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Irisin Increased the Number and Improved the Function of
Endothelial Progenitor Cells in Diabetes Mellitus Mice
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Abstract: The dysfunction of endothelial progenitor cells (EPCs)
was found to be associated with vascular complications in diabetes
mellitus (DM) patients. Previous studies found that regular exercise
could improve the function of EPCs in DM patients, but the
underling mechanism was unclear. Irisin, a newly identified
myokine, was induced by exercise and has been demonstrated to
mediate some of the positive effects of exercise. In this study, we
hypothesize that irisin may have direct effects on EPC function in
DM mice. These data showed for the first time that irisin increased
the number of EPCs in peripheral blood of DM mice and improved
the function of EPCs derived from DM mice bone marrow. The
mechanism for the effect of irisin is related to the PI3K/Akt/eNOS
pathway. Furthermore, irisin was demonstrated to improve endothe-
lial repair in DM mice that received EPC transplants after carotid
artery injury. The results of this study indicate a novel effect of irisin
in regulating the number and function of EPCs via the PI3K/Akt/
eNOS pathway, suggesting a potential for the administration of
exogenous irisin as a succedaneum to improve EPC function in
diabetic patients who fail to achieve such improvements through
regular exercise.
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INTRODUCTION

Endothelial progenitor cells (EPCs) are a pool of circu-
lating bone marrow—derived progenitor cells' that display the
potential for endothelial repair’® and neovascularization.' Unfor-
tunately, reduced number and function of EPCs are prevalent in
patients with diabetes mellitus (DM).*> As an association
between endothelial dysfunction and vascular complications in
DM is well established, several studies have tried to restore the
dysfunction of EPCs mediated by DM. For example, in patients
with type 1 DM, the restoration of normoglycemia by islet trans-
plantation improved EPC number and function effectively.®
Insulin increased EPC colony forming units and tube formation
in vitro’ and increased the number of EPCs in type 2 DM
patients.®> Metformin,” sulfonylureas,'® and thiazolidinediones''
also increased circulating EPCs in patients with type 2 DM.

Although previous data from experimental and clinical
studies suggested that therapies designed to control hyperglyce-
mia play a role in improving EPC function, the efficiency of these
therapies was not satisfactory. More importantly, whether these
therapies can prevent microvascular and macrovascular compli-
cations in DM is also unknown. Thus, it is necessary to further
elucidate the mechanism of EPC dysfunction in DM patients and
find a more effective therapeutic and preventive strategy to
prevent microvascular and macrovascular complications.

Irisin, a proteolytic hormone derivative of the fibronectin
type III domain containing 5 (frdc5) gene, is a newly discov-
ered hormone secreted by myocytes.'? Irisin is induced by
exercise and has been demonstrated to stimulate the browning
of white adipocytes and thermogenesis.'* Thus, irisin has been
proposed to be a bridge between exercise and metabolic
homeostasis. In a previous study, it was reported that overex-
pression of irisin increased glucose tolerance and alleviated
insulin resistance in high fat-fed mice.'? In type 2 DM patients,
serum irisin was found to be negatively associated with hyper-
glycemia,'* and the level of serum irisin in type 2 DM patients
was lower than in the nondiabetic population.'> More interest-
ingly, in addition to the regulatory effects on fat and glucose
metabolism, irisin demonstrated the potential to promote mouse
H19-7 HN cell'® and human endothelial cell'’ proliferation.
These data suggest that irisin can exert a pro-proliferation effect
in addition to its role in regulating metabolic homeostasis.
However, the role of irisin in regulating EPCs in DM is unclear.

In this study, we treated DM mice with human recombi-
nant irisin to observe its effects on EPC number. Furthermore,
we treated EPCs isolated from DM mice with irisin to observe
its effects on EPC function, and the possible signaling
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mechanisms were characterized. EPCs were transplanted into
a mouse carotid artery injury model to determine whether irisin
might improve the endothelial repair function of EPCs.

