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PKR deficiency alleviates pulmonary hypertension via inducing
inflammasome adaptor ASC inactivation
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Abstract

Pulmonary hypertension is a progressive fatal disease that currently has no specific therapeutic approaches. In this study, dsRNA-

dependent protein kinase (PKR) was considered a candidate molecule in pulmonary hypertension. We demonstrated that PKR is

activated in the endothelium of experimental pulmonary hypertension models. Deletion of PKR or treatment with the PKR

activation inhibitor C16 inhibited the development of pulmonary hypertension. To explore the mechanism of PKR in pulmonary

hypertension, we detected its downstream signaling and found that PKR knockout represses apoptosis-associated speck-like

protein containing CARD (ASC) activation to inhibit high mobility group box 1 (HMGB1) and interleukin-1 beta release. To

further explore whether ASC mediates the pro-pulmonary hypertension role of PKR, we used ASC deletion mice and found that

ASC deletion inhibits the development of pulmonary hypertension and the release of HMGB1 and interleukin-1 beta.

Furthermore, we co-cultured pulmonary arterial endothelial cells (PAECs) and pulmonary arterial smooth muscle cells

(PASMCs) and found that endothelial PKR promotes PASMCs proliferation through the release of HMGB1 and interleukin-1

beta. In conclusion, these data indicate that endothelial PKR promotes the excessive proliferation of PASMCs by inducing ASC

activation to release HMGB1 and interleukin-1 beta, which lead to the development of pulmonary hypertension. Our study will

provide a novel insight that PKR is a potential target in the future treatment of pulmonary hypertension.
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Introduction

Pulmonary hypertension (PH) is a deadly disease character-

ized by occlusive pulmonary vascular remodeling, pulmo-

nary artery pressure elevation and eventually death from

right heart failure.1,2 Abnormal pulmonary arterial endo-

thelial cells (PAECs) function and pulmonary arterial

smooth muscle cells (PASMCs) proliferation plays a leading

role in occlusive vascular remodeling in PH.3 The pathogen-

esis of PH is complex, multifactorial and highly intercon-

nected. Immune inflammation is an essential contributor to

the development of PH.4,5 Classical inflammation had long

been confirmed to participate in the occurrence of PH, but

failed in clinical PH therapy. Non-classical inflammatory

factor, including HMGB1 and IL-1b, has been considered

as crucial therapeutic target of cardiovascular diseases in the
recent years. Anti-inflammatory therapy targeting the inter-
leukin-1b innate immunity pathway with canakinumab led
to a significantly lower rate of recurrent cardiovascular
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diseases in clinical patient.6 Our studies and others have
revealed that several inflammatory factors, such as IL-1b
and HMGB1, are significantly increased in clinical PH
and play an important role to promote the PASMC prolif-
eration in experimental PH.7–11 However, it remains uncer-
tain whether a crucial target links the intricate pathogenesis
of PH, including inflammation and metabolic signaling.

Double-stranded RNA kinase (PKR) is a ubiquitously
expressed type I interferon-induced serine/threonine protein
kinase. It has traditionally been known to be activated
during viral dsRNA infection and plays an important role
in antiviral infection.12 However, recent studies have shown
that PKR can also be activated by endogenous substances
and plays an important role in noninfectious diseases,
including metabolic, immune and inflammatory dis-
eases.13–15 In our previous study, we found that PKR can
be activated by palmitic acid in endothelial cells.16 But the
role of endothelial PKR in PH is still unknown.

It has been reported that PKR can recognize pathogenic-
associated molecular patterns (PAMPs) or host-derived
dangerous signal molecules (DAMPs) to take part in the
course of innate immune defense through the inflamma-
some pathway.17 PKR directly binds to NLRP1b, NLRP3
or NLRC4 inflammasome, which recruit inflammasome
adaptor ASC to induce activation of inflammatory protease
caspase-1 and release of IL-1b and HMGB1.17,18 In addi-
tion, previous study highlighted that ASC knockout can
inhibit hypoxia-induced PH and PASMC proliferation.19

Therefore, we hypothesize that PKR can induce PH by ini-
tiating ASC-mediated inflammation.

