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Abstract

Diabetic vascular complications are closely associated with long-term vascular dys-
function and poor neovascularization. Endothelial progenitor cells (EPCs) play pivotal
roles in maintaining vascular homeostasis and triggering angiogenesis, and EPC dys-
function contributes to defective angiogenesis and resultant diabetic vascular com-
plications. Fibroblast growth factor 21 (FGF21) has received substantial attention as
a potential therapeutic agent for diabetes via regulating glucose and lipid metabolism.
However, the effects of FGF21 on diabetic vascular complications remain unclear. In
the present study, the in vivo results showed that FGF21 efficiently improved blood
perfusion and ischaemic angiogenesis in both type 1 and type 2 diabetic mice, and
these effects were accompanied by enhanced EPC mobilization and infiltration into
ischaemic muscle tissues and increases in plasma stromal cell-derived factor-1 con-
centration. The in vitro results revealed that FGF21 directly prevented EPC damage
induced by high glucose, and the mechanistic studies demonstrated that nicotinamide
adenine dinucleotide (NAD") was dramatically decreased in EPCs challenged with
high glucose, whereas FGF21 treatment significantly increased NAD" content in an

AMPK-dependent manner, resulting in improved angiogenic capability of EPCs. These

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

J Cell Mol Med. 2021;25:3091-3102.

wileyonlinelibrary.com/journal/jcmm 3091


www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0002-2315-6871
https://orcid.org/0000-0002-3717-7665
https://orcid.org/0000-0001-7747-9951
mailto:﻿
mailto:﻿
https://orcid.org/0000-0001-9113-5274
http://creativecommons.org/licenses/by/4.0/
mailto:yanxiaoqing1128@163.com
mailto:ty1791561@126.com

DAI ET AL.

3092
—I—Wl LEY

Wenzhou City, Grant/Award Number:
Y20160082

KEYWORDS

1 | INTRODUCTION

In parallel with the prevalence of the diabetes pandemic, diabetic
vascular complications occur in the majority of patients. Most of the
complications caused by diabetes are closely associated with long-
term vascular dysfunction and/or poor neovascularization®; therefore,
promoting angiogenesis is considered a potential therapeutic strategy.
Endothelial progenitor cells (EPCs) are the precursors of endothelial
cells and contribute to vascular homeostasis and compensatory an-
giogenesis.> However, the number of EPCs in diabetic patients is
decreased, and diabetic EPCs display functional impairment, such as
reduced proliferation, adhesion, migration, and incorporation into tu-
bular structures.® Therefore, efficient therapeutic strategies that can
simultaneously promote EPC mobilization and improve EPC function
with pharmacological agents are urgently needed for the treatment of
diabetic patients with vascular complications.

Fibroblast growth factor 21 (FGF21) is a paracrine member of
the FGF family that is able to regulate glucose and lipid metabolism.*
FGF21 stimulates glucose uptake by adipocytes® and up-regulates
thermogenic activity.® FGF21 can also promote lipolysis in adipo-
cytes in response to starvation’ and enhance the expression and
secretion of adiponectin from adipocytes, which further improves
fatty acid oxidation and lipid clearance in the liver and skeletal
muscle.® In addition, FGF21 has insulin-sensitizing ability® and can
ameliorate glucose tolerance’ by reducing glucose production in he-
patocytes and stimulating glucose uptake in adipocytes. Moreover,
FGF21 does not induce mitogenicity, hypoglycaemia or weight gain
at any dose tested preliminarily in diabetic or healthy animals or
when overexpressed in transgenic mice.1° Considering its multiple
metabolic benefits, a large number of clinical trials have been regis-
tered to evaluate the therapeutic efficacy of several human FGF21
analogues for the treatments of type 2 diabetes (T2DM), dyslipidae-
mia and non-alcoholic fatty liver disease (NAFLD).*

FGF21 also showed potential for treating cardiovascular compli-
cations of diabetes. Our previous study demonstrated that FGF21-
knockout (FGF21-KO) mice are more prone to develop diabetic
cardiomyopathy,'? which can be reversed by the administration of
recombinant human FGF21.1® Moreover, Lin and coIIeagues14 found
that FGF21 can prevent atherosclerosis, and our previous study
showed that FGF21 deletion aggravates diabetes-induced patho-
genic changes in the aorta.'®> However, the effect of FGF21 on di-
abetic ischaemic angiogenesis has not been characterized. In the
present study, we investigated the therapeutic effects of FGF21 on
ischaemic angiogenesis and blood reperfusion under diabetic condi-

tions and uncovered the underlying mechanisms.

results indicate that FGF21 promotes ischaemic angiogenesis and the angiogenic abil-
ity of EPCs under diabetic conditions by activating the AMPK/NAD™ pathway.