MATERIALS AND METHODS

Animal Care and Treatment

A total of 60 male C57/BL6 mice (4 weeks old; 13—15 g;
purchased from Daping Hospital, Third Military Medical Uni-
versity) were selected at random. The mice were raised with free
access to food and water and exposed to a 12-hour day/night
cycle. Mice were randomly divided into 4 equal groups (n = 15
per group): the normal control group (NC), the normal control +
irisin group (NC-irisin), the diabetic mellitus group (DM), and
the diabetic mellitus + irisin group (DM-irisin). The NC group
mice received a normal diet. The DM model mice were induced
by intraperitoneal injection of streptozotocin (35 mg/kg body
weight; Sigma) followed by feeding with a high-fat diet (HFD)
for 8 weeks. The HFD consisted of 20% protein, 45% fat,
and 35% carbohydrates, as a percentage of total calories (Med-
icience, Yangzhou, China). The DM model was confirmed by
serum glucose and triglyceride (TG) levels. The NC-irisin and
DM-irisin groups were then intraperitoneally injected with irisin
(0.5 mg/kg body weight; Phoenix Pharmaceuticals) once a day
for 8 weeks. The NC and DM groups were intraperitoneally
injected with an equivalent volume of sterile phosphate-
buffered saline. At the end of the treatment, the mice were
killed after anesthesia, and blood samples were collected for
analysis of the EPCs and serum parameters. All animal experi-
ments were approved by the Experimental Animal Ethics Com-
mittees of the PLA Kunming General Hospital, and the
investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication 85-23, revised 1996).

Analysis of Blood Parameters

After 8 weeks, the mice were euthanized with pento-
barbital. Blood samples were collected. Plasma glucose levels
were measured using the glucose oxidase method, and serum
lipid profiles, including total cholesterol, TG, and low-density
lipoprotein, were measured using an enzymatic assay (Roche,
Darmstadt, Germany). Serum levels of irisin were measured
using an ELISA kit (Phoenix Pharmaceuticals).

Quantification of Circulating EPCs by Flow
Cytometry

The frequencies of EPCs were analyzed by fluorescence
activated cell sorting in freshly collected whole blood samples.
The total white blood cell number was determined using
a hematology analyzer (Mindray BC-5000) according to the
manufacturer’s instructions. EPCs were detected using antibodies
directed against Sca-1 (BioLegend, San Diego, CA) and Flk-1
(BioLegend). EPCs were double positive for Sca-1 and Flk-1.'%

Culture and Treatment of Bone
Marrow-Derived EPCs

Bone marrow—derived EPCs were cultured as previ-
ously described.! In brief, after killing the mice, bone
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marrow was isolated from the femurs and tibias and sub-
jected to density gradient centrifugation to isolate mononu-
clear cells. The mononuclear cells were plated on
fibronectin-coated flasks and plates. EGM-2 MV bullet Kit
medium (Lonza, Switzerland) supplemented with 5% fetal
bovine serum, recombinant human (rh) EGF, rhFGF-B,
rhVEGF, rhIGF-1, ascorbic acid, and heparin was used to
culture the EPCs. The cells that were double positive for
Dil-labeled acetylated low-density lipoprotein (Molecule
Probe) and Ulex europaeus agglutinin-1 (UEA-1) (Sigma)
by direct fluorescent staining were identified as EPCs.
The cultured cells isolated from DM mice were incubated
with human recombinant irisin (100 ng/mL; Phoenix Phar-
maceuticals). In another set of experiments, EPCs were
incubated with irisin and NG-nitro-L-arginine methyl ester
(L-NAME, 0.1 mM; Sigma).

EPC Proliferation and Migration Assay
5-Bromo-2-deoxyUridine (BrdU) incorporation was
used to assess EPC proliferative activity according to the
manufacturer’s instructions. In brief, cells were incubated with
fluorescein isothiocyanate-labeled BrdU (10 mM; Sigma) for
24 hours. Then, the cells were fixed with 4% paraformaldehyde
followed by 4, 6-diamidino-2-phenylindole (DAPI) staining.
The cells positive for fluorescein isothiocyanate and DAPI
were photographed by fluorescence microscopy. Pictures were
analyzed with Image J software, and the proliferative ratio =
BrdU-positive cells/DAPI-positive cells x 100%.

