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Abstract

Background: Angiogenesis constitutes a major mechanism responsible for exercise-induced beneficial effects. Our previous study identified a
cluster of differentially expressed extracellular vesicle microRNAs (miRNAs) after exercise and found that some of them act as exerkines. How-
ever, whether these extracellular vesicle miRNAs mediate the exercise-induced angiogenesis remains unknown.

Methods: A 9-day treadmill training was used as an exercise model in C57BL/6 mice. Liver-specific adeno-associated virus 8 was used to knock
down microRNA-122-5p (miR-122-5p). Human umbilical vein endothelial cells were used in vitro.

Results: Among these differentially expressed extracellular vesicle miRNAs, miR-122-5p was identified as a potent pro-angiogenic factor that
activated vascular endothelial growth factor signaling and promoted angiogenesis both in vivo and in vitro. Exercise increased circulating levels
of miR-122-5p, which was produced mainly by the liver and shuttled by extracellular vesicles in mice. Inhibition of circulating miR-122-5p or
liver-specific knockdown of miR-122-5p significantly abolished the exercise-induced pro-angiogenic effect in skeletal muscles, and exercise-
improved muscle performance in mice. Mechanistically, miR-122-5p promoted angiogenesis through shifting substrate preference to fatty acids
in endothelial cells, and miR-122-5p upregulated endothelial cell fatty-acid utilization by targeting 1-acyl-sn-glycerol-3-phosphate acyltransfe-
rase (AGPAT1). In addition, miR-122-5p increased capillary density in perilesional skin tissues and accelerated wound healing in mice.
Conclusion: These findings demonstrated that exercise promotes angiogenesis through upregulation of liver-derived extracellular vesicle miR-122-5p,
which enhances fatty acid utilization by targeting AGPAT]1 in endothelial cells, highlighting the therapeutic potential of miR-122-5p in tissue repair.

Keywords: Angiogenesis; Endothelial cells; Exerkine; Extracellular vesicle; Metabolic shift

1. Introduction osteoporosis, and others.”” Evidence has shown that promo-
tion of angiogenesis, which increases the blood flow and
energy supply to tissues, constitutes a major mechanism
responsible for exercise-induced beneficial effects in both
physiological and pathological conditions.”” It has been
shown that even a short term of exercise leads to a ~5-fold
increase in blood flow and a 20% increase in capillary density
in skeletal muscles.®’

It is well established that physical inactivity initiates malad-
aptations that increase the risks of various diseases.' In con-
trast, regular physical activity not only reduces risk of diseases
but also activates the endogenous “medkit” to cure diseases,
including myocardial infarction, peripheral arterial disease,
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proliferate to form new primary capillaries.*’ Impaired EC
angiogenic responses have been linked to impaired tissue
repair'’ and exacerbation of a wide range of diseases.”''
Although multiple cytokines, including fibroblast growth fac-
tor, placenta growth factor, platelet-derived growth factor, and
transforming growth factor 3, are involved in angiogenesis,
vascular endothelial growth factor (VEGF) appears to be the
central factor in initiating angiogenesis.” Both long-term and
short-term exercise upregulates VEGF signaling and capillar-
ity in skeletal muscles.” However, how exercise orchestrates
the complex process of physiological angiogenesis remains
unknown. Recent studies have identified exerkines, which are
secreted from multiple tissues in response to exercise, as major
players in orchestrating cell-to-cell crosstalk and mediating the
exercise-induced beneficial effects.'” '* Among exerkines,
myokines, including interleukin 6, irisin, and apelin secreted
from skeletal muscles, have been studied extensively.'>'®
Searching for exerkines provides a framework for understand-
ing how exercise mediates many of its beneficial effects and
provides a platform for pharmacotherapy development in vari-
ous diseases.

Interest in this field has grown rapidly with the increased
knowledge that numerous exerkines are shuttled by extracellu-
lar vesicles such as exosomes, the small (30—100 nm) endoge-
nous membrane vesicles secreted by most cell types.'”'®
Recently, we found that although the total circulating extracel-
lular vesicles did not change significantly postexercise, the iso-
lated plasma extracellular vesicles from exercised animals
afforded remarkable protection against myocardial ischemia/
reperfusion injury.'” MicroRNA (miRNA) sequencing identi-
fied 12 differentially expressed miRNAs in the circulating
extracellular vesicles of exercised animals.'” In this study, we
found that 1 of these differentially expressed miRNAs, liver-
derived extracellular vesicle miR-122-5p (previously named
miR-122 or miR-122a), acts as a novel exerkine that contrib-
utes to exercise-promoted angiogenesis.

2. Methods
2.1. Animals and the exercise model

All animal studies were performed in accordance with
national guidelines and were approved by the Fourth Military
Medical University Animal Care and Use Committee, Xi’an,
China. C57BL/6 mice (male) at the age of 8 weeks were pur-
chased from the Experimental Animal Center of the Fourth
Military Medical University, Xi’an, China. Mice were fed
standard chow and housed under a 12 h light/12 h dark cycle.
For the exercise model, mice were acclimatized to the tread-
mill for 3 consecutive days prior to the exercise training. For
acclimatization, mice were subjected to exercise at 9 m/min
for 20 min at 0° inclination, 10 m/min for 30 min at 0° inclina-
tion and 15 m/min for 40 min at 0° inclination on 3 different
days. The animals were then trained at 18 m/min for 1 h at 0°
inclination for 9 continuous days. For euthanasia, mice were
anaesthetized with an intraperitoneal injection of sodium pen-
tobarbital (100 mg/kg body weight, P-010; Merck, Darmstadt,
Hesse, Germany) and then euthanized via exsanguination.

J. Louetal.
2.2. Matrigel plug assay

A Matrigel plug assay was used to examine angiogenesis
in vivo, as described previously.”’ In brief, the mice were anes-
thetized with continuous 2% isoflurane (130302; Yipin Pharma-
ceutical, Shijiazhuang, China) in 1 L/min oxygen through a
tight-fitting facemask (24002; Harvard Apparatus, Holliston,
MA, USA) for 10 min, and the hind limbs were then sterilized.
Agonist miRNA (agomiR)-negative control (NC) or agomiR-
122-5p was synthesized by RiboBio (Guangzhou, China), and
100 nmoL/kg body weight agomiR were diluted with a 0.5 mL
Matrigel matrix (35243; Corning, New York, NY, USA) and
then implanted into the inguinal subcutaneous area of each
mouse. The anesthesia was maintained in the mice for at least
another 30 min to ensure that the Matrigel matrix was
completely solidified. Mice were fed standard chow, and the
Matrigel matrix (Coring) was taken out 1 week later.

