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A B S T R A C T   

Vascular complications of diabetes are a serious challenge in clinical practice, and effective treatments are an 
unmet clinical need. Acidic fibroblast growth factor (aFGF) has potent anti-oxidative properties and therefore has 
become a research focus for the treatment of diabetic vascular complications. However, the specific mechanisms 
by which aFGF regulates these processes remain unclear. The purpose of this study was to investigate whether 
aFGF alleviates diabetic endothelial dysfunction by suppressing mitochondrial oxidative stress. We found that 
aFGF markedly decreased mitochondrial superoxide generation in both db/db mice and endothelial cells incu
bated with high glucose (30 mM) plus palmitic acid (PA, 0.1 mM), and restored diabetes-impaired Wnt/β-catenin 
signaling. Pretreatment with the Wnt/β-catenin signaling inhibitors IWR-1-endo (IWR) and ICG-001 abolished 
aFGF-mediated attenuation of mitochondrial superoxide generation and endothelial protection. Furthermore, the 
effects of aFGF on endothelial protection under diabetic conditions were suppressed by c-Myc knockdown. 
Mechanistically, c-Myc knockdown triggered mitochondrial superoxide generation, which was related to 
decreased expression and subsequent impaired mitochondrial localization of hexokinase 2 (HXK2). The role of 
HXK2 in aFGF-mediated attenuation of mitochondrial superoxide levels and EC protection was further confirmed 
by si-Hxk2 and a cell-permeable form of hexokinase II VDAC binding domain (HXK2VBD) peptide, which inhibits 
mitochondrial localization of HXK2. Taken together, these findings suggest that the endothelial protective effect 
of aFGF under diabetic conditions could be partly attributed to its role in suppressing mitochondrial superoxide 
generation via HXK2, which is mediated by the Wnt/β-catenin/c-Myc axis.   

1. Introduction 

The increasing prevalence of diabetes has become a global public 
health concern. In both type 1 and type 2 diabetes, glucose homeostasis 
is fundamentally impaired, which has a detrimental effect on cardio
vascular physiology and plays an important role in the progression of 

many pathologies [1]. 
The normal artery contains three layers: an inner layer, a middle 

layer, and an outer layer. The inner layer is lined by a monolayer of 
endothelial cells (ECs) that is in contact with blood. The direct contact of 
ECs with the blood makes ECs highly vulnerable to damaging molecules 
in the blood. On the other hand, ECs form a barrier to protect the middle 
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and outer vascular layers and adjacent tissue. In comparison with other 
cell types with higher energetic demand, the mitochondrial content of 
ECs is modest [2]. Therefore, endothelial dysfunction is an independent 
predictor of adverse cardiovascular outcomes [3], and damage of 
mitochondrial dynamics contributes to endothelial dysfunction in 
diverse vascular diseases [4]. In ECs, mitochondria are not only the main 
source of ATP, but also function as reactive oxygen species (ROS)-gen
erating organelles [5]. Superoxide anion radical (O2

•− ) and hydrogen 
peroxide (H2O2) are commonly known as the byproducts of this process 
[6]. 

Endothelial dysfunction is the earliest and most fundamental path
ological change in diabetes. There is compelling evidence indicates that 
superoxide excess induced by diabetic hyperglycemia plays a central 
role in diabetic vascular cell damage [7]. High glucose flux increases the 
production of O2

•− by mitochondrial electron-transport chain, and the 
overproduced superoxide enhances the major pathways of hyperglyce
mic vascular cell damage, including protein kinase C, advanced glyca
tion end (AGE) products, and hexosamine pathways, leading to the 
damage of DNA, proteins, and lipids, and causes vascular cell injury [8, 
9]. In addition, superoxide is produced by multiple pathogenic pathways 
of diabetes. These include increased nicotinamide adenine dinucleotide 
phosphate [NAD(P)H] oxidase activity, uncoupled endothelial nitric 
oxide synthase (eNOS), and enhanced signaling of AGEs, angiotensin II, 
and oxidized-LDL receptors [10]. Thus, superoxide overproduction is 
considered as a major pathogenic pathway in diabetic vascular 
complication. 

Given the fact that commonly employed antioxidants have proven 
ineffective in clinical trials, it is possible that these agents may not be 
adequately delivered to the sub-cellular sites of ROS production [10]. As 
the mitochondria are an important source of superoxide [11], we hy
pothesized that therapeutic inhibition of mitochondrial O2

•− by a mito
chondrial targeted antioxidant might be beneficial in the setting of 
diabetic vascular complications. 

Recombinant human aFGF has been employed clinically for decades 
to facilitate wound/burn repair and ulcer regeneration in diabetes. 
However, the effects of aFGF in diabetic vascular complications are 
poorly defined. Previous studies identified that aFGF is upregulated by 
oxidative stress, implying that elevated aFGF expression is an adaptive 
response and may be protective in this context [12–14]. Additionally, 
increased endothelial resistance to oxidative stress mediated by aFGF is 
likely to be biologically relevant, and may open new avenues for ther
apeutic protection against oxidative stress [15]. 

In the present study, we tested the hypothesis that aFGF would 
alleviate diabetic vascular endothelial dysfunction by treating a type 2 
diabetic mouse model with recombinant human aFGF. Our findings 
suggested that therapeutic inhibition of superoxide with aFGF alleviated 
oxidative stress and reduced pathological blood vessel changes in a 
mouse model of type 2 diabetes, the db/db mouse. Further, our findings 
indicated that aFGF promoted HXK2 expression via the Wnt/β-catenin/ 
c-Myc axis, increasing mitochondrial localization of HXK2 to participate 
in the repair of diabetes-induced vascular endothelial injury. 

2. Materials and methods 

2.1. Animal procedures 

C57BL/6 mice, diabetic db/db mice and their control littermates, 
db/m, were used for animal experiments. These mice were obtained 
from Model Animal Research Center of Nanjing University. The db/db 
mice were i.p. injected with 0.5 mg/kg body weight aFGF (produced by 
Key Laboratory of Biotechnology and Pharmaceutical Engineering of 
Zhejiang Province, Wenzhou Medical University) every other day for 8 
weeks from 8 weeks of age [16]. The db/m and db/db control groups 
received phosphate-buffered saline (PBS; Gibco, 10010) on the same 
schedule as the control groups. After a 8 w course of treatment, corre
sponding analysis were performed. For signaling pathway analysis, each 

pathway antagonist: IWR (Selleck, S7086) and ICG-001 (Selleck, 
S2662), inhibitor of Wnt/β-catenin signaling pathway, dissolved in 
DMSO, were injected i.p. at 5 mg/kg right after aFGF i.p. injection [17, 
18]. 10058-F4 inhibitor of c-Myc (Selleck, S7153), dissolved in DMSO, 
was injected i.p. at 30 mg/kg right after aFGF i.p. injection [19]. 3-Bro
mopyruvate (3-BrPA) inhibitor of HXK2 (Sigma, 16490), dissolved in 
PBS, was injected i.p. at 8 mg/kg right after aFGF i.p. injection [20]. 

Mice were maintained at 60 ± 5% relative humidity and 22 ± 2 ◦C, 
with a 12 h light/dark cycle. All animal experimental procedures were 
carried out in accordance with the policies of Institutional Animal Care 
and Use Committee of Wenzhou Medical University, China. 