Taken together, we hypothesize that endothelial PKR
induces activation of ASC to release HMGB1 and IL-1b,
which lead to the abnormal proliferation of PASMCs and
then accelerate the development of PH.

Methods

Animals

Animal care and experiments were performed with approval
from the animal ethics committees of our University, and all
the experimental procedures were conducted in accordance
with the guidelines for experimental animal use. PKR
knockout and ASC knockout mice were kindly provided
by Dr. Jianfeng Wu (Xiamen University, Xiamen, China).
C57/B6L male mice (8–10 weeks old) were used as wild-type
mice. Wild-type mice and gene knockout mice were used to
construct the SU5416/hypoxia model. Sprague-Dawley rats
(150–180 g) were used to establish the MCT model and the
SU5416/hypoxia model.

MCT rat model

Sprague-Dawley rats were purchased from the Laboratory
Animal Center of our University. Animals were randomly
allocated into two groups. Control rats (n¼ 7) received

intraperitoneal (i.p.) injections of saline as a vehicle control.

The PH rats (n¼ 7) received a single i.p. injection of mono-

crotaline (MCT, 60mg/kg, Sigma-Aldrich, USA). The ani-

mals were anesthetized by intraperitoneal application of

sodium pentobarbital (50mg/kg) and euthanized by CO2

inhalation on the 21st day after the MCT injection for

hemodynamic assessment. Lung tissues were obtained as

described previously.20 To obtain rat pulmonary artery,

the pulmonary artery and pulmonary interstitial tissue

were isolated from the proximal end to the distal end by

blunt separation under stereomicroscope.

SU5416/hypoxia model

Sprague-Dawley rats (n¼ 6 in each group) were given a

single i.p. injection of Sugen5416 (SU5416, 20mg/kg,

Selleck, USA) in vehicle (0.5% carboxyl methylcellulose

sodium, 0.4% polysorbate 80, 0.9% benzyl alcohol),

placed immediately into a 10% O2 chamber and maintained

in hypoxia for three weeks. C57 mice (8–10 weeks, n¼ 6 in

each group) were given a single weekly i.p. injection of

Sugen5416, placed immediately into a 10% O2 chamber

and maintained in hypoxia for three weeks. After three

weeks in hypoxia, rats and mice were placed in a normoxic

environment for five weeks to induce pulmonary hyperten-

sion. The animals were anesthetized by intraperitoneal

application of sodium pentobarbital (50mg/kg) and eutha-

nized by CO2 inhalation after the hemodynamic assessment.

The PKR inhibitor C16 in the PH rat model

The PKR inhibitor C16 (200 lg/kg, Selleck, USA) was

administered to rats by i.p. injection one week before

MCT (n¼ 6 in each group) or SuHx (n¼ 6 in each group)

administration, and then by i.p. injection once a week until

the end of the experimental time. The animals were anes-

thetized by intraperitoneal application of sodium pentobar-

bital (50mg/kg) and euthanized by CO2 inhalation after the

hemodynamic assessment.

Assessment of hemodynamics and right ventricular

hypertrophy

Measurements of hemodynamics and right ventricular

hypertrophy were conducted as described previously.20

Briefly, at the end of the treatment protocol, rats or mice

were anesthetized with intraperitoneal pentobarbital, and

then a right heart catheter (PE 50 tubing) was inserted

through the right jugular vein for the measurement of

right ventricular systolic pressure (RVSP) with fluid-filled

force transducers (zero referenced at the hilum). Right ven-

tricular hypertrophy was evaluated by determining the ratio

of the right ventricle weight to the left ventricle and septum

weight (RV/LVþS).
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Immunohistochemistry

Lung tissues were fixed in formalin and then embedded in

paraffin according to previously published methods. Lung

hematoxylin-eosin staining was conducted as previously

described.21 Immunohistochemistry of tissue sections was

performed with the following primary antibodies: anti-

PKR (1:100, Abcam, USA), anti-p-PKR (1:100, Abcam,

USA) and anti-alpha smooth muscle actin (a-SMA, 1:100,

Sigma-Aldrich, USA).

