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ARTICLE
Caffeine promotes angiogenesis through modulating
endothelial mitochondrial dynamics

Li-tao Wang"z, Peng-cheng He'?, An-qi Li*5, Kai-xiang Cao3*3, Jing-wei Yan3%°, Shuai Guo>*>, Lei Jiang1’2, Lin Yao®, Xiao-yan Dai’,
Du Feng®**>, Yi-ming Xu®**® and Ning Tan'?

Caffeine induces multiple vascular effects. In this study we investigated the angiogenic effect of physiological concentrations of
caffeine with focus on endothelial cell behaviors (migration and proliferation) during angiogenesis and its mitochondrial and
bioenergetic mechanisms. We showed that caffeine (10-50 uM) significantly enhanced angiogenesis in vitro, evidenced by
concentration-dependent increases in tube formation, and migration of human umbilical vein endothelial cells (HUVECs) without
affecting cell proliferation. Caffeine (50 uM) enhanced endothelial migration via activation of cAMP/PKA/AMPK signaling pathway,
which was mimicked by cAMP analog 8-Br-cAMP, and blocked by PKA inhibitor H89, adenylate cyclase inhibitor SQ22536 or AMPK
inhibitor compound C. Furthermore, caffeine (50 uM) induced significant mitochondrial shortening through the increased
phosphorylation of mitochondrial fission protein dynamin-related protein 1 (Drp1) in HUVECs, which increased its activity to
regulate mitochondrial fission. Pharmacological blockade of Drp1 by Mdivi-1 (10 uM) or disturbance of mitochondrial fission by
Drp1 silencing markedly suppressed caffeine-induced lamellipodia formation and endothelial cell migration. Moreover, we showed
that caffeine-induced mitochondrial fission led to accumulation of more mitochondria in lamellipodia regions and augmentation of
mitochondrial energetics, both of which were necessary for cell migration. In a mouse model of hindlimb ischemia, administration
of caffeine (0.05% in 200 mL drinking water daily, for 14 days) significantly promoted angiogenesis and perfusion as well as
activation of endothelial AMPK signaling in the ischemic hindlimb. Taken together, caffeine induces mitochondrial fission through
cAMP/PKA/AMPK signaling pathway. Mitochondrial fission is an integral process in caffeine-induced endothelial cell migration by
altering mitochondrial distribution and energetics.
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INTRODUCTION
Ischemic diseases, a group of disorders caused by the obstruction
or stenosis of arterioles and capillaries that is not compensated for
by collateral circulation or vessel dilatation, are a leading cause of
disability and death around the world [1]. These diseases are
characterized by a reduction in blood supply that results in limited
oxygen transfer and nutrient uptake for cellular metabolism.
Angiogenesis, a crucial process in new blood vessel formation and
subsequent expansion of the vascular network, is triggered by
ischemic conditions [2]. Thus, as a compensatory mechanism in
response to ischemia, angiogenesis is important for physiological
recovery and the functional protection of ischemic tissues [3, 4].
During angiogenesis, coordinated endothelial cell behaviors,
including cellular migration, polarity, proliferation, differentiation,

and communication, play a critical role in functional blood vessel
morphogenesis [5]. Among these behaviors, endothelial cell
migration and proliferation initiate the formation of capillary
networks, which provide the primitive vascular plexus for further
vascular maturation [6].

Mitochondria are the primary energy-generating organelles in
most eukaryotic cells and have been widely reported to play a
pivotal role in modulating angiogenesis by regulating the
migration, proliferation, and survival of endothelial cells, which
form the inner lining of blood vessels [7, 8]. Mitochondria exist in
dynamic networks that frequently change shape and subcellular
distribution; these dynamics are precisely controlled by two
opposite processes: fusion and fission, which are regulated by
mitofusins  (Mfns) and dynamin-related protein 1 (Drp1),
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respectively [9]. A previous study reported that increased Drp1-
dependent mitochondrial fission plays an important role in breast
cancer cell migration and invasion [10] as well as vascular smooth
muscle cell migration [11]. It was proposed that mitochondrial
fission regulated by adenosine monophosphate-activated protein
kinase (AMPK)/mitochondrial fission factor (MFF)/Drp1 signaling
also serves to eliminate damaged organelles from the mitochon-
drial network, which presumably serves as an organellar quality
control mechanism, and maintains bioenergetic capacity [12].
However, whether alterations in mitochondrial dynamics and
energetics contribute to angiogenesis is unknown.

Caffeine is the most widely consumed bioactive substance in
the world as it is a component of coffee, tea, carbonated
beverages, and a wide variety of medications. Caffeine intake
induces several physiological and pharmacological effects, includ-
ing stimulation of the nervous and musculoskeletal systems [13]
as well as the relaxation of vascular and bronchial smooth muscle
[14]. However, very little is known about its role in angiogenesis.
Previous studies demonstrated that caffeine increased mitochon-
drial function in Alzheimer's model mice and cells [15] and
improved the functional capacity of endothelial cells in a
mitochondria-dependent process [16], suggesting that caffeine
may regulate mitochondrial function. Nevertheless, whether
caffeine plays a critical role in angiogenesis by modulating
mitochondrial dynamics is not understood.

Therefore, we hypothesized the existence of a molecular link
among caffeine, mitochondrial dynamics, and angiogenesis. In this
study, we showed that (1) caffeine at low concentrations induced
mitochondrial fission in endothelial cells through cAMP/PKA/
AMPK/MFF signaling, (2) increased fission enhanced mitochondrial
energetics and mediated mitochondrial redistribution in the
leading edge to facilitate lamellipodia formation, (3) caffeine at
low concentrations exerted angiogenic effects in endothelial cells
in a mitochondrial fission-dependent manner, and (4) finally,
treatment of mice with caffeine promoted angiogenesis and
perfusion in the ischemic hindlimb. Our study provides new
insight into the therapeutic effect of caffeine in ischemic diseases.