2.2. In vivo wound model 

General anesthesia was performed with 2% inhaled isoflurane and 
then injected subcutaneously with the analgesic. The hair of the back 
was shaved with an electric clipper followed by a depilatory cream. The 
skin was rinsed with alcohol and two full-thickness wounds were made 
using a 6-mm biopsy punch on the dorsum on each side of midline. aFGF 
(100 ng/mL) was injected intradermally into the wound edges in the 
mice, the second wound (internal control) received 50 μL of sterile PBS. 
For signaling pathway analysis, the wound injected with aFGF received 
either Ad-sh-HXK2 solution (1 × 108 PFU prepared in 50 μL PBS) or ICG- 
001 (10 μM) or 10058-F4 (50 μM) or BrPA (50 μM) or cell-permeable 
form of hexokinase II VDAC binding domain (HXK2VBD) peptide 
(100 μM) (Merk, 376816) which inhibits localization of HXK2 to the 
mitochondrial compartment. The wounds were harvested at 7 days post 
wounding. Wounds were bisected on the longitudinal diameter of the 
wound and fixed in 10% neutral buffered formalin for CD31 immuno
fluorescence analyses. Inhibitors were injected intradermally into the 
wound edges in the mice immediately and 4 days after wounding. Ad-sh- 
HXK2 solution was injected intradermally into the wound edges in the 
mice the day before wounding [21]. The size of wound area was pho
tographed and measured every other day until approximately 90% of 
wound area was healed. 

2.3. Immunofluorescence staining of mouse wound tissue 

5 μm paraffin sections were cut and incubated with anti-CD31 
(Abcam, ab24590). After washing, samples were incubated with Alexa 
fluor 647-conjugated anti-rabbit IgG secondary antibody at a dilution of 
1: 200 for 60 min at room temperature. Cell nuclei were labelled by 
DAPI. Digital images were acquired using the Leica TCS SP5 Confocal 
microscope (Leica, Wetzlar, Germany). 

2.4. Cell culture 

HUVECs were purchased from Lonza and cultured in endothelial cell 
growth medium-2 (EGM-2 BulletKit, Lonza, CC-3156 & CC-4176) until 
the start of experiment. 5 to 7 passage subconfluent cells were used in 
the experiments. Before starting the experimental procedures, the me
dium was removed and replaced with phenol red-free low-glucose D- 
MEM (Gibco, 11054020) supplemented with 1% calf serum (Gibco, 
16010159) for 12 h, then HUVECs were placed in EGM-2 consisting of 
either NG (5.5 mM) or HG (30 mM) + (PA) (0.1 mM) (HG + PA) in the 
presence or absence of aFGF (100 ng/mL) for 72 h, mannitol (30 mM: 
5.5 mM of glucose + 24.5 mM of D-mannitol) was served as the osmotic 
control for the HG + PA. Media were changed every 24 h. For signaling 
pathway analysis, each pathway antagonist: IWR (5 μM) and ICG-001 
(10 μM) was pretreated for 2 h every day before aFGF administration, 
HXK2VBD peptide (100 μM) (Merck, 376816) was pretreated for 1 h 
every day before aFGF administration. 

2.5. Aortic ring assay 

To establish a direct function of aFGF on vascular, thoracic aortae 
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from 8 w old each lines of mice were surgically isolated, cleaned, and 
dissected into 0.5 mm rings. Rings were embedded in 1 mg mL-1 of type I 
collagen (Millipore, 08-115) in a 96-well plate as described previously 
[22,23]. When embedded, the rings were cultured in serum-free endo
thelial basal medium (EBM) (Lonza, CC-3121) consisting of either NG 
(5.5 mM) or HG (30 mM) + (PA) (0.1 mM) (HG + PA) in the presence or 
absence of aFGF (100 ng/mL), mannitol (30 mM: 5.5 mM of glucose +
24.5 mM of D-mannitol) was served as the osmotic control for the HG +
PA. For signaling pathway analysis, HXK2VBD peptide was pretreated 
for 1 h every day before aFGF administration, ICG-001 (10 μM) was 
pretreated for 2 h every day before aFGF administration. Endothelial 
microvessel sprouts growing out from the rings were counted during the 
exponential growth phase to obtain angiogenic response data. Before the 
regression phase, rings were fixed for immunofluorescence staining of 
CD31 (Abcam, ab24590). Pictures were taken on day 12, and the total 
number of branches was counted using ImageJ (National Institutes of 
Health, Bethesda, MD). 

2.6. Vascular relaxation study 

Measurement of isolated vascular reactivity in the organ bath is used 
for measuring endothelial function in mice as previously described [24]. 
Briefly, each aorta was separated from the surrounding connective tissue 
and cut into rings (3 mm). For the vasorelaxation studies, aortic rings 
were precontracted with an equieffective concentration of prostaglandin 
F2α (PGF2α) (1 × 10− 6–3 × 10− 6 M). When the PGF2α-induced 
contraction had reached a plateau level, endothelium-dependent acti
vators Ach (10− 9–10− 5 M) or the endothelium-independent activator 
SNP (10− 10–10− 5 M) was added in a cumulative manner. 

2.7. In vitro angiogenesis (tube formation) assay 

The in vitro angiogenic activity of HUVECs was determined by 
Matrigel tube formation assay. Briefly, after the experimental period 
described above, HUVECs were stained with cell-permeable dye, calcein 
(Corning, 354216), for 30 min and replated in 24-well plates precoated 
with 150 μL/well growth factor–reduced Matrigel (Corning, 354234) 
and incubated at 37 ◦C in cell culture incubator. After 12 h of incubation, 
capillary-like tube formation was observed with a computer-assisted 
microscope (EVOS, Thermo Fisher Scientific, MA, USA). Tube forma
tion was defined as a tube-like structure exhibiting a length four times its 
width. The tube length in duplicate wells were counted and averaged 
using ImageJ software. 

2.8. Luciferase assay 

In order to determine the activation of Wnt/β-catenin signaling, the 
transcription factor T-cell factor/lymphoid-enhancing factor (TCF/LEF)- 
Luc reporter plasmid (Qiagen) was used in HUVECs. The cells were 
transfected with TCF/LEF-Luc reporter plasmid (SA Biosciences, Fred
erick, MD, USA) using lipofectamine 2000. 24 h after transfection, the 
cells were seeded in six-well plates at a density of 1 × 106 cells per well 
and treated with aFGF for 72 h. Cells were harvested and analysed for 
TCF/LEF activity using a luciferase assay kit (Promega-Biosciences, San 
Luis Obispo, CA, USA) according to the manufacturer’s instruction and 
the activity was measured on a BioTeK Synergy HT microplate reader. 

2.9. Immunoblotting analysis 

Briefly, 30 μg protein from each sample was resolved by SDS–PAGE 
on Tris-Glycine gels, and transferred to polyvinylidene fluoride mem
brane. Membranes were blocked with 5% bovine serum albumin in Tris- 
buffered saline containing 0.1% Tween 20 (TBST) and incubated with 
primary antibodies overnight at 4 ◦C. Membranes were washed three 
times for 5 min with TBST, incubated in either HRP-goat-anti-mouse 
(Abcam, ab6789) or HRP-goat-anti-rabbit (Abcam, ab6721) secondary 

antibodies for 1 h at room temperature. Immunoreactive bands were 
visualized using Pierce ECL plus western blotting substrate (Thermo 
Scientific, 32132). Primary antibodies included: cleaved-Caspase-3 (Cell 
Signaling Technology, 9661), Bcl-2 (Abcam, ab59348), Bax (Abcam, 
ab32503), HXK2 (Abcam, ab209847), c-Myc (Abcam, ab32072), Cyto
chrome c (Cell Signaling Technology, 11940), 3-Nitrotyrosine (3-NT, 
Abcam, ab61392). The expression of specific antigens was quantified 
using ImageQuant 5.2 software (Molecular Dynamics), and the expres
sion of GAPDH (Abcam, ab9485), Lamin B1 (Cell Signaling Technology, 
12586) and COX IV (Cell Signaling Technology, 11967) were used as 
loading control. 

