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Abstract

Transmembrane protein 16A was involved in the development of the monocrotaline-induced pulmonary arterial hypertension

model through ERK1/2 activation, and it was considered as potential target for pulmonary arterial hypertension treatment. A

pulmonary arterial hypertension rat model was established by intraperitoneal administration of monocrotaline. Noninvasive

pulsed-wave Doppler and histological analysis was performed, and it revealed proliferation and remodeling of pulmonary arterioles

and right ventricle hypertrophy. In addition, transmembrane protein 16A, proliferating cell nuclear antigen—a proliferate marker, P-

ERK1/2 increased following monocrotaline treatment. Expression of transmembrane protein 16A in the pulmonary arteries was

co-localized with a specific marker of vascular smooth muscle a-actin. Then, a specific inhibitor of transmembrane protein 16A-

T16Ainh-A01 was administered to pulmonary arterial hypertension rats. It was found to alleviate the remodeling of pulmonary

arterioles and right ventricle hypertrophy significantly, and decrease the upregulation of proliferating cell nuclear antigen in

monocrotaline-induced pulmonary arteries. In addition, T16Ainh-A01 could inhibit the activation of ERK1/2 in pulmonary arterial

hypertension model. Transmembrane protein 16A mediated the proliferation and remodeling of pulmonary arterioles in the

monocrotaline-induced pulmonary arterial hypertension model. ERK1/2 pathway is one of downstream factors. Long-term use

of T16Ainh-A01 in vivo could alleviate remodeling and pressure in pulmonary arterial hypertension.

Keywords

pulmonary arterial hypertension, transmembrane protein 16A, Ca2þ-activated Cl� channel, vascular remodeling, cell proliferation

Date received: 23 February 2020; accepted: 6 July 2020

Pulmonary Circulation 2020; 10(4) 1–11

DOI: 10.1177/2045894020946670

Introduction

Pulmonary arterial hypertension (PAH) is a common life-
threatening cardiopulmonary disease that is usually second-
ary to lung diseases, such as chronic bronchitis. In its early
stage, it is characterized by pulmonary vasoconstriction,
pulmonary artery (PA) intimal hyperplasia, proliferation
and hypertrophy of pulmonary arterial smooth muscle
cells (PASMCs), in situ thrombosis, and an increased extra-
cellular matrix. In its late stage, pathophysiological changes
lead to wall thickening and stenosis of the PA and,
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subsequently, PAH. This in turn leads to right ventricular
failure and death.1

Pulmonary circulation is a low pressure, low resistance,
high flow system. The low resting vascular tone is main-
tained by the concerted action of ion channels.
Depolarization of PASMC and subsequent Ca2þ influx are
essential for acute vasoconstriction. Currently, L-type vol-
tage-gated Ca2þ channels (VGCC) blockers are the only
drugs used for the treatment of PH that act directly on an
ion channel. Blockade of Ca2þ influx by nifedipine, diltia-
zem, or amlodipine may inhibit excessive vasoconstriction;
however, VGCC blockers are only effective in a small sub-
group of PAH. Finding new means of depolarization/Ca2þ

influx block is still necessary.2

Chloride channels are the main anion channels on the mem-
brane of PASMC, and calcium-activated chloride channels
(CaCCs) are the class of outward rectifier, depolarizing Cl�

current, and elevating intracellular Ca2þ.2 CaCCs are required
for normal electrolyte and fluid secretion, transepithelial secre-
tion, cardiac excitation, and neuronal and smooth muscle
excitability,3,4 and play important roles in the migration and
proliferation of PASMCs.5,6 The maximal CaCC current
decreased in early S phase, and CaCC inhibition attenuated
cell growth.7 Niflumic acid, which inhibits CaCC currents,
weakened the pulmonary arterial tension and vessel remodel-
ing and attenuated PAH in vivo.7

Since transmembrane protein 16A (TMEM16A, which
we also call anoctamin 1 (ANO1)) was identified as an
endogenous CaCC channel protein, it is expressed in various
secretory epithelia, the retina, and sensory neurons.4 An
excitatory Cl� current provided by TMEM16A is critical
for mediating the pressure-sensitive contractile response.8

The protein level and activity of cellular TMEM16A posi-
tively mediate angiotensin II-dependent vascular remodeling
correlating with SMC proliferation.4,9 It is also activated in
PASMCs of PAH, and increased TMEM16A expression
strengthened arteriolar contraction and increased the pres-
sure of pulmonary arteries,10 it is a possible therapeutic
target for PAH.4

