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Abstract
Although clinical treatment has significant progress, acute pulmonary embolism is still a

common disease with high morbidity and mortality. Janus Kinase 3, a member of JAK

family, has been demonstrated to promote smooth muscle cell proliferation through

STAT3. In this work, we explored the effect of JANEX-1 (a specific Janus Kinase 3 inhibitor)

on platelet-derived growth factor (PDGF)-induced proliferation-related molecules in pulmo-

nary artery smooth muscle cells (PVSMCs) in vitro and assessed the therapeutic potential of

Janus Kinase 3 for vascular remodeling in acute pulmonary embolism mice. The results

revealed that Janus Kinase 3 was overexpressed and active in PDGF-induced PVSMCs and

acute pulmonary embolism mice, compared to a low expression in normal conditions.

JANEX-1, blocking Janus Kinase 3 expression or activity, reduced Janus Kinase 3/STAT3

signaling pathway, VEGF expression, FAK activation, and PDGF-induced proliferation of

PVSMCs, while overexpression of VEGF or FAK induced PVSMCs proliferation and resisted

the negative effects of JANEX-1. Moreover, JANEX-1 improved right ventricular systolic

pressure, survival and lung damage in acute pulmonary embolism-mice, and inhibited the

thrombus-induced intimal hyperplasia and the expression of a-SMA, VEGF, and FAK acti-

vation under neointimal smooth muscle cells of acute pulmonary embolism mice. In con-

clusion, the data suggest that JANEX-1 exerts protective effects by inhibiting PVSMCs

proliferation and vascular remodeling post-acute pulmonary embolism, in part through Janus Kinase 3/STAT3 signaling

pathway-mediated VEGF expression and FAK activation. The data are helpful to elucidate the pharmacological mechanism

and potential therapeutic effect of JANEX-1 in APE.
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Introduction

As one of the important factors of acute cardiovascular dis-
ease, acute pulmonary embolism (APE) can cause pulmo-
nary hypertension (PH) by initiating pulmonary embolism,
which may lead to heart failure and death.1 Studies have
demonstrated that immoderate proliferation and migration

of smooth muscle cells (SMCs) induce PH by remodeling

the vascular system.2–5 Although clinical treatments includ-

ing anticoagulant and thrombolytic methods have shown

significant progress,6,7 many relative contraindications to

treatments were exclusion criteria in the clinical trials and
APE is still a common disease with high morbidity and
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mortality.8,9 Therefore, there is an urgent need to further
study the pathological mechanism and treatment strategies
of pulmonary embolism.

Janus Kinase (JAK) is a member of the non-receptor tyro-
sine Kinase family, and transmits signals from the trans-
membrane receptor to the nucleus, regulating the
transcription of target genes to mediate the differentiation,
proliferation, and death of cells, through the JAK/STAT
pathways.10–12 The JAK family includes JAK1, JAK2,
JAK3, and Tyk2: JAK1 regulates innate immunity, T-cell
differentiation, and inflammation when it pairs with JAK2
and/or TYK2; JAK1 and JAK3 are associated with lympho-
cyte proliferation and homeostasis; While JAK2 pairs with
itself to modulate erythropoiesis, myelopoiesis, and throm-
bocytopoiesis.13 JAK3, not as widely expressed and related
to extensive cytokine receptors as other members of the
family, is mainly expressed in the lymphoid or myeloid
cell lineages, and it can be stimulated by some specific cyto-
kine receptors which include the c chain, such as IL-2, IL-4,
and IL-7.14 JAK3 plays an important role in the immune
system as a target of the immunosuppressive agent.15