MATERIALS AND METHODS

Cell culture and treatments

Primary human umbilical vein endothelial cells (HUVECs) were
harvested from umbilical cords using standard procedures accord-
ing to established guidelines. HUVECs at passages 3-7 were cultured
in endothelial cell medium (ECM) (PromoCell, Heidelberg, Baden-
Wirttemberg, Germany) supplemented with 5% fetal bovine serum
(FBS), 1% endothelial cell growth supplement, and the antibiotics
penicillin and streptomycin at 1%. In some experiments, 10, 50, or
100 uM caffeine (Sigma, St. Louis, MO, USA); 200 uM SQ22536
(Selleck Chemicals, Houston, TX, USA); 200 uM 8-Br-cAMP (Biovision,
Milpitas, CA, USA), 10 uM H89 (Meilun Bio, Dalian, Liaoning, China);
5 uM compound C (Sigma); 10 uM Mdivi-1 (Enzo, Farmingdale, NY,
USA); 10 uM FCCP (Sigma); or 1 pg/mL oligomycin A (Sigma) was
added to the culture medium as indicated.

Scratch wound healing assay

HUVECs administered the indicated treatment were seeded in 6-
well plates and cultured overnight. When the cells reached ~100%
confluence, a wound was formed by scraping the cells with a 200
pl pipette tip, and the cells were washed with PBS. Migration of
the wounded cells was evaluated at 0, 6, and 12 h after scraping
by recording photographic images using an inverted microscope,
and the percentage of wound healing was analyzed at the
indicated timepoints using ImageJ software.

Boyden chamber migration assay

A Boyden chamber migration assay was performed using a
Boyden chamber (8 um pore size; Corning, Acton, MA, USA).
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Briefly, HUVECs suspended in ECM with 1% FBS at a concentration
of 5x10%cells/mL were added to the upper chambers, and
ECM containing 1% FBS with the indicated chemicals was added
to the lower chambers. After 12 h of incubation at 37 °C, the cells
on the upper surfaces were removed with cotton swabs,
and migrated cells on the lower surfaces were fixed and stained
with a 1% crystal violet solution. For each Boyden chamber, the
total cell numbers were determined from six random fields
and analyzed.

WST-1 proliferation assay and cell viability assay

The proliferation of HUVECs and cytotoxic effects of the indicated
activators and inhibitors on the HUVECs were investigated using a
water-soluble tetrazolium salt (WST-1) assay (Sigma). HUVECs were
seeded at 1x 10 cells per well in 96-well plates. After treatment
with the indicated chemicals, a 1/10 volume of WST-1 solution was
added to the cells and incubated at 37 °C for 2 h. Cell proliferation
and viability were determined by measuring the absorbance at
450 nm using an iMark microplate reader (Bio-Rad, Hercules,
CA, USA).

Cell counting analysis

For cell counting, briefly, HUVECs were seeded in 6-well plates in
triplicate at an equal density, and the cells were manually counted
with a hemocytometer at the indicated timepoints.

Western blot analysis

For protein analysis, cells were lysed in ice-cold RIPA buffer
(Sigma) with 1% PMSF. Following lysis for 30 min, the protein was
obtained by centrifugation at 12,000 x g for 10 min at 4 °C, and the
protein concentration was determined using a Pierce BCA Protein
Assay Kit (Thermo Scientific,c Waltham, MA, USA). Samples
containing the same amount of protein (20-30 pg) were separated
by SDS-PAGE, and the proteins were then transferred to a 0.45 um
PVDF membrane by electrophoretic transfer. After blocking with
5% BSA for 1h, the membranes were immunoblotted with
primary antibody at 4 °C overnight and then incubated with HRP-
conjugated secondary antibody for 1 h at room temperature. After
the washing steps, immunoreactive bands were visualized with
the ChemiDoc MP system (Bio-Rad), and the band densities were
analyzed with Image Lab software (Bio-Rad). Primary antibodies
targeting the following proteins were used in this study: p-AMPK
(rabbit, 1:2000; Cell Signaling Technology, Danvers, MA, USA, Cat#
2531), AMPK (mouse, 1:2000; Abcam, Cambridge, MA, USA, Cat#
ab80039), pS616-Drp1 (rabbit, 1:1000; Cell Signaling Technology,
Cat# 3455), Drp1 (rabbit, 1:1000; Cell Signaling Technology, Cat#
8570), Mfn1 (rabbit, 1:1000; Proteintech, Chicago, IL, USA, Cat#
13798-1-AP), Mfn2 (rabbit, 1:2000; Proteintech, Cat# 12186-1-AP),
p-MFF (rabbit, 1:2000; Affinity Biosciences, Cincinnati, OH, USA,
Cat# AF2365), MFF (rabbit, 1:2000; Proteintech, Cat# 17090-1-AP),
and B-actin (mouse, 1:5000; Santa Cruz Biotechnology, Santa Cruz,
CA, USA, Cat# sc-81178).

Tube formation assay

For the tube formation assay, growth factor-reduced Matrigel
(BD Bioscience, San Jose, CA, USA) was added to 96-well
plates (60 pL/well) and placed at 37 °C for over 30 min to form a
gel. HUVECs administered the indicated pretreatment were
suspended at a concentration of 1x 10° cells/mL. Then, 100 pL
of the cell suspension was added to each well and incubated at
37°C for 12h. Tube formation was observed with an
inverted fluorescence microscope and analyzed with Image)
software.