2.10. Terminal deoxynucleotidyl transferase-mediated dUTP nick end 
labeling (TUNEL) assay 

HUVECs were fixed in PBS containing 4% PFA, aortic ring from each 
mouse was fixed in PBS containing 4% PFA, then embedded in paraffin. 
The paraffinized tissues were sectioned at 5 μm and embedded on slides. 
Staining was performed using the In situ Cell Death Detection kit 
(Roche, 11684795910) in accordance with the manufacturer’s protocol. 

2.11. MitoSOX assay 

To determine mitochondrial superoxide production in HUVECs, 
HUVECs were plated in six-well plate after indicated treatments. 5 mM 
MitoSOX solution (Thermo, M36008) was diluted to a working con
centration of 1 μM with PBS. 1.0–2.0 mL of 1 μM MitoSOX reagent 
working solution was added to the cells. The cells were incubated for 15 
min at 37 ◦C, protected from light, washed with buffer and then pro
cessed for imaging under a fluorescence microscope. 

As for detecting aortic ring endothelial mitochondrial superoxide, 
briefly, unfixed segments of aortic rings were dissected in cold PBS. 
Surrounding tissues and intravascular blood were removed. The vessels 
were frozen in optimal cutting temperature compound and transverse 
sections (5 μm) were produced using a cryostat [25]. Sections were 
incubated in a 37 ◦C incubator for 30 min with 5 μM MitoSOX. Images 
were obtained with a Leica laser scanning confocal microscope with 
excitation/emission maxima of approximately 510/580 nm. The in
tensity of fluorescence signal was quantified as arbitrary units using 
Image J software. 

2.12. Superoxide measurements using ultra-performance liquid 
chromatography 

Cells loaded with 1 μM MitoSOX were incubated in a 37 ◦C incubator 
for 15 min. Next, buffer was aspirated, and scraped cells were mixed 
with methanol (200 μL) and homogenized with the cell ultrasonic dis
ruptor. Then the samples were centrifuged for 15 min at 14000 g at 4 ◦C, 
and the supernatant were analysed by UPLC (Ultra- Performance Liquid 
Chromatography) according to previously published protocols [26]. 
MitoSOX oxidation products, 2-hydroxy-mito-ethidium and 
mito-ethidium, were separated using a C-18 reverse-phase column and a 
mobile phase containing 0.1% trifluoroacetic acid and an acetonitrile 
gradient (from 25% to 50%) at a flow rate of 0.3 mL/min 2-hydroxy-mi
to-ethidium (2-OH-Mito-E+) and mito-ethidium (Mito-E+) were detec
ted with UV–Vis absorption detectors (290 nm). Production of 
cytoplasmic and mitochondrial O2

•− was measured as accumulation of 
mito-2-hydroxyethidium in mitoSOX supplemented samples as 
described previously [27]. 

2.13. Measurement of ATP level 

ATP production level was quantified in isolated mitochondria using a 
commercially available kit (BioVision). Briefly, tissues were lysed to free 
ATP into medium containing luciferase and luciferin, which produces 
light in the presence of ATP. The light emission is proportional to the 
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amount of ATP present. 

2.14. Measurement of superoxide and peroxides in HUVEC 

The intracellular superoxide was quantitatively measured with the 
Superoxide Assay Kit (S0060, Beyotime, China) to evaluate the intra
cellular oxidative stress level after culturing for 3 and 6 h. The culture 
medium was collected and diluted to a proper concentration before the 
assay kit was added. After cultivation for another 3 min at 37 ◦C, OD450 
and OD600 were monitored to quantitatively determine the superoxide. 

Hydrogen peroxide level was measured in cell lysates using a 
colorimetric assay kit according to the manufacturer instructions (Sigma 
Aldrich, USA, cat. No. MAK311). 

2.15. TMRM staining 

Mitochondrial membrane potential was measured by incubating 
HUVECs with TMRM (Invitrogen, T668; 25 nM) for 20 min at 37 ◦C. Live 
cells were imaged using the Leica TCS SP5 Confocal microscope (Leica, 
Wetzlar, Germany) and fluorescence intensity was quantified using 
ImageJ software. At least 30 cells were quantified per condition in 
replicate. 

2.16. JC-1 staining 

Integrity of mitochondrial membrane was assessed using JC-1 probe 
staining (Beyotime, C2006). HUVECs were plated in six-well plate after 
indicated treatments. Cells were incubated with an equal volume of JC-1 
staining solution (5 μg/mL) at 37 ◦C for 20 min and rinsed twice with 
PBS. Mitochondrial membrane potentials were monitored by deter
mining the relative amounts of dual emissions from mitochondrial JC-1 
monomers or aggregates using an Olympus fluorescent microscope 
under Argon-ion 488 nm laser excitation. The ratio of JC-1 red/green 
fluorescence intensity was normalized by comparing it to the control 
group and is represented as loss of mitochondrial membrane potential 
(MMP). 

2.17. Oxygen consumption rate assay 

Mitochondrial oxygen consumption rate (OCR) of HUVEC was 
measured using the Seahorse XF96 analyser (Agilent Technologies, 
Santa Clara, CA), adapted from a previously described protocol [28]. 1 
× 104 cells/well were equilibrated in XF Base medium (Agilent Tech
nologies, 102353-100) supplemented with 1 mM sodium pyruvate 
(MilliporeSigma, S8636), 3 mM glutamine (ThermoFisher Scientific, 
25030149), and 10 mM glucose (MilliporeSigma, G8769) for 1 h before 
addition of 2 μM oligomycin (MilliporeSigma, 75351) to measure 
ATP-linked respiration. Three successive additions of 1.5 μM FCCP 
(MilliporeSigma, C2920) were added to measure maximal respiration, 
with the full respiration profile obtained after addition of antimycin A 
(MilliporeSigma, A8674). Oxygen consumption rates were normalized 
against cell number. 

2.18. Cell fractionation and mitochondrial isolation 

Cells were homogenized in RIPA buffer (Beyotime, Nanjing, China) 
and the lysates were further centrifuged at 12,000 rpm for 15 min at 
4 ◦C, then the supernatants were collected and stored at 80 ◦C. For 
cytosolic and mitochondrial proteins extraction, an isolation kit (Beyo
time, Nanjing, China) was used based on manufacturer’s instruction as 
follows. Cells were rinsed with pre-cooling PBS and gently lysed with a 
hypotonic buffer on ice. The lysate was disrupted by forcefully passing 
cells in a microfuge tube and then centrifuged at 600 g for 10 min at 4 ◦C 
to eliminate the nuclear fraction and unbroken cells. The supernatant 
was further centrifuged at 11,000 g for 10 min at 4 ◦C, the pellet was 
collected as the mitochondria-enriched fraction, from which the 

mitochondrial proteins were further resuspended in mitochondrial lysis 
buffer. The remaining supernatant was then centrifuged 12,000 g for 10 
min at 4 ◦C as cytosolic proteins. Protein was estimated by Bradford 
assay and 30 μg was used for western blotting. 

