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Molecular Cardiology

Oxidant Stress Impairs In Vivo Reendothelialization
Capacity of Endothelial Progenitor Cells From Patients
With Type 2 Diabetes Mellitus

Restoration by the Peroxisome Proliferator-Activated Receptor-y
Agonist Rosiglitazone

Sajoscha A. Sorrentino, MD*; Ferdinand H. Bahlmann, MD, PhD*; Christian Besler, BS;
Maja Miiller, BS; Svenja Schulz, BS; Nina Kirchhoff, BS; Carola Doerries, MD; Tibor Horvéath, BS;
Anne Limbourg, MD; Florian Limbourg, MD; Danilo Fliser, MD; Hermann Haller, MD;
Helmut Drexler, MD; Ulf Landmesser, MD

Background—Endothelial progenitor cells (EPCs) are thought to contribute to endothelial recovery after arterial injury.
We therefore compared in vivo reendothelialization capacity of EPCs derived from patients with diabetes mellitus and
healthy subjects. Moreover, we examined the effect of treatment with the peroxisome proliferator-activated receptor-vy
agonist rosiglitazone on oxidant stress, nitric oxide (NO) bioavailability, and the in vivo reendothelialization capacity
of EPCs from diabetic individuals.

Methods and Results—In vivo reendothelialization capacity of EPCs from diabetic patients (n=30) and healthy subjects
(n=10) was examined in a nude mouse carotid injury model. Superoxide and NO production of EPCs was determined
by electron spin resonance spectroscopy. Thirty patients with diabetes mellitus were randomized to 2 weeks of
rosiglitazone (4 mg BID PO) or placebo treatment. In vivo reendothelialization capacity of EPCs derived from diabetic
subjects was severely reduced compared with EPCs from healthy subjects (reendothelialized area: 8 3% versus
37%+10%; P<<0.001). EPCs from diabetic individuals had a substantially increased superoxide production and impaired
NO bioavailability. Small-interfering RNA silencing of NAD(P)H oxidase subunit p47”"** reduced superoxide
production and restored NO bioavailability and in vivo reendothelialization capacity of EPCs from diabetic patients.
Importantly, rosiglitazone therapy normalized NAD(P)H oxidase activity, restored NO bioavailability, and improved in
vivo reendothelialization capacity of EPCs from diabetic patients (reendothelialized area: placebo versus rosiglitazone,
8+ 1% versus 38+5%; P<<0.001).

Conclusions—In vivo reendothelialization capacity of EPCs derived from individuals with diabetes mellitus is severely
impaired at least partially as a result of increased NAD(P)H oxidase—dependent superoxide production and subsequently
reduced NO bioavailability. Rosiglitazone therapy reduces NAD(P)H oxidase activity and improves reendothelialization
capacity of EPCs from diabetic individuals, representing a potential novel mechanism whereby peroxisome proliferator-
activated receptor-y agonism promotes vascular repair. (Circulation. 2007;116:163-173.)
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Accelerated vascular disease is the principal cause of death
and disability in patients with diabetes mellitus. Endothe-
lial injury is thought to represent a crucial step in initiation and
progression of atherosclerotic vascular disease.!-> This concept
has recently been supported by the close association of endothe-
lial dysfunction, as observed in diabetic individuals,® with
cardiovascular events.? Furthermore, insufficient numbers of
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endothelial progenitor cells (EPCs) have been related to
endothelial dysfunction* and an adverse clinical outcome,’
further suggesting that endothelial injury in the absence of
sufficient circulating progenitor cells promotes progression of
vascular disease. Moreover, 2 recent studies have observed an
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association of reduced EPC numbers with peripheral artery
disease and its severity in diabetic patients.®”

Experimental studies have demonstrated that EPCs pro-
mote endothelial repair after injury.®-'° In diabetic patients,
however, an impaired migration capacity and tube formation
of EPCs have been observed in vitro,!!'2 and a diabetes-
induced delay in reendothelialization by EPCs has been
described for diabetic mice,!? raising the question of whether
the in vivo reendothelialization capacity of human EPCs from
patients with diabetes mellitus is altered. Moreover, mecha-
nisms underlying EPC dysfunction in diabetic individuals
remain largely unknown. In the present study, we therefore
compared the in vivo reendothelialization capacity of EPCs
derived from diabetic and healthy subjects and analyzed
mechanisms of EPC dysfunction.

Increased oxidant stress has been proposed as a molecular
mechanism for vascular complications in diabetes mellitus, in
part by reducing nitric oxide (NO) availability.'* In this
respect, we and others have observed a role of endothelial NO
synthase (eNOS) for EPC mobilization and function in
studies using eNOS-deficient mice.'>-17 We therefore exam-
ined the role of oxidant stress and NO bioavailability for the
in vivo reendothelialization capacity of EPCs.

Notably, peroxisome proliferator-activated receptor
(PPAR)-+vy stimulation, a promising treatment for diabetes
mellitus, has recently been shown to stimulate NO produc-
tion in mature endothelial cells in vitro.'® Moreover,
experimental studies have suggested that PPAR-vy stimu-
lation may exert antioxidant effects.!® In a small, uncon-
trolled clinical study, it has been proposed that rosiglita-
zone improves EPC in vitro function (ie, migratory
activity).?° In the present study, diabetic individuals were
therefore randomized to 2-week treatment with the
PPAR-vy agonist rosiglitazone or placebo, and effects on
superoxide and NO production and the in vivo reendothe-
lialization capacity of EPCs were analyzed.

Methods

Patient Characteristics and Study Protocol

Written informed consent was obtained from all participants, and the
study protocol was approved by the local ethics committee. Patients
were included into the study between March 2004 and August 2005.
Peripheral venous blood samples (60 mL) were obtained for EPC
isolation from individuals with type 2 diabetes mellitus (n=30) and
healthy subjects (n=10). Those with diabetes were randomized (3:2)
to 2-week rosiglitazone (4 mg BID PO) or placebo therapy. Patient
characteristics are shown in Tables 1, 2, and 3.

Isolation and Cultivation of EPCs

EPCs were isolated and cultured as described in detail previous-
ly.!721.22 In brief, peripheral blood mononuclear cells were
isolated by density gradient centrifugation with Biocoll (Bio-
chrome, Berlin, Germany), and 10’ cells were cultured on
fibronectin-coated 6-well plates in endothelial cell basal
medium-2 (containing 5 mmol/L glucose) supplemented with
endothelial growth medium-SingleQuots exactly as indicated by
the manufacturer except for hydrocortisone (Clonetics, Inc). After
4-day culture, nonadherent cells were removed by washing plates
with PBS. Remaining cells were trypsinized and used for in vitro
and in vivo functional analysis.

