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ORIGINAL RESEARCH

Chronic Inhibition of Toll- Like Receptor 9 
Ameliorates Pulmonary Hypertension in 
Rats
Tomohito Ishikawa, MD; Kohtaro Abe , MD, PhD; Mariko Takana- Ishikawa, MD, PhD; Keimei Yoshida, MD, 
PhD; Takanori Watanabe, MD; Satomi Imakiire, MD; Kazuya Hosokawa, MD, PhD; Mayumi Hirano , PhD; 
Katsuya Hirano, MD, PhD; Hiroyuki Tsutsui, MD, PhD

BACKGROUND: Recent accumulating evidence suggests that toll- like receptor 9 (TLR9) is involved in the pathogenesis of car-
diovascular diseases. However, its role in pulmonary hypertension remains uncertain. We hypothesized that TLR9 is involved 
in the development of pulmonary hypertension.

METHODS AND RESULTS: A rat model of monocrotaline- induced pulmonary hypertension was used to investigate the effects 
of TLR9 on hemodynamic parameters, vascular remodeling, and survival. Monocrotaline- exposed rats significantly showed 
increases in plasma levels of mitochondrial DNA markers, which are recognized by TLR9, TLR9 activation in the lung, and 
interleukin- 6 mRNA level in the lung on day 14 after monocrotaline injection. Meanwhile, monocrotaline- exposed rats showed 
elevated right ventricular systolic pressure, total pulmonary vascular resistance index and vascular remodeling, together with 
macrophage accumulation on day 21. In the preventive protocol, administration (days −3 to 21 after monocrotaline injection) 
of selective (E6446) or nonselective TLR9 inhibitor (chloroquine) significantly ameliorated the elevations of right ventricular sys-
tolic pressure and total pulmonary vascular resistance index as well as vascular remodeling and macrophage accumulation 
on day 21. These inhibitors also significantly reduced NF- κB activation and interleukin- 6 mRNA levels to a similar extent. In the 
short- term reversal protocol, E646 treatment (days 14– 17 after monocrotaline injection) almost normalized NF- κB activation 
and interleukin- 6 mRNA level, and reduced macrophage accumulation. In the prolonged reversal protocol, E6446 treatment 
(days 14– 24 after monocrotaline injection) reversed total pulmonary vascular resistance index and vascular remodeling, and 
improved survival in monocrotaline- exposed rats.

CONCLUSIONS: TLR9 is involved in the development of pulmonary hypertension concomitant via activation of the NF- κB‒­IL- 6 
pathway. Inhibition of TLR9 may be a novel therapeutic strategy for pulmonary hypertension.
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Pulmonary hypertension (PH) is characterized by 
progressive increases in pulmonary vascular re-
sistance and pressure, resulting in right ventricular 

failure.1 Conventional pulmonary vasodilators including 
prostacyclin and its analogues, soluble guanylate cy-
clase stimulator, phosphodiesterase type 5 inhibitors, 
and/or endothelin receptor antagonists, have success-
fully delayed clinical aggravation of PH and improved 

survival.2 However, the prognosis of advanced cases 
remains poor. Therefore, better understanding of the 
pathogenesis of PH and development of novel thera-
peutic strategies are needed.

Previous animal studies reported that inflamma-
tion precedes vascular remodeling in experimental 
PH, suggesting that altered immunity is a cause 
rather than a consequence of this disorder. However, 
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the underlying mechanisms that initiate inflammatory 
and the immune processes involved in the progres-
sion of PH have not been fully elucidated. Recent 
study has revealed that cellular injury can release 
endogenous damaged mitochondrial DNA (mtDNA) 
that activates toll- like receptors (TLRs) to induce 
inflammatory responses.3 Recent reports also in-
dicate that mtDNA production and the resultant in-
flammation via activation of TLR9 play an important 
role in the pathogenesis of cardiovascular diseas-
es.4- 7 In mice with transverse aortic constriction, 
damaged mtDNA released by hemodynamic stress 
leads to TLR9- mediated inflammatory responses 
that may induce left- sided heart failure.7 The cir-
culating mtDNA activates TLR9, which contributes 
to elevate systemic blood pressure in spontaneous 
hypertensive rats.6 More recent study indicates that 
TLR9 activation stimulates interleukin- 6 (IL- 6), a 
multifunctional pro- inflammatory cytokine in rat pul-
monary endothelial cells, causing proliferation and 
migration of rat pulmonary arterial smooth muscle 
cells (PASMCs).8 However, very little is known about 
the role of this pathogenic mechanism in PH.

In the present study, we hypothesized that mtDNA 
might activate TLR9, and stimulate inflammatory cell 

accumulation and IL- 6 production in the lung, leading 
to PH progression. To test our hypothesis, we eval-
uated the plasma levels of mtDNA markers as well 
as TLR9 activation and IL- 6 level in lung during the 
course of development of PH in an experimental PH 
rat model, and examined whether chronic inhibition of 
TLR9 could attenuate PH accompanied by suppres-
sion of the augmented IL- 6 pathway in this model.

METHODS
The data that support the findings of this study are 
available from the corresponding author on request.

Animal Experiments
All experimental procedures were approved by the 
Institutional Animal Care and Use Committee of Kyushu 
University, Japan, and all animal procedures were per-
formed in compliance with the principles of the NIH 
Guide for the Care and Use of Laboratory Animals (NIH 
Publication, 8th Edition, 2011).

Monocrotaline- Induced PH Rat Model
Adult male Sprague- Dawley rats weighing 200 to 
250 g (Japan SLC, Hamamatsu, Japan) were given a 
single subcutaneous injection of 60 mg/kg of mono-
crotaline (Sigma- Aldrich, Saint Louis, MO) to induce 
PH.9 We used male rats because there is a more ag-
gressive course of MCT- induced PH in male rats com-
pared with female rats. A total of 165 rats were used, 
including 41 for survival study, 72 for hemodynamic, 
histology, and immunohistochemistry studies, 52 for 
reverse transcription– polymerase chain reaction, and 
Western blot analysis.

Drugs
Monocrotaline (Sigma- Aldrich, Saint Louis, MO) was 
dissolved in 1N HCl, neutralized with 1N NaOH, and di-
luted with distilled water to 20 mg/mL. E6446 provided 
by Eisai Inc. (São Paulo, SP, Brazil)10,11 and chloroquine 
(Sigma- Aldrich, Saint Louis, MO) were dissolved in 
drinking water and PBS, respectively.12

Pharmacological Blockade of TLR9
To examine the effect of TLR9 on PAH in rats, we 
tested 2 types of TLR9 inhibitors, E6446 provided by 
Eisai Inc. (São Paulo, SP, Brazil)10,11 and chloroquine 
(Sigma- Aldrich, Saint Louis, MO). Chloroquine impairs 
acidification of lysosomes to inhibit the interaction be-
tween nonmethylated cytidine- phosphate- guanosine 
(CpG) DNA and TLR9. The metabolic product of chlo-
roquine, hydroxychloroquine, is used as a treatment 
for malaria and systemic lupus erythematosus in hu-
mans.13,14 E6446 directly inhibits the binding between 

CLINICAL PERSPECTIVE

What Is New?
• Better understanding of the pathogenesis of 

pulmonary hypertension (PH) and development 
of novel therapeutic strategies are needed.

