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Abstract: Increasing evidence suggests that EPCs improve neovascularization and endothelial regeneration via the
production of paracrine factors. VEGF and IL-8 are major cytokines involved in EPC-mediated angiogenesis and
re-endothelialization. In our previous studies, Hcy impaired EPC migratory and adhesive activities. We devised this
study to determine whether Hcy could affect the expression and secretion of VEGF and IL-8 from EPCs. We found
that high levels of Hcy (100-500 pM) decreased the EPC-mediated protein secretion and mRNA expression of VEGF
and IL-8. Moreover, PIO, a PPARy agonist, has been suggested to regulate EPC adhesion, migration, survival. In this
study, PIO normalized the production of these cytokines by EPCs stimulated with Hcy. These effects of Hcy and PIO
were primarily mediated by PKC and ROS via NADPH oxidase. We further confirmed this mechanism via knockdown
of the NADPH oxidase subunits p67phox and Nox2. Furthermore, the PPARy inhibitor GW9662 was not observed to
abrogate the beneficial effect of PIO, indicating that PIO protected EPC paracrine function against Hcy in a PPARYy-

independent manner.
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Introduction

EPCs play a protective role in the cardiovascu-
lar system by enhancing the process of new
vessel formation and the maintenance of endo-
thelial homeostasis. Accumulating evidence
demonstrates that EPCs may induce neovascu-
larization and vascular regeneration primarily
via paracrine signaling, that is, through the
secretion of growth factors and pro-angiogenic
cytokines [1]. Among these cytokines, VEGF
and IL-8 constitute the most notable factors
detected in EPC-CM and have been proven to
improve angiogenesis and endothelial integrity
by promoting the proliferation, migration and
survival of endothelial cells [2-4]. However, the
regulation of the EPC secretome remains a
great challenge for investigators, and few stud-
ies have been performed to investigate how
EPCs regulate their secretome to mediate ben-
eficial paracrine effects under pathological
stimulation.

Our previous studies revealed that hyperhomo-
cysteine (HHcy) reduced the number of EPCs
and impaired their functional activity, including
their proliferative, migratory, adhesive and in
vitro vasculogenesis capacities [5, 6]. We also
demonstrated one possible mechanism by
which Hcy reduced EPC quantity and activity.
Hcy accelerated the onset of EPC senescence,
which involved the inhibition of telomerase
activity and Akt phosphorylation in EPCs [7].
Furthermore, Hcy promoted the formation of
ROS, primarily by NADPH oxidase, within EPCs
and increased EPC apoptosis [8]. However, it
remains unclear whether Hecy could affect the
paracrine function of EPCs.

Hcy may disrupt the development of the extra-
embryonic vasculature by reducing the expres-
sion of VEGF [9]. Moreover, the Hcy-induced
decrease in VEGF production by podocytes
was abolished by treatment with Nox2 siRNA
or diphenyleneiodonium (DPI) [10]. Short-term
hyperhomocysteinemia-induced oxidative stre-
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ss increased VEGF expression in the retina
[11]. PKC activation represents a common sig-
naling pathway by which Hcy exerts its patho-
genic actions in the vasculature. Severe hyper-
homocysteinemia was demonstrated to cause
endothelial dysfunction via PKC activation [12].
Hcy also activated NADPH oxidase in mono-
cytes via PKCPB [13]. Several signaling path-
ways, such as PKC and NADPH oxidase, may be
involved in the Hcy-induced alteration of the
EPC secretome.

PIO, a PPAR agonist, has been used to treat
type 2 diabetes for a decade. Despite the well-
known ability of thiazolidinediones to modulate
the transcription of the insulin-sensitive genes
involved in the control of glucose and lipid
metabolism, PIO exerts beneficial effects that
are substantially higher than expected. PIO was
proven to improve the migratory response and
the adhesive capacity of EPCs in patients suf-
fering from diabetes mellitus and coronary
artery disease [14, 15]. PIO also prevented
apoptosis of EPCs and increased in vivo neoan-
giogenesis in mice [16]. In addition, PIO amelio-
rated Ang ll-induced senescence of EPCs [17].
However, none of these previous studies have
investigated the protective effect of PIO on EPC
cytokine production and its related mecha-
nisms, especially with respect to EPCs subject-
ed to a high Hcy level.

