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Deficiency of endothelial progenitor cells, including endo-
thelial colony-forming cells (ECFCs) and circulating angio-
genic cells (CACs), plays an important role in retinal vascular
degeneration in diabetic retinopathy (DR). Fenofibrate, an
agonist of peroxisome proliferator–activated receptor a

(PPARa), has shown therapeutic effects on DR in both
patients and diabetic animal models. However, the function
of PPARa in ECFC/CACs has not been defined. In this
study, we determined the regulation of ECFC/CAC by
PPARa. As shown by flow cytometry and Seahorse analysis,
ECFC/CAC numbers and mitochondrial function were de-
creased in the bonemarrow, circulation, and retina of db/db
mice, correlating with PPARa downregulation. Activation
of PPARa by fenofibrate normalized ECFC/CAC numbers
and mitochondrial function in diabetes. In contrast, PPARa
knockout exacerbated ECFC/CAC number decreases and
mitochondrial dysfunction in diabetic mice. Primary ECFCs
from PPARa2/2 mice displayed impaired proliferation, mi-
gration, and tube formation. Furthermore,PPARa2/2ECFCs
showed reduced mitochondrial oxidation and glycolysis
compared with wild type, correlating with decreases of
Akt phosphorylation and expression of its downstream
genes regulating ECFC fate andmetabolism. These findings
suggest that PPARa is an endogenous regulator of ECFC/
CAC metabolism and cell fate. Diabetes-induced down-
regulation of PPARa contributes to ECFC/CAC deficiency
and retinal vascular degeneration in DR.

Diabetic retinopathy (DR) is the leading cause of visual
disability in the working-age population (1). Chronic

hyperglycemia, dyslipidemia, and hypoxia are believed to
impair microvasculature (2).

Endothelial progenitor cells (EPCs) are believed to play
an important role in retinal vascular repair (3). EPCs are
a rare population of bone marrow (BM)–derived circu-
lating cells that were first discovered by Asahara et al. in
1999 (4) and can develop endothelial phenotypes
in vitro. However, recent studies revealed that there are
at least two subsets of EPCs: circulating angiogenic cells
(CACs) and endothelial colony-forming cells (ECFCs); the
latter are considered true EPCs due to the capability of
integrating directly into the developing vessels and form-
ing tubelike structure in vitro (5) and providing promising
therapeutic potential (6). Although CACs are not endo-
thelial progenitors, they play an important proangiogenic
role and can be used as a biomarker in a number of
diseases. Hence, both of these subtypes of EPCs are in-
volved in the pathogenesis of DR (7). Continuous contro-
versy exists in the definition and characterization of
termed EPCs, not only in the human but also in the mouse
(8). However, both CACs and ECFCs have been demon-
strated to contribute to vascular repair via postnatal
vasculogenesis, either through paracrine angiogenic effects
(CACs) or directly via integration into new blood vessels
(ECFCs). Under diabetic conditions, EPC numbers were
changed, and their functions were dysregulated (7), lead-
ing to impaired vascular repair and progression of micro-
vascular pathologies.

Fenofibrate has displayed robust therapeutic effects
on diabetic microvascular complications such as DR, as
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reported independently by two large, longitudinal clinical
studies: Fenofibrate Intervention and Event Lowing in
Diabetes (FIELD) (9) and Action to Control Cardiovascular
Risk in Diabetes (ACCORD) (10). The therapeutic effects
of fenofibrate on DR have been ascribed to its anti-
inflammatory, antiapoptotic, antioxidative, and antian-
giogenic activities in diabetic conditions (11). Recently,
Deng et al. (12) reported that fenofibrate also showed
protective effects on EPCs in a diabetic mouse model and
accelerated skin wound healing via inhibition of inflam-
mation pathways.

Fenofibrate belongs to the fibrate family, and its active
metabolite, fenofibric acid, is an agonist of peroxisome
proliferator–activated receptor a (PPARa) (13). PPARs
regulate lipid metabolism and glucose homeostasis (14).
Our previous studies identified the role of PPARa in direct
transcriptional control of fatty acid oxidation (FAO) genes
involved in the mitochondrial b-oxidation pathways (15).
Furthermore, excessive fatty acid storage causes insulin
resistance (16), which is characterized by an impaired
ability of insulin to promote glucose uptake in target
tissues. PPARa activation in obese mice has been
reported to improve insulin sensitivity and decrease blood
glucose (17). Mitochondria dysfunction (18) and insulin
resistance (19) can cause EPC dysregulation in disease
conditions.