• Toll- like receptor 9 is involved in the develop-
ment of PH concomitant via activation of the 
NF- κB‒ IL- 6 pathway.

• Inhibition of toll- like receptor 9 may be a novel 
therapeutic strategy for PH.

What Are the Clinical Implications?
• Given the lack of established treatments for 

perivascular inflammation in PH, treatment tar-
geting toll- like receptor 9 can be a novel strat-
egy for PH.

Nonstandard Abbreviations and Acronyms

IL- 6 interleukin- 6
mtDNA mitochondrial DNA
NF- κB nuclear factor κB
PAH pulmonary arterial hypertension
PASMC pulmonary arterial smooth muscle cell
PH pulmonary hypertension
TLR9 toll- like receptor 9
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nonmethylated CpG and TLR9, and inhibits TLR9 
more selectively than other TLRs. As an orally active 
TLR9 inhibitor, its specificity is maintained in vivo (up to 
20 mg/kg per day).10,11 Thus, we consider that E6446 
used at the dose of 10 mg/kg in the present study is 
a reasonably selective inhibitor for TLR9 in rats, as re-
ported previously.15

Hemodynamic Evaluation in Rats
Hemodynamic parameters were evaluated as de-
scribed previously.16,17 Briefly, a rat was anesthetized 
with isoflurane (1.5% in room air). An 18- gauge BD 
Angiocath catheter (Becton Dickinson) with the tip at a 
30- degree angle was inserted into the right jugular vein 
and advanced into the right ventricle (RV) for meas-
urement of RV systolic pressure (RVSP) as a marker 
of systolic pulmonary arterial pressure.18 The catheter 
was connected to a fluid- filled transducer (DX- 360, 
Nihon Kohden, Japan). A microtip P- V catheter (FTH- 
1912B8018, Transonic Inc., Ithaca, NY) was inserted 
into the right carotid artery and then advanced into 
the left ventricle (LV). The RVSP, left ventricle systolic 
pressure, heart rate, and cardiac output were continu-
ously recorded using ML880/9 PowerLab 16/30 (AD 
Instruments, Dunedin, New Zealand), an ADVantage 
P- V control unit (v 5.0) (FY097B, Transonic Inc.), and a 
dedicated laboratory computer system. Cardiac index 
(CI) was calculated by dividing cardiac output by body 

weight. The ratio of RVSP to CI (RVSP/CI) yielded a sur-
rogate marker of total pulmonary vascular resistance 
index (TPRI).16,19 After hemodynamic measurements, 
the rat was euthanized by exsanguination under iso-
flurane. The heart was removed for assessment of RV 
hypertrophy, and the lungs were collected for histo-
logical evaluation, immunoblot analysis, and reverse 
transcription– polymerase chain reaction. RV hypertro-
phy was expressed as a ratio of the RV weight to the 
LV weight plus septum weight (RV/LV+S).16

Experimental Protocols
Protocol 1. Preventive Protocol

Chloroquine (50  mg/kg, intraperitoneal injection) or 
E6446 (10 mg/kg, oral administration in drinking water) 
was administered from 3  days before monocrotaline 
injection (day −3) through day 21 after monocrotaline 
injection, and rats were euthanized on day 21 in the fol-
lowing 4 groups; (1) age- matched normal rats (normal), 
(2) monocrotaline alone, (3) monocrotaline with chlo-
roquine, and (4) monocrotaline with E6446 (Figure 1).

Protocol 2. Three- Day Reversal Protocol (Short- 
Term Administration)

E6446 (10  mg/kg, drinking water) was administered 
from day 14 to day 17 after monocrotaline injection, 
and rats were euthanized on day 17 in 3 groups; (1) 

Figure 1. Experimental protocols.
The protocol 1 aims to examine the preventive effect of a toll- like receptor 9 (TLR9) inhibitor, E6446 on pulmonary hypertension 
(PH) in monocrotaline (MCT)- exposed rats. The protocol 2 aims to examine the short- term effect of TLR9 inhibition on inflammatory 
responses in the established PH in MCT- exposed rats. The protocol 3 aims to examine the therapeutic effect of E6446 on the 
established PH in MCT- exposed rats. CLQ: chloroquine; MCT: monocrotaline; and TLR9: toll- like receptor 9.
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age- matched normal rats (normal), (2) monocrotaline 
alone, and (3) monocrotaline with E6446. This protocol 
is used to examine a short- term effect of TLR9 inhi-
bition on inflammatory responses in monocrotaline- 
exposed rats.

Protocol 3. Long- Term Reversal Protocol 
(Prolonged Administration)

E6446 (10  mg/kg, drinking water) was administered 
from day 14 to day 24 after monocrotaline injection, 
and rats were euthanized on day 24 in 3 groups: (1) 
age- matched normal rats (normal), (2) monocrotaline 
alone, and (3) monocrotaline with E6446. This protocol 
is used to examine the therapeutic effect of a TLR9 in-
hibitor, E6446 on the established PH in monocrotaline- 
exposed rats.

Survival Study
In the preventive protocol, survival of rats was fol-
lowed until day 35 after monocrotaline injection in 
monocrotaline alone and monocrotaline with E6446 
groups. In the reversal protocol, survival was followed 
until day 28 after monocrotaline injection in those 
groups.

Mitochondrial DNA Isolation and 
Purification
To investigate the increase of mitochondrial DNA 
(mtDNA) in plasma,6 rats were injected with monocro-
taline on day 0, and plasma samples were collected 
after euthanization on days 1, 7, and 14. As controls, 
rats were injected with PBS on day 0 and euthanized 
on day 1. Arterial blood was collected from the ca-
rotid artery in tubes containing EDTA. Blood was 
immediately centrifuged at 1500g for 15 minutes at 
4°C. Plasma was then stored in multiple aliquots at 
−80°C until analysis. Circulating DNA was extracted 
from plasma samples and purified using the Plasma/
Serum Cell- Free Circulating DNA Purification Mini Kit 
(Norgen Biotek Corp., Canada). Mitochondrial DNA 
was amplified and quantified using SsoAdvanced 
Universal SYBR Green Supermix (Bio- Rad, Hercules, 
CA). The primers (Invitrogen, Grand Island, NY) used 
to amplify mtDNA were: NADH dehydrogenase 
subunit 4 (ND4) (forward 5’- CTC CGC AAC AGA 
ACT AAT- 3’ and reverse 5’- GTT GAG TGT TCC TAT 
TGA GT- 3’), cytochrome c oxidase subunit 2 (COX2) 
(forward 5’- GCT GTC ATT CTT ATT CTA A- 3’ and 
reverse 5’- GGA TTA TGT AGG AGT CAA- 3’) and 
ATPase 6 (ATP6) (forward 5’- CGA AAC TAT CAG 
CCT ATT- 3’ and reverse 5’- AGT AGA AGT AGA ATA 
ATA AAT GTA A- 3’). Primer sequences have no sig-
nificant homology with DNA found in any bacterial 
species published on BLAST. Real- time results were 

presented as the inverse of cycle threshold for gene 
amplification.20

Histopathological Analysis
After catheterization, the rat was euthanized by exsan-
guination under overdose of isoflurane (2%– 5% in room 
air) and an intraperitoneal injection of a lethal dose of 
pentobarbital sodium (30 mg/kg), and then the lungs 
were removed. The left lobe of the lungs was inflated 
with PBS containing 1% formalin plus 0.5% agarose 
via the trachea at a constant pressure of 20 cm H2O, 
and was then fixed in 10% formalin neutral buffer solu-
tion overnight. After embedding in paraffin, 5- μm- thick 
slices obtained at the level of the hilum were subjected 
to Elastin van Gieson staining and immunohistochemi-
cal staining.16