2.19. RNA isolation and semi-quantitative RT-PCR (sqRT-PCR) 

Total RNA was extracted from HUVECs by using TRIzol Reagent 
(Invitrogen, 15596018). Next, total RNA (2 μg) was reverse transcribed 
into cDNA by using GoScript Reverse Transcription Kit (Promega, 
A5001). The cDNA was then subjected to sqRT-PCR analysis, and gene 
expression was quantified as previously described [25]. The mRNA 
levels of target genes were normalized against that of GAPDH. 
Gene-specific primer sequences used for qRT-PCR are listed as follows: 

c-Myc 
Sense 5′- CTCTCAACGACAGCAGCCCG -3′

Antisense 5′- CCAGTCTCAGACCTAGTGGA -3′

GAPDH 
Sense 5′- GACCTGCCGTCTAGAAAAAC -3′

Antisense 5′- CTGTAGCCAAATTCGTTGTC -3′

2.20. Immunofluorescence staining of HUVECs and aortic ring sections 

HUVECs were grown on gelatinized coverslips overnight. Briefly, 
after the experimental period described above. The cells were fixed in 
4% paraformaldehyde in PBS for 10 min, and punched with 0.5% Triton 
for 15 min. The cells were then incubated with anti-β-catenin antibody 
(Cell Signaling Technology, 8480) overnight, followed by the Alexa 
Flour 647-conjugated anti-rabbit antibody (Abcam, ab150075) for 1 h at 
room temperature. Cellular nuclei were labelled with the fluorescent 
dye DAPI for 1 h. HUVECs under each experimental condition were 
observed under the Leica TCS SP5 Confocal microscope (Leica, Wetzlar, 
Germany). To evaluate HXK2 and COX IV localization, cells were treated 
as described above and then stained with HXK2 (Abcam, ab209847) and 
COX IV (Cell Signaling Technology, 11967) overnight, followed by the 
Alexa Flour 647-conjugated anti-rabbit antibody and Alexa fluor 488- 
conjugated anti-mouse IgG secondary antibody (Abcam, ab150113) at 
a dilution of 1: 200 for 1 h at room temperature. 

For aortic ring staining, 5 μm paraffin sections were cut and incu
bated with anti-CD31 (Abcam, ab24590) and/or 3-NT (Abcam, 
ab61392). After washing, samples were incubated with Alexa fluor 647- 
conjugated anti-rabbit IgG secondary antibody and/or Alexa fluor 488- 
conjugated anti-mouse IgG secondary antibody at a dilution of 1: 200 for 
60 min at room temperature. Cell nuclei were labelled by DAPI. Digital 
images were acquired using the Leica TCS SP5 Confocal microscope 
(Leica, Wetzlar, Germany). 

2.21. Construction of shRNA adenoviral expression vectors 

The pSilencer 2.1-U6 expression vector was purchased from Ambion 
(Ambion, AM5762). The U6 RNA polymerase III promoter and the 
polylinker region were subcloned into the adenoviral shuttle vector 
pDC311 (Microbix, PD-01-25). The HXK2 shRNA targeting sequence 
was 5′- GCTGCTGTTCCAAGGGAAA -3’. shScramble, an in-house 
generated shRNA adenovirus that encodes a scramble sequence (5′- 
CAGTTTGGCACAATCAATA -3′), was used as control. Recombinant ad
enoviruses carrying the short hairpin RNA against murine HXK2 mRNA 
under control of the murine vascular Cadherin 5 core promoter were 
generated by homologous recombination in HEK293 cells as described 
previously [29]. 

2.22. Statistical analysis 

Results are expressed as means ± SEM. Statistical differences were 
assessed with the unpaired 2-tailed Student’s t-test for two experimental 
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groups and one-way ANOVA for multiple groups with SPSS software. 
Bonferroni’s post-hoc testing was employed after ANOVA for testing for 
significant differences between groups. A two-tailed p value of less than 
0.05 was considered statistically significant. Statistical analyses were 
done using GraphPad Prism (GraphPad Software). 

3. Results 

3.1. aFGF attenuated diabetes-induced endothelial dysfunction both in 
vivo and in vitro 

In assessment of the protective effect of aFGF in diabetes-induced 
endothelial impairment in vivo, immunofluorescence staining for CD31 
revealed the presence of de-endothelialized regions in the aortic endo
thelium of db/db mice (Fig. 1A). To further assess the endothelial 
function, the aortic ring assay was utilized [25]. Disrupted aortic ring 
sprouting function in db/db mice was observed compared with db/m 
littermates (Fig. 1B). Systemic treatment with aFGF (0.5 mg/kg) 
significantly attenuated diabetes-induced de-endothelialization and 
improved aortic ring sprouting compared with vehicle-treated db/db 
mice (Fig. 1A and B). We also performed organ bath studies to evaluate 
endothelial function and vascular response. The ACh-induced relaxation 
of aortic rings extracted from db/db mice was significantly weaker than 
that of db/m mice. This attenuated relaxation was significantly 
improved by aFGF treatment (Fig. 1C). In contrast, the relaxation 
induced by SNP showed no significantly difference among the three 
groups (Fig. 1C). Additionally, aortic endothelial apoptosis was 
increased in db/db mice, as demonstrated by increased TUNEL-positive 
cells relative to db/m mice, which was alleviated by aFGF treatment 
(Fig. 1D). 

Then a direct endothelial protective role of aFGF was examined in 
vitro. Aortic rings from C57BL/6 mice were cultured in different media 
containing normal glucose (NG, 5.5 mM) or high glucose (HG, 30 mM) 
+ palmitic acid (PA, 0.1 mM) (HG + PA), alone or with aFGF. In aortic 
rings cultured in NG medium, a well-structured microvessel network 
with clearly defined tubules and regular branching was present. By 
contrast, aortic rings cultured in HG + PA medium exhibited dramati
cally impaired sprouting function, which was improved by aFGF 
administration (Fig. 1E). In parallel, tube-forming activity was also 
significantly impaired in HUVECs exposed to HG + PA compared with 
HUVECs maintained in NG, which was significantly alleviated by aFGF 
co-treatment (Fig. 1F). Furthermore, HG + PA induced HUVEC 
apoptosis, as demonstrated by elevated Bax/Bcl-2 ratio and increased 
protein level of cleaved Caspase-3 (c-Caspase-3), was significantly 
alleviated by aFGF co-treatment (Fig. 1G). Taken together, these find
ings suggested a direct protective role of aFGF against diabetes-induced 
endothelial impairment. 

3.2. aFGF decreased mitochondrial superoxide levels in vascular ECs 

Mitochondrial function acts as a pivotal orchestrator of EC homeo
stasis under normal conditions, and mitochondrial dysfunction con
tributes to endothelial dysfunction in diverse vascular diseases [30]. 
Hence, we assessed whether aFGF could play a role in mitochondrial 
function. We first assessed the mitochondrial Oxygen Consumption Rate 
(OCR) in HUVEC. The mitochondrial respiratory reserve capacity 
(maximal OCR over baseline OCR) was significantly reduced in HG +
PA-treated HUVEC as compared to the NG cells. In contrast, a reverse 
respiratory capacity was found in HG + PA-treated cells with aFGF 
treatment (Fig. 2A). Additionally, relative ATP production was impaired 
in HG + PA-treated HUVEC compared with NG cells, but greatly 
enhanced by aFGF treatment (Fig. 2B). 

Reduced ATP production is associated with oxidative stress and 
mitochondrial dysfunction [31]. A large body of evidences suggest that 
overproduction of mitochondrial ROS (mtROS: O2

•− and H2O2) leads to 
endothelial dysfunction and inflammation, both of which play major 

roles in diabetic vascular disease [32,33]. In this study, we found that 
aFGF significantly diminished the superoxide production in HUVEC 
exposed to HG + PA rather than peroxides (Figs. S1A and B), indicating 
that superoxide mainly mediates the effects of aFGF in regulating 
endothelial dysfunction. 

Also, previous findings indicate that overexpression of mitochondrial 
superoxide dismutase (SOD2) or scavenging of mitochondrial O2

•− with 
agents like mitoTEMPO improves endothelial function and reduces hy
pertension [34,35]. In determining the effects of aFGF on mitochondrial 
superoxide (O2

•− ) levels in vitro, HUVEC were live stained with the 
mitochondria-specific dye MitoSOX, which becomes fluorescent upon 
superoxide-mediated oxidation. Then the superoxide specific product 
(2-OH-Mito-E+) was measured using UPLC. As shown in Fig. 2, 
co-treatment with aFGF (100 ng/mL) or Mito-TEMPO (10 μM) showed 
the similar trends in alleviating HG + PA-induced superoxide produc
tion, as revealed by decreased fluorescence intensity of MitoSOX and 
reduced mitochondrial O2

•− (Fig. 2C and D; Fig. S1D). In parallel, fluo
rescent staining revealed that db/db mice exhibited elevated mtROS 
levels in the aortic endothelium relative to db/m mice. Systemic treat
ment of db/db mice with aFGF dramatically decreased mtROS genera
tion (Fig. 2F) in the aortic endothelium. 