It has been reported that PPARa activation protects
myocardium from ischemia-reperfusion injury via the
activation of the PI3K/Akt pathway (20,21), and down-
regulation of Akt activity contributes to EPC dysfunction
in diabetic conditions (20,22). Meanwhile, the Akt path-
way shows beneficial effects on glucose and lipid metab-
olism in diabetes (23). Accumulating scientific evidence
identified PPARa as the nexus of mitochondrial oxidation
and glycolysis in metabolism pathways. Although fenofi-
brate has shown therapeutic effects on diabetic micro-
vascular complications clinically (24,25), the crucial link
between PPARa and ECFC/CAC fate under diabetic con-
ditions and the underlying mechanism has not been
documented.

The current study investigated the regulatory role of
PPARa in ECFC/CAC function and cell fate through
metabolism control. This study demonstrated that
diabetes-induced downregulation of PPARa is responsible
for the impaired mitochondrial function of ECFC/CACs,
suggesting a potential therapeutic target for vascular
damage in diabetes and other metabolism-related
disorders.

RESEARCH DESIGN AND METHODS

Animals
Male db/db mice and their heterozygous littermates in the
C57BLKS/J background were purchased from The Jackson
Laboratory (Bar Harbor, ME). At 8 weeks of age, the mice
were randomly assigned into two groups: one fed regular
chow as control and the other fed special chow containing

0.014% fenofibrate (LabDiet; TestDiet, Fort Worth, TX)
for another 12 weeks.

Streptozotocin-Induced Diabetic Animal Model
Eight-week-old male PPARa2/2 mice and genetic back-
ground- and age-matched wild-type (WT) C57BL/6J mice
(The Jackson Laboratory) received daily intraperitoneal
injections of streptozotocin (STZ) at a dose of 55
mg/kg for 5 consecutive days. Animals with blood glucose
levels .350 mg/dL were defined as diabetic animals.

All of the animal experiments were approved by the
Institutional Animal Care and Use Committee of The
University of Oklahoma.

Mouse ECFC Isolation and Culture
Mouse ECFCs were isolated and cultured following docu-
mented protocols (26,27). Tominimize variations caused by
the circadian cycle, BM cells were isolated from the femurs
and tibias of mice at age postnatal day 28 (P28) in the
morning and one from each group alternatively. Briefly,
the mononuclear cells were collected by density-gradient
centrifugation using Histopaque 1083 (Sigma-Aldrich, St.
Louis, MO) and plated on dishes precoated with collagen
(1 mg/mL) and cultured in EGM-2 using the EGM-2 bullet
kit, containing 10% FCS (Lonza, Basel, Switzerland). After
14 days, the ECFCs were identified by immunofluorescence
staining using Dil-conjugated acetylated LDL and FITC–
UEA-I (Supplementary Fig. 1). All further in vitro studies
used subcultured ECFCs in the passage of P1.

FACS Analysis
To quantify the ECFC/CAC population in vivo, FACS was
used as previously described (28). Samples were trans-
ferred into 12 75-mm polystyrene round-bottom tubes
and incubated with CD45-FITC (103108; BioLegend, San
Diego, CA), CD133-PE (141204; BioLegend), CD34-BV421
(119321; BioLegend), and VEGFR2-APC (136406;
BioLegend) antibodies for 1 h in the dark. The red blood
cells were lysed by adding 2 mL of RBC Lysing Buffer (BD
Biosciences, Franklin Lakes, NJ) per sample for 15 min.
The samples were measured by Stratedigm S1300Ex
(Stratedigm, Inc., San Jose, CA). Because both ECFCs
(CD452) and CACs (CD45dim) contribute to postnatal angio-
genesis, CD341, VEGFR21, CD452/dim, and CD1331 popu-
lations in BM, circulation, and retina were analyzed by FlowJo
software (Life Science Software Company, Ashland, OR).

Mitochondrial Membrane Potential
Mitochondrial membrane potential (ΔCm) of the CD34

1,
VEGFR21, and CD452/dim population, including both
ECFCs (CD452) and CACs (CD45dim), was estimated using
flow cytometry (FCM) and fluorescent probe JC-1
(5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimidazolcarbo-
cyanine iodide) (551302; BD Biosciences). Samples were
collected using FACS as previously described and then
immunolabeled with CD45-BV605 (103139; BioLegend),
CD34-BV421 (119321; BioLegend), and VEGFR2-APC
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(136406; BioLegend) antibodies for 1 h. Samples were
stained with 2.5 mmol/L JC-1 at 37°C for 15 min and
analyzed by FCM immediately.

Metabolic Function Evaluation
The retinas were dissected, punched at 1.5 mm from the
optic nerve to obtain a retinal biopsy of 1 mm in diameter,
and analyzed using a Seahorse XFe96 Flux Analyzer (Agi-
lent Technologies, Santa Clara, CA) as previously described
(15).