ELISA

Serum or cellular supernatant levels of HMGB1 and IL-1b
were measured with ELISA kits (HMGB1 ELISA kit,

Shino-Test Corp., Kanagawa, Japan and IL-1b ELISA

kit, R&D Systems, USA). The procedure was performed

following the manufacturer’s instructions described

earlier.22

Cell culture

Human primary PAECs were purchased from ATCC and

cultured in EBM (Lonza, USA) supplemented with 10%

FBS. Human PASMCs were purchased from ATCC and

cultured in primary smooth muscle cell medium (Lonza,

USA) supplemented with 10% FBS. PAECs or PASMCs

from passages 3 to 8 were used for all experiments. All cel-

lular experiments were performed at least three times.

siRNA transfection

Human PAECs were maintained in serum-free medium and

transfected with PKR siRNA or scramble siRNA using

Lipofectamine 3000 transfection reagent (Invitrogen,

USA) according to the manufacturer’s instructions. The

siRNA was synthesized by Ribio (China), and the PKR

siRNA sequence used as follows: 50CAAAUUAG

CUGUUGAGAUA dTdT 30. Six hours after transfection,

the cells were returned to normal culture medium for 48

h prior to the following treatment.

Co-culture experiments

Six-well plates with a 0.4-mm pore-sized filter were used

according to the manufacturer’s instructions. PAECs

(5� 105 cells/well) were seeded in the upper chamber and

allowed to adhere overnight prior to the co-culture experi-

ments. And 5� 105 PASMCs/well were seeded in the

bottom chamber. Before beginning the co-culture experi-

ments, indicated PAECs were stimulated with or without

TNF-a and were co-cultured with PASMCs to observe the

change of PASMCs proliferation ability. Additionally,

recombinant human HMGB1 and IL-1b proteins (R&D

Systems, USA) were added into bottom chamber to observe

the change of PASMCs proliferation ability.

The proliferation capability of PASMCs was measured by
cell counting plate assays after 48 h.

Cell immunofluorescence

Indicated PASMCs were seeded into 15-mm glass-bottomed
cell culture dishes (NEST Biotechnology, China) and
allowed to adhere overnight. After fixed with 4% parafor-
maldehyde (PFA), the cells were stained with Ki67
(ab16667, 1:100, Abcam, USA) and a-SMA (19245, 1:100,
Cell Signaling Technology, USA) via overnight incubation.
For nuclear staining, DAPI solution (1:100, Thermo Fisher
Scientific, USA) was added and incubated for 5min. The
cells were visualized and photographed using a confocal
microscope (Leica TCS SP8X & MP).

Western blotting

Western blotting was performed as described previously.20

In brief, frozen tissues or cells were lysed with RIPA lysis
buffer containing PMSF, protease and phosphatase inhib-
itors (Roche Diagnostics, Germany). Protein concentration
was quantified using a BCA protein assay kit (Pierce, USA).
Samples containing 30 mg of protein were separated by SDS-
PAGE gels and transferred to PVDF membranes. The
membranes were blocked with 5% fat-free milk before incu-
bation with primary antibodies specifically recognizing
PKR (ab32052, 1:1000, Abcam, USA), p-PKR (ab32036,
1:1000, Abcam, USA), HMGB1 (ab18256, 1:1000, Abcam,
USA), ASC (AG-25B-0006, 1:1000, Adipogen, USA) and
IL-1b (MAB201, 1:1000, R&D system, USA).
Immunoreactivity was detected by an enhanced chemilumi-
nescence system, and bands were scanned with a Bio-Rad
Imager. Individual band intensity was determined with
ImageJ software.

Statistical analysis

Data are presented in graphs as the mean� SEM. One-way
ANOVA was used for comparisons among groups. The sig-
nificance of differences between two groups was assessed
with unpaired two-tailed Student’s t-test. P< 0.05 was con-
sidered to be significant.