2.3. AgomiRNA and antagomiRNA injection

AgomiR-NC, agomiR-122-5p, antagomiR-NC, and antago-
miR-122-5p were synthesized by Ribobio. Either agomiR-NC
or agomiR-122-5p was injected once (0.4 mg/kg body weight in
50 pL saline for each quadricep) into each quadricep at 4 points.
Mice were euthanized with an intraperitoneal injection of
sodium pentobarbital (100 mg/kg body weight; Merck) 3 days
after quadriceps injection. Either antagomiR-NC or antagomiR-
122-5p was injected (0.8 mg/kg body weight in 0.1 mL saline)
into the tail vein every other day from the 1st day to the 9th day
of treadmill training. The sequences of agomiRNAs and antago-
miRNAs used is shown in Supplementary Table 1.

2.4. Adeno-associated virus injection

To determine whether liver-derived miR-122-5p contri-
butes to exercise-induced angiogenesis, liver-specific adeno-
associated virus 8 (AAV8) carrying the Mus musculus (mmu)
-miR-122-5p reverse complementary sequence (5’-GAATTC-
CAAACACCATTGTCACACTCCATATACCAAACACCA-
TTGTCACACTCCAACATCCAAACACCATTGTCACAC-
TCCATCTTCACAAACACCATTGTCACACTCCATTTTT-
TGGATCC-3’) was packaged and synthesized by Hanbio Bio-
technology (Shanghai, China). In brief, the anti-mmu-miR-
122-5p sequence was cloned into a pHBAAV-U6-ZsGreen
vector to form a pHBAAV-U6-ZsGreen-miR-122-5p vector.
AAV8-anti-miR-122-5p viral particles were packaged in
AAV-293 cells (Hanbio Biotechnology) using the pHBAAV-
U6-ZsGreen-miR-122-5p vector, pAAV-RC vector, and
pHelper vector. AAVS viral particles carrying an empty vector
were used as a negative control. The virus titer was 1.3 x 102
v.g./mL. Each mouse was injected with 100 pL of AAVS
through the tail vein at 1 month before treadmill training.
AAVS injection efficiency was detected by quantitative poly-
merase chain reaction (QPCR).

2.5. Forelimb strength

A grip-strength meter (BIO-GS3; Bioseb, Pinellas Park, FL,
USA) was used to measure the forelimb grip strength of the
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mice. The mice were put on the grid, and their torsos were kept
horizontal, allowing only the front paws to attach the grid.
Then the mices’ tails were gently pulled back, ensuring that
their torsos were parallel to the grid so as to eliminate the inter-
ference of back strength. The forelimb grip strength of each
mouse was measured 5 times discontinuously, and an average
value was calculated.

2.6. Rotarod test

A rotarod system with 5 individual chambers (JLBehv-
RRTG; Shanghai Jiliang Software Technology, Shanghai,
China) was used to detect the motor coordination of mice. In
brief, the mice were acclimated to the rotarod with 3 trials
every day for a period of 3 days. The rotarod accelerated from
4 revolutions per minute (rpm) to 40 rpm in 5 min and main-
tained the maximum speed until the mice fell. Animals were
scored for their latency to fall for each trial. The mice rested
for a minimum of 10 min between trials to avoid fatigue.

2.7. Plasma extracellular vesicles isolation and analysis

The mice were euthanized 24 h after the last training session
by an intraperitoneal injection of sodium pentobarbital
(100 mg/kg body weight; Merck), and plasma and extracellular
vesicles were collected as described previously.'” Briefly, extra-
cellular vesicles were separated by differential centrifugation.
Blood samples were centrifuged at 1600 g for 20 min at
4°C to obtain plasma, followed by 10,000 g for 30 min to remove
cells and platelets and at 100,000 g for 60 min twice to collect
extracellular vesicles. The isolated extracellular vesicles were
resuspended in phosphate-buffered saline (PBS, B548117; San-
gon Biotech, Shanghai, China) for further study. Extracellular
vesicles were visualized using transmission electron microscopy
(H7500; Hitachi, Tokyo, Japan), as described previously.'® Parti-
cle concentration was quantified using a NanoSight NS300 (Mar-
vern Panalytical, Worcester, UK), as described previously.'”’

2.8. Wound healing

Mice were anesthetized by an intraperitoneal injection of
sodium pentobarbital (50 mg/kg body weight; Merck), and their
backs were shaved and cleaned. A sterile 6 mm skin biopsy
punch (BP60; HealthLink, Oakland, CA, USA) was used to
make 2 wounds in each mouse. Every 2 days, agomiR-NC or
agomiR-122-5p (0.8 mg/kg body weight in 0.1 mL saline for
each wound) was injected intradermally into the wound edges at
4 points in the mice. Wound closure was quantified by Image J
software (1.50i; NIH, Bethesda, MD, USA) and calculated as the
percentage of the original wound size. After the mice were eutha-
nized by an intraperitoneal injection of sodium pentobarbital
(100 mg/kg body weight; Merck), 5 mm of nonwounded perile-
sional skin from the margin of the wound site were collected for
immunofluorescence and Western blot.

2.9. Cell lines

Human umbilical vein ECs were obtained from American
Tissue Culture Collection. Cells were cultured in endothelial
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cell medium (ECM) containing 5% fetal bovine serum, 1% EC
growth supplement, and 1% penicillin/streptomycin solution
(1001; ScienCell, Carlsbad, CA, USA). Cells were grown
under 5% CO, at 37°C.

2.10. Gene expression analysis

Total cellular RNA and small RNA were isolated using
RNAiso (9753; Takara, Osaka, Japan) according to standard
procedures. In serum samples, celworm (cel)-miR-39
(miRB0000010-3-1; Ribobio) was added to standardize the
technical differences between samples before the chloroform
step. RNA concentrations were verified on the NanoDrop
Spectrophotometer (Thermo Fisher, Waltham, MA, USA).
RNAs were reversed by Mir-X TM miRNA First-Stand Syn-
thesis Kit (638313; Takara). qPCR was performed on a Bio-
Rad Real-time PCR System (CFX96; BioRad, Hercules, CA,
USA) by SYBR Premix Ex TaqTM II Kit (639676; Takara)
according to the manufacturer’s protocol. Relative mRNA
expression levels were calculated using the 272" method.
The primers of mRNA or miRNA were synthesized by Sangon
Biotech (Shanghai, China). The sequences used are shown in
Supplementary Table 2.

