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Pirfenidone (PFD), a synthetic arsenic compound, has been found to inhibit angiogenesis
at high concentrations. However, the biphasic effects of different PFD concentrations on
angiogenesis have not yet been elucidated, and the present study used an in vitromodel to
explore the mechanisms underlying this biphasic response. The effect of PFD on the initial
angiogenesis of vascular endothelial cells was investigated through a Matrigel tube
formation assay, and the impact of PFD on endothelial cell migration was evaluated
through scratch and transwell migration experiments. Moreover, the expression of key
migration cytokines, matrix metalloproteinase (MMP)-2 and MMP-9, was examined.
Finally, the biphasic mechanism of PFD on angiogenesis was explored through cell
signaling and apoptosis analyses. The results showed that 10–100 μM PFD has a
significant and dose-dependent inhibitory effect on tube formation and migration, while
10 nM–1 μM PFD significantly promoted tube formation and migration, with 100 nM PFD
having the strongest effect. Additionally, we found that a high concentration of PFD could
significantly inhibit MMP-2 and MMP-9 expression, while low concentrations of PFD
significantly promoted their expression. Finally, we found that high concentrations of PFD
inhibited EA.hy926 cell tube formation by promoting apoptosis, while low concentrations
of PFD promoted tube formation by increasing MMP-2 and MMP-9 protein expression
predominantly via the EGFR/p-p38 pathway. Overall, PFD elicits a biphasic effect on
angiogenesis through different mechanisms, could be used as a new potential drug for the
treatment of vascular diseases.
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INTRODUCTION

Blood vessels, including arteries, veins, and capillaries, are specifically distributed throughout various
tissues and participate in different physiological processes (Kalucka et al., 2020). Abnormal angiogenesis is
closely related to numerous diseases (Carulli et al., 2013); necrosis of the femoral head, osteoporosis, and
other diseases are often accompanied by a decrease in angiogenesis, while vascular hyperplasia aggravates
pathological processes such as rheumatoid arthritis, retinal hyperplasia, and tumors (Baeriswyl and
Christofori, 2009; Alsina-Sanchís et al., 2018; MacDonald et al., 2018). Angiogenesis is a complex, multi-
step process that includes activation, proliferation, migration, and the formation of tubular structures
(Baeriswyl and Christofori, 2009). Angiogenetic intervention may provide a new strategy for the
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treatment of vascular diseases (MacDonald et al., 2018). For
example, antiangiogenic drugs can be used alone or in
conjunction with other drugs in the treatment of arthritis,
diabetic retinopathy, tumor, which can reduce drug dose and
improve the therapeutic effect (Thairu et al., 2011; Kuczynski and
Reynolds, 2020). Angiogenesis-promoting drugs alone or in
combination with biomaterials play an important role in
promoting wound healing, myocardial regeneration, bone defect
repair (Veith et al., 2019; Diomede et al., 2020; Si et al., 2020).

Pirfenidone (PFD) is a versatile pyridine compound that
mainly acts on the targets of transforming growth factor
(TGF)-β, and is currently widely used in the clinical treatment
of diseases such as pulmonary fibrosis (Maher et al., 2020).
Studies have shown that PFD can increase the expression of
angiogenic cytokines and vascular endothelial growth factor
(VEGF)-A in bronchoalveolar lavage fluid (Ronan et al., 2018).
However, some studies have shown that PFD has no significant
effect on pulmonary VEGF and capillary endothelial cell
proliferation (Derseh et al., 2019). Other studies have reported
that PFD can inhibit angiogenesis or its markers (Liu et al., 2017;
Jiang et al., 2018a). The dual effects of the full concentration
gradient of PFD on angiogenesis have not been reported. At
present, targeted vascular drugs have disadvantages such as large
side effects, high price, limited curative effect, or drug resistance.
The development of new antiangiogenic drugs or screening of
vasculogenic drugs has become a research focus in the treatment
of vascular diseases (Augustin and Koh, 2017; Eelen et al., 2020).
As a clinical drug, PFD has fewer side effects and has the potential
to develop indications for the treatment of vascular-related
diseases, which can avoid the huge risk of developing new drugs.

To explore the therapeutic effects of PFD on angiogenesis and
expand its clinical utility, this study aimed to investigate the
biphasic effects of various concentrations of PFD on angiogenesis
in an endothelial cell model.

MATERIALS AND METHODS

Cells and Reagents
The human umbilical vein endothelial cell line EA.hy926 was
donated by the research group of Professor Qin Ling of the
Chinese University of Hong Kong. anti-MMP-2 (Cat.
no.40994S), Anti-p-JAK2 (Cat. no.3771S), anti-p-STAT3 (Cat.
no.9145S), anti-p-SRC (Cat. no.6943T), anti-p-ERK (Cat.
no.4370S), anti-p-p38 (Cat. no.9216S), anti-p-FAK (Cat.
no.8556T), anti-p-AKT (Cat. no.9275S), anti-STAT3 (Cat.
no.9139), anti-p-SMAD2 (Cat. no.8828S) and HRP-linked
secondary antibody (cat. no.#7074) were purchased from CST.
CCK-8 (Cat. no.CK04-3000T) was purchased from DOJINDO.
Anti-VEGF (Cat. no.ab46154) and Anti-TGF-β (Cat.
no.ab217402) antibodies were obtained from Abcam.
Inhibitors of STAT3 (WP1066), ERK (Selumetinib), SRC
(Dasatinib), FAK (PF-562271), P38 (SB203580), AKT (MK-
2206), EGFR (EGFR-IN-12), VEGFR (SU5204), PDGFR
(AG1296), as well as Pirfenidone (Cat. no.S2907) were
purchased from Selleckchem. Matrigel (Cat. no.354234) and
Transwell (Cat. no.3422) were purchased from Corning. TGF-

β (Cat. no.10804-HNAC) was Purchased from Sinobiological.
anti-MMP-9 (Cat.no.10375-2-AP) and GAPDH (Cat.no.60004-
1-Ig) primary Antibodies were obtained from Proteintech
(Wuhan, China). Total RNA miniprep kit (Cat. no. AP-MN-
MS- -RNA-250) was Purchased from Axygen. PrimeScript™ RT
Master Mix (Cat. no.RR036A) and TB Green Premix Ex Taq II
(Cat. no.RR820B) were purchased from Takara.

Cell Culture
EA. hy926 cells were cultured in H-DMEM medium (Hyclone,
United States) with 100 IU/ml of penicillin/streptomycin (Sigma-
Aldrich, United States) and 10% heat-inactivated fetal bovine serum
(FBS; Gibco, United States) in an incubator with 5% CO2 at 37°C.

Cell Viability Assay
3,000 cells/well of EA.hy926 cells were seeded into 96-well plates
for 24 h and subsequently exposed to different concentrations of
PFD. After 3 days of incubation (37°C, 5% CO2), the CCK-8
reagent was added to each well for a brief incubation period.
Then, the absorbance was measured at 450 nm with a microplate
reader, and the data were processed to obtain the maximum
tolerated dose of PFD.