Measurement of intracellular cAMP levels

HUVECs were treated with or without caffeine for different
durations. Samples were prepared, and cAMP concentrations
were determined using a cyclic AMP ELISA kit (Cayman, Ann Arbor,
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MI, USA) according to the manufacturer’s protocol. Briefly, after
culture, HUVECs were lysed with 0.1 mol/L HCl (1 mL for every
35 cm? surface area) and the supernatants were diluted at least 1:2
in ELISA buffer after centrifugation at 1000 x g for 10 min. After the
addition of samples and reagents according to the protocol and
18 h of incubation at 4°C, followed by five washes with wash
buffer, Ellman’s reagent was added to the assay plate and
incubated using an orbital shaker at room temperature for 2 h in
the dark. The plate absorbance was read at wavelengths from 405
to 420nm, and the cAMP concentration of the sample was
calculated with a cAMP standard curve.

Measurement of cellular energetics

For metabolic measurements, HUVECs were seeded at 5 x 10 cells
per well in Seahorse XF96 polystyrene tissue culture plates
(Seahorse Bioscience, North Billerica, MA, USA) and then incubated
at 37°C overnight, followed by treatment with the indicated
chemicals for the indicated duration. The following day, the
medium was changed to XF basal medium supplemented with
25mM glucose, 2mM glutamine, and 1mM pyruvate for
measurement of the oxygen consumption rate (OCR), after which
the plate was incubated in a non-CO, incubator at 37 °C for 1 h.
The OCR was analyzed using an XF96 extracellular flux analyzer
(Seahorse Bioscience), and the following activators and inhibitors
were used in the experiment: oligomycin (1 uM), FCCP (2 uM),
antimycin A (0.5 uM), and rotenone (0.5 uM). The extracellular
acidification rate (ECAR) for glycolysis in the HUVECs was
measured under the same conditions.

RNA interference

HUVECs at 50%-70% confluence were transiently transfected with
control siRNA or siRNA targeting human Drp1 (siDrp1, Gene-
Pharma, Shanghai, China) using Lipofectamine RNAIMAX reagent
according to the manufacturer’s protocol. The cells were used for
Western blot analysis, the scratch wound healing assay, the
Boyden chamber migration assay, the tube formation assay, and
immunofluorescence at 24 h after transfection.

Mouse hindlimb ischemia model

All animal studies were approved by the Institutional Animal Care
and Use Committee of Guangzhou Medical University and in
accordance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 2011). Eight-week-old male C57BL/6
mice were purchased from the Guangdong Medical Laboratory
Animal Center (Guangzhou, Guangdong, China). As described in a
previous study [17], the femoral arteries of 8-week-old
male C57BL/6 mice that were untreated (control) or had
received caffeine (0.05% in 200 mL of drinking water daily) were
ligated at two positions spaced 5mm apart, and the arteries
between the ligatures were excised. Then, tissue perfusion was
measured preoperatively; immediately; and 3, 7, and 14 days after
surgery. Images of blood flow in the lower limbs were obtained
using laser speckle contrast imaging (Pericam PSI system, Perimed
AB, Jarfalla, Sweden) at 37 +0.2°C under isoflurane anesthesia.
Additionally, PIMsoft was used to analyze the data, which are
presented as the ratio of blood flow in the ischemic/nonischemic
hindlimb.

H&E staining

The gastrocnemius muscles of the model mice were dissected,
fixed in 4% paraformaldehyde for 24 h, dehydrated and used to
prepare frozen sections at a 10 um thickness, which were then
stained with hematoxylin and eosin (H&E) (Beyotime, Shanghai,
China) on the 7th day after femoral artery ligation. Areas of
necrotic muscle were identified according to morphology,
differential eosin staining, and leukocyte infiltration of the section
observed at x200.
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Immunofluorescence

For mitochondria (MitoTracker Red; Invitrogen, Carlsbad, CA, USA)
and lamellipodia (fluorescein phalloidin; Invitrogen) or Drp1 (Cell
Signaling Technology) immunostaining, pretreated cell slides were
incubated with MitoTracker Red for 35 min at 37 °C after being
washed three times. Then, the cell slides were fixed with 4%
paraformaldehyde for 30 min, permeabilized in PBS containing
0.2% Triton X-100 for 20 min, blocked with 10% goat serum for
1h, and then incubated with fluorescein phalloidin and DAPI
(Invitrogen) for 20min or primary antibodies against Drp1
overnight in the dark. For CD31 (PECAM-1; Cell Signaling
Technology) and p-AMPK (Cell Signaling Technology) immunos-
taining of the gastrocnemius muscles, the frozen sections were
fixed with 4% paraformaldehyde for 30 min, permeabilized in PBS
with 0.2% Triton X-100 for 20 min, and then blocked with 10%
goat serum for 1h. Then, the sections were incubated with
primary antibodies at 4 °C overnight, followed by incubation with
FITC-labeled secondary antibodies for 1 h at room temperature in
the dark. The CD317 cells and CD31%/p-AMPK™ cells in four mice
from each group were counted. All images were obtained using
an upright confocal microscope.

Determination of mtDNA copy number

Total cellular DNA was isolated using a TIANamp Genomic DNA Kit
(TIANGEN Biotech, Beijing, China) as recommended by the
manufacturer. The relative mtDNA copy numbers in HUVECs were
examined using real-time polymerase chain reaction and cali-
brated by simultaneously measuring nuclear DNA. The forward
and reverse primers complementary to B-actin used for nuclear
gene assessment were 5'-TCACCCACACTGTGCCCATCTACGA-3’
and 5-CAGCGGAACCGCTCATTGCCAATGG-3/, respectively. The
forward and reverse primers specific for mtDNA, which were
complementary to the ND1 gene, were 5-TGGGTACAATGAGGAGT
AGG-3’ and 5'-GGAGTAATCCAGGTCGGT-3’, respectively. PCR was
performed on a Life Technologies QuantStudio 5 real-time PCR
system (Thermo Fisher Scientific) using the SYBR Green PCR
Master Mix kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions. The relative expres-
sion of mtND1 to B-actin was determined using the *2Ct method.