In addition, mitochondrial depolarization was monitored by TMRM 
and JC-1 staining. The results showed that treatment of HUVEC with HG 
+ PA completely abrogated TMRM mitochondrial accumulation, along 
with greatly decreased JC-1 red/green fluorescence intensity ratio. By 
contrast, aFGF or Mito-TEMPO exposure normalized membrane poten
tial (Fig. 2E; Fig. S1C). Meanwhile, the tube-forming activity of HUVECs 
exposed to HG + PA was also greatly enhanced by aFGF or Mito-TEMPO 
co-treatment (Fig. 2G). 

The above results suggested that the protective effects of aFGF 
against diabetes-induced endothelial impairment might be related to its 
role in lowering the level of mitochondrial superoxide, but the further 
mechanism still need to be explored. 

3.3. aFGF restored Wnt/β-catenin signaling pathway activity in diabetes, 
and endothelial effects of aFGF were Wnt/β-catenin-dependent 

Lines of evidence support Wnt/β-catenin signaling (canonical Wnt 
signaling) plays an important role in ECs, ameliorating oxidative stress- 
induced EC apoptosis and functional impairment [36–38]. When the 
Wnt pathway is activated, β-catenin escapes degradation and trans
locates to the nucleus to form transcriptionally active complexes with 
sequence-specific DNA-binding T-cell factor/lymphoid enhancer factor 
(TCF/LEF)-family proteins, activating target gene expression [39,40]. 
To explore the possible mechanism for the protective effects of aFGF in 
HG + PA-induced endothelial injury, we first isolated nuclear and 
cytosolic extracts of HUVECs, then the nuclear translocation of β-catenin 
was analysed by immunofluorescence and immunoblotting. Nuclear 
translocation of β-catenin was significantly decreased in HUVECs 
exposed to HG + PA but partially restored by aFGF co-treatment (Fig. 3A 
and B). 

To determine whether the Wnt/β-catenin pathway played an 
important role in the endothelial protective effects of aFGF, the Wnt 
pathway was blocked by treatment with IWR and ICG-001, that promote 
β-catenin degradation and antagonize β-catenin/TCF/LEF-mediated 
transcription, respectively. Inhibition of Wnt/β-catenin signaling with 
IWR counteracted aFGF-mediated β-catenin nuclear translocation 
(Fig. 3A and B). Meanwhile, IWR and ICG-001 both inhibited aFGF- 
modulated increase of mitochondrial respiratory reserve capacity and 
ATP production (Fig. 3C and D). and increased aFGF-modulated sup
pression of superoxide production (Fig. 3E and F) and mitochondrial 
depolarization (Fig. 3G; Fig. S2A). In parallel, TUNEL-positive cells were 
significantly increased by both IWR and ICG-001 co-treatment with 
aFGF (Fig. 3H), along with damaged tube-forming activity (Fig. 3I) 
compared with HUVECs maintained in only aFGF co-treatment. 

The functional role of the Wnt/β-catenin pathway in aFGF-mediated 

J. Sun et al.                                                                                                                                                                                                                                      



Redox Biology 39 (2021) 101811

6

Fig. 1. aFGF attenuated diabetes-induced endothelial dysfunction both in vivo and in vitro. (A) Representative immunofluorescence with CD31 of aorta tissue 
sections, scale bars = 200 μm. (B) Representative confocal images of aortic rings sprouting, scale bars = 500 μm. (C) Concentration–response curves following Ach or 
SNP treatments of mice aortic rings. (D) Representative confocal images of TUNEL stained aorta tissue sections, scale bars = 20 μm, from db/m mice, db/db mice, and 
intraperitoneal aFGF (0.5 mg/kg) treated db/db mice aorta tissue sections. (E) Capillary-like tube formation of HUVECs, scale bars = 300 μm, HUVECs were cultured 
either in NG or HG + PA medium in the presence or absence of aFGF (100 ng/mL) for 72 h, MAN was served as the osmotic control for the HG + PA. (F) 
Representative confocal images of aortic rings sprouting, scale bars = 500 μm. (G) Cell lysates of HUVECs were used to detect the Bax, Bcl-2 as well as c-Caspase-3 
protein levels by immunoblotting. β-Actin was served as the loading control. All values displayed are means ± SEM of 6 independent experiments. For (A)-(D), #p <
0.05 vs. db/m mice; *p < 0.05 vs. db/db mice or vehicle treated db/db mice; For (E)-(G), #p < 0.05 vs. NG or MAN; *p < 0.05 vs. HG + PA. 
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Fig. 2. aFGF lowered the level of mitochondrial superoxide in vascular endothelial cells. (A) OCR was analysed using a Seahorse XF analyser. (B) ATP production in 
HUVEC. (C) Mitochondrial O2

•− in HUVEC was measured by mitochondria targeted probe MitoSOX and UPLC after accumulation of O2
•− -specific product 2-OH-Mito- 

E+. (D) mtROS of HUVECs was detected by MitoSOX staining assay, scale bars = 1000 μm. HUVECs were cultured either in NG or HG + PA medium in the presence or 
absence of aFGF (100 ng/mL) or MitoTEMPO (10 μM) for 72 h. MAN was served as the osmotic control for the HG + PA. (E) Mitochondrial membrane potential of 
HUVECs was detected by TMRM fluorescence staining, scale bars = 5 μm. (F) Representative confocal images of MitoSOX stained aorta tissue sections, scale bars =
20 μm, from db/m mice, db/db mice, and intraperitoneal aFGF (0.5 mg/kg) or MitoTEMPO (0.7 mg/kg) treated db/db mice. (G) Capillary-like tube formation of 
HUVECs, scale bars = 300 μm. All values displayed are means ± SEM of 6 independent experiments. For (A)-(E) and (G), #p < 0.05 vs. NG or MAN; *p < 0.05 vs. HG 
+ PA; For (F), #p < 0.05 vs. db/m mice; *p < 0.05 vs. db/db mice or vehicle treated db/db mice. 
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diabetic endothelial protection was further verified by in vivo experi
ments. We directly delivered IWR or ICG-001 through intraperitoneal 
injection to block the Wnt/β-catenin pathway. IWR and ICG-001 both 
largely counteracted aFGF-modulated endothelial protection in db/db 
mice, as demonstrated by decreased relaxation of aortic sections 
(Fig. S2B), dramatically increased de-endothelialized regions (Fig. S2C), 
increased mtROS generation (Fig. S2D), together with significantly 
increased TUNEL-positive cells in the aortic endothelium (Fig. S2E) in 
db/db mice. 

3.4. aFGF activated Wnt/β-catenin signaling pathway to promote c-Myc 
expression and protected the endothelial function against HG + PA 

To determine if aFGF-induced β-catenin translocation could alter 
gene expression via TCF/LEF cis-elements, a luciferase reporter vector 
containing TCF/LEF cis-elements regulating luciferase expression was 
transfected into HUVECs. Transcriptional activity of TCF/LEF was 
significantly decreased in HUVECs exposed to HG + PA but greatly 
increased by aFGF co-treatment. However, in the presence of IWR or 
ICG-001, aFGF-mediated activation of TCF/LEF transcription was 
blocked (Fig. 4A). 