Tube Formation Assay
The in vitro angiogenesis assay was established according to a
previous protocol (Arnaoutova and Kleinman, 2010).

Matrigel was distributed evenly into 24-well plates and incubated
at 37°C, with 5% CO2, for 30 min. Then, the cell suspension and
different concentrations of PFD were added to each well. After
incubation for 6 h, cells were observed under a fluorescence
microscope and images were taken using ImageJ medical imaging
software (NIH, United States) to assess tube formation.

Scratch Assay
When EA.hy926 cells reached 90% confluence and were in an
exponential growth phase, a 200 μl pipette tip was used to make
vertical scratches through the cells. After washing, a serum-free
medium containing PFD was added, images were captured after
24 h, and ImageJ software was used to quantitatively analyze the
degree of cell migration.

Transwell Assay
EA.hy926 cells were seeded in the upper chamber of transwell
plates, which contained a serum-free medium. The lower
chamber contained a medium with 2% FBS, to which varying
concentrations of PFD were added. After 4 h incubation, cells in
the upper chamber were wiped with a cotton swab. The upper
chamber was fixed with 4% paraformaldehyde and stained with
crystal violet, and the number of cells that migrated through the
membrane was observed under an inverted light microscope
(OLYMPUS, Japan).

Western Blot Analysis
EA.hy926 cellular protein was extracted following exposure to
various concentrations of PFD. The protein concentration was
determined through the BCA method, which was followed by gel
preparation, electrophoretic separation, and protein transfer to
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PVDF membranes. The target proteins were detected with their
respective antibodies, and GAPDH was used as an internal
control. The GelView 6000 Pro instrument (BLT Photo
Technology) was used for band visualization, and ImageJ
software was used to quantify the target band gray value.

Quantitative Reverse-Transcriptase PCR
Analysis
Cells were seeded into 12-well plates, and after 2 days of culture,
different concentrations of PFD were added to each well.
Following 6 h of incubation at 37°C and 5% CO2, the RNA

TABLE 1 | Sequences of the primers.

Name Forward Reverse

MMP-2 CTT CCA AGT CTG GAG CGA TGT TAC CGT CAA AGG GGT ATC CAT
MMP-9 CCT CTG GAG GTT CGA CGT GA TAG GCT TTC TCT CGG TAC TGG AA
GAPDH GGA GTC CAC TGG CGT CTT AGG CTG TTG TCA TAC TTC TCA T

FIGURE 1 | Bidirectional effects of PFD on EA.hy926 cell tube formation: (A) Cell viability was measured by CCK-8 assay; (B) The effects of different PFD
concentrations on EA.hy926 cell matrigel tube formation; (C) Semi-quantitative analysis result of matrigel tube formation. *Compared to control cells, *p < 0.05;
**p < 0.01.
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was extracted from cells on ice. The concentration was
determined by NanoDrop One(Thermo Scientific, US) and
reverse transcribed by T100 Thermal Cycler (Bio-Rad, US),
and the target gene primers (Table 1) were added for PCR by
LightCycler® 96 System (Roche, Switzerland) according to the
manufacturer’s protocol. Target gene expression was evaluated
by the △△Ct method after reverse transcription and
amplification.

Statistical Analyses
All data values were detected independently three times.
Statistical analysis was performed by one-way analysis of
variance using GraphPad Prism 8.0 software (GraphPad
Software Inc., United States). Values are expressed as mean ±
standard deviation (SD), with p < 0.05 considered significant.

RESULTS

Biphasic Effect of PFD on Angiogenesis
To avoid the potential cytotoxic effects of PFD on EA.hy926
cells and to optimize the safe concentration range, a CCK-8
assay was used to assess cell viability. When the cells were
exposed to PFD within the concentration range of 10
nM–100 μM for 72 h, there was no significant change in cell
activity compared to cells in the control group, while 1 mM PFD
exhibited significant toxicity (Figure 1A). Therefore, we set the
maximum safe concentration of PFD to 100 μM in subsequent
experiments.

Compared to cells in the control group, the inhibitory
effect of PFD on the tubular formation of EA.hy926 cells
was significant and concentration-dependent in the range of

FIGURE 2 | The bidirectional effect of PFD on MMPs is independent of the TGF/SMAD signaling pathway. The EA.hy926 cells were pre-treated with different
concentrations of PFD for 6/24 h, and assessed by real-time qPCR andwestern blot analysis: (A)Relative mRNA expression ofMMP-2 andMMP-9; (B)MMP-2 andMMP-9
protein expression; (C) p-SMAD2/3 protein expression. *p < 0.05; **p < 0.01.
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10–100 μM, which could effectively reduce the mesh area,
branching length, and segment length, among which the
inhibitory effect of PFD at 100 μM was the most apparent
(Figures 1B,C). While in the concentration range of
10 nM–1 μM, PFD significantly increased the mesh area,
branching length, and segment length compared to cells in
the control group. PFD at 100 nM had the most pronounced
effect, however, there was a nonlinear relationship between
tube formation and PFD concentration of PFD
(Figures 1B,C).

The different concentrations of PFD had no significant
effect on the mRNA expression of MMP-2 and MMP-9, but
the effect was consistent with the tube-forming trend at the
protein level (Figures 2A,B). Within the concentration range
of 10–100 μM, PFD inhibited the protein expression of MMP-
2 and MMP-9 in a concentration-dependent manner, among
which the inhibition effect of 100 μM was the most
pronounced. However, 10 nM–10 μM PFD promoted the
protein expression of MMP-2 and MMP-9, of which
100 nM had the most pronounced effect. PFD significantly
decreased the expression of p-SMAD2/3 in a concentration-
dependent manner, indicating that PFD blocks the TGF-β/
SMAD signaling pathway in a concentration-dependent
manner, which was inconsistent with the trend of tube
formation (Figure 2C).

High Concentrations of PFD Inhibits
EA.hy926 Cell Tube Formation by Promoting
Apoptosis
To explore the mechanism by which PFD inhibits tube
formation in EA.hy926 cells, we examined the apoptosis-
related proteins cleaved caspase 9, caspase 9, cleaved
caspase 3, and caspase 3, to observe the effect of PFD on
apoptosis. PFD significantly increased the expression of
cleaved caspase 9 and cleaved caspase 3 (Figure 3), which is
consistent with the observed inhibition of tube formation and
migration.

Low Concentrations of PFD Promote Tube
Formation by Increasing MMP-2 and
MMP-9 Protein Expression Predominantly
via the EGFR/p-p38 Pathway in EA.hy926
Cells
By further refining the concentration, we set another 3
concentrations between 10 nM and 1 μM. The results showed
that PFD at 100 nM had the most obvious effect in promoting
tube formation (Figure 4A). Therefore, 100 nM PFD was selected
for subsequent experiments. To explore the mechanisms by
which PFD promotes tube formation, we conducted a scratch
test and a transwell migration experiment to show that PFD
promotes angiogenesis by promoting endothelial cell migration
(Figures 4B,C). To further reveal the mechanism by which PFD
promotes migration, we examined the key migration cytokines,
MMP-2 and MMP-9, in EA.hy926 cells after PFD stimulation.
Tests showed that low concentrations of PFD promoted the
expression of MMP-2 and MMP-9 proteins, which could not
be reversed by TGF-β protein (Figure 4D).