2.11. Transfection

Transfection of miRNA mimics (50 nmol/L for cells,
200 nmol/L for aortic rings), miRNA inhibitors (200 nmol/L for
cells), small interfering RNAs (siRNAs, 50 nmol/L for cells,
200 nmol/L for aortic rings), and their negative controls
(50 nmol/L for cells, 200 nmol/L for aortic rings) was per-
formed using Lipofectamine RNAIMAX (13778; Invitrogen,
Carlsbad, CA, USA) and Opti-MEM (31985062; Gibco, Carls-
bad, CA, USA) according to the manufacturers’ instructions.
After 8 h of transfection in cells or 24 h of transfection in aortic
rings, the medium was changed to the ECM (ScienCell). The
transfection efficient was detected by gPCR or Western blot at
60 h after transfection. The miRNA mimic sequences are shown
in Supplementary Table 1, and small interference RNA (siRNA)
sequences are shown in Supplementary Table 3.

2.12. Predicting the target genes of miR-122-5p

Target genes of miR-122-5p were predicted through the use of
the miRDB (http://www.mirdb.org/), miRanda (http://www.moc
rorna.org), and TargetScan (http://www.targetscan.org/) online
databases. The target genes were identified by taking the intersec-
tion of the 3 databases. The database for annotation, visualization
and integrated discovery (DAVID) gene function classification
tool was then used to classify the function of the gene.

2.13. Cell viability assay

The endothelium cells were seeded in 96-well plates with a den-
sity of 0.4 x 10* cells/well after transfection. The cell counting
kit-8 (CCK-8) (40203; Yeasen Biotech, Shanghai, China) was
used to detect the cell viability. A 100 wL. medium containing 10
pL CCK-8 was added into each well at 48 h after transfection.
The optical density value was detected at 450 nm (FLUOstar


http://www.mirdb.org/
http://www.mocrorna.org
http://www.mocrorna.org
http://www.targetscan.org/

498

Omega; BMG Labtech, Ortenberg, Germany) after 2 h of incuba-
tion.

2.14. Wound-scratch assay

ECs were seeded in a 35 mm plastic disk with an Ibidi Cul-
ture-Insert chamber (81176; Ibidi, Grafelfing, Germany), and
the culture insert was moved until a confluent monolayer
formed. The wound closure was monitored over the next 24 h,
and images were captured at the same location using a Bright-
field inverted microscope (CKX41; Olympus, Tokyo, Japan).
The migration distance was calculated using Image J software
(NIH).

2.15. Tube formation assay

A Matrigel basement membrane matrix was diluted 1:1
with ECM. The Matrigel matrix (Corning) was added to each
well in 96-well plates (50 pwL/well) by using precooled pipette
tips, and the plate was placed in a 37°C incubator for 30 min to
solidify the Matrigel matrix. ECs were digested and resus-
pended with ECM, and 10,000 cells were then seeded per
well. The formation of tubes was observed 4 h after seeding
using a Brightfield inverted microscope (CKX41; Olympus).
The number of tubes was quantified using Image J software
with an angiogenesis analyzer tool.

2.16. Aortic ring assay

Aortic ring assay was assessed as described previously.”’
Briefly, the mice were euthanized by an intraperitoneal injec-
tion of sodium pentobarbital (100 mg/kg body weight; Merck),
and their thoracic aortas were dissected. Surrounding fat and
other connective tissues were cleaned away. The aortas were
cut into ~0.5 mm wide rings and transfected overnight. The
next day, each aortic ring was embedded in 50 wL of Matrigel
matrix (Corning) in a 12-well plate, and vessel sprouting was
stimulated by supplementing 5% fetal bovine serum and 100
wg/mL endothelial cell growth supplement (ECGS) in ECM.
The medium was replaced once every other day. After 4 days
of incubation, the photos of resulting sprouts were acquired
using a Brightfield inverted microscope (CKX41; Olympus).
The sprout length was calculated using Image J software
(NIH).

2.17. Immuofluorescence

The fresh quadriceps or perilesional skin tissues were
placed in a tissue base mold and covered with optimal cutting
temperature compound (OCT 4583; Sakura Finetek, Tokyo,
Japan). Transverse sections were sectioned at 8 wm thickness
and stored in a —80°C freezer before staining. The sections
were fixed in precooled acetone for 10 min. The slides were
then washed with PBS (Sangon) twice and permeabilized with
0.1% Triton (T8787; Sigma-Aldrich, St. Louis, MO, USA).
The sections were washed with PBS, blocked with goat serum
(16210064; Gibco) for 1 h and incubated overnight at 4°C in
primary antibodies diluted at 1:100. The slides were washed
with PBS twice and incubated for 2 h at room temperature
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with secondary antibodies diluted at 1:500. The slides were
then washed with PBS twice and incubated with 4’,6-diami-
dino-2-phenylindole (DAPTI) to stain nucleus. The immunoflu-
orescence images were visualized by confocal microscopy
(LSM 800; Zeiss, Oberkochen, Germany). Antibodies against
platelet/endothelial cell adhesion molecule-1 (PECAM-1/
CD31, ab213175), Laminin (ab11575) were purchased from
Abcam (Cambridge, MA, USA). Fatty acid translocase (FAT/
CD36, 18836) and carnitine palmitoyl-transferase 1A
(CPT1A, 15184) were purchased from Proteintech (Wuhan,
China). 1-acyl-sn-glycerol-3-phosphate acyltransferase-beta-1
(AGPATI1, GTX55496) was purchased from GeneTex (Irvine,
CA, USA).

2.18. Enzyme-linked immunosorbent assay (ELISA)

ELISA assays were performed to detect the concentration
of VEGF in serum and culture medium of ECs using a com-
mercial kit (Cusabio, Wuhan, China). The manufacturer’s
instructions were followed.

2.19. Measurement of oxygen consumption rate

An XF24 Extracellular Flux Analyzer (Seahorse Biosci-
ence, North Billerica, MA, USA) was used to measure the oxy-
gen consumption rate (OCR) of ECs. Cells were seeded in
XF24 cell-culture plates (20,000 cells/well, 102042; Seahorse
Bioscience). Cells were incubated in a Tyrode solution consist-
ing of (in mmol/L) 137 NaCl, 5.4 KCl, 1.2 MgCl,, 1.2
NaH,PO,, 1.8 CaCl,, 5.6 glucose or 10 pyruvate, and 20
HEPES (pH 7.35, adjusted with NaOH). The Tyrode solution
contains only 150 wmol/L palmitic acid (PA) (P9767; Sigma)
without glucose during detection. Bioenergetics analyses were
performed with the injection of oligomycin (1 wmol/L, 75351;
Sigma), carbonilcyanide p-trifiouromethoxyphenylhydrazone
(FCCP, 1 pwmol/L, C2920; Sigma), rotenone (1 wM, R8875;
Sigma), and antimycin A (1 wmol/L, A8674; Sigma) sequen-
tially. OCR was determined and adjusted by protein concentra-
tion. OCRs for basal respiration, ATP production, proton leak,
and maximal respiration were calculated following the man-
ufacturer’s instructions.