AMPK, diabetes, endothelial progenitor cells, fibroblast growth factor 21, NAD*

2 | MATERIALS AND METHODS
2.1 | Animals

Type 1 and type 2 diabetic mouse models were used in the present
study. To induce a type 1 diabetes (TIDM) model, male C57BL/6
mice (GemPharmatech) aged 8-10 weeks received multiple low-dose
streptozotocin (STZ; Sigma) via intraperitoneal injection (50 mg/kg
body weight, once daily for 5 consecutive days). Mice with blood
glucose >13.8 mmol/L on the 7th day after the last injection were
considered to be TIDM models, and then, these mice were main-
tained for 2 more months before receiving hind limb ischaemia (HLI)
surgery. Three-month-old male db/db mice (GemPharmatech) were
used as the T2DM models. All animal procedures were approved
by the Animal Policy and Welfare Committee of Wenzhou Medical
University.

2.2 | HLI models and FGF21 administration

Both T1IDM and T2DM mice were randomly assigned into two
groups, the control group and the FGF21 group (n = 10-15/group),
and received HLI surgery as described in our previous study.’ In
brief, after sufficient anaesthesia with isoflurane, the right hind limb
was dissected. The superficial femoral artery was double-ligated
with 6-0 silk sutures, cut off and excised with an electrical coagula-
tor (Fine Science Tools). Then, the overlying skin was closed with 4-0
silk sutures. The FGF21 group was pre-treated with FGF21 (0.5 mg/
kg, daily) via intraperitoneal injection for 2 days before HLI surgery
and continually treated with FGF21 for an additional 3 or 28 days
after surgery until the mice were killed. The mice in the control group
were treated with vehicle phosphate-buffered saline (PBS). Four
mice from each group were killed at 3rd day after surgery, and the
remaining mice were killed at 28th day after surgery. Blood and gas-
trocnemius muscle samples were collected for further assays.

2.3 | Blood flow perfusion imaging

Blood flow perfusion was measured before surgery and at days O, 3,
7 14, 21, 28 after surgery using a PeriCam perfusion speckle imager
(PSI, Perimed). Non-ischaemic hind limb was used as self-control,
and blood flow perfusion was presented as the percentage of blood
flow in the ischaemic limb (right) relative to blood flow in the normal
limb (left).
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2.4 | Immunofluorescence staining

The extent of angiogenesis was assessed by measuring capillary
density through CD31 and dystrophin (to indicate myofiber) stain-
ing. Briefly, frozen sections (6 pm) of ischaemic gastrocnemius
muscles dissected from ischaemic hind limbs at 28th day post-HLI
surgery were fixed with cold methanol for 15 minutes. After 3
washes with PBS, the sections were incubated with blocking buffer
(PBS containing 5% goat serum) for 1 hour. Thereafter, the sections
were incubated overnight with primary antibody against dystrophin
(Proteintech) at 4°C. After 3 washes with PBS, the sections were
incubated with corresponding PE-conjugated secondary antibody
(Cell Signaling Technology) and FITC-conjugated anti-CD31 pri-
mary antibody (BD Biosciences) in the dark at room temperature
for 1 hour. After 3 washes with PBS, the sections were sealed with
antifade reagent, and pictures were taken using fluorescence micro-
scope (Olympus IX71; Olympus). Capillary density was expressed as
the number of CD31-positive capillaries per myofiber. Circulating
EPCs infiltrating ischaemic muscle at 3rd day post-HLI surgery were
recognized by CD34 and VEGFR2 staining, and the expression of
FGFR1 and -klotho (KLB) on EPCs was also detected.

2.5 | Flow cytometry assay

At 3rd day after surgery, circulating EPCs were detected by flow
cytometry as described in our previous study.” Briefly, after suf-
ficient anaesthesia with 1% pentobarbital sodium, peripheral blood
was collected in a lithium heparin tube (BD, Franklin). 100 mL antico-
agulant blood was incubated with FITC-conjugated antimouse CD34
(Biolegend) and PE-conjugated antimouse VEGFR2 (Biolegend) anti-
bodies in the dark at 4°C for 30 minutes, followed by blood cell lysis
using red cell lysis buffer (Cell Signaling Technology). After washing
twice with PBS, the cells were resuspended with 400 pL PBS, and
CD34"/VEGFR2" EPCs were analysed by flow cytometry (Agilent).

2.6 | Plasma stromal cell-derived factor-1 (SDF-
1) detection

Anticoagulant blood was centrifuged at 2000 rpm at 4°C for 20 min-
utes, and plasma was collected for SDF-1 detection using an SDF-1
Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems) according to the manufacturer's instructions.

