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Background: Lipoprotein (a) (Lp(a)) is one of the risk factors for peripheral artery disease (PAD). Our pre-
vious report demonstrated that hepatocyte growth factor (HGF) gene therapy attenuated the impairment
of collateral formation in Lp(a) transgenic mice. Since risk factors for atherosclerosis accelerate endothe-
lial senescence and impair angiogenesis, we examined the role of Lp(a) in dysfunction and senescence of
endothelial progenitor cells (EPC) and endothelial cells.

Methods: In vitro and in vivo incorporation assays were performed using ex-vivo expanded Dil-labeled
human EPC. Senescence of cultured endothelial cells, production of oxidative stress and angiogenesis
function were evaluated by SA-B-galactosidase staining, dihydroethidium (DHE) staining and Matrigel
assay, respectively.

Results: EPC transplantation significantly stimulated recovery of ischemic limb perfusion, while EPC pre-
treated with Lp(a) did not increase ischemic limb perfusion. Impairment of angiogenesis by EPC with
Lp(a) was associated with a significant decrease in CD31-positive capillaries and Dil-labeled EPC. Impor-
tantly, Lp(a) significantly accelerated the onset of senescence and production of reactive oxygen species
(ROS) in human aortic endothelial cells, accompanied by a significant increase in the protein expression
of p53 and p21. On the other hand, HGF significantly attenuated EPC dysfunction, senescence, ROS pro-
duction, and p53 and p21 expression induced by Lp(a).

Conclusion: Lp(a) might affect atherosclerosis via acceleration of senescence, ROS production, and func-
tional impairment of the endothelial cell lineage. HGF might have inhibitory effects on these atherogenic

actions of Lp(a).

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Lipoprotein (a) (Lp(a)) is a lipid particle with a structure con-
sisting of apolipoprotein (a) (apo(a)), which is linked covalently
to apolipoprotein B-100 (apoB-100) of low-density lipoprotein
(LDL) through disulfide bonds [1]. As apo(a), a component of
Lp(a) has a high degree of homology with plasminogen [1,2], a high
circulating Lp(a) level may inhibit thrombolysis [3] and fibrin
clearance, leading to the development of atherosclerosis. We previ-
ously showed that serum Lp(a) concentration was negatively cor-
related with blood flow after creating hindlimb ischemia in a
mouse Lp(a) transgenic model [4]. In addition, Lp(a) transgenic
mice exhibited lower capillary density after hindlimb ischemia in
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comparison with wild type mice. Indeed, Lp(a) is considered to
be an independent risk factor for peripheral artery disease (PAD)
[5], ischemic heart disease and stroke [6,7]. Nevertheless, the
underlying mechanisms by which Lp(a) impairs angiogenic func-
tion is not fully elucidated.

In this study, we focused on the effect of Lp(a) on the function,
especially angiogenesis, of endothelial progenitor cells (EPC) and
endothelial cells (EC), since previous reports suggest that risk
factors for atherosclerosis impairs angiogenic function of EC and
EPC [8]. Atherogenic lipoproteins, such as oxidized LDL [9,10]
and remnant-like particles [11], are known to trigger the onset of
senescence in EC and EPC via induction of reactive oxygen species
(ROS) production. Although Lp(a) has been thought to be an ath-
erogenic lipoprotein, no study has reported the effects of Lp(a)
on senescence of EPC and EC. Thus, in the present study, we inves-
tigated Lp(a)-induced senescence and impaired angiogenesis of
EPC and EC. In addition, we further explored the prevention of
Lp(a)-induced dysfunction. Since transfection of HGF plasmid
DNA into the adductor muscle of the ischemic limb significantly
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increased blood flow and capillary density in Lp(a) transgenic mice
[4], we hypothesized that HGF might attenuate Lp(a)-induced dys-
function of EPC and EC.