To further study which signaling pathway was decisive in the
PFD-induced increase in MMP-2/9 expression, we assessed the
phosphorylation levels of STAT3, SRC, AKT, p38, FAK, and ERK
in cell lysates by western blotting. The results showed that PFD
(100 nM) significantly increased the phosphorylation of STAT3,
p38, ERK, FAK, and SRC in EA.hy926 cells. PFD did not increase
the phosphorylation of AKT (Figure 5A). To further support the
mechanisms of these findings, we examined MMP-2 and MMP-9
protein expression after treatment with pharmacological inhibitors
of STAT3, SRC, AKT, p38, FAK (10 nM), and ERK signaling
pathways. The increase of MMP-2/9 expression stimulated with
PFD was significantly decreased with inhibitors of AKT and p38 in
EA.hy926 cells (p< 0.01, Figure 5B). In contrast, inhibitors of ERK,
FAK, STAT3, and SRC had no obvious reversal effect on the
increase in MMP-2/9 expression stimulated by PFD in EA.hy926
cells (Figure 5B). These results confirmed that PFD increases the
expression of MMP-2 and MMP-9 predominantly through
activation of the p38 pathway.

FIGURE 3 | High concentrations of PFD inhibit EA.hy926 cell tube formation by promoting apoptosis. The EA.hy926 cells were stimulated with PFD (100 nM) for
24 h, followed by assessment of cleaved caspase 9, caspase 9, cleaved caspase 3, and caspase 3 expression in cell lysates by western blot analysis. (A) Cleaved
caspase 9, caspase 9, cleaved caspase 3, and caspase 3 protein expression. (B) Summary of the statistical analysis, *p < 0.05; **p < 0.01.
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FIGURE 4 | Low concentrations of PFD promotematrigel tube formation and cell migration. (A)Determining the optimal concentration of PFD to promote matrigel tube
formation in EA.hy926 cells; (B) PFD promotes the recovery of the scratch width of EA.hy926 cells; (C) PFD promotes the transwell migration of EA.hy926 cells; (D) low
concentrations of PFD promoted the expression of MMP-2 and MMP-9 proteins, which could not be reversed by TGF-β protein. *p < 0.05; **p < 0.01.
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Finally, we used inhibitors of Vascular Endothelial Growth Factor
Receptor (VEGFR), Epidermal Growth Factor Receptor (EGFR), and
Platelet-Derived Growth Factor Receptor (PDGFR) to detect whether
the activation of the p38 signaling pathway by PFDwas associatedwith

angiogenesis-related VEGFR, EGFR, and PDGFR. The results showed
that inhibitors of EGFR significantly inhibited the PFD-stimulated
increase in p-p38 expression in EA.hy926 cells, which was consistent
with the expression of MMP-2 and MMP-9 proteins (Figure 6).

FIGURE 5 | PFD promotes the expression of MMP-2 and MMP-9 predominantly via p38 pathway and is independent of the TGF-β target in EA.hy926 cells.
EA.hy926 cells were pre-treated with different pharmacological inhibitors for 30 min prior to PFD (100 nM, 24 h) stimulation, which was followed by assessment of MMP-
2 and MMP-9 expression in cell lysates by western blot analysis. (A) PFD increased phosphorylation of STAT3, SRC, p38, FAK and ERK. PFD did not have any effect on
AKT phosphorylation. (B) Inhibitors of p38 and AKT significantly inhibited the PFD-stimulated increase in MMP-2 and MMP-9 expression. The cells were pre-
treated with TGF-β (5 ng/mL) for 1 h prior to PFD (100 nM, 0.5 h) stimulation, which was followed by assessment of STAT3, SRC, AKT, p38, FAK, and ERK
phosphorylation levels in cell lysates by western blot analysis. *p < 0.05; **p < 0.01. AKT-i (1 nM), SRC-i (0.1 nM), p38-i (10 µM), FAK-i (10 nM), STAT3 (0.1 µM) and ERK-
i (10 nM).
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DISCUSSION

Angiogenesis is a complex process involving the coordinated
action of angiogenic factors and inhibitors, which exist in a
dynamic balance under normal conditions. Vascularization
plays an important role in fracture healing, bone defect repair,
myocardial regeneration, wound healing, and tumor progression
(Wang et al., 2015; Sivaraj and Adams, 2016; Sun et al., 2016).
When the equilibrium is disrupted, that is, when the vascular
system is activated (excessive angiogenesis) or inhibited (vascular
degeneration), the occurrence of the disease is promoted (Yu and
Wang, 2018). Under such a disequilibrium, drugs that activate or
inhibit the vascular system can be used to treat diseases.

Matrix tube formation can be used to screen various factors
that promote or inhibit angiogenesis and identify signal pathways
related to angiogenesis regulation, which is the preferred method
for evaluating angiogenesis regulatory factors (Arnaoutova and
Kleinman, 2010). EA. hy926 cells can rapidly differentiate into
capillary-like structures on matrigel, which can be used to
simulate the initial stage of angiogenesis (Kubota et al., 1988).
Previous studies have shown that high concentrations of PFD can
inhibit angiogenesis or its markers (Liu et al., 2017; Jiang et al.,
2018a). In this study, we confirmed that PFD has a bidirectional
angiogenic effect, that is, high concentrations inhibit angiogenesis
and intermediate concentrations promote blood vessel formation.
First, Matrigel angiogenesis experiments showed that 10–100 µM
PFD significantly and dose-dependently inhibited tube formation

in EA.hy926 cells, of which 100 µM exhibited the most
pronounced effect. PDF, in the concentration range of
10 nM–1 µM, significantly promoted tube formation in a non-
linear manner; 100 nM had the most pronounced effect. It has
been reported that the initial tube formation stage does not
involve cell proliferation, but only migration (Pardali et al., 2010).