2.7 | Human umbilical cord blood EPCs isolation and
identification

Human umbilical cord blood samples (20-40 mL) from healthy new-
borns were collected and anticoagulated with citrate phosphate
dextrose (CPD) solution. The research ethics committee of the First

Affiliated Hospital of Wenzhou Medical University approved all

protocols, and informed consent was obtained from the parents of
the newborns. EPCs were isolated as described in previous studies.*”
1 Briefly, cord blood was diluted 1:1 with Hanks' balanced salt solu-
tion (HBSS; Invitrogen), carefully overlaid onto an equivalent volume
of Histopaque 1077 (Sigma) and centrifuged at 400 g for 30 minutes
at room temperature. Thereafter, the buffy coat was collected and
washed with HBSS twice, and cell aggregate was resuspended in
EGM-2 (Lonza) supplemented with 2% FBS (Sigma) and plated onto
6-well plates that were pre-coated with human fibronectin (2 pg/
cm?; BD Biosciences). After culturing for 24 hours, unattached cells
and debris were removed by washing with EGM-2 culture medium.
The medium was changed daily for 7 days and thereafter on alternate
days. Clones appeared between day 14-21 and reached 80% conflu-
ence on approximately day 28. After subculturing, the cell surface
antigens CD34, VE-cadherin (CD144), VEGFR2, CD14 and CD45 (BD
Biosciences) were detected by flow cytometry assay to characterize
the EPCs. The EPCs were expanded to the fourth or fifth passage for
further analysis.

2.8 | RNA interference

To knockdown nicotinamide phosphoribosyltransferase (NAMPT)
or Sirtuinl (Sirt1)-Sirt7 expression in EPCs, small-interfering RNAs
(siRNAs) against human NAMPT or Sirt1-Sirt7 (Table S1), purchased
from GenePharma, were transfected into EPCs using Lipofectamine
3000 (Thermo Fisher) according to the manufacturer's instructions.
After transfection for 48 hours, the expression of NAMPT or Sirtl
was determined by quantitative real-time PCR (QRT-PCR).

2.9 | gRT-PCR

Total mRNA was extracted from each group of EPCs using an RNA
extraction kit (Tiangen) and reverse-transcribed to cDNA using
a high-capacity cDNA reverse transcription kit (Thermo Fisher
Scientific). qRT-PCR was performed using a SYBR Green PCR Master
Mix kit (Invitrogen) according to the manufacturer's instructions on
a 7500 Real-Time PCR machine (Applied Biosystems). The specific
primers for human FGFR1-FGFR4, Sirt1-Sirt7, and NAMPT (Table S2)
were purchased from GenScript. f-Actin was used as an internal

loading control.

2.10 | Cell scratch recovery assay

Cell migration was investigated by a cell scratch recovery assay. EPCs
(1 x 10%/well) were seeded onto 24-well plates and maintained to
confluence. Thereafter, a scratch was made in the wells using pipette
tips. After washing away cell debris with PBS, the remaining cells
were cultured in MCDB131 medium containing 27.5 mmol/L man-
nitol (Man) or 27.5 mmol/L glucose (high glucose, HG), along with
200 ng/mL FGF21 or an equivalent volume of PBS, and incubated
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at 37°C in a humidified environment with 5% CO, for 24 hours.
Mitomycin (1 pmol/L; Sigma) was used to exclude the influence of
cell proliferation. Then, the scratches were recorded under a light
microscope (Leica DMI3000B; Leica) equipped with a digital camera
(Olympus DP25). The recovery of the scratches was measured using

ImageJ (http://rsbweb.nih.gov/ij/).

2.11 | Matrigel tube formation assay

A tube formation assay was conducted as described previously?® with
slight modification. Briefly, EPCs were treated as in the cell scratch
recovery assay and thereafter trypsinized and resuspended. Growth
factor-reduced Matrigel (BD Biosciences) was thawed at 4°C over-
night, and then, 10 pL Matrigel was added to a p-slide (Ibidi) and incu-
bated at 37°C for 30 minutes to polymerize. Resuspended EPCs were
seeded onto the Matrigel, and tube-like structures were recorded
8 hours later under a light microscope (Leica) equipped with a digital
camera (Olympus DP25). The length of tube-like structures in the im-
ages was measured using ImageJ software (http://rsbweb.nih.gov/ij/).

2.12 | NAD" content assay

Nicotinamide adenine dinucleotide (NAD*) content was determined
with NAD/NADH Assay kit (Abcam) according to the manufacturer's

instructions. NAD* content was normalized by protein concentration.

2.13 | p-Galactosidase staining

B-Galactosidase was assayed using a senescence f-galactosidase
staining kit (Beyotime) according to the manufacturer's instructions.
In brief, EPCs were treated as described above, and after removing
the cell culture medium and washing the plate once with PBS, the
EPCs were fixed for 15 minutes at room temperature with 1 mL of
fixative. Thereafter, the cells were incubated with staining working
solution overnight at 37°C, and after 3 washes with PBS, pictures
were taken.