2.20. Western blot

Protein content from all samples was quantified using a
bicinchoninic acid protein assay kit (23225; Thermo Fisher).
Western blot analysis was performed using standard proce-
dures, was detected using an enhanced chemiluminescence
western blotting detection kit (32106; Thermo Fisher), and
was quantified by scanning densitometry. Antibodies against
phosphorylated (p)-protein kinase B (Akt) (Serd473) (#4060),
Akt (#4685), p-extracellular signal-regulated kinase (ERK)
(Thr202/Tyr204) (#4370), ERK (#4695), VEGF receptor-2
(VEGFR2, #9698), p-VEGFR2 (Tyrl175) (#3770), B-actin
(#4970), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, #5174) were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). CD36 (18836), CPT1A (15184),
carnitine palmitoyl-transferase 1B (CPT1B; 22170), VEGF
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(19003), apolipoprotein A1 (APOA1; 14427), and golgi matrix
protein 130 (GM130; 11308) were purchased from Protein-
tech. AGPAT1 (GTX55496) was purchased from GeneTex.
CD31 (ab213175), tumor susceptibility 101 (TSGI101,
ab125011), and CDS81 (ab109201) were purchased from
Abcam. GAPDH or B-actin was used as a loading control.

2.21. Fatty acids and glucose uptake

The cells were starved for 6 h in a serum-free medium before
fatty acid or glucose uptake detection. Fatty acid uptake was
detected using a fatty acid uptake kit from Sigma (MAK156), and
the manufacturer’s instructions were followed. For the glucose
uptake assay, cells were incubated in 200 pM of 2~(N-(7-nitro-
benz-2-oxa-1,3-diaxol-4-yl) amino)-2-deoxyglucose (2-NBDG,
N13195; Invitrogen, Waltham, MA, USA) for 1 h and washed
with PBS 3 times. The fluorescence value was recorded at the exci-
tation/emission of 488 nm/520 nm.

2.22. Luciferase reporter assay

As described previously,'” a luciferase reporter assay was
used to validate the mRNA target of miR-122-5p.

2.23. Statistical evaluation

All values are presented as mean + SEM of independent
experiments. The results were compared with one-way analy-
sis of variance (ANOVA) or two-way ANOVA, with all
ANOVA tests followed by an unpaired, 2-tailed ¢ test, as
appropriate. The Kolmogorov-Smirnov normality test was
used to analyze the normal distribution of the data. A Bonfer-
roni correction for multiple comparisons was used, p < 0.05
was considered to indicate a significant difference.

3. Results

3.1. miR-122-5p stood out as a potent miRNA in the promotion
of angiogenesis in vitro and in vivo

We previously identified 12 differentially expressed miRNAs
in circulating extracellular vesicles postexercise by using miRNA
sequencing combined with qPCR.'’ After transfection of ECs
with these miRNA mimics, cell viability was detected as a
screening test to determine which miRNAs are potential regula-
tors of angiogenesis. Among these miRNAs, the miR-122-5p
mimic increased cell viability (Fig. 1A and 1B) and activated
VEGF signaling as evidenced by the increased contents of
VEGF, p-VEGFR2/VEGFR2, p-ERK/ERK, p-Akt, and Akt in
cultured ECs (Fig. 1C), suggesting miR-122-5p as a potential
pro-angiogenic factor. In addition, the miR-122-5p mimic
increased VEGF secretion in cultured ECs (Supplementary Fig.
1). The pro-angiogenesis effect of miR-122-5p was further con-
firmed by the scratch, tube formation, and aortic ring sprouting
assays. As shown in Fig. 1D—1F, the miR-122-5p mimic pro-
moted cell migration and tube-like network formation in cultured
ECs and increased aortic ring sprouting in cultured aortic rings.
Furthermore, the miR-122-5p mimic displayed a dose-dependent
effect on pro-angiogenesis in ECs (Supplementary Fig. 2). These
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results suggest that miR-122-5p is a potential pro-angiogenesis
factor.

To test whether miR-122-5p promotes angiogenesis in vivo,
3 models were employed. First, mouse quadriceps muscle was
injected with agomiR-NC or agomiR-122-5p to test whether
miR-122-5p upregulation promotes angiogenesis in skeletal
muscles (Fig. 1G). Three days after injection, agomiR-122-5p
showed no significant effects on quadriceps muscle weight
(Fig. 1H), but it increased capillary density in quadriceps
muscles compared with quadriceps muscles injected with ago-
miR-NC (Fig. 1I). Meanwhile, agomiR-122-5p increased the
contents of CD31, VEGF, and p-VEGFR2 in quadriceps
muscles (Fig. 1J). In the second set of experiments, Matrigel
was injected together with agomiR-NC or agomiR-122-5p sub-
cutaneously in the inguinal space of mice. Seven days after
injection, newly formed blood vessels were observed in the
Matrigel plug, and these were increased by agomiR-122-5p
(Fig. 1K and Fig. S3). Furthermore, an in vivo wound-healing
model was used to test whether agomiR-122-5p promotes
wound healing in mice. As shown in Fig. 1L and 1M, agomiR-
122-5p treatment accelerated wound closure and increased
capillary density in perilesional skin tissues. These results fur-
ther indicate that miR-122-5p is a pro-angiogenic factor.

3.2. Exercise promoted angiogenesis through upregulation of
circulating miR-122-5p

Exercise upregulated the circulating miR-122-5p levels
after 9 days of training (Fig. 2A). We used antagomiR-122-5p
to test whether miR-122-5p mediates the exercise-induced angio-
genesis in skeletal muscles (Fig. 2B). AntagomiR-122-5p blocked
the upregulation of circulating miR-122-5p induced by exercise
(Fig. 2C). Neither exercise nor antagomiR-122-5p showed any
significant effects on the body weight or muscle weight of the
mice (Fig. 2D and 2E). Exercise increased the muscle perfor-
mance as evidenced by the increased forelimb grip strength and
motor coordination (Fig. 2F and 2G). However, these effects
were abolished by antagomiR-122-5p (Fig. 2F and 2G). In addi-
tion, exercise increased expression levels of CD31 and VEGEF in
skeletal muscles and the capillary density, while these effects
were abolished by antagomiR-122-5p (Fig. 2H and 2I). Antago-
miR-122-5p also abolished the effects of exercise on upregulation
of circulating VEGF (Supplementary Fig. 1). These results sug-
gest that exercise-promoted angiogenesis in skeletal muscles is
mediated by upregulation of miR-122-5p.