Based on these considerations, the hypothesis
of this study is that Hcy alters cytokine secre-
tion by EPCs. The Hcy-induced effect on EPC
paracrine function may be initiated by the acti-
vation of PKC and NADPH oxidase. The underly-
ing protective effects of PIO on cytokine pro-
duction by EPCs may involve reducing oxidative
stress via Nox and modulating PKC activation in
EPCs.

Therefore, these experiments were performed
to determine whether Hcy induced a decrease
in VEGF and IL-8 production in EPCs. PKC and
ROS produced by NADPH oxidase may play an
important role in the Hcy-induced reduction
in VEGF and IL-8 production. PIO attenuated
the disruption of cytokine production in Hcy-
stimulated EPCs.

Materials and methods
Materials

Peripheral blood mononuclear cells were
obtained from healthy volunteers. Informed
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consent was obtained from all volunteers. Male
Sprague-Dawley (SD) rats (250-300 g) were
purchased from the Experimental Animal
Center of Zhejiang Province. Endothelial Cell
Growth Medium-2 (EGM-2) was purchased from
LONZA (Walkersville, MD, USA). Lympholyte-H
cell separation media was purchased from
CEDARLANE (Burlington, USA). Fetal bovine
serum (FBS) was purchased from GIBCO (Los
Angeles, USA). Hcy and Diphenyleneiodonium
chloride (DPI) were purchased from Sigma
Chemical (St. Louis, MO, USA). PIO was gener-
ously provided by Huadong Medicine Co. Ltd
(Hangzhou, Zhejiang, China). 5-(and-6)-chloro-
methyl-2’, 7’-dichlorodihydrofluorescein diace-
tate, acetyl ester (CM-H, DCFDA) was purchased
from Invitrogen (Carlsbad, CA, USA). PIO was
purchased from CAYMAN (Ann Arbor, Michigan,
USA). Lucigenin and NADPH tetrasodium salt
were purchased from Enzo Life Sciences
(Plymouth Meeting, PA, USA). Bisindolylmalei-
mide | (GF 109203x) was purchased from
Calbiochem (Darmstadt, Germany). The anti-
gp91 (NOX2) antibody was purchased from
Millipore (Bedford, Massachusetts, USA). The
anti-p67phox, anti-PKC «, and anti-PKC B anti-
bodies were purchased from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA, USA) The anti-
phospho-PKC o/Bll antibody was obtained
from Cell Signaling Technology (Cambridge,
Massachusetts, USA). The HRP-conjugated
mouse monoclonal anti-GAPDH antibody was
purchased from Kangchen (Shanghai, China).
PIO, DPI, GF109203x and GW9662 were dis-
solved in 0.1% dimethyl sulfoxide (DMSO), and
the vehicle (0.1% DMSO) was added to the con-
trol samples.

Isolation and cultivation of EPCs

The EPCs were isolated, cultured and charac-
terized according to previously described tech-
niques. Briefly, peripheral blood mononuclear
cells (PBMNCs) were isolated from healthy vol-
unteers via Ficoll density gradient centrifuga-
tion and then cultured on human FN-coated
dishes in EGM-2 containing 20% FBS, VEGF,
fibroblast growth factor-2 (FGF-2), epidermal
growth factor (EGF), insulin-like growth factor
(IGF), and ascorbic acid. After 3 days in culture,
the non-adherent cells were removed by wash-
ing with phosphate-buffered saline (PBS), and
the adherent cells were maintained in fresh
medium for another 4 days.
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Animals and in vivo re-endothelialization assay