TABLE 1. Characteristics of Healthy and Diabetic Subjects

Healthy (n=10) Diabetic (n=30) P
Age, y 65+3 65+2 NS
Gender, M/F 7/3 28/2 NS
Body mass index, 27+1 30+1 NS
kg/m?
Mean arterial 99+5 1102 NS
pressure, mm Hg
HbA1c, % 5.4+0.1 6.620.2 <0.01
Fasting glucose, mg/dL 92+4 142+6 <0.01
LDL cholesterol, mg/dL 13112 120+8 NS
HDL cholesterol, mg/dL 50+4 43+4 NS
C-reactive protein, 1.37+05 1.41+0.43 NS
mg/dL
Creatinine, wmol/L 82+4 802 NS

Values are mean=SEM. HbA1c¢ indicates glycohemoglobin; LDL, low-density
lipoprotein; and HDL, high-density lipoprotein.

EPC Characterization

Adherent EPCs were characterized by dual staining for acetylated
low-density lipoprotein and lectin as described previously!7-21.22
and by flow cytometry analysis for expression of endothelial
marker proteins (CD31, von Willebrand factor [vWF], and
kinase-insert domain receptor [KDR]) and the monocytic lineage
marker CD14 (see the online-only Data Supplement for more
details). The vast majority of cells cultured for 4 or 7 days from
healthy subjects and diabetic subjects were double positive for
acetylated low-density lipoprotein—lectin staining and expressed
both endothelial marker proteins and the monocytic marker CD14
at comparable levels (online-only Data Supplement Figure I).
EPC quantification and acetylated low-density lipoprotein—lectin
staining were performed as described previously!'7-2!-2 and in the
online-only Data Supplement.

TABLE 2. Characteristics of Diabetic Subjects Receiving
Placebo or Rosiglitazone Treatment

P
(Between
Groups
Placebo Rosiglitazone After
(n=12) (n=18) Treatment)
Age, y 642 65+2 >0.9*
Gender, M/F 111 171 0.65t
Body mass index, kg/m? 30+1 301 >0.9*
Medication, n/N
ACE/ARB 10/12 14/18 0.88t
ASA 6/12 1118 0.99t
Diuretic 4/12 11/18 0.58t
Calcium antagonist 5112 1118 0.79t
Nitrates 2/12 5/18 0.90t
B-Blocker 4/12 9/18 0.82t
Statin 5112 1118 0.79t

Values are expressed as mean=SEM where appropriate. ACE indicates
angiotensin-converting enzyme; ARB, angiotensin receptor blocker; and ASA,
acetylsalicylic acid.

*Bonferroni corrected.

tx? Analysis.



2202 ‘6 Yo N uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Sorrentino et al

Animals and In Vivo Reendothelialization Assay
Male NRMI™™ athymic nude mice, aged 7 to 10 weeks, were used
to allow injection of human EPCs. Animals were anesthetized with
ketamine (100 mg/kg IP) and xylazine (5 mg/kg IP). Carotid artery
electric injury was performed as described previously.?*2# In brief,
the left common carotid artery was injured with a bipolar microregu-
lator (ICC50, ERBE-Elektromedizin GmbH, Tuebingen, Germany).
An electric current of 2 W was applied for 2 seconds to each
millimeter of carotid artery over a total length of exactly 4 mm with
the use of a size marker parallel to the carotid artery.

EPCs (5X%10° cells) were resuspended in 100 pL of prewarmed
PBS (37°C) and transplanted 3 hours after carotid injury via tail
vein injection with a 27-gauge needle. The same volume of PBS
was injected into placebo mice. Three days after carotid injury,
endothelial regeneration was evaluated by staining denuded areas
with 50 uL of solution containing 5% Evans blue dye via tail vein
injection as described previously.?> The reendothelialized area
was calculated as difference between the blue-stained area and the
injured area by computer-assisted morphometric analysis. Of
note, this model has been shown to allow accurate quantification
of reendothelialization.?* EPCs from each diabetic/healthy subject
(before and after treatment) were injected into 2 nude mice, and
mean values of reendothelialized area were used for analysis
(more details are available in the online-only Data Supplement).

Confocal laser scanning microscopy (Leica DM-IRB microscope
with a TCS-SP2-AOBS scan head) was performed to detect homing
of transplanted EPCs to the site of vascular injury in separate
experiments (n=5) with the use of PKH26 (Sigma-Aldrich)-labeled
EPCs. The local committee on animal research approved all proce-
dures involving animals.

EPC Superoxide Production and NAD(P)H and
Xanthine Oxidase Activity

EPC superoxide (O,*) production and NAD(P)H and xanthine
oxidase activity were determined by electron spin resonance (ESR)
spectroscopy analysis with the use of the spin-trap 1-hydroxy-3-
carboxy-pyrrolidine (CP-H; Alexis Corporation) in 250 000 resus-
pended or homogenized EPCs as described previously2®27 and in the
online-only Data Supplement.

NO Production in EPCs

NO production was measured by ESR spectroscopy analysis with the
use of the spin-trap colloid Fe(DETC), as described previously?® and
in the online-only Data Supplement.

EPC Adhesion to Endothelial Cells In Vitro

A monolayer of human umbilical vein endothelial cells (Cambrex,
Taufkirchen, Germany) was prepared 48 hours before the assay by
plating 2X10° cells (passage 1 to 5) in each well of a 4-well plate.
Human umbilical vein endothelial cells were pretreated with tumor
necrosis factor-a (BD Biosciences; 1 ng/mL; 12 hours) or media.
Then 1X10° dil-labeled EPCs were added to each well and incubated
for 3 hours at 37°C. Nonattached cells were gently removed with
PBS, and adherent EPCs were fixed with 4% paraformaldehyde and
counted in 4 random fields.

EPC Migration In Vitro

EPC migration was evaluated with the use of a modified Boyden’s
chamber assay as described previously.?® Briefly, cell suspensions
(1X10° cells per well) were placed in the upper chamber, and the
lower chamber was filled with medium containing human recombi-
nant vascular endothelial growth factor (50 ng/mL; R&D Systems).
The chamber was incubated for 16 hours (37°C). Migration activity
was evaluated as mean number of migrated cells in 3 high-power
fields per chamber.