JAK3 deficiency affects T lymphocyte differentiation and
proliferation, causing serious combined immunodeficien-
cy.16,17 In vascular cells and other non-hematopoietic cells,
JAK3 is also expressed and induced by LPS, TNF-a, and IL-
1.17,18 Recently, it has been demonstrated that JAK3 pro-
motes SMCs proliferation through STAT3 and JNK, and
JAK3 downregulation decreases platelet-derived growth
factor (PDGF)-induced neointimal formation and improves
SMCs proliferation and apoptosis levels.19 Furthermore,
JAK3 inhibitor JANEX-1 suppresses TNF-a-induced
ICAM-1, VCAM-1, and fractalkine in human umbilical
vein endothelial cells via inhibiting STAT3 and NF-jB acti-
vation, and retards the high level of LPS-induced cardiac
ICAM-1 in arteriolar and capillary endothelial cells, and
alleviates myocardial vascular leakage.20 Thus, JAK3 may
play a pivotal role in pulmonary embolism-induced artery
SMCs (VSMCs) proliferation and intimal hyperplasia.

JANEX-1 inhibits JAK3 but not JAK1, JAK2, or the activ-
ity of other protein tyrosine kinases.21 In this work, we tried
to find a breakthrough in the pathological mechanism to
alleviate the prognosis of APE by improving SMCs prolif-
eration, and explored the effect of JANEX-1 on PDGF-
induced proliferation-related molecules in pulmonary
artery SMCs (PVSMCs) and assessed the therapeutic poten-
tial of JAK3 for vascular remodeling in APE mice.

Materials and methods

Mice APE model

Eight-week male C57BL/6 mice were purchased from
animal centers of Xi’an Jiaotong University and fed in the
standard mouse feeding facility with a 12 h/12-h light/
dark cycle and free foraging and activity under 22–24�C.
All animal experiments were performed according to the
NIH Guide for the Care and Use of Laboratory Animals
and approved by the Institutional Animal Care and Use
Committee of Xi’an Jiaotong University (No.
XJTULAC2019-1145). The APE model was produced

using the autologous blood clot method.22–24 Briefly, after
anesthetized by 6% chloral hydrate (600mg/kg), 100lL
blood was drawn from the lateral tail veins of the mice
(n¼ 96). After coagulation, blood clots were put in a 70�C
water bath for 10min and then cut into a size of
1.0mm� 2mm. A total of 25 autologous blood clots fol-
lowed by 0.4mL normal saline were injected. At 24 h
post-operation, mice in the JANEX-1 treatment group
were treated with JANEX-1 (Selleck, Shanghai, China; 20,
50 and 100mg/kg/d), for seven continuous days. Mice in
the control and APE groups were given a subcutaneous
injection of the same volume of normal saline. All the
mice had free access to water and food after the operation.
The mortality of the mice in each group was monitored
during 15days (total 60 mice, n¼ 10 per group). A total of
66 mice were killed by carbon dioxide asphyxiation on days
7 and 15.

Right ventricular systolic pressure

RVSP was measured at seven days after treatment. Right
heart catheterization was performed on anaesthetized,
spontaneously breathing mice (total 36 mice, n¼ 6 per
group). Mice were anaesthetized with inhaled isoflurane
(1%–3%). The right ventricular pressure data were ana-
lyzed using the LabChart 7 program (AD Instruments).
The animal was euthanized (mice were put to death by
carbon dioxide asphyxiation (flow rate displacing no
more than 30% of the chamber volume/minute) for 2–
3min) while still under anesthesia, and lung tissues were
obtained for analyzing lung index (lung index¼ lung
weight (mg)/body weight (g)� 100%), hematoxylin-eosin
(HE) staining, and other experiments.

PDGF-induced PVSMCs model

Mouse PVSMCs were purchased from ScienCell, (San
Diego, CA, USA). PVSMCs were cultured in DMEM
medium (Gibco, Grand Island, NY, USA) with 10% FBS
(Gibco); 70%–80% PVSMCs were treated with 10, 20, or
40 ng/mL PDGF (Sigma-Aldrich, St. Louis, MO, USA) to
induce cell proliferation,25,26 and then treated with 20, 50,
and 100lM JANEX-1 or not for 24 h.