Statistical analyses

All data are presented as the mean+SEM of three or more
independent experiments. After confirming the normal distribu-
tion of the data using the Shapiro-Wilk test, two-tailed unpaired
Student’s t test or one-way analysis of variance was used for
statistical comparisons using GraphPad Prism 8.0 (La Jolla, CA). A
two-sided P value was calculated, and a P<0.05 indicated a
statistically significant difference. Statistical significance was
defined as follows: *P<0.05; **P<0.01; ***P<0.001; ****P<
0.0001.

RESULTS

Caffeine enhanced angiogenesis in vitro

To investigate whether caffeine affects angiogenesis in vitro,
HUVECs were incubated with caffeine at doses ranging from 10 to
100 uM. We observed that caffeine at each concentration
promoted tube formation, as manifested by the increased number
of branch points and increased tube length (Fig. 1a, b). The scratch
wound healing assay (Fig. 1c, d) and Boyden chamber migration
assay (Fig. 1e, f) showed that caffeine at concentrations of 10-100
MM enhanced the migration of HUVECs, especially at a concentra-
tion of 50 uM. In accordance with increased migration of the
HUVEGCs, caffeine treatment at 50uM also augmented the
formation of lamellipodia and flat, sheet-like F-actin-mediated
membrane protrusions at the leading edge of migrating cells,
which generated the driving force for cell migration (Fig. 1g). To
evaluate the effect of caffeine on HUVEC proliferation, we
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Caffeine enhanced angiogenesis in vitro. a—f Representative images and quantification of tube formation (a, b; Scale bar, 100 pm),

wound closure (¢, d; Scale bar, 200 pm) and migrated cells (e, f; Scale bar, 100 um) after the administration of caffeine at the indicated
concentration for 12 h (n = 6). g Representative images and quantification of lamellipodia stained with phalloidin dye in HUVECs incubated
with vehicle or caffeine (50 pM) for 12 h. The lamellipodia extent at cell edges was quantified as a percentage of the cell circumference (n =
10). Scale bar, 25 pm. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 vs. the control group.

performed WST-1 proliferation and cell number counting assays.
These assays consistently showed that caffeine at doses ranging
from 10 to 100 uM did not significantly affect the proliferation of
HUVECs (Supplementary Fig. S1). Collectively, these data imply
that the proangiogenic capacity of caffeine is due to changes in
cell migration.

Caffeine promotes endothelial cell motility via cAMP/PKA/AMPK
signaling

Since the physiological concentration of caffeine is ~30-70 uM
and the proangiogenic effect of caffeine peaks at 50 uM, we chose
50 uM caffeine for all the following in vitro studies. Several studies
have demonstrated that the activation of AMPK differentially
regulates endothelial proliferation and migration [18, 19], mimick-
ing the effect of caffeine on endothelial cells. This prompted us to
test whether the promigratory effect exerted by caffeine is
dependent on the activation of AMPK. Compared with that in the
control group, the phosphorylation of AMPK was significantly
enhanced (Supplementary Fig. S2a) and peaked at 60 min after
caffeine treatment in HUVECs (Fig. 2a). As a nonselective
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phosphodiesterase (PDE) inhibitor, caffeine is known to increase
intracellular cAMP levels and PKA activity. Thus, we attempted to
dissect whether cAMP/PKA signaling was responsible for the
activation of AMPK and the promigratory effect induced by
caffeine. As expected, caffeine treatment markedly elevated
intracellular cAMP levels by ~50%, and this effect was blocked
by an inhibitor of adenylate cyclase, 5022536 (Fig. 2b). In addition,
pharmacological activation of PKA with the cAMP analog 8-Br-
cAMP at a dose that had no effect on cell viability (Supplementary
Fig. S2b) mimicked the effect of caffeine in inducing AMPK
phosphorylation (Fig. 2c), while the PKA blocker H89 or adenylate
cyclase inhibitor SQ22536 blocked the increased AMPK phosphor-
ylation induced by caffeine (Fig. 2¢, d), suggesting that cAMP/PKA
signaling acts as an upstream activator of AMPK in HUVECs upon
caffeine treatment. Furthermore, 8-Br-cAMP treatment markedly
enhanced the mobility of HUVECs, as shown by the scratch wound
healing assay (Fig. 2e, g) and Boyden chamber migration assay
(Fig. 2f, h), while treatment with H89, SQ22536, and the AMPK
inhibitor compound C at relatively safe doses (Supplementary
Fig. S2b) dramatically compromised the enhanced endothelial cell
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Fig. 2 Caffeine promotes endothelial cell motility via cAMP/PKA/AMPK signaling. a Western blot analysis of p-AMPK protein levels in
HUVECs incubated with caffeine (50 uM) at the indicated timepoints (n = 3). b The cAMP levels in cell lysates after caffeine treatment (50 pM)
for 2 h (n = 4) were measured using a commercial kit. ¢, d. Western blot analysis of p-AMPK protein levels in HUVECs incubated with vehicle
or caffeine (50 pM) in the presence of 8-Br-cAMP (200 pM), H89 (10 pM), compound C (5pM) or SQ22536 (200 uM, d) for 1h (n=3).
e-h Representative images and quantification of wound closure (e, g) and migrated cells (f, h) among HUVECs incubated with vehicle or
caffeine (50 pM) in the presence of SQ22536 (200 M), 8-Br-cAMP (200 pM), H89 (10 pM) or compound C (5 uM) for 12 h (n = 6). Scale bar, 200
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Fig. 3 Caffeine increased mitochondrial fission in endothelial
cells. a Representative mitochondria from HUVECs incubated with
vehicle or caffeine (50 pM) for 6 h. Scale bars: left panels, 40 pm; right
panels, 20 pm. b Mitochondrial length was measured and scored as
follows: fragmented (globular): mainly small and round (<2 pm in
diameter) and filamentous: long and more highly interconnected
(>2pm in length). The percentage of cells with the indicated
mitochondrial morphology was determined as a percentage of the
total number of stained cells counted in each group (n=3).
¢ Western blot analysis of p-Drp1, Drp1, Mfn1, and Mfn2 protein
levels in HUVECs incubated with vehicle or caffeine (50 pM) for 2 h
(n=3). d Drp1 colocalization with mitochondria in HUVECs after
caffeine treatment for 2 h. Scale bar, 10 um. ***P < 0.001; ****P <
0.0001 vs. the control group.

migration induced by caffeine (Fig. 2e-h). Altogether, these data
demonstrate that caffeine enhances endothelial migration via a
cAMP-PKA-AMPK-dependent mechanism.