The migration of EPCs was assessed using a modified
Boyden chamber assay. In brief, EPCs were resuspended in
serum-free medium, and the cells (5 x 10%) were placed in the
upper chamber; the lower chamber contained medium with
5% fetal bovine serum and vascular endothelial growth factor
(20 ng/mL). After incubation for 12 hours, the upper side of
the membrane was collected, wiped with a cotton swab, and
fixed with 4% paraformaldehyde, and crystal violet was used
to stain the cells. The pigmenting cells, which represented the
migrating cells, were counted in 6 random fields (x400) under
a microscope.

Western Blot Analysis

To analyze the phospho-eNOS and phospho-Akt
levels, EPCs were incubated with irisin (100 ng/mL) for
different periods (0, 5, 10, 15, 30 minutes) with or without
PI 3-kinase (PI3K) inhibitor (LY-294002, 1 wM; Sigma).
Total protein was extracted from cultured EPCs after treat-
ment as described above by cell lysis buffer (Beyotime,
Shanghai, China) supplemented with 0.5 mM Phenylmetha-
nesulfonyl fluoride and 2 mM sodium orthovanadate.
Protein concentration was assayed using the BCA analysis
kit (Beyotime). Equal amounts of proteins (30—40 pg) were
subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and then transferred onto polyvinylidene
fluoride membranes. After blocking with 5% BSA, the mem-
branes were probed with specific antibodies against eNOS,
p-eNOS (Ser''77), Akt, p-Akt (Ser*”3) (Cell Signaling), and
[B-actin (Beyotime). Bands were scanned and analyzed using
the ImageQuant TL system.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 1. Body Weight and Blood Parameters of Mice in Different Groups

Group NC NC-Irisin DM DM-Irisin
Body weight (g) 272 + 1.6 25.6 + 1.9 36.7 = 2.4* 30.3 = 2.17
TG (mg/dL) 286.4 + 20.6 2674 + 237 375.3 = 22.3% 3084 = 11.21
Total cholesterol (mg/dL) 462.7 £ 78.2 423.7 £ 81.6 638.9 £ 98.7* 550.4 = 102.3}
LDL (mg/dL) 367.2 = 74.2 342.8 = 89.5 569.5 = 98.7* 412.6 £ 95.3F
Glucose (mg/mL) 85.6 = 6.2 834 + 6.1 98.2 * 6.8* 89.7 = 7.4%
Irisin (ng/mL) 374 =42 72.3 + 6.5% 30.7 = 3.5% 68.5 = 5.37

Data are shown as mean = SD; n = 10 mice in each group.

*P < 0.05 versus NC group.

TP < 0.01 versus DM group.
Carotid Artery Injury and EPC Transplant RESULTS
Model - . .

. . . Irisin Increased the Number of Circulating
The carotid artery injury model was established

as described previously.' In brief, DM mice were anesthetized
by intraperitoneal administration of 50 mg/kg of pentobarbital. A
midline incision of the ventral side of the neck was made, and the
left carotid artery was exposed. The proximal side of the common
carotid artery and distal side of the internal and external carotid
artery were temporarily ligatured. A flexible 0.014” PTCA guide
wire (Abbott Vascular) was curved, introduced to the proximal
side of the right site of the external carotid artery, and passed 3
times along the common carotid artery in a rotating manner. After
removal of the wire, the proximal ligature of the external carotid
artery was tied off, and the skin was closed. The mice were then
divided to 3 groups: DM mice transplanted with EPCs (5 x 103/
mL, 1 mL) isolated from NC mice (NC-EPCs), DM mice trans-
planted with EPCs (5 x 103%/mL, 1 mL) isolated from DM mice
(DM-EPCs), and DM mice transplanted with EPCs (5 x 103/mL,
1 mL) isolated from DM mice and injection with irisin (0.5 mg/
kg body weight) (DM-EPCs + irisin). Animals were euthanized 2
weeks after the induction of carotid artery injury.