Drugs acting on TMEM16A have been reported to
increase in Cl� transport, inhibit cell proliferation, induce
vasodilation, and prevent vascular remodeling. MONNA,
T16Ainh-A01, and Ani9 attenuated 5-HT-induced coronary
contractions and increased coronary flow.11 Chronic appli-
cation of benzbromarone significantly decreased right ven-
tricular pressure and reversed remodeling of established
PH.10 Among those inhibitors, T16Ainh-A01 can relieve con-
traction of conduit and intralobar PA from monocrotaline
(MCT)-treated rats in a single dose4 and can cause a dose-
dependent vasodilation response in isolated mesenteric
arteries of spontaneously hypertensive rats.11 Besides,
T16Ainh-A01 could inhibit the proliferation of portal vein
SMCs in vitro.12 These results made us wonder if long-term
application of T16Ainh-A01 could reverse vascular remodel-
ing by inhibiting SMC proliferation in MCT-induced PA
rats.

In this study, a rat PAHmodel was established with MCT.
Then we measured the pressure change of PA by ultrasonic
spectrum analysis and quantified the PA remodeling over
time. We also measured the protein levels and location of
TMEM16A, and reflected proliferation by proliferating cell
nuclear antigen (PCNA) over time. Combined with above
results, we choose a time-point when vessel pressure, PA
remodeling, and TMEM16A expression reached a plateau,
then applied T16Ainh-A01 for a period, and reassessed the
pressure, remodeling, and proliferation of PA, and also
detected the activation of possible downstream ERK1/2 path-
way. This study added new data about long-term application
of T16Ainh-A01 in PAH models in vivo, providing new evi-
dence of T16Ainh-A01 improvement on PA remolding.

Materials and methods

Establishment of a rat PAH model

Fifty male Sprague-Dawley rats (Daren Fucheng Animal
Husbandry, Qingdao, China) were randomly divided into five
groups: one control group and four groups in which rats were
treated withMCT for one (MCT-1), two (MCT-2), three (MCT-
3), or four weeks (MCT-4). Rats were housed with a regular 12h
light/dark cycle at a controlled temperature (23� 1�C) and were
given free access to food and water. They were sacrificed with
CO2 after ultrasound Doppler experiments.

To establish the PAH model, rats were intraperitoneally
injected with 50mg/kg (body weight) MCT dissolved in 1%
DMSO and then observed for occurrence of PAH for up to
four weeks, depending on the group. Control animals
received 1% DMSO via intraperitoneal injection.

To observe the role of the TMEM16A inhibitor T16Ainh-
A01 (Sigma, St Louis, USA) in PAH, 30 rats were randomly
divided into three groups: DD (DMSO/DMSO), MD
(MCT/DMSO), and MT (MCT/T16Ainh-A01). Before the
experiments with T16Ainh-A01, rats in the DD group
received 1% DMSO via intraperitoneal injection and rats
in the MD and MT groups were intraperitoneally injected
with 50mg/kg (body weight) MCT dissolved in 1% DMSO
for a single dose for four weeks. Rats in the DD (negative
control) and MD (positive control) groups were injected
with 1% DMSO, while rats in the MT group were injected
with T16Ainh-A01 (0.33mg/kg to reach �20 mM in plasma)
via tail veins every other day for two weeks, the T16Ainh-
A01 dose referred to Wang’s research, and it can induce
obvious vasodilation in this dose.9

The Guide for the Care and Use of Laboratory Animals
(the National Institutes of Health, USA) was followed, and the
protocols for animal experiments were approved by the Ethics
Committee of the Affiliated Hospital, Qingdao University.

Measurement of pulmonary arterial hemodynamics

The pulmonary arterial hemodynamics of the rat PAH
model were noninvasively recorded with a small animal
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ultrasound imaging system (Vevo2100, Visualsonics,
Canada) to indirectly evaluate PA pressure.13 Rats were
anesthetized and fixed on the platform of the system. The
Doppler probe was positioned beside the sternum at the
level of the aortic valve, and pulsed-wave Doppler images
of pulmonary arterial blood flow were taken. The sampling
volume at the proximal end (5mm) of the valve leaflets of
PA was aligned to maximize the laminar flow and thus to
measure pulmonary acceleration time (PAT) and ejection
time (ET).4 PAT is defined as the interval of time from the
initiation of inflow into the PA to the maximal velocity,
while ET is the interval of time between the onset and end
of pulsed flow velocity in the contraction period. PAT, ET,
and the PAT/ET ratio were used for indirect assessment of
rats’ pulmonary arterial pressure.