Results

PKR activation is elevated in the pulmonary vessels of
experimental PH models

We established experimental PH models by monocrotaline
(MCT) or SU5416/hypoxia (SuHx) and observed increase
of right ventricular systolic pressure (RVSP) and right ven-
tricular hypertrophy (Fig. 1a–d). In addition, hematoxylin-
eosin (H&E) staining showed obvious pulmonary vascular
remodeling in the experimental PH group (Fig. 1g, h). The
expression and activity levels of PKR in the pulmonary
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Fig. 1. PKR activation is elevated in the pulmonary vessels of experimental PH models. (a, b) Right ventricle systolic pressure (RVSP) (a) and
indices of RV weight (RV/LVþS) (b) in rats given vehicle or MCT (60 mg/kg, i.p.) (n¼ 7). (c, d) Right ventricle systolic pressure (RVSP)
measurements (c), indices of RV weight (RV/LVþS) (d) in vehicle and SU5416/hypoxia rats (n¼ 6). (e) Representative immunoblots and den-
sitometric analysis of pulmonary artery PKR and p-PKR level in control and MCTrats (n¼ 3). (f) Representative immunoblots and densitometric
analysis of pulmonary artery PKR and p-PKR level in control and SU5416/hypoxia rats (n¼ 3). (g) Photomicrographs of serial sections of
peripheral rat lung containing small arteries from control animals and rats exposed to MCT rats. Sections were immunostained for the
hematoxylin-eosin, PKR and p-PKR. Scale Bar¼ 25mm. (h) Photomicrographs of serial sections of peripheral rat lung containing small arteries
from control animals and SU5416/hypoxia rats. Sections were immunostained for the hematoxylin-eosin, PKR and p-PKR. Scale bar¼ 25mm.
(i) Representative immunoblots and densitometric analysis of PKR activation level was assessed in PAECs with TNF-a at 0, 10 and 20 ng/ml
(n¼ 4). (j) Representative immunoblots and densitometric analysis of PKR activation level in PAECs under the treatment of TNF-a (20 ng/ml) for
0, 8 and 24 h (n¼ 4). *P< 0.05, **P< 0.01, ***P< 0.001, by one-way ANOVA relative to control groups.
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arteries of experimental PH rats and control rats were
determined by immunoblotting. Activated PKR levels
were low in normal pulmonary arteries significantly
increased in those from PH rats (Fig. 1e, f). Moreover,
immunohistochemical staining of lung tissue demonstrated
that activated PKR expression was specifically increased in
the endothelial cell of small-middle pulmonary arteries
from PH rats (Fig. 1g, h). To further determine whether
PKR activation is increased in PAECs) during
challenge with a pro-PH stimulus, we stimulated human
PAECs with the pro-PH inflammatory factor tumor necro-
sis factor-a (TNF-a) and found that TNF-a increased the
activity of PKR both in a time- and dose-dependent
manner (Fig. 1i, j).

PKR inhibitor is sufficient to abolish the
development of experimental PH

To explore whether pharmacological PKR inhibitor pre-
vents the development of pulmonary hypertension, rats
were randomly assigned to receive the PKR inhibitor C16
or vehicle before an intraperitoneal injection of MCT to
induce PH (Fig. 2a). The vehicle-treated rats developed
PH, as shown by elevated right ventricular systolic pressure
(RVSP) (Fig. 2b) and increased right ventricular hypertro-
phy (Fig. 2c). However, the PKR inhibitor C16-treated rats
exhibited decreased levels of RVSP and right ventricular
hypertrophy (Fig. 2b, c). For the reason that the excessive
proliferation of PASMC-induced pulmonary vascular

Fig. 2. PKR inhibitor is sufficient to repress the development of experimental PH. (a) Experimental timeline, (b–c) bar charts showing right
ventricle systolic pressure (RVSP) (b) and indices of RV weight (RV/LVþS) (c) in control, MCT and C16 prevention groups (n¼ 6).
(d) Photomicrographs of serial sections of peripheral rat lung containing small arteries from control, MCT and C16 prevention groups. Sections
were immunostained for the a-SMA. Top scale bar¼ 50 mm. (e) Quantitative assessment of pulmonary arterial muscularization in control, MCT
and C16 prevention groups. (f) Experimental timeline. (g–h) Bar charts showing right ventricle systolic pressure (RVSP) (g) and indices of RV
weight (RV/LVþS) (h) in control, SU5416/hypoxia and C16 prevention groups (n¼ 6). (i) Photomicrographs of serial sections of peripheral rat
lung containing small arteries from control, SU5416/hypoxia and C16 prevention groups. Sections were immunostained for the a-SMA. Top Scale
Bar¼ 50mm. (j) Quantitative assessment of pulmonary arterial muscularization in control, Su5416/hypoxia and C16 prevention groups. *P< 0.05,
**P< 0.01, ***P< 0.001 by one-way ANOVA relative to Con or the indicated group.
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remodeling is a classic characteristic of PH, we detected the