Male SD rats weighing 250-300 g were used
for injection of human EPC-CM. All animal
experimental procedures were approved by the
Zhejiang University Institutional Animal Care
and Use Committee. The animals were anes-
thetized using ketamine (100 mg/kg IP). A can-
nula was introduced into the common carotid
artery via the external carotid artery. Vascular
injury of the common carotid artery was induced
via the passage and inflation of a balloon cath-
eter (Medtronic, 1.25x15 mm) through an arte-
riotomy in the external carotid artery three
times. The injured segment was transiently iso-
lated using temporary ligatures. Endothelial
Basal Medium-2 (EBM-2), human EPC-CM, or
Hcy-pretreated EPC-CM was infused into the
injured segment and incubated for 15 min at
room temperature. EBM-2 didn’t contain serum
or any cytokines. After this 15-min incubation,
the infusion cannula was removed. After the
incubation, the blood flow to the common carot-
id was restored by releasing the ligatures, and
the wound was then closed. No adverse neuro-
logical or vascular effects were observed in any
animal that was subjected to this procedure. 3
days after the carotid artery injury, endothelial
regeneration was evaluated by staining the
denuded areas using 200 L of a solution con-
taining 5% Evans blue dye via tail vein injection.
The re-endothelialized area was calculated as
the difference between the blue-stained area
and the injured area via computer-assisted
morphometric analysis. Then, the mean values
of the re-endothelialized area were used for
analysis. Notably, this model has been demon-
strated to facilitate accurate quantification of
re-endothelialization.

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants were used for ELISA
experiments. The supernatants of EPCs sub-
jected to various treatments for 24 h were
collected. ELISAs were prepared using VEGF
and IL-8 Valukine ELISA Kits (R&D Systems,
Minneapolis, MN, USA). The ELISA procedure
was performed according to the recommended
instructions. All analyses and calibrations were
performed in duplicate.

Western blot analysis

Following treatment, the EPCs were washed
with ice-cold PBS and lysed using lysis buffer
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(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 1 mM
EDTA, and 1 mM EGTA) supplemented with a
protease inhibitor cocktail (Merck, Germany), 1
mM PMSF, 1 mM Na3V04, and 10 mM NaF.

The protein concentration was determined
using the Bradford method. After denaturation
at 95°C for 5 min, 30 pg of protein was loaded
in each lane, subjected to 10% sodium dode-
cylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred to a polyvi-
nylidene difluoride (PVDF) membrane (Bio-Rad,
Hercules, USA). The membranes were blocked
using 5% nonfat milkand then incubated over-
night in a primary antibody at the appropriate
dilution, followed by incubation for 1 h in a sec-
ondary antibody conjugated to horseradish
peroxidase (1:10000). After reaction with an
enhanced chemiluminescence reagent (Amer-
sham, Haemek, lIsrael), images of the mem-
branes were captured using an LAS-4000
imaging system (Fujifilm, Tokyo, Japan).

RNA extraction and QRT-PCR analysis

RNA was extracted using Trizol isolation reagent
(Invitrogen, USA). The RNA content of the sam-
ples was quantified by measuring their absor-
bance at 260 nm. Reverse-transcription (RT)
was performed using a One Step RT-PCR Kit
(Promega, USA) according to the manufactur-
er's instructions. Primers were synthesized
according to the specific motif: 5-TCTTGGGTG-
CATTGGAGCCT-3’ (VEGF, sense), 5-AGCTCATCT-
CTCCTATGTGC-3’ (VEGF, anti-sense); 5'-CCTGAT-
TTCTGCA-GCTCTGT-3’ (IL-8, sense), 5-AACTT-
CTCCACAACCCTCTG-3' (IL-8, anti-sense); 5-
GGGTGTGAACCATGAGAAGT-3’ (GAPDH, sense),
5-GACTGTGGTCATG-AGTCCT-3’ (GAPDH, anti-
sense). Real-time PCR was performed using an
ABI 7500 thermal cycler (Applied Biosystems,
CA, USA) with SYBR green PCR mix (Takara)
according to the manufacturer’s instructions.
The fold-change in the relative expression level
of VEGF and IL-8 was calculated using the 244t
method.