During tube formation, cells initially attach to the matrix, then
migrate to each other, align and form tubes. Remodeling of the
extracellular matrix is necessary for this process. In vivo and
in vitro studies have shown that PFD may exert anti-fibrotic and
anti-inflammatory effects by inhibiting transforming growth
factor, MMP, and tumor necrosis factor expression (Waller
et al., 2002; Chen et al., 2020a), and transforming growth
factor and MMPs are closely related to angiogenesis (Pardali
et al., 2010; Liu et al., 2018a). Studies have shown that vascular
endothelial cell migration and tube-forming ability are regulated
by MMPs, among which MMP-2 and MMP-9 are type IV
collagen proteases, which can decompose the extracellular
matrix and promote cell migration, and play an important
role in the early stage of angiogenesis (Liu et al., 2018a). Up-
regulation or down-regulation of MMP-2 and MMP-9 can affect
vascular remodeling (Browne and Healy, 2019; Chen et al.,
2020b). Here, results showed that PFD significantly changed
the expression of MMP-2 and MMP-9, which is consistent
with the trend of the Matrigel angiogenesis experiment,
demonstrating that PFD regulates tube formation by
bidirectionally regulating MMP-2 and MMP-9 in EA.hy926

FIGURE 6 | PFD increases MMP-2 and MMP-9 protein expression predominantly through activation of the p38 pathway and is EGFR-dependent. EA.hy926 cells
were pre-treated with different pharmacological inhibitors for 30 min prior to PFD (100 nM, 0.5/24 h) stimulation, which was followed by assessment of p-p38 andMMP-
2/9 expression in cell lysates by western blot analysis. (A) Inhibitors of VEGFR and EGFR significantly inhibited the PFD-stimulated increase in p-p38 expression. (B)
Inhibitors of EGFR significantly inhibited the PFD-stimulated increasement of MMP-2 and MMP-9 expression. *p < 0.05; **p < 0.01. VEGFR-i (100 nM), EGFR
(100 nM), PDGFR-i (1 µM).
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cells. Through experiments, we found that the changes in MMP
protein expression were not consistent with mRNA expression,
indicating that PFD regulates the expression of MMP-2 and
MMP-9 at the translational level. As a TGF-β inhibitor
(Burghardt et al., 2007), detection showed that PFD
significantly inhibited the expression of p-SMAD 2/3 and the
inhibition of the TGF-β/SMAD pathway was gradually increased
in the range of 10 nM–100 µM, which was inconsistent with the
angiogenic curve trend. Previous studies have shown that SMAD
2/3 inhibits endothelial cell angiogenesis (Pardali et al., 2010), and
inhibition of SMAD 2/3 theoretically promotes angiogenesis,
which is inconsistent with this study. Therefore, it is
speculated that PFD may exert angiogenic intervention effects
through other pathways.

Vascular growth associated with angiogenesis must undergo
a remodeling phase, including the removal of excess vascular
segments and cells to form a vascular choroid system with
specific physiological functions (Watson et al., 2017).
Endothelial cell apoptosis plays an important role in vascular
degeneration and vascular remodeling during angiogenesis,
which is closely related to the process of the aortic arch, lens
vascular membrane development, and wound healing, and can
also disrupt the formation of the vascular network and inhibit
tumor progression (Affara et al., 2007; Ehling et al., 2020; Sun
et al., 2020). Studies have shown that promoting endothelial cell
apoptosis can inhibit angiogenesis, which is beneficial in the
treatment of diseases related to microvascular proliferation
(Cao et al., 2020). Activated caspase 9 and caspase 3 are key
downstream proteins in the apoptotic protein cascade and are
the main indicators of apoptosis (Kang et al., 2019). We found
that high concentrations of PFD can significantly enhance the
expression of cleaved caspase 3 and cleaved caspase 9 proteins,
activate caspase-dependent apoptosis, and reduce the
expression of MMP-2 and MMP-9, thereby inhibiting tube
formation.

The results showed that low concentrations of PFD
promoted the expression of key migration cytokines, MMP-
2 and MMP-9, and this was TGF-β target-independent. To
investigate which signaling pathway was decisive in the PFD-
induced increase in the expression of MMP-2/9, we evaluated
AKT, ERK, p38, SRC, FAK, and STAT3 phosphorylation
levels, and found that PFD may activate the p38, FAK,
STAT3, ERK, and SRC pathways to promote the expression
of MMP-2 and MMP-9 proteins. To support the findings
obtained, we used pharmacological inhibitors of
angiogenesis-related AKT, ERK, p38, SRC, FAK, and
STAT3 signaling pathways (Wang et al., 2005; Karar and
Maity, 2011; Zhao and Guan, 2011; Liu et al., 2018b; Batlle
et al., 2019). these pathways have been reported to be
associated with endothelial cell migration (Li et al., 2016;
Sun et al., 2019; Zhang et al., 2019). The results of this
study indicate that PFD increased MMP-2 and MMP-9
protein expression predominantly through activation of the
p38 pathway, independent of the TGF-β target. Increasing
studies also showed that activation of the p38 signaling
pathway can up-regulate mMP2/9 expression and promote
angiogenesis and tissue repair (Huang et al., 2014; Icli et al.,
2019; Pan et al., 2020).

VEGFR, EGFR, and PDGFR are versatile signaling pathway
integrators associated with vascular homeostasis and disease
and are of great significance in wound healing and development
(Andrae et al., 2008; Schreier et al., 2014; Karaman et al., 2018).
Studies have shown that these molecules are down-regulated in
diabetic wounds, and activation of these pathways promotes
wound healing (Okonkwo et al., 2020). The molecular
interaction between angiogenesis and bone formation ensures
bone development, remodeling, and bone integrity. VEGF,
PDGF, and EGF are the key factors in the process of
angiogenesis, which can affect the coupling of angiogenesis-
osteogenesis- osteoclast, and are closely related to fracture

FIGURE 7 |Mechanism underlying the Biphasic effect of pirfenidone on angiogenesis: PFD elicits a biphasic effect on angiogenesis through different mechanisms,
whereby high concentrations inhibit angiogenesis in EA.hy926 cells by increasing apoptosis, and low concentrations promote angiogenesis through the activation of
specific signaling pathways.
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healing and bone defect repair (Yamano et al., 2014; Barabaschi
et al., 2015; Unger et al., 2015).VEGFR, EGFR, and PDGFR are
all receptor tyrosine kinases, (Lyle et al., 2019), and all of them
can activate the p38 signaling pathway (Tsai et al., 2014; Jiang
et al., 2018b; Wang et al., 2020). We found that the
phosphorylation of p38 is VEGFR and EGFR-dependent, but
not related to PDGFR in EA.hy926 cells stimulated by PFD.

EGFR plays a key role in endothelial cell survival,
migration, and differentiation, and can regulate
angiogenesis by interfering with the EGF signaling pathway
(Biagioni et al., 2021). Studies have shown that the EGFR
pathway may be related to wound angiogenesis, high EGFR
level may lead to faster wound healing, and inhibition of
EGFR may affect wound healing (Zhou et al., 2017; Simonetti
et al., 2020). In addition, EGF may ameliorate drug-related
osteonecrosis of the jaw by restoring vascular endothelial cell
vitality and promoting angiogenesis (Wang et al., 2019).
Studies have reported that the expression of MMP proteins
could be activated by EGFR (Wang et al., 2018), which
indicates that PFD may promote p38 phosphorylation
via EGFR.