2.14 | Western blot

EPCs were washed twice with pre-cooled PBS and lysed in RIPA
buffer solution (Cell Signaling Technology) containing phosphatase
inhibitor and protease inhibitor (Roche) for 15-30 minutes on ice.
After determining the protein concentration with Quick Start
Bradford Dye Reagent (Bio-Rad), proteins were separated on a 10%
SDS-PAGE and transferred onto nitrocellulose membranes (Bio-
Rad).}” After blocking in 5% skim milk for 1 hour, the membranes
were incubated overnight at 4°C with antibodies against phospho-
extracellular regulated protein kinases 1/2 (p-Erk1/2), Erk1/2,
CD38, NAMPT, poly (ADP-ribose) polymerase (PARP), CD31,

phospho-adenosine 5-monophosphate (AMP)-activated protein
kinase (p-AMPK), AMPK, glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) or p-actin (Cell Signaling Technology). After 3 washes
with Tris-buffered saline with Tween-20 (TBST), the membranes
were incubated with the corresponding HRP-conjugated secondary
antibody (Cell Signaling Technology) at room temperature for 1 hour.
The bands were visualized using ECL and detected by a Western blot
imaging system (Tanon) after 3 washes with TBST.

2.15 | Statistics

The results are based on at least three independent experiments
and expressed as the means + SD. Statistical analysis was performed
using GraphPad Prism 8 software (GraphPad) by one-way ANOVA
and Student's t test as appropriate. Significance was considered to
be indicated by a P-value less than 0.05.

3 | RESULTS

3.1 | FGF21 improves post-HLI blood perfusion and
neovascularization in T2DM

To investigate whether FGF21 has therapeutic effects on diabetic
ischaemia, HLI was induced in db/db mice, and blood perfusion was
detected using PSI. The results showed that blood perfusion in the
ischaemic hind limbs of the FGF21-treated mice was obviously higher
than that of the PBS-treated mice since day 7 post-HLI surgery
(Figure 1A,B), indicating that FGF21 can improve blood perfusion
in ischaemic hind limbs under T2DM conditions. To further assess
the effect of FGF21 on ischaemic angiogenesis, capillary density in
ischaemic gastrocnemius muscle was determined by CD31 staining,
and the results showed that the FGF21-treated mice had higher cap-
illary density in their ischaemic muscle than the PBS-treated mice
(Figure 1C,D).

FGF21 is an important regulator of metabolism and was re-
ported to ameliorate abnormal glucose and lipid metabolism in
T2DM.! As expected, FGF21 administration lowered blood glucose
levels (Figure 1E) and bodyweight (Figure 1F) in the present study.
However, the beneficial effects of FGF21 on enhancing blood perfu-
sion appeared earlier than that on lowering blood glucose or losing
weight (the 7th day vs the 21th or 28th day after surgery), revealing
that FGF21 improving diabetic ischaemia angiogenesis and blood
perfusion may be, at least partly, independent of its effects on low-

ering blood glucose and bodyweight.
3.2 | FGF21 improves post-HLI blood perfusion,
neovascularization and EPC mobilization in TIDM

In line with the observation in the T2DM contexts, FGF21 treatment

also significantly improved the blood perfusion in the ischaemic
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FIGURE 1 FGF21 improves blood perfusion and angiogenesis in type 2 diabetic hind limb ischaemia (HLI) model. The proangiogenic
effects of FGF21 in HLI were investigated in db/db type 2 diabetic mice. (A) The blood perfusion analysis using a PeriCam PSI before and
after HLI surgery with or without FGF21 (500 pg/kg bodyweight, daily) treatment. (B) Blood perfusion was quantified by ImageJ as the ratio
of ischaemic perfusion to non-ischaemic limb perfusion. Immunofluorescent staining (C) and quantification (D) of CD31-positive capillaries
in transverse sections of gastrocnemius muscle tissue from ischaemic hind limbs at 28th day after HLI surgery. Capillary density is presented
as the number of CD31-positive capillaries per muscle fibre as identified by dystrophin staining. Blood glucose (E) and bodyweight (F) were
monitored before and after HLI surgery. n = 7-8 mice per group. The data shown in the graphs represent the means + SD *P < 0.05 vs the
PBS group, **P < 0.01 vs the T2DM-HLI + PBS group. Bar = 100 pm. PBS, phosphate-buffered saline; PSI, perfusion speckle imager; T2DM,

type 2 diabetes mellitus

mouse tissues of compared with that in the PBS-treated control
mice since day 14 post-HLI surgery (Figure 2A,B), which was ac-
companied by significantly higher CD31-positive capillary staining
(Figure 2C,D), and an apparent increase in CD31 protein expression
(Figure 2E,F) in the ischaemic muscle of FGF21-treated mice. In con-
trast, FGF21 administration did not affect blood glucose (Figure 2G)
or bodyweight (Figure 2H) of the T1IDM mice within 28 days after
HLI induction, which further confirmed that FGF21 can enhance is-
chaemic angiogenesis and blood perfusion under diabetic conditions
independent of its effect in lowering blood glucose and bodyweight.