Intracellular fluorescence measurement of
ROS

Intracellular ROS levels were measured via flow
cytometry using the fluorescent probe H,DCF-
DA, which, after crossing the plasma mem-
brane due to its lipid permeability, is deacety-
lated to H,DCF and oxidized to the fluorescent
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Figure 1. Re-endothelialization capacity of EPC-CM was impaired by Hcy. A. Re-endothelialized area at day 3 after
carotid injury in SD rats with EBM-2 (n=5), transplantation of EPC-CM from healthy EPCs (n=6), or EPC-CM from
Hcy-pretreated EPCs (n=5; each CM were collected from 5x10°EPCs). B. Representative photographs. EPC-CM from
healthy or Hey-pretreated EPCs was infused into the injured segment. *P < 0.05 vs. EBM-2, **P < 0.05 vs. EPC-CM.

compound DCF. EPCs were cultured for 7 days
in EGM-2, treated with various drugs, and then
loaded with 5 yM H,DCFH-DA in serum-free
medium to exclude the interference of phenol
red at 37°C for 30 min. After washing twice
with PBS, the cells were immediately measured
using a flow cytometer (FACSCalibur, Becton
Dickinson, NJ, USA) at an excitation wavelength
of 488 nm and an emission wavelength of 525
nm. The ROS levels were determined by quanti-
fying the changes in fluorescence intensity
compared to that of the control cells.

Determination of NADPH oxidase activity and
anti-oxidase activity

The lucigenin-derived enhanced chemilumines-
cence assay was used to determine NADPH oxi-
dase activity. Briefly, quiescent cells were treat-
ed as indicated and harvested. After low-speed
centrifugation, the pellet was resuspended in
ice-cold buffer, pH 7.0, containing 1 mmol/L
ethylene glycol tetra-acetic acid (EGTA), 150
mmol/L sucrose, and protease inhibitor cock-
tail (Merck, Germany). Then, the cells were
homogenized. The total protein concentration
was determined via the Bradford assay and
adjusted to 1 mg/mL. Each 200 uL protein
sample treated with 500 umol/L lucigenin, the
electron acceptor, and 100 umol/L NADPH, the
substrate, was measured for 6 min in quadru-
plicate using a luminometer (Berthold Lumi-
nometer Centro LB 960, Germany). The data
were collected at 2 min intervals to measure
the relative changes in NADPH oxidase acti-
vity.
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Small interference RNA (siRNA) transfection

siRNA duplexes were synthesized by Gene-
Pharma (Shanghai, China). The p67phox sense
siRNA sequence is 5’-CAG GGA ACA UUG UCU
UUG UdTT-3’; the p67phox anti-sense siRNA
sequence is 5-ACA AAG ACA AUG UUC CCU
GdTT-3'. The Nox2 sense siRNA sequence is
5-CUC UGC GAU UCA CAC CAU UdTT-3’; the
Nox2 anti-sense siRNA sequence is 5-AAU
GGU GUG AAU CGC AGA GdTT-3". The negative
control (NC) sense siRNA sequence is 5-UUC
UCC GAA CGU GUC ACG UdTT-3’; the NC anti-
sense siRNA sequence is 5-ACG UGA CAC GUU
CGG AGA AdTT-3. Transfection of EPCs with
siRNAs was performed using Hiperfect trans-
fection reagent (QIAGEN) according to the
manufacturer’s instructions. Briefly, 150 pmol
siRNA specific to p67phox, Nox2 or NC was
diluted in the appropriate volume of serum-free
EBM-2 at a final volume of 500 ml. For complex
formation, 15 mL of Hiperfect transfection
reagent was added to the diluted siRNA, and
the samples were incubated for 10 min at room
temperature. After incubation of the cells with
the transfection complexes for 5 h under nor-
mal growth conditions, 1 mL of fresh culture
medium containing serum was added for fur-
ther culture. The siRNA efficacy was verified via
Western blot.

Statistical analysis

The obtained data are expressed as the means
+ SEM from at least three independent expe-
riments and were analyzed via unpaired
Student’s t-test for comparisons between two
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Figure 2. Effects of Hcy and PIO on the secretion and expression of VEGF and IL-8 in cultured human EPCs. A, B.
Levels of VEGF and IL-8 in the supernatants of cultured EPCs were measured via ELISA after incubation in Hcy at
the indicated concentrations and periods. C, D. EPCs were pre-incubated with PIO (10 uM) for 30 min prior to the
addition of Hey (200 uM). VEGF and IL-8 secretion and mRNA expression were assessed via ELISA and real-time
RT-PCR, respectively. The data are represented as the means + SEM from three independent experiments. *P<0.05
vs. untreated cells, **P<0.01 vs. untreated cells, 1P<0.05 vs. untreated cells, 11P<0.05 vs. Hcy-treated cells,

#P<0.01 vs. untreated cells, ##P<0.01 vs. Hcy-treated cells.

groups or one-way ANOVA for multiple compari-
sons. P values <0.05 were considered to be
statistically significant.