CONCLUSION

Our study reported, for the first time, that PFD has a bidirectional
effect on angiogenesis through different mechanisms, that is, high
concentrations inhibit angiogenesis through an increase in
apoptosis and low concentrations promote angiogenesis through
the activation of specific signaling pathways (Figure 7). These
results increase the clinical utility of implementing different PFD
concentrations to treat different vascular conditions. Future
experiments examining the bidirectional angiogenetic effects of
PFD in animal models will further elucidate its clinical potential.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue
reservation.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors
approved the final version to be published. DG, PZ, and ZX
conceived this project. DG and LK performed most of the
experiments. WC, QJ, JC, and AS provided experimental
advice. DG wrote the manuscript under the supervision of PZ,
JX and ZX.

FUNDING

This research was supported by the National Key R&D Program
of China (2018YFC1705205); Foreign cooperation project of
Chinese Academy of Sciences (172644KYSB20190032);
National Natural Science Foundation of China
(92068117,81871809,8217151988); Guangdong Basic and
Applied Basic Research Fund (2020B1515120052); Natural
Science Foundation of Shandong Province(ZR2020KH011,
ZR2021QH230); Sanming Project of Medicine in Shenzhen
(SZSM201808072); Development and Reform Commission of
Shenzhen Municipality (XMHT20190106001); Shenzhen Double
Chain Project for Innovation and Development Industry
supported by Bureau of Industry and Information Technology
of Shenzhen (201908141541); Shenzhen International
Collaborative Project (GJHZ20200731095009028).

REFERENCES

Affara, M., Dunmore, B., Savoie, C., Imoto, S., Tamada, Y., Araki, H., et al.
(2007). Understanding Endothelial Cell Apoptosis: what Can the
Transcriptome, Glycome and Proteome Reveal. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 362 (1484), 1469–1487. eng. doi:10.1098/
rstb.2007.2129

Alsina-Sanchís, E., García-Ibáñez, Y., Figueiredo, A. M., Riera-Domingo, C.,
Figueras, A., Matias-Guiu, X., et al. (2018). ALK1 Loss Results in Vascular
Hyperplasia in Mice and Humans through PI3K Activation. Arteriosclerosis,
Thromb. Vasc. Biol. 38 (5), 1216–1229. eng.

Andrae, J., Gallini, R., and Betsholtz, C. (2008). Role of Platelet-Derived Growth Factors in
Physiology and Medicine. Genes Dev. 22 (10), 1276–1312. eng. doi:10.1101/
gad.1653708

Arnaoutova, I., and Kleinman, H. K. (2010). In Vitro angiogenesis: Endothelial Cell
Tube Formation on Gelled Basement Membrane Extract. Nat. Protoc. 5 (4),
628–635. eng. doi:10.1038/nprot.2010.6

Augustin, H. G., and Koh, G. Y. (2017). Organotypic Vasculature: From
Descriptive Heterogeneity to Functional Pathophysiology. Science 357
(6353). eng. doi:10.1126/science.aal2379

Baeriswyl, V., and Christofori, G. (2009). The Angiogenic Switch in
Carcinogenesis. Semin. Cancer Biol. 19 (5), 329–337. eng. doi:10.1016/
j.semcancer.2009.05.003

Barabaschi, G. D., Manoharan, V., Li, Q., and Bertassoni, L. E. (2015). Engineering
Pre-vascularized Scaffolds for Bone Regeneration. Adv. Exp. Med. Biol. 881,
79–94. eng. doi:10.1007/978-3-319-22345-2_5

Batlle, R., Andrés, E., Gonzalez, L., Llonch, E., Igea, A., Gutierrez-Prat, N., et al.
(2019). Regulation of Tumor Angiogenesis and Mesenchymal-Endothelial
Transition by P38α through TGF-β and JNK Signaling. Nat. Commun. 10
(1), 3071. eng. doi:10.1038/s41467-019-10946-y

Biagioni, A., Laurenzana, A., Menicacci, B., Peppicelli, S., Andreucci, E., Bianchini,
F., et al. (2021). uPAR-Expressing Melanoma Exosomes Promote Angiogenesis
by VE-Cadherin, EGFR and uPAR Overexpression and Rise of ERK1,2
Signaling in Endothelial Cells. Cell Mol Life Sci 78 (6), 3057–3072. eng.
doi:10.1007/s00018-020-03707-4

Browne, S., andHealy, K. E. (2019). Matrix-assisted Cell Transplantation for Tissue
Vascularization. Adv. Drug Deliv. Rev. 146, 155–169. eng. doi:10.1016/
j.addr.2018.12.016

Burghardt, I., Tritschler, F., Opitz, C. A., Frank, B., Weller, M., and Wick, W. (2007).
Pirfenidone Inhibits TGF-Beta Expression in Malignant Glioma Cells. Biochem.
Biophys. Res. Commun. 354 (2), 542–547. eng. doi:10.1016/j.bbrc.2007.01.012

Cao, D., Mikosz, A. M., Ringsby, A. J., Anderson, K. C., Beatman, E. L., Koike, K.,
et al. (2020). MicroRNA-126-3p Inhibits Angiogenic Function of Human Lung
Microvascular Endothelial Cells via LAT1 (L-type Amino Acid Transporter 1)-
Mediated mTOR (Mammalian Target of Rapamycin) Signaling. Arterioscler
Thromb. Vasc. Biol. 40 (5), 1195–1206. eng. doi:10.1161/
ATVBAHA.119.313800

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 80432710

Gan et al. Pirfenidone on Angiogenesis

https://doi.org/10.1098/rstb.2007.2129
https://doi.org/10.1098/rstb.2007.2129
https://doi.org/10.1101/gad.1653708
https://doi.org/10.1101/gad.1653708
https://doi.org/10.1038/nprot.2010.6
https://doi.org/10.1126/science.aal2379
https://doi.org/10.1016/j.semcancer.2009.05.003
https://doi.org/10.1016/j.semcancer.2009.05.003
https://doi.org/10.1007/978-3-319-22345-2_5
https://doi.org/10.1038/s41467-019-10946-y
https://doi.org/10.1007/s00018-020-03707-4
https://doi.org/10.1016/j.addr.2018.12.016
https://doi.org/10.1016/j.addr.2018.12.016
https://doi.org/10.1016/j.bbrc.2007.01.012
https://doi.org/10.1161/ATVBAHA.119.313800
https://doi.org/10.1161/ATVBAHA.119.313800
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Carulli, C., Innocenti, M., and Brandi, M. L. (2013). Bone Vascularization in
normal and Disease Conditions. Front. Endocrinol. (Lausanne) 4, 106. eng.
doi:10.3389/fendo.2013.00106

Chen, J., Wang, H., Mei, L., Wang, B., Huang, Y., Quan, G., et al. (2020). A
Pirfenidone Loaded spray Dressing Based on Lyotropic Liquid Crystals for
Deep Partial Thickness Burn Treatment: Healing Promotion and Scar
Prophylaxis. J. Mater. Chem. B 8 (13), 2573–2588. eng. doi:10.1039/c9tb02929j