Transfection

JAK3 shRNA Particles (sc-35721-SH; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), VEGF Activation
Particles (sc-423665-ACT; Santa Cruz Biotechnology), and
FAK Activation Particles (sc-420280-ACT; Santa Cruz
Biotechnology) were used for transfection. We performed
according to the manufacturer’s instructions (Santa Cruz
Biotechnology): 70%–80% PVSMCs were treated with the
moderate lentiviral particles, incubated at 37�C for 6 h and
then replaced the fresh medium. PVSMCs were harvested
and prepared for further testing after 48 h of transfection.
qRT-PCR analysis was used for measuring the transfection
efficiency (in Figure S1).
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CCK8 assay

Cell proliferation was detected using the CCK8 assay.
PVSMCs were plated in 96-well plates in triplicate at
approximately 3� 104 cells per well and cultured in the
growth medium. After treatment, the 10 lL CCK8 solution
(Dojindo, Kumamoto, Japan) was added to the culture
medium, and the cultures were incubated for 1 h at 37�C,
5% CO2. The absorbance was measured at 450 nm using a
microplate reader (Invitrogen, Waltham, MA, USA).

qRT-PCR assay

Total RNA was extracted from the pulmonary arteries or
treated PVSMCs using TRIzol reagent (Invitrogen,
Waltham, MA, USA). HiFi-MMLV cDNA First-Strand
Synthesis Kit (CW Bio, Beijing, China) was used for reverse
transcription. qRT-PCR experiments were conducted
through SYBR Green Real-Time PCR Master Mix
(TaKaRa, Tokyo, Japan). The primers used in this study
are as follows: JAK3, forward 50-TGACAAGTGGGG
CTTTGGAG -30 and reverse 50-TCTGTCCATTTGAGA
GCGGG-30; PCNA, forward 50-GAGAGCTTGGCAAT
GGGAAC -30 and reverse 50- TCTCTATGGTTACCGCC
TCCT-30; GAPDH, F 50-AACTTTGGCATTGTGGAAGG-30,
R 50-GGATGCAGGGATGATGTTCT-30. The relative
expression value was calculated using the 2�DDCT method.

Western blot assay

Total protein was lysed in RIPA lysis buffer (Beyotime,
Shanghai, China). After SDS-PAGE electrophoresis and
Western transfer, the PVDF membrane (Millipore,
Billerica, MA, USA) was blocked with 5% BSA (Sigma-
Aldrich) and incubated with the appropriate primary anti-
bodies: JAK3 (CST, 1:1500), p-JAK3 (CST, 1:1000), STAT3
(CST, 1:1000), p-STAT3 (CST, 1:1000), VEGF (Abcam,
1:2000), FAK (Abcam, 1:1000), p-FAK (Abcam, 1:1000),
PCNA(Abcam, 1:1000), and anti-GAPDH (CST, 1:2000) at
4�C overnight, and incubated with secondary antibody
(Abbkine, Soochow, China; 1:30,000) for 1 h at room tem-
perature, followed by chemiluminescent substrate develop-
ment (Bio-Rad, Hercules, CA) and detected by an imaging
system (Bio-Rad). GAPDH was defined as the internal ref-
erence, protein relative expression was defined as target
protein versus GAPDH, and phosphorylation level was
defined as phosphorylation versus total protein.

Immunohistochemistry

Lung tissues were obtained and immediately perfused with
4% paraformaldehyde in PBS after removal and embedded
in paraffin for sectioning. Following rehydration of the par-
affin section and two washes in PBS, endogenous peroxi-
dase activity was blocked using 3% H2O2 for 10min, and
antigen crosslinking was conducted in an autoclave for
3min. After blocking with normal bovine serum, the
slides were incubated with primary antibody against
VEGF and p-FAK overnight at 4�C. Subsequently, slides
were incubated with streptavidin peroxidase-conjugated
secondary goat anti-rabbit IgG (Abbkine), and then stained
with a DAB kit (Beyotime, Shanghai, China).

