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Platelet-derived microvesicles regulate vascular smooth muscle
cell energy metabolism via PRKAA after intimal injury
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Zong-Lai Jiang1, Ying-Xin Qi1 and Yue Han1,‡

ABSTRACT
Vascular intimal injury initiates various cardiovascular disease
processes. Exposure to subendothelial collagen can cause platelet
activation, leading to collagen-activated platelet-derived microvesicles
(aPMVs) secretion. In addition, vascular smooth muscle cells
(VSMCs) exposed to large amounts of aPMVs undergo abnormal
energy metabolism; they proliferate excessively and migrate after
the loss of endothelium, eventually contributing to neointimal
hyperplasia. However, the roles of aPMVs in VSMC energy
metabolism are still unknown. Our carotid artery intimal injury model
indicated that platelets adhered to injured blood vessels. In vitro,
phosphorylated Pka (cAMP-dependent protein kinase) content was
increased in aPMVs. We also found that aPMVs significantly reduced
VSMC glycolysis and increased oxidative phosphorylation, and
promoted VSMC migration and proliferation by upregulating
phosphorylated PRKAA (α catalytic subunit of AMP-activated
protein kinase) and phosphorylated FoxO1. Compound C, an
inhibitor of PRKAA, effectively reversed the enhancement of
cellular function and energy metabolism triggered by aPMVs in vitro
and neointimal formation in vivo. We show that aPMVs can affect
VSMC energy metabolism through the Pka-PRKAA-FoxO1 signaling
pathway and this ultimately affects VSMC function, indicating that the
shift in VSMC metabolic phenotype by aPMVs can be considered a
potential target for the inhibition of hyperplasia. This provides a new
perspective for regulating the abnormal activity of VSMCs after injury.
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INTRODUCTION
Vascular intimal injury initiates the progression of cardiovascular
diseases (CVDs), such as vascular restenosis and atherosclerosis
(Carracedo et al., 2019; Tesfamariam, 2016). Hence, it is necessary
to inhibit neointimal thickening and accelerate reendothelialization
after vascular intimal damage. Vascular smooth muscle cells
(VSMCs) are the main component of the media vasculature, and
their migration (Cheong et al., 2011) and proliferation (Merlet et al.,
2013) have been found to be important factors that regulate the
thickening of the vascular wall and narrowing of the vascular lumen

after vascular intimal injury. The migration of VSMCs from the
tunica media to the intima plays a key role in the vascular
remodeling process, and the inhibition of VSMC migration into the
intimal layer in response to arterial wall injury can effectively
decrease neointimal hyperplasia (Zhuang et al., 2019).

Subendothelial collagen is exposed after intimal damage, and
platelets are recruited and attach to the site of injury (Seifert et al.,
2017). The adhered platelets are then activated by collagen and
consequently produce massive platelet-derived microvesicles
(PMVs) (Boilard et al., 2010). Increasing numbers of reports
suggest that platelet microvesicles are involved in the process of
CVDs, such as atherosclerosis (Rosin ́ska et al., 2017). They
participate in regulating recipient cell function by transferring
platelet-derived cargos, such as proteins and microRNAs. Exposing
VSMCs to platelet-derived growth factor-BB homodimer
(PDGF-BB) results in mitochondrial fragmentation and VSMC
phenotypic changes, which are accompanied by changes in energy
metabolism processes (Salabei and Hill, 2013). However, the effect
of platelets and derived microvesicles on VSMC energy metabolism
after vascular injury is still unclear.

Glycolysis and mitochondrial oxidative phosphorylation
(OXPHOS) are the two main pathways involved in cell energy
metabolism. Glycolysis is a universal metabolic process in living
cells, and cells use glycolysis to produce energy under hypoxic
conditions (Rigoulet et al., 2020). Bothmitochondrial respiration and
glycolysis play crucial roles in the cell growth and development.
Perez et al. (2010) found that mitochondrial respiration and glycolysis
are enhanced in response to PDGF, which is consistent with PDGF-
induced VSMC proliferation. Mitochondria are the energy factories
of cells and are closely related to the energy metabolism state in most
cell types (Wanet et al., 2015). In addition, mitochondria are also the
main sites of oxidative metabolism in eukaryotes. Under normal
conditions, cells use glucose to produce most of the required ATP
through mitochondrial OXPHOS (Zeng et al., 2020).

It is important to identify the key molecules that drive VSMC
migration and metabolism and develop targeted therapies aimed at
these key molecules. AMP-activated protein kinase (AMPK) is an
energy regulator that is present in a complex network of metabolic
signaling pathways (Faubert et al., 2015), and it is a promising
therapeutic target for type II diabetes, cancer and other diseases
characterized by the abnormal utilization of energy (Sinnetta and
Brenman, 2014). In different species, AMPK is present as a
heterotrimeric complex that consists of an α catalytic subunit
(PRKAA), a β regulatory subunit and a γ regulatory subunit. AMPK
can regulate intracellular energy homeostasis via glucose and lipid
metabolism and also participates in many cell functions. Previous
studies have shown that AMPK is considered a key factor in the
regulation of VSMC function. For example, AMPKwas found to be
involved in inhibiting VSMC proliferation induced by PDGF by
pioglitazone (Osman and Segar, 2016). Zhang et al. (2019)
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demonstrated that the AMPK-Nox4 signaling pathway is involved
in the protective effects of metformin and linagliptin against
neointimal hyperplasia of the carotid artery after balloon injury in
diabetic rats, and it functions by inhibiting VSMC remodeling.
In this study, we established a carotid artery injury model in

Sprague-Dawley (SD) rats and observed the adhesion of platelets to
VSMCs at the injury site. The role of collagen-activated platelet-
derived microvesicles (aPMVs) in regulating VSMC energy
metabolism and cell function after intimal injury was explored,
and we also investigated the molecular mechanism involved in the
process. The aim of our study was to discover how aPMVs regulate
VSMC energy metabolism and identify a therapeutic target for the
inhibition of excessive hyperplasia.

RESULTS
Platelets adhere to the intimal injury site in vivo
To investigate the role of VSMCs in vascular remodeling, we
established a carotid artery balloon intimal injury model in rats

(Fig. 1A). The left common carotid artery of the rat was used as the
experimental group and the right common carotid artery was
considered the autologous control group. Two weeks after the
injury, we observed clear intimal hyperplasia of the injured left
carotid artery using Hematoxylin-Eosin staining. The area of the
vascular media showed no change (Fig. S1), but a significant
increase in the vascular wall area (media and neointima) and a
decrease in the lumen area were detected in the injured vessels,
indicating a thickening of the neointima (Fig. 1B). In addition, 1 h
after the surgery, common carotid arteries were harvested, and the
von Willebrand factor (vWF), a specific marker of endothelial cells
(ECs), was not expressed in the damaged left carotid artery
but present in the intact right carotid artery. The loss of the
vWF fluorescence indicated that the intimal injury model was
successfully established (Fig. 1C). In addition, staining for α-
smooth muscle actin (α-SMA) and the platelet marker CD41
showed that platelets adhered to the intimal injury site of the left
common carotid artery 1 h after intimal injury, but there was no