smooth muscle marker a-SMA in lung tissues to assess the

remodeling of the small pulmonary artery. MCT induced

massive pulmonary arterial muscularization, and the PKR

inhibitor C16 prevented this effect (Fig. 2d, e). Since a

monocrotaline rat model cannot fully replicate the pathol-

ogy of PH patients, animals were treated with SU5416 via i.

p. injection and subjected to three weeks of hypoxia fol-

lowed by an additional five weeks in normoxia to establish

a model of more severe PH (Fig. 2f). The hemodynamic and

pathological parameters measured in the vehicle group indi-

cated the development of PH (Fig. 2g–j). However, rats

treated with the PKR inhibitor C16 also exhibited decreased

RVSP, right ventricular hypertrophy and pulmonary arte-

rial muscularization (Fig. 2g–j). Taken together, these

results suggested that inhibiting PKR activation can prevent

the development of PH.

Knockout of PKR inhibits SU5416/hypoxia-

induced PH

To further detect whether PKR specifically participates in

the development of PH, we also established a SuHx model

in PKR knockout mice. While the wild-type mice showed an

Fig. 3. Knockout of PKR inhibits SU5416/hypoxia-induced PH. (a–b) Right ventricle systolic pressure (RVSP) (b) and indices of RV weight (RV/
LVþS) (c) in wild-type (WT) mice and PKR knockout mice after stimulation with SU5416/hypoxia (n¼ 6). (c) Photomicrographs of serial sections
of peripheral mouse lung containing small arteries from wild-type mice and PKR knockout mice after stimulation with SU5416/hypoxia. Sections
were immunostained for the a-SMA. Top scale bar¼ 200mm. Bottom Scale Bar¼ 50mm. (d) Quantitative assessment of pulmonary arterial
muscularization in wild-type mice and PKR knockout mice after treatment with SU5416/hypoxia. **P< 0.01 by one-way ANOVA relative to wild-
type mice treated with Su5416/hypoxia.
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Fig. 4. PKR deletion represses ASC activation expression to inhibit HMGB1 and IL-1b release. (a) Representative immunoblots and densito-
metric analysis of pulmonary PKR and its downstream molecules, including ASC and mature IL-1b expression in wild type, SU5416/hypoxia, and
PKR knockout mice after treatment with SU5416/hypoxia (n¼ 3). (b, c) Bar charts showing HMGB1 (b) and IL-1b (c) release into the plasma of
wild type, SU5416/hypoxia, and PKR knockout mice treated with Su416/hypoxia (n¼ 6). (d, e) Bar charts showing HMGB1 (d) and IL-1b
(e) release into the plasma of Con, MCT, and PKR pharmacological inhibitor C16 prevention group (n¼ 6). (f, g) Bar charts showing HMGB1
(f) and IL-1b (g) release into the plasma of Con, SuHx, and PKR pharmacological inhibitor C16 prevention group (n¼ 6). **P< 0.01, ***P< 0.001
by one-way ANOVA relative to control groups or the indicated group.
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enhanced PH phenotype, PKR knockout mice exhibited

healthier state, as shown by decreases in right ventricular

systolic pressure, pulmonary vascular remodeling and right

ventricular hypertrophy (Fig. 3a, b). In addition, immuno-

histochemical staining showed that PKR knockout inhib-

ited the abnormal remodeling and muscularization of
pulmonary arteries (Fig. 3c, d).