To obtain simultaneous measurement of cell-mitochon-
drial respiration and glycolysis, the Seahorse XFe96 Cell
Energy Phenotype Test Kit was used (Agilent Technolo-
gies) following the manufacturer’s instructions.

Electroretinography Recording
Electroretinography (ERG) was recorded using the Diag-
nosys Espion Visual Electrophysiology System (Diagnosys
LLC, Lowell, MA) as described previously (29). For scotopic
ERG, mice were dark-adapted for 16 h. The flash intensity
was 600 cds/m2 for scotopic ERG. The ERG responses
of both eyes were simultaneously recorded and analyzed.

In Vitro Tube Formation Assay
ECFCs (2 3 104 cells/well) were seeded to Matrigel (BD
Biosciences) precoated 96-well plates and incubated for
10 h. The enclosed networks of tubes were photographed
from six random fields under a microscope. The average
tube length was measured and compared by Image-Pro
Plus (Media Cybernetics, Inc., Rockville, MD).

Cell Migration Assay
The migratory function of ECFCs was analyzed by a modified
Boyden chamber (CoStar, Cambridge, MA) assay following
the manufacturer’s protocol. Briefly, 1 3 105 ECFCs were
placed in the upper chamber, and a medium containing 20%
FBS was placed in the lower chamber, followed by a 16-h
incubation at 37°C in 5% CO2. After washes and fixation, the
migrated ECFCs on the bottom were stained with DAPI and
counted in six random high-power (340 magnification)
microscope fields per well.

Cell Proliferation Assay
ECFCs were seeded onto a 96-well plate (23 104 cells/well),
and cell proliferation was analyzed using the BrdU incor-
poration ELISA kit (ab126556; Abcam, Cambridge, MA)
following the manufacturer’s instructions.

Western Blot Analysis
The equal amount of protein was resolved and immuno-
blotted with primary antibodies for Nrf1 (NBP1-89125;
Novus Biologicals, Littleton, CO), Nrf2 (NBP1-32822;
Novus Biologicals), sirtuin 1 (Sirt1) (D1D7-9475; Cell
Signaling Technology, Danvers, MA), Glut1 (SC-7903;
Santa Cruz Biotechnology, Dallas, TX), cyclin D1
(SC717; Santa Cruz Biotechnology), phosphorylated
Akt (9272; Cell Signaling Technology), and Foxo3a (9476;
Cell Signaling Technology). The band intensities were

semiquantified by densitometry using Bio-Rad software
(Bio-Rad, Hercules, CA).

Statistical Analysis
All experiments were performed at least three times. Quan-
titative data were presented as mean 6 SEM and analyzed
by Student t test when two groups were compared and
analyzed by ANOVA when more than two groups were com-
pared. A P value,0.05 was considered statistically significant.

RESULTS

Fenofibrate Ameliorates Retinal Dysfunction in Diabetic
Mice
As quantified by FCM, 6-month-old db/db mice showed
decreased numbers of ECFC/CACs in the retina, compared
with db/1 littermate control (CTR) mice (Fig. 1A). In-
terestingly, fenofibrate treatment alleviated the cell num-
ber decline in the retina of db/db mice compared with the
CTR db/db mice fed with regular chow (Fig. 1A).

Figure 1—Fenofibrate ameliorated retinal dysfunction and metabolic
abnormality in diabeticmice.A: db/dbmice were fed fenofibrate chow
starting at 8 weeks of age for 12 weeks. ECFC/CAC numbers in the
retina were quantified in db/db mice with regular chow (DB), db/db
with fenofibrate chow (DB-Feno), db/1 littermate CTR mice, and CTR
with fenofibrate chow (CTR-Feno) (n 5 6). B: Amplitudes of scotopic
ERG b-wave in the groups as indicated (n 5 6). C: Measurement of
retinal OCR using Seahorse XFe96 analyzer in CTR and db/db mice
(DB). Basal OCR (D) andmaximal OCR (E) in the retina were measured
and compared between db/db (DB) and CTR mice (n . 6). Measure-
ment and comparison of retinal OCR (F) including basal OCR (G)
and maximal OCR (H) in db/db mice fed with fenofibrate chow
(DB-Feno) and db/db mice on regular chow (DB) (mean 6 SEM; **P ,
0.01; ***P, 0.001; ****P, 0.0001; n. 6). FCCP, carbonyl cyanide-4
(trifluoromethoxy)phenylhydrazone; RAA, rotenone and antimycin A.
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As EPCs secrete neurotrophic factors (30), the de-
creased cell number may contribute to retinal neurodegen-
eration in DR. Therefore, we examined the retinal function
in db/db mice using ERG. ERG recording showed that
amplitudes of scotopic b-wave declined in db/db mice,
whereas fenofibrate treatment partially prevented the
b-wave decline in db/db mice (Fig. 1B). Our previous re-
search showed that PPARa has an essential role in retinal
lipid metabolism (15); therefore, we used a Seahorse assay
to examine whether fenofibrate was able to prevent the
mitochondrial dysfunction in the retina of db/db mice.
Retinal mitochondrial respiration rate was decreased in
db/db mice compared with CTR mice, as shown by reduced
basal and maximal oxygen consumption rate (OCR) (Fig.
1C–E). Treatment with fenofibrate improved the retinal
mitochondrial OCR in the retina of db/dbmice (Fig. 1F–H).