Medial Wall Thickness

Small pulmonary arteries with outer diameters of 50 to 
100 µm were analyzed. They were used for the evalu-
ation of the medial wall thickness.21,22 The medial wall 
thickness index was obtained using the following for-
mula: medial wall thickness =(outer diameter−inner 
diameter)/outer diameter. At least 10 arteries were ana-
lyzed, and the mean medial wall thickness was obtained 
for each animal. The analysis was performed in a blinded 
manner.

Immunohistochemical Analysis
All sections were incubated with primary antibody 
reactive to smooth muscle actin (1:500; M085101; 
Agilent DAKO, Santa Clara, CA), Ki67 (1:400; RM- 9106; 
Thermo Scientific K.K., Tokyo, Japan), CD68 (1:100; 
ab31630; Abcam), nuclear factor kappa B (NF- κB; 
1:200; MAB3026; Merck KGaA, Darmstadt, Germany), 
and TLR9 polyclonal antibody (1:200; PA5- 20203; 
Thermo Scientific K.K., Tokyo, Japan) at 4°C over-
night. Sections were then incubated with biotinylated 
secondary antibody before horseradish peroxidase– 
labeled streptavidin.4

Muscularization in Small Pulmonary Arteries

Pulmonary arteries with outer diameters of 50 µm or 
less were analyzed.23 Nonmuscular, partially muscu-
lar, and fully muscular (FM) arterioles were defined by 
positive staining of α- smooth muscle actin in <25%, 
25% to 75%, and >75%, respectively, of the circum-
ference of the arteriole. At least 70 arterioles were 
evaluated for each specimen in a blinded manner.

Cell Proliferation in Media of Pulmonary Arteries

Proliferative cells were detected by immunostaining by 
anti- Ki67 antibody.16 The number of Ki67- positive cells 
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in the media of pulmonary arteries in 15 random fields 
was counted at a magnification of ×400.

Macrophage Accumulation

Macrophages were detected by immunostaining by 
anti- CD68 antibody.24 The number of CD68- positive 
macrophages in 15 random fields was counted at a 
magnification of ×400.

NF- κB Activity

The redox- sensitive transcription factor, nuclear fac-
tor κB (NF- κB), is known as one of the key inflamma-
tory markers involved in the downstream of the TLR9 
pathway.25 Immunohistochemical staining of NF- κB 
was performed using the Vectastain Universal Quick 
kit (Vector Laboratories).16 The αp65 mAb of NF- κB, 
which recognizes an epitope on the p65 subunit that is 
masked by the bound inhibitor of κB, detects activated 
NF- κB. The numbers of NF- κB‒ positive cells were 
counted in 20 random fields at a magnification of ×400. 
The analysis was performed in a blinded manner.

Reverse Transcription– Polymerase Chain 
Reaction Analysis
Total RNAs were extracted from whole lung using 
the RNeasy Mini Kit (Qiagen, Hilden, Germany) and 
mRNA expression level was determined by reverse 
transcription– polymerase chain reaction.24 The 
ReverTra Ace qPCR Kit (Toyobo, Tokyo, Japan) and 
SYBR Premix Ex Taq (TaKaRa, Tokyo, Japan) were 
used for reverse transcription and amplification, re-
spectively. We purchased polymerase chain reaction 
(PCR) primers and probes from TaKaRa. A 10- μL RT 
reaction mixture containing 200 ng of total RNA, oligo 
dT primer, random primer, and Moloney murine leu-
kemia virus reverse transcriptase was subjected to 
transverse transcription. An aliquot of RT product was 
diluted with water, and 25 ng of the cDNA was sub-
jected to real- time PCR analysis using SYBR Premix 
Ex TaqII and 7500 real- time PCR system (Applied 
biosystems). The thermal cycle consisted of an ini-
tial denaturation at 95°C for 30 seconds followed by 
40 cycles of denaturation at 95°C for 5 seconds and 
annealing at 60°C for 34  seconds. We analyzed the 
melting curve of the PCR product at the end of the 
real- time PCR analysis and identified the single peak 
of the melting profile. Electrophoresis confirmed that 
each PCR product showed a single band with the ex-
pected molecular size. We used the ΔΔCt method to 
analyze the fluorescence data using 18s as an internal 
control. The primers that were used to amplify mRNA 
were interleukin- 6 (Il- 6; forward 5’- ATT GTA TGA ACA 
GCG ATG ATG CAC- 3’ and reverse 5’ - CCA GGT AGA 
AAC GGA ACT CCA GA- 3’) and 18s (forward 5’- AAG 

TTT CAG CAC ATC CTG CGA GTA- 3’ and reverse 5’- 
TTG GTG AGG TCA ATG TCT GCT TTC- 3’).24

Western Blotting
The lungs were frozen at −80°C and subsequently ho-
mogenized in 50 mmol/L HEPES, pH 7.4, 150 mmol/L 
NaCl, 0.5% (vol/vol) Nonidet P- 40, 1  mmol/L EDTA, 
1  mmol/L dithiothreitol, 0.5  mmol/L Na3VO4, 10  µg/
mL leupeptin, 10  µg/mL aprotinin, 5  µmol/L micro-
cystin- LR, 10  µmol/L calpain inhibitor, and 10  µmol/L 
4- aminidophenylmethane sulfonyl fluoride.26 The pro-
tein concentration of the lysate was determined using a 
Coomassie protein assay kit (Pierce, Rockford, IL) with 
bovine serum albumin as standard. Equal amounts of 
total proteins (10  µg) were separated on 10% (wt/vol) 
polyacrylamide gels for SDS- PAGE and transferred to 
a polyvinylidene difluoride membrane (0.2 µm pore size; 
Bio- Rad, Hercules, CA). The membranes were blocked 
with 5% (wt/vol) skim milk in 20 mmol/L Tris- HCl, pH 7.5, 
150 mmol/L NaCl, and 0.05% (vol/vol) Tween 20 (Tween 
20 containing Tris- buffered saline) for 1  hour at room 
temperature. The membranes were then incubated over-
night at 4°C with primary antibodies: anti- TLR9 (1:5000, 
Abcam, Cambridge, UK, ab134368),6 phospho- STAT3 (1: 
3000, Cell Signaling Technology, Denver, MA, #9131),27,28 
anti- STAT3 antibody (1:5000, Cell Signaling Technology, 
Denver, CO, #124H6),27 and β- actin (1:5000, Santa Cruz 
Biotechnology, Dallas, TX, #sc- 47778), followed by 1- 
hour incubation with secondary antibodies conjugated 
to horseradish peroxidase (1 5000). The immune com-
plexes were detected using an ECL select detection kit 
(GE Healthcare, Buckinghamshire, UK). Light emission 
was detected and analyzed with VersaDoc 5000 and the 
computer program Quantity One (Bio- Rad). We meas-
ured the following protein levels: phospho- STAT3, STAT3, 
TLR9, and β- actin. The optical density of the phospho- 
STAT3 band was normalized to that of the corresponding 
STAT3 band.8 The optical density of the TLR9 band was 
normalized to that of the corresponding β- actin band.