Measurement of right ventricular hypertrophy

After the experiments, the rats were anesthetized with 10%
chloral hydrate and sacrificed. The heart and lung tissues
were quickly retrieved by opening the rats’ chests. Residual
blood was washed away with PBS solution. The left and right
atriums and large vessels were removed from the atrioven-
tricular junction area before the right ventricle (RV) was
separated from the left ventricle (LV) and septum (S) by cut-
ting. The separated parts were weighed after the water on
them was lightly cleaned with filter paper. The extent of
right ventricular hypertrophy was estimated based on the
right ventricular hypertrophy index (RVHI) using the follow-
ing equation: RVHI¼RV/(LVþ S), where RV, LV, and S
are the weights of RV, LV, and S, respectively.

Hematoxylin and eosin (HE) staining and wall thickness
(WT) measurement of PA

Right lung tissues were crosscut and fixed in 4% parafor-
maldehyde for 48 h. Then, the tissues were dehydrated until
they looked transparent, impregnated with wax, and sec-
tioned into 6-mm-thick slices that were affixed to glass
slides before baking and staining with HE using an HE
staining kit (Beyotime Biotech Inc., Shanghai, China).

cTen random view fields were collected from 10 slices,
which were chosen from every five consecutive slices.
External diameter (ED) vessels (50–150mm) were analyzed
using an Image-Pro Plus imaging analysis system, to deter-
mine the total area (TA), lumen area (LA), WT, and ED. The
ratio (WA%) of wall area (WA¼TA�LA) to the TA of a
cross-sectioned pulmonary arteriole was determined using the
following formula: WA%¼ (TA�LA)/TA� 100%. The
ratio (WT%) of WT to ED was derived using the following
formula: WT%¼ (2�WT/ED)� 100%.

Western blotting

Isolation of PA. Small PAs were isolated from the rats anesthe-
tized with 10% chloral hydrate. Then, these PAs were

dissected under a stereoscopic microscope with eyelid twee-
zers and ophthalmic scissors. The arterial fat and fibrous
connective tissues were completely stripped off of the PAs
until they could be classified as grade 2 or 3 (i.e. small
arteries). To remove arterial endothelial cells, the arteries
were cut open along the major axis from the outside and
the intima was wiped with sterile cotton swabs 4–6 times.
The PAs denuded with endothelium after paraformaldehyde
fixation was stored at �80�C so they were ready for Western
blot, reverse transcription-quantitative polymerase chain
reaction (RT-qPCR), and fluorescent immunostaining.

PA tissues were weighed and mixed with protein lysate
buffer (CWBIO, Beijing, China) at a ratio of 1:10 (PA tissue
weight/protein lysate buffer weight). The buffer was freshly
added with PMSF and other phosphatase inhibitors
(CWBIO, Beijing, China). The concentrations of proteins
were measured using a BCA kit, and 30 mg of whole-cell
proteins was applied to each lane of 10% SDS-polyacryla-
mide gels. The proteins were separated on the gel and then
transferred onto polyvinylidene difluoride membranes,
which were blocked with 5% skimmed milk for 2 h and
immunoblotted with a primary antibody against
TMEM16A (Abcam, Cambridge, UK) at a dilution of
1:1000, a PCNA (Boster, CA, USA) at a dilution of 1:250,
or an antibody against b-actin (Santa Cruz Biotechnology,
Dallas, TX, US) at a dilution of 1:1000. Immunoblotting
was performed in Tris-buffered saline plus 1% Tween-20
(TBST) overnight at 4�C and 1 h at room temperature.
The membranes were washed with TBST and incubated
with a horseradish peroxidase-conjugated goat anti-rabbit
or goat anti-mouse secondary antibody for 2 h at room tem-
perature. Then the membranes were washed and visualized
with Pierce ECL (Millipore, MA, USA). The intensity of the
target bands was normalized to that of b-actin.

RT-qPCR

Total RNA was extracted from PA tissues (see ‘‘Isolation of
PA’’ section) using TRIzol reagent (Invitrogen, CA, USA).
Then, a RT-qPCR was performed according to the instruc-
tions provided with the PrimeScript-RT reagent kit with a
gDNA Eraser (Perfect Real Time) (TaKaRa Bio, Japan).
The RT-qPCR conditions for the applied cDNAs were as
follows: 1 cycle at 95�C for 3min, 40 cycles at 95�C for 5 s
and 56�C for 30 s, and a melt curve from 65.0 to 95.0�C with
a change of 0.5�C every 5 s. Primer sequences used for RT-
qPCR was seen in Table 1.