Fenofibrate Treatment Normalized ECFC/CAC Number
and Mitochondrial Function in db/db Mice
To evaluate potential effects of fenofibrate on ECFC/CAC
generation and release, we quantified ECFC/CACs in the
BM and circulation of db/db mice fed with and without
fenofibrate chow (Fig. 2A). Consistent with the number
change in the retina, db/db mice showed significant
decreases of ECFC/CACs in the BM and circulation, and
fenofibrate treatment completely normalized cell numbers
in the BM (Fig. 2B and C) and blood (Fig. 2D) of db/dbmice,
suggesting that fenofibrate may ameliorate deficiency of
ECFC/CAC generation and release under diabetic condi-
tions.

In addition to the cell number, ECFC/CAC mitochon-
drial function was examined by the measurement of Dcm,
an important parameter of mitochondrial functions. Cir-
culating ECFC/CACs with JC-1 staining were measured by
FCM, as JC-1 dye exhibits potential-dependent accumu-
lation in mitochondria, indicated by a fluorescence emis-
sion shift from green (529 nm) to red (590 nm). As shown
by the red/green fluorescence intensity ratio, the percent-
age of ECFC/CACs with high Dcm decreased in db/db mice
compared with that in CTR mice (Fig. 2E), suggesting
a decline of mitochondrial function. However, administra-
tion of fenofibrate significantly increased the ECFC/CACs
with high Dcm in db/db mice, suggesting that fenofibrate
restored mitochondrial function in db/db mice (Fig. 2F).

PPARa Played an Essential Role in the Regulation of
ECFC/CAC Mitochondrial Function
To elucidate the mechanism by which PPARa regulates
ECFC/CAC number and function in vivo, we induced
diabetes in PPARa2/2 mice using STZ. As quantified
by FCM, numbers of ECFC/CAC were decreased in the
BM, circulation, and retina in diabetic WT and diabetic
PPARa2/2 mice, compared with those in nondiabetic
mice. Interestingly, ECFC/CAC numbers in the circula-
tion and retina of diabetic PPARa2/2 mice showed
a further decline compared with that in diabetic WT
mice (Fig. 3A–C).

We determined the mitochondrial function of ECFC/
CACs in diabetic conditions and the regulation role of
PPARa. The mitochondrial function of isolated ECFC/
CACs in vivo was evaluated by the percentage of cells
with high Δcm. Under diabetic conditions, the percentage
of high Δcm ECFC/CACs was decreased compared with
nondiabetic CTR mice. PPARa knockout (KO) further de-
creased Δcm in ECFC/CACs under diabetic conditions (Fig.
3D and E). Previously, our group has demonstrated that
the PPARa protein level was decreased in the retina under
diabetic conditions (31). We further examined PPARa
expression in the BM, the putative origin of ECFC/CACs.
As shown by Western blot analysis, BM PPARa levels were
significantly decreased in STZ-induced diabetic mice, com-
pared with that in nondiabetic CTR mice (Fig. 3F and G),
suggesting that the decrease of PPARa in the BM may
contribute to the decreased ECFC/CAC number and func-
tion and subsequently retinal degeneration in diabetes.

PPARa2/2 ECFCs Showed Deficient Function In Vitro
In order to investigate the mechanism by which PPARa
regulates ECFC function under diabetic conditions, we
isolated, cultured, and further treated mouse BM-
originated ECFCs with 4-hydroxynonenal (HNE) to
mimic diabetic stress in vitro. Consistent with the obser-
vations in diabetic mice, PPARa levels were reduced in
isolated ECFCs exposed to HNE (Fig. 4A and B). In vitro
tube formation from WT and PPARa2/2 ECFCs was
disrupted by HNE; however, treatment with fenofibrate
rescued the tube formation in WT ECFCs exposed to
HNE, but not in PPARa2/2 ECFCs (Fig. 4C and D),
suggesting that the protective effect of fenofibrate on
ECFCs is PPARa dependent. As shown by ECFC migration
assay (Fig. 4E and F) and BrdU incorporation assay (Fig.
4G), primary ECFCs from PPARa2/2 mice showed de-
creased migration and proliferation, respectively, com-
pared with WT ECFCs, suggesting that PPARa is essential
for ECFC proliferation and homing.