Small-Interfering RNA Transfection
NAD(P)H oxidase subunit p47”, eNOS, and PPAR-y expression were
silenced with the use of Validated Stealth RNAi (Invitrogen, Carlsbad,
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Calif), adapting the manufacturer’s protocol after determining optimal
transfection conditions (data not shown). The small-interfering RNA
(siRNA) sequences (sense strands) used for targeting human p47”**, eNOS,
and PPAR-y were 5'-CGGAGAGACGAGUAUAACCCAGUUU-3’ (In-
vitrogen primer number: 104380E05), 5'-UGUGUUACUGGACU-
CCUUCCUCUUC-3" (Invitrogen primer number: 95777G10), and 5'-
UCAGCUCCGUGGAUCUCUCCGUAAU-3’ (Invitrogen primer num-
ber: 111556H08). A Stealth RNAi Negative Control Duplex (Invitrogen)
was used as a negative control. In preliminary experiments, transfection
efficiency was >90% of EPCs as determined by transfection with fluores-
cence-labeled siRNA. All siRNA transfections were performed for 24 hours
preceding subsequent EPC measurements.

Western Blot Analysis

Protein extracts were subjected to SDS-PAGE, transferred to poly-
vinylidene fluoride membranes, and probed with anti-human anti-
bodies for NAD(P)H oxidase subunits p227"*, p477"*, p67"", or
eNOS (Santa Cruz Biotechnology, Santa Cruz, Calif), followed by
enhanced chemiluminescence detection.

Statistical Analysis

Data in the text and figures are expressed as mean=SD. Differences
between means of groups were compared with the use of Wilks A
1-way MANOVA testing, followed by Student or Welch ¢ test.
Comparisons between frequencies were performed by x* analysis. To
account for inflation of experiment type-1 error due to multiple
testing, Bonferroni correction was used for multiple comparisons of
results presented in Tables 2 and 3 and the figures. The rationale of
the Bonferroni adjustments for the results presented in Tables 2 and
3 and the figures was as follows: A primary and secondary weighting
of hypotheses (primary: placebo versus rosiglitazone; secondary: in
vitro experiments) was performed, and Bonferroni corrections were
applied separately to each hypothesis. A Bonferroni-corrected prob-
ability value of <0.05 was considered statistically significant. A
nonparametric analysis using the Wilcoxon rank sum test was
performed when appropriate. All statistical analyses used SPSS
statistical software (SPSS version 14).

The primary end point of the present study was the in vivo
reendothelialization capacity of EPCs, which was therefore used to
determine the study size. For the randomized substudy (effect of
rosiglitazone versus placebo therapy in diabetic patients), the rele-
vant alternative was a difference of 20% of reendothelialized area
between the treatment groups. With the assumption of a common SD
of 15%, a sample size of 30 patients randomized 2:1 was needed to
have a power of 90% to reject the null hypothesis in favor of the
alternative hypothesis with a 0.025 type I error.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results

In Vivo Reendothelialization Capacity of EPCs
From Diabetic Subjects Is Severely Reduced
Transplantation of EPCs from healthy subjects (n=10) mark-
edly accelerated reendothelialization of denuded carotid ar-
teries in nude mice (Figure 1A and 1B). Confocal laser
scanning microscopy analysis of a subgroup of nude mice
(n=5) revealed that transplanted EPCs were attached at the
site of vascular injury (Figure 1C). Notably, in vivo reendo-
thelialization capacity of EPCs derived from diabetic subjects
(n=30) was markedly reduced (Figure 1A and 1B). To
further determine whether EPCs from diabetic subjects had a
delayed or diminished response, reendothelialization was
examined later (ie, 7 days after EPC transplantation in a
subgroup of healthy and diabetic subjects [n=5]). Seven days
after transplantation of EPCs from healthy subjects, the
endothelial layer was almost completely restored, whereas
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TABLE 3. Characteristics of Diabetic Subjects Before and After Placebo or Rosiglitazone Treatment

Placebo (n=12)

Rosiglitazone (n=18)

Before After P* Before After P* P* (Between Groups After Treatment)
Mean arterial pressure, mm Hg 112=+3 109=+2 >0.9 110=+3 1034 0.340 >0.9
HbA1c, % 6.9+0.4 6.9+0.4 >0.9 6.4+0.3 6.4+0.2 >0.9 >0.9
Fasting glucose, mg/dL 149+12 144+10 >0.9 135+6 124+5 0.250 >0.9
Insulin levels, pU/mL 18.3+2.9 25.3+9.0 >0.9 35.7+5.3 38.5+6.7 >0.9 0.28
HOMA index 6.8+1.6 9.1+1.2 >0.9 11.9+1.3 11.8+1.7 >0.9 >0.9
LDL cholesterol, mg/dL 1379 123+9 >0.9 108=+7 112=+7 >0.9 0.15
HDL cholesterol , mg/dL 47+5 464 >0.9 40+2 41+2 >0.9 >0.9
Free fatty acids, mg/dL 11.6+1.33 11.9+1.7 >0.9 11.8+£1.6 8.4+1.2 >0.9 0.95
C-reactive protein, mg/dL 1.0+0.3 0.6+0.3 >0.9 1.5+0.8 0.70%+0.2 0.690 >0.9
Creatinine, wmol/L 77+2 80+3 >0.9 83+4 82+4 0.640 >0.9

Values are expressed as mean+SEM where appropriate. Hbalc indicates glycohemoglobin; HOMA, Homeostasis Model Assessment; LDL, low-density lipoprotein;

and HDL, high-density lipoprotein.
*Bonferroni-corrected.

EPCs from diabetic individuals had no significant effect on
reendothelialization (Figure ITA and IIB in the online-only
Data Supplement). To evaluate whether a potential contami-
nation of EPCs with endothelial cells may have contributed to
reendothelialization, human endothelial cells (5X10° cells)
were transplanted into 5 nude mice but had no effect on
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reendothelialization (Figure IIC and IID in the online-only
Data Supplement).