Caffeine increased mitochondrial fission in endothelial cells

In cells in which migration represents an essential physiological
function, such as tumoral metastatic cells and T cells, mitochon-
dria exhibit excess fragmentation and are recruited to specific
subcellular regions to enable cell movement [20]. We therefore
assessed whether caffeine enhances endothelial migration by
regulating mitochondrial dynamics. We found that the mitochon-
dria in vehicle-treated HUVECs exhibited filamentous structures,
whereas those in caffeine-treated HUVECs became short and
fragmented, characteristics of mitochondrial fission (Fig. 3a, b).
Western blot assays showed that the levels of Drp1 and the
mitofusin proteins Mfn1 and Mfn2 remained unchanged in
HUVECs treated with caffeine compared to those in control
HUVECs (Fig. 3c), whereas caffeine treatment significantly
increased Drp1 phosphorylation at serine 616 [21], increasing its
regulation of mitochondrial fission (Fig. 3c). The cellular localiza-
tion of Drpl was further examined by immunofluorescent
staining. Drp1 in control HUVECs diffused throughout the
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cytoplasm with little colocalization with mitochondria; in
caffeine-treated cells, many Drp1 puncta existed in the short
mitochondria, whereas cytosolic Drp1 was decreased (Fig. 3d).
Collectively, these data indicate that caffeine treatment induced
mitochondrial fission in endothelial cells.

Mitochondrial fission is essential for caffeine-induced lamellipodia
formation and migration in endothelial cells

To examine the role of mitochondrial fission in caffeine-induced
endothelial cell migration, we pretreated HUVECs with Mdivi-1, a
specific Drp1 inhibitor, at a dose that did not affect the cell
viability, as demonstrated by the MTT assay (data not shown). As
expected, while the elongated mitochondrial morphology was
maintained (Supplementary Fig. S3a, b), pharmacological block-
ade of Drp1 by Mdivi-1 significantly suppressed caffeine-induced
tube formation (Fig. 4a, b) and cell migration (Fig. 4c, Supple-
mentary Fig. S3¢, d). In addition, phalloidin staining indicated that
caffeine-induced lamellipodia formation was also impaired by
inhibition of Drp1 (Fig. 4d). In an alternative approach to
pharmacological blockade of Drp1, genetic silencing of endogen-
ous Drp1 was achieved by two siRNAs (siDrp1#1 and siDrp1#2),
with siDrp1#1 found to be more efficient (Supplementary
Fig. S3e-g). As expected, the mitochondria became tubular and
elongated in Drp1-silenced HUVECs compared to those in control
HUVECs (Supplementary Fig. S3h). Furthermore, knockdown of
Drp1 significantly reduced caffeine-induced migration (.Fig. 4e),
tube formation (Fig. 4f), and lamellipodia formation (Fig. 4g) in
HUVECs.

Previous studies have shown that fragmented mitochondria
may be transported to the region with energy demands [10]. In
this regard, we observed that during lamellipodia formation in
endothelial cells induced by caffeine, the mitochondria switched
from an elongated and perinuclear accumulated state to a
fragmented and dispersed state. MitoTracker Red and phalloidin
staining indicated that nearly threefold more mitochondria were
distributed to the lamellipodia region at the leading edge of
caffeine-treated HUVECs compared to that of control HUVECs
(Fig. 4h). Inhibition of mitochondrial fission by silencing
Drp1 significantly reduced mitochondrial accumulation in the
lamellipodia region (Fig. 4h).

Collectively, these data demonstrate that Drpl-mediated
mitochondrial fission and trafficking to the lamellipodia region
are essential for caffeine-induced lamellipodia formation and
endothelial cell migration.

Functional importance of mitochondrial energetics in caffeine-

induced lamellipodia formation and endothelial cell migration

The formation of lamellipodia relies on actin cytoskeleton
remodeling and requires the hydrolysis of large amounts of ATP
[22, 23]. Since mitochondria are organelles that provide the
majority of the energy in most cells due to their synthesis of ATP
by oxidative phosphorylation, we examined the mitochondrial
energetic function in caffeine-treated endothelial cells. Using
Seahorse flux analysis, we observed that basal cellular oxygen
consumption, ATP production, and the maximal respiratory
capacity were significantly higher in HUVECs incubated with 50
or 100 uM caffeine for 12 or 24h than in untreated cells
(Supplementary Fig. S4a), while the ECAR remained unchanged
(Supplementary Fig. S4b), suggesting that mitochondrial energetic
function but not glycolysis is enhanced in response to caffeine
stimulation. Furthermore, we also found that, while it had no
effect on the ECAR (Supplementary Fig. S4c, d), inhibition of
mitochondrial fission via pharmacological and genetic blockade of
Drp1 compromised the caffeine-induced enhancement of mito-
chondrial energetics (Fig. 5a, b), which is consistent with findings
observed in other cells in which mitochondrial fission deficiency
decreased the efficiency of mitochondrial ATP synthesis. To
determine whether increased mitochondrial energetics play a
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Fig. 4 Mitochondrial fission is essential for caffeine-induced lamellipodia formation and migration in endothelial cells.