2. Materials and methods

2.1. Ex-vivo expanded EPC transplantation in hindlimb ischemia nude
mouse model

All procedures were performed in accordance with the Institu-
tional Animal Committee of Osaka University School of Medicine.
To elucidate the effect of Lp(a) on EPC function in vivo, an EPC trans-
plantation model was employed. Male athymic nude mice aged 8-
10 weeks were purchased from Charles River Japan. Mice were
anesthetized with pentobarbitone for operative resection of one
femoral artery, as described previously [12]. One day after opera-
tion, 1 x 10° culture-expanded EPC were intravenously injected
via the jugular vein. To evaluate EPC incorporation into the vascu-
lature in ischemic muscle, EPC were labeled with Dil. At 1 and
7 days after the induction of ischemia, ischemic/non-ischemic limb
blood flow ratio was measured with a laser Doppler imager (Moor
LDI-Mark 2, Moor Instruments). Tissue sections from the adductor
muscles of ischemic limbs were harvested on day 7. To assess EPC
incorporation, tissues were embedded in OCT compound (Sakura
Finetek, Tokyo, Japan) and snap-frozen, and sections were stained
with anti-mouse CD31 antibody (BD Pharmingen San Diego, CA).
The numbers of Dil-labeled EPC was counted, and CD31-positive
capillary density was determined in 5 random fields under a fluo-
rescence microscope.

2.2. Cell culture

Human aortic EC (LONZA, Portsmouth, NH) were cultured in
endothelial basal medium-2 (EBM-2) (Clonetics, Walkersville,
Maryland, USA) supplemented with EGM and 5% fetal bovine ser-
um (FBS). After 24-h starvation with EBM-2 with 0.5% FBS, EC were
pretreated with HGF (PeproTech EC, London, UK) (20 or 50 ng/ml)
for 3 h before Lp(a) stimulation.

EPC were isolated from fresh human peripheral blood using
density gradient centrifugation with Histopaque 1077 (Sigma
Chemical Co., St. Louis, MO), as previously described [13]. Isolated
EPC from a healthy volunteer were seeded on fibronectin (Sigma)-
coated (20 pg/ml) dish. After 4 days of culture with EBM-2 contain-
ing EGM and 5% FBS, non-adherent cells were discarded by washing
with PBS twice, fresh medium was applied, and EPC were cultured
through day 7. On day 7, EPC phenotype was determined using
direct fluorescent staining to detect dual binding of FITC-labeled
Ulex europaeus agglutinin (UEA)-1 (Sigma) and 1,1’-dioctadecyl-
3,3,3,3',-tetramethylindocarbocyanine perchlorate (Dil)-labeled
acetylated low-density lipoprotein (acLDL; Biomedical Technolo-
gies, Stoughton, MA) [13], and the expression of CD31 (Millipore),
VE-Cadherin (Cell Signaling Technology) and von Willebland Factor
(VWF) (Sigma) as endothelial cell marker were checked as previ-
ously described [14-16] (Fig. S1). After 24 h of starvation with
EBM-2 with 0.1% FBS, EPC were pretreated with HGF (50 ng/ml)
for 3 h before Lp(a) stimulation. Lp(a) was purified from plasma of
donors, as previously described [17].

2.3. SA-p-galactosidase activity assay

Senescence associated (SA)-B-galactosidase activity was
detected using a Senescence beta-Galactosidase Staining Kit (Cell
Signaling Technology, Beverly, MA), as previously described [18].
Briefly, after incubation for 24 h with Lp(a), cells were fixed,
followed by application of x-gal and incubation overnight at

37 °C. The number of SA-B-gal-positive cells was manually counted
in 10 random fields per dish under bright field illumination.

2.4. Superoxide (0O, ) detection assay

Superoxide detection in vitro using dihydroethidium (DHE)
staining was described previously [19]. After 30 min of incubation
with Lp(a), cells were fixed with acetone, permeabilized with 0.1%
TritonX-PBS, and stained with 10 uM DHE (Invitrogen, Carlsbad,
CA) for 30 min. Fluorescent activity was determined in 10 random
fields per dish under a fluorescence microscope.

2.5. Tubule formation assay

First 1 x 10° human aortic EC were seeded on a Matrigel
(Growth Factor Reduced Phenol Red Free, Becton-Dickinson,
Franklin Lakes, USA)-coated 24-well dish, as previously described
[20]. Lp(a) stimulation with or without HGF (50 ng/ml) was
performed at the same time. After stimulation with Lp(a), tubule
formation in five random fields was evaluated under a phase con-
trast light microscope at the indicated times. A tubular formation
was defined as a structure whose length was at least four times
its width [17].