EPCs trigger angiogenesis under physiological and pathological
conditions.? EPC mobilization is a pivotal step in EPC participation
in angiogenesis and is impaired under diabetic conditions.?! In the
present study, we found that FGF21 administration increased the
number of CD34*/VEGFR2" EPCs in the peripheral blood of STZ-
induced TIDM mice at day 3 post-HLI (Figure 3A,B). The immunoflu-
orescence staining results also showed that there was an increase in
CD34*/VEGFR2" EPCs residing in ischaemic gastrocnemius muscle
(Figure 3C,D). These results demonstrated that FGF21 can also en-
hance EPC mobilization and infiltration into ischaemic tissue under
diabetic conditions. SDF-1 is one of the major chemokines that regu-
late EPC mobilization and homing to the site of neovascularization.®
The ELISA results showed that the plasma SDF-1 concentration in

the FGF21-treated mice was higher than that in the PBS-treated
mice at day 3 post-HLI (Figure 3E). The elevated SDF-1 may contrib-
ute to enhanced EPC mobilization in the FGF21-treated T1IDM mice.

3.3 | FGF21 ameliorates EPC dysfunction induced
by high glucose

Considering the critical role of EPCs in angiogenesis and the ca-
pability of FGF21 to promote EPC mobilization in TIDM, we hy-
pothesized that the FGF21 improvement of blood perfusion and
angiogenesis in diabetic ischaemia may have a direct protective
effect on diabetic EPC functions. To test this hypothesis, the EPCs
were isolated from human cord blood as previously described? and
characterized by flow cytometry to distinguish EPCs, which are posi-
tive for CD144, CD34 and VEGFR2 and negative for CD14 or CD45
(Figure S1). As FGF21 exerts its biological functions by binding to
its receptor FGFR1 and coreceptor KLB,?? FGF21 receptor expres-
sion on EPCs was investigated by gRT-PCR. The results showed that
FGFR1-FGFR4 mRNAs were all detectable in the EPCs, and the ex-
pression of FGFR1 was much higher than that of any other FGFR
(Figure 4A). The immunofluorescence staining results confirmed that
both FGFR1 and KLB proteins are expressed on EPCs (Figure 4B),
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and treating EPCs with FGF21 stimulated the phosphorylation of
the classic FGFR downstream signalling proteins ERK1/22% in a time-
dependent manner (Figure 4C), demonstrating that FGF21 is a func-
tional ligand for FGFRs and KLB on EPCs.

To determine whether FGF21 can improve the angiogenic
function of EPCs under diabetic conditions, EPCs were exposed
to HG (MCDB131 containing 27.5 mmol/L glucose) to mimic hy-
perglycaemia in vivo. Matrigel tube formation assays showed that
HG significantly impaired the tube formation capability of EPCs,
which could be prevented by FGF21 treatment (Figure 5A,B). Cell
scratch assay showed that HG significantly delayed scratch recov-
ery, whereas FGF21 treatment significantly accelerated this pro-
cess (Figure 5C,D). EPC senescence also occurred under diabetic
conditions.?* The B-galactosidase assay results showed that HG ex-
acerbated EPC senescence, which was attenuated by FGF21 treat-
ment (Figure 5E,F). Diabetes also induced oxidative stress in the
EPCs,'” and the DHE staining results showed that HG significantly
increased superoxide levels in EPCs, whereas FGF21 treatment de-
creased superoxide levels (Figure 5G,H). All these in vitro results

demonstrated that FGF21 can exert direct influences on EPCs and

improve the impaired proangiogenic function of EPCs under dia-

betic conditions.

3.4 | FGF21 prevents HG-induced EPC dysfunction
via increasing NAD* content

NAD? plays a critical role in maintaining vascular function, and NAD*
deficiency results in EPC dysfunction under diabetic conditions.?*
In the present study, NAD" content was decreased in HG-treated
EPCs, a result that was reversed by FGF21 treatment (Figure 6A). To
identify the protective role of NAD" against EPC dysfunction under
diabetic conditions, we investigated the effect of NAD" supplement
nicotinamide mononucleotide (NMN) on the migration and tube for-
mation capability of the HG-treated EPCs. Cell scratch assay showed
that NMN improved HG-treated EPC migration in a dose-dependent
manner (Figure 6B,C). Similarly, NMN also enhanced the tube forma-
tion capability of EPCs impaired by HG (Figure 6D,E). In contrast,
knocking down NAMPT (Figure S2), the rate-limiting enzyme for
NAD" biosynthesis, abolished the protective effect of FGF21 on
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tube formation of the HG-treated EPCs (Figure 6F,G), which con-
firmed the critical role of increasing NAD" content in FGF21 amelio-
rating HG-induced EPC dysfunction.