Human Lung Specimens
Lung specimens were obtained from autopsy material 
of a patient with severe PAH. Informed consent to use 
the tissue for research purposes had previously been 
obtained. The tissue was fixed in 10% formalin and 
paraffin- embedded after routine processing. Slides 
were cut at 5 µm and stained with Elastin van Gieson 
staining and immunohistochemical staining.

Evaluation of Long- Term Effect of TLR9 
Inhibition on PH in SU5416/Hypoxia/
Normoxia- Exposed PH Model of Rats
Adult male Sprague- Dawley rats weighing 180 to 220 g 
were injected subcutaneously with SU5416 (20 mg/kg) 
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and exposed to hypoxia (10% O2) for 3 weeks.16 They 
were returned to normoxia (21% O2) for an additional 
5 weeks (total 8 weeks after SU5416 injection). E6446 
(10  mg/kg, drinking water) was administered from 
week 3 to week 8 after SU5416 injection, and rats were 
euthanized on week 8 in 3 groups; (1) age- matched 
normal rats (normal), (2) SU5416/hypoxia/normoxia 
alone, and (3) SU5416/hypoxia/normoxia with E6446. 
This protocol is used to examine the therapeutic effect 
of a TLR9 inhibitor, E6446, on the established PH in 
SU5416/hypoxia/normoxia- exposed rats.

Statistical Analysis
Values are expressed as mean±SEM. ANOVA with 
Bonferroni post hoc test was used for comparisons 
among the experimental groups. The survival curves 
were analyzed by the Kaplan- Meier method, and the 
statistical differences were analyzed by a log- rank test. 
Differences were considered significant at P<0.05.

RESULTS
Inflammatory Responses in 
Monocrotaline- Exposed Rats
Circulating mitochondrial DNAs, ND4, ATP6, and 
COX2 in plasma samples increased significantly 
on days 7 and 14 (ND4) or day 14 (ATP6, COX2) in 
monocrotaline- exposed rats compared with nor-
mal control rats injected with PBS (Figure 2A). TLR9, 
a receptor for mitochondrial DNAs, was expressed 
predominantly in endothelial cells, which were also 
positive for NF- κB, in the monocrotaline- exposed rats 
3 weeks after monocrotaline injection (Figure S1). The 
similar localization was observed in the specimens of a 
patient with severe PAH (Figure S1). In monocrotaline- 
exposed rats, the protein level of cleaved C- terminal 
fragment of TLR9, an indicator of TLR9 activation, in 
the lung increased significantly on days 7 and 14, com-
pared with control rats (Figure 2B). The mRNA levels 
of Il- 6 in lung increased significantly on day 14 after 
monocrotaline injection (Figure  2C). Concomitantly, 
immunostaining indicated that the number of CD68- 
positive macrophages increased significantly in areas 
surrounding small pulmonary arteries on day 14 in 
monocrotaline- exposed rats (Figure 2D).

Preventive Effects of Long- Term 
Treatment With TLR9 Inhibitors 
on Hemodynamics and Survival in 
Monocrotaline- Exposed Rats
In the monocrotaline group, RVSP (Figure 3A) and TPRI 
(Figure 3C) increased significantly while CI (Figure 3B) 
decreased significantly compared with the normal 
control group. The RV/LV+S weight ratio also in-
creased significantly in the monocrotaline group com-
pared with the normal control group (Figure 3D). The 
mean systemic arterial pressure and heart rate in the 
monocrotaline group did not differ significantly from 
those in the normal control group (data not shown). 
When treatment with chloroquine or E6446 was 
started 3 days before monocrotaline injection (protocol 
1, Figure 1), chloroquine and E6446 both significantly 
ameliorated the increases in RVSP, TPRI, and RV/
LV+S in monocrotaline- exposed rats (Figure  3A, 3C, 
and 3D). Chloroquine and E4666 had no effects on CI 
(Figure 3B).

All rats in the monocrotaline group died within 
32 days after the injection of monocrotaline (Figure 3E). 
Autopsies of all deceased rats demonstrated severe 
RV hypertrophy and a significant degree of pleural effu-
sion, ascites, and hepatic congestion. These manifes-
tations indicated the existence of RV failure at the time 
of death. Thus, severe pulmonary hypertension ap-
peared to be the main cause of death in these animals. 
Survival was significantly improved by administration 
of E6446 compared with untreated monocrotaline- 
exposed rats (Figure 3E).

Preventive Effects of TLR9 Inhibitors 
on Pulmonary Artery Remodeling in 
Monocrotaline- Induced Rats With PH
Medial wall hypertrophy in muscular arteries, a mani-
festation of vascular remodeling in PH, was evaluated 
in small arteries with diameters of 50 to 100 µm. The 
medial wall thickness was significantly increased on 
day 21 in the monocrotaline group compared with the 
normal control group (Figure  4A). Administration of 
chloroquine or E6446 significantly ameliorated thicken-
ing of the medial wall of pulmonary arteries in treated 
monocrotaline- exposed rats compared with untreated 
monocrotaline- exposed rats (Figure 4A).

Figure 2. Quantification of mitochondrial DNA genes, TLR9 activation, Il- 6 and macrophage accumulation in normal control 
and MCT- exposed rats.
A, NADH dehydrogenase subunit 4 (ND4, left), ATP synthase 6 (ATP6, middle) and cytochrome C oxidase subunit II (COX2, right) in plasma 
of normal and MCT- exposed rats at days 1, 7, and 14 after MCT injection, as measured by real- time PCR. 1/CT denotes the reciprocal of the 
count where the sequence is detected, and is a direct function of gene concentration. B, Protein expression level of cleaved TLR9 in whole 
lung measured by Western blotting. C, Il- 6 mRNA expression level in whole lung measured by RT– PCR. D, Representative photomicrographs 
(left) and counts (right) of CD68- positive macrophages (arrowheads) in the lung. Scale bars indicate 50 μm. Con indicates normal rats 
injected with PBS; and MCT, monocrotaline. N=5– 7. *P<0.05 and **P<0.01 vs Con., according to a 1- way ANOVA followed by Bonferroni post 
hoc test. HPF, high- power field; RT- PCR, reverse transcriptase polymerase chain reaction; and TLR9, toll- like receptor 9.
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Muscularization of the arterioles, another manifestation 
of vascular remodeling in PH, was evaluated in arterioles 
with diameters of 50 µm or less. Immunohistochemical 
detection of α- smooth muscle actin and quantitative 

evaluation of the degree of positive staining relative to the 
circumferential length revealed a significant increase in the 
percentage of partially and totally muscularized arterioles 
in the monocrotaline group on day 21 after monocrotaline 