Fig. 1. Adhesion of platelets in the rat intimal injury model. (A) Schematic diagram showing the establishment of the Sprague-Dawley (SD) rat intimal injury
model. (B) Hematoxylin-Eosin (HE) staining revealed significant intimal hyperplasia in the intimal injury group 2 weeks after surgery compared with the control
group. ImageJ was used to quantify the vessel wall area and lumen area (n=5 animals). Scale bar: 100 μm. (C) Endothelial denudation was observed at 1 h after
surgery by in situ immunofluorescence staining for DAPI (blue), vWF (red, a specific marker of endothelium), and α-SMA (green). The vWF fluorescence area and
intensity were significantly decreased after intimal injury (n=5 animals). Scale bar: 30 μm. (D) Immunofluorescence staining was used to explore the adhesion of
platelets to VSMCs at 1 h after surgery. CD41 is a specific marker of platelets marked in red, and the fluorescence area and intensity were increased compared
with those of the control (n=5 animals). Scale bar: 20 μm.P-valuewas calculated by two-tailed Mann–Whitney test (B–D). The values are themean±s.d. *P<0.05.
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CD41 expression in the right common carotid artery (Fig. 1D). All
the in vivo findings indicated that the surgery caused endothelial
denudation and platelets adhered to the injury site. Aggregated
platelets can be activated by exposed collagen after injury and form
a local microenvironment. An important way for platelets to
function is by releasing microvesicles. Hence, we hypothesized that
collagen-activated platelet-derived microvesicles (aPMVs) might
participate in VSMC signaling pathway regulation.

aPMVs promote VSMC migration
VSMCs were isolated from the thoracic aortas of Sprague-Dawley
(SD) rats. To explore the effect of aPMVs on VSMCs in vitro,
platelets were obtained from the abdominal aorta blood of SD rats
and activated by incubating them with or without collagen (1 µl/ml)
for 1 h. Then microvesicles were obtained by centrifugation at
20,500 g for 90 min, as described in the schematic diagram
(Fig. 2A). To identify microvesicles derived from platelets,

Fig. 2. See next page for legend.
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transmission electron microscopy (TEM), nanoparticle tracking
analysis (NTA) and flow cytometry were used in accordance with
the Minimal Information for Studies of Extracellular Vesicles
(MISEV) 2018 guidelines, which were proposed by The
International Society for Extracellular Vesicles (ISEV) (Théry
et al., 2018). As shown in Fig. 2B, the vesicles were approximately
200 nm in size and had a clear, intact spherical structure. The size
range of the microvesicles was further quantified by NTA, and
collagen activation significantly increased the concentration of
aPMVs (Fig. 2C). The flow cytometry results indicated that
microvesicles (gate R1) were defined with 2.5–4.5 μm beads
(gate R2), and high expression of the platelet marker CD41 (>90%)
(Fig. 2D). The exosome marker CD63 (Mathieu et al., 2021) and the
microvesicle marker Annexin A1 (Jeppesen et al., 2019) were used
to identify aPMVs, which were Annexin A1-positive and CD63-
negative (Fig. 2E). Then, the adhesion of aPMVs to VSMCs was
detected in vitro.
The results showed that aPMVs that were positive for PKH26, a

fluorescent dye that stably stains live-cell membranes in bright red,
adhered to the VSMC membrane after 1 h of incubation and that
adhesion increased with longer incubation times (Fig. 2F).
Moreover, the z-axis images taken at 6 h and 24 h showed that
aPMVs had been endocytosed into cells (Fig. 2G). The migration of
VSMCs to the intima at the vascular injury site is a key factor in the
development of intimal hyperplasia. Wound healing assays
demonstrated that aPMV treatment significantly enhanced the
migration of VSMCs at 24 h, which was not significantly modified
by Dulbecco’s Modified Eagle Medium (DMEM, negative control)
or PMV treatment, the latter of which gave results similar to cells in
the normal physiological state (Fig. 2H). The BrdU assay suggested
an upregulated proliferation level of VSMCs under aPMV
stimulation (Fig. 2I). Compared with aPMV treatment, PMV
treatment did not significantly regulate VSMC function. This
finding might be caused by the activation of collagen, which
allows platelets to release specific types of microvesicles
selectively. Therefore, we next investigated the effect of aPMVs
on VSMC function.

aPMVs alter the VSMC energy metabolic profile
Increased cell migration and proliferation are closely related to
energy metabolism. Mitochondria are the main organelles that
produce ATP, and the local ATP concentration directly regulates
cellular motility, so the mitochondrial subcellular distribution is
often associated with the energetic states of cells. To explore
whether aPMVs altered VSMC energy metabolism, mitochondria
were first detected by fluorescence staining with MitoTracker Red.
The mitochondria in the VSMCs were concentrated around the
nucleus in the DMEM control group, while they tended to be
distributed in the cytoplasm after stimulation with aPMVs (Fig. 3A).
Using the center of each nucleus as the coordinate origin,
quantification of mitochondrial distribution analyzed by CellSens
software showed that the average distance of mitochondria from the
center was significantly increased after stimulation with aPMVs
(Fig. 3B). Additionally, aPMV treatment caused the mitochondria
to be distributed farther from the center of the cell, compared with
the DMEM control group (Fig. 3C).

In addition to their wide cellular distribution, mitochondria are
highly dynamic and can undergo fusion, fission, transport and
degradation, which are involved in the regulation of bioenergetics
(Mishra and Chan, 2016). Changes in VSMC mitochondrial
distribution might also contribute to shifts in the cellular energy
phenotype. To detect the energy metabolic state of VSMCs, we
first measured the oxygen consumption rate (OCR), which
represents the OXPHOS activity in VSMCs (Fig. 3D). Treatment
with aPMVs significantly enhanced the mitochondrial respiration
capacity of the VSMCs, including basal OCR (Fig. 3E), maximum
mitochondrial respiration (Fig. 3F) and ATP production (Fig. 3G).
Next, we analyzed the extracellular acidification rate (ECAR),
which indicates the glycolytic level of VSMCs (Fig. 3H).
Following the addition of glucose, oligomycin and the glycolysis
inhibitor 2-deoxy-D-glucose (2-DG) in sequence, VSMC
glycolysis levels (Fig. 3I), glycolytic capacity (Fig. 3J) and
glycolytic reserve (Fig. 3K), respectively, were detected. The
results showed that aPMV addition reduced the level of cellular
ECAR. Seahorse extracellular flux analyses suggested that the
stimulation of aPMVs shifted the VSMCenergy phenotype, causing
aerobic respiration to provide more energy than glycolysis (Fig. 3L).
In summary, aPMVs regulated the metabolic profile of VSMCs.
Increased mitochondrial respiration provided energy for the
proliferation of VSMCs, while dispersed mitochondria were more
conducive to cell migration.

aPMVs regulate p-PRKAA and NAD+ through p-Pka
AMPK is a critical regulator of mitochondrial biogenesis, and thus,
we detected the activation of its α-catalytic subunit PRKAA via
phosphorylation at Thr172. aPMV treatment significantly increased
the levels of phosphorylated PRKAA (p-PRKAA) after 1 h of
incubation. However, the activation effect did not persist and was
significantly reduced at 6 h and 24 h (Fig. 4A). The significant
decrease in p-PRKAA might be due to its involvement in the
activation of downstream molecules. NAD+ is regarded as an
important coenzyme in metabolic processes. Cantó et al. (2009)
showed that PRKAA activation can significantly increase the
content of downstream NAD+. The results of the Ingenuity pathway
analysis (IPA) also revealed a direct relationship between AMPK
and NAD+ (Fig. S2). The content and ratio of NAD+/NADH
were not significantly altered following aPMV treatment after 1 h
(Fig. 4B,C). However, the NAD+ and NADH content increased
significantly 6 h and 24 h after aPMV stimulation, in response to the
activation of p-PRKAA (Fig. 4D–G). The results demonstrated that

