 

similar to FABP4-KD ECs, FABP5-KD ECs demonstrated decreased motility in response to 

chemotactic factors such as VEGF and 10 % FBS. Furthermore, FABP5-deficient aortic 

rings exhibited reduced sprouting ex vivo, thus indicating that reduced EC proliferation and 

migration secondary to FABP5 deficiency result in impaired angiogenic responses. 

Interestingly, in contrast to FABP4, EC-FABP5 levels are not induced by VEGF-A or bFGF, 

but are induced by a lipid mixture in a dose-dependent manner. In this study, we did not 

identify the specific fatty acids in the lipid mixture that are responsible for this effect, but it 

will be important to do so in future studies to clarify whether FABP5 can be a link between 

“good lipids” or “bad lipids,” and angiogenic responses in ECs. Thus, it will be important to 

identify both inducers and inhibitors of EC-FABP5 expression as they might have potential 

therapeutic applications. Of note, although stem cell factor/c-kit pathway was identified to 

have a key role in mediating the angiogenic effects of FABP4 in ECs, we did not find any 

significant alterations in this pathway in FABP5-KD HUVECs by Q-RT-PCR (data not 

shown).

An unexpected finding in our study was the effect of FABP5 deficiency on EC survival. 

Although FABP4 and FABP5 had similar effects on EC proliferation and migration, FABP5 

had a distinctly diverse effect on EC survival than FABP4. In previous studies, we have 

shown that EC-FABP4 provides significant protection against apoptotic cell death, whereas 

in the studies described here, we found that FABP5 rendered ECs more susceptible to 

apoptotic cell death induced by two different stimuli: serum starvation and TNF-α exposure. 

How can the opposing effects of FABP5 on EC proliferation versus survival be reconciled? 

One potential explanation is that EC-FABP5 functions as a sensor that links the extracellular 

conditions to cellular responses. Thus, under optimal conditions (as modeled by culturing 

cells in 10 % FBS), FABP5 promotes EC proliferation and migration, whereas in the 

presence of nutrient deprivation or other stressors, FABP5 facilitates EC death likely by 
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activating apoptotic pathways. In this context, FABP5 appears to play a similar role to that 

of autophagy and further studies will be needed to investigate whether FABP5 could in fact 

be linked to autophagic responses in ECs. From a functional standpoint, positive regulation 

of EC proliferation and migration by FABP5 may be critical in promotion of angiogenic 

responses of microvascular ECs, where FABP4 and FABP5 are co-expressed. However, 

FABP5 may also contribute to vascular regression by promotion of apoptosis during 

conditions associated with nutrient deprivation, such as those occurring during tissue 

ischemia or starvation. These hypotheses will need to be addressed in future studies.

In previous studies, FABP5 was shown to deliver ligands from the cytosol and enhance the 

transcriptional activity of PPARδ in other cell types [21, 25, 40, 41], but to our knowledge, 

this relationship has not been examined in primary ECs previously. PPARδ is known to 

promote cell proliferation and angiogenic sprouting and protect ECs against apoptosis [34, 

35]. Based on these previous data, we focused on PPARδ as a potential mediator of FABP5-

related effects on EC responses. Consistent with previous studies, we found that a highly 

specific agonist of PPARδ, GW0742, enhanced proliferation of HUVECs and also modestly 

improved the proliferation of FABP5-KD ECs. We also found that while a PPARδ inhibitor 

did not have an obvious effect on serum deprivation-induced apoptosis of control cells, it 

induced some apoptosis in FABP5-KD cells. Our studies also suggested that PPARδ activity 

is differentially regulated under conditions that promote EC proliferation versus apoptosis. 

This notion was further supported by the opposite effects of FABP5-KD on PPARδ-binding 

activity in baseline conditions versus serum deprivation. Thus, taken together, our studies 

show that PPARδ activity is, only in part, responsible for mediating the divergent effects of 

FABP5 on EC proliferation and survival.

In summary, FABP5 is co-expressed with FABP4 in ECs in microvascular beds of several 

tissues, but the expression of FABP5 also extends to some larger vessel ECs, where FABP4 

is not detected. Similar to FABP4, FABP5 significantly enhances EC proliferation, 

chemotactic migration, and angiogenic sprouting. These findings indicate that FABP4 and 

FABP5 play similar roles in regulation of angiogenic responses in microvascular ECs. 

However, an important difference is that, in contrast to the anti-apoptotic effects of FABP4, 

FABP5 promotes apoptotic EC death under certain conditions. This effect of FABP5 may be 

particularly relevant in larger vessel ECs, which lack FABP4 expression. The effect of 

FABP5 on EC proliferation and survival is mediated, at least in part, by PPARδ. 

Collectively, our findings suggest that the balance between FABP4 and FABP5 in ECs may 

be critical in regulation of quiescent versus angiogenic phenotypes of blood vessels. Further 

studies will be required to fully characterize the biologic significance of the interplay 

between FABP4 and FABP5 in vascular ECs in both physiologic and pathologic conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
FABP5 expression in vascular endothelial cells. FABP5 expression was analyzed by 

immunohistochemistry on a panel of paraffin-embedded mouse and human tissues. a 
FABP5−/− mouse kidney as a negative control; b WT murine kidney with occasional 

capillary EC immunoreactivity for FABP5 in the medulla (black arrows); c WT murine 

kidney with EC FABP5 immunoreactivity in an arcuate artery at the corticomedullary 

junction (red arrows); d WT murine heart with capillary and venous EC staining for FABP5; 

e human placenta with uniform vascular EC immunoreactivity for FABP5; f cutaneous 
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hemangioma with uniform vascular EC immunoreactivity for FABP5. Representative images 