Fluorescent immunostaining of PAs

PAs were isolated as described above for frozen tissue dissec-
tion. Slices of artery tissues were incubated overnight with
rabbit anti-TMEM16A antibodies and mouse anti-smooth
muscle a-actin (SMA) antibodies (Abcam, Cambridge, MA,
US). After washing with phosphate-buffered saline, the slices
were exposed toAlexaFluor 488AffinipureGoatAnti-mouse
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IgG and Alexa Fluor 594 AffiniPure Goat Anti-Rabbit IgG
for incubation for 1 h. The cellular nuclei in the slices were
counterstained with DAPI (ZSGB-BIO, Beijing, China). The
fluorescent images were examined with fluorescent inverted
microscopy (Nikon, Tokyo, Japan).

Experimental design and data analysis

Experiments were blinded among experiment operators and
intervention implementers, including the Western blot,
immunofluorescence confocal staining, immunohistochemical
staining, and MCH with or without T16Ainh-A01 treatment.

All data were expressed as mean� SEM. For Western blot
and RT-qPCR, n represents the number of independent experi-
ments performed on different rats. Statistical analysis was deter-
mined by an unpaired two-tailed Student’s t-test between
control group and the MCT-treated group in Figs 1 and 2.
One-way analysis of variance followed by least significant dif-
ference comparison, with a 95% confidence interval, was per-
formed to detect the significance between groups in Figs 4 and 5.

Results

PA hemodynamics signs of MCT-induced PAH model

To evaluate whether a rat PAH model was successfully
established, the parameters PAT and ET, which reflect the
time required to open pulmonary arterial valves and PA
hemodynamics, as well as the size of right atrium were mea-
sured with a small animal ultrasound imaging system. The
system provides noninvasive pulsed-wave Doppler images of
PA hemodynamics and echocardiographic images of the
right atrium.13 PET, ET, and the size of the right atrium
are measured using the images. These measurements reflect
changes in the PA pressure in the rat model. When PA pres-
sure rises, the opening time of PA valves is shortened.

The PA ultrasound hemodynamic images are shown in
Fig. 1a. These images were used to determine the values of
PAT and ET, which in turn were used to calculate the ratio
of PAT to ET. The results statistically showed that PAT,
ET, and PAT/ET were significantly decreased in the MCT-3
(three-week model) and MCT-4 (four-week model) groups
compared to the levels detected in the control group
(P< 0.05 and P< 0.01, Fig. 1b). This indicates that PA pres-
sure may have significantly increased three weeks after MCT
treatment. PAT, ET, and PAT/ET in the MCT-1 (one-week
model) and MCT-2 (two-week model) groups did not
change significantly compared to the control (Fig. 1b).
These results suggest that the rat PAH model was success-
fully created three weeks after MCT treatment.

Pathological changes in the pulmonary tissues of
MCT-treated rats

We also observed the pathological changes that occurred in
lung tissues, especially pulmonary arterioles. HE staining

was performed on the lung tissues (Fig. 1c). In contrast to
the control, starting in week 2 of MCT treatment, HE-stained
pulmonary vessels showed poor continuity between vascular
endothelial cells, proliferation and hypertrophy of vascular
smooth muscle cells, and thickened vascular walls. The
pathological remodeling of vessels became increasingly visible
and severe with increasing MCT treatment time; in the MCT-
4 group, the vessel lumen was occluded and a large number of
inflammatory cells had infiltrated the tissues. Simultaneously,
the pathological changes and remodeling were digitized using
an imaging analysis system, Image-Pro Plus, and were
expressed with the WA and WT of cross-sectioned pulmon-
ary arterioles. As shown in Fig. 1d, both WA% (WA relative
to TA of the cross-sectioned vessel) and WT% (WT relative
to ED of the vessel) increased significantly from week 2 of
MCT treatment (Fig. 1d). Likewise, the RVHI, which reflects
the change in the weight of the RV relative to the LV, was
significantly increased (Fig. 1d).