Assessment of Endothelial Repair

The whole-mount carotid arteries of mice were collected
2 weeks after carotid artery injury. Re-endothelialization was
assessed by staining the artery with 0.5% Evans blue dye
(Sigma) as described previously.”® The areas of Evans
blue staining represented the nonendothelialized artery. Pic-
tures were photographed using a digital camera and analyzed
using the Imagel] software. For the neointimal thickening
assessment, cross sections of artery underwent hematoxylin
and eosin staining, and the sections were photographed under
a Nikon E600 microscope. The medial area, neointimal area,
and neointima/media ratio of 6 sections per mouse were ana-
lyzed using the ImagePro-Plus software.

Statistical Analysis

All data were presented as the means = SE. SPSS
16.0 was used for statistical analysis. Intergroup compar-
isons were performed by 1-way analysis of variance
accompanied by the post hoc Tukey’s test. Comparisons
between 2 treatment groups were analyzed by Student’s
t test. Probability values of P < 0.05 were considered
statistically significant.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

EPCs in DM Mice

After feeding with HFD for 8 weeks, mice in the DM
group exhibited decreased serum irisin levels and increased
body weight, serum TG levels, and plasma glucose levels
compared with the NC group (P < 0.05). Treatment with
recombinant irisin increased the serum irisin levels in both
NC-irisin and DM-irisin mice (P < 0.01). In DM-irisin mice,
the body weight, serum TG level, and plasma glucose level
were significantly lower than those in DM mice (P < 0.05).
However, there were no significant differences in these
parameters between the NC and NC-irisin groups (Table 1).

Based on a previous study, the cells double positive for
Sca-1 and Flk-1 were recognized as EPCs (Sca-1"Flk-
1"EPCs) in peripheral blood in this study. As shown in Figure
1, the number of Sca-1"Flk-1" EPCs was significantly lower
in DM mice than in NC mice (P < 0.05). The level of Sca-
1*Flk-1" EPCs was increased slightly in the peripheral blood
of mice in the NC-irisin group but increased robustly in the
DM-irisin group (P < 0.05).
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FIGURE 1. Irisin increased the number of Sca-1+FIk-1+ EPCs in
DM mice. In DM mice, the number of Sca-1*Flk-1* EPCs in
peripheral blood was reduced significantly compared with NC
mice. Treatment with irisin increased the number of Sca-1+Flk-1+
EPCs significantly in DM mice. *P < 0.05 versus NC group,
**P < 0.05 versus DM group (n = 6 in each group).
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FIGURE 2. Irisin improved the pro- 60~
liferative and migratory capacities of
bone marrow-derived EPCs. Both
proliferation (A) and migration (B)
were decreased in EPCs derived from
DM mice compared with NC mice.
Irisin slightly increased the proliferation
and migration of EPCs derived from
NC mice but significantly increased the
values for EPCs derived from DM mice.
The effect of irisin on proliferation and

Proliferation Ratio(%)

migration can be inhibited by L-NAME. Irisin

*P < 0.05 versus NC group, **P < . NANIE
0.05 versus DM group. Cells were B
harvested from 3 mice in each group. A

Irisin Improves Proliferation and Migration of
Bone Marrow-derived EPCs in DM Mice

The change of Sca-1*Flk-1* EPC level in the peripheral
blood suggested that irisin might improve EPC mobilization
or proliferation in DM mice. Thus, in this part, the effects of
irisin on the proliferation and migration of bone marrow—
derived EPCs were examined. As shown in Figure 2, the
proliferation of EPCs isolated from DM mice decreased by
26% (P < 0.05), and the migration of EPCs decreased by
32% (P < 0.05) compared with NC mice. In cells isolated
from control mice, after incubation with irisin, the prolifera-
tion and migration only increased slightly. However, in cells
isolated from DM mice, the proliferation and migration
increased robustly (proliferation increased by 50.3% and
migration by 60.8%, P < 0.05). The effect of irisin on pro-
liferation and migration can be diminished by the eNOS
inhibitor L-NAME (Fig. 2). These results suggested that the
effect of irisin in promoting the proliferation and migration of