2.6. Incorporation assay

EPC function was determined by EC-EPC incorporation assay, as
previously described [21]. EPC stimulated with Lp(a) with or with-
out HGF (50 ng/ml) were labeled with 2.5 pg/ml Dil (Molecular
Probes) in PBS for 5 min at 37 °C and 15 min at 4 °C [22]. Dil-
labeled EPC (2 x 10%) were co-cultured with human aortic EC
(8 x 10*) on a Matrigel-coated 24-well dish for 24 h. Incorporation
ability was determined in 10 random fields per well under a
fluorescence microscope.

2.7. Western blotting

The cells were lysed using lysis buffer (50 mmol/L Tris—HCI,
2.5 mmol/L EGTA, 1 mmol/L EDTA, 10 mmol/L NaF, 0.1% sodium
deoxycholate, 1% Triton X-100, 1 mmol/L PMSF, 1 mmol/L
Na3VO04). Protein extract (10 pug) was fractionated on SDS-PAGE
gels and transferred to a PVDF membrane (Millipore, Bedford,
MA) as described elsewhere. Antibodies to p53 and a-tubulin were
purchased from Santa Cruz Biotechnology. Antibody to p21W?f/cip!
was purchased from Cell Signaling Technology.

2.8. Statistical analysis

All values are expressed as mean+SD. One way ANOVA
followed by Tukey-Kramer’s adjustment was used to determine
the significance of differences in multiple comparisons. Statistical
analysis was performed by one-way analysis of variance (ANOVA)
using JMP9.0 (SAS Institute, Inc., Cary, NC USA). Values of P < 0.05
were considered statistically significant.

3. Results

3.1. HGF attenuated impairment of angiogenic activity of EPC induced
by Lp(a)

First, we examined the effects of Lp(a) on the angiogenic activ-
ity of EPC. To determine angiogenic activity, Dil-labeled EPC were
co-cultured with human aortic EC on Matrigel. As shown in
Fig. 1, pre-treatment with Lp(a) significantly impaired the ability
of EPC to be incorporated into the tube-like structure of EC.
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Fig. 1. Effect of Lp(a) on EPC function in vitro. (A) Representative image of tubule of human aortic EC and Dil-labeled EPC (red color). (B) Quantitative analysis of percentage of
incorporation of EPC into tubule, determined in 10 random fields per well. Scale bar = 200 pm, n =3, *P<0.01 vs. control, 1P < 0.01 vs. Lp(a). Control: vehicle, Lp(a): EPC
pre-treated with Lp(a) (5 ng/ml), HGF: EPC pre-treated with HGF (50 ng/ml), Lp(a) + HGF: EPC pre-treated with Lp(a) (5 pg/ml) and HGF (50 ng/ml).
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Fig. 2. Effect of Lp(a) on EPC function in vivo. (A) Representative LDI images of limb perfusion on day 7 after transplantation of EPC. Yellow arrows indicate ischemic foot. Red
shows blood perfusion. (B) Quantitative analysis of ischemic/non-ischemic limb perfusion ratio by LDI. n = 3-4, **P < 0.01 vs. EPC (—), *P < 0.05 vs. control EPC, 1P < 0.01 vs.
Lp(a). EPC (—) = no EPC transplantation, control = EPC transplantation alone, Lp(a) = transplantation of EPC treated with Lp(a) (5 pg/ml), Lp(a)+HGF = EPC treated with Lp(a)
(5 pg/ml) + HGF (50 ng/ml) (C) Representative photograph of double fluorescence in ischemic limb on day 7. CD31-positive cell are identified as green and Dil-labeled EPC are
red. (D) Quantitative analysis of Dil-labeled EPC (red) and host CD31-positive endothelial cells (green) in tissue sections of ischemic adductor muscles. n =3, *P<0.05,
**P<0.01 vs. control, ¥P < 0.05, P < 0.01 vs. Lp(a). Control = EPC transplantation alone, Lp(a) = transplantation of EPC treated with Lp(a) (5 pg/ml), Lp(a) + HGF = EPC treated
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However, co-treatment with HGF significantly attenuated the de-
crease in incorporation of EPC induced by Lp(a). To further investi-
gate the function of EPC in neovascularization in ischemic tissue,
EPC were transplanted into an athymic nude mouse hindlimb
ischemia model as an in vivo model. At 7 days after transplantation
of EPC, EPC transplantation significantly stimulated the recovery of
ischemic limb perfusion as compared to the no treatment group
(Fig. 2A and B). However, transplantation of EPC pretreated with
Lp(a) did not increase ischemic limb perfusion. In contrast,
pretreatment with HGF prevented the impairment of recovery of
ischemic limb perfusion. As shown in Fig. 2C and D, pretreatment
with Lp(a) resulted in a significant decrease in CD31-positive
capillaries in ischemic tissue, associated with a decrease in the
number of Dil-labeled EPC as compared to control. In contrast,
co-treatment with HGF attenuated the decrease in CD31-positive
capillaries and Dil-labeled EPC induced by Lp(a) treatment in
ischemic tissue.