Upregulation of TMEM16A, PCNA, and P-ERK1/2
expression in the PAs of PAH

To study whether TMEM16A was involved in the process of
MCT-induced PAH formation, we examined the level of protein
expression of TMEM16A in PAs isolated from MCT-treated
rats. It revealed that TMEM16AmRNA and protein expression
were dramatically upregulated starting at week 2 after MCT
treatment, and increased during the development of the disease
(Fig. 2a, d, and g). In addition, the expression of nuclear protein
PCNA, whose expression is proportional to the cell growth rate,
also significantly increased, accompanying with the expression
of TMEM16A (Fig. 2b and e). It was reported THEM16A
maybe promote the cell proliferation in PA.ERK1/2 signaling
pathway mediated the growth effect of TMEM16A in tumor,14

so we detected P-ERK1/2 levels in PAH model, and found P-
ERK1/2 was elevated after two weeks following MCT treat-
ment (Fig. 2c and f).

Localization of TMEM16A proteins in the smooth
muscle cells of pulmonary arterioles

The results of fluorescent immunostaining showed that
TMEM16A proteins were co-localized with SMA, a cellular
protein that was specifically expressed in the smooth muscle
cells, which indicated that TMEM16A was endogenously
expressed in vascular smooth muscle. In line with the results
of Western blotting and RT-qPCR, the TMEM16A signals
in smooth muscle cells started to become stronger at week 2
of MCT treatment and were gradually strengthened as the
MCT treatment time increased (Fig. 3).

TMEM16A inhibitor T16Ainh-A01 improved the PAH
of MCT-treated rats

T16Ainh-A01 has been reported to be a TMEM16A-specific
inhibitor in various types of tissues. It not only inhibited the
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channel activity of TMEM16A but also suppressed its effect
on cellular proliferation. We applied this inhibitor to the rat
PAH model and observed its effect on PAH. Although PAT
and PAT/ET were dramatically decreased after MCT

treatment (when comparing the DD and MD groups,
P< 0.01; Fig. 4a and b), they were significantly increased
after T16Ainh-A01 treatment when comparing the MD
and MT groups (P< 0.01). The results indicate (Fig. 4b)

Fig. 1. MCT-induced PAH modeling and related changes. (a) Representative Doppler images of pulmonary arterial outflow recorded from the

rats treated with MCT for 0 (control), 1 (1W), 2 (2W), 3 (3W), or 4 weeks (4W). In the control panel, PATrefers to PA acceleration time, while

ET refers to ejection time. The value ranges (milliseconds) of each are indicated by the bars. (b) Analytic data for PAT, ET, the PAT/ET ratio. (c)

Representative HE-stained slices of pulmonary tissues obtained from rats treated with MCT for 0 (control), 1 (1W), 2 (2W), 3 (3W), or 4 weeks

(4W). Arrows indicate the vascular walls. Red blood cells existed inside the lumens of some vessels lined by endothelial cells (blue). Inflammatory

cells around cross-sectioned vessels were stained blue. (d) Analytic data regarding WT%, WA% (WT% is the ratio of vascular WT to the ED of

the vessel, while WA% is the ratio of vascular wall area to the TA of the cross-sectioned vessel), and the RVHI of rats with MCT-induced PAH. See

the ‘‘Materials and methods’’ section for our calculation of the RVHI. Arterioles with an ED of 50–150 mm were selected for measurement using

an Image-Pro Plus imaging analysis system. *: P< 0.05 versus control; **: P< 0.01 versus control. n¼ 7–10 for each group. NS: not significant;

RVHI: right ventricular hypertrophy index; WA: wall area; WT: wall thickness.
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that the PA pressure was decreased by T16Ainh-A01 and that
the inhibitor greatly improved PAH. However, it did not lead
to complete recovery of PAH; the PAT and PAT/ET ratio
were still significantly lower in the MT group than in the DD
negative control group (P< 0.01). Additionally, the inhibitor
did not significantly affect ET when comparing the MD and
MT groups. Fig. 4d shows that the values of WT%, WA%,
and RVHI were significantly increased at week 4 of MCT
treatment when comparing the DD and MD groups.
However, consistent with the changes in PAT, WT%,
WA%, and RVHI values were significantly reduced by
T16Ainh-A01 treatment in the MT group compared to
those in the MD group. In Fig. 4c, an HE-stained pulmonary
arteriole wall was shown to be thickened by MCT treatment
(MD panel), while the thickened wall was significantly
improved by the inhibitor (MT panel). Despite the significant
improvement, there were still differences between DD and
MT (Fig. 4c and d), which implied incomplete recovery of
pulmonary arteriole remodeling. Overall, the results indicated
that the pulmonary vascular remodeling and right ventricular

hypertrophy of PAH rats were partially but significantly
improved with use of T16Ainh-A01.