Next, we explored the potential downstream target genes of aFGF- 
mediated Wnt/β-catenin activation. The oxidation-sensitive transcrip
tion factor c-Myc is a known Wnt/β-catenin target gene [41], which 
could enhance mitochondrial functional capacity, thus playing an 
important role in ECs [42,43]. In HUVECs exposed to HG + PA, both 
transcriptional and protein levels of c-Myc were significantly decreased, 
but were restored by aFGF co-treatment. However, in the presence of 
IWR or ICG-001, aFGF-mediated upregulation of c-Myc was attenuated 
(Fig. 4B). 

To clarify the role of c-Myc in regulating aFGF-mediated endothelial 
protection against HG + PA, we used si-c-Myc to disrupt c-Myc expres
sion in HUVECs. In the presence of si-c-Myc, aFGF-modulated endothe
lial protective effects were largely abolished, as indicated by decreased 
mitochondrial respiratory reserve capacity, ATP production, and 
dramatically increased superoxide generation (Fig. 4E and F) and 
mitochondrial depolarization (Fig. 4G; Fig. S3A), concomitant with 
increased TUNEL-positive cells (Fig. 4H) and impaired tube-forming 
activity in HUVECs (Fig. 4I). 

3.5. aFGF promoted c-Myc expression to increase HXK2 expression and 
mitochondrial localization 

The proto-oncogene c-Myc has been reported to regulate the 
expression of HXK2, a key enzyme for integrating energy production and 
cell viability [44]. c-Myc upregulates HXK2, which becomes enriched 
and associated with the mitochondrial voltage-dependent anion channel 
(VDAC), leads to inhibition of competing apoptotic signals for binding to 
VDAC [45]. By contrast, cells lacking HXK2 forces the chance of electron 
leaking increase, resulting in enhanced ROS and superoxide anion pro
duction [46]. Therefore, we investigated the possible role of c-Myc in 
aFGF regulation of HXK2 expression. Western blot analysis demon
strated that aFGF restored HG + PA impairment of HXK2 expression, 
while si-c-Myc (Fig. S4A) as well as si-Hxk2 (Fig. S4B) prevented 
aFGF-induced upregulation of HXK2. 

To gain insight into the involvement of HXK2 in aFGF-mediated 
endothelial protection, we determined the role of aFGF in the regula
tion of mitochondrial HXK2 localization. aFGF restored HG + PA- 
downregulated HXK2 expression and subsequently promoted mito
chondrial HXK2 localization, as demonstrated by increased mitochon
drial binding of HXK2 (Fig. 5A), concomitant with increased co-staining 
of HXK2 puncta (red) with COX IV (green) (Fig. 5B). Moreover, aFGF 
also prevented HG + PA-induced Cytochrome C release from mito
chondria into the cytosol (Fig. 5A). To further clarify the role of HXK2 in 
aFGF-mediated endothelial protection, we used si-Hxk2 to interfere with 
the expression of HXK2 in HUVECs. In the presence of si-Hxk2, aFGF 
could no longer induce HG + PA-impaired HXK2 expression and its 
further combination with mitochondria (Fig. 5A and B), accompanied 
with the release of Cytochrome C from mitochondria to the cytosol 
(Fig. 5A). Also, aFGF-modulated endothelial protective effects were 
largely attenuated by si-Hxk2, which exhibited decreased mitochondrial 
respiratory reserve capacity and ATP production (Figs. S4C and D), 
consistent with increased superoxide generation (Fig. 5C; Fig. S4E), 
mitochondrial depolarization (Fig. 5D; Fig. S4F), and TUNEL-positive 
cells in HUVECs (Fig. 5E), along with damaged tube-forming activity 
of HUVECs (Fig. 5F). 

The functional role of c-Myc and HXK2 in aFGF-mediated diabetic 
endothelial protection was further confirmed in db/db mice. The c-Myc 
inhibitor 10058-F4 and the HXK2 inhibitor 3-BrPA were intraperitone
ally injected respectively, in mice co-treated with aFGF. Both 10058-F4 
and 3-BrPA counteracted aFGF-modulated endothelial protection in db/ 
db mice, as demonstrated by decreased relaxation of aortic sections 
(Fig. S5E), increased de-endothelialized regions (Fig. S5A), and 
increased mtROS generation (Fig. S5B) in the aortic endothelium. In 
parallel, TUNEL-positive cells were significantly increased by both 
10058-F4 and 3-BrPA co-treatment (Fig. S5D). 

3.6. aFGF promoted the combination of HXK2 with mitochondria to 
protect endothelial function against HG + PA 

As, increased HXK2 expression contributes to the coupling between 
HXK2 and mitochondria, thus protecting cells from mitochondrial 
oxidative stress [45,46]. We next explored the functional role of HXK2 
mitochondrial localization in regulating aFGF-mediated endothelial 
protection. We used HXK2VBD to disrupt mitochondrial localization of 
HXK2 in HUVECs. In the presence of HXK2VBD, aFGF alleviated HG +
PA impairment of HXK2 expression but no longer promoted mitochon
drial localization of HXK2 (Fig. 6A, E), accompanied by increased 
release of Cytochrome C from mitochondria to the cytosol (Fig. 6A). 
Consequently, aFGF-modulated endothelial protective effects were 
largely attenuated by HXK2VBD, as demonstrated by decreased mito
chondrial respiratory reserve capacity and ATP production (Fig. 6B and 
C), increased superoxide production (Fig. 6D, F), increased mitochon
drial depolarization (Fig. 6G; Fig. S3B), increased TUNEL-positive 
HUVECs (Fig. 6E), and disruption of tube-forming activity (Fig. 6F). 

3.7. Inhibition of the Wnt/β-catenin/c-Myc/HXK2 axis disrupted aFGF- 
mediated wound healing in db/db mice 

Vascular endothelial dysfunction contributes to many diabetic 

Fig. 3. aFGF restored HG + PA-reduced Wnt/β-catenin signaling pathway activity, and the endothelial protective action of aFGF against HG + PA is Wnt/β-catenin 
signaling pathway dependent, in vitro. (A) Representative immunofluorescence staining with β-catenin in HUVECs, scale bars = 5 μm, (B) Nuclear and cytosolic 
extracts from HUVECs were isolated to detect β-catenin protein level by immunoblotting. Lamin B1 and β-Actin were served as loading controls for nuclear and 
cytosolic fractions, respectively, HUVECs were cultured either in NG or HG + PA medium alone or with aFGF (100 ng/mL) for 72 h, MAN was served as the osmotic 
control for the HG + PA. For manipulation of Wnt/β-catenin pathway, IWR (5 μM) was pretreated for 2 h before aFGF administration. (C) OCR was analysed using a 
Seahorse XF analyser. (D) ATP production in HUVEC. (E) Mitochondrial O2

•− in HUVEC was measured by mitochondria targeted probe MitoSOX and UPLC after 
accumulation of O2

•− -specific product 2-OH-Mito-E+. (F) mtROS of HUVECs was detected by MitoSOX staining assay, scale bars = 1000 μm, (G) Mitochondrial 
membrane potential was detected by TMRM fluorescence staining, scale bars = 5 μm, (H) TUNEL assay of HUVECs, scale bars = 100 μm, (I) Capillary-like tube 
formation of HUVECs, scale bars = 300 μm. All values displayed are means ± SEM of 6 independent experiments. #p < 0.05 vs. NG or MAN; *p < 0.05 vs. HG + PA; 
% p < 0.05 vs. HG + PA co-incubated with aFGF. 
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Fig. 4. aFGF activated Wnt/β-catenin signaling pathway to promote c-Myc expression and protect the endothelial function against HG + PA. (A) TEF/LEF-luciferase 
reporter activity in HUVECs. (B) Immunoblotting and sqRT-PCR analysis of c-Myc in HUVECs. HUVECs were cultured either in NG or HG + PA medium in the 
presence or absence of aFGF (100 ng/mL) for 72 h, MAN was served as the osmotic control for the HG + PA. For manipulation of Wnt/β-catenin pathway, IWR (5 μM) 
and ICG-001 (10 μM) was pretreated for 2 h before aFGF administration. (C) OCR was analysed using a Seahorse XF analyser. (D) ATP production in HUVEC. (E) 
Mitochondrial O2