PKR deletion represses ASC activation to

inhibit HMGB1 and IL-1b release

Previous studies have reported that PKR can bind to several
inflammasomes, including NLRP3, NLRC4 and NLRP1b,

to further induce inflammasome activation. ASC, the

common adaptor of the inflammasome, is necessary for
the assembly of the inflammasome and the cleavage of

caspase-1 to induce the release of mature IL-1b and
HMGB1, which have been confirmed to be important path-

ological factors in PH. Herein, we postulated that ASC is
important downstream target of PKR in PH. Although the

expression of ASC did not markedly change in PH mice,
HMGB1 and IL-1b, as the downstream targets of ASC,
were activated in the PH group (Fig. 4a). PKR deficiency

inhibited the activation of ASC, detected by the decrease of
HMGB1 and IL-1b (Fig. 4a). Moreover, we performed

ELISA assay to assess the levels of HMGB1 and IL-1b in
mice blood serum. Similar to the Western blotting results, in
the PH models, HMGB1 and IL-1b release levels were much

Fig. 5. Knockout of ASC can effectively inhibit the development of SuHx-induced PH. (a, b) Bar charts showing right ventricle systolic pressure
(RVSP) (a) and indices of RV weight (RV/LVþS) (b) in wild-type mice and ASC knockout mice, and all of the above groups stimulated with SU5416/
hypoxia (n¼ 6). (c) Photomicrographs of serial sections of peripheral mice lung containing small arteries from the above groups of mice. Sections
were immunostained for the a-SMA. Scale Bar¼ 50mm. (d) Quantitative assessment of pulmonary arterial muscularization in the above groups.
*P< 0.05, **P< 0.01, ***P< 0.001 by one-way ANOVA relative to SU5416/hypoxia.
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higher than those in the control group; however, this phe-

notype was prevented by PKR knockout (Fig. 4b, c).

Furthermore, we also explore whether pharmacological

PKR inhibitor C16 can prevent the release of HMGB1

and IL-1b. Our results showed that the levels of HMGB1

and IL-1b were also elevated in MCT or SuHx-PH rats.

Performing PKR inhibitor C16 partially repressed this phe-

nomenon (Fig.4d–g). These results suggest that PKR may

promote the development of PH by regulating ASC -medi-

ated inflammation.

Knockout of ASC effectively inhibits the

development of severe PH

Although previous studies reported that knockout of ASC

represses hypoxia-induced PH,19,23 whether ASC deletion is

sufficient to inhibit severe PH development is still unknown.

Hence, we established SuHx PH models in ASC knockout

mice or in the wild-type mice. Compared to the PH wild

type mice, knockout of ASC showed decreased right ven-

tricular systolic pressure (Fig. 5a), right ventricular hyper-

trophy (Fig. 5b) and pulmonary small vessel

muscularization (Fig. 5c, d), which is similar with PKR

knockout mice.

Knockout of ASC effectively inhibits HMGB1

and IL-1b release

Moreover, we detect whether ASC knockout also inhibits

the activation and release of HMGB1 and IL-1b in PH

models. Consistent with previous result, Western blotting

showed that ASC deficiency inhibited the expression and

activation of HMGB1 and IL-1b (Fig. 6a). We also per-

formed ELISA assay to assess the levels of HMGB1 and

IL-1b in mice blood serum. Similar to the Western blotting

results, HMGB1 and IL-1b release levels were much higher

in the PH models than those in the control group; however,

this phenotype was prevented by ASC knockout (Fig. 6b, c).

These results suggest that ASC promotes the development

of PH by regulating HMGB1 and IL-1b release.

Endothelial PKR promotes HMGB1 and IL-1b
release to induce the abnormal proliferation