Regulation of ECFC Metabolism Profile by PPARa
The energy metabolism pattern is associated with cell fate,
especially stem cell fate (32). To determine if the PPARa
effects on ECFC cell fate and function are mediated
through the regulation of ECFC metabolism, we investi-
gated the function of PPARa in the ECFC metabolism
pattern. Using Seahorse analysis, we found that both
glycolysis and mitochondrial respiration were decreased
in primary ECFCs isolated from PPARa2/2mice compared
with those from WT mice (Fig. 5A). The stressed OCR and
extracellular acidification rate (ECAR) were also decreased
in PPARa2/2 ECFCs compared with WT ECFCs (Fig. 5A
and B), indicating that glycolytic and aerobic energy gen-
eration in PPARa2/2 ECFCs failed to increase in response
to stress challenge compared with WT ECFCs (Fig. 5A, C,
and D). This result suggested that PPARa played an
essential role in energy metabolism regulation, especially
under the stress condition.

2134 PPARa in ECFC Metabolism Diabetes Volume 68, November 2019

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/68/11/2131/524382/db181278.pdf by guest on 25 April 2024



Figure 2—Fenofibrate treatment restored ECFC/CAC number and mitochondrial function in ECFC/CACs in diabetic mice. A: Representative
FCM gating strategy for the identification of ECFC/CACs (CD341, CD452/dim, CD1331, VEGFR21) in the BM.B: Representative FCM profiles
showed ECFC/CAC number change in the BM of db/dbmice (DB), db/dbmice with fenofibrate chow for 12 weeks (DB-Feno), db/1 littermate
CTR mice, and CTR mice with fenofibrate chow (CTR-Feno). C: ECFC/CAC numbers in the BM decreased in db/db mice (DB) and were
restored by fenofibrate treatment (DB-Feno) (n5 6). D: ECFC/CAC numbers in the blood decreased in db/dbmice (DB) and were restored by
fenofibrate (DB-Feno) (n5 5). E and F: ΔCm was measured by FCM (n5 4). E: The percentage of ECFC/CACs with high ΔCm was decreased
in the circulation of db/dbmice (DB) compared with that in CTR mice (n5 4). F: Fenofibrate treatment (DB-Feno) elevated the percentage of
high ΔCm ECFC/CACs in the circulation of db/dbmice compared with db/dbmice with regular chow (DB). All values are mean6 SEM. **P,
0.01; ****P , 0.001. FSC, forward light scatter; LinA, linear forward scatter area; LinH, linear forward scatter height; SSC, side scatter.
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To further determine the role of PPARa in regulating
mitochondrial function in ECFC, we measured OCR in
isolated ECFCs using a Seahorse XF Cell Mito Stress Test
Kit. Under nondiabetic conditions, basal OCR and ATP
generation were decreased in PPARa2/2 ECFCs, com-
pared with that in WT ECFCs (Fig. 5E–G). Furthermore,
overexpression of PPARa in WT and PPARa2/2 ECFCs
using Ad-PPARa improved the ECFC mitochondrial
function, while knockdown of PPARa expression in
WT ECFCs using siRNA decreased mitochondrial func-
tion (Supplementary Fig. 2), suggesting that PPARa
directly contributes to the regulation of ECFC metabo-
lism. The diabetic stressor HNE decreased basal OCR
and ATP production in both WT and PPARa2/2 ECFCs.

However, HNE induced more prominent decreases in
OCR and ATP production in PPARa2/2 ECFCs compared
with WT ECFCs, suggesting that PPARa KO exacerbated
mitochondrial dysfunction under diabetic conditions
(Fig. 5E–G). However, PPARa KO did not change total
mitochondrial mass in ECFCs (Supplementary Fig. 3).