Fig. 2. Treatment with aPMVs significantly accelerates the migration and
proliferation of VSMCs. (A) Flow diagram of the method used to collect
microvesicles. (B) TEM was used to visualize the aPMVs (indicated by
arrowheads). Scale bars: 200 nm and 100 nm. (C) NTAwas used to detect the
concentration and size of the collected PMVs. The left panels in a,b represent
three replicates from one sample test, and the right panels represent the
average. The results indicated that the size of most PMVs was between 100
and 300 nm (a,b) and that the concentration of activated PMVs was increased
compared with that of unactivated PMVs (right) (n=5). (D) aPMVs (gate R1)
were defined by 2.5–4.5 μmbeads (gate R2) (left). FACS analysis showed that
over 90%of themicrovesicles were CD41 positive (right). FSC, forward scatter;
SSC, side scatter. (E) PMVs and aPMVs were defined as CD63−/Annexin A1+

events in the Q3 window and they were used for quantification. The aPMVs
counts were significantly higher than those of PMVs. (F) aPMVs significantly
adhered to the VSMC membrane after 1 h of incubation and adhesion
increased with the prolonged incubation time. aPMVs were labeled in red with
PKH26, and VSMC membranes were labeled in green with DiO live cell
membrane fluorescent probe. Hoechst 33342-stained nuclei in blue. Scale bar:
20 μm. (G) The z-axis images taken at 6 h and 24 h showed that aPMVs had
been endocytosed into cells. Scale bar: 10 μm. (H) Wound healing assay
showed that VSMC migration was significantly increased after 24 h of
incubation with aPMVs (n=4 independent experiments). Scale bar: 200 μm.
(I) The BrdU assay showed that VSMC proliferation was significantly
upregulated after 24 h of incubation with aPMVs (n=4 independent
experiments). P-value was calculated by two-tailed Mann–Whitney test
(C) and Kruskal–Wallis test with uncorrected Dunn’s test (H,I). The values are
the mean±s.d. *P<0.05.
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the p-PRKAA-NAD+ pathway was involved in the energy
metabolism of VSMCs regulated by aPMVs.
To explore the mechanisms by which aPMVs regulated the

phosphorylation of PRKAA, we used IPA to analyze the upstream
regulators of PRKAA. A total of 123 upstream molecules of
PRKAAwere found and were divided into four categories based on
their location in the cell (Fig. 4H). In addition, Milioli et al. reported
the protein profiles of PMVs released after the platelets were
activated under different stimuli (Milioli et al., 2015). We compared
the upstream molecules of PRKAA and the protein profiles of
PMVs, and found 18 molecules in common (Fig. 4I). The 18
upstream molecules of PRKAA in PMVs are further shown in

Fig. 4J, and among them, we focused on the cAMP-dependent
protein kinase (Pka) signaling pathway. Pka plays an important role
in cell metabolism and phosphorylated Pka (p-Pka) has been widely
reported to be an activator of phosphorylation at serine and
threonine sites, and can significantly activate PRKAA at the same
sites (Duca et al., 2015). Therefore, we tested the p-Pka content in
microvesicles derived from collagen-activated platelets (aPMVs) or
unactivated platelets (PMVs). After the concentrations of protein in
the microvesicles were quantified with a BCA kit, western blotting
results showed higher p-Pka levels following aPMV treatment
compared with PMV treatment under the same amount of total
loaded protein (Fig. 4K), which suggested an increase in the

Fig. 3. aPMVs change the mitochondrial distribution and energy metabolic profile of VSMCs. (A) Effect of aPMVs on the mitochondrial distribution in
VSMCs. Cells were stained with MitoTracker Red (Mito Red) and Hoechst 33342 for 30 min at 37°C. Scale bars: 20 μm and 10 μm. (B,C) The average distance
(B) and average coordinates (C) of mitochondria from the cell center were analyzed with CellSens software (n=30 independent cells). (D) Representative traces of
the oxygen consumption rate (OCR) in VSMCs with or without aPMV incubation. (E) Basal OCR, (F) maximal OCR and (G) ATP production were measured and
compared (D–G, n=4 independent experiments). (H) Representative traces of the extracellular acidification rate (ECAR) in VSMCs with or without aPMV
incubation. (I–K)Measurement of (I) glycolysis, (J) glycolytic capacity and (K) glycolytic reserve in VSMCs (H–K, n=4 independent experiments). (L) Calculation of
the energy phenotype in VSMCs. The empty squares represent the basal cell states, and the filled squares represent the stressed cell states (n=4 independent
experiments). P-values were calculated by unpaired two-tailed Student’s t-test (B) and two-tailed Mann–Whitney test (E–G,I–K). The values are the mean±s.d.
*P<0.05. mpH, milli pH units.
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secretion of p-Pka from platelets. Taken together, these data showed
that collagen stimulation altered the protein levels of p-Pka
contained in aPMVs, which might result in the activation of the
PRKAA signaling pathway in VSMCs.

aPMVs increase phosphorylation of FoxO1
Next, we studied the downstream molecules associated with
PRKAA; 208 PRKAA downstream molecules were recognized
from the IPA system, and the top ten diseases associated with these
molecules are shown in Fig. 5A. Organismal injury and
abnormalities are the diseases most related to the downstream
molecules of PRKAA. We analyzed the direct relationship of
molecules related to abnormal metabolism using the IPA database
and found that both FoxO1 and FoxO3, members of the forkhead
box O (FoxO) family of proteins, are at core positions (Fig. 5B).
Then, we detected the mRNA expression of the FoxO proteins in

VSMCs, and found FoxO1 content to be the highest (Fig. 5C),
so we focused on FoxO1 in the experiments to follow. Western
blotting showed that aPMVs induced a significant increase in
phosphorylated FoxO1 (p-FoxO1, Ser256) at 1 h, which persisted
to 6 h. There was no significant change in protein phosphorylation
at 24 h (Fig. 5D). However, FoxO1 can exert its regulatory
functions through cytoplasmic and nuclear translocation after
phosphorylation, so, we determined whether aPMV treatment
affected the cellular localization of FoxO1 after 24 h of stimulation.
Immunofluorescence results showed that p-FoxO1 gradually
accumulated in the nucleus in the aPMV stimulation group in a
time-dependent manner (Fig. 5E), and the relative fluorescence
intensity of the nucleus gradually increased (Fig. 5F). Many studies
have demonstrated the significant contribution of FoxO1 to cell
proliferation and migration, and in human smooth muscle cells,
FoxO1-induced gene transcription has been shown to regulate