3.3. Exercise-upregulated miR-122-5p was shuttled by
extracellular vesicles and derived from the liver

Extracellular vesicles were purified from the plasma of
mice to test whether miR-122-5p is shuttled by extracellular
vesicles. Electron microscopy analysis revealed typical
rounded particles in isolated fractions (Fig. 3A). Nanoparticle
tracking analysis displayed no significant differences in size
distribution or plasma concentration, and Western blot analysis
showed no significant differences in extracellular vesicle posi-
tive markers (TSG101 and CD81) and negative markers
(APOAI1 and GM130) between extracellular vesicles isolated
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Fig. 1. miR-122-5p stood out as a potent miRNA in the promotion of angiogenesis. (A) The effects of 12 differentially expressed miRNAs mimics on cell viability
in ECs; (B) The miR-122-5p mimic increased cell viability in ECs; (C) The miR-122-5p mimic increased the contents of VEGF, p-VEGFR2/VEGFR2, p-ERK/
ERK, p-Akt, and Akt in ECs; (D) The miR-122-5p mimic enhanced wound-induced cell migration at 24 h post-wound-formation as detected by the scratch assay
in ECs; (E) The miR-122-5p mimic promoted tube-like network formation in ECs; (F) The miR-122-5p mimic increased aortic ring sprouting in cultured aortic
rings; (G) Mouse quadriceps muscle was injected with agomiR-NC or agomiR-122-5p to test whether miR-122-5p upregulation promotes angiogenesis in skeletal
muscles; (H) Quadriceps muscle weight of mice injected with agomiR-NC or agomiR-122-5p; (I) AgomiR-122-5p increased capillary density in the quadriceps
muscle; (J) AgomiR-122-5p increased the contents of CD31, VEGF, and p-VEGFR?2 in the quadriceps muscle; (K) AgomiR-122-5p increased the number of newly
formed blood vessels in the Matrigel plug; (L) AgomiR-122-5p accelerated wound closure in mice with skin injuries; and (M) AgomiR-122-5p increased capillary
density in perilesional skin tissues. Scale bars: 500 wm (D and F); 200 um (E); 100 wm (I); 1 cm (K); 400 pm (M). n=5 (A-F). n=6 (H-M). Values are presented
as mean = SEM. Data are analyzed using the unpaired Student 7 test. * p < 0.05; ** p < 0.01. Akt=protein kinase B; CD31 = platelet/endothelial cell adhesion
molecule-1; DAPI=4’,6-diamidino-2-phenylindole; EC =endothelial cell; ERK =extracellular signal-regulated kinase; GAPDH = glyceraldehyde-3-phosphate
dehydrogenase; miR = microRNA; NC = negative control; p = phophos; VEGF = vascular endothelial growth factor; VEGFR2 = VEGF receptor-2.
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Fig. 2. Exercise promoted angiogenesis through upregulation of circulating miR-122-5p. (A) Circulating miR-122-5p levels in mice following different days of
exercise; (B) AntagomiR-122-5p was used to test whether miR-122-5p mediates the exercise-induced angiogenesis in skeletal muscles; (C) AntagomiR-122-5p
blocked the upregulation of circulating miR-122-5p induced by exercise; (D and E) AntagomiR-122-5p showed no significant effects on (D) body weight and (E)
muscle weight of the mice; (F and G) Exercise-increased muscle performance as detected by (F) forelimb grip strength and (G) rotarod test was abolished by anta-
gomiR-122-5p; (H) Exercise-increased expression levels of CD31 and VEGF; and (I) capillary density in skeletal muscles were abolished by antagomiR-122-5p.
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from sedentary and exercised mice (Fig. 3B and 3C), which is
consistent with our previous report.'’ In addition, miR-122-5p
was abundant in the extracellular vesicle fraction, and exercise
increased miR-122-5p content in the extracellular vesicle frac-
tion, whereas the content of miR-122-5p was very low in the
supernatant fraction (extracellular vesicle-free) of the plasma
from both exercised and sedentary mice (Fig. 3D), suggesting
that circulating miR-122-5p is shuttled mainly by extracellular
vesicles. Furthermore, extracellular vesicles isolated from exer-
cised mice increased wound closure and tube-like network forma-
tion compared with extracellular vesicles isolated from sedentary
mice (Supplementary Fig. 4). In addition, these effects of isolated
extracellular vesicles from exercised mice were attenuated by the
miR-122-5p inhibitor (Supplementary Fig. 4).

To explore the origins of the circulating miR-122-5p, the
expression levels of mature miR-122-5p and its precursor, pre-
miR-122-5p, were detected in the liver, skeletal muscle, heart,

epididymal fat, kidney, and aorta. As shown in Fig. 3E,
miR-122-5p was specifically highly expressed in the liver, and
its contents were low in other tissues. Exercise increased the
contents of both mature miR-122-5p and pre-miR-122-5p
in the liver (Fig. 3E and 3F), suggesting that the liver is a
major source of exercise-upregulated miR-122-5p. To test
whether liver-derived miR-122-5p plays an important role in
exercise-induced angiogenesis, liver-specific knockdown of
miR-122-5p by AAVS carrying antisense miR-122-5p oligom-
ers was used (Fig. 3G). AAV infection downregulated
miR-122-5p in the liver, skeletal muscle, heart, and kidney in
sedentary mice and blocked the upregulation of miR-122-5p in
the liver and skeletal muscle in response to exercise (Fig. 3H).
Liver-specific knockdown of miR-122-5p abolished the effects
of exercise in the upregulation of miR-122-5p in plasma
(Fig. 31). Liver-specific knockdown of miR-122-5p showed no
significant effects on body weight and muscle mass in mice
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Fig. 3. Exercise-upregulated miR-122-5p was shuttled by extracellular vesicles and derived from the liver. (A) Electron microscopy analysis revealed typical
rounded particles (extracellular vesicle, EV) in isolated fractions; (B) Nanoparticle tracking analysis and Western blot analysis of extracellular vesicles isolated
from sedentary and exercised mice; (C) Particle concentration in plasma from sedentary and exercised mice; (D) Contents of miR-122-5p in the extracellular vesi-
cle fraction and the supernatant fraction (extracellular vesicle free) isolated from plasma of sedentary and exercised mice; (E) Expression profile of miR-122-5p in
different tissues in response to exercise; (F) Expression profile of pre-miR-122-5p in different tissues in response to exercise; (G) Liver-specific knockdown of
miR-122-5p by AAVS carrying antisense miR-122-5p oligomers was used to test whether liver-derived miR-122-5p contributes to exercise-induced angiogenesis;
(H) AAV infection downregulated miR-122-5p in the liver, skeletal muscle, heart, and kidney in sedentary mice and blocked the upregulation of miR-122-5p in
the liver and skeletal muscle in response to exercise; (I) Liver-specific knockdown of miR-122-5p abolished the effects of exercise in upregulation of miR-122-5p
in plasma; (J and K) Liver-specific knockdown of miR-122-5p abolished the effects of exercise in promotion of muscle performance as detected by (J) forelimb
grip strength and (K) motor coordination; (L) AAV-anti-122 blocked the upregulation of serum VEGF concentration induced by exercise; (M and N) Liver-specific
knockdown of miR-122-5p abolished the effects of exercise in promotion of angiogenesis as detected by (M) CD31 staining and (N) expression levels of CD31 and
VEGF in skeletal muscles. Scale bars: 100 nm (A); 100 wm (M). n= 6. Values are presented as mean = SEM. Data are analyzed using the unpaired Student # test
(C-F,) and two-way ANOVA followed by unpaired 7 tests (H-N). * p < 0.05; ** p < 0.01. AAV =adeno-associated virus; ANOVA =analysis of variance;
APOAL1 =apolipoprotein Al; CD31 = platelet/endothelial cell adhesion molecule-1; DAPI =4’ 6-diamidino-2-phenylindole; Exe = exercise; GM 130 = golgi matrix
protein 130; NC = negative control; Sed = sedentary; TSG101 = tumor susceptibility 101; VEGF = vascular endothelial growth factor.