Fluorescence-activated cell-sorting analyses revealed a
similar endothelial marker protein (vWF, CD31, and KDR)
and monocytic lineage marker (CD14) expression on EPCs
from healthy and diabetic subjects, suggesting that EPCs
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Figure 1. A, Reendothelialized area at day 3 after carotid injury in nude mice with placebo injection (n=15), transplantation of EPCs
from healthy subjects (n=10), or diabetic subjects (n=30; each 5x10° EPCs). B, Representative photographs. EPCs from each patient
or healthy subject were injected into 2 nude mice; mean values of reendothelialized area are shown. C, Confocal laser scanning
microscopy (magnification X80): top, carotid artery 3 days after injury showing PKH26-labled EPCs (red) attached to isolectin-B4 -
stained endothelium (green); bottom, contralateral uninjured carotid artery (nuclei stained blue; TO-Pro3). Data are representative of 5 sepa-
rate experiments. D through F, ESR spectroscopy analyses of superoxide production (D) and NAD(P)H oxidase activity (F) of EPCs from dia-
betic subjects (n=30) and healthy subjects (n=10) are shown, as well as representative ESR spectra of superoxide production (E).
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Figure 2. Effect of siRNA silencing of NAD(P)H oxidase subunit p47°"* on EPC NAD(P)H oxidase activity (A), p47°" protein expression (B),
superoxide production (C), and in vivo reendothelialization capacity (D; n=6). E, Representative photographs showing reendothelialization of
carotid artery on day 3 after injury after transplantation of diabetic EPCs treated with p47°"*-specific SiRNA or scrambled siRNA.

from diabetic subjects did not lose endothelial marker pro-
teins (Figure I in the online-only Data Supplement).

Superoxide Production and NAD(P)H Oxidase Activity
Are Increased in EPCs From Diabetic Subjects

EPCs from diabetic subjects had a markedly increased super-
oxide production compared with EPCs from healthy subjects
(Figure 1D and 1E). Notably, activity of NAD(P)H oxidase,
a major oxidant enzyme, was substantially increased in EPCs
from those with diabetes mellitus (Figure 1F).

Of note, xanthine oxidase (XO) activation dependent on
NAD(P)H oxidase has been observed in endothelial cells.3° In
EPCs from diabetic subjects, XO activity was increased
compared with EPCs from healthy subjects (1.52+0.14
versus 0.8320.04 pmol O,+)/250 000 EPCs per minute;
P<0.05; n=6 to 12). XO activity in diabetic EPCs was
normalized after NAD(P)H oxidase inhibition by apocynin
(data not shown), suggesting NAD(P)H oxidase—dependent
XO activation.

NAD(P)H Oxidase Inhibition Restores In Vivo
Reendothelialization Capacity of EPCs From
Diabetic Subjects

Both siRNA silencing of NAD(P)H oxidase subunit p47”
and NADPH oxidase inhibition by apocynin (100 wmol/L; 24
hours; data not shown) resulted in a markedly reduced
NAD(P)H oxidase activity and superoxide production of
EPCs from diabetic individuals (Figure 2A to 2C). Impor-
tantly, p47”* siRNA silencing (n=6) restored in vivo reen-

dothelialization capacity of diabetic EPCs (Figure 2D and
2E), suggesting a critical role of NAD(P)H oxidase activation
for impaired reendothelialization capacity.

A potential mechanism whereby NAD(P)H oxidase acti-
vation may impair EPC in vivo reendothelialization capacity
relates to a subsequently reduced NO bioavailability. Nota-
bly, EPCs from diabetic subjects had a markedly reduced NO
bioavailability (Figure 3A and 3B).

EPC NO Bioavailability Is Critical for In Vivo
Reendothelialization Capacity

eNOS-specific siRNA silencing substantially reduced eNOS
protein expression (Figure 3C; n=8) and NO production of
EPCs from healthy subjects (data not shown). Importantly,
eNOS-specific siRNA silencing markedly impaired in vivo
reendothelialization capacity of EPCs from healthy subjects
(Figure 3D and 3E; n=8), suggesting a crucial role of EPC
NO bioavailability for in vivo reendothelialization capacity.
In contrast, eNOS-specific siRNA transfection of diabetic
EPCs did not reduce in vivo reendothelialization capacity
(n=38; data not shown).

Importantly, siRNA silencing of p47""** restored NO bio-
availability of EPCs from diabetic subjects (Figure 3F),
whereas no effect was observed in EPCs from healthy
subjects (data not shown).

EPC Protein Expression of NAD(P)H Oxidase
Subunits and eNOS

Avogaro et al’' recently observed increased expression of
NAD(P)H oxidase subunit p22”"** in monocytes from individu-
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from diabetic subjects (n=8).

als with diabetes mellitus. In the present study, protein levels of
NAD(P)H oxidase subunits p22”**, p67”"**, and p47”"** in EPCs
from diabetic subjects compared with healthy subjects were as
follows: p227"™: 260+126%; P=NS; p67"™: 86+5%; P=NS;
477" 159+49%; P=NS; n=>5). eNOS protein levels were not
significantly different in EPCs from diabetic subjects compared
with healthy subjects (data not shown).

Effects of PPAR-y Agonist Rosiglitazone on EPCs
From Diabetic Subjects In Vitro

Treatment of diabetic EPCs with rosiglitazone in vitro reduced
superoxide production and NAD(P)H oxidase activity and in-
creased NO bioavailability, which was prevented by PPAR-y—
specific siRNA transfection (Figure 4A to 4D). Furthermore,
rosiglitazone treatment prevented XO activation in diabetic
EPCs (data not shown). Moreover, 24-hour in vitro treatment of
diabetic EPCs with rosiglitazone improved their in vivo reendo-
thelialization capacity (n=6; data not shown).

Endothelial Adhesion and Migration Capacity

of EPCs

EPCs from diabetic subjects had a markedly reduced capacity
to adhere to tumor necrosis factor-a—activated endothelial

cells and an impaired migratory response to vascular endo-
thelial growth factor compared with EPCs from healthy
subjects (Figure 5A to 5C). Importantly, p47”"** siRNA
silencing and treatment with polyethylene glycol-superoxide
dismutase (50 U) restored both adhesion capacity to activated
endothelial cells and migratory response of EPCs from
diabetics (Figure 5A to 5C). Furthermore, both the NO donor
2,2’-(hydroxynitrosohydrazino)bis-ethanamine (DETA-NO;
500 wmol/L) and rosiglitazone (10 wmol/L) restored adhe-
sion and migration capacity of EPCs from diabetic subjects,
whereas no significant effect was observed in EPCs from
healthy subjects (Figure 5A to 5C).