Results

In vivo re-endothelialization capacity of EPC-
CM from Hcy-stimulated EPCs was severely
reduced

EBM-2, which did not contain cytokines, had no
effect on re-endothelialization after carotid
injury. Transplantation of EPC-CM from untreat-
ed EPCs (n=6) markedly accelerated the re-
endothelialization of denuded carotid arteries
in SD rats. Notably, the in vivo re-endothelial-
ization capacity of EPC-CM derived from HHcy-
treated EPCs (n=5) was markedly reduced
(Figure 1).
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HHcy reduced VEGF and IL-8 secretion from
EPCs

EPCs were isolated, cultured, and treated with
Hcy to determine the effects of Hcy on VEGF
and IL-8 production by cultured EPCs. The
quantities of VEGF and IL-8 secreted from EPCs
were determined via ELISA. High concentra-
tions of Hcy (100-500 pmol/L) significantly
reduced VEGF and IL-8 production. Treatment
of the cells with 200 umol/L Hcy induced a
time-dependent decrease in VEGF and IL-8
secretion (Figure 2A, 2B).

PIO attenuated the HHcy-induced reduction in
VEGF and IL-8 secretion from EPCs

Addition of PIO at 10 umol/L to high Hey-treated
EPCs attenuated the reduction in VEGF and IL-8

Am J Transl Res 2017;9(3):1037-1048
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Figure 3. PIO inhibited the Hcy-induced activation of the PKC pathway. A. Hcy (200 uM) treatment time-dependently
increased the phosphorylation of PKCao/ll. B. Treatment with Hcy for 1 h significantly enhanced the phosphoryla-
tion of PKCBII but not PKCa. C. EPCs were pre-incubated with PIO or GF for 1 h prior to the addition of Hcy. Hey-stim-
ulated PKC phosphorylation was inhibited by PIO and GF. Each bar represents the mean + SEM of three independent
experiments. *P<0.05 vs. untreated cells, **P<0.01 vs. untreated cells, #P<0.05 vs. untreated cells, ##P<0.05 vs.
Hcy-treated cells. PIO: pioglitazone.
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Figure 4. PIO prevented Hcy-induced ROS production by NADPH oxidase. A. Hey (200 uM) increased NADPH oxidase
activity in a time-dependent manner. B. Pretreatment of EPCs with PIO (10 uM), DPI (5 pM), or GF (5 pM) for 30
min prior to the addition of Hcy (200 uM, 30 min) reduced NADPH oxidase activity. C, D. Representative experiment
displayed ROS production after HHcy and PIO treatment. The relative fluorescence intensity of the cells was calcu-
lated relative to untreated control cells. The cells were pre-incubated with PIO (10 uM), DPI (5 uM), or GF (5 pM) for
30 min prior to the addition of 200 uM Hcy for 30 min and incubated in 10 yM H2DCF-DA for 30 min at 37 °C. ROS
production was inhibited by PIO, DPI, and GF. Each bar represents the mean + SEM of five independent experiments.
*P<0.05 vs. untreated cells, **P<0.05 vs. Hcy-treated cells. PIO: pioglitazone.

secretion in the supernatants of in vitro cul- total RNA was isolated from EPCs co-treated
tured cells. To determine whether PIO modu- with Hcy. After normalization against GAPDH
lates the expression of VEGF and IL-8 mRNA, mMRNA, the real-time PCR assay revealed that
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Figure 5. PIO attenuated the Hcy-mediated impairments in EPC cytokine production via inhibition of NADPH oxidase
and PKC. A, B. EPCs were pre-incubated with DPI (5 yM) or GF (5 pM) for 30 min prior to the addition of 200 yM
Hcy. Both DPIl and GF restored VEGF and IL-8 secretion and mRNA expression by EPCs based on ELISA and real-time
RT-PCR, respectively. The data are presented as the means + SEM from three independent experiments. *P<0.05
vs. untreated cells, **P<0.05 vs. Hcy-treated cells. PIO: pioglitazone.