1.5q

eNOS 140kDa

PONOS  m— e — —

(fold change)

eNOS protein expression

Control DM

DM+Irisin

A B

B3 control B3 control
DM 601 DM
o
o
T
8
°
L
s
5
2
=
Irisin
+ L-NAME - - +

EPCs in DM mice might operate through the regulation of
eNOS.

Irisin Increased eNOS Expression and
Phosphorylation of EPCs in Part by PI3K/Akt
Pathway

Previous studies revealed that eNOS played a critical role
in regulating EPC function, and our results above suggested
that eNOS might be the critical medium between irisin and
EPC function. Thus, in this part, the effect of irisin on eNOS
was observed. After incubation with irisin, the expression of
eNOS protein in EPCs isolated from DM mice was signif-
icantly increased (Fig. 3A). The phosphorylation of eNOS at
Ser1177 also increased after incubation with irisin (Fig. 3B), as
did the phosphorylation at Ser473 of Akt, the upstream enzyme
of eNOS. Given that Akt is activated by PI3K, the PI3K inhib-
itor (LY-294002) was used and was shown to inhibit irisin-
induced eNOS and Akt phosphorylation (Fig. 3B). These

Irisin Irisin+LY-294002

NOS WD D S  —

0 5 10 15 30 0 5 10 15 30 Time (min)

140kDa

— - - - - 140kDa

Irisin Irisin+LY-294002

0 5 10 15 30 0 5 10 15 30 Time (min)

— 60kDa

12, E@ Irisin
Irisin+LY-294002

0 5 10 15 30

Time(min) Time(min)

FIGURE 3. Irisin increased the expression of EPCs and induced the phosphorylation of eNOS through the PI3K/Akt pathway. A,
Expression of eNOS protein was decreased in EPCs derived from DM compared with NC mice, and treatment with irisin increased
eNOS expression in DM mice. *P < 0.05 versus NC group, **P < 0.05 versus DM group (n = 3). B, Representative Western blots
for p-eNOS and p-Akt from EPCs stimulated with irisin alone and with irisin following incubation with the PI3K inhibitor
LY-294002 for 30 minutes. Irisin induced the phosphorylation of eNOS and Akt, and these effects can be inhibited by LY-294002.
*P < 0.05 versus control group (n = 3).
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FIGURE 4. Irisin improved endothelial repair in DM mice. A, Evans blue staining represented re-endothelialization in DM mice
transplanted with EPCs after carotid artery injury. Quantification of re-endothelialization area showed that re-endothelialization
was decreased in mice transplanted with DM-EPCs compared with NC-EPCs, and irisin improved re-endothelialization in mice
transplanted with DM-EPCs. *P < 0.05 versus NC-EPCs, **P < 0.05 versus DM-EPCs (n = 3). B, Irisin prevents neointima
formation. Representative hematoxylin and eosin staining of the carotid artery of mice transplanted with EPCs after carotid artery
injury. Quantitative morphometry showed that the neointima area and the neointima/media ratio were higher in mice
transplanted with DM-EPCs compared with NC-EPCs, and treatment with irisin inhibited the formation of neointima in mice
transplanted with DM-EPCs. *P < 0.05 versus NC-EPCs, **P < 0.05 versus DM-EPCs; 6 sections per mouse, 3 arteries harvested
from 3 mice in each group.
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results suggested that irisin could regulate EPC function
through the PI3K/Akt/eNOS pathway.