Effects of Oral Treatment With the PPAR-y
Agonist Rosiglitazone on EPCs From Diabetic
Subjects: A Randomized, Placebo-Controlled
Clinical Study

Rosiglitazone, but not placebo therapy, substantially reduced
superoxide production and NAD(P)H oxidase activity in
EPCs from diabetic subjects (Figure 6A and 6B). Moreover,
rosiglitazone therapy increased NO bioavailability (Figure
6C) and, importantly, restored in vivo reendothelialization
capacity of EPCs from diabetic subjects (Figure 6D and 6E).
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EPC numbers were reduced in diabetic subjects compared
with healthy subjects (17581 versus 299.5+162 EPCs per
high-power field; P<<0.05). Two-week rosiglitazone but not
placebo therapy increased EPC numbers in diabetic subjects as
assessed by acetylated low-density lipoprotein—lectin staining
(Figure IITA and IIB in the online-only Data Supplement). No
significant changes of metabolic parameters were observed after
2-week rosiglitazone therapy (Tables 2 and 3). No significant
differences existed with respect to the patient characteristics
shown in Table 1 between patients randomized to rosiglitazone
or placebo therapy at baseline (ie, before therapy).

Discussion

The present study demonstrates a severe impairment of in
vivo reendothelialization capacity of EPCs derived from
diabetic subjects compared with healthy subjects. Further-
more, our findings suggest that increased oxidant stress, in
particular NAD(P)H oxidase activation, and a subse-
quently reduced NO bioavailability of diabetic EPCs
represent major mechanisms leading to impaired in vivo
reendothelialization capacity and in vitro function. siRNA
silencing of p47”", a critical NAD(P)H oxidase subunit,
normalized superoxide production and restored NO bio-
availability and in vivo reendothelialization capacity of
EPCs from diabetic subjects.

Notably, both in vitro and 2-week oral therapy with the
PPAR-vy agonist rosiglitazone inhibited NAD(P)H oxidase,
reduced superoxide production, and restored NO availability

Figure 4. Effect of rosiglitazone (10 umol/L) in vitro treatment on superoxide
production (A), NAD(P)H oxidase activity (B), and NO bioavailability (C) of EPCs
from diabetic subjects (n=6) with and without siRNA silencing of PPAR-vy. D,
Representative photograph of PPAR-y protein expression after PPAR-y—spe-
cific and scrambled siRNA transfection of EPCs.

and in vivo reendothelialization capacity of EPCs derived
from diabetic subjects.

EPCs have been shown to promote endothelial repair
after injury in recent experimental studies.®-'° The present
study, however, demonstrates that in vivo reendotheli-
alization capacity is largely lost in EPCs from diabetic
subjects, suggesting a profound alteration of the endoge-
nous endothelial repair system mediated by EPCs. EPCs
from diabetic and healthy subjects had a similar expression
of CD31, vWF, and KDR, suggesting that impaired reen-
dothelialization capacity was not associated with loss of
endothelial marker proteins. A substantial portion of EPCs
expressed the monocytic marker CD14, as has been ob-
served previously.3233 Notably, it has been shown recently
that transfusion of CD14*/KDR™ but not CD14*/KDR™
cells accelerated reendothelialization in nude mice, sug-
gesting that only monocytic cells with endothelial markers
promote reendothelialization.?* Furthermore, Romagnani
et al3s have suggested that blood-derived EPCs are to a
significant extent derived from CD14"/CD34"" cells. Pro-
duction of growth factors has been suggested to contribute
to EPC function but is likely not sufficient to promote
reendothelialization. Whereas monocytes and macro-
phages are known to produce growth factors,¢ they have
not been shown to stimulate reendothelialization.3*

Two recent studies have suggested that despite a phe-
notypic overlap of EPCs with macrophages and dendritic
cells, EPCs display unique eNOS expression that likely is
a reliable marker of endothelial phenotype.3”-3% Impor-
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Figure 5. A, Adhesion of EPCs to human umbilical vein endothelial cells after 24-hour in vitro incubation of EPCs with polyethylene gly-
col-superoxide dismutase (PEG-SOD; 50 U), p47°"* siRNA, DETA-NO (500 wmol/L), or rosiglitazone (10 wmol/L; n=6). B, Representa-
tive photographs. C, Migratory capacity of EPCs after 24-hour in vitro incubation of EPCs with polyethylene glycol-superoxide dis-
mutase p47°"* siRNA, DETA-NO, or rosiglitazone; n=6; *P<0.01 vs healthy baseline; #P<0.01 vs diabetes baseline. TNF indicates
tumor necrosis factor; VEGF, vascular endothelial growth factor; and hpf, high-power field.

tantly, in the present study EPC-mediated reendotheli-
alization was eNOS dependent (ie, was abolished after
eNOS siRNA silencing), strongly suggesting that the
observed reendothelialization response depends on eNOS-
containing EPCs.

In previous studies, we and others have observed a role of
eNOS for mobilization and EPC function by using eNOS-
deficient mice.'>-'7 Furthermore, Ii et al'® have suggested that
EPCs represent repositories of eNOS activity in experiments
using bone marrow cells from eNOS-deficient mice. In
eNOS-deficient mice, however, impaired maturation of EPCs
in the bone marrow may contribute to impaired EPC function.
The present study provides direct evidence that NO bioavail-
ability in EPCs is critical for in vivo reendothelialization
capacity.

Importantly, NO bioavailability was restored in EPCs from
diabetic subjects after NAD(P)H oxidase inhibition, associ-
ated with a restored reendothelialization response, suggesting
that increased NAD(P)H oxidase activity impairs reendothe-
lialization capacity of diabetic EPCs by reducing NO avail-
ability. The concept that increased superoxide production
from NAD(P)H oxidase is critical for impaired EPC func-

tionality is further supported by our observation that both
NAD(P)H oxidase inhibition and superoxide dismutase treat-
ment improved endothelial adhesion and migratory capacity
of EPCs from diabetic subjects.

Of note, 2 previous studies have suggested that EPCs from
healthy subjects have a reduced superoxide production com-
pared with mature endothelial cells,?4° suggesting that well-
controlled superoxide production is important for EPC func-
tion. Furthermore, EPCs isolated from glutathione
peroxidase-1—deficient mice have an impaired ability to
promote angiogenesis, suggesting that reduced antioxidant
capacity impairs EPC in vivo function.#! The present study
suggests that EPC function may be highly dependent on a
well-controlled oxidant stress because EPC NO availability
(which is highly sensitive to oxidant stress) is critical for their
in vivo function.

In addition, increased p38 mitogen-activated protein kinase
phosphorylation has been reported in EPCs from patients
with coronary disease*> and in mononuclear cells from
diabetic mice.**> Because NAD(P)H oxidase activation pro-
motes p38 mitogen-activated protein kinase phosphoryla-
tion,*? it is tempting to speculate that increased p38 mitogen-
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injected into 2 nude mice; mean values of REA are shown.

activated protein kinase phosphorylation may represent an
additional potential pathway whereby NAD(P)H oxidase may
alter EPC function in diabetics.