Immunofluorescence

The slides of lung tissues were incubated with primary
antibody against a-SMA overnight at 4�C, then with
Alexa Fluor 594-conjugated secondary antibody at 37�C
for 2 h. Cell nuclei were stained with DAPI (Sigma-
Aldrich) and images were obtained using a fluorescence
microscope (Olympus, Osaka, Japan).

Statistical analysis

Data are shown as the mean� SEM. All statistical analyses
were conducted with GraphPad Prism 7.0. Statistical differ-
ences were determined using the Student’s t-test or one-
way ANOVA followed by Tukey’s multiple comparison
test. A value of P< 0.05 was considered significant.

Results

PDGF-induced JAK3 expression and phosphorylation
in PVSMCs

To show the effect of JAK3 on PVSMCs, JAK3 expression
and phosphorylation were detected after treatment with 0,
10, 20, or 40 ng/mL PDGF in PVSMCs. As shown in
Figure 1(a) and (b), PDGF significantly increased JAK3
mRNA and protein expression, and p-JAK3 with a dose-
dependence, and along with the expression of PCNA,
which is a proliferation-related protein. JAK3 activity and
PCNA showed prominently high levels when treated with
20 ng/mL PDGF in PVSMCs, so 20 ng/mL PDGF was used
in the following test. The expression of JAK3 was time-
dependent within 48 h, while the peak for p-JAK3 was at
24 h, correlating with PCNA expression (Figure 1(c)). This
suggests that JAK3 activity may play an important role in
PDGF-induced PVSMCs proliferation.

JANEX-1 mitigated PDGF-induced PVSMCs
proliferation

JANEX-1 is a specific inhibitor of JAK3, so its effect on
PVSMCs was probed. In normal conditions, JANEX-1 did
not influence PVSMCs proliferation (Figure 2(a)), while it
suppressed PDGF-induced PVSMCs proliferation in a
dose-dependent manner (Figure 2(b)). As there was no sig-
nificant difference in the inhibition of cell activity between
50 lM and 100lM treatment of JANEX (Figure 2(b)), a
50 lM JANEX treatment was used in the subsequent experi-
ments. As shown in Figure 2(c), 50 lM JANEX could reduce
PCNA expression in PDGF-nontreated PVSMCs, and it dis-
tinctly alleviated 20 ng/mL PDGF-induced PCNA expres-
sion of PVSMCs.

JANEX-1 inhibited VEGF and p-FAK expression in
PDGF-induced PVSMCs

To confirm regulators of JANEX-1 regulating PVSMCs pro-
liferation, VEGF and p-FAK levels were monitored after
PDGF treatment, and they were found to be related to cell
proliferation. JANEX-1 suppressed p-JAK3, p-STAT3,
VEGF, and p-FAK expression in PVSMCs, and JANEX-1
significantly inhibited the PDGF-induced JAK3/STAT3
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signal, VEGF and p-FAK levels (Figure 3(a)). As shown in
Figure 3(b), knockdown of JAK3 (sh-JAK3) also suppressed
PDGF-induced PVSMCs proliferation through the JAK3/
STAT3 signal, VEGF and p-FAK. To further determine

that JANEX-1 suppressed PVSMCs proliferation through
blocking VEGF expression and FAK activation, VEGF acti-
vation particles (Act-VEGF) and FAK activation particles
(Act-FAK) were used to manipulate VEGF and FAK

Figure 1. PDGF-induced JAK3 expression and phosphorylation in PVSMCs. After treatment with 0, 10, 20, or 40 ng/mL PDGF for 24 h in PVSMCs, JAK3 mRNA level

(a), and JAK3, p-JAK3, and PCNA (b) were detected by qRT-PCR and WB assays and were dose-dependent. (c) JAK3, p-JAK3, and PCNA expression were time-

dependent after treatment with 20 ng/mL PDGF during 48 h. Samples derived from the same experiment and gels/blots were processed in parallel. Data are presented

as the mean�SEM (n¼ 4). *P< 0.05 vs. control group. Ctrl: control.