The sirtuins (Sirt1-Sirt7) are a family of NAD*-dependent deac-
ylases with remarkable abilities to prevent ageing and age-related
diseases.?’ To identify which sirtuin member mediates the beneficial
effects of NAD* on EPCs, Sirt1 to Sirt7 were sequentially knocked
down by the corresponding siRNAs (Figure S3A). The Matrigel tube
formation assay showed that only Sirt1-siRNA impaired the enhanc-

ing effect of NAD" precursors on the tube formation capability of

the HG-treated EPCs (Figure S3B,C), confirming that NAD* improves
the angiogenic function of diabetic EPCs through Sirt1.

3.5 | FGF21increases NAD" content by
activating the AMPK pathway in EPCs

NAMPT,?® CD38% and PARP%® are well documented to regu-
late NAD" metabolism. To uncover the underlying mechanism by
which FGF21 increases the NAD* content of HG-treated EPCs, the
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FIGURE 5 FGF21 improves the angiogenic function of EPCs impaired by high glucose. EPCs were treated with high glucose (HG) in

the presence or absence of FGF21 for 24 h, and mannitol (Man) was used as an osmotic control. The effects of FGF21 on the angiogenic
function of the EPCs were evaluated by Matrigel tube formation assay (A), and the tube length was quantified using ImageJ and normalized
to that of the mannitol treatment group (B). The effects of FGF21 on EPC migration were evaluated by cell scratch assay (C), and scratch
recovery was quantified using ImageJ and normalized to that of the mannitol treatment group (D). The effects of FGF21 on EPC senescence
were evaluated by B-galactosidase staining (E), and the percentage of f-galactosidase-positive cells was determined (F). The antioxidative
effects of FGF21 were determined by fluorescent probe dihydroethidium (DHE) staining of reactive oxygen species (ROS) (G), and the
fluorescence intensity of DHE was measured by a fluorescence microplate reader and normalized to that of the mannitol treatment group
(H). Three independent experiments were performed for each study. The data shown in the graphs represent the means + SD *P < 0.05 vs
the mannitol group and #P < 0.05 vs the HG treatment group. Bar = 100 pm

expression of NAMPT, CD38 and PARP was detected by Western
blot. However, the results showed that the expression of NAMPT,
CD38 and PARP was not changed by either HG or FGF21 treatment
(Figure S4A,B), indicating that the FGF21-stimulated elevation of
NAD* content in HG-treated EPCs is not attributable to NAMPT,
CD38 or PARP.

AMPK was reported to regulate the NAD* content of C2C12
myocytes.?? Western blot results showed that HG treatment sig-
nificantly repressed the phosphorylation of AMPK in the EPCs,
which could be prevented by FGF21 treatment (Figure 7A,B). To
confirm the importance of AMPK in this process, we further in-
vestigated the effect of blocking AMPK with its inhibitor, com-
pound C, on the NAD" content of the EPCs. The results showed
that compound C abolished the effect of FGF21 in increasing
NAD"* content under HG conditions (Figure 7C), revealing that
FGF21 increased the NAD* content of the EPCs mainly by acti-
vating AMPK. Moreover, compound C obviously eliminated the
beneficial effect of FGF21 on the tube formation (Figure 7D,E)
and migration (Figure 7F,G) capability of the HG-treated
EPCs, further confirming the critical role of the AMPK path-
way in the FGF21 amelioration of EPC dysfunction induced by
HG treatment.

4 | DISCUSSION
In the present study, we found that FGF21 promotes post-HLI angio-
genesis and blood reperfusion in both T2DM and T1DM mouse models,
which may be attributable to the capability of FGF21 to enhance EPC
mobilization and angiogenic function. Furthermore, FGF21 directly
acts on EPCs and protects EPC angiogenic function predominantly by
increasing NAD* content in an AMPK-dependent manner (Figure 7H).
FGF21 exerts considerable pharmacological effects in amelio-
rating hyperglycaemia, dyslipidaemia and obesity as has been con-

t5,6,8

sistently replicated in roden and monkey®® models of diabetes

mellitus. Notably, FGF21 does not induce adverse effects such as

30 or weight gain at any dose or when

mitogenicity, hypoglycaemia
overexpressed in transgenic mice.1° Considering its multiple meta-
bolic benefits, several clinical trials have been registered to evaluate
the therapeutic efficacy of human FGF21 analogues (LY2405319,
PF-05231023, PF-05231023, BMS-986036) for the treatment of
T2DM, dyslipidaemia and NAFLD, and positive results have been
achieved. In the present study, FGF21 obviously accelerated blood
reperfusion and enhanced neovascularization in the diabetic HLI
model mice (Figures 1 and 2), indicating the therapeutic potential of