Irisin Promoted the Endothelial Repair of
EPCs in DM Mice

In whole-mount carotid arteries, Evans blue staining
indicated that the re-endothelialization was decreased in mice
transplanted with EPCs isolated from DM mice compared
with mice transplanted with EPCs isolated from NC mice
(P < 0.05). However, treatment with irisin improved re-
endothelialization in mice transplanted with EPCs isolated
from DM mice (P < 0.05) (Fig. 4A). Accordingly, the for-
mation of neointima was increased in mice transplanted with
EPCs isolated from DM mice compared with mice trans-
planted with EPCs isolated from NC mice (P < 0.05), and
irisin significantly decreased the formation of neointima in
mice transplanted with EPCs isolated from DM mice (P <
0.05) (Fig. 4B). These results suggested that irisin improved
the endothelial repair function of EPCs in DM mice.

DISCUSSION

Endothelial dysfunction is the initial factor of vascular
disease; to improve the function of endothelial lining is
critical for slowing or reversing the progression of vascular
disease. Previous studies suggest that EPCs can restore the
damaged endothelial lining.***'*** Reduced number and
availability of EPCs are responsible for the occurrence of
endothelial dysfunction and vascular complications in some
chronic diseases, such as diabetes. The present study in DM
mice also showed the reduced number and deficient function
of EPCs, which is consistent with the previous studies.**'®
Although the dysfunction of EPCs was found to be associated
with vascular complications in diabetic patients,” there re-
mained few efficient treatment strategies for this problem.
Previous studies found that regular exercise could improve
the function of EPCs.?**** However, no data showed the direct
link between exercise and EPC function. Irisin, a newly iden-
tified hormone secreted by myocytes, has been demonstrated
to mediate some of the positive effects of exercise. In this
study, we hypothesize that irisin might have direct effects on
EPC function in DM mice. These data showed the first evi-
dence that irisin increased the number of EPCs in the periph-
eral blood of DM mice. Irisin also increased the number of
EPCs in normal mice, although with lower efficiency. This
difference may contribute to the complications of the effect of
irisin. We speculated in vivo that, irisin not only regulates the
number of EPCs directly but may also act indirectly through
regulating the glucose and TG metabolism.

In DM patients and animals, not only the number of
EPCs was decreased but the function of EPCs was also found
to be deficient.'®* Thus, we observed the effect of irisin on
the function of EPCs. The presented data showed that irisin
improved the proliferative and migratory capacities of EPCs
derived from DM mouse bone marrow in vitro. In vivo, irisin
improved endothelial repairing in DM mice, which were
transplanted with EPCs. These results suggested that irisin
has the direct effect on EPCs’ proliferation and migration.
Most important is that irisin may have the effect on
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endothelial repairing by improving EPCs’ function or the
other mechanisms.

Previous studies showed that eNOS was the key
regulator involved in the proliferation and migration of EPCs?®;
thus, we investigated the effect of irisin on eNOS and found the
effect of irisin on EPCs was eNOS dependently and irisin
regulated the expression of eNOS. Given that phosphorylation
of Ser1177 by Akt is critical for activation of eNOS, we inves-
tigated the effects of irisin in this regard. The data show that
irisin can increase the phosphorylation of Ser1177 and Akt of
EPCs. Furthermore, inhibition of PI3K by LY-294002 can
inhibit irisin-induced phosphorylation of eNOS and Akt, indi-
cating that irisin participate in the activation of the PI3K/Akt
pathway. Interestingly, recent study by Han et al*’ found that
irisin can induce eNOS phosphorylation via AMPK/Akt path-
way in HUVECs, whereas Song et al'’” found that irisin can
effectively promote HUVECs proliferation by activating the
ERK signaling pathway rather than Akt pathway. The different
signaling pathway activated by irisin may attribute to the dif-
ferent cell types. In addition, the specific receptor of irisin and
the exact mechanism of interaction between irisin and cells
were unclear; thus, the signaling pathway activated by irisin
maybe multicomponent.

In conclusion, this study found that irisin improved EPC
number and function in DM mice. The mechanism for the
effect of irisin is related to the PI3K/Akt/eNOS pathway. This
result suggests a potential for the administration of exogenous
irisin as a succedaneum to improve EPC function for diabetic
patients who fail to improve through regular exercise.
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