Figure 2. JANEX-1 alleviated PDGF-induced PVSMCs proliferation. PVSMCs

were treated with 20 ng/mL PDGF or not, and then treated with 20, 50 lM and

100 lM JANEX-1 or not, subsequently, cell viability was monitored by CCK8

assay. (a) JANEX-1 did not inhibit PVSMCs proliferation under normal conditions.

(b) JANEX-1 dose-dependently suppressed PDGF-induced PVSMCs prolifera-

tion. (c) 50 lM JANEX alleviated PDGF-induced PCNA expression in PVSMCs.

Samples derived from the same experiment and gels/blots were processed in

parallel. Data are presented as the mean�SEM (n¼ 4). *P< 0.05 vs. control

group. #P< 0.05 vs. PDGF group. JANEX-1 L, 20 lM; JANEX-1 M, 50 Mm;

JANEX-1 H, 100 Mm.

Figure 3. JANEX-1 inhibited PDGF-induced JAK3/STAT3 signal, VEGF and p-

FAK. (a) PVSMCs treated with PDGF or not, and then treated with JANEX-1 for

24h. WB analysis of p-JAK3, p-STAT3, VEGF, and p-FAK levels in PVSMCs. (b)

PVSMCs with JAK3 knockdown (sh-JAK3) were used to detect the effect of JAK3

downregulation on PDGF induction. WB analysis of p-JAK3, p-STAT3, VEGF, and

p-FAK levels in PVSMCs. sh-JAK3 suppressed PDGF-induced PVSMCs prolifer-

ation through JAK3/STAT3 signal, VEGF, and p-FAK. Samples derived from the

same experiment and gels/blots were processed in parallel. Data are presented as

the mean�SEM (n¼ 4). *P< 0.05 vs. control group. #P<0.05 vs. PDGF group.
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expression in PVSMCs. Figure 4(a) and (b) shows that
VEGF and FAK cDNA induced PVSMCs proliferation
and JANEX-1 inhibited this facilitation. Act-VEGF stimu-
lated VEGF and PCNA expression, and JANEX-1 dramat-
ically alleviated Act-VEGF-induced VEGF and PCNA
upregulation (Figure 4(c)). Meanwhile, Act-FAK stimulated
FAK activation and PCNA expression, and JANEX-1 signif-
icantly inhibited the Act-FAK-induced high levels of p-FAK
and PCNA (Figure 4(d)). That is to say, overexpression of
VEGF or FAK induced PVSMCs proliferation and resisted
the negative effects of JANEX-1.

JANEX-1 improved mortality and pulmonary vascular
remodeling in APE-mice

Based on the results of in vitro cell experiments, we further
investigated the effects of JANEX-1 in APE mice. After
JANEX-1 treatment, some mice were killed on day 7 to
assess lung index and pulmonary vascular remodeling,
while other mice were kept alive to assess survival rate
until day 15. We found that control recipient mice injected
with autologous blood clot developed APE, as evidenced
by increased RVSP sevendays after injection, whereas
JANEX-1 (50 and 100mg/kg) treated mice had lower
RVSP compared with the APE group and the 100mg/kg
JANEX-1 group presented a minimum RVSP in APE mice
(Figure 5(a)). As shown in Figure 5(b) and (c), a high con-
centration of JANEX-1 (100mg/kg) did not influence
normal mice mortality rate and lung index. APE caused
mass death in mice within seven days, and the survival
rate was about 30% in the APE group on day 7, but all

the remaining mice died on day 10. JANEX-1 reduced the
risk of death, and the survival rate remained above 60% on
day 7 and above 20% on day 15 in JANEX-1 groups (20, 50,
and 100mg/kg), and the high concentration JANEX-1
showed a better reduction in APE-induced mice mortality
(Figure 5(b)). JANEX-1 showed the same trend of protective
effect on the lung index (Figure 5(c)).