Chen, J. J., Ren, Y. L., Shu, C. J., Zhang, Y., Chen, M. J., Xu, J., et al. (2020). JP3, an
Antiangiogenic Peptide, Inhibits Growth and Metastasis of Gastric Cancer
through TRIM25/SP1/MMP2 axis. J. Exp. Clin. Cancer Res. 39 (1), 118. eng.
doi:10.1186/s13046-020-01617-8

Derseh, H. B., Dewage, S. N. V., Perera, K. U. E., Pagel, C. N., Koumoundouros,
E., Organ, L., et al. (2019). KCa3.1 Channel Blockade Attenuates
Microvascular Remodelling in a Large Animal Model of Bleomycin-
Induced Pulmonary Fibrosis. Sci. Rep. 9 (1), 19893. eng. doi:10.1038/
s41598-019-56412-z

Diomede, F., Marconi, G. D., Fonticoli, L., Pizzicanella, J., Merciaro, I., Bramanti,
P., et al. (2020). Functional Relationship between Osteogenesis and
Angiogenesis in Tissue Regeneration. Int. J. Mol. Sci. 21 (9). eng.
doi:10.3390/ijms21093242

Eelen, G., Treps, L., Li, X., and Carmeliet, P. (2020). Basic and Therapeutic Aspects
of Angiogenesis Updated. Circ. Res. 127 (2), 310–329. eng. doi:10.1161/
CIRCRESAHA.120.316851

Ehling, M., Celus, W., Martín-Pérez, R., Alba-Rovira, R., Willox, S., Ponti, D., et al.
(2020). B55α/PP2A Limits Endothelial Cell Apoptosis During Vascular
Remodeling: A Complementary Approach to Disrupt Pathological Vessels.
Circ. Res. 127 (6), 707–723. eng. doi:10.1161/CIRCRESAHA.119.316071

Huang, Q., Lan, F., Wang, X., Yu, Y., Ouyang, X., Zheng, F., et al. (2014). IL-1β-
induced Activation of P38 Promotes Metastasis in Gastric Adenocarcinoma via
Upregulation of AP-1/c-Fos, MMP2 and MMP9. Mol. Cancer 13, 18. eng.
doi:10.1186/1476-4598-13-18

Icli, B., Wu,W., Ozdemir, D., Li, H., Haemmig, S., Liu, X., et al. (2019). MicroRNA-
135a-3p Regulates Angiogenesis and Tissue Repair by Targeting P38 Signaling
in Endothelial Cells. FASEB J. 33 (4), 5599–5614. eng. doi:10.1096/
fj.201802063RR

Jiang, N., Ma, M., Li, Y., Su, T., Zhou, X. Z., Ye, L., et al. (2018). The Role of
Pirfenidone in Alkali Burn Rat Cornea. Int. Immunopharmacol 64, 78–85. eng.
doi:10.1016/j.intimp.2018.08.032

Jiang, W., Cheng, Y., Zhao, N., Li, L., Shi, Y., Zong, A., et al. (2018). Sulfated
Polysaccharide of Sepiella Maindroni Ink Inhibits the Migration, Invasion and
Matrix Metalloproteinase-2 Expression through Suppressing EGFR-Mediated
P38/MAPK and PI3K/Akt/mTOR Signaling Pathways in SKOV-3 Cells. Int.
J. Biol. Macromol 107 (Pt A), 349–362. eng. doi:10.1016/j.ijbiomac.2017.08.178

Kalucka, J., de Rooij, L. P. M. H., Goveia, J., Rohlenova, K., Dumas, S. J., Meta, E.,
et al. (2020). Single-Cell Transcriptome Atlas of Murine Endothelial Cells. Cell
180 (4), 764–e20. e20eng. doi:10.1016/j.cell.2020.01.015

Kang, M., Shao, S., Zhang, Y., Liang, X., Zhang, K., and Li, G. (2019). Beneficial
Effects of Ticagrelor on Oxidized Low-Density Lipoprotein (Ox-LDL)-Induced
Apoptosis in Human Umbilical Vein Endothelial Cells. Med. Sci. Monit. 25,
9811–9819. eng. doi:10.12659/MSM.917001

Karaman, S., Leppänen, V. M., and Alitalo, K. (2018). Vascular Endothelial Growth
Factor Signaling in Development and Disease. Development 145 (14). eng.
doi:10.1242/dev.151019

Karar, J., andMaity, A. (2011). PI3K/AKT/mTOR Pathway in Angiogenesis. Front.
Mol. Neurosci. 4, 51. eng. doi:10.3389/fnmol.2011.00051

Kubota, Y., Kleinman, H. K., Martin, G. R., and Lawley, T. J. (1988). Role of
Laminin and Basement Membrane in the Morphological Differentiation of
Human Endothelial Cells into Capillary-like Structures. J. Cell Biol 107 (4),
1589–1598. eng. doi:10.1083/jcb.107.4.1589

Kuczynski, E. A., and Reynolds, A. R. (2020). Vessel Co-option and Resistance to
Anti-angiogenic Therapy. Angiogenesis 23 (1), 55–74. eng. doi:10.1007/s10456-
019-09698-6

Li, W., Yan, Q., Ding, X., Shen, C., Hu, M., Zhu, Y., et al. (2016). The SH3BGR/
STAT3 Pathway Regulates Cell Migration and Angiogenesis Induced by a
Gammaherpesvirus MicroRNA. Plos Pathog. 12 (4), e1005605. eng.
doi:10.1371/journal.ppat.1005605

Liu, J. F., Deng, W.W., Chen, L., Li, Y. C., Wu, L., Ma, S. R., et al. (2018). Inhibition
of JAK2/STAT3 Reduces Tumor-Induced Angiogenesis and Myeloid-Derived

Suppressor Cells in Head and Neck Cancer.Mol. Carcinog 57 (3), 429–439. eng.
doi:10.1002/mc.22767

Liu, X., Yang, Y., Guo, X., Liu, L., Wu, K., and Yu, M. (2017). The Antiangiogenesis
Effect of Pirfenidone in Wound Healing In Vitro. J. Ocul. Pharmacol. Ther. 33
(9), 693–703. eng. doi:10.1089/jop.2017.0007

Liu, Y., Zhang, H., Yan, L., Du, W., Zhang, M., Chen, H., et al. (2018). MMP-2 and
MMP-9 Contribute to the Angiogenic Effect Produced by Hypoxia/15-HETE in
Pulmonary Endothelial Cells. J. Mol. Cell Cardiol 121, 36–50. eng. doi:10.1016/
j.yjmcc.2018.06.006

Lyle, C. L., Belghasem, M., and Chitalia, V. C. (2019). c-Cbl: An Important
Regulator and a Target in Angiogenesis and Tumorigenesis. Cells 8 (5). eng.
doi:10.3390/cells8050498

MacDonald, I. J., Liu, S. C., Su, C. M., Wang, Y. H., Tsai, C. H., and Tang, C. H.
(2018). Implications of Angiogenesis Involvement in Arthritis. Int. J. Mol. Sci.
19 (7). eng. doi:10.3390/ijms19072012