J Am Heart Assoc. 2021;10:e019247. DOI: 10.1161/JAHA.120.019247 8

Ishikawa et al TLR9 and Pulmonary Hypertension

injection (Figure  4B). Treatment with either chloroquine 
or E6446 significantly ameliorated the muscularization 
of pulmonary arterioles in monocrotaline- exposed rats 
(Figure 4B). The number of Ki67- positive, thus proliferative, 
cells in the media of muscular arteries increased in the 
monocrotaline group compared with the normal group 
(Figure 4C). Treatment with chloroquine or E6446 ame-
liorated the increase in the Ki67- positive cells (Figure 4C).

Preventive Effects of TLR9 Inhibitors 
on Inflammatory Responses in 
Monocrotaline- Induced Rats With PH
The infiltration of CD68- positive macrophages and NF- 
κB- positive cells increased in the areas surrounding 
small pulmonary arteries in the monocrotaline group, 
compared with the normal group. Treatment with chloro-
quine or E6446 significantly reduced the accumulation of 
CD68- positive macrophages and NF- κB- positive cells in 

the monocrotaline- exposed rats (Figure 5A and 5B). The 
mRNA levels of Il- 6 increased significantly in the mono-
crotaline group, while this increase was significantly and 
almost completely inhibited by treatment with chloro-
quine or E6446 (Figure 5C). The level of phospho- STAT3, 
a major downstream molecule of IL- 6, increased in lungs 
of monocrotaline- exposed rats compared with normal 
rats. Treatment with E6446 significantly ameliorated the 
activation of STAT3 compared with the monocrotaline 
group (Figure 5D).

Reversal Effects of Short- Term (3- Day) 
Treatment With a TLR9 Inhibitor on 
Perivascular Inflammation in Established 
Monocrotaline- Induced Rat Model With PH
Previous studies demonstrated that monocrotaline- 
exposed rats showed significant pulmonary hyperten-
sion on day 14.29,30 The numbers of CD68- positive 

Figure 3. Preventive effects of long- term treatment with toll- like receptor 9 inhibitors on hemodynamic parameters and 
survival in MCT- exposed rats.
Rats were given a subcutaneous injection of MCT on day 0. Some MCT- injected rats were treated with CLQ or E6446 from 3 days 
before to 21 days after MCT injection. Normal: normal controls. A, RVSP. B, CI. C, TPRI. D, right ventricular hypertrophy (RV/LV+S: 
weight ratio of RV free wall to the sum of LV free wall and septum) were measured. Data are expressed as mean±SEM. N=6 to 7. 
**P<0.01 vs Normal. †P<0.05 and ‡P<0.01 vs MCT, based on a 1- way ANOVA followed by Bonferroni post hoc test. E, Survival curves 
are shown for MCT- exposed rats not treated (MCT, n=9) and those treated with E6446 (10 mg/kg per day, oral, n=12) from the day of 
MCT injection. The statistical differences were analyzed by a log- rank test. CI indicates cardiac index; CLQ, indicates chloroquine; 
MCT, monocrotaline; RV/LV+S, ratio of the right ventricle weight to the left ventricle weight plus septum weight; RVSP, right ventricular 
systolic pressure; and TPRI, total pulmonary vascular resistance index.
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macrophages and NF- κB- positive cells increased in the 
areas surrounding small pulmonary arteries in the mono-
crotaline group compared with the normal group (Figure 6A 
and 6B). Short- term treatment (from day 14 to day 17) with 
E6446 (3- day reversal protocol, protocol 2, Figure 1) sig-
nificantly reduced CD68- positive macrophages and NF- 
κB– positive cells in the lung of monocrotaline- exposed 
rats (Figure 6A and 6B). However, short- term treatment 
with E6446 had no significant effect on the medial wall 
thickness and RVSP (data not shown). The level of Il- 6 
mRNA in the lung increased significantly in the monocro-
taline group compared with the normal group (Figure 6C). 
Short- term treatment with E6446 almost completely nor-
malized the level of Il- 6 mRNA expression in the lung of 
monocrotaline- exposed rats (Figure 6C). E6446 also sig-
nificantly inhibited the activation of STAT3 compared with 
the monocrotaline group (Figure 6D).

Reversal Effect of Prolonged Treatment 
With a TLR Inhibitor on Pulmonary 
Hypertension, PA Remodeling, and 
Survival in Established Monocrotaline- 
Induced Rat Model With PH
Treatment with E6446 from day 14 to day 24 after 
monocrotaline injection (10- day reversal proto-
col, protocol 3, Figure 1) reduced the increases of 
TPRI, medial wall thickness, and percentage of fully 
muscularized vessels on day 24, compared with 
the monocrotaline group (Figure  7C, 7E, and 7F), 
whereas E6446 treatment had no significant effect 
on RVSP, CI, and RV/LV+S ratio (Figure 7A, 7B, and 
7D). In addition, E6446 treatment significantly im-
proved survival of the monocrotaline- exposed rats 
(Figure 7G).

Figure 4. Preventive effects of long- term treatment with TLR9 inhibitors on pulmonary artery remodeling in MCT- exposed 
rats.
Rats were given a subcutaneous injection of MCT on day 0. Some MCT- injected rats were treated with CLQ or E6446 from 3 days 
before to 21 days after MCT injection. Normal: normal controls. A, Representative photomicrographs of Verhoeff- van Gieson stained 
pulmonary arteries with outer diameters of 50 to 100 µm, and comparison of medial wall thickness in 4 groups. B, Representative 
photomicrographs of pulmonary arterioles with outer diameters of 50 µm or less immunostained for β- smooth muscle actin showing 
NM, PM, and TM patterns, and comparison in 4 groups. C, Representative photomicrographs of Ki67- positive cells (arrowheads) in 
medial layer of pulmonary arteries with outer diameters of 50 µm or less, and comparison of counts in 4 groups. Bars indicate 50 µm. 
Data are expressed as mean±SEM. N=6 to 7. **P<0.01 vs Normal. ‡P<0.01 vs MCT, according to a 1- way ANOVA followed by Bonferroni 
post hoc test. CLQ indicates chloroquine; FM, fully muscular; HPF, high- power field; MCT, monocrotaline; NM, nonmuscular; PM, 
partially muscular; TM, totally muscular; and TLR9, toll- like receptor 9.
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Effect of Prolonged Treatment With a TLR 
Inhibitor on Pulmonary Hypertension in 
Established SU5416/Hypoxia/Normoxia- 
Induced Rat Model With PH
In order to generalize the findings of the monocrotaline- 
exposed PH model, a SU5416/hypoxia/normoxia- 
exposed PH rat model was utilized to examine the 
therapeutic effect of E6446 (Figure 8A). The treatment 
with E6446 from week 3 through week 8 after SU5416 
injection had no significant effect on RVSP, CI, TPRI, 
and RV/LV+S ratio (Figure 8B through 8E).