FGF21 in diabetic vascular complications.
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FIGURE 6 FGF21 prevents EPC dysfunction induced by HG by increasing NAD+ content. EPCs were treated with HG in the presence
or absence of FGF21 for 24 h, and mannitol (Man) was used as an osmotic control. (A) The influence of FGF21 on NAD+ content in HG-
treated EPCs was determined using an NAD/NADH assay kit, and the NAD+ content was normalized by the protein amount. (B) The effects
of NAD+ increased via supplementation with NMN on the angiogenic function of EPCs were evaluated by Matrigel tube formation assay,
and (C) the tube length was quantified by Image J and normalized to that of the mannitol treatment group. (D) The effects of NMN on EPC
migration were evaluated by cell scratch assay (D), and the scratch recovery was quantified using Image J and normalized to that of the
mannitol treatment group (E). The effects of knocking down NAMPT on FGF21-enhanced angiogenic function of HG-treated EPCs were
evaluated by Matrigel tube formation assay (F), and the tube length was quantified by ImageJ and normalized to the mannitol treatment
group (G). Data shown in graphs represent the mean + SD *P < 0.05 vs mannitol group; *P < 0.05 vs HG group; #*P < 0.01 vs HG group; and

&P < 0.05 vs HG Ctrl-siRNA group. Bar = 10 pm

In T2DM HLI model, FGF21 lowered blood glucose and induced
bodyweight loss (Figure 1E,F). However, the beneficial effects of
FGF21 on enhancing blood perfusion appeared earlier than its ef-
fects on blood glucose or bodyweight reduction (Figure 1B,E,F).
In TIDM HLI model, FGF21 did not affect either blood glucose or
bodyweight (Figure 2G,H) but still improved blood perfusion and
angiogenesis in ischaemic hind limbs (Figure 2A-F). Furthermore,
FGF21 promoted EPC mobilization (Figure 3A,B) and EPC partici-
pation in ischaemic angiogenesis (Figure 3C,D). Moreover, FGF21
directly ameliorated the impaired tube formation and migration
capability of EPCs treated with HG in vitro (Figure 5A-F). These
results demonstrate that FGF21 promotes EPC mobilization and
preserves EPC angiogenic function, contributing greatly to the im-
proved diabetic ischaemia angiogenesis and blood perfusion. Both
EPC mobilization and EPC function are impaired under diabetic
conditions.3! SDF-1 is considered a principal regulator of EPC mo-
bilization, migration and retention at angiogenic sites.*? Hypoxia in
ischaemic tissue induces hypoxia-inducible factor 1a (HIF-1a) up-
regulation and thereafter enhances SDF-1 production,®® and the
SDF-1 concentration gradient between ischaemic tissues and bone
marrow drives EPC mobilization.®* However, the stability and ac-

tivity of HIF-1a induced by hypoxia were decreased under diabetic

conditions,* resulting in decreased SDF-1 production and there-
fore impaired EPC mobilization, whereas administration of SDF-1
into ischaemic tissues reversed the impairment to EPC mobilization
and homing.®¢ In line with these findings, we found that FGF21
treatment increased circulatory SDF-1 concentrations (Figure 3E)
in TIDM mice and enhanced EPC mobilization and infiltration into
ischaemic tissue (Figure 3A,B); the role of HIF1-a stability in this
process needs further investigation.

Moreover, accumulating evidence demonstrates that increased
oxidative stress in EPCs contributes to impaired EPC mobilization
under diabetic conditions,®” which can be rescued by antioxidant
treatment.3® Similarly, our latest research showed that overexpres-
sion of the antioxidant protein metallothionein can preserve EPC
mobilization in diabetic mice.3” Therefore, we suggest that FGF21
ameliorates oxidative stress (Figure 5G,H), which contributes to
its protective effects against diabetes-induced impairment of EPC
mobilization.