Maher, T. M., Corte, T. J., Fischer, A., Kreuter, M., Lederer, D. J., Molina-Molina,
M., et al. (2020). Pirfenidone in Patients with Unclassifiable Progressive
Fibrosing Interstitial Lung Disease: a Double-Blind, Randomised, Placebo-
Controlled, Phase 2 Trial. Lancet Respir. Med. 8 (2), 147–157. [eng].
doi:10.1016/S2213-2600(19)30341-8

Okonkwo, U. A., Chen, L., Ma, D., Haywood, V. A., Barakat, M., Urao, N., et al.
(2020). Compromised Angiogenesis and Vascular Integrity in Impaired
Diabetic Wound Healing. PloS one 15 (4), e0231962. eng. doi:10.1371/
journal.pone.0231962

Pan, S., Hu, Y., Hu, M., Jian, H., Chen, M., Gan, L., et al. (2020). Platelet-
derived PDGF Promotes the Invasion and Metastasis of
Cholangiocarcinoma by Upregulating MMP2/MMP9 Expression and
Inducing EMT via the P38/MAPK Signalling Pathway. Am. J. Transl
Res. 12 (7), 3577–3595. eng.

Pardali, E., Goumans, M. J., and ten Dijke, P. (2010). Signaling by Members of the
TGF-Beta Family in Vascular Morphogenesis and Disease. Trends Cell Biol 20
(9), 556–567. eng. doi:10.1016/j.tcb.2010.06.006

Ronan, N., Bennett, D. M., Khan, K. A., McCarthy, Y., Dahly, D., Bourke, L., et al.
(2018). Tissue and Bronchoalveolar Lavage Biomarkers in Idiopathic
Pulmonary Fibrosis Patients on Pirfenidone. Lung 196 (5), 543–552. eng.
doi:10.1007/s00408-018-0140-8

Schreier, B., Gekle, M., and Grossmann, C. (2014). Role of Epidermal Growth
Factor Receptor in Vascular Structure and Function. Curr. Opin. Nephrol.
Hypertens. 23 (2), 113–121. eng. doi:10.1097/01.mnh.0000441152.62943.29

Si, X., Zheng, H., Wei, G., Li, M., Li, W., Wang, H., et al. (2020). circRNA Hipk3
Induces Cardiac Regeneration after Myocardial Infarction in Mice by Binding
to Notch1 and miR-133a. Mol. Ther. Nucleic Acids 21, 636–655. eng.
doi:10.1016/j.omtn.2020.06.024

Simonetti, O., Lucarini, G., Morroni, G., Orlando, F., Lazzarini, R., Zizzi, A., et al.
(2020). New Evidence and Insights on Dalbavancin and Wound Healing in a
Mouse Model of Skin Infection. Antimicrob. Agents Chemother. 64 (4). eng.
doi:10.1128/AAC.02062-19

Sivaraj, K. K., and Adams, R. H. (2016). Blood Vessel Formation and Function in
Bone. Development 143 (15), 2706–2715. eng. doi:10.1242/dev.136861

Sun, B., Dong, C., Lei, H., Gong, Y., Li, M., Zhang, Y., et al. (2020).
Propranolol Inhibits Proliferation and Induces Apoptosis of
Hemangioma-Derived Endothelial Cells via Akt Pathway by Down-
Regulating Ang-2 Expression. Chem. Biol. Interact 316, 108925. eng.
doi:10.1016/j.cbi.2019.108925

Sun, X., Altalhi, W., and Nunes, S. S. (2016). Vascularization Strategies of
Engineered Tissues and Their Application in Cardiac Regeneration. Adv.
Drug Deliv. Rev. 96, 183–194. eng. doi:10.1016/j.addr.2015.06.001

Sun, X., Meng, L., Qiao, W., Yang, R., Gao, Q., Peng, Y., et al. (2019). Vascular
Endothelial Growth Factor A/Vascular Endothelial Growth Factor Receptor 2
axis Promotes Human Dental Pulp Stem Cell Migration via the FAK/PI3K/Akt
and P38 MAPK Signalling Pathways. Int. Endod. J. 52 (12), 1691–1703. eng.
doi:10.1111/iej.13179

Thairu, N., Kiriakidis, S., Dawson, P., and Paleolog, E. (2011). Angiogenesis as a
Therapeutic Target in Arthritis in 2011: Learning the Lessons of the Colorectal
Cancer Experience. Angiogenesis 14 (3), 223–234. eng. doi:10.1007/s10456-011-
9208-2

Tsai, C. L., Chen, W. C., Lee, I. T., Chi, P. L., Cheng, S. E., and Yang, C. M. (2014).
c-Src-dependent Transactivation of PDGFR Contributes to TNF-α-Induced

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 80432711

Gan et al. Pirfenidone on Angiogenesis

https://doi.org/10.3389/fendo.2013.00106
https://doi.org/10.1039/c9tb02929j
https://doi.org/10.1186/s13046-020-01617-8
https://doi.org/10.1038/s41598-019-56412-z
https://doi.org/10.1038/s41598-019-56412-z
https://doi.org/10.3390/ijms21093242
https://doi.org/10.1161/CIRCRESAHA.120.316851
https://doi.org/10.1161/CIRCRESAHA.120.316851
https://doi.org/10.1161/CIRCRESAHA.119.316071
https://doi.org/10.1186/1476-4598-13-18
https://doi.org/10.1096/fj.201802063RR
https://doi.org/10.1096/fj.201802063RR
https://doi.org/10.1016/j.intimp.2018.08.032
https://doi.org/10.1016/j.ijbiomac.2017.08.178
https://doi.org/10.1016/j.cell.2020.01.015
https://doi.org/10.12659/MSM.917001
https://doi.org/10.1242/dev.151019
https://doi.org/10.3389/fnmol.2011.00051
https://doi.org/10.1083/jcb.107.4.1589
https://doi.org/10.1007/s10456-019-09698-6
https://doi.org/10.1007/s10456-019-09698-6
https://doi.org/10.1371/journal.ppat.1005605
https://doi.org/10.1002/mc.22767
https://doi.org/10.1089/jop.2017.0007
https://doi.org/10.1016/j.yjmcc.2018.06.006
https://doi.org/10.1016/j.yjmcc.2018.06.006
https://doi.org/10.3390/cells8050498
https://doi.org/10.3390/ijms19072012
https://doi.org/10.1016/S2213-2600(19)30341-8
https://doi.org/10.1371/journal.pone.0231962
https://doi.org/10.1371/journal.pone.0231962
https://doi.org/10.1016/j.tcb.2010.06.006
https://doi.org/10.1007/s00408-018-0140-8
https://doi.org/10.1097/01.mnh.0000441152.62943.29
https://doi.org/10.1016/j.omtn.2020.06.024
https://doi.org/10.1128/AAC.02062-19
https://doi.org/10.1242/dev.136861
https://doi.org/10.1016/j.cbi.2019.108925
https://doi.org/10.1016/j.addr.2015.06.001
https://doi.org/10.1111/iej.13179
https://doi.org/10.1007/s10456-011-9208-2
https://doi.org/10.1007/s10456-011-9208-2
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