pretreatment of EPCs with PIO significantly
inhibited the Hcy-induced reduction of VEGF
and IL-8 mRNA expression. Thus, this detrimen-
tal effect of HHcy was attenuated by PIO pre-
treatment (Figure 2C, 2D).

PIO inhibited the Hcy-mediated activation of
the PKC pathway

PKC functions as a major signaling system in
response to extracellular signals. We examined
the phosphorylation level of PKC in EPCs treat-
ed with Hcy and PIO. The cells were treated with
200 pM Hcey for 7.5, 15, 30, 60 or 120 min.
Western blot analysis revealed that the phos-
phorylation levels of PKC were significantly
increased after Hcy treatment. Further investi-
gation revealed that the isoform PKCBIM was
the primary target of Hcy. The phosphorylation
of PKC was inhibited in EPCs pretreated with
PIO (Figure 3).

PIO inhibited Hcy-induced oxidative stress po-
tentially via inhibition of PKC

We measured intracellular ROS levels using the
ROS-sensitive fluorescent probe H,DCFH-DA
via flow cytometry. We also measured NADPH
oxidase activity via lucigenin-enhanced chemi-
luminescence in parallel. To determine whether
the inhibitory effects of PIO in Hcy-induced oxi-
dative stress involved PKC, we measured the
effects of the PKC inhibitor GF109203X (GF, 5
uM) and a NADPH oxidase inhibitor (DPI, 5 uM).
Both PIO and GF pretreatment significantly
reduced Hcy-induced ROS production and
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NADPH oxidase activation, which was consis-
tent with the results using DPI (Figure 4).

PIO may alleviate the Hcy-induced reduction in
cytokine expression via inhibition of the PKC
pathway and oxidative stress

EPCs were pre-incubated with PIO (10 uM), the
PKC inhibitor GF (5 uM) and the NADPH oxidase
inhibitor DPI (5 uM) for 30 min prior to the addi-
tion of Hey (200 uM) for 24 h. The effects of the
PKC inhibitor GF and the NADPH oxidase inhibi-
tor DPI on both the protein and mRNA expres-
sion levels of VEGF and IL-8 in EPCs after co-
treatment with Hcy were analyzed via ELISA
and real-time RT-PCR, respectively. The results
revealed that both DPI and GF prevented the
Hcy-induced reduction in the expression of
these two cytokines (Figure 5).

Knockdown of Nox2 and p67phox expression
inhibited the Hey-induced dysfunction of EPCs

To further explore the underlying mechanism by
which PIO restored Hcy-impaired EPC activity,
transfection with Nox2 or p67phox siRNA were
performed to downregulate the expression of
these two NADPH subunits, which was con-
firmed via Western blot compared to negative
control cells. Moreover, both Nox2 and p67phox
siRNA transfection drastically abrogated the
Hcy-mediated increase in ROS production and
abolished the impairment of the paracrine
function of EPCs. We also found that EPCs
transfected with Nox2 and p67phox siRNA dis-
played apparently higher cell migration and

Am J Transl Res 2017;9(3):1037-1048
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Figure 6. The NADPH oxidase subunits p67phox and Nox2 played an important role in the Hey-induced EPC dysfunc-
tion of the paracrine. A. Western blot analysis revealed that transfection with p67 or Nox2 siRNA resulted in an ap-
proximately 75% decrease in p67 and Nox2 expression, respectively, compared to negative control cells. B. ROS pro-
duction induced by Hcy treatment was abolished by p67 and Nox2 knockdown. C, D. The Hcy-induced decrease in
VEGF and IL-8 production was abolished by treatment with p67phox siRNA. Nox2 siRNA ameliorated the decreases
in cytokine secretion and expression. However, this protective effect of Nox2 siRNA was not statistically significant.
*P<0.05 vs. NC siRNA transfection, **P<0.05 vs. NC siRNA transfection with Hcy (200 uM, 24 h) treatment. The
VEGF- and IL-8-related comparisons were performed between each corresponding cytokine. PIO: pioglitazone.

adhesiveness than cells transfected with con-
trol siRNA when stimulated with Hcy (Figure 6).