Since SMC proliferation is a pivotal process of vascular
remodeling, we monitored the mRNA levels of JAK3 and
PCNA. As shown in Figure 6(a), APE induced expression of
JAK3 and PCNAmRNA in the pulmonary artery, and JAK3
was about 3.05-fold and PCNAwas about 3.83-fold related
to the control group. After JANEX-1 (100mg/kg) treat-
ment, JAK3 and PCNA levels were significantly decreased
compared with the APE group, with these levels being 1.35-
fold and 1.68-fold, respectively, compared to the control
group. To demonstrate that JANEX-1 also inhibited pulmo-
nary vascular remodeling in vivo, HE staining and a-SMA
staining were used to detect the intimal formation after
vascular injury. HE staining reflected that APE induced
narrowed blood vessels and intimal formation (Figure 6
(b) and Figure S2(a)), upregulated VEGF and p-FAK
expression (Figure 6(c) and Figure S2(b)), and increased
a-SMA expression demonstrated a remarkable increase of
VSMCs number in the neointimal layer (Figure 6(d) and
Figure S2(c)) . However, JANEX-1 improved the neointima
area and abolished the APE induced high levels of VEGF p-
FAK, and a-SMA in the neointima of pulmonary vascula-
ture (Figure 6(b) to (d) and Figure S2). The data suggested
that JANEX-1 improved pulmonary vascular remodeling
via inhibiting PVSMCs proliferation in APE mice.

Figure 4 VEGF expression and FAK activation were involved in the blocking of JANEX-1 on PDGF-induced PVSMCs proliferation. To further determine whether

JANEX-1 suppressed PVSMCs proliferation through blocking VEGF expression and FAK activation, VEGF-activated and FAK-activated PVSMCs were used

respectively. CCK8 assay was performed to demonstrate the proliferation inhibition of JANEX-1 in VEGF-activated (a) and FAK-activated (b) PVSMCs. WB analysis of,

VEGF, p-FAK, and PCNA expression in VEGF-activated (c) and FAK-activated (d) PVSMCs. Samples derived from the same experiment and gels/blots were

processed in parallel. Data are presented as the mean�SEM (n¼ 4). (c) *P< 0.05 vs. Act-NC group. #P< 0.05 vs. Act-VEGF group. &P< 0.05 vs. Act-VEGFþ JANEX-1

group. (d) *P< 0.05 vs. Act-NC group. #P< 0.05 vs. Act-FAK group. &P< 0.05 vs. Act-FAKþ JANEX-1 group. Act: activation; NC: negative control.
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Discussion

Accumulating evidence has suggested that vascular
remodeling due to immoderate proliferation and migration
of SMCs is a common process occurring in APE. In our
study, we demonstrated that JAK3 was overexpressed
and active in PDGF-induced PVSMCs and APE mice, com-
pared to a low expression under normal conditions.
JANEX-1, blocking JAK3 expression or activity, reduced
the JAK3/STAT3 signaling pathway, VEGF expression
and FAK activation, and PDGF-induced proliferation
of PVSMCs. Moreover, JANEX-1 inhibited the

thrombus-induced intimal hyperplasia and the expression
of VEGF and FAK activation in neointimal SMCs of APE
mice.

Initially, JAK3 was widely studied in the differentiation

and proliferation of T lymphocytes. JAK3 deficiency inhib-

its innate lymphoid (ILC) cells differentiation in the bone

marrow at the ILC precursor and the pre-NK cell progen-

itor. Tofacitinib (pan-JAK inhibitor) and PF-06651600 (spe-

cific JAK3 inhibitor) break the production of IFN-c in

human intraepithelial ILC1, but not the production of

IL-22 in ILC3,17 causing severe combined

Figure 5. JANEX-1 improved survival and lung damage in APE-mice. RVSP was measured at seven days after JANEX-1 (20, 50, and 100mg/kg) treatment (n¼6) (a).