ERK1/2 mediated the pro-proliferating effect of
TMEM16A activity

We found that the TMEM16A inhibitor T16Ainh-A01 wea-
kened nuclear protein PNCA overexpression in the PAs of
PAH rats (Fig. 5a and b), indicating that TMEM16A activ-
ity had probably enhanced the proliferation of pulmonary
arterioles in PAH rats. ERK1/2 is known to mediate some
of the cellular roles of TMEM16A,14,15 we tested this cellu-
lar factor, finding that the inhibitor significantly inhibited
phosphorylation of ERK1/2 in the PAs of rats (P< 0.05,
Fig. 5c and d). In fact, it almost completely inhibited phos-
phorylation, as comparison between DD and MT did not
reveal any significant difference (P> 0.05). The results sug-
gested that ERK1/2 is one of the factors downstream of
TMEM16A that mediate its pro-proliferating effect on the
pulmonary arterioles of PAH rats.

Fig. 2. Upregulation of TMEM16A expression in the PAs of PAH-modeling rats and its correlation with PCNA and WA%. Representative

Western blots are shown. Pulmonary arterial tissues were obtained for Western blots from rats treated with MCT for 0 (control), 1 (1W), 2

(2W), 3 (3W), and 4 weeks (4W). Representative Western blot band of TMEM16A (a), PCNA (b), P-ERK1/2 (c) of pulmonary arterial tissues

from rats treated with MCT for 0 (control), 1 (1W), 2 (2W), 3 (3W), and 4 weeks (4W). (d) to (f) Analytic data of TMEM16A, PCNA, P-ERK1/2

protein expression. (g) TMEM16A mRNA expression of pulmonary arterial tissues from rats treated with MCT for 0 (control), 1 (1W), 2 (2W), 3

(3W), and 4 weeks (4W). **: P< 0.01 versus control. n¼ 6 for each group. ERK1/2: extracellular regulated protein kinases; NS: not significant;

PCNA: proliferating cell nuclear antigen; TMEM16A: transmembrane protein 16A.
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Discussion

This study, which was based on successful establishment of
a rat PAH model, was the first to apply T16Ainh-A01, a
TMEM16A inhibitor, in vivo for a long period. It demon-
strated that TMEM16A overexpression in PAs probably
participated in the process of PAH formation induced by
MCT treatment in rats.

An increasing body of evidence points out that prolifer-
ation and migration of vascular smooth muscle cells, con-
tinuous contraction of pulmonary vessels, and dysfunction
of vascular endothelia are the major factors that coopera-
tively or synergistically lead to vascular remodeling and to
the occurrence of PAH. Therefore, various studies have used
inhibition of vascular remodeling and proliferation of
PASMCs to prevent and treat PAH.

Ultrasonic evaluation of the MCT-induced rat PAH model

PAT, ET, and PAT/ET, reflecting the vascular pressure and
blood flow spectrum, began to decrease significantly from
three weeks after MCT treatment. However, WT%, WA%,
and RVHI, reflecting the vascular smooth muscle cells pro-
liferation and vascular walls remodeling, began to change
significantly from two weeks after MCT treatment, a week
earlier than the changes of PAT, ET, and PAT/ET. The
reason maybe either due to the insensitivity of vascular
ultrasound, an indirect method of detecting pressure in
vivo, or this indicated that pulmonary arterial pressure ele-
vation has some time delay than the vessel wall thickening
and remodeling. Therefore, it would be significant to begin
to give therapeutic intervention once mild pulmonary hyper-
tension was detected in indirect vascular ultrasound.

Fig. 3. Localization of TMEM16A in the arterioles of lung tissues from MCT-treated rats. Lung tissues were isolated from rats treated with MCT

for 0 (control), 1 (1W), 2 (2W), 3 (3W), and 4 weeks (4W). Nuclei were counterstained with DAPI (blue). SMA (green) indicated the location of

vascular smooth muscle cells. TMEM16A was shown by red fluorescence. ‘‘Merge’’ represents merged SMA and TMEM16A signals. DAPI:

diamidino-phenyl indole; SMA: smooth muscle a-actin; TMEM16A: transmembrane protein 16A.
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The MCT-induced PAH animal model is a classic method of
inducing PAH because it is simple to perform.16 The metab-
olites derived from MCT in the liver enter the animals’ cir-
culatory systems, causing damage to the vascular endothelia
and leading to formation of platelet thrombosis in the lung.
Consequently, muscularization of non-muscular cells in
small vessels is triggered, smooth muscle cells of PAs prolif-
erate, and, eventually, vascular remodeling occurs, followed
by the development of PAH. This is not the first description

on effect of MCT, but we still need to explore the patho-
logical and function evolution of MCT-induced PAH
model, as the baseline experimental data.