3.2. Molecular mechanisms of impairment of EC function by Lp(a)

Since an in vivo study demonstrated that Lp(a) impaired the
angiogenic activity of EPC, we further explored its molecular mech-
anisms. Impairment of angiogenic activity by Lp(a) was confirmed
by an in vitro Matrigel tubule formation assay. As shown in Fig. 3A
and B, Lp(a) treatment significantly inhibited tubule formation as
compared to control in a time and dose-dependent manner. How-
ever, addition of HGF ameliorated Lp(a)-induced tubule collapse, as
shown in Fig. 3C and D.

Therefore, we next examined whether Lp(a) would influence
cellular senescence by measuring SA-B-gal activity in human aortic
EC. As shown in Fig. 4A and B, Lp(a) significantly accelerated

senescence in human aortic EC. In contrast, pretreatment with
HGF significantly attenuated senescence induced by Lp(a). As
excessive production of ROS is known to promote cellular senes-
cence, the production of superoxide was measured by dihydroethi-
dium staining. As shown in Fig. 4A and B, Lp(a) stimulation
resulted in a significant increase in the production of superoxide
in human aortic EC, while pretreatment with HGF significantly de-
creased the production of superoxide induced by Lp(a) in human
aortic EC (Representative photographs are shown in Fig. S2A and
B). As cells with DNA damage (e.g. by ROS) have induced activation
of the anti-oncogene, p53, and its downstream cyclin dependent
kinase inhibitor, p21, leading to cell cycle arrest and induction of
premature cell senescence, we finally measured the protein
expression of p53 and p21 in human aortic EC. It was observed that
incubation of human aortic EC with Lp(a) for 24 h significantly in-
creased p53 expression in a time and dose-dependent manner
(Fig. S3A and B). In contrast, treatment with HGF significantly de-
creased the expression of Lp(a)-induced p53 and its downstream
p21 (Fig. 4C and D).

4. Discussion

It is well known that risk factors for atherosclerosis such as
angiotensin II (Ang II), high glucose and oxidized low density
lipoprotein (LDL) impair the function, such as tubular formation
and proliferation, of EC and EPC. Similarly, in clinical practice, the
Framingham risk score was negatively correlated with the number
and functional activity of circulating EPC [23]. Although EPC num-
ber is reported to be decreased in PAD patients with risk factors
such as hypertension, diabetes mellitus, and high LDL-cholesterol
level, the relationship between Lp(a), a well-known independent
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Fig. 3. Effect of Lp(a) on tubule formation of EC. (A) Representative photographs of time-dependent tubule formation of human aortic EC. (B) Quantitative analysis of tubule
length. Tubule length was determined in five random fields per well. n =3, **P <0.01 vs. 24 h control, P <0.01 vs. 48 h control. (C) Representative photographs of formed
tubule of HAEC. HAEC were pretreated with HGF (20 ng/ml) for 3 h before stimulation with Lp(a) (5 pg/ml). (D) Quantitative analysis of tubular length. Tubular length were
determined in five random fields per well. n =3, {P < 0.05 vs. 48 h control, §P < 0.01 vs. 72 h control, 4P < 0.05 vs. 72 h Lp(a).
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cardiovascular risk factor, and EPC function has not been ad-
dressed. Notably, our previous study demonstrated that angiogenic
function was significantly diminished in Lp(a) transgenic mice,
whereas transfection of HGF plasmid improved the impaired
angiogenesis [4]. In addition, we also showed that HGF inhibited
Ang Il-induced EPC senescence and functional impairment [20].
Therefore, in this study, we first investigated the role of Lp(a) on
EPC function in vivo as well as in vitro.