of PASMCs

Having demonstrated that PKR is specifically activated in

the endothelial cell of pulmonary vessels in different PH

rodent models and that knockout of PKR is sufficient to

inhibit the development of PH, we next explored whether

Fig. 6. ASC deletion represses HMGB1 and IL-1b release in PH model. (a) Representative immunoblots and densitometric analysis of pul-
monary PKR and its downstream molecules, including ASC and mature IL-1b expression in wild type, SU5416/hypoxia, and ASC knockout mice
after treatment with SU5416/hypoxia (n¼ 3). (b, c) Bar charts showing HMGB1 (b) and IL-1b (c) release into the plasma of wild type, SU5416/
hypoxia, and ASC knockout mice treated with Su416/hypoxia (n¼ 6). *P< 0.05, **P< 0.01, ***P< 0.001 by one-way ANOVA relative to control
groups or Su5416/hypoxia group.
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Fig. 7. Knockdown of PKR in PAECs prevents the abnormal proliferation of PASMCs. (a) The diagram of co-culture system. (b) In the co-culture
system, PAECs were transfected with negative control siRNA (siCon) or PKR siRNA (siPKR) and then stimulated with TNF-a, CCK8 measures
the proliferation ability of PASMCs (n¼ 3). (c) PASMCs were analyzed by immunofluorescence for the expression of Ki67 (red), a-SMA (green)
and nuclei (DAPI, blue) in the indicated groups. (d) Bar charts showing the percentage of Ki67-positive PASMC (n¼ 3). (e, f) The release of
HMGB1 (e) and IL-1b (f) by indicated PAECs (n¼ 6). (g) In the co-cultured system, PAECs were transfected with siCon or siPKR, and then
stimulated with TNF-a. Simultaneously, PASMCs were treated with vehicle or recombinant HMGB1 and IL-1b, and the proliferation of PASMCs
were analyzed by CCK8 and the percentage of cell proliferation was shown in the bar charts (n¼ 3).
*P< 0.05, **P< 0.01, ***P< 0.001 by one-way ANOVA relative to the control group.
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activated PKR in PAECs is associated with abnormal

PASMC proliferation. We co-cultured primary PAECs

with PASMCs to evaluate the pro-proliferation role of

endothelial PKR on PASMCs (Fig. 7a). We silenced PKR

expression by siRNA in PAECs, then stimulated PAECs

with TNF-a and co-cultured with PASMCs. Our results

showed that PASMC proliferation ability was significantly

increased while co-cultured with TNF-a-stimulated control

PAECs (Fig. 7b). In addition, PASMC that co-cultured

with TNF-a-stimulated control PAECs showed strong pos-

itive staining of Ki67, a marker of excessive cell prolifera-

tion (Fig. 7c, d). However, silencing PKR in

TNF-a-stimulated PAECs blocked the abnormal prolifera-

tion and Ki67-positive staining of PASMCs (Fig. 7b–d). To

further determine whether PKR in PAECs promotes

PASMC proliferation via the release of HMGB1 and

IL-1b, we detected the levels of HMGB1 and IL-1b in the

cell supernatant. The results showed that the release of

HMGB1 and IL-1b by PAECs increased after TNF-a stim-

ulation; however, this phenomenon was abolished by PKR

knockdown (Fig. 7e, f). Moreover, we found that the pro-

liferation ability of PASMCs was significantly increased

after stimulation with recombinant HMGB1 and IL-1b pro-

teins, and this effect was similar to the effect of incubation

with TNF-a (Fig. 7g). Knockdown of PKR in PAECs did

not abolish the pro-proliferative role of HMGB1 and IL-1b
recombination proteins on PASMCs (Fig. 7g). Taken

together, these results indicated that PKR activation in

PAECs promotes the proliferation of PASMCs by trigger-

ing the release of HMGB1 and IL-1b, which promotes the

proliferation of PASMCs and subsequently leads to the

remodeling and muscularization of pulmonary arteries

(Fig. 8).

Conclusion

This study first showed that that loss of PKR activity was

sufficient to inhibit the development of pulmonary hyper-

tension. Endothelial PKR promotes inflammatory release

via ASC activation to induce pulmonary vascular remodel-

ing, which is an important initiating event of PH. These

conclusions were based on the following results: (i) PKR

activity was increased in experimental MCT- and SuHx-

PH models; (ii) chemical inhibition or genetic ablation of

PKR inhibited the development of PH, which was accom-

panied by inactivation of the inflammasome adaptor ASC

and inhibition of HMGB1 and IL-1b release; (iii) Deletion

of ASC is effective in attenuating the development of PH in

SuHx models; (iv) knockout of ASC inhibits the release of

HMGB1 and IL-1b and (v) silencing PKR in PAECs was

Fig. 8. A schematic representation of proposed mechanism for the role of PKR in PH development. Exposure to pro-PH factor TNF-a induces
the activation of PKR in PAECs. Subsequently, phosphorylated PKR induces inflammasome adaptor ASC activation. This process promotes the
release of inflammatory factors HMGB1 and IL-1b, which leads to the pulmonary artery smooth muscle cell excessive proliferation, and finally
triggers the development of PH.
PAEC: pulmonary artery endothelial cell; PASMC: pulmonary artery smooth muscle cell.