After JANEX-1 treatment, some mice were kept alive with recording the death of the mice every day and analyzing the survival rate until day 15 (n¼ 10) (b). Meanwhile,

other mice were put to death at day 7, and lung tissue was obtained for analyzing lung index (lung index¼ lung weight (mg)/body weight (g)� 100%) for assessing lung

index (n¼ 6) (c). Data are presented as the mean�SEM. *P< 0.05 vs. Ctrl (control) group. #P< 0.05 vs. APE group. (A color version of this figure is available in the

online journal.)

Figure 6. JANEX-1 suppressed pulmonary vascular remodeling in APE-mice. After JANEX-1 (100mg/kg) treatment, mice were put to death on day 7, and pulmonary

artery and lung tissue were obtained for analysis. (a) qRT-PCR analysis of JAK3 and PCNA mRNA in the pulmonary artery. Pulmonary vascular remodeling was

evaluated by measuring the intimal formation and expression of VEGF, p-FAK, and a-SMA in lung sections. (b) HE staining of lung sections. (c) IHC analysis of VEGF

and p-FAK expression in pulmonary vascular. Scale bar: 20 lm. (d) IF results of a-SMA expression. Scale bar: 20 lm. Data are presented as the mean�SEM (n¼ 6).

*P<0.05 vs. Ctrl (control) group. #P< 0.05 vs. APE group. (A color version of this figure is available in the online journal.)
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immunodeficiency, such as rheumatoid arthritis.27

Curculigoside exhibits prominent anti-arthritic effects via
the JAK/STAT/NF‑jB signaling pathway.28 Furthermore,
JAK3 is also present in other non-hematopoietic cells, such
as vascular cells.17–19 JAK3 regulates the stability of the
mucosa by mediating IL-2-induced migration, prolifera-
tion, and apoptosis of intestinal epithelial cells.29 JAK3 is
involved in the progression of human colon cancer, renal
fibrosis, vascular calcification, myocardial ischemia reper-
fusion injury, and various physiological changes,30,31 the
JAK3/STAT1 pathway shows abnormal activation in
brain microvascular endothelial cells (BMVECs) after
brain injury, and JAK3 inhibitor decreases the permeability
of BMVECs during brain inflammatory events.32

Oncostatin M induces osteoblastic differentiation of
human VSMCs through the JAK3/STAT3 pathway, and
JAK3 downregulation can prevent the ALP activity and
matrix mineralization in umbilical artery human
VSMCs.33 Hypoxia induces a high level of JAK3 expression
in SMCs.34 In cigarette smoke-induced chronic obstructive
pulmonary disease mice, ergosterol suppresses pathologi-
cal injury to lung tissue through the JAK3/STAT3/NF-jB
pathway.35 It has been verified that JAK3 promotes SMC
proliferation and vascular remodeling via STAT3 and JNK
activation.18,19 STAT3 and JNK are considered to be impor-
tant regulatory factors of differentiation, proliferation, and
death of SMCs and cancer cells.36 Activated STAT3
increases SMC proliferation and survival, contributing to
the injury-induced neointimal formation.37,38 JAK3 may
also mediate Bax/Bcl-2 level and cleaved-caspase 3, coor-
dinating SMC survival and death, by igniting STAT3 and
JNK signaling.18,19 We showed that JANEX-1 blocks the
JAK3/STAT3 pathway and cell proliferation in PDGF-
induced PVSMCs, and attenuates injury-induced neointi-
mal formation in APE mice, which is consistent with VEGF
and FAK suppression.