•− in HUVEC was measured by mitochondria targeted probe MitoSOX and UPLC after accumulation of O2
•− -specific product 2-OH-Mito-E+. (F) 

mtROS of HUVECs was detected by MitoSOX staining assay, scale bars = 1000 μm, (G) Mitochondrial membrane potential was detected by TMRM fluorescence 
staining, scale bars = 5 μm, (H) TUNEL assay of HUVECs, scale bars = 100 μm, (I) Capillary-like tube formation of HUVECs, scale bars = 300 μm. All values displayed 
are means ± SEM of 6 independent experiments. #p < 0.05 vs. NG or MAN; *p < 0.05 vs. HG + PA; % p < 0.05 vs. HG + PA co-incubated with aFGF. 
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Fig. 5. aFGF promoted c-Myc expression to increase HXK2 expression and its mitochondrial localization. (A) Mitochondrial and cytosolic extracts were isolated to 
detect the HXK2 and Cytochrome c protein levels in HUVECs. COX IV and β-Actin were served as loading controls for mitochondrial and cytosolic fractions, 
respectively. (B) Representative immunofluorescence analysis of HXK2 (red) in HUVECs. The COX IV immunostaining (green) highlights mitochondria, and nuclei 
were stained with DAPI (blue), scale bars = 5 μm, (C) mtROS of HUVECs was detected by MitoSOX staining assay, scale bars = 1000 μm, (D) Mitochondrial 
membrane potential was detected by TMRM fluorescence staining, scale bars = 5 μm, (E) TUNEL assay of HUVECs, scale bars = 100 μm, (F) Capillary-like tube 
formation of HUVECs, scale bars = 300 μm. All values displayed are means ± SEM of 6 independent experiments. #p < 0.05 vs. NG or MAN; *p < 0.05 vs. HG + PA; 
% p < 0.05 vs. HG + PA co-incubated with aFGF. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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complications, including impaired wound healing [47]. Therefore, we 
examined the functional role of the Wnt/β-catenin/c-Myc/HXK2 
pathway in vivo using a mouse skin wound healing model in db/db mice. 
Wound healing was defective in db/db mice, which was accompanied by 
decreased c-Myc and HXK2 expression in skin lysates. aFGF promoted 
wound healing, and upregulated HXK2 and c-Myc expression (Fig. S6A). 
We then examined the functional role of aFGF-mediated upregulation of 
c-Myc and HXK2. aFGF restored CD31+ capillary density in skins of 
db/db mice, which was abrogated by IWR, 10058-F4, or 3-BrPA 
co-treatment (Fig. 7A). Meanwhile, aFGF acceleration of wound heal
ing in db/db mice was also abolished by these inhibitors (Fig. 7B). 

Furthermore, Hxk2 was specifically knocked down in db/db skin 
wound endothelia using a FLAG-tagged adenovirus carrying short 
hairpin RNA against murine Hxk2 mRNA under control of the murine 
vascular endothelial (VE)-Cadherin 5 core promoter (EC-sh-Hxk2). 
Specificity was confirmed in EC-sh-Hxk2-transfected HUVECs and 3T3 
cells by detecting the expression of Flag protein (Fig. S6B). EC-sh-Hxk2 
dramatically abolished aFGF-mediated HXK2 increase in the regenera
tive skin tissue of wounds from db/db mice (Fig. S6C). Meanwhile, aFGF 
restoration of CD31+ capillary density (Fig. 7C) and acceleration of 
wound healing in db/db mice were abrogated by endothelial Hxk2 
knockdown (Fig. 7D). 

To further clarify the role of HXK2 mitochondrial localization in the 
regulation of aFGF-mediated diabetic endothelial protection in vivo, we 
used HXK2VBD to interfere with mitochondrial location of HXK2 in 
wound sites of db/db mice. In the presence of HXK2VBD, aFGF still 
alleviated the impairment of HXK2 expression in diabetes (Fig. S6C). 
Nevertheless, HXK2VBD almost entirely restrained aFGF-restored 
CD31+ capillary density (Fig. 7C) and accelerated wound healing in 
db/db mice (Fig. 7D). 

4. Discussion 

The present study provides novel evidence that the endothelial 
protective effects of aFGF in diabetes are due in part to alleviation of 
diabetes-induced superoxide increase. This effect was modulated by 
upregulation of c-Myc expression through the Wnt/β-catenin axis, and 
subsequent increase of HXK2 expression and localization to 
mitochondria. 

To alleviate diabetic complications, several large trials targeted the 
commonly accepted risk factors for diabetic complications, including 
hyperglycemia, hypertension, and hyperlipidemia. Unfortunately, none 
of the trials successfully reduced the primary endpoints of cardiovas
cular morbidity and mortality [48,49]. Novel approaches to improve 
these outcomes are an urgent unmet clinical need. The development of 
new treatments has largely been guided by the concept that oxidative 
stress, primarily driven by mitochondrial superoxide, underlies diabetic 
complications [32,50]. Thus, landmark publications, indicating that 
mitochondrial production of superoxide is a unifying mechanism that 
regulates the major pathways of diabetic complications, including pol
yol flux, protein kinase C, advanced glycosylation end products, and 
hexosamine flux, were widely accepted [7,32,51]. Our findings 
demonstrated that aFGF efficiently inhibited mitochondrial superoxide 
generation in HG + PA-exposed HUVECs, and abolished 
diabetes-induced mitochondrial superoxide production and oxidative 

damage in the aortic endothelium. Of note, aFGF improved mitochon
drial respiration in endothelial cells under diabetic conditions. Consid
ering the fact that mitochondria may possess multiple pathways to help 
minimize glucose-induced oxidative stress and that hyperglycemia can 
alter the mitochondrial respiration independent of superoxide genera
tion [52], the endothelial protective effect of aFGF under diabetic con
ditions could be associated with improved mitochondrial metabolic 
function. 

aFGF is a multifunctional protein and is protective against many 
types of stress [53]. Prior studies identified that aFGF is upregulated by 
oxidative stress, implying that increased aFGF expression is an adaptive 
response and could protect against oxidative stress [13–15]. Also, prior 
findings demonstrated that aFGF alleviates diabetic testicular cell death 
and prevents diabetic cardiomyopathy, and that both effects are likely 
modulated by alleviation of diabetic oxidative stress [54,55]. In the 
present study, we demonstrated that therapeutic inhibition of mtROS 
with aFGF prevented oxidative stress and reduced pathological blood 
vessel changes in type 2 diabetes, which was dependent on Wnt/β-ca
tenin signaling. 