Fig. 4. aPMV treatment modifies the protein levels of p-PRKAA and increases the NAD+/NADH ratio via p-Pka. (A) Western blot assay showed that the
protein level of p-PRKAA was dramatically increased in the VSMCs after incubation with PMVs for 1 h, while the protein level decreased at 6 h and 24 h (n=4
independent experiments). (B,C) The contents and the ratio of NAD+/NADH were not notably changed by aPMVs at 1 h (n=4 independent experiments).
(D,E) aPMVs significantly increased the NAD+ content and decreased NADH content (D) and consequently increased the NAD+/NADH ratio (E) after 6 h of
stimulation (n=4 independent experiments). (F,G) The effect of aPMVs on NAD+ and NADH at 24 h was similar to the effect at 6 h (n=4 independent experiments).
(H) The upstream molecules of PRKAAwere predicted by IPA software. (I) A total of 18 molecules were predicted upstream regulators of PRKAA that were also
present in the protein profile of PMVs. (J) These 18molecules are displayed andPka is shown in green. (K)Western blotting revealed changes in the p-Pka protein
levels containing the same amount of total protein. Coomassie Blue staining was used to indicate the amount of protein that was loaded. PMVs, platelet-derived
microvesicles. aPMVs, collagen activated platelet-derived microvesicles (n=3 independent experiments). GAPDH was used as a loading control for western
blotting (A,D). P-values were calculated by two-tailed Mann–Whitney test (A–G,K). The values are the mean±s.d. *P<0.05.
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abnormal cell proliferation, but, more importantly, it also regulates
neointimal formation (Dutzmann et al., 2021). Our results imply
that p-FoxO1 might play an important role in the regulation of
VSMC function.

Compound C reverses the stimulation of VSMCs by aPMVs
To elucidate the role of the PRKAA-NAD+-FoxO1 pathway in the
stimulation of VSMCs by aPMVs, we used the AMPK inhibitor
Compound C (CC). First, CC significantly inhibited the protein
levels of p-PRKAA, and the levels of the downstream protein
p-FoxO1 then also decreased (Fig. 6A). CC also inhibited the
increase in NAD+/NADH 6 h after aPMV stimulation (Fig. 6B,C)
but had no significant effect on the NAD+/NADH ratio 24 h after
stimulation (Fig. 6D,E). More interestingly, CC also affected the
distribution of mitochondria in cells. Following the inhibition of
PRKAA signaling, mitochondria aggregated around the nucleus in
VSMCs treated with aPMVs and CC (Fig. 6F). Quantification

showed that the average distance of mitochondria from the center of
the nucleus was significantly reduced (Fig. 6G,H). Based on these
results, we further studied the energy metabolism in VSMCs after
CC treatment.

Compound C reverses aPMV-induced changes in VSMC
energy metabolism and function
To study the essential role of PRKAA in regulating VSMC
metabolism, CC was used with aPMV treatment. We found that
CC significantly reversed the effect of aPMVs on VSMC
metabolism, including mitochondrial respiration (Fig. 7A) and
glycolysis (Fig. 7E). CC significantly decreased the basal OCR,
maximal OCR and ATP production (Fig. 7B–D) that were increased
by aPMV stimulation, and upregulated the glycolysis, glycolytic
capacity and glycolytic reserve (Fig. 7F–H). The presence of
CC restored the energy metabolism phenotype of VSMCs (Fig. 7I).
Lastly, CC significantly inhibited the migration and proliferation of

Fig. 5. aPMV treatment increases the levels of p-FoxO1. (A) Ingenuity pathway analysis (IPA) indicated the top ten diseases related to PRKAA downstream
molecules. (B) FoxO1 and FoxO3 are at core positions of the relationship network of PRKAA downstreammolecules related to abnormal metabolism. (C) mRNA
levels of FoxO family proteins were analyzed using qPCR, and FoxO1 was the most abundant one (n=4 independent experiments). (D) Western blotting showed
that after stimulation with aPMVs, the protein level of p-FoxO1 in VSMCs was significantly increased and reached its highest level at 1 h of stimulation (n=4
independent experiments). GAPDH was used as a loading control. (E) Immunofluorescence staining showed that aPMVs promoted the translocation of p-FoxO1
(red) from the cytoplasm to the nucleus (blue) in VSMCs. NC, negative control. Scale bars: 20 μm and 10 μm. (F) The percentage (nuclear/cell) of p-FoxO1
fluorescence intensity increased after aPMV stimulation (n=30 independent cells). P-values were calculated by two-tailed Mann–Whitney test (D) and one-way
ANOVA test with Tukey’s post-hoc test (F). The values are the mean±s.d. *P<0.05.
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VSMCs (Fig. 7J,K). These results showed that CC treatment
significantly reversed the increased OCR and decreased the elevated
ECAR, cell proliferation and migration induced by aPMV
treatment. However, in the VSMCs treated with DMEM and CC,
CC also had a given inhibitory effect on cell function (with
significant effects on proliferation and migration only). This
result might have occurred because the stimulation of aPMVs
significantly activated the PRKAA pathway, which also amplifies
the inhibitory effect of CC. However, in the absence of any
stimulation, the cells were in a quiescent state, and the basal
expression level of the PRKAA pathway and the impact on cell
function were lower, so the inhibitory effect of CC was not
significant. These results indicate the significant inhibitory
effect of CC on signaling pathways and the critical roles of
PRKAA and FoxO1 in energy metabolism, proliferation and
migration.

Compound C injection attenuated neointimal formation
in vivo
To verify the role of the PRKAA-FoxO1 pathway in VSMC
migration and proliferation in vivo, we locally injected CC after rat
intimal injury. The drug was administered as an injection every
other day for 2 weeks at a concentration of 20 mg/kg/day. For the
proliferation assay, BrdU was injected via intraperitoneal injection
24 h before sacrifice (Fig. 8A). Western blotting results indicated
that p-PRKAA and p-FoxO1 were upregulated in the injured carotid
arteries, which was reversed after CC treatment (Fig. 8B).
Hematoxylin-Eosin (HE) staining showed that, compared with the
contralateral carotid artery (control), the neointimal hyperplasia
after surgery was markedly increased and was also reversed by the
injection of CC (Fig. 8C). After the CC treatment, the vessel wall
area was significantly reduced compared with that in the intimal
injury group (Fig. 8E) without changes in the media area (Fig. 8D).

Fig. 6. Compound C reduces p-FoxO1 levels and the NAD+/NADH ratio stimulated by aPMVs. (A) Western blot results showed that the increased p-PRKAA
and p-FoxO1 stimulated by aPMVs were downregulated with Compound C (CC) incubation (n=4 independent experiments). GAPDH was used as a loading
control. (B,C) CC inhibited theNAD+ content in VSMCs and the NAD+/NADH ratio (n=4 independent experiments). (D,E) CC had no significant effect on the NAD+

content or the NAD+/NADH ratio after 24 h of stimulation with PMVs (n=4 independent experiments). (F) Effect of CC onmitochondrial distribution in VSMCs. The
cells were stained with MitoTracker Red (Mito Red) and Hoechst 33342 for 30 min at 37°C. CC was incubated with VSMCs 1 h before aPMV stimulation. Scale
bars: 20 μm and 10 μm. (G,H) The average distance of the mitochondria was decreased (G) and more concentrated around the nucleus after CC pretreatment
(H) (n=30 independent cells).P-valueswere calculated by two-tailed Mann–Whitney test (B–E), Kruskal–Wallis test with uncorrected Dunn’s test (A) and one-way
ANOVA test with Tukey’s post-hoc test (G). The values are the mean±s.d. *P<0.05.
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The changes in the vascular lumen area also accounted for changes in
neointimal thickness (Fig. 8F). In addition, the in situ proliferation
assay results revealed that the number of BrdU-positive VSMCs was
markedly downregulated by CC treatment (Fig. 8G–I).