PIO protected EPCs from Hcy in a PPAR-y-
independent manner

The effect of PIO is known to be mediated by
two nuclear receptors, PPAR-y and the retinoid
X receptor. In the present study, we used
GW9662 (5 uM) as a specific PPAR-y blocker to
determine whether PIO exerted its protective
effect on EPCs against Hcy stimulation by acti-
vating PPAR-y. The results revealed GW9662
did not block the PIO-mediated attenuation of
the Hcy-induced reduction in VEGF and IL-8
production. This result suggested that the
protective effect of PIO occurs via a PPAR-y-
independent pathway (Figure 7).
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Discussion

Mounting evidence has revealed that circulat-
ing EPCs do not contribute to regeneration of
the endothelium. EPCs primarily act in a para-
crine manner to promote re-endothelialization
and angiogenesis by secreting angiogenic
growth factors, such as VEGF and IL-8 [18]. The
present study indicated for the first time that
a high concentration of Hcy suppressed the
secretion of VEGF and IL-8 in cultured human
EPCs. Addition of PIO (10 ymol/L) to HHcy (200
umol/L)-treated EPCs attenuated these reduc-
tions in VEGF and IL-8.

The plasma concentration of Hcy in patients
suffering from homozygous homocystinuria is
as high as 500 ymol/L. The results indicated
that Hcy at 200 ymol/I (equivalent to severe
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Figure 7. PIO inhibited the decrease in VEGF and IL-8 secretion and expression via PPARy-independent mecha-
nisms. A, B. EPCs were pretreated with PIO and treated with Hcy in the presence or absence of the PPARy antago-
nist GW9662. The addition of GW9662 did not abrogate the therapeutic effect of PIO on EPC cytokine secretion.
*P<0.05 vs. untreated cells, **P<0.05 vs. Hcy treated cells. The VEGF- and IL-8-related comparisons were per-
formed between each corresponding cytokine. PIO: pioglitazone.

elevation of plasma Hcy in humans) inhibited
the cytokine production by EPCs for 24 h
(approximately 50% reduction, P < 0.01). This
Hcy concentration was in line with our previous
studies [5, 7]. Hyper-homocysteinemia has
been linked clinically to coronary artery, cere-
brovascular, and peripheral arterial occlusive
diseases [19]. Previous studies demonstrated
Hcy inhibited angiogenesis and re-endothelial-
ization in vivo and in vitro. Hcy was proven to
reduce the extent of IL-8 and IL-6 production by
ECs and macrophages [20]. Moreover, the anti-
angiogenic effects and mechanism of Hcy may
be associated with VEGF/VEGFR inhibition in
cultured human umbilical vein endothelial cells
(HUVEC) [21]. In this study, we demonstrated
that HHcy impaired the paracrine function of
EPCs by inhibiting VEGF and IL-8 expression
and secretion, which could be reversed by pre-
treatment with PIO.

In a recent study, the combination of HHcy and
hyperglycemia activated PKCB2 in endothelial
cells [22]. Hcy activated NADPH oxidase in
monocytes via PKCB [13]. Our results implied
that activation of PKC and NADPH oxidase was
involved in HHcy-induced EPC paracrine dys-
function. The phosphorylation levels of PKC,
NADPH oxidase activity, and ROS level were
significantly increased after HHcy treatment.
NADPH oxidases are key generators of ROS in
the blood vessel wall and other tissues during
cardiovascular disease progression [23]. the
NADPH complex consists of membrane-bound
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components, termed flavocytochrome b558
(p22phox and gp91phox subunits), and cyto-
solic components (p47phox, p67phox, p40-
phox, and Rac1) [24]. Our results further dem-
onstrated that treatment with siRNA against
the NADPH oxidase components p67phox
and Nox2 suppressed Hcy-mediated oxidative
stress. In addition, p67phox siRNA exerted a
more significant reversal of Hey-induced para-
crine dysfunction than Nox2 siRNA. PKC inhibi-
tor and NADPH-konckdown rescued reduction
of VEGF and IL-8. We observed for the first time
HHcy may impair EPC paracrine function via
PKC/NADPH oxidase axis.