(Supplementary Fig. 5) but abolished the effects of exercise in
promotion of muscle performance as evidenced by forelimb grip
strength and motor coordination (Fig. 3] and 3K). Liver-specific
knockdown of miR-122-5p abolished the effects of exercise in
the promotion of angiogenesis as detected by capillary density
and expression levels of CD31 and VEGF in skeletal muscles
and upregulation of circulating VEGF (Fig. 3L-3N). In addition,
extracellular vesicles isolated from the liver were more easily

taken up by cultured ECs (Supplementary Fig. 6). Furthermore,
inhibition of extracellular vesicle secretion using GW4869
(S7609; Selleck, Houston, TX, USA) attenuated the upregula-
tion of circulating miR-122-5p and the expression levels of
CD31 and capillary density in skeletal muscles in exercised
mice (Supplementary Fig. 7). These results suggest that exer-
cise promotes angiogenesis through extracellular vesicle-shut-
tled and liver-derived miR-122-5p in skeletal muscles.
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3.4. miR-122-5p promoted angiogenesis through enhancing
fatty acid utilization in ECs

Target genes of miR-122-5p were predicted by miRanda,
miRDB, and TargetScan. These genes were functionally classi-
fied by the DAVID gene functional classification tool. Among
the possible miR-122-5p target genes, 6 genes were negative
regulators of angiogenesis (Fig. 4A). None of these genes were
decreased by the miR-122-5p mimic (Fig. 4B), suggesting that
miR-122-5p is not likely to promote angiogenesis by directly
targeting negative regulators of angiogenesis. Recent studies
have shown that angiogenesis is regulated by metabolic shift in
ECs.”””’ Thus, we next tested the role of miR-122-5p in the reg-
ulation of substrate preference in cultured ECs. As shown in
Fig. 4C and 4D, the miR-122-5p mimic increased fatty acids
uptake but showed no significant effects on glucose uptake. In
addition, the miR-122-5p mimic increased expression levels of
CD36 and CPT1A (Fig. 4E) and increased fatty acid oxidation
in ECs (Fig. 4F and 4G), suggesting that miR-122-5p promotes
fatty acid utilization in ECs. Next, CD36 was knocked down
using siRNA to test whether fatty acid utilization is involved in
miR-122-5p-induced angiogenesis. CD36 knockdown showed no
significant effects on VEGF, p-VEGFR2/VEGFR2, p-Akt, and
Akt contents but decreased p-ERK/ERK content in ECs without
miR-122-5p transfection (Fig. 4H). CD36 knockdown abolished
the effects of the miR-122-5p mimic on upregulation of VEGF,
p-VEGFR2/VEGFR2, Akt, p-Akt, and p-ERK/ERK contents in
ECs (Fig. 4H). CD36 knockdown decreased the effects of the
miR-122-5p mimic on the promotion of wound closure as
detected by scratch assay (Fig. 4]). In addition, CD36 knockdown
decreased the effects of the miR-122-5p mimic on promoting
tube-like network formation and aortic ring sprouting (Fig. 4]
and 4K). These results suggest that miR-122-5p promotion of
angiogenesis is dependent on fatty acid utilization.

In fact, we observed that CPT1A and CD36 were highly
expressed in ECs in skeletal muscles, as detected by immunofluo-
rescence (Supplementary Fig. 8). AgomiR-122-5p increased
CD36 and CPT1A expression levels in ECs in quadriceps
muscles (Supplementary Fig. 8). Exercise increased CD36 and
CPT1A expression levels in ECs in skeletal muscles, which was
abolished by antagomiR-122-5p treatment (Supplementary Fig.
8). Detection of the levels of circulating lipids revealed that nei-
ther antagomiR-122-5p nor exercise showed any significant
effects on circulating levels of lipids (Supplementary Fig. 9).
These results suggest that exercise and miR-122-5p upregulate
fatty acid utilization in ECs in skeletal muscles.

3.5. miR-122-5p promoted angiogenesis through targeting
AGPATI

Among the possible miR-122-5p target genes, 6 genes were
negative regulators of fatty acids metabolism (Fig. 5A). The
miR-122-5p mimic downregulated Agpat! expression, and
miR-122-5p inhibitor upregulated Agpat! expression in both
mRNA level and protein level (Fig. 5B-5D), suggesting that
Agpatl is a potential target of miR-122-5p. The binding sites
for miR-122-5p in the 3’-untranslated regions (3’UTRs) of
Agpatl were further examined using a luciferase reporter assay
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(Supplementary Fig. 10). The results showed that miR-122-5p
reduced luciferase activity for Agpat! wild-type 3'UTR con-
structs but had no effects when the miR-122-5p binding sites
were mutated (Fig. 5E). Knockdown of AGPAT! increased
fatty acid utilization, as evidenced by increased expression lev-
els of CD36 and CPT1A, and increased fatty acid oxidation in
ECs (Fig. 5F-5H). Knockdown of AGPATI1 abolished the
effects of the miR-122-5p mimic on upregulation of fatty acid
utilization (Fig. 5F-5H). Knockdown of AGPAT1 increased
the expression of VEGF and phosphorylation of VEGFR2, and
abolished the effects of miR-122-5p on upregulation of VEGF
and p-VEGFR2 in cultured ECs (Fig. 5H). Knockdown of
AGPATI1 showed no significant effects on tube-like network
formation, but it increased cell migration and aortic ring
sprouting (Fig. 5I-5K). Knockdown of AGPAT]1 abolished the
effects of the miR-122-5p mimic on promotion of migration,
tube-like network formation and aortic ring sprouting (Fig. 5I-
5K). These results suggest that miR-122-5p promotes angio-
genesis through targeting AGPAT]I.