The in vivo study results were consistent with our in vitro
experimental results. After vascular intimal injury, VSMC
migration and proliferation were increased, leading to neointimal
hyperplasia. After a local injection with CC, the thickness of the

Fig. 7. Compound C changes VSMC energy metabolism and migration stimulated by aPMVs. (A) Representative traces of the oxygen consumption
rate (OCR) in the DMEM, DMEM+CC, aPMV and aPMV+CC groups. (B) Basal OCR, (C) maximal OCR and (D) ATP production were measured and
compared (A–D, n=4 independent experiments). (E) Representative traces of the extracellular acidification rate (ECAR) in the DMEM, DMEM+CC, aPMV
and aPMV+CC groups. Measurement of (F) glycolysis, (G) glycolytic capacity and (H) glycolytic reserve (E–H, n=4 independent experiments). (I) Transition
of the energy phenotype in VSMCs. The empty squares represent the basal cell states, and the filled squares represent the stressed cell states (n=4
independent experiments). (J,K) CC significantly inhibited the proliferation (J) and migration ability (K) of VSMCs that were increased by aPMV stimulation
for 24 h (n=4 independent experiments). P-values were calculated by Kruskal–Wallis test with uncorrected Dunn’s test (A–H,J,K). The values are the mean±s.d.
*P<0.05.
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Fig. 8. CompoundC attenuates neointimal formation in intimal injury. (A) Schematic diagram of the in vivo experiments. (B)Western blotting results indicated
that the p-PRKAA and p-FoxO1 protein levels were upregulated after surgery and reversed by injection with CC (n=5 animals). GAPDH was used as a loading
control. (C) Representative Hematoxylin-Eosin (HE) staining images. Scale bars: 200 μm and 50 μm. (D–F) The medial area (D), vessel wall area (E) and lumen
area (F) showed that vessel neointimal hyperplasia after surgery wasmarkedly increased and attenuated byCC treatment (C–F, n=5 animals). (G) Representative
microscopy images revealed that VSMC proliferation in the neointima was decreased by CC injection. VSMCs were labeled with α-SMA (red), and proliferating
cells showed double staining for BrdU (green) and DAPI (blue). Scale bars: 200 μmand 50 μm. (H,I) The percentage of BrdU-positive cells was downregulated by
CC treatment in both the vessel area (H) and the neointima (I) (n=5 animals). P-values were calculated by Kruskal–Wallis test with uncorrected Dunn’s test
(B,D–F,H,I). The values are the mean±s.d. *P<0.05.

10

RESEARCH ARTICLE Journal of Cell Science (2022) 135, jcs259364. doi:10.1242/jcs.259364

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



neointima was significantly reduced, thereby largely protecting the
physiological function of the blood vessels.

DISCUSSION
Here, our results demonstrated the role of aPMVs in regulating the
energy metabolism and migration capacity of VSMCs via the
PRKAA-NAD+-FoxO1 pathway both in vivo and in vitro. Collagen-
activated platelet-derived microvesicles significantly upregulated
VSMC mitochondrial respiration but not glycolysis, and enhanced
cell migration and proliferation. Importantly, pretreatment with the
PRKAA inhibitor Compound C (CC) reversed cell function
changes and the molecular signaling pathway. In addition,
aPMVs delivering the upstream molecule p-Pka played a potential
role in this regulation.
Intimal hyperplasia after injury has been found to serve as the

basis for accelerated atherosclerosis (Motwani and Topol, 1998;
Chesebro and Fuster, 1986), which is a consequence of VSMC
accumulation by migration and proliferation. The mechanism
underlying neointima formation has remained elusive; however,
inhibiting the abnormal VSMC function seems to be a very effective
way to reduce neointimal hyperplasia. For example, chicoric acid
has been reported to impede VSMC proliferation, migration and
neointima formation induced by platelet-derived growth factor type
BB through the inhibition of the ROS-NFκB-mTOR-P70S6K
pathway (Lu et al., 2018). Increased migration and proliferation of
VSMCs are closely related to energy metabolism, and mitochondria
play a central role in bioenergetic regulation. The subcellular
localization of mitochondria is related to cellular activity, and
usually more mitochondria will be distributed in the moving parts of
the cell. In neurons, mitochondria travel through the microtubule
network to axon terminals, fueling energy-consuming processes
such as synaptic vesicle cycling (Saxton and Hollenbeck, 2012).
The most intuitive finding was that the mitochondria of sperm cells
were concentrated in the proximal region of the flagella and
provided ATP for the motor proteins that drive sperm motility
(Woolley, 1970). In our current study, we observed that aPMVs
caused mitochondria to be more dispersed in cells. Cell migration is
an energy-demanding process that can be fueled by dispersed
mitochondria. Additionally, increased mitochondrial respiration can
provide energy for VSMC proliferation.
After intima injury, the exposure of collagen components in the

extracellular matrix below the endothelial layer led to platelet
activation, and the activated platelets released numerous
microvesicles. PMVs were first separated by ultracentrifugation in
1967 and were termed ‘platelet dust’ (Wolf, 1967), and were more
recently reported to have a biolayer structure ranging from 100 to
1000 nm in diameter (Buzas et al., 2014). PMVs are rich in proteins,
lipids and genetic information from activated platelets. Many
studies have shown that PMVs have a vital effect on the
development of atherosclerosis and other diseases by delivering
various platelet-derived substances. PMV-derived chemokine
ligand 7 (CXCL7) has been shown to contribute to glomerular
endothelial injury (Zhang et al., 2018), and the resulting
inflammatory cytokines increase the expression of ICAM-1 in
ECs (Barry et al., 1998). Although the TEM images showed the
coexistence of protein substances and extracellular vesicles in the
stimulation of VSMCs, we believe that aPMVs are predominant in
number. Most of these substances might be derived from platelets.
For example, activated platelets release proteins through alpha
granules. Using ultracentrifugation combined with density gradient
centrifugation or microfiltration might improve the purity of aPMVs
and reduce the influence of other proteins, which will be studied

further in our future work. In the present study, we found that
compared with PMVs, aPMVs delivered higher levels of p-Pka,
which could be the reason for the selective release from platelets.
Pka is essential for intracellular signal transduction and the
maintenance of cellular homeostatic processes. It has been widely
reported to be an activator of phosphorylation at serine and
threonine sites, and can significantly activate PRKAA at the same
sites (Duca et al., 2015). PRKAA is a key molecule in the regulation
of cellular energy metabolism, and its upstream molecule p-Pka is
reportedly involved in regulating cellular energy metabolism. It has
been reported that the Pka/proteasome- and Hsp90-dependent
signaling pathway regulates mitochondrial respiratory chain
proteins and determines cardiomyocyte energy production and
functional output (Ebert et al., 2019). The study by Filteau et al.
further elucidated that the extent of input signals received by Pka from
various cellular processes matches its output signals, highlighting
how biological processes are interconnected and coordinated by Pka
because this kinase receives information from upstream and
downstream processes (Filteau et al., 2015). In addition, Pka was
defined as a homeostatic regulator of platelet apoptosis that
determines platelet lifespan and survival (Zhao et al., 2017). After
collagen activation, an increased content of p-Pka was detected in
aPMVs. As an upstream regulator of PRKAA, p-Pka might play a
critical role in regulating signal transduction between aPMVs and
VSMCs, which we will further explore in our follow-up studies.