TMEM16A participates in PAH formation

We studied the localization of TMEM16A in vivo, finding
that most TMEM16A co-localized with SMA, this was
in accordance with results of Forrest et al.’s4 study.

Fig. 4. Effect of T16Ainh-A01 on the dynamic outflow of the PA of MCT-treated rats. (a) Representative Doppler images of pulmonary arterial

outflow recorded from the negative control rats (DD) that were treated with DMSO to control MCT and then to control T16Ainh-A01, the

positive control rats (MD) that were treated with MCT for four weeks and DMSO (to control T16Ainh-A01), and the rats (MT) treated with

MCT for four weeks and then T16Ainh-A10. (b) Analytic data for PAT, ET, the PAT/ET ratio. (c) Representative HE-stained slices of pulmonary

tissues from normal and MCT-induced PAH rats treated with and without T16Ainh-A01. D. Analytic data for WT%, WA%, the RVHI of normal

and MCT-induced PAH rats treated with and without T16Ainh-A01. *: P< 0.05 versus control; **: P< 0.01 versus control. n¼ 6 for each group.

DD: DMSO/DMSO; ET: ejection time; MD: MCT/DMSO; MT: MCT/T16Ainh-A01; NS: not significant; PAT: pulmonary acceleration time; RVHI:

right ventricular hypertrophy index; WT: wall thickness.
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We speculate that TMEM16A might contribute to PASMCs
proliferation.TMEM16A is a promising therapeutic target
of PAH. Inhibition/knock-down of TMEM16A reduced the
proliferation of PASMCs. Conversely, overexpression of
TMEM16A in healthy donor PASMCs produced a PAH-
like phenotype.10 Forrest et al.4 conducted a semiquantitative
RT-PCR and Western blot analysis, and found TMEM16A
overexpression in rats with intraperitoneal injection of MCT
for three weeks. We observed that TMEM16A overexpres-
sion and pharmacological inhibition of it improved PAH;
these results support that TMEM16A overexpression is a
harmful factor in the pathogenesis of PAH.

Our studies intended to check the effect on function, not
the expression of TMEM16A, so we analyzed mRNA and
protein levels of TMEM16A using quantitative RT-PCR
and Western blot, and find an expression plateau at four
weeks post MCT treatment, as a basis of TMEM16A inhibi-
tor treatment timing. In addition, we choose a TMEM16A
inhibitor, which considerably decreased [Cl�] in the nucleus,
exhibited a minimal effect on [Ca2þ], and had a negligible
effect on TMEM16A at the protein level.18 PAH and vessel
remodeling were still improved by TMEM16A inhibition;

this means that quantitative decrease, or functionally inhib-
ition of TMEM16A, can both reverse vessel remodeling
and PAH.

However, there were some contradictory results of the
connection between blood pressure and TMEM16A.
Vascular-specific overexpression of TMEM16A had no
effect on the blood pressure in both basal and Ang
II-induced hypertension.19 Downregulation of TMEM16A
expression contributed to the reduction of CaCC in the
hypertensive brain basilar artery, and CaCC activity was
negatively correlated with blood pressure.20 We speculated
this because TMEM16 family members’ expression pro-
file and their contributions to the CaCC in vascular
smooth muscle cells vary in several types of blood vessels.
The expression of TMEM16A-B, TMEM16D-F, and
TMEM16K was identified in cultured PASMCs,21

and TMEM16A, TMEM16C, TMEM16E, TMEM16F,
and TMEM16K are expressed at high level in brain basilar
artery.20 Other family members may compensate the effects
of TMEM16A on blood pressure and CACC. Inhibiting one
of the family members may even cause a rebound increase in
other family members. Specific inhibition of TMEM16A
and more detailed exploration of the changes in the expres-
sion profiles of other family members caused by it help to
make the experimental conclusion clearer.