In addition to mitochondrial respiration, glycolysis is
another important metabolic effector to determine stem
cell fate and function. Therefore, we determined whether
PPARa is also involved in the regulation of glycolysis. The
results showed that PPARa KO alone decreased basal
ECAR, glycolytic capacity ECAR, and glycolytic reserve
ECAR, suggesting an impaired glycolytic function in ECFCs
in the absence of PPARa (Fig. 6A–D). Although HNE

Figure 3—PPARa KO decreased ECFC/CAC numbers, homing, and mitochondrial function in diabetic mice. ECFC/CAC numbers were
quantified in the BM (A), blood (B), and retina (C) of STZ-induced diabetic WT mice (STZ-WT) at 16 weeks after the onset of diabetes, their
age- and genetic background–matched nondiabetic WT mice (WT), STZ-induced diabetic PPARa2/2 mice (STZ-KO), and nondiabetic
PPARa2/2 mice (KO) (n 5 5). D and E: ΔCm of ECFC/CACs in the blood was measured by FCM, and the percentage of high ΔCm was
compared between the groups as indicated. D: Representative FCM profiles. E: The percentage of high ΔCm cells was quantified and
compared among the four groups (n5 4). Representative Western blots (F) and densitometry analyses (G) of PPARa protein levels in the BM
of WT mice and STZ-induced WT mice (mean 6 SEM; *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001). PE, phycoerythrin.
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treatment for 24 h did not affect glycolytic function in WT
ECFCs (Fig. 6E–H), it significantly decreased basal ECAR
and glycolytic reserve in PPARa2/2 ECFCs (Fig. 6I–L).

Taken together, these results demonstrated that
PPARa KO decreased mitochondrial oxidation and glyco-
lytic function of ECFCs and further exacerbated diabetic
stress–induced damage on these metabolic pathways, es-
pecially the mitochondrial function in ECFCs.

PPARa Regulated Akt Phosphorylation to Regulate
ECFC Fate and Metabolism
Accumulating evidence suggests that metabolic signaling
pathways are strongly associated with the cell cycle. In

order to elucidate the mechanism by which PPARa
regulates ECFC metabolism and cell fate, we measured
the activation of Akt signaling, a master regulator of
metabolic pathways. As shown by Western blot analysis,
phosphorylated Akt was downregulated in primary
PPARa2/2 ECFCs, compared with that in WT ECFCs.
Furthermore, PPARa2/2 ECFCs also showed reduced
levels of downstream factors of Akt signaling, such as
Nrf1, Nrf2, Sirt1, and Glut1 (Fig. 7), all of which play
important roles in major bioenergetics pathways, includ-
ing oxidative phosphorylation and glycolysis, and further
mediate stem cell proliferation and self-renewal (33–36).
Consistently, another target gene of Akt, cyclin D1, an

Figure 4—PPARa KO impaired ECFC function. Representative Western blots (A) and densitometry analyses (B) of PPARa protein levels in
primary ECFCs treatedwith HNE (10mmol/L) and ECFCs treated with vehicle (CTR).C: Representative images of in vitro tube formation inWT
ECFCs (WT) and PPARa2/2 ECFCs (KO) treated with HNE and HNE plus fenofibric acid (HNE-FA). D: Quantification of tubes formed using
ImageJ software (n5 3). E: Representativemicrographs of cell migration transwell assay forWT ECFCs (WT) andPPARa2/2 ECFCs (KO). The
cells that have migrated through the membrane were stained (red) and counted. F: Quantification of migrated cells (n 5 3). G: Cell
proliferation of ECFCs was analyzed using a BrdU incorporation and BrdU ELISA (n 5 5). All values are means 6 SEM. *P , 0.05;
***P , 0.001; ****P , 0.0001.
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important G1 checkpoint protein essential for initiation
of the cell cycle, was also downregulated in PPARa2/2

ECFCs. Taken together, these results suggest that PPARa
may regulate energy metabolic pathways in ECFCs
through Akt signaling.

DISCUSSION

It has been shown that EPC dysregulation plays important
pathogenic roles in diabetic microvascular complications
such as DR (7). There are conflicting reports with regard to

numbers of circulating EPCs in patients with diabetes
(37,38). One explanation is that different cell markers
were used in different studies; the other is that the
numbers varied during different stages of DR (18). In
nonproliferative DR (NPDR), the circulation ECFC/CAC
numbers are decreased, while in proliferative DR, the
numbers are increased, compared with patients with di-
abetes without DR (38). However, the pathogenic mech-
anisms for the dysregulation of ECFC/CAC number and
function in diabetes remain elusive. The current study