a-c

Representative images and quantification of tube formation (a, b; 100 pm) and migrated cells (c¢; 200 pm) in HUVECs incubated with vehicle or
caffeine (50 pM) in the presence of Mdivi-1 (10 pM) for 12 h (n = 6). d Representative images and quantification of lamellipodia in HUVECs
treated for 12 h (n=10). e-g HUVECs were transfected with scrambled siRNA or Drp1 siRNA for 24 h and then incubated with vehicle or
caffeine (50 pM) for 12 h. Representative images and quantification of migrated cells (e; n = 6; 200 pm), tube formation (f; n = 6; 100 pm) and
lamellipodia extent (g; n = 10; 20 pm) are shown. h The lamellipodia region was defined as the area from the leading edge of a cell to half of
the distance to the nucleus, as indicated by the dashed line. The relative fluorescence intensity of mitochondria in the lamellipodia region is

shown (n=5; 20 pm). **P < 0.01; ***P < 0.001; ****P < 0.0001 vs. the control, caffeine-treated or caffeine-scramble group.

role in caffeine-induced endothelial cell motility, caffeine-induced
lamellipodia formation and endothelial cell migration were
assessed in the presence of uncoupler carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone (FCCP), which disrupts ATP
synthesis by interfering with the proton gradient [24]. FCCP
completely blocked caffeine-induced lamellipodia formation
(Fig. 5¢, d) and the migrative ability of HUVECs (Fig. 5e-h). In
addition, we examined the effect of oligomycin A, which inhibits
mitochondrial ATP synthase activity. Oligomycin A almost
completely suppressed lamellipodia formation (Fig. 5¢, d) and
the promigratory effects exerted by caffeine (Fig. 5e-h). Alto-
gether, these data suggest that mitochondrial energy production
plays an important role in lamellipodia formation and the
migration of endothelial cells.

The cAMP/PKA/AMPK signaling pathway contributes to caffeine-
induced mitochondrial fission and mitochondrial distribution to
lamellipodia region

Our previous data demonstrated that caffeine enhances endothe-
lial migration via a cAMP-PKA-AMPK-dependent mechanism. We
further determined whether the activation of this signaling
pathway is related to mitochondrial fission induced by caffeine.

Acta Pharmacologica Sinica (2021) 42:2033 -2045

As shown in Fig. 6a, b, the PKA blocker H89 and the AMPK
inhibitor compound C inhibited caffeine-induced mitochondrial
fission by ~71% and 74%, respectively. Moreover, H89 and
compound C almost completely abolished lamellipodia formation
and mitochondrial distribution to the lamellipodia region induced
by caffeine (Fig. 6c-e). Previous studies have shown that
pharmacological activation of AMPK promotes mitochondrial
fragmentation through the phosphorylation of MFF, a mitochon-
drial outer membrane receptor for Drp1 [12]. In our study, we
found that phosphorylation of MFF at Ser172 was significantly
increased by caffeine treatment, and this effect was mimicked by
the activation of PKA via 8-Br-cAMP (Fig. 6f, g). In contrast,
pharmacological blockade of PKA and AMPK significantly inhibited
the phosphorylation of MFF induced by caffeine (Fig. 6f, g). Taken
together, these data suggest a causal role of cAMP/PKA/AMPK
signaling pathway activation in mitochondrial fission and its
distribution to the lamellipodia region.

Caffeine enhanced ischemia-induced angiogenesis in vivo

The impaired angiogenic response to limb ischemia in diabetes is
accompanied with poor clinical outcome [25]. We next evaluated
the impact of caffeine on limb perfusion after ischemic injury
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Fig. 5 Functional importance of mitochondrial energetics in caffeine-induced lamellipodia formation and endothelial cell migration.
a HUVECs were incubated with vehicle or caffeine (50 pM or 100 uM) in the presence or absence of Mdivi-1 (10 uM) for 12 h. Quantified
mitochondrial function parameters are from the upper panel for each group (n = 3). *P < 0.05; **P < 0.01; ****P < 0.0001 vs. the control, 50 M
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Fig. 7 Caffeine enhanced ischemia-induced angiogenesis in vivo. a Representative laser Doppler perfusion images of mice that received
vehicle or caffeine (0.05% in 200 mL of drinking water daily) following unilateral hindlimb ischemia on various days after hindlimb ischemia
(n=15). Scale bar, 5 mm. b The blood perfusion rate over time was examined with computer-assisted analysis of the laser Doppler program at
the indicated timepoints (n = 5). ¢ Representative images and quantification of histologically assessed necrotic areas drawn out using red coils
in the gastrocnemius (GC) muscle at day 7 after ischemia (n=4). Scale bar, 1Tmm. d Representative images and quantification of
immunofluorescence staining of CD31 and p-AMPK in sections of GC muscle at day 7 after ischemia (n = 4). Scale bar, 100 pm. *P < 0.05; **P <

0.01; ***P < 0.001 vs. the control group.

in vivo by introducing a mouse hindlimb ischemic model. Male
C57BL/6 mice that received drinking water supplemented with
caffeine (0.05%) or vehicle were subjected to femoral artery
ligation. Blood flow was restored to ~45% and 65% at days 7 and
14 after ischemic surgery, respectively; however, caffeine-treated
mice showed ~70% and almost complete blood flow restoration 7
and 14 days after ischemia, respectively (Fig. 7a, b). In addition,
histological assessment showed that the injured and necrotic
areas in the ischemic gastrocnemius muscles were significantly
decreased in caffeine-fed mice (Fig. 7c). In line with accelerated
blood flow recovery in response to caffeine treatment, the number
of CD31-positive endothelial cells (Fig. 7d) was significantly higher
in the ischemic sections of caffeine-treated mice than in those of
control mice. Immunostaining revealed that phosphorylated
AMPK (p-AMPK) in the ischemic muscles was localized mainly to
CD31-positive endothelial cells, and the level of p-AMPK was also
significantly enhanced in caffeine-treated mice compared with
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control mice (Fig. 7d). Taken together, our results demonstrate
that caffeine treatment promoted angiogenesis and was asso-
ciated with significantly improved perfusion as well as the
activation of endothelial AMPK signaling after hindlimb ischemia.