DISCUSSION
The novel findings of the present study are the follow-
ing: (1) TLR9 activation was involved in the develop-
ment of PH induced by monocrotaline injection in rats; 
and (2) long- term inhibition of TLR9 in monocrotaline- 
exposed rats not only ameliorated but also reversed 
the pathophysiological findings in PH, reduced Il- 6 

mRNA level, and prolonged survival. These results in-
dicate that TLR9 inhibition is a potential novel thera-
peutic strategy for PH.

In the present study, 2 types of TLR9 inhibitors— 
chloroquine and E6446— were studied. Chloroquine 
impairs acidification of lysosomes, thereby inhibiting 
the interaction between nonmethylated CpG DNA 
and TLR9, and chloroquine has high selectivity for 
TLR9 among other TLRs (IC50 for TLR9, 7, and 4 are 
0.08, 2.78, and >30 mmol/L, respectively).10,11 On the 
other hand, E6446 directly inhibits the binding be-
tween nonmethylated CpG DNA and TLR9. Although 
E6446 inhibits TLR7 and TLR9 signaling by accumu-
lating inside cells and binding to nucleic acids, it can 
inhibit TLR9 more selectively than TLR7 (IC50 for TLR9, 
TLR7, and TLR4 are 0.01, 1.78, and 10.58  mmol/L, 
respectively).10,11 Previous in vivo study demonstrated 
that administration of 20 mg/kg of E6446 for 5 days 
completely inhibited the increase of Il- 6 mRNA level in 
response to a TLR9 agonist (CpG ODN1668) but not 
to synthetic nonnucleic acid agonists of TLR7 (CL097 

Figure 5. Preventive effects of long- term treatment with TLR9 inhibitors on perivascular inflammation in MCT- exposed 
rats.
Rats were given a subcutaneous injection of MCT on day 0. Some MCT- injected rats were treated with CLQ or E6446 from 3 days before 
to 21 days after MCT injection. Normal: normal controls. A and B, Representative photomicrographs of CD68- positive macrophages 
and NF- κB‒ positive cells (arrowheads) in medial layer of pulmonary arteries with outer diameters of 50 µm or less, and comparisons of 
counts in 4 groups. Scale bars indicate 50 µm. C, The mRNA expression levels of Il- 6 in lung measured by RT- PCR. D, Representative 
photographs of Western blots of phospho- STAT3, STAT3, and β- actin in lung (upper) and summary of the protein levels of phospho- 
STAT3/STAT3 in lung (lower). Data are expressed as mean±SEM. N=6 to 7. **P<0.01 vs Normal. ‡P<0.01 vs MCT, according to a 1- way 
ANOVA followed by Bonferroni post hoc test. CLQ indicates chloroquine; HPF, high- power field; MCT, monocrotaline; NF- κB, nuclear 
factor κB; RT- PCR, reverse transcriptase polymerase chain reaction; and TLR9, toll- like receptor 9.
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and R848) or lipopolysaccharide in the spleen cells 
harvested from mice.10 Another study also demon-
strated that 20 or 60 mg/kg per day of E6446 markedly 
and dose- dependently inhibited an increase in serum 
IL- 6 level 2 hours after challenge with CpG ODN1668 
in mice.10 Considering that relatively lower doses 
of E6446 (10  mg/kg per day) as well as chloroquine 
(50  mg/kg per day) similarly and almost completely 
inhibited the increase of Il- 6 mRNA level in the lung 

of monocrotaline- exposed rats, it is conceivable that 
these inhibitors prevented the development of PH by 
inhibiting TLR9 signaling.

When TLR9 senses its specific agonist of subcel-
lular CpG DNA, TLR9 first translocates from endo-
plasmic reticulum to the endosome, and subsequently 
binds to the agonist in the endosome.31 Then, TLR9 
is cleaved in the endosome into N-  and C- terminal 
fragments. The C- terminal fragment is the active form 

Figure 6. Reversal effects of short- term (3- day) treatment with TLR9 inhibitors on perivascular inflammation in rats with 
established MCT- induced PH.
Rats were given a subcutaneous injection of MCT on day 0. Some MCT- injected rats were treated with E6446 from days 14 to 17 after 
MCT injection. Normal: normal controls. A and B, Representative photomicrographs of CD68- positive macrophages and NF- κB‒ 
positive cells (arrowheads) in medial layer of pulmonary arteries with outer diameters of 50 µm or less, and comparisons of counts in 4 
groups. Scale bars indicate 50 µm. C, The mRNA expression levels of Il- 6 in lung measured by RT- PCR. D, Representative photographs 
of Western blots of phospho- STAT3, STAT3, and β- actin in lung (upper) and summary of the protein levels of phospho- STAT3/STAT3 
in lung (lower). Data are expressed as mean±SEM. N=6 to 7. **P<0.01 vs normal. †P<0.05 and ‡P<0.01 vs MCT, according to a 1- way 
ANOVA followed by Bonferroni post hoc test. HPF indicates high- power field; MCT, monocrotaline; NF- κB, nuclear factor κB; PH, 
pulmonary hypertension; RT- PCR, reverse transcriptase polymerase chain reaction; and TLR9, toll- like receptor 9.
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of TLR9 and interacts with MyD88 to induce cyto-
kine production.32 In the present study, we found an 
increased protein level of C- terminal TLR9 fragment 
in the lungs concomitant with increased circulating 
mtDNAs on days 7 and 14 after monocrotaline injec-
tion, suggesting that mtDNAs activate TLR9 during 
the progression of PH. Considering that mtDNAs did 
not increase to a significant level at the earliest time 
point (day 1) when monocrotaline and its metabolites 
in blood should reach peak concentrations, we specu-
late that monocrotaline and its metabolites may not di-
rectly increase circulating mtDNAs. In a previous study, 
pressure- overload toward LV induced deposition of 
mtDNA that co- localized with TLR9 in autolysosomes 
in mice on day 2 after transverse aortic constriction.7 
We demonstrated that TLR9 is expressed in pulmonary 
artery endothelial cells of monocrotaline- exposed rats 
and human PAH (Figure  S1). We have also reported 

that hemodynamic stress plays a critical role in the de-
velopment and maintenance of NF- κB‒ IL- 6‒ mediated 
perivascular inflammation and vascular remodeling in 
rats with PH.24 It is therefore possible that hemody-
namic stress induces mtDNA- mediated TLR9 activa-
tion in pulmonary artery endothelial cells and that such 
activation of TLR9 may be responsible for the initiation 
and development of PH. Further study is needed to 
investigate how hemodynamic stress induces mtDNA 
production in the lung and which cell types are respon-
sible for TLR9 activation in PH.