Figure 5—PPARa KO decreased ECFC mitochondrial oxidation. A: ECFC energy profile was measured and compared between WT ECFCs
(WT) and PPARa2/2 ECFCs (KO); the open square (□) represents baseline metabolism, and filled square (▪) represents stressed/maximal
metabolism. The distance between the baseline andmaximal metabolism represents metabolic potential (B), baseline and stressed OCR (C ),
and baseline and stressed ECAR (D). E and H: Representative traces of OCR of WT and KO ECFCs with and without HNE treatment
(10 mmol/L, 24 h). The injections of reagents [oligomycin, carbonyl cyanide-4 (trifluoromethoxy)phenylhydrazone (FCCP), and rotenone
and antimycin A (RAA)] during the Seahorse analysis are indicated by arrows. Basal OCR (F and I) and ATP production (G and J) (the basal
respiration that potentially supports ATP production) were calculated and compared. All values are mean6 SEM; n$ 3, *P, 0.05; **P,
0.01; ***P , 0.001. mpH, milli pH units.
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suggests that PPARa plays a key role in the regulation of
ECFC/CAC generation, release, and homing, and diabetes-
induced PPARa downregulation plays an important role in
dysregulation of ECFC/CAC number and function. Further,
our study also demonstrates for the first time that PPARa
determines ECFC/CAC fate and function through regulat-
ing their intrinsic metabolic profile. This study suggests
that PPARa in ECFC/CACs is a promising therapeutic
target for normalizing vascular repair and regeneration
in diabetic conditions, especially in NPDR.

As a type of progenitor cells, ECFCs display two basic
characteristics: self-renewal and differentiation (39,40).
Self-renewal of ECFCs is essential for maintaining the
cell population and stemness, and differentiation refers
to cell potency (41). Self-renewal relies more on glycol-
ysis, while differentiation mainly uses mitochondrial
oxidative phosphorylation as the metabolism energy
source (42,43). In our previous study, we found that

PPARa KO exacerbates retinal vascular leakage and
capillary degeneration under diabetic conditions
(31,44). We speculated that ECFC/CAC bioenergetic
metabolism might be directly regulated by PPARa,
which functions as the nexus of cell maintenance (num-
ber change) and repair functions. Hence, we focused
on the role of PPARa in the metabolic regulation in
ECFC/CACs.

In the current study, we found that ECFC/CACs lose the
capacity of maintaining their population in diabetic con-
ditions, not only in the target tissue (retina), but also in the
BM and circulation. Consistent with the in vivo results,
PPARa deletion exacerbated diabetes stress-induced de-
ficiency in ECFC proliferation and migration. Activation of
PPARa using fenofibrate ameliorated the ECFC/CAC pop-
ulation decline in diabetic mice and improved ECFC mi-
gration function under diabetic stress. The effect of
fenofibrate on ECFC tube formation was abolished by

Figure 6—PPARa KO decreased ECFC glycolysis. A: Injections of reagents (glucose, oligomycin, and 2-deoxyglucose [2-DG]) during
Seahorse analysis are indicated by arrows, and their effects on the average ECAR trace were measured in the bioenergetic profile in WT
ECFCs (WT) and PPARa2/2 ECFCs (KO). Glycolysis (B), glycolytic capacity (C), and glycolytic reserve (D) were calculated and compared
under nondiabetic conditions. E: Representative traces identifying the ECAR of WT ECFCs without (WT) and with HNE treatment (HNE)
(10 mmol/L, 24 h). Glycolysis (F ), glycolytic capacity (G), and glycolytic reserve (H) were calculated and compared. I: Representative traces
identifying the ECAR of PPARa2/2 ECFCs with (HNE-KO) and without (KO) HNE treatment (10 mmol/L, 24 h). Glycolysis (J), glycolytic
capacity (K), and glycolytic reserve (L) were calculated and compared under diabetic stress. All values are mean 6 SEM; n $ 3. *P , 0.05;
**P , 0.01; ***P , 0.001. mpH, milli pH units.
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PPARa ablation, suggesting that the effect of fenofibrate
on ECFCs is PPARa dependent.

Previously, we reported that PPARa expression levels
decreased in the retinas of patients with diabetes and
diabetic animal models (31). The current study demon-
strates that PPARa levels are also downregulated in the
BM in a diabetic animal model, correlating with the ECFC/
CAC population decline in the BM and blood. Further,
diabetic stress also downregulated PPARa expression in
isolated ECFCs. Because of the function of ECFC/CACs in
repairing microvasculature and maintaining vascular in-
tegrity, the protective effects of PPARa on ECFC/CACs
may explain our previous finding that PPARa activation
alleviates the capillary degeneration in the retina of a di-
abetic model (44).

In addition to vasculogenesis, EPCs also produce neuro-
trophic factors and thus confer neuroprotective functions
(45). Our previous studies reported neuroprotective
effects of fenofibrate in a type 1 diabetic animal model
(25). Consistently, the current study showed that fenofi-
brate also alleviated ERG decline in type 2 diabetic mice,
suggesting a protective effect on retinal function. The ERG
results correlated with the effect of fenofibrate on ECFC/
CAC number, suggesting that the neuroprotective effects
of fenofibrate in diabetes may be mediated, at least in part,
through normalizing ECFC/CAC number and function.