The immunofluorescence assay showed that AGPATI1 was
abundantly expressed in ECs in quadriceps muscles (Fig. 6A).
AgomiR-122-5p downregulated AGPAT1 expression in ECs
in quadriceps muscles (Fig. 6A). Western blot analysis con-
firmed the decreased expression of AGPATI1 in skeletal
muscles with agomiR-122-5p treatment (Fig. 6B). Exercise
decreased AGPAT]1 expression, and antagomiR-122-5p abol-
ished the effects of exercise on downregulation of AGPAT1 in
ECs in skeletal muscles (Fig. 6C). Western blot analysis con-
firmed the decreased expression of AGPAT1 in skeletal
muscles from exercised mice, and antagomiR-122-5p abol-
ished the effects of exercise on downregulation of AGPATI in
skeletal muscles (Fig. 6D). In addition, the protein expression
levels were also detected by western blot in perilesional skin
samples from agomiR-NC- and agomiR-122-5p-treated mice
with wounds. AgomiR-122-5p treatment increased the contents
of CD31, VEGF, p-VEGFR2, CD36, and CPT1A and decreased
the expression of AGPAT1 in perilesional skin tissues (Fig. 6E).
These results reinforce the notion that miR-122-5p promotes
angiogenesis through targeting AGPAT1 in ECs.

4. Discussion

We previously identified a cluster of differentially
expressed exosomal miRNAs after exercise and found that
some of them act as cardioprotective exerkines.'’ In the pres-
ent study, we found extracellular vesicle miR-122-5p as a new
exerkine in the promotion of angiogenesis. miR-122-5p is
derived mainly from the liver and enhances fatty acid utiliza-
tion by targeting AGPAT!1 in ECs, leading to new primary
capillary formation (Fig. 6F). Our findings reveal a novel
mechanism in that exercise shifts endothelial substrate prefe-
rence and promotes angiogenesis via liver-derived extracellu-
lar vesicle miR-122-5p. Our findings also highlight the
therapeutic potential of extracellular vesicle exerkine.

The increase in muscle vascularization is significant at an
early stage postexercise, leading to a ~5-fold increase in blood
flow and a 20% increase in capillary density even after several
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Fig. 4. miR-122-5p promoted angiogenesis through enhancing fatty acid utilization in ECs. (A) Target genes of miR-122-5p were predicted by miRanda, miRDB,
and TargetScan. Among the possible miR-122-5p target genes, 6 genes were negative regulators of angiogenesis; (B) Expression levels of the predicted negative
regulators of angiogenesis from (A) were detected in ECs transfected with NC or the miR-122-5p mimic; (C and D) The miR-122-5p mimic (C) increased fatty
acids uptake and (D) showed no significant effect on glucose uptake; (E) The miR-122-5p mimic increased the expression levels of CD36 and CPT1A in cultured
ECs; (F and G) The miR-122-5p mimic increased fatty acid oxidation in ECs as detected by seahorse. Only palmitic acid (PA) was provided in the detection
medium. Oligomycin, FCCP, and antimycin A act as ATP synthase inhibitor, mitochondrial uncoupler, and complex III inhibitor, respectively; (H) CD36 knock-
down abolished the effects of the miR-122-5p mimic on upregulation of VEGF, p-VEGFR2/VEGFR2, p-Akt, Akt, and p-ERK/ERK contents in ECs; (I) CD36
knockdown decreased the effects of the miR-122-5p mimic on the promotion of wound closure as detected by scratch assay; (J and K) CD36 knockdown decreased
the effects of the miR-122-5p mimic on (J) promoting tube-like network formation in ECs and (K) aortic ring sprouting in cultured aortic rings. Scale bars: 500 pm
(I'and K); 200 wm (J). =3 in (F) and (G) and n =5 in other figures. Values are presented as mean = SEM. Data are analyzed using the unpaired Student 7 test in
(B—G) and two-way ANOVA followed by unpaired ¢ tests in H-K. * p < 0.05; ** p < 0.01. 2-NBDG = 2-(N-(7-nitrobenz-2-oxa-1,3-diaxol-4-yl) amino)-2-deoxy-
glucose; Akt=protein kinase B; ANOVA =analysis of variance; CD36 = fatty acid translocase; Cmyc = cellular myelocytomatosis oncogene; CPT1 = carnitine
palmitoyl-transferase 1; E2f1 = E2F transcription factor 1; EC = endothelial cell; ERK = extracellular signal-regulated kinase; FCCP = carbonilcyanide p-triflouro-
methoxyphenylhydrazone; miR = miRNA; NC =negative control; OCR = oxygen consumption rate; Sgk/ = serum/glucocorticoid regulated kinase 1; si=small
interference; Smad7 = SMAD family member 7; Tgfbr! = transforming growth factor 3 receptor 1; Tsp/ = thrombospondin-1; VEGF = vascular endothelial growth
factor; VEGFR2 = VEGF receptor-2.
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Fig. 5. miR-122-5p promoted angiogenesis through targeting AGPAT1. (A) Among the possible miR-122-5p target genes, 6 genes were negative regulators of fatty acids
metabolism; (B) The miR-122-5p mimic downregulated Agpat! expression; (C) The miR-122-5p inhibitor upregulated Agpat! expression; (D) The miR-122-5p mimic down-
regulated AGPAT1 expression and the miR-122-5p inhibitor upregulated AGPAT1 expression at the protein level; (E) miR-122-5p reduced luciferase activity for Agapt!
wild-type 3°UTR constructs but had no effect when the miR-122-5p binding sites were mutated; (F and G) Knockdown of AGPAT1 increased fatty acid utilization and
blocked the effects of miR-122-5p on upregulation of fatty acid oxidation; (H) Knockdown of AGPAT1 abolished the effects of miR-122-5p on upregulation of VEGF, p-
VEGFR2, CD36, and CPT1A in cultured ECs. (I and K) Knockdown of AGPAT1 abolished the effects of the miR-122-5p mimic on (I) promotion of migration, (J) tube-like
network formation, and (K) aortic ring sprouting. Scale bars: 500 um (I and K); 200 pm (J). n=3 in (F and G) and n=5 in (B-E) and (H and I). Values are presented as
mean £+ SEM. Data are analyzed using the unpaired Student 7 test in (B and C) and two-way ANOVA followed by unpaired ¢ tests in (E—K). * p < 0.05; ** p < 0.01.
Agpat = 1-acyl-sn-glycerol-3-phosphate acyltransferase; ANOVA = analysis of variance; CD36 = fatty acid translocase; Cidea,c = cell death inducing DFFA like effector a,c;
CPT1 =camitine palmitoyl-transferase 1; FCCP = carbonilcyanide p-trifiouromethoxyphenylhydrazone; GAPDH = glyceraldehyde-3-phosphate  dehydrogenase;
miR = microRNA; Mogat! =monoacylglycerol O-acyltransferase; Mut = mutant; NC =negative control; OCR =oxygen consumption rate; Ppap2a, ¢ =phosphatidic acid
phosphatase type 2a, ¢; p-VEGFR2 = phospho-VEGF receptor-2; UTR = untranslated region; VEGF = vascular endothelial growth factor; WT = wild type.
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days of training.®’ It has been reported that an increase in mus-
cle capillarity plays a critical role in the beneficial effects of
exercise in improving muscle mass and performance, which
improves blood/tissue exchange by increasing oxygen diffu-
sion, thus promoting nutrient consumption and enhancing