As expected, Lp(a) treatment significantly diminished the incor-
poration of EPC into the tubule-like structure of EC. Consistently,
transplantation of ex-vivo expanded EPC treated with Lp(a) signif-
icantly inhibited the recovery of ischemic limb perfusion, associ-
ated with a significant decrease in numbers of Dil-labeled EPC
and CD31-positive cells in the ischemic hindlimb. EPC is thought
to participate in angiogenic processes via various mechanisms
[24]. A direct contribution of EPC are believed to be differentiation
into EC and induction of vasculogenesis [25]. In addition, an indirect
mechanism is thought to be secretion of a variety of cytokines and
growth factors, leading to enhancement of proliferation and migra-
tion of host EC [26]. Indeed, previous study reported that trans-
planted EPC is mainly localized in perivascular region in ischemic
myocardium [27]. These dual mechanisms may contribute to resto-
ration of ischemic tissue blood flow by EPC transplantation, how-
ever, it has not been clarified yet which is the main mechanism of
EPC-mediated increase in capillaries in ischemic tissue since it is
difficult to dissect in vivo [26]. In the present study, it was observed
that Dil-labeled EPC and host CD31 positive cell was not co-local-
ized in ischemic muscle. Thus, it was suggested that transplanted-

EPC contributes increase in capillary density by indirect mechanism
rather than direct neovascularization, at least in this study.

These data demonstrated that Lp(a) is also a risk factor that
influence PAD and critical limb ischemia (CLI), suggesting that
EPC or bone marrow transplantation into PAD patients might be
less effective in those with a high Lp(a) level. In contrast, we
showed that HGF significantly improved post-transplantation
ischemic limb perfusion impaired by Lp(a).

Gene therapy using HGF plasmid DNA has been shown to im-
prove ischemic ulcer via an increase in peripheral blood flow in
several clinical studies [28,29]. Improvement of clinical symptoms
by HGF gene therapy might be partially due to the improvement of
EPC dysfunction.

Impairment of EPC function might be due to senescence, since
senescent cells lose their angiogenic function [30] because of loss
of proliferative activity. In the present study, Lp(a) accelerated
the onset of senescence in EC, probably due to excessive O, pro-
duction, increase in protein expression of p53 and p21, and a
significant increase in tubule collapse. ROS is one of the most
important player in induction of premature cell senescence, and
it was reported that Lp(a) induced excessive O, production in
human umbilical vein EC [31] and glomerular cells [32]. Thus,
Lp(a) could cause to damage DNA and arrest cell cycle through
ROS production. In contrast, HGF significantly inhibited Lp(a)-
induced O,~ production, cell senescence and tubule collapse in
EC, consistent with previous reports that HGF has multiple actions
such as anti-oxidative [20] and anti-inflammatory effects [33] in
vascular cells.
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Overall, the present study demonstrated that Lp(a) induced the
functional impairment such as impaired incorporation of EPC into
blood vessels, progression of senescence, and ROS production of EC,
leading to impairment of angiogenic function in endothelial
lineage cells. These data indicate that EPC dysfunction and endo-
thelial cell senescence might contribute to the pathogenesis of
Lp(a)-induced atherosclerosis. As HGF attenuated Lp(a)-induced
dysfunction of EPC and EC, HGF gene therapy might be effective
to treat critical limb ischemia in PAD patients with high Lp(a) level.
Further clarification of Lp(a)-induced atherosclerosis might pro-
vide new therapeutic options to treat the patients with high
Lp(a) concentration.
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