Furthermore, in EPCs from diabetic mice, an increased
expression of thrombospondin-1 has recently been shown,
which may further contribute to impaired EPC adhesion and
migration activity and a reduced reendothelialization re-
sponse in diabetes mellitus.!3

Short-term in vitro rosiglitazone treatment of EPCs from
diabetic subjects reduced NAD(P)H oxidase activity and
restored NO availability in the present study. PPAR-vy siRNA
silencing prevented these effects of rosiglitazone, suggesting
that PPAR-y agonism exerts a direct effect on NAD(P)H
oxidase in diabetic EPCs. Of note, in vitro treatment with the
PPAR-vy agonist pioglitazone prevented oxidant stress—in-
duced apoptosis in human EPCs, further supporting a role of
PPAR-vy for EPC function.**

Importantly, 2-week oral rosiglitazone therapy restored in
vivo reendothelialization capacity of EPCs from diabetic
subjects in the present study. PPAR-y agonism had no
significant effect on glucose or insulin levels, insulin resis-
tance (as indicated by the Homeostasis Model Assessment

index), or nonesterified fatty acids within this time, suggest-
ing that effects on EPC functionality were likely independent
of metabolic changes. This concept is further supported by
the observation that short-term in vitro rosiglitazone treat-
ment of EPCs from diabetics improved both in vitro and in vivo
functionality. Interestingly, a previous study has suggested that
nonesterified fatty acids stimulate NAD(P)H oxidase in endo-
thelial cells*>; however, high concentrations of nonesterified
fatty acids were necessary to stimulate the enzyme, suggesting
that minor changes of plasma nonesterified fatty acid levels are
unlikely to change EPC NAD(P)H oxidase activity. In agree-
ment with this consideration, we did not observe a correlation
between changes in nonesterified fatty acid levels and EPC
NAD(P)H oxidase activity, suggesting that this may not be a
major mechanism whereby rosiglitazone therapy exerts an effect
on EPCs, at least after short-term treatment.

Of note, a reduced capacity for endothelial repair is thought
to contribute to impaired long-term outcome after coronary
intervention in diabetics.*® Beneficial effects of PPAR-y
agonism on EPC reendothelialization capacity provide a
potential explanation for antirestenotic effects observed after
PPAR-vy agonist treatment after coronary intervention.*” No-
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tably, a recent experimental study has suggested that rosigli-
tazone treatment in mice promoted angiogenic progenitor cell
differentiation toward the endothelial lineage associated with
attenuated restenosis after angioplasty.*

Moreover, the present findings may have implications for
treatment strategies using autologous cell transplantation.
Given the severe impairment of in vivo reendothelialization
potential of EPCs from diabetics, pretreatment of these cells
with rosiglitazone represents a promising strategy to improve
their regenerative potential.

In the present study, a currently widely applied protocol to
obtain blood-derived EPCs was used. Further standardization
of EPC definitions and nomenclature will be important for
future studies, in particular to be able to better compare
results between different groups.

In summary, the present study demonstrates that in vivo
reendothelialization capacity of EPCs derived from diabetics
is severely impaired, at least in part, as a result of increased
NAD(P)H oxidase—dependent superoxide production and
subsequently reduced NO bioavailability. Treatment with the
PPAR-vy agonist rosiglitazone reduced NAD(P)H oxidase
activity, increased NO availability, and restored in vivo
reendothelialization capacity of EPCs from diabetics. Im-
proved EPC reendothelialization capacity may represent a
novel mechanism contributing to vasculoprotective effects of
PPAR-vy agonism likely independent of glycemic control.

Acknowledgments
We thank Eva Niemczyk and Barbara Hertel for excellent technical
assistance and Dr Cornelia Froemke and Dr Jana Prokein for help
with statistical analyses.

Source of Funding
This work was supported by Deutsche Forschungsgemeinschaft
(DFG, LA 1432/4-1).

Disclosures
None.

References

1. Ross R. Atherosclerosis: an inflammatory disease. N Engl J Med. 1999;
340:115-126.

2. Landmesser U, Hornig B, Drexler H. Endothelial function: a critical
determinant in atherosclerosis? Circulation. 2004;109(suppl 1I):
1127-1133.

3. Ting HH, Timimi FK, Boles KS, Creager SJ, Ganz P, Creager MA.
Vitamin C improves endothelium-dependent vasodilation in patients with
non-insulin-dependent diabetes mellitus. J Clin Invest. 1996;97:22-28.

4. Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, Quyyumi
AA, Finkel T. Circulating endothelial progenitor cells, vascular function,
and cardiovascular risk. N Engl J Med. 2003;348:593—600.

5. Werner N, Kosiol S, Schiegl T, Ahlers P, Walenta K, Link A, Bohm M,
Nickenig G. Circulating endothelial progenitor cells and cardiovascular
outcomes. N Engl J Med. 2005;353:999-1007.

6. Fadini GP, Miorin M, Facco M, Bonamico S, Baesso I, Grego F,
Menegolo M, de Kreutzenberg SV, Tiengo A, Agostini C, Avogaro A.
Circulating endothelial progenitor cells are reduced in peripheral vascular
complications of type 2 diabetes mellitus. J Am Coll Cardiol. 2005;45:
1449-1457.

7. Fadini GP, Sartore S, Albiero M, Baesso I, Murphy E, Menegolo M,
Grego F, Vigili de Kreutzenberg S, Tiengo A, Agostini C, Avogaro A.
Number and function of endothelial progenitor cells as a marker of
severity for diabetic vasculopathy. Arterioscler Thromb Vasc Biol. 2006;
26:2140-2146.

20.

21.

22.

23.

24.

25.

. Walter DH, Rittig K, Bahlmann FH, Kirchmair R, Silver M, Murayama

T, Nishimura H, Losordo DW, Asahara T, Isner JM. Statin therapy
accelerates reendothelialization: a novel effect involving mobilization and
incorporation of bone marrow-derived endothelial progenitor cells. Cir-
culation. 2002;105:3017-3024.

. Iwakura A, Luedemann C, Shastry S, Hanley A, Kearney M, Aikawa R,

Isner JM, Asahara T, Losordo DW. Estrogen-mediated, endothelial nitric
oxide synthase-dependent mobilization of bone marrow-derived endothe-
lial progenitor cells contributes to reendothelialization after arterial
injury. Circulation. 2003;108:3115-3121.