clearance of toxic waste products.”” The growth of functional
capillaries following exercise is the result of increases in pro-
angiogenic factors, among which VEGF signaling plays a cru-
cial role. Even acute exercise bouts increased VEGF mRNA
and protein levels transiently in skeletal muscles.”* *° Several
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intracellular factors are reported to be involved in exercise-
induced angiogenesis, including the estrogen-related receptor
v, peroxisome-proliferator-activated receptor-y coactivator-
la, 5” adenosine monophosphate-activated protein kinase, and
hypoxia-inducible factor la.”” Recent studies support the
notion that exercise-induced bioactive factors (exerkines)
released into circulation, including proteins, peptides, nucleic
acids, other molecules secreted from skeletal muscles, adipose
tissue (adipokine), and many other tissues, have been impli-
cated in the beneficial effects of exercise.' Exerkines, includ-
ing interleukin-6 (IL-6), IL-7, IL-8, hepatocyte growth factor,
reactive oxygen species, angiopoietin 1, and angiopoietin 2,
have been reported to contribute to exercise-promoted
angiogenesis. "

Recently, there has been a growing focus on extracellular vesi-
cle-mediated cell-to-cell communication.”” *’  Extracellular
vesicles are believed to harbor exerkines and deliver them
through systemic circulation.'”'® We found previously that aero-
bic exercise-derived circulating extracellular vesicles afford pro-
found and sustained cardioprotection against myocardial
ischemia/reperfusion, even though their plasma concentration
provides no significant change.'’ Exercise changed the profile of
exosomal miRNAs in circulation, and we believe that these exer-
cise-regulated miRNAs have a different biological significance.
Exosomal miR-342-5p was identified as a key exerkine that
mediates the cardioprotective effects of exercise.'” In the present
study, we found that miR-122-5p derived from the liver plays an
important role in promoting angiogenesis in both skeletal muscles
and injured tissues, indicating a crosstalk between the liver and
ECs in response to exercise. miR-122-5p activated VEGF signal-
ing by phosphorylation of VEGFR2 and enhancement of
VEGF expression and secretion in ECs. Previous studies have
also identified other exerkines derived from the liver (hepato-
kines), including fibroblast growth factor 21 and glycosylphos-
phatidylinositol-specific phospholipase D1,’"*' both of which are
closely associated with metabolic regulation,”>** suggesting that
the liver is an essential organ in the regulation of metabolism in
other cells. miR-122-5p, which accounts for 70% of the liver’s
total miRNAs,”" has been extensively studied. These previous
studies have shown that miR-122-5p plays a critical role in
liver homeostasis, including cholesterol and free fatty acid metab-
olism,”” hepatocellular carcinoma growth,’® hepatitis C virus
replication,”” and hepatic circadian regulation.”® Circulating
miR-122-5p was found to be involved in the regulation of eryth-
ropoietin production in the kidney,” in cancer,”” in systemic iron
homeostasis,”' and in virus-induced lung disease.”* The present
study extends these findings, showing that miR-122-5p facilitates
exercise-improved angiogenesis as an exerkine, which contrib-
utes to the improvement of muscle mass and function as well as
tissue repair.

ECs are highly glycolytic, producing 85% of their energy
through glycolysis even under well-oxygenated conditions.*’
They upregulate glycolysis even further when they sprout into
avascular areas.”” "> Although mitochondrial bioenergetics
contributes to low adenosine triphosphate production in ECs,
evidence has shown that mitochondria play important role in
angiogenesis.’® For example, it has been reported that fatty
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acid oxidation is required for nucleotide synthesis and that
blocking fatty acid utilization impairs EC proliferation.”’ In
addition, it has been shown that intermediates of lipid synthe-
sis regulate EC proliferation through post-translational modifi-
cation of the mechanistic target of rapamycin complex 1.**
These advances suggest that angiogenesis is tightly regulated
by metabolism. In the present study, we found that miR-122-5p
enhances fatty acid utilization, and its role in the promotion of
angiogenesis is dependent on its effects in enhancing fatty acid
utilization. In fact, it has been reported that miR-122-5p plays
a role in the promotion of cholesterol and free fatty acid
metabolism and that the level of promotion is associated with
the risk of new-onset metabolic syndrome and type 2 diabetes.”’
Therefore, we tested whether miR-122-5p regulates angiogenesis
through the regulation of fatty acid metabolism and found that
miR-122-5p promotes angiogenesis through targeting AGPAT].
AGPATI is an enzyme that converts lysophosphatidic acid into
phosphatidic acid, the initial step in glycerolipid synthesis. Evi-
dence has shown that knockout of AGPAT1 increases fatty acid
oxidation,”” which is consistent with our results. Our results also
show that AGPAT1 and CPTI1A are abundantly expressed in
ECs, reinforcing the important role of fatty acid utilization in the
regulation of endothelial function.

5. Conclusion

Taken together, these findings suggest that exercise pro-
motes angiogenesis through upregulation of extracellular vesi-
cle miR-122-5p. Extracellular vesicle miR-122-5p is derived
mainly from the liver and promotes new primary capillary for-
mation through targeting AGPATI, which shifts substrate
preference to fatty acids in ECs. Our findings represent a novel
mechanism underlying exercise-afforded angiogenesis, with
extracellular vesicle miR-122-5p as a novel exerkine, thus
highlighting its therapeutic potential in tissue repair.
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