DISCUSSION

The data presented in the current study indicate that caffeine
stimulation of endothelial cells increased mitochondrial fission,
accompanied by enhanced mitochondrial energetics, and
endothelial cell lamellipodial formation (Fig. 8). Importantly, we
showed that inhibition of mitochondrial fission reduced caffeine-
induced endothelial cell migration and tube formation. Our
studies further provided the mechanisms by which caffeine
stimulation activates mitochondrial fission and how mitochondrial
fission induces endothelial cell lamellipodial formation and
migration.
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Fig. 8 Caffeine enhances the angiogenesis of endothelial cells via
cAMP/PKA/AMPK signaling-mediated mitochondrial fission. Caf-
feine activates protein kinase A (PKA, a cAMP-dependent protein
kinase) by increasing the intracellular cyclic adenosine monopho-
sphate (cAMP) content. Subsequently, phosphorylated AMP-
activated protein kinase (AMPK), activated by PKA, facilitates
mitochondrial fission by phosphorylating mitochondrial fission
factor (MFF), which recruits dynamin-related protein 1 (Drp1) from
the cytosol to the mitochondrial outer membrane. Together, the
increased mitochondrial distribution to the lamellipodia region of
endothelial cells (ECs) and elevated adenosine triphosphate (ATP)
content induced by caffeine enhance the angiogenesis of ECs,
which can be impaired by inhibiting cAMP, PKA, AMPK, and Drp1
activation using SQ22536, H89, compound C and Mdivi-1,
respectively.

Studies regarding the roles of caffeine in angiogenesis are
controversial [26]. Although our study, indicates the angiogenic
effect of caffeine for the first time, previous data demonstrated
that caffeine at concentrations of 250 uM or higher attenuates
angiogenesis, and the inhibitory effect of caffeine on angiogenesis
is associated, at least in part, with its induction of endothelial cell
apoptosis, probably mediated by a caspase-3-dependent mechan-
ism [27]. Additionally, Yeh et al. assessed caffeine-induced toxicity
on embryonic vascular development using zebrafish and showed
that caffeine-treated (250-350 ppm) embryos revealed develop-
mental defects in the dorsal longitudinal anastomotic vessels, the
intersegmental vessels, and subintestinal vein sprouting [28].
Considering that the average weight of the zebrafish embryo is
~1.2mg, 250-350 ppm of caffeine is estimated to correspond to
4200-5800 mg/kg [29], which is much higher than the acceptable
daily intake of caffeine in adults (150-300 mg per day) and close
to the toxic dosage [30]. However, several reports support the
proangiogenic effects of caffeine. Caffeinated coffee was demon-
strated to increase the serum concentration of caffeine from 2 to
23 uM in patients with coronary artery disease, accompanied by a
significant increase in the migratory ability of patient-derived
endothelial progenitor cells. In a mouse model after denudation of
the carotid artery, caffeine at physiologically relevant concentra-
tions (50-100 uM) was proven to enhance reendothelialization.
Therefore, the effect of caffeine on angiogenesis appears to be
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dose dependent, and the mechanisms explaining the proangio-
genic effects of caffeine observed in our study should be
attributed to the use of concentrations of less than 100 uM.
Moreover, the controversial role of caffeine in angiogenesis may
be attributed to the distinct tissue-specific or pathophysiological
context, since caffeine at low (micromolar) and relatively nontoxic
concentrations has been shown to inhibit tumor angiogenesis by
antagonizing adenosine receptors [31], while in our study, we
demonstrated that caffeine at physiologically relevant concentra-
tions protected mice against hindlimb ischemic injury by
promoting angiogenesis in the hindlimb.

While mainly quiescent in healthy adult tissues, endothelial cells
are flexible, undergoing rapid migration and proliferation during
angiogenesis, thus increasing their biosynthetic and bioenergetic
requirements. Recent findings indicate that metabolism is a critical
regulator of endothelial cell function during angiogenesis. We and
others previously found that endothelial cells are highly glycolytic,
and glycolysis is necessary for endothelial cell proliferation and
migration during angiogenesis [32-34]. A new and recent finding
demonstrated that mitochondrial respiratory chain-linked meta-
bolism is critical for the proliferation of endothelial cells during
angiogenesis [35]. However, the role of mitochondrial energy
metabolism in endothelial cell migration has long been grossly
underestimated. Cell migration relies on reorganization of the
actin cytoskeleton to form filopodia and lamellipodia, which
requires ATP [36]. Mitochondria are too bulky to fit into thin
filopodia and lamellipodia. In addition, mitochondria are mostly
contained in perinuclear clusters, distant from the lamellipodia
and filopodia regions. The diffusion of ATP from distant peri-
nuclear mitochondria may thus not be sufficient to support the
high and rapidly changing ATP demands for lamellipodial
formation during migration [33]. However, previous studies have
also shown that altering mitochondrial morphology affects cell
migration. Decreased cell migration was observed with mitochon-
drial elongation, whereas mitochondrial fragmentation was found
to increase cell migration in both metastatic breast cancer cells
and chemokine-stimulated lymphocytes [10, 37]. Here, in our
study, we observed that mitochondria in migrated endothelial
cells upon caffeine treatment switched from an elongated and
perinuclear accumulated state to a fragmented and scatted state,
suggesting a correlation between mitochondrial fission and cell
migration. In addition, mitochondrial fission was shown to be
necessary for the redistribution of mitochondria to the leading
edge to facilitate lamellipodia formation [10]. This phenomenon
has not been reported in endothelial cells or other cell types with
a high capacity for glycolysis. Nevertheless, our findings in this
study suggest that mitochondrial fragmentation may make it
easier for mitochondria to access the lamellipodial region in
caffeine-treated endothelial cells.