Regarding the effects of TLR9 inhibitors on mtDNA 
and TLR9 activation, the treatment with chloroquine or 
E6446 according to Protocol 1– preventive protocol had 
no significant effect on the levels of mtDNAs on days 
21 in monocrotaline- exposed PH rats (Figure  S2A). 
The previous reports demonstrated that the hemody-
namic stress or other pathological stresses trigger the 

Figure 7. Reversal effect of prolonged (10- day) treatment with a selective TLR inhibitor on pulmonary hypertension, PA 
remodeling, and survival in rats with MCT- induced PH.
Rats were given a subcutaneous injection of MCT on day 0. Some MCT- injected rats were treated with E6446 from days 14 to 24 
after MCT injection. Normal: normal controls. A, RVSP. B, CI. C, TPRI. D, Right ventricular hypertrophy. E, Medial wall thickness of 
pulmonary arteries with outer diameters of 50 to 100 µm. F, Muscularization of pulmonary arteries with outer diameters of 50 µm or 
less. Data are expressed as mean±SEM. N=6 to 7. *P<0.05 and **P<0.01 vs Normal. †P<0.05 and ‡P<0.01 vs MCT, according to a 
1- way ANOVA followed by Bonferroni post hoc test. G, Survival curves (day 14 to day 28 after MCT injection) are shown for MCT- 
exposed rats not treated (MCT, n=10) and those treated with E6446 (10 mg/kg per day, oral, n=10). The statistical differences were 
analyzed by a log- rank test. CI indicates cardiac index; FM, fully muscular; MCT, monocrotaline; NM, nonmuscular; PA, pulmonary 
artery; PH, pulmonary hypertension; PM, partially muscular; RV/LV+S RV/LV+S, right ventricular hypertrophy (weight ratio of RV 
free wall to the sum of LV free wall and septum); RVSP, right ventricular systolic pressure; TLR9, toll- like receptor 9; and TPRI, total 
pulmonary vascular resistance index.
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release of mtDNA.3,4,6- 8,15 The released mtDNA in turn 
activate TLR9 and its downstream signaling. Therefore, 
it is conceivable that mtDNA release is an upstream 
event, but not downstream event, of TLR9 signaling. 
In addition, the treatment with chloroquine or E6446 
according to the preventive protocol (protocol 1) and 
the 3- day reversal protocol (protocol 2) had no signif-
icant effect on the levels of cleaved TLR9 in the lungs 
of monocrotaline- exposed PH rats (Figure  S2B). As 
mentioned above, the cleavage and activation of TLR9 
occur in the endosome after translocating from endo-
plasmic reticulum upon insult of subcellular CpG DNA, 
such as mtDNA. The C- terminal fragment, which rep-
resents an active form of TLR9, then binds to mtDNA, 
and interacts with downstream signaling molecules 
such as MyD88 to induce inflammatory responses in-
cluding cytokine production. Chloroquine and E6446 
are considered to inhibit the interaction between the 
agonist and cleaved TLR9, thereby inhibiting the TLR9 
function.11 Chloroquine also inhibits TLR9 signaling 
by inhibiting acidification of endosome, which is a 

prerequisite for the TLR9 cleavage. These results are 
therefore consistent with such proposed mechanism 
of action of chloroquine and E6446.

IL- 6 was increased in the lung of PH rodent mod-
els and in the blood of patients with severe PH.29,33,34 
The level of IL- 6 was shown to correlate with the 
prognosis of patients with PAH.34 In previous studies, 
lung- specific Il- 6‒ expressing transgenic mice dis-
played spontaneous PH under normoxia condition 
and developed greatly exaggerated hypoxia- induced 
PH,35 and RVSP was reduced in Il- 6– deficient mice 
compared with wild- type mice subjected to 3- week 
exposure to hypoxia.36 Based on these findings, the 
concept that IL- 6 is a key cytokine in the develop-
ment of PH has been widely accepted. In the pres-
ent study, not only preventive but also 3- day reversal 
treatment with TLR9 inhibitor almost completely nor-
malized the elevated Il- 6 mRNA level in the lung of 
monocrotaline- exposed rats. These findings suggest 
that the attenuation of the IL- 6 pathway is involved 
in the therapeutic effect of TLR9 inhibitor on PH. 

Figure 8. Treatment with a selective TLR inhibitor on hemodynamic parameters and RV hypertrophy in rats with SU5416/
hypoxia/normoxia– induced PH rats.
A, Experimental protocol. Rats received a single subcutaneous injection of SU5416 (20 mg/kg weight), and were housed in hypoxic 
condition (10% O2) for 3 weeks and then normoxic condition for 5 weeks. Some SU5416/hypoxia/normoxia– exposed rats were treated 
with E6446 (10 mg/kg per day, oral) from week 3 through week 8 after SU5416 injection according to a protocol similar to the reversal 
protocol (protocol 3) used for the MCT- exposed rats. Normal: normal controls. SU5416/hypoxia/normoxia: SuHxNx. B, RVSP. C, CI. 
D, TPRI. E, Right ventricular hypertrophy (RV/LV+S). Data are expressed as mean±SEM. N=5 to 8. **P<0.01 vs normal, based on a 
1- way ANOVA followed by Bonferroni post hoc test. CI indicates cardiac index; LV, left ventricle; MCT, monocrotaline; PH, pulmonary 
hypertension; RV, right ventricle; RV/LV+S, weight ratio of RV free wall to the sum of LV free wall and septum; RVSP, right ventricular 
systolic pressure; TLR9, toll- like receptor 9; and TPRI, total pulmonary vascular resistance index.
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However, further study using IL- 6 receptor antag-
onist or Il- 6– deficient mice is required to verify this 
hypothesis.

Previous in vitro studies demonstrated that acti-
vated NF- κB induced IL- 6 production, which in turn 
phosphorylated STAT3 and activated the transcrip-
tion factor Krüppel- like factor 5 in control PASMCs,27 
and that inhibition of STAT3 abrogated Krüppel- like 
factor 5 activation and reduced proliferation of PAH- 
PASMCs.27 In response to CpG DNA, TLR9 induces 
NF- κB activation in mouse pulmonary artery endo-
thelial cells.37 As shown in Figure S1, both TLR9 and 
NF- κB were co- expressed predominantly on the single 
endothelial layers of remodeled pulmonary arteries in 
the monocrotaline- exposed rat and human PAH. It is 
therefore speculated that TLR9 activation, probably in 
pulmonary artery endothelial cells, may stimulate pro-
liferation of PASMCs via NF- κB‒ IL- 6‒ mediated STAT3 
activation in PH. This speculation is partly supported 
by our finding that TLR9 inhibition decreased the num-
ber of Ki67- positive cells in the medial wall layer and 
muscularization of pulmonary artery in monocrotaline- 
exposed rats. It is possible that TLR9 inhibitor may 
suppress proliferation of PASMCs, thereby reducing 
pulmonary vascular resistance in monocrotaline- 
exposed rats.