Studies confirm that VEGF is involved in vessel adapta-
tion to an external stimulus such as hypoxia, inflammation,
and degenerative processes related to cardiovascular dis-
ease.39 VEGF is a central pro-angiogenic growth factor nec-
essary to promote the proliferation and migration of
vascular endothelial cells and SMCs, thus promoting
normal and pathological angiogenesis.40 Lv et al.41 have
demonstrated that STAT3 regulated VEGF activation by
directly interacting with the binding site on the 50 region
of the VEGF gene. VEGF is involved in STAT3-mediated
pro-angiogenic activity of SMCs, suggesting that it pro-
motes SMC activation in angiogenesis during vascular
remodeling, and this regulatory activity is related to the
signaling cascade of STAT3/VEGF.41,42 FAK, a tyrosine
kinase, mainly localized to cellular focal contacts, is associ-
ated with cell adhesion, migration, and invasion, and over-
expressed and highly activated FAK is found in a variety of
tumors.43 Via transmitting signals from the extracellular
matrix by binding to integrins and transmitting signals
from soluble bioactive factors through special receptors,
the mechanism of FAK also has been demonstrated in
human PVSMCs.44 Lin et al.44 have recently found that

RELM-b promotes human PVSMCs proliferation and
increases FAK and survivin levels, suggesting that FAK is
an important upstream of survivin in the signaling of
RELM-b-mediated PVSMCs proliferation. Banerjee et al.45

demonstrated that loss of FAK signaling during endoplas-
mic reticulum stress causes mitochondrial dysfunction by
reducing the protective effects of mitochondrial STAT3,
leading to endothelial cell death. Visavadiya et al.46 show
that FAK inhibition reduced pS727-STAT3 within mito-
chondria and reduced mitochondrial function in a non-
transcriptional manner, while S727-STAT3 activators
rescue mitochondrial function and cells against FAK inhi-
bition in bEnd5 cells. The increase in STAT3-induced pro-
angiogenic activity of airway SMCs is significantly
decreased by administration of VEGF inhibition41 and acti-
vated STAT3 signaling modulates the cytoskeleton of
human AECs by regulating phosphorylation of FAK.47

Although several papers indicate that JAK/STAT signaling
acts as an upstream pathway of VEGF expression and Src/
FAK signal activation,41,42,46,47 whether JAK3 is involved in
FAK signaling and JANEX-1 regulates VEGF and FAK in
PVSMCs and APE mice remain to be further confirmed. We
demonstrate that JANEX-1 extinguished exogenous upre-
gulation of VEGF and FAK in PVSMCs, which induced
PCNA expression and cell proliferation. Furthermore,
JANEX-1 exerts protective effects by inhibiting PVSMCs
proliferation and vascular remodeling post-APE, in part
through the JAK3/STAT3 signaling pathway-mediated
VEGF expression and FAK activation. However, whether
JAK3 is an upstream regulator of VEGF and FAK still
needs to be verified by more precise experiments in
future studies.

Conclusions

A JAK3 inhibitor, JANEX-1, prevented the PDGF-induced
VEGF expression and FAK activation in PVSMCs. The
decreased levels of these molecules by JANEX-1 were reg-
ulated by inhibiting the JAK3/STAT3 signaling pathway. In
APE mice, pretreatment with JANEX-1 attenuated not only
upregulation of VEGF expression in the pulmonary artery
by embolism but also neointimal formation. To summarize,
JANEX-1 mitigates the levels of PDGF-induced prolifera-
tion-related molecules in PVSMCs and alleviates intimal
hyperplasia. Thus, the data suggest that JANEX-1 exerts
its protective effects by inhibiting PVSMCs proliferation
and vascular remodeling post-APE, in part through
JAK3/STAT3 signaling pathway-mediated VEGF expres-
sion and FAK activation. The data are helpful to elucidate
the pharmacological mechanism and potential therapeutic
effect of JANEX-1 in APE.
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