MMP-9 Expression and Functional Impairment in Osteoblasts. Bone 60,
186–197. eng. doi:10.1016/j.bone.2013.12.014

Unger, R. E., Dohle, E., and Kirkpatrick, C. J. (2015). Improving Vascularization of
Engineered Bone through the Generation of Pro-angiogenic Effects in Co-
culture Systems. Adv. Drug Deliv. Rev. 94, 116–125. eng. doi:10.1016/
j.addr.2015.03.012

Veith, A. P., Henderson, K., Spencer, A., Sligar, A. D., and Baker, A. B. (2019).
Therapeutic Strategies for Enhancing Angiogenesis in Wound Healing. Adv.
Drug Deliv. Rev. 146, 97–125. eng. doi:10.1016/j.addr.2018.09.010

Waller, J. R., Murphy, G. J., Bicknell, G. R., Sandford, R., Margolin, S. B., and
Nicholson, M. L. (2002). Pirfenidone Inhibits Early Myointimal Proliferation
but Has No Effect on Late Lesion Size in Rats. Eur. J. Vasc. Endovasc Surg. 23
(3), 234–240. eng. doi:10.1053/ejvs.2001.1574

Wang, Q., Liu, J., Guo, T., Liu, D., and Pan, J. (2019). Epidermal Growth Factor
Reverses the Inhibitory Effects of the Bisphosphonate, Zoledronic Acid, on
Human Oral Keratinocytes and Human Vascular Endothelial Cells In Vitro via
the Epidermal Growth Factor Receptor (EGFR)/Akt/Phosphoinositide 3-
Kinase (PI3K) Signaling Pathway. Med. Sci. Monit. 25, 700–710. eng.
doi:10.12659/MSM.911579

Wang, X., Bove, A. M., Simone, G., and Ma, B. (2020). Molecular Bases of VEGFR-
2-Mediated Physiological Function and Pathological Role. Front Cell Dev Biol 8,
599281. eng. doi:10.3389/fcell.2020.599281

Wang, Y., Botvinick, E. L., Zhao, Y., Berns, M. W., Usami, S., Tsien, R. Y., et al.
(2005). Visualizing the Mechanical Activation of Src. Nature 434 (7036),
1040–1045. eng. doi:10.1038/nature03469

Wang, Y., Deng, W., Zhang, Y., Sun, S., Zhao, S., Chen, Y., et al. (2018). MICAL2
Promotes Breast Cancer Cell Migration by Maintaining Epidermal Growth
Factor Receptor (EGFR) Stability and EGFR/P38 Signalling Activation. Acta
Physiol. (Oxf) 222 (2). eng. doi:10.1111/apha.12920

Wang, Z., Dabrosin, C., Yin, X., Fuster, M. M., Arreola, A., Rathmell, W. K., et al.
(2015). Broad Targeting of Angiogenesis for Cancer Prevention and Therapy.
Semin. Cancer Biol. 35 Suppl (Suppl), S224–s43. eng. doi:10.1016/
j.semcancer.2015.01.001

Watson, E. C., Grant, Z. L., and Coultas, L. (2017). Endothelial Cell Apoptosis in
Angiogenesis and Vessel Regression. Cell Mol Life Sci 74 (24), 4387–4403. eng.
doi:10.1007/s00018-017-2577-y

Yamano, S., Haku, K., Yamanaka, T., Dai, J., Takayama, T., Shohara, R., et al.
(2014). The Effect of a Bioactive Collagen Membrane Releasing PDGF or GDF-
5 on Bone Regeneration. Biomaterials 35 (8), 2446–2453. eng. doi:10.1016/
j.biomaterials.2013.12.006

Yu, B., and Wang, S. (2018). Angio-LncRs: LncRNAs that Regulate Angiogenesis
and Vascular Disease. Theranostics 8 (13), 3654–3675. eng. doi:10.7150/
thno.26024

Zhang, J., Li, L., Zhang, Q., Yang, X., Zhang, C., Zhang, X., et al. (2019).
Phosphorylation of Microtubule- Associated Protein 4 Promotes Hypoxic
Endothelial Cell Migration and Proliferation. Front. Pharmacol. 10, 368.
eng. doi:10.3389/fphar.2019.00368

Zhao, X., and Guan, J. L. (2011). Focal Adhesion Kinase and its Signaling Pathways
in Cell Migration and Angiogenesis. Adv. Drug Deliv. Rev. 63 (8), 610–615. eng.
doi:10.1016/j.addr.2010.11.001

Zhou, X., Zhang, W., Yao, Q., Zhang, H., Dong, G., Zhang, M., et al. (2017).
Exosome Production and its Regulation of EGFR during Wound Healing in
Renal Tubular Cells. Am. J. Physiol. Ren. Physiol 312 (6), F963–f70. eng.
doi:10.1152/ajprenal.00078.2017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gan, Cheng, Ke, Sun, Jia, Chen, Xu, Xu and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 80432712

Gan et al. Pirfenidone on Angiogenesis

https://doi.org/10.1016/j.bone.2013.12.014
https://doi.org/10.1016/j.addr.2015.03.012
https://doi.org/10.1016/j.addr.2015.03.012
https://doi.org/10.1016/j.addr.2018.09.010
https://doi.org/10.1053/ejvs.2001.1574
https://doi.org/10.12659/MSM.911579
https://doi.org/10.3389/fcell.2020.599281
https://doi.org/10.1038/nature03469
https://doi.org/10.1111/apha.12920
https://doi.org/10.1016/j.semcancer.2015.01.001
https://doi.org/10.1016/j.semcancer.2015.01.001
https://doi.org/10.1007/s00018-017-2577-y
https://doi.org/10.1016/j.biomaterials.2013.12.006
https://doi.org/10.1016/j.biomaterials.2013.12.006
https://doi.org/10.7150/thno.26024
https://doi.org/10.7150/thno.26024
https://doi.org/10.3389/fphar.2019.00368
https://doi.org/10.1016/j.addr.2010.11.001
https://doi.org/10.1152/ajprenal.00078.2017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Biphasic Effect of Pirfenidone on Angiogenesis
	Introduction
	Materials and Methods
	Cells and Reagents
	Cell Culture
	Cell Viability Assay
	Tube Formation Assay
	Scratch Assay
	Transwell Assay
	Western Blot Analysis
	Quantitative Reverse-Transcriptase PCR Analysis
	Statistical Analyses

	Results
	Biphasic Effect of PFD on Angiogenesis
	High Concentrations of PFD Inhibits EA.hy926 Cell Tube Formation by Promoting Apoptosis
	Low Concentrations of PFD Promote Tube Formation by Increasing MMP-2 and MMP-9 Protein Expression Predominantly via the EGF ...

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