Inhibition of TMEM16A ameliorate SMC proliferation

TMEM16A was investigated as an anti-cancer target, since
it is involved in growth, migration, and invasion of cancer
cells, and cell cycles were inhibited from the G1 to S phase in
the TMEM16A knockdown experiment.22 In our results,
inhibition of TMEM16A reduced the proliferation marker
(PCNA) expression, and the results of HE staining showed

Fig. 5. Effect of T16Ainh-A01 on PCNA expression and activation of ERK1/2 in the PAs of MCT-treated rats.

Representative Western blots are shown. (a) Expression of PCNA protein. (b) Analytic data for PCNA protein. (c) Expression and activation of

ERK1/2. (d) Analytic data for ERK1/2 and P-ERK1/2. *: P< 0.05 versus control; **: P< 0.01 versus control. n¼ 6 for each group. DD: ; ERK1/2:

MCT/T16Ainh-A01; MD: MCT/DMSO; MT: MCT/T16Ainh-A01; NS: not significant; PCNA: proliferating cell nuclear antigen.

Table 1. Primer sequences used for RT-qPCR.

Primer sequences

Amplified

fragment

size (bp)

b-actin (ID:

NM_031144)

F:GTGCTATGTTGCCCTAGACTTCG

R:GATGCCACAGGATTCCATACCC

175 bp17

TMEM16 (ID:

NM001107564)

F:CCGCAGCGTCCACATCGTGA

R:CTGCGGGTCCCCAGGACCAT

240 bp18
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that most proliferate cells are SMC in PAH model, suggest-
ing that TMEM16A is probably a pro-proliferating factor
for vascular smooth muscle cells. In vitro experiment also
reported that TMEM16A inhibition could inhibit the pro-
liferation of SMCs.11,19

T16Ainh-A01 is a promising drug to improve vascular
remodeling

Consecutive T16Ainh-A01 administration in PAH rats obvi-
ously improve vascular remodeling, even in later stage of
PAH, when PA walls thicken and TMEM16A expression
was high. T16Ainh-A01 had a negligible effect on
TMEM16A at the protein level.18 We choose the fourth
week post MCT treatment to administer T16Ainh-A01, to
make sure that T16Ainh-A01 could functionally and not
quantitatively inhibit TMEM16A. We consider the
improvement of vascular remodeling by T16Ainh-A01 treat-
ment was not dependent on the TMEM16A protein level.

Pharmacological inhibition has poorer selectivity than
genetic method. T16Ainh-A01 relax rodent resistance
arteries in a concentration dependent way, an equivalent
vasorelaxation occurs in rodent arteries when the transmem-
brane chloride gradient is abolished with an impermeant
anion),23 this reduces the reliability of T16Ainh-A01’s
dependence on TMEM16A. The comprehensive mechanism
needs further research, but the vascular remodeling
improvement of T16Ainh-A01 administration is explicit
and this makes T16Ainh-A01 as a promising drug in PAH
treatment.

ERK1/2 is one of the downstream factors involved in the
remodeling effects of TMEM16A

In our present study, pharmacologic TMEM16A inactiva-
tion alleviated ERK phosphorylation in PA. ERK1/2 is acti-
vated by acute hypertension in vivo.24 The alleviated ERK
phosphorylation by T16Ainh-A01 is probably due to its
inhibitory effects on PAH and PA remodeling.

The connection between ERK and TMEM16A is contra-
dictory in the previous experiments. TMEM16A activation
increased the phosphorylation of ERK1/2, and pharmacologic
and genetic inactivation of ERK1/2 abrogated the growth
effect of TMEM16A in various cell types.14,15 Whereas, in a
transgenic mouse that overexpresses TMEM16A, the over
activity of non-canonical TGF-b1/ERK was alleviated in the
basilar artery during Ang II-induced hypertension.19 We
speculated the reason is that TMEM16A has indirect relation-
ship with ERK or the cell proliferation effect of TMEM16A
was mediated by multi-signaling pathway. TMEM16A was
reported to promote vascular remodeling by activating
ERK/JNK/Smad indirectly through TGF-b1 secretion pro-
motion.19 C-fos phosphorylation could also mediate
TMEM16A-induced proliferation of human PASMCs.10

Thus, the influence of ERK phosphorylation might be coun-
terbalanced by other factors.

Conclusions

TMEM16A mRNA and protein levels are upregulated in
MCT-induced PAH models. Functionally, inhibition of
TMEM16A by T16Ainh-A01 ameliorated PA remodeling
by inhibiting SMC proliferation, possibly by ERK1/2 sig-
naling pathway.
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