EPC dysfunction also contributes to diabetes-induced im-
pairment in angiogenesis.3 NAD*, both a coenzyme for hydride-
transfer enzymes and a substrate for NAD*-consuming enzymes,
plays central roles in cellular metabolism, energy production and

survival.*® A previous study demonstrated that NAD* enhances
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FIGURE 7 FGF21 increases NAD+ content by activating the AMPK pathway. EPCs were treated with HG in the presence or absence

of FGF21 for 24 h, and mannitol (Man) was used as an osmotic control. AMPK phosphorylation was detected by Western blot (A) and
quantified using ImageQuant and normalized to the mannitol treatment group (B). B-Actin was used as loading control. The effect of the
AMPK inhibitor compound C on FGF21 increasing the NAD+ content of HG-treated EPCs was detected using an NAD/NADH assay kit (C).
The effects of inhibiting AMPK on FGF21 improving the angiogenic function of EPCs were evaluated by Matrigel tube formation assay (D),
and the tube length was quantified by Image J and normalized to that of the mannitol treatment group (E). The effects of inhibiting AMPK
on FGF21-enhanced EPC migration were evaluated by scratch recovery assay (F), and the scratch recovery was quantified using Image J

and normalized to that of the mannitol group (G). (H) The proposed mechanism by which FGF21 enhances the mobilization, attenuates the
dysfunction of diabetic EPCs and enhances angiogenesis. The data shown in the graphs represent the means + SD *P < 0.05 vs the mannitol
group; #P < 0.05 vs the HG group; and &P < 0.05 vs the HG + FGF21 group. Bar = 100 um

the proangiogenic function of EPCs and improves post-ischaemic
neovascularization.?® Decreased NAD* concentration in diabetic
EPCs results in EPC dysfunction; in contrast, enhancing the NAD*
pool promotes the mobilization and angiogenic function of EPCs.?!
In the current study, we found that FGF21 enhanced the NAD*
concentration in HG-treated EPCs (Figure 6A), which is consis-
tent with the research of Chau and colleagues on adipocytes,41
and depletion of the NAD" pool eliminated the beneficial effect
of FGF21 on the proangiogenic function of EPCs (Figure 6F,G).
Moreover, NAD* deficiency also contributes to vascular age-
ing.42’43 Therefore, the FGF21 reversal of EPC senescence induced
by HG (Figure 5E,F) may also depend on its capability to elevate
the NAD" concentration. These facts demonstrate a crucial role of
NAD" in the FGF21 protection of EPCs against diabetes- or HG-
induced dysfunction.

NAD* content is largely regulated by NAMPT, the rate-limiting
enzyme for NAD* biosynthesis,?® and NAD*-consuming enzymes,
such as PARP and CD38.° NAMPT promotes the angiogenic

function of EPCs and improves ischaemic angiogenesis,26 whereas
PARP?® and CD38? trigger EPC dysfunction. However, the expres-
sion levels of NAMPT, PARP or CD38 in EPCs were unchanged in
the present study (Figure S4), which may be due to differences in
the cell models among studies. Canto and colleagues?’ found that
activation of AMPK can rapidly increase the NAD* content in C2C12
cells, and this effect is not affected by NAMPT inhibition.?’ In the
present study, AMPK phosphorylation was impaired by HG and res-
cued by FGF21 treatment (Figure 7A,B). Inhibiting AMPK abrogated
the increase in NAD" induced by FGF21 (Figure 7C), which indicates
that FGF21 elevates NAD* content in HG-treated EPCs by activating
AMPK. AMPK has been reported to mediate the beneficial effects
of metformin,** resveratrol*® and fenofibrate*® on the function of
endothelial cells or EPCs under diabetic conditions. In the present
study, we also found that blocking AMPK impaired the protective
effect of FGF21 against EPC dysfunction induced by HG (Figure 7D-
G), which is consistent with the findings on endothelial cells obtained

by Ying and colleagues.*”
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Sirtuins are a family of NAD*-dependent deacetylases with
remarkable importance in cell stress resistance.*® Among sirtu-
ins, only Sirt1 was found to be relevant to NAD*-improved dia-
betic EPC function in the present study (Figure S3), although its
expression was unchanged (Figure S5A,B). A recent study found
that Sirtl is a key regulator of vascular endothelial homeostasis
because it adjusts the activity of a variety of substrates, includ-
ing FOXOs, NF-kB, NOX, SOD and eNOs, via deacetylation.*’
Sirtl mediates the protective effect of metformin on endothe-
lial cells against HG-induced premature senescence and apopto-
sis by deacetylating FOXO1 and p53/p21.°° Similarly, Sirt1 can
protect against oxidative stress-induced EPC apoptosis by reduc-
ing FOXO3a acetylation levels and increasing its degradation.>?
Moreover, SIRT1 inhibits NF-kB signalling induced by HG by di-
rectly deacetylating the p65 subunit of the NF-kB complex.*?
Therefore, we deduce that NAD"* improves diabetic EPC function
predominantly through Sirt1.

The present study demonstrates that FGF21 promotes isch-
aemic angiogenesis and blood perfusion under diabetic conditions
and improves the angiogenic capability of EPCs by activating the
AMPK/NAD" pathway, which provides experimental evidence for
the potential application of FGF21 in the therapy of diabetic vascu-

lar complications.
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