Studies on cellular energy metabolism, especially the relationship
between glycolysis and oxidative phosphorylation have recently
attracted increasing attention. VSMCs can reportedly alter their
energy metabolism to meet the requirements of proliferation, which
is essential for cell function maintenance and vascular pathological
changes (Chiong et al., 2014). Our results indicated that aPMVs
switched the VSMC energy phenotype and enhanced mitochondrial
respiration. AMPK and NAD+/NADH are considered critical
metabolism sensors. An important role for AMPK has been
proposed, and the balance between NAD+ synthesis and
consumption supports fundamental mitochondrial functions,
including oxidative phosphorylation and the tricarboxylic acid
cycle (Klimova et al., 2020). The hydrogen from intermediate
products in the metabolic process is given to NAD+ to form reduced
NADH, which supplies reducing equivalents to the mitochondrial
electron transport chain (ETC) to fuel oxidative phosphorylation.
Earlier reports have demonstrated that NAD+/NADH plays a
decisive role in hyperglycemia-induced VSMC migration and
proliferation (Yasunari et al., 1997). The regulatory effect of AMPK
on NAD+ has also been reported. The AMPK-NAD+-SIRT1
signaling pathway has been tightly linked to mitochondrial
function (Price et al., 2012), and has been extensively studied in
aging as well (Nacarelli et al., 2019). Cantó et al. (2009) showed that
AMPK enhances SIRT1 activity by increasing cellular NAD+

levels, resulting in the modulation of the activity of downstream
SIRT1 targets that include the transcription factors FoxO1 and
FoxO3a. Our IPA results revealed the regulatory relationship
between AMPK-NAD+ and FoxO, so we further explored the
changes in FoxO family proteins and found that FoxO1 was
activated by aPMVs.

FoxO proteins are an important class of redox-sensitive
transcription factors that includes four members: FoxO1/FKHR,
FoxO3/FKHRL1, FoxO4/AFX and FoxO6 (Kim et al., 2018).
FoxO1 is a newly discovered regulator of energy metabolism that
corrects the imbalance of energy metabolism in the body. Calvier
et al. (2017) identified a pro-proliferative TGFβ1-Stat3-FoxO1
pathway in VSMCs that properly regulated energy metabolism and
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cell proliferation. Mindin, an extracellular matrix component, has
been reported to cause metabolic disorders by inhibiting abnormal
VSMC migration, proliferation and phenotypic switching in a
FoxO1-dependent manner (Zhu et al., 2015). Phosphorylated
FoxO1 can enter the nucleus and combine with DNA, which can
be altered by acetylation (Matsuzaki et al., 2005), to regulate
downstream target genes and VSMC phenotypic transformation
(Deng et al., 2015). Previous studies have shown that VSMCs with a
synthetic phenotype trigger the development of vascular diseases
(Miano et al., 2021), and this phenotype promotes VSMC
proliferation and migration (Wang et al., 2021), resulting in
vascular intima thickening. In the current study, we also explored
whether the phenotype of VSMCs was regulated by aPMVs, and the
decreases in the VSMC markers, calponin, α-SMA and SM22α,
indicated that VSMCs switch from a contractile phenotype to a
synthetic phenotype (Fig. S3). A study focusing on the role of p-
FoxO1 in VSMC energy metabolism and phenotypic
transformation will be conducted to provide more evidence for the
mechanism of vascular neointimal hyperplasia.
In conclusion, we first observed the effect of aPMVs on VSMC

energy metabolism and explored the underlying molecular
mechanism. Our results provide new insight into the process by
which aPMVs regulate the energy metabolism and migration of
VSMCs via the PRKAA-FoxO1 pathway after intimal injury
(Fig. S4). After PRKAA is inhibited by CC, the level of
phosphorylated FoxO1 and the NAD+/NADH ratio decrease,
leading to the reversal of the VSMC energy metabolic profile and
eventually inhibiting excessive cell migration. Our results reveal a
potential therapeutic target for inhibiting the neointimal hyperplasia
of injured intima.

MATERIALS AND METHODS
Establishment of a rat carotid artery intimal injury model
Animal care and handling complied with the policies of the Animal
Management Rules (File 55, 2001, Ministry of Health, China). The
experiment was approved by the Animal Research Committee of Shanghai
Jiao Tong University, and conformed to the guidelines from the US NIH
Guide for the Care and Use of Laboratory Animals.

Sprague-Dawley (SD) rats (350–400 g) were anesthetized by inhalation
of isoflurane (induction 4%, maintenance 2%, in 2 liters/min O2). After the
carotid artery was exposed using narrow instruments, the occipital artery,
internal carotid artery, thyroid artery and external carotid artery were ligated
in sequence. In the intimal injury experiment, a 2.0 Fogarty balloon
(Edwards Lifesciences, Irvine, CA, USA) with an inflatable balloon at the
tip of the hollow guide wire was used. It was inserted into the common
external carotid artery through a small incision on the external carotid artery,
and inflation caused the balloon to expand and fill the entire blood vessel.
While the balloon was kept expanded, it was slowly withdrawn from the
vessel, causing uniform damage to the intima. After that, the balloon was
restored to the contracted state and inserted into the blood vessel again,
repeating the above steps three times. Carotid arteries were harvested at 1 h
and 2 weeks after the surgery.

For the Compound C (CC) local injection, the operated rats were
anesthetized with isoflurane. After CC was dissolved in normal saline, the
drug was injected intramuscularly in the surgical side of the rat’s neck using
a 1 ml sterile syringe. The technician avoided plunging the needle too
deeply during injection to avoid puncturing the vessel. The first injection
was 3 h after surgery, and then the drug was injected every other day for 2
weeks.

Collection of platelet-derived microvesicles
Differential centrifugation was used for microvesicle isolation. Whole blood
was collected from the abdominal aortas of anesthetized rats into syringes
with 100 μl/ml anticoagulant [2.94% sodium citrate, 136 mM glucose
(pH 6.4)], and transferred to 5 ml normal saline containing 5 mM EDTA,

0.1 g/ml prostaglandin E1 (PGE1) and 1 U/ml apyrase. Then, platelet-rich
plasma was obtained by centrifugation at 600 g for 15 min. Platelets were
prepared from platelet-rich plasma by centrifugation at 2000 g for 15 min
and resuspended in the same volume of whole blood with modified Tyrode
solution [12 mM NaHCO3, 138 mM NaCl, 5.5 mM glucose, 2.9 mM KCl,
2 mM MgCl2, 0.42 mM NaH2PO4 and 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (pH 7.4)]. Platelets were activated with
collagen (1 µl/ml) in a 37°C water bath for 1 h, and the platelets that had not
been activated with collagen were placed in the same water bath. After the
platelets were collected, the remaining platelet-poor plasma was centrifuged
at 20,500 g for 90 min to obtain collagen-activated platelet microvesicles
(aPMVs) and untreated platelet-derived microvesicles (PMVs). The
collected microvesicles were suspended in Dulbecco’s Modified Eagle
Medium (DMEM) for further cell stimulation at a concentration of 109

microvesicles/ml or suspended in normal saline for further testing.