PIO is understood to function far beyond its
original use as an insulin sensitizer and to dis-
play “pleiotropic effects”, including anti-apopto-
sis, anti-senescence [25], anti-oxidation and
modulation of immune activation [26], stabili-
zation of atherosclerotic plaques [27], and im-
provement of endothelial function. Furthermore,
several studies have provided reports regard-
ing the effect of PlO-restored cytokine produc-
tion. PIO increased the serum levels of VEGF
and IL-8 in patients suffering from type-2 diabe-
tes [28]. PIO also restored the VEGF protein
expression levels that were decreased in isch-
emic muscle and promoted angiogenesis in
ischemic tissue of diabetic mice [29]. In the
present study, we confirmed that PIO normal-
ized the levels VEGF and IL-8 expression and
secretion that were decreased by HHcy. We
have also provided mechanistic insights regard-
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ing the PKC/NADPH oxidase signaling pathways
responsible for the PIO-mediated therapeutic
effect on the paracrine function of EPCs.

PPAR-y may play an important role in regulat-
ing the induction and execution of immune
responses [30]. PIO was assumed to restore
the impaired angiogenesis in ischemic muscle
of diabetic mice by stimulating the nuclear
receptor PPARy [29]. However, PIO can stimu-
late several PPARy-independent pathways that
are important for angiogenesis. For instance,
PIO caused a relaxation of isolated blood ves-
sels [31] and prevented apoptosis of EPCs [16]
in a PPARy-independent manner. In our study,
combined treatment with PIO and the selective
PPARYy inhibitor GW9662 did not abrogate the
beneficial effect of PIO on the impaired para-
crine function of EPCs. These results suggest-
ed that protective effect of PIO on cytokine
secretion by EPCs could be unrelated to its acti-
vation of PPARY.

There were some limitations in this study. The
levels of VEGF and IL-8 in EPC-CM seemed to
be elevated after stimulation with Hecy (50 uM).
But there was no significant difference between
50 pM group and the control group. A previous
study has reported that EPCs are more resis-
tant to oxidative stress than differentiated ECs
due to the elevated expression of intracellular
antioxidant enzymes [32]. We speculated that
higher ROS production mediated by HHcy could
impair these anti-oxidative properties and
thereby inhibit the paracrine activity of EPCs.
Besides, focusing on the analysis of mecha-
nism of HHcy and PIO action on PKC/NADPH
oxidase pathway to explain their effects on IL-8
and VEGF gene expression may not be suffi-
ciency. Other signalling pathways involved in
the activation of IL-8 and VEGF genes were not
investigated in this study and needed further
research. Finally, we focused on mechanism of
HHcy and PIO affecting EPC paracrine function,
therefore the in vivo re-endothelialization data
in Figure 1 was not followed up in other experi-
ments. Not withstanding its limitation, this
study did suggest HHcy impaired re-endotheli-
alization capacity through inhibiting EPC para-
crine function.

In conclusion, this study demonstrated that
HHcy impaired the expression and secretion of
VEGF and IL-8 by EPCs, which was evidently
attenuated by PIO in a PPARy-independent
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manner. The mechanism of PIO-mediated ther-
apeutic effects on EPC paracrine action
involved the inhibition of PKCIl and intracellu-
lar ROS production by NADPH oxidase. We fur-
ther confirmed this mechanism via knockdown
of p67phox and Nox2. Moreover, p67phox
siRNA appeared to play a more important role
than Nox2 siRNA in attenuating cytokine secre-
tion and expression by HHcy-stimulated EPCs.
These findings suggest a potential therapeutic
role of PIO in EPC dysfunction under HHcy stim-
ulation and warrant further investigation of
EPC-based cytotherapy for ischemic vascular
diseases.
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