As PPARa functions as an important regulator of cell
bioenergetics, this study also investigated if PPARa di-
rectly determines ECFC fate under stress or disease con-
ditions. Indeed, Seahorse analysis showed that PPARa2/2

ECFCs are more quiescent in normal conditions due to less
energy usage (glycolysis and FAO). In response to stress,
WT ECFCs elevated the OCR and ECAR by ;100%, while
PPARa2/2 ECFCs only attained a ;25% increase. These
findings suggest that PPARa2/2 ECFCs have the tendency
to remain quiescent and less responsive to external stress,
suggesting that the activation of the bioenergetics pathway
in response to stress is likely through a PPARa-dependent
mechanism.

Cell-intrinsic networks coordinate with signals from the
microenvironment to harmonize the self-renewal capacity
of stem cells and to maintain homeostasis and activity
(46). Most stem cells heavily rely on glycolysis for self-
renewal (47) and on FAO for differentiation (42,43). Our
results demonstrated that in a diabetic mouse model, the
mitochondria of ECFC/CACs showed a decreased ΔCm,
indicating reduced mitochondrial oxidation in vivo. Fur-
ther, fenofibrate upregulated ΔCm in diabetes, while de-
letion of PPARa exacerbated the ΔCm decline in ECFC/
CACs under diabetes stress. Our hypothesis is also sup-
ported by Seahorse analysis, which showed that not only
b-oxidation but also glycolysis is downregulated in
PPARa2/2 ECFCs. This finding clearly demonstrates
that PPARa is essential for b-oxidation and glycolysis
and facilitates both cell self-renewal and differentiation.
In the absence of PPARa, our results suggest that ECFCs
remain in a more quiescent state under diabetic condi-
tions. Previous studies showed that quiescent stem cells
prefer to stay in the stem cell niche (48) with a decreased
homing capacity. This finding is consistent with our

Figure 7—PPARa KO decreased Akt activation in ECFCs. A–G: Western blot analysis of phosphorylated Akt (pAkt), total Akt, Nrf1, Glut1,
cyclin D1, Nrf2, and Sirt1 in primary ECFCs fromPPARa2/2 (KO) andWTmice; b-actin was used as loading control.H: Densitometry analysis
of protein levels in the Western blots (mean 6 SEM; n 5 3; *P , 0.05; **P , 0.01).
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observation that ECFC/CAC numbers decreased in the
circulation and retina in PPARa2/2 mice, but not in the
BM. Further, activation and upregulation of PPARa by
fenofibrate increased ECFC/CACs in the blood and retina
of diabetic mice. All of these results indicate that PPARa is
mainly involved in the regulation of ECFC/CAC homing
rather than biogenesis. In vitro, the reduced homing
capability of PPARa2/2 ECFCs was demonstrated by their
impaired migration function, and decreased differentia-
tion under diabetic conditions was further confirmed by
the damaged tube formation.

The Akt pathway has shown protective effects on EPC
function in diabetic conditions (49,50). To elucidate the
mechanism mediating the effect of PPARa on ECFC me-
tabolism, we measured activation of Akt signaling.
PPARa2/2 ECFCs showed a significantly decreased phos-
phorylation of Akt, suggesting an impaired activity of the
Akt signaling pathway. Consequently, decreased Akt ac-
tivity in PPARa2/2 ECFCs resulted in downregulations of
a number of Akt downstream responses, such as Nrf2,
Nrf1, Sirt1, Glut1, and cyclin D1, etc. All of these down-
stream factors are actively involved in the regulation of cell
survival, proliferation, migration, and differentiation.
Nrf2 further regulates the Sirt1 signal pathway to de-
termine human mesenchymal stem cell self-renewal and
differentiation (51). Sirt1 is also involved in the regulation
of rejuvenation by regulating senescence-associated secre-
tory products (52). Akt activation can also induce the
expression of mitochondrial regulator Nrf1 (53), which
shares high similarities in structure and function with
Nrf2. Glut1 is essential for endothelial cell glucose uptake,
which is regulated by the Akt pathway (54). Cyclin D1 is an
intrinsic cell cycle checkpoint protein, which can be acti-
vated by the Akt pathway (55) and promote cell prolifer-
ation (56). Taken together, changed expressions of these
Akt target genes highlight an association among PPARa
levels, cell metabolism, and cell cycle, at least in ECFCs.

In summary, the current study elucidated a new mo-
lecular mechanism by which PPARa regulates ECFC/CAC
cell fate and function through directly mediated bioener-
getics metabolism via the Akt signaling pathway, especially
under diabetic conditions. These findings shed light on
new strategies for the treatment of diabetic complications,
especially in retinal vascular degeneration in NPDR.
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