The conventional monocrotaline- induced PH model 
used in the present study exhibits only medial hyper-
trophy and muscularization of pulmonary arteries as 
manifestations of vascular remodeling, while this model 
does not show occlusive neointimal or plexiform lesions 
that are characteristic of the advanced lesions seen in 
patients with PAH.38,39 The present study showed no 
significant effect of E6446 on hemodynamic and RV 
hypertrophy in a second PH model, SU5416/hypoxia/
normoxia- exposed PH rats, which closely mimics the 
pathophysiology and pulmonary arteriopathy of human 
PAH.16 The differences in the therapeutic effects 
of E6446 on monocrotaline-  and SU5416/hypoxia/
normoxia- induced PH suggest that the contribution of 
TLR9 to the pathophysiology of PH differs depending 
on the model of PH and that it also depends on the 
progression of PAH and varies during the time course 
of development of PH. Multiple mechanisms are con-
sidered to contribute to the development and/or main-
tenance of complex pulmonary arteriopathy. Our data 
suggest that TLR9 does not play a critical role at least 
in the established stage of SU5416/hypoxia/normoxia- 
induced PH. However, the temporal change in the 
contribution of TLR9 to pathophysiology of SU5416/
hypoxia/normoxia- induced PH thus remains to be elu-
cidated. Furthermore, the present study is limited in the 
ability to suggest the role of TLR9 in the development 
of advanced lesions seen in patients with PAH. The 
contribution of mtDNA and TLR9 to the development 
and progression of human PAH still remains largely 

unknown. Therefore, it is still difficult to extrapolate 
the observations we obtained with a rat PH model to 
human PH. When the contribution of mtDNA and TLR9 
to the pathophysiology of human PH is elucidated, our 
observations of the present study are useful for pro-
moting the development of novel therapeutic strategies 
for the treatment of the patients with PH by targeting 
the TLR9. The therapeutic effect of E6446 should be 
further investigated in PAH patients.

CONCLUSIONS
In conclusion, we demonstrated that TLR9 contributed 
to the development of PH in monocrotaline- induced 
rats with PH. Given the lack of established treatments 
for perivascular inflammation in PH, treatment target-
ing TLR9 can be a novel strategy for PH. To translate 
our present findings to clinical medicine, we need to 
investigate whether TLR9 is activated in patients with 
PH, and whether TLR9 inhibition by E6446 effectively 
and safely improves PH in those patients.

ARTICLE INFORMATION
Received September 4, 2020; accepted February 22, 2021.

Affiliations
From the Department of Cardiovascular Medicine, Faculty of Medical 
Sciences (T.I., K.A., M.T., K.Y., T.W., S.I., K.H., H.T.); Division of Cardiovascular 
Medicine, Research Institute of Angiocardiology, Faculty of Medical Sciences 
(T.I., K.A., M.T., K.Y., T.W., S.I., K.H., H.T.); Department of Anesthesiology and 
Critical Care Medicine, Graduate School of Medical Sciences (M.T.); and 
Division of Molecular Cardiology, Research Institute of Angiocardiology, 
Graduate School of Medical Sciences (M.H.), Kyushu University, Fukuoka, 
Japan; and Department of Cardiovascular Physiology, Faculty of Medicine, 
Kagawa University, Miki- cho, Kita- gun, Kagawa, Japan (K.H.).

Acknowledgments
We thank Akiko Ando for technical assistance. We appreciate the techni-
cal assistance from The Research Support Center, Research Center for 
Human Disease Modeling, Kyushu University Graduate School of Medical 
Sciences.

Author contributions: Abe designed the study and wrote the manuscript. 
Ishikawa, Takana-Ishikawa, Yoshida, Watanabe, and Imakiire performed 
the experiments and data collection and analysis. K. Hosokawa, Hirano, 
K. Hirano, and Tsutsui wrote and revised the manuscript with input from all 
authors.

Sources of Funding
This work was supported by supported by JSPS KAKENHI Grant (17K09591 
and 20K08425) and Japan Agency for Medical Research and Development 
(18ek0109371h0001).

Disclosures
Abe worked in a department endowed by Actelion Pharmaceuticals Japan, 
and received a research grant from Mochida Pharmaceutical Co. H. Tsutsui 
received honoraria from Daiichi Sankyo, Inc., Otsuka Pharmaceutical Co., 
Ltd., Takeda Pharmaceutical Co. Ltd., Mitsubishi Tanabe Pharma Corporation, 
Boehringer Ingelheim Japan, Inc., Novartis Pharma K.K., Bayer Yakuhin, Ltd., 
Bristol- Myers Squibb KK, and Astellas Pharma Inc., and research funds from 
Actelion Pharmaceuticals Japan, Daiichi Sankyo, Inc., and Astellas Pharma 
Inc. The remaining authors have no disclosures to report.

Supplementary Material
Figures S1– S2



J Am Heart Assoc. 2021;10:e019247. DOI: 10.1161/JAHA.120.019247 15

Ishikawa et al TLR9 and Pulmonary Hypertension

REFERENCES
 1. Seferian A, Simonneau G. Therapies for pulmonary arterial hyperten-

sion: where are we today, where do we go tomorrow? Eur Respir Rev. 
2013;22:217– 226. DOI: 10.1183/09059 180.00001713.

 2. Humbert M, Sitbon O, Chaouat A, Bertocchi Michèle, Habib G, Gressin 
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Figure S1. Immunohistogical Similarities in Remodeled Pulmonary Arteries 

between Human Pulmonary Arterial Hypertension (A, C, and E) and Established 

Monocrotaline-Induced Pulmonary Hypertension (B, D, and F).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative photomicrographs of elastin van Gieson staining (EVG; A and B) and 

immunohistochemical detection of toll-like receptor 9 (TLR9; C and D) and NF-B (E 

and F). Arrowheads indicate TLR9- and NF-B-positive cells in the inner endothelial 

layers of pulmonary arteries. Scale bars indicate 50 µm. MCT: monocrotaline. PAH: 

pulmonary arterial hypertension.  



Figure S2. Quantification of Mitochondrial DNA Markers and Cleaved TLR9 in 

Monocrotaline-Exposed Rats without or with TLR9 Inhibitors.  

 

A: Summaries of real-time-PCR analysis of the levels of expression of NADH dehydrogenase 

subunit 4 (ND4, left), ATP synthase 6 (ATP6, middle) and cytochrome C oxidase subunit II 

(COX2, right) in plasma of monocrotaline (MCT)-exposed rats with chloroquine (CLQ) or 

E6446. Rats received a subcutaneous injection of MCT on day 0. Some MCT-exposed rats were 

treated with CLQ or E6446 from 3 days before through 21 days after MCT injection. 1/Ct 

denotes the reciprocal of the count where the sequence is detected, and is a direct function of 

gene concentration. B: Summaries of the western blot analysis of the protein expression level of 

cleaved TLR9 in whole lung. CLQ and E6446 were administered to MCT-exposed rats 

according to the preventive protocol (protocol 1) and the 3-day reversal protocol (protocol 2) and 

their effects were evaluated on day 21 and day 17 after MCT injection, respectively. Data are 

expressed as mean ± SEM. N = 6-7. n.s.: not significant among each group, based on a one-way 

ANOVA followed by Bonferroni post hoc test. 

 
 