Isolation and cultivation of VSMCs
VSMCs were collected from the freshly isolated thoracic aortas of SD rats
using an explanted technique (Richard et al., 2012; Qi et al., 2016). First, the
thoracic aortas were surgically isolated and transferred to a cell culture dish
and washed with PBS containing penicillin (100 U/ml) and streptomycin
(0.1 mg/ml). Then, the aortas were minced into small pieces after the
adventitia were peeled off and the remaining tissue was digested with
collagenase I to remove the endothelium. The small pieces were plated onto
a cell culture dish containing DMEM (Gibco, Grand Island, NY, USA) with
10% newborn calf serum (NBCS; Gibco, Grand Island, NY, USA) and
incubated at 37°C in an incubator with 5% CO2. The VSMC monolayers
were passaged every 2–3 days after trypsinization, and the cells in passages
4–7 were used for experiments. In the in vitro experiment, VSMCs were
seeded at a density of 2.0×105 cells per well in six-well plates. VSMCs
incubated with aPMVs/PMVs for 1, 6 or 24 h at 37°C with 5% CO2 were
used as the experimental groups (aPMVs/PMVs), and cells treated with
DMEM were used as the control groups (DMEM). VSMCs were treated
with 10 µm Compound C (CC; Selleck Chemicals, Houston, TX, USA) for
1 h before stimulation.

Identification of platelet-derived microvesicles
Nanoparticle tracking analysis (NTA) (Szatanek et al., 2017) was used to
confirm the size and concentration of the PMVs. The collected PMVs were
resuspended in PBS, and an isopycnic suspension for each group was
injected into the NanoSight apparatus (NanoSight NS300; Malvern
Panalytical, London, UK) for assessment.

Transmission electron microscopy (TEM; Talos L120C G2, Thermo
Fisher Scientific, Waltham, MA, USA) was used to visualize the vesicles. A
small amount of the microvesicle suspension was dropped on the
hydrophilic TEM grid, dried, washed three times with double-distilled
water and stained with phosphotungstic acid for 1 min.

Flow cytometry (Cytoflex; Beckman Coulter Co. Ltd, Indianapolis, IN,
USA) was used to identify the collected microvesicles. FITC-labeled CD63
(1:100; ab108949; Abcam, Cambridge, UK) was used as a marker of
exosomes, Annexin A1 (1:100; 55018-1-AP; Proteintech, Chicago, IL,
USA) stained with APC secondary antibody (1:1000; ab130805; Abcam,
Cambridge, UK) was used as a marker of microvesicles, and CD41 (1:100;
ab181582; Abcam, Cambridge, UK) stained with Alexa Fluor 488
secondary antibody (1:1000; 4412S; Cell Signaling Technology, Danvers,
MA, USA) was used as a marker of platelets. The samples were incubated
with primary antibodies for 2 h at 4°C, and with secondary antibodies for
1 h at room temperature.

Adhesion of aPMVs to VSMCs
To confirm the adhesion of aPMVs to VSMCs, aPMVs were incubated with
PKH26, a fluorescent dye that stains living cells (PKH26 Fluorescent Cell
Linker Kits; Millipore Sigma, Billerica, MA, USA). We used a DiO live cell
membrane green fluorescent probe (Beyotime Biotechnology, Shanghai,
China) to label the cell membrane in accordance with the manufacturer’s
instructions. Fluorescent labeling of the two colors was performed
separately and the samples were washed after staining to ensure that there
was no unbound staining. VSMCs were washed with PBS to remove serum
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in confocal dishes, and a DiO green fluorescent probe was added to the
DMEM at a concentration of 1:200. Cells were stained for 10 min and then
gently washed with PBS twice to remove the green probe. aPMVs were
resuspended in 100 μl serum-free DMEM and PKH26 was added at a
concentration of 1:1000 labeling for 10 min. Then, 900 μl of DMEM with
10% NBCS was added to stop the labeling reaction according to the
manufacturer’s instructions. After that, the aPMVs were centrifuged at
20,500 g to remove the PKH26 and were resuspended in DMEM with
10% NBCS. PKH26-aPMVs (in red) and DiO-VSMCs (in green) were
co-incubated for 0 h, 1 h, 6 h or 24 h. Nuclei were marked in blue with
Hoechst 33342 (Beyotime Biotechnology). All the groups were washed
with PBS before detection. The images were ultimately captured using
confocal microscopy (LV1000; Olympus Corporation, Shinjuku-ku, Tokyo,
Japan).

Immunofluorescence staining and Hematoxylin-Eosin staining
VSMCs were fixed in 4% paraformaldehyde for 20 min and then
permeabilized in 0.3% Triton X-100 for 3 min. After being washed with
PBS, the VSMCs were immersed in 10% goat serum at room temperature for
30 min and incubated with primary antibodies against p-FoxO1 at a
concentration of 1:100 (Cell Signaling Technology, Danvers, MA, USA) at
4°C overnight. On the second day, the VSMCs were incubated with the
secondary antibody (1:1000, Cell Signaling Technology) at room
temperature for 2 h after being washed with PBS. DAPI was then used to
stain the cell nuclei for 15 min at room temperature. The freshly isolated
carotid arteries were immediately placed in 4% paraformaldehyde, incubated
for 24 h and dehydrated in 30% sucrose solution at 4°C. These carotid
arteries were cut into frozen sections with a thickness of 8 µm and used for
immunofluorescence (IF). For IF, the sections were incubated with
primary antibodies against CD41 (1:200, ab181582, Abcam, Cambridge,
UK), vWF (1:200, Bs-10048R, Bioss, Beijing, China) or α-SMA (1:200,
F3777, Sigma, Billerica, MA, USA). Images were captured by confocal
microscopy.

Hematoxylin-Eosin (HE) staining was used to observe vascular
morphology. The carotid arteries were fixed with 10% formaldehyde in
PBS for 24 h and dehydrated with increasing concentrations of ethanol
(30%, 50%, 75%, 85%, 95% and 100%). After incubation with a mixture of
xylene and anhydrous ethanol (1:1), xylene I and xylene II, the arteries were
dipped into melted paraffin, and the embedded arteries were cut into
sections with a thickness of 8 µm. During the next steps, xylene I, xylene II
and decreasing concentrations of ethanol were sequentially used for
dewaxing and hydrating. After being stained with hematoxylin for 3 min,
the sections were rinsed with distilled water, and immersed in 0.1%
hydrochloric acid in ethanol for 5 s. After being rinsed with tap water, the
sections were treated with Reverse Blue solution (Beyotime Biotechnology,
Shanghai, China) for 5 min and stained with Eosin for 1 min. Increasing
concentrations of ethanol were used for dehydration, followed by xylene,
xylene I and xylene II. Images were captured by microscopy (Olympus,
BX51) and the vascular lumen area and thickness were analyzed
with ImageJ.

Quantitative real-time PCR
The total RNA from each sample was isolated with TRIzol Reagent. Then,
1 ml of TRIzol was added to each well of six-well plates containing VSMCs,
and the total RNA was transferred into RNA enzyme-free tubes. The
collected total RNA was extracted with chloroform, and then treated with
isopropanol and 75% ethanol for collection. After the optical density (OD)
was measured, reverse transcription (RT) was performed. The reverse
transcription system was: 3 µg of RNA, 1 µl of Oligo-dT primer and RNase-
free water (made up to 12 µl), which were incubated at 65°C for 5 min; then,
4 µl of 5× Reaction Buffer, 2 µl of 10 mM dNTP, 1 µl reverse transcriptase
and 1 µl RNase inhibitor were added to each sample to reach a total volume
of 20 µl, and the samples were then incubated at 42°C for 1 h and 70°C for
5 min. cDNA was stored at −80°C or used for quantitative real-time PCR
(qPCR). The qPCR system was as follows: 10 μl of SYBR Green Supermix
(TaKaRa, Kyoto, Japan), 0.4 μl of forward primer, 0.4 μl of reverse primer,
3 μl of cDNA and 6.2 μl of RNase-free water and the total volumewas made
up to 20 µl. The PCR conditions were 95°C for 5 min, followed by 40 cycles

at 95°C for 5 s, 60°C for 45 s and 72°C for 30 s using a StepOnePlus real-
time PCR system (Applied Biosystem, Foster City, CA, USA). The results
were eventually normalized to the level of GAPDH mRNA, and the
expression of different genes was measured by the 2−ΔΔCT method. The
primer information is provided in Table S1.