from a minimum of three different samples per tissue are shown. Scale bar 50 µm

Yu et al. Page 15

Angiogenesis. Author manuscript; available in PMC 2017 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
FABP5 deficiency impairs endothelial cell proliferation. a Double immunocytofluorescence 

for FABP4 and FABP5 in HUVECs demonstrates uniform expression of FABP5 compared 

to heterogenous expression of FABP4. b FABP5-KD HUVECs were generated using 

lentivirus-mediated shRNA transduction. Cells were cultured in medium containing 

puromycin for enrichment for 24 h and then harvested 24–48 h later. FABP5 and FABP4 

protein levels were analyzed by immunoblotting. β-actin was used as a loading control. c 
Cell proliferation of FABP5-KD and control HUVECs was measured by BrdU 

incorporation. Bar graph represents mean ± SEM from five independent experiments. d Cell 
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cycle distribution of synchronized FABP5-KD and control HUVECs was analyzed by flow 

cytometry. Bar graph represents mean ± SEM from four independent experiments. e 
HUVECs were incubated with indicated doses of VEGF-A for 24 h. FABP5 and β-actin 

levels were assessed by immunoblotting and densitometry. Fold-FABP5 changes are shown 

at the bottom of the figure. f HUVECs were incubated with a chemically defined lipid 

mixture for 24 h. FABP5 and β-actin levels were assessed by immunoblotting and 

densitometry. The indicated lipid doses are based on the fatty acid concentration in the 

mixture. Results in e and f are representative of three independent experiments

Yu et al. Page 17

Angiogenesis. Author manuscript; available in PMC 2017 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
FABP5 deficiency attenuates chemotactic migration of endothelial cells. a Representative 

images of filters stained with Diff-Quick in a transwell cell migration assay. FABP5-KD or 

control HUVECs were plated in the upper chamber of a transwell at a density of 1 × 105 

cells in 0.1 % FBS, ECGF-free medium, and transwell migration was stimulated by addition 

of VEGF (50 ng/ml) or 10 % FBS to the media in the lower well. EC migration was 

quantified by counting the number of cells in three random fields per insert at ×100 

magnification. Bar graph represents mean ± SEM from three independent experiments. 

Scale bar 100 µm. b Representative images of a cellular wound assay at 0 and 8 h after 

wounding. Control and FABP5-KD HUVECs were grown to 70–90 % confluency in 6-well 

plates. Three vertical scratches were made across each well with a flat-edge forceps. A 

horizontal reference line (shown in blue color) was drawn to denote the scratch field of view 

(FOV) at the scratch intersection. Images of the wounded cells were taken above and below 

the reference line at the scratch/cell interfaces at t = 0 and t = 8 h. The average scratch width 

was determined for each FOV, and the distance migrated was calculated and expressed as a 

percentage of the initial scratch width. Bar graph represents mean ± SEM from four 

independent experiments. Scale bar 100 µm. c Control and FABP5-KD HUVECs were 

seeded in 96-well plates coated with gelatin at a density of 5 × 104 cells per well and 

allowed to attach for 1 h. Non-adherent cells were removed by washing in PBS, and 

adherent cells were fixed and stained in 0.125 % Coomassie Blue. After thorough 

destaining, the contents of the wells were solubilized in 2 % SDS, and optical density, 
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indicative of adherent cells, was read at 620 nm. Bar graph represents mean ± - SEM from 

three independent experiments
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Fig. 4. 
Angiogenic sprouting is impaired in FABP5−/− mouse aortic ring explants. a 1-mm long WT 

and FABP5−/− mouse aortic rings were embedded in Matrigel in 96-well plates and cultured 

in medium supplemented with bFGF. Representative images are shown. Scale bar 100 µm. b 
The number of angiogenic sprouts arising from the aortic rings was quantified. c The 

average length of angiogenic sprouts arising from the aortic rings was measured. Bar graphs 
represent mean ± SEM, n = 8–10 mice per group
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Fig. 5. 
FABP5 deficiency enhances endothelial cell survival. a FABP5-KD and control HUVECs 

were cultured in 5 % FBS-containing medium for 24 h. Cells were harvested, stained with 

FITC-conjugated annexin V and propidium iodide, and analyzed by flow cytometry. 

Representative plots and mean results ± SEM from five independent experiments are shown 

(*p < 0.01 vs control). b FABP5-KD and control HUVECs were cultured in 10 or 5 % FBS-

containing media for 24 h. Cells were harvested, and immunoblotting for caspase 3 was 

performed. c FABP5-KD and control HUVECs were treated with TNFα (40 ng/ml) or the 

vehicle control for 24 h, and immunoblotting for caspase 3 was performed. All immunoblots 

are representative of a minimum of three independent experiments
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Fig. 6. 
Role of PPARδ on FABP5-induced responses in ECs. a HUVECs were transduced with 

control shRNA or FABP5-shRNA. Cells were treated with DMSO or GW0742 at the 

indicated doses for 24 h. Cell proliferation was analyzed by BrdU incorporation using an 

ELISA kit. *p < 0.05 versus control/vehicle; **p < 0.05 versus FABP5-KD/vehicle. b 
FABP5-KD and control HUVECs were cultured in 5 % FBS-containing medium with or 

without PPARδ specific inhibitor GSK0660 (100 nM) for 24 h. Cells were harvested, and 

immunoblotting for caspase 3 was performed. c FABP5-KD and control HUVECs were 

cultured in 10 or 5 % FBS-containing medium for 24 h. DNA-binding activity of PPARδ in 

nuclear extracts was measured using an ELISA kit. *p < 0.05 versus control
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