The pleiotropic effects of Wnt/β-catenin signaling are well- 
established, with known roles in cardiovascular development, regener
ation, and angiogenesis [56]. However, the role of Wnt/β-catenin 
signaling in oxidative stress regulation appears to be context-dependent. 
For example, Wnt/β-catenin signaling protected against hepatic ische
mia/reperfusion injury and decreased ROS levels, and loss of β-catenin 
triggers oxidative stress and impairs hematopoietic regeneration in this 
model [57]. On the contrary, β-catenin deficiency or Wnt/β-catenin in
hibition is beneficial in cardiac ischemic injury [58]. Therefore, the 
precise mechanisms of the Wnt/β-catenin pathway and its regulatory 
roles in oxidative stress should be assessed under specific circumstances. 
In the present study, overproduction of mtROS in the vascular endo
thelium of diabetic mice and HUVECs exposed to HG + PA were 
observed, driven in part by inhibition of the Wnt/β-catenin pathway. 
aFGF abolished diabetes-induced mtROS production and oxidative 
damage in ECs by activating Wnt/β-catenin signaling. 

c-Myc, as a Wnt/β-catenin downstream target gene, is an oxidation- 
sensitive transcription factor [41,59]. Suppression of c-Myc expression 
depletes cellular ATP levels, enhances oxidative stress, promotes mito
chondrial dysfunction, and causes significant DNA damage, resulting in 
apoptosis [60]. In this study, transcription and protein expression ana
lyses of c-Myc in HG + PA-exposed HUVECs, in the presence or absence 
of aFGF, revealed that aFGF markedly restored HG + PA-mediated 
decrease of c-Myc levels. To elucidate the roles of c-Myc in the endo
thelial protective effects of aFGF, we used si-c-Myc to disrupt expression 
of c-Myc in HUVECs. In the absence of c-Myc, aFGF-modulated endo
thelial protective effects were largely abolished. This result was further 
confirmed in vivo by treating db/db mice with the c-Myc inhibitor 
10058-F4, which abolished the endothelial protective effects of aFGF. 

HXK2, a c-Myc transcriptional target, contains a mitochondria- 
targeting domain [45] that localizes the enzyme to the VDAC/adenine 
nucleotide translocase channel. Silencing of Hxk2 significantly 
decreased mitochondrial localization of HXK2, subsequently enhancing 
mtROS production [46]. c-Myc knockdown decreases HXK2 mRNA and 
protein levels in HUVECs, while c-Myc overexpression upregulates 
HXK2 [61]. In addition to upregulation of HXK2, c-Myc also contributes 

Fig. 6. aFGF promoted the combination of HXK2 with mitochondria to protect the endothelial function against HG + PA. (A) Mitochondrial and cytosolic extracts 
were isolated to detect the HXK2 and Cytochrome c protein levels in HUVECs. HUVECs were cultured either in NG or HG + PA medium alone or with aFGF (100 ng/ 
mL) for 72 h, MAN was served as the osmotic control for the HG + PA, cell-permeable form of HXK2VBD (100 μM) was pretreated for 1 h before aFGF administration. 
(B) OCR was analysed using a Seahorse XF analyser. (C) ATP production in HUVEC. (D) Mitochondrial O2

•− in HUVEC was measured by mitochondria targeted probe 
MitoSOX and UPLC after accumulation of O2

•− -specific product 2-OH-Mito-E+. (E) Representative immunofluorescence analysis of HXK2 (red) in HUVECs. The COX 
IV immunostaining (green) highlights mitochondria, and nuclei were stained with DAPI (blue), scale bars = 5 μm, (F) mtROS of HUVECs was detected by MitoSOX 
staining assay, scale bars = 1000 μm, (G) Mitochondrial membrane potential was detected by TMRM fluorescence staining, scale bars = 5 μm, (H) TUNEL assay of 
HUVECs, scale bars = 100 μm, (I) Capillary-like tube formation of HUVECs, scale bars = 300 μm. All values displayed are means ± SEM of 6 independent exper
iments. #p < 0.05 vs. NG or MAN; *p < 0.05 vs. HG + PA; % p < 0.05 vs. HG + PA co-incubated with aFGF. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Fig. 7. Inhibition of Wnt/β-catenin-c-Myc-HXK2 pathway and/or interference with mitochondrial location of HXK2 abrogated aFGF-prompted wound healing in 
T2DM. (A) Confocal immunofluorescence staining with CD31 of wounded skin tissue sections at 7 days post wounding, scale bars = 30 μm, and (B) Images of skin 
wounds from db/m mice, db/db mice and db/db mice receiving aFGF (100 ng/mL) treatment. For signaling pathway analysis, ICG-001 (10 μM) or 10058-F4 (50 μM) 
or BrPA (50 μM) was injected intradermally into the wound edges in the mice after aFGF treatment. (C) Confocal immunofluorescence staining with CD31 of 
wounded skin tissue sections at 7 days post wounding, scale bars = 30 μm, and (D) images of skin wounds from db/m mice, db/db mice and db/db mice receiving 
aFGF (100 ng/mL) treatment. Ad-sh-HXK2 was injected intradermally into the wound edges in the mice the day before wounding, HXK2VBD peptide (100 μM) was 
injected intradermally into the wound edges in the mice after aFGF treatment. (E) Schematic showing that aFGF alleviated diabetes-induced endothelial impairment 
by downregulating mtROS via Wnt/β-catenin pathway. All values displayed are means ± SEM of 6 independent experiments. #p < 0.05 vs. db/m mice; *p < 0.05 vs. 
db/db mice; % p < 0.05 vs. aFGF treated db/db mice. 
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to association of HXK2 with mitochondrial VDAC [45]. Clinical in
vestigations revealed that HXK2 protein levels are decreased in human 
coronary ECs (HCECs) from diabetic patients relative to HCECs from 
non-diabetic patients. Further experimental studies confirmed the 
finding that HG treatment significantly decreases HXK2 protein levels in 
mouse coronary ECs (MCECs), while HXK2 overexpression in MCECs 
derived from diabetic mice decreases mtROS production [62]. There
fore, in the present study, we investigated whether aFGF modulated the 
c-Myc/HXK2 axis in ECs, and the role of this interaction in 
aFGF-mediated endothelial protection. aFGF mediated upregulation of 
HXK2 expression in a c-Myc-dependent manner. To elucidate the roles of 
HXK2 in the endothelial protective effects of aFGF in HG + PA condi
tions, we used si-Hxk2 to disrupt expression of HXK2 and used 
HXK2VBD to disrupt mitochondrial localization of HXK2 in HUVECs. 
Both silencing of HXK2 and dissociation of HXK2 from mitochondria 
largely abolished the endothelial protective effects of aFGF. This result 
was further confirmed using the HXK2 inhibitor 3-BrPA in db/db mice, 
which abolished the protective effects of aFGF in aortic ECs. 

Impaired angiogenesis is a crucial factor impeding the wound heal
ing process in diabetes [63]. Wound healing is a complex, dynamic, and 
highly controlled process, in which angiogenesis plays a crucial role in 
nourishing newly formed tissues. Vascular ECs play an important role in 
angiogenesis and contribute to the wound healing process [64]. How
ever, endothelial dysfunction is an early and fundamental pathological 
change in diabetes [65]. The present study demonstrated that aFGF 
upregulated expression of HXK2 and c-Myc, promoting angiogenesis and 
wound healing in db/db mice. This effect was abrogated by co-treatment 
with IWR, 10058-F4, and 3-BrPA, which inhibit Wnt/β-catenin, c-Myc, 
and HXK2, respectively. Moreover, these results were further confirmed 
by silencing HXK2 and dissociating HXK2 from the mitochondria, which 
largely abolished aFGF promotion of angiogenesis and wound healing. 

5. Conclusion 

Collectively, our data demonstrated for the first time that the pro
tective effects of aFGF in diabetes-induced endothelial impairment can 
be attributed mainly to its role in activating the Wnt/β-catenin signaling 
pathway, and the resultant alleviation of mitochondrial oxidative stress. 
Moreover, we revealed that alleviation of diabetic mitochondrial 
oxidative stress by aFGF-mediated Wnt/β-catenin signaling pathway 
activation was c-Myc dependent, and involved HXK2. The present study 
established a novel role for aFGF in endothelial protection in diabetes, 
which was due to alleviation of mitochondrial oxidative stress. These 
findings provide new insights into the pathogenesis and treatment of 
diabetic vascular complications. 
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