Western blot assay
The total protein from the cells was collected with loading buffer and then
boiled for 5 min. Proteins were separated by 10% SDS-PAGE and
electrophoretically transferred to PVDF membranes. The membranes were
blocked with 5% non-fat milk at room temperature for 1 h. After being
washed with Tris-buffered saline with Tween-20 (TBST) three times, the
membranes were incubated overnight with primary antibodies against p-
PRKAA (1:1000; 2535T, Cell Signaling Technology, Danvers, MA, USA),
p-FoxO1 (1:1000; 9461, Cell Signaling Technology, Danvers, MA, USA)
and GAPDH (1:1000; 60004-1-lg, Proteintech, Chicago, IL, USA) at 4°C.
The second day, the membranes were incubated with horseradish
peroxidase-conjugated antibodies (1:1000; 7076S, Cell Signaling
Technology, Danvers, MA, USA) at room temperature for 2 h after being
washed with TBST three times. An extreme hypersensitivity ECL
chemiluminescence kit (BeyoECl Moon; Beyotime Biotechnology,
Shanghai, China) was used to develop the blots. The final grayscale
signals of the target protein were captured with the Fusion Fx Imaging
System (VILBER LOURMAT, Paris, France) and quantified with Image
Studio. All antibody information is provided in Table S2. A BCA kit
(Beyotime Biotechnology, Shanghai, China) was used to quantify the
protein levels. Original data for western blots is shown in Fig. S5.

Wound healing assay
VSMCs were seeded into six-well plates and cultured to 90% confluence. A
cross line was drawn in the monolayer of VSMCs at the same position in
each well to cause wounds, and the cells were washed with PBS. The wound
area was determined using ImageJ software at different time points (0 h, 6 h
or 24 h), and images were taken with microscope. Then the wound closure

percentage was determined by: 1� wound area(6h or 24h)
wound area(0h)

� �
� 100%.

Five random fields were captured for observation and statistics.

Proliferation assay
The proliferation of VSMCs in vitro was determined by using BrdU cell
proliferation ELISA kit (Fluos; Roche, Basel, Switzerland). In brief, BrdU
labeling reagent was added to the culture medium (1:1000) 8 h before
detection. Then, VSMCs were fixed and incubated with antibody (1:100)
according to the manufacturer’s instructions. The absorbance was measured
over a wavelength range of 450–630 nm.

The in vivoVSMC proliferation assay was analyzed using the In Situ Cell
Proliferation Kit (Roche). 24 h before vessel harvest, BrdU was
intraperitoneally injected into the rats at a concentration of 200 mg/kg.
Arteries were fixed and dehydrated in isopentane for 24 h, and then frozen
sections with a thickness of 10 μm were produced and stored at −20°C. The
frozen sections were re-softened in PBS, fixed with 70% ethanol in 50 mM
glycine buffer, digested with 0.05% trypsin solution and denatured with 2 M
HCl. The samples were incubated with anti-BrdU antibody (1:200, from the
kit) overnight. The nuclei were stained with DAPI the next day. Blood
vessels were dissected longitudinally and flattened between coverslips.
Fluorescence microscopy (Olympus, BX51) was used to visualize BrdU-
positive cells.

NAD+/NADH assay
Both the NAD+ and NADH levels were determined using an NAD+/NADH
quantification kit (Beyotime Biotechnology, Shanghai, China). The assay is
based on using WST-8 to detect the amount and ratio of NAD+ and NADH
in cells by colorimetry. The absorbance was measured at 450 nm and was
proportional to the NAD+ and NADH concentration in the sample.

Metabolic function evaluation
To measure cellular mitochondrial respiration and glycolysis
simultaneously, the Seahorse XF Cell Mito Stress Test Kit and Glycolysis
Stress Test Kit were used (Agilent Technologies, Delaware, USA) by
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following the manufacturer’s instructions using a Seahorse XF96 Flux
Analyzer (Agilent Technologies, Delaware, USA).

In brief, VSMCs were seeded in an XF96 cell culture microplate (1×104

cells per well). Oligomycin (1.5 µM), FCCP (1 µM), and Rotenone/
Antimycin A (R/A) (0.5 µM) were injected sequentially to measure the
oxygen consumption rate (OCR). Rotenone is an inhibitor of complex I
(NADH dehydrogenase complex), and Antimycin A is an inhibitor of
complex III (cytochrome b/c1 complex). The combined effect of the
two substances can shut down cellular respiration by inhibiting the
mitochondrial electron transport chain. After this treatment, the non-
mitochondrial respiration driven by the process outside the mitochondria
can be calculated. Tomeasure the extracellular acidification rate (ECAR), D-
glucose (10 mM), oligomycin (1 μM) and 2-deoxy-D-glucose (2-DG;
50 mM) were injected sequentially into a cell culture microplate. The OCR
and ECAR data were normalized to the actual cell number. After the
Seahorse analysis completed, the cells were washed with PBS and stained
with DAPI for cell counting. Then the High-Content Analysis
System (Operetta CLS, Waltham, MA, USA) was applied to count the
cell number.

Mitochondrial distribution analysis
To observe the distribution of mitochondria in VSMCs, cells were stained
with MitoTracker Red (Beyotime Biotechnology, Shanghai, China) at 37°C
for 30 min, and nuclei were stained with DAPI diluted in PBS (1:1000).
Cells were randomly selected, and photos were captured by confocal
microscopy (LV1000, Olympus). The quantification of the mitochondrial
distribution was performed using CellSens Dimension software (Olympus
Corporation, Shinjuku-ku, Tokyo, Japan).

Ingenuity pathway analysis
IPA software (Qiagen, Dusseldorf, Germany) was used to search for
molecules related to PRKAA through the Grow Tool. After the prediction,
the possible functional classifications and canonical pathways of the target
molecules were obtained. The significance values for analyses were
calculated using the right-tailed Fisher’s exact test.

Statistical analysis
The ‘n’ in the experiments refers to biological repetitions, and all the values
are displayed as the mean±s.d. For data comparisons on less than 30 (<30)
samples, nonparametric tests were used. Two-tailedMann–Whitney test was
used for the comparison between two samples. For multiple comparisons,
the Kruskal–Wallis test with uncorrected Dunn’s test was used. For
experiments with a sample size of greater than 30 (>30), the Shapiro–Wilk
test was first performed for the normality test, and then the unpaired two-
tailed Student’s t-test and one-way ANOVA test with Tukey’s post-hoc test
were used for the comparison between two samples and multiple
comparisons among the groups, respectively. GraphPad Prism 8 software
was used for graphing and statistical analysis. P<0.05 was considered
statistically significant.
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