Pulmonary Circulation Volume 11 Number 4 | 11



sufficient to abolish the abnormal proliferation of PASMCs

by blocking the release of HMGB1 and IL-1b.
The pathogenesis of PH is complex and multifactorial.

Although the molecular and cellular mechanisms that initi-
ate and perpetuate vascular remodeling, especially abnor-

mal PASMC proliferation, remain unclear, some features

have been shared in PH patients and animal models.
Increased inflammatory infiltration is a typical trait of

PH, and inhibiting inflammatory cytokines, including IL-
1b, HMGB1 and TNF-a, can prevent the development of

PH.7,24,25 PKR is an important molecule of inflammatory-
sensing pathways.13 In this study, we found that PKR was

specifically activated in the endothelial cell of pulmonary
vessels in two different experimental PH models. In vitro,

the pro-PH factor TNF-a also induced PKR activation in
PAECs. Similar with previous study that TNF-a induces

PKR activation in brain of Alzheimer patients.26 Our

results suggested that TNF-a is also a pro-activation
factor of PKR in pulmonary arterial vessels. Since the pul-

monary arterial endothelial dysfunction is the initial factor
of PH, and the expression and activation of PKR is mainly

concentrated in pulmonary arterial endothelium, PKR is
likely to participate in the occurrence of PH. In our study,

PKR inhibitor or PKR knockout both significantly pre-
vented the development of SuHx-induced PH and inflam-

matory infiltration. These results demonstrated that PKR

promotes inflammatory infiltration to play a crucial role in
the pathogenesis of PH.

PKR promotes the release of inflammatory factors
through combination with inflammasome to recruit ASC.

ASC, as an indispensable inflammasome adaptor, is impor-
tant for the activation of inflammasomes, including

NLRP3, NLRC4, AIM2 and NLRP9b, which then recruits
the inflammatory protease caspase-1 to release IL-1b and

HMGB1.27 However, previous studies have shown that

knockout of NLRP3, NLRC4, AIM2 or NLRP9b alone
failed to effectively inhibit the occurrence of experimental

PH, whereas experimental hypoxia PH can be inhibited in
ASC-deficient mice.19 This phenomenon is probably due to

ASC-mediated activation of various inflammasomes. In line
with PKR deletion mice, ASC knockout mice moderated

the increase in right ventricle systolic pressure (RVSP) and
RV remodeling relative to wild-type controls.

However, the role of endothelial PKR and ASC on PH

needed to be further demonstrated. In our animal models,
the global knockout of PKR and ASC do not completely

mimic the effect of PKR on PH models. In addition, we
cannot exclude whether PKR and ASC on other cell types

also induce a potential effect on PH. Innate immune cells
also associated with the development of PH. Abnormal

macrophages, T cells, B cells and dendritic cells are prom-
inent in advanced obliterative plexiform lesions and occlu-

sive pulmonary arteries remodeling observed in

experimental and clinical PH.28 Due to PKR and ASC
have long been verified to promote inflammatory factors

release in immune cell,17,29 whether the pro-inflammatory
role of PKR and ASC on immune cells also induce the
development of PH still need to further study.

This study also explains the reason that the levels of IL-
1b and HMGB1 are increased in PH patients. The elevated
activity of PKR possibly promoted the release of IL-1b and
HMGB1 in PH patients, although we need further clinical
experiments to prove. In addition, the elevated levels of IL-
1b and HMGB1 can also be used as early biomarkers to
confirm the occurrence of PH and activation of PKR in
clinical patients.

In line with this finding, we found for the first time that
deletion of PKR prevented PASMCs from excessive
proliferation-induced vascular remodeling during PH devel-
opment. The mechanism involved the inhibition of ASC
activation, which decreased HMGB1 and IL-1b release.
Our findings provide novel insights into PKR-mediated
inflammatory and metabolic signaling in PH and might
open a new avenue to treat vascular remodeling-associated
cardiovascular diseases.
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