Our study demonstrates that caffeine increased mitochondrial
energetics and that inhibition of mitochondrial ATP synthesis by
oligomycin A suppressed caffeine-induced cell migration. Addi-
tionally, the proton ionophore FCCP, which disperses the proton
gradient across the inner mitochondrial membrane and causes the
uncoupling of mitochondrial respiration from ATP synthesis,
completely interfered with caffeine-induced lamellipodia forma-
tion. These data suggest that mitochondrial ATP is an important
local energy source that is required for endothelial cell migration.
Our study also showed that inhibition of mitochondrial fission
prevented caffeine-induced endothelial cell mitochondrial ener-
getics and migration. The limitation of cell migration upon fission
inhibition might be due to an increase in respiration uncoupling
and a decrease in mitochondrial respiratory capacity. This is
consistent with previous findings that chemotactic stimulation of
vascular smooth muscle cells enhanced mitochondrial energetics
with the formation of short, small mitochondria, whereas the long,
large mitochondria in fission-deficient cells exhibited increased
respiration uncoupling [11]. Increased fission may facilitate the
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uptake of substrate into the mitochondria by increasing the
overall mitochondrial surface area in the cell. In addition,
the alteration of mitochondrial shape through fission may
reorganize respiratory chain complexes to optimize electron flux
for energetic metabolism. However, an assessment of subcellular
ATP concentrations will be required to further understand the role
and mechanisms of mitochondria in lamellipodia formation in
caffeine-treated endothelial cells.

Over decades, the effects of caffeine have been proven to be
mediated in the following different ways: (1) by antagonizing
adenosine receptors, (2) by inhibiting PDEs, and (3) by elevating
intracellular calcium levels [38]. Our previous studies have
demonstrated that endothelial cells predominantly express
adenosine receptor Aya or Ayg [39]. Activation of these receptors
promoted angiogenesis, whereas their blockade reduced angio-
genesis and endothelial cell migration [40]. Thus, the promigratory
effect of caffeine seems to be independent of adenosine receptor
antagonization. Our study showed that caffeine elevated the
intracellular cAMP level in endothelial cells. This indicated
the activation of PKA as a potential signaling pathway involved
in the effects induced by caffeine. As expected, the activation of
PKA mimicked the promigratory activity of caffeine, while
inhibition of PKA blocked caffeine-induced mitochondrial frag-
mentation and redistribution, lamellipodia formation, and migra-
tion in endothelial cells. AMPK has been shown to play an
important role in endothelial migration [18]. As reported in other
cells, our study showed that caffeine treatment activated AMPK in
endothelial cells. Several studies have demonstrated that PKA and
AMPK interact to regulate mitochondrial function in cardiac and
endothelial cells [41]. Studies regarding the role of AMPK
activation in mitochondrial fission are controversial. The activation
of AMPK attenuated palmitate-induced mitochondrial fragmenta-
tion in pancreatic 3 cells [42], whereas a recent publication
reported that activated AMPK orchestrates MFF phosphorylation
in response to cellular stress, thereby recruiting Drp1 from the
cytosol to the mitochondrial outer membrane to initiate
mitochondrial fission [12, 43]. Our current study found that Drp1
localization in mitochondria was sensitized by caffeine treatment
and that a PKA inhibitor suppressed caffeine-mediated AMPK
activation and MFF phosphorylation, suggesting that the cAMP/
PKA/AMPK/MFF signaling pathway activates mitochondrial fission.
However, endothelial cell-specific AMPK-knockout mice will be
required to provide a more specific experimental model for the
functional investigation of AMPK in caffeine-induced angiogenesis
and mitochondrial fission in endothelial cells.

Caffeine treatment might also improve endothelial cell migra-
tion via other mechanisms. Previous studies have demonstrated
that caffeine induces ryanodine receptor activity in the endothelial
endoplasmic reticulum, thereby stimulating the release of Ca®"
from the reticulum to increase the cytosolic Ca>" concentration
[26]. Increased intracellular Ca®>" has been proven to promote
mitochondrial fission [44]. Additionally, Ca?" in mitochondria
activates dehydrogenases of the TCA cycle as well as ATP synthase
[45-49]. Thus, it is possible that the caffeine-evoked Ca®" increase
activated mitochondrial fission through AMPK in the cytosol and,
concomitantly, elevated oxidative phosphorylation in mitochon-
dria. Since activation of AMPK has been shown to regulate
mitochondrial biogenesis, which controls mitochondrial quality
and quantity [50], it is also possible that mitochondrial biogenesis
serves to fuel endothelial cell migration. Indeed, caffeine
treatment increased the mitochondrial DNA content in endothelial
cells (Supplementary Fig. S5). In addition, as a critical cAMP-
dependent signaling pathway mediator, the exchange protein
activated by cAMP 1 (EPAC1) has been shown to positively
regulate endothelial cell migration [51], raising the possibility that
caffeine exerts the promigratory effect on endothelial cells
through EPACI.
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In conclusion, we demonstrate for the first time that caffeine
markedly stimulates mitochondrial fission and that increased
fission mediates endothelial cell migration and angiogenesis,
likely due to reduced spatial impediments to repositioning
brought by the long-intertwined tubules. Since therapeutic
angiogenesis is of major importance for treating ischemic
diseases, coffee consumption or caffeine per se could be
considered as an additional protective dietary factor for patients
with critical limb ischemia. Moreover, since the effects of
caffeine are linked to increased mitochondrial fission and thus
improved mitochondrial function, enhancing mitochondrial
fission could serve as a potential therapeutic strategy in
ischemic vascular diseases.
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