. Werner N, Junk S, Laufs U, Link A, Walenta K, Bohm M, Nickenig G.

Intravenous transfusion of endothelial progenitor cells reduces neointima
formation after vascular injury. Circ Res. 2003;93:e17—-e24.

. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, de

Boer HC, Verhaar MC, Braam B, Rabelink TJ, van Zonneveld AlJ.
Endothelial progenitor cell dysfunction: a novel concept in the patho-
genesis of vascular complications of type 1 diabetes. Diabetes. 2004;53:
195-199.

. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz GR,

Levine JP, Gurtner GC. Human endothelial progenitor cells from type II
diabetics exhibit impaired proliferation, adhesion, and incorporation into
vascular structures. Circulation. 2002;106:2781-2786.

. Ii M, Takenaka H, Asai J, Ibusuki K, Mizukami Y, Maruyama K, Yoon

YS, Wecker A, Luedemann C, Eaton E, Silver M, Thorne T, Losordo
DW. Endothelial progenitor thrombospondin-1 mediates diabetes-
induced delay in reendothelialization following arterial injury. Circ Res.
2006;98:697-704.

. Creager MA, Luscher TF, Cosentino F, Beckman JA. Diabetes and

vascular disease: pathophysiology, clinical consequences, and medical
therapy, part I. Circulation. 2003;108:1527-1532.

. Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, Ihling C, Technau-

Thling K, Zeiher AM, Dimmeler S. Essential role of endothelial nitric
oxide synthase for mobilization of stem and progenitor cells. Nat Med.
2003;9:1370-1376.

. 1i M, Nishimura H, Iwakura A, Wecker A, Eaton E, Asahara T, Losordo

DW. Endothelial progenitor cells are rapidly recruited to myocardium and
mediate protective effect of ischemic preconditioning via “imported”
nitric oxide synthase activity. Circulation. 2005;111:1114-1120.

. Landmesser U, Engberding N, Bahlmann FH, Schaefer A, Wiencke A,

Heineke A, Spiekermann S, Hilfiker-Kleiner D, Templin C, Kotlarz D,
Mueller M, Fuchs M, Hornig B, Haller H, Drexler H. Statin-induced
improvement of endothelial progenitor cell mobilization, myocardial neo-
vascularization, left ventricular function, and survival after experimental
myocardial infarction requires endothelial nitric oxide synthase. Circu-
lation. 2004;110:1933-1939.

. Polikandriotis JA, Mazzella LJ, Rupnow HL, Hart CM. Peroxisome

proliferator-activated receptor gamma ligands stimulate endothelial nitric
oxide production through distinct peroxisome proliferator-activated
receptor gamma-—dependent mechanisms. Arterioscler Thromb Vasc Biol.
2005;25:1810-1816.

. Tao L, Liu HR, Gao E, Teng ZP, Lopez BL, Christopher TA, Ma XL,

Batinic-Haberle I, Willette RN, Ohlstein EH, Yue TL. Antioxidative,
antinitrative, and vasculoprotective effects of a peroxisome proliferator-
activated receptor-gamma agonist in hypercholesterolemia. Circulation.
2003;108:2805-2811.

Pistrosch F, Herbrig K, Oelschlaegel U, Richter S, Passauer J, Fischer S,
Gross P. PPARgamma-agonist rosiglitazone increases number and
migratory activity of cultured endothelial progenitor cells. Atherosclero-
sis. 2005;183:163-167.

Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T,
Witzenbichler B, Schatteman G, Isner JM. Isolation of putative progenitor
endothelial cells for angiogenesis. Science. 1997;275:964-967.
Bahlmann FH, De Groot K, Spandau JM, Landry AL, Hertel B, Duckert
T, Boehm SM, Menne J, Haller H, Fliser D. Erythropoietin regulates
endothelial progenitor cells. Blood. 2004;103:921-926.

Brouchet L, Krust A, Dupont S, Chambon P, Bayard F, Arnal JF.
Estradiol accelerates reendothelialization in mouse carotid artery through
estrogen receptor-alpha but not estrogen receptor-beta. Circulation. 2001;
103:423-428.

Carmeliet P, Moons L, Stassen JM, De Mol M, Bouche A, van den Oord JJ,
Kockx M, Collen D. Vascular wound healing and neointima formation induced
by perivascular electric injury in mice. Am J Pathol. 1997;150:761-776.
Lindner V, Fingerle J, Reidy MA. Mouse model of arterial injury. Circ
Res. 1993;73:792-796.



2202 ‘6 Yo N uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sorrentino et al

Landmesser U, Cai H, Dikalov S, McCann L, Hwang J, Jo H, Holland
SM, Harrison DG. Role of p47(phox) in vascular oxidative stress and
hypertension caused by angiotensin II. Hypertension. 2002;40:511-515.
Spiekermann S, Landmesser U, Dikalov S, Bredt M, Gamez G, Tatge H,
Reepschlager N, Hornig B, Drexler H, Harrison DG. Electron spin res-
onance characterization of vascular xanthine and NAD(P)H oxidase
activity in patients with coronary artery disease: relation to endothelium-
dependent vasodilation. Circulation. 2003;107:1383-1389.

Kleschyov AL, Mollnau H, Oelze M, Meinertz T, Huang Y, Harrison DG,
Munzel T. Spin trapping of vascular nitric oxide using colloid Fe(Il)-
diethyldithiocarbamate. Biochem Biophys Res Commun. 2000;275:672—-677.
Asahara T, Takahashi T, Masuda H, Kalka C, Chen D, Iwaguro H, Inai
Y, Silver M, Isner JM. VEGF contributes to postnatal neovascularization
by mobilizing bone marrow-derived endothelial progenitor cells. EMBO
J. 1999;18:3964-3972.

McNally JS, Saxena A, Cai H, Dikalov S, Harrison DG. Regulation of
xanthine oxidoreductase protein expression by hydrogen peroxide and
calcium. Arterioscler Thromb Vasc Biol. 2005;25:1623-1628.

Avogaro A, Pagnin E, Calo L. Monocyte NADPH oxidase subunit
p22(phox) and inducible hemeoxygenase-1 gene expressions are
increased in type II diabetic patients: relationship with oxidative stress.
J Clin Endocrinol Metab. 2003;88:1753-1759.

Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver M, Kearney
M, Li T, Isner JM, Asahara T. Transplantation of ex vivo expanded
endothelial progenitor cells for therapeutic neovascularization. Proc Natl
Acad Sci U S A. 2000;97:3422-3427.

Urbich C, Heeschen C, Aicher A, Dernbach E, Zeiher AM, Dimmeler S.
Relevance of monocytic features for neovascularization capacity of cir-
culating endothelial progenitor cells. Circulation. 2003;108:2511-2516.
Elsheikh E, Uzunel M, He Z, Holgersson J, Nowak G, Sumitran-
Holgersson S. Only a specific subset of human peripheral-blood
monocytes has endothelial-like functional capacity. Blood. 2005;106:
2347-2355.

Romagnani P, Annunziato F, Liotta F, Lazzeri E, Mazzinghi B, Frosali F,
Cosmi L, Maggi L, Lasagni L, Scheffold A, Kruger M, Dimmeler S,
Marra F, Gensini G, Maggi E, Romagnani S. CD14+CD34low cells with
stem cell phenotypic and functional features are the major source of
circulating endothelial progenitors. Circ Res. 2005;97:314-322.

lijima K, Yoshikawa N, Connolly DT, Nakamura H. Human mesangial
cells and peripheral blood mononuclear cells produce vascular perme-
ability factor. Kidney Int. 1993;44:959-966.

Loomans CJ, Wan H, de Crom R, van Haperen R, de Boer HC, Leenen
PJ, Drexhage HA, Rabelink TJ, van Zonneveld AJ, Staal FJ. Angiogenic
murine endothelial progenitor cells are derived from a myeloid bone
marrow fraction and can be identified by endothelial NO synthase
expression. Arterioscler Thromb Vasc Biol. 2006;26:1760-1767.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Reendothelialization Capacity of EPCs 173

Schatteman GC, Dunnwald M, Jiao C. Biology of bone marrow-derived
endothelial cell precursors. Am J Physiol. 2007;292:H1-H18.

Dernbach E, Urbich C, Brandes RP, Hofmann WK, Zeiher AM,
Dimmeler S. Antioxidative stress-associated genes in circulating pro-
genitor cells: evidence for enhanced resistance against oxidative stress.
Blood. 2004;104:3591-3597.

He T, Peterson TE, Holmuhamedov EL, Terzic A, Caplice NM, Oberley
LW, Katusic ZS. Human endothelial progenitor cells tolerate oxidative
stress due to intrinsically high expression of manganese superoxide dis-
mutase. Arterioscler Thromb Vasc Biol. 2004;24:2021-2027.

Galasso G, Schiekofer S, Sato K, Shibata R, Handy DE, Ouchi N,
Leopold JA, Loscalzo J, Walsh K. Impaired angiogenesis in glutathione
peroxidase-1-deficient mice is associated with endothelial progenitor cell
dysfunction. Circ Res. 2006;98:254-261.

Seeger FH, Haendeler J, Walter DH, Rochwalsky U, Reinhold J, Urbich
C, Rossig L, Corbaz A, Chvatchko Y, Zeiher AM, Dimmeler S. p38
mitogen-activated protein kinase downregulates endothelial progenitor
cells. Circulation. 2005;111:1184—-1191.

Ebrahimian TG, Heymes C, You D, Blanc-Brude O, Mees B, Waeckel L,
Duriez M, Vilar J, Brandes RP, Levy BI, Shah AM, Silvestre JS. NADPH
oxidase-derived overproduction of reactive oxygen species impairs post-
ischemic neovascularization in mice with type 1 diabetes. Am J Pathol.
2006;169:719-728.

Gensch C, Clever YP, Werner C, Hanhoun M, Bohm M, Laufs U. The
PPAR-gamma agonist pioglitazone increases neoangiogenesis and
prevents apoptosis of endothelial progenitor cells. Atherosclerosis. 2007;
192:67-74.

Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, Imamura M, Aoki T,
Etoh T, Hashimoto T, Naruse M, Sano H, Utsumi H, Nawata H. High
glucose level and free fatty acid stimulate reactive oxygen species pro-
duction through protein kinase C—dependent activation of NAD(P)H
oxidase in cultured vascular cells. Diabetes. 2000;49:1939-1945.

Piatti P, Di Mario C, Monti LD, Fragasso G, Sgura F, Caumo A, Setola
E, Lucotti P, Galluccio E, Ronchi C, Origgi A, Zavaroni I, Margonato A,
Colombo A. Association of insulin resistance, hyperleptinemia, and
impaired nitric oxide release with in-stent restenosis in patients
undergoing coronary stenting. Circulation. 2003;108:2074-2081.

Marx N, Duez H, Fruchart JC, Staels B. Peroxisome proliferator-activated
receptors and atherogenesis: regulators of gene expression in vascular
cells. Circ Res. 2004;94:1168-1178.

Wang CH, Ciliberti N, Li SH, Szmitko PE, Weisel RD, Fedak PW,
Al-Omran M, Cherng WJ, Li RK, Stanford WL, Verma S. Rosiglitazone
facilitates angiogenic progenitor cell differentiation toward endothelial
lineage: a new paradigm in glitazone pleiotropy. Circulation. 2004;109:
1392-1400.

CLINICAL PERSPECTIVE

Accelerated vascular disease is a principal cause of increased mortality and morbidity in patients with diabetes mellitus.
Importantly, endothelial injury is thought to represent a major mechanism whereby diabetes promotes initiation and
progression of atherosclerosis and restenosis after vascular intervention. Notably, recent experimental studies have
suggested that circulating endothelial progenitor cells contribute to endogenous endothelial repair mechanisms after
vascular injury. The present study demonstrates a severe impairment of the in vivo reendothelialization capacity of
endothelial progenitor cells derived from subjects with type 2 diabetes mellitus compared with healthy subjects that may
contribute to an impaired endogenous endothelial repair capacity and a delayed healing after vascular injury in patients with
diabetes mellitus. Furthermore, our findings suggest that increased oxidant stress, in particular NAD(P)H oxidase activation
and a subsequently reduced nitric oxide bioavailability, represents important mechanisms underlying impaired in vivo
reendothelialization capacity of endothelial progenitor cells from diabetic patients. Of note, both in vitro and 2-week oral
therapy with the peroxisome proliferator-activated receptor-vy agonist rosiglitazone restored the in vivo reendothelialization
capacity of endothelial progenitor cells derived from diabetic individuals, likely at least in part by inhibiting NAD(P)H
oxidase activity and increasing nitric oxide availability. Improved reendothelialization capacity of endothelial progenitor
cells may therefore represent a novel mechanism contributing to vasculoprotective effects of peroxisome proliferator-ac-
tivated receptor-y agonism likely independent of glycemic control.




