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ORIGINAL RESEARCH

Chronic Hypoxia Decreases Endothelial 
Connexin 40, Attenuates Endothelium-
Dependent Hyperpolarization–Mediated 
Relaxation in Small Distal Pulmonary 
Arteries, and Leads to Pulmonary 
Hypertension
Rui Si, MD, PhD; Qian Zhang, MD; Jody Tori O. Cabrera, BS; Qiuyu Zheng, MD; Atsumi Tsuji-Hosokawa , MD, PhD; 
Makiko Watanabe, PhD; Susumu Hosokawa, MD, PhD; Mingmei Xiong, MD, PhD; Pritesh P. Jain, PhD;  
Anthony W. Ashton, PhD; Jason X.-J. Yuan, MD, PhD; Jian Wang, MD; Ayako Makino , PhD

BACKGROUND: Abnormal endothelial function in the lungs is implicated in the development of pulmonary hypertension; how-
ever, there is little information about the difference of endothelial function between small distal pulmonary artery (PA) and 
large proximal PA and their contribution to the development of pulmonary hypertension. Herein, we investigate endothelium-
dependent relaxation in different orders of PAs and examine the molecular mechanisms by which chronic hypoxia attenuates 
endothelium-dependent pulmonary vasodilation, leading to pulmonary hypertension.

METHODS AND RESULTS: Endothelium-dependent relaxation in large proximal PAs (second order) was primarily caused by 
releasing NO from the endothelium, whereas endothelium-dependent hyperpolarization (EDH)–mediated vasodilation was 
prominent in small distal PAs (fourth–fifth order). Chronic hypoxia abolished EDH-mediated relaxation in small distal PAs with-
out affecting smooth muscle–dependent relaxation. RNA-sequencing data revealed that, among genes related to EDH, the 
levels of Cx37, Cx40, Cx43, and IK were altered in mouse pulmonary endothelial cells isolated from chronically hypoxic mice in 
comparison to mouse pulmonary endothelial cells from normoxic control mice. The protein levels were significantly lower for 
connexin 40 (Cx40) and higher for connexin 37 in mouse pulmonary endothelial cells from hypoxic mice than normoxic mice. 
Cx40 knockout mice exhibited significant attenuation of EDH-mediated relaxation and marked increase in right ventricular 
systolic pressure. Interestingly, chronic hypoxia led to a further increase in right ventricular systolic pressure in Cx40 knockout 
mice without altering EDH-mediated relaxation. Furthermore, overexpression of Cx40 significantly decreased right ventricular 
systolic pressure in chronically hypoxic mice.

CONCLUSIONS: These data suggest that chronic hypoxia-induced downregulation of endothelial Cx40 results in impaired EDH-
mediated relaxation in small distal PAs and contributes to the development of pulmonary hypertension.
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Hypoxia-induced pulmonary hypertension (PH) is a 
risk factor for right-sided heart failure and death in 
patients with hypoxic cardiopulmonary diseases 

(eg, chronic obstructive pulmonary disease, obstruc-
tive sleep apnea, and interstitial lung disease) and in-
habitants living in high altitude.1–3 Despite the progress 
in developing medications for PH, the morbidity and 
mortality of PH associated with hypoxia and cardiopul-
monary diseases still remain high.

PH is characterized by increased pulmonary vas-
cular resistance, and the primary cause of increased 
pulmonary vascular resistance is a decrease in in-
traluminal diameter caused by sustained pulmonary 
vasoconstriction, concentric pulmonary arterial wall 
thickening, and obliterative lesions in small pulmonary 
arteries (PAs). Alveolar hypoxia causes pulmonary 
vasoconstriction by inducing smooth muscle con-
traction4,5 and attenuating endothelium-dependent 
relaxation in PAs.6,7 Lung vascular endothelial dysfunc-
tion is implicated in the development and progression 
of hypoxia-induced PH.7–9

In small distal or resistance arteries, the endothe-
lium contributes to vasodilation mainly by inducing 
hyperpolarization of smooth muscle cells (SMCs), re-
ferred to as endothelium-dependent hyperpolariza-
tion (EDH)–mediated vascular relaxation, in addition 
to releasing NO and prostaglandin I2 (PGI2). However, 
in large proximal or conduit arteries, the endothelium 
contributes to relaxing vessels primarily by releasing 
NO.10,11 Common strategies to enhance pulmonary va-
sodilation in patients with PH are focused on the NO 
and PGI2 signaling cascades, and therefore, may not 
be sufficient to relax small distal PAs. EDH is initiated 
by activation of small-conductance Ca2+-activated K+ 
channels in endothelial cells (ECs); the hyperpolarizing 
electrical signal in ECs is then propagated to SMCs 
through the gap junctions (GJs), a tunnel between ECs 
and between EC and SMC.12,13 Of note, there are more 
myoendothelial GJs in small vessels than in large ves-
sels14–16; thus, small distal vessels can be rapidly and 
efficiently relaxed through EDH.

GJs are cell membrane channels made of con-
nexin proteins, with >20 connexin genes identified 
in the human genome.17 So far, connexin 37 (Cx37), 
connexin 40 (Cx40), and connexin 43 (Cx43) (con-
nexin 26, connexin 32, and connexin 45 in some 
organs) are found in ECs. Cx40 is predominantly 
expressed in vascular ECs,12,13 whereas Cx37 and 
Cx43 are expressed in ECs and SMCs. GJs are the 

CLINICAL PERSPECTIVE

What Is New?
• Endothelium-dependent relaxation in small 

distal pulmonary arteries (fourth-fifth order) 
is primarily caused by endothelium-depend-
ent hyperpolarization–mediated vasodila-
tion instead of releasing NO; chronic hypoxia 
abolishes endothelium-dependent hyperpo-
larization–mediated relaxation in small distal 
pulmonary arteries, but not in large proximal 
pulmonary arteries.

• The protein levels are significantly lower for con-
nexin 40 (Cx40) and higher for connexin 37 in 
mouse pulmonary endothelial cells from hy-
poxic mice than in normoxic mice.

• Cx40 knockout mice exhibited significant at-
tenuation of endothelium-dependent hyper-
polarization–mediated relaxation and marked 
increase in right ventricular systolic pressure, 
a surrogate measure of pulmonary arterial sys-
tolic pressure in mice; overexpression of Cx40 
significantly decreased right ventricular systolic 
pressure in chronically hypoxic mice.

What Are the Clinical Implications?
• Cx40 plays a crucial role in the development of 

hypoxia-induced pulmonary hypertension by 
regulating endothelium-dependent hyperpolariza-
tion–mediated relaxation in small distal pulmonary 
arteries, and that overexpression of Cx40 amelio-
rates hypoxia-induced pulmonary hypertension.

• Overexpression or stimulation of Cx40 is po-
tentially a novel therapeutic strategy for patients 
with pulmonary hypertension who do not re-
spond to conventional treatment.

Nonstandard Abbreviations and Acronyms

Cx37 connexin 37
Cx40 connexin 40
Cx43 connexin 43
Cx40KO connexin 40 knockout
EC endothelial cell
EDH endothelium-dependent 

hyperpolarization
EDR endothelium-dependent relaxation
GJ gap junction
IK intermediate-conductance Ca2+-

activated potassium
MPEC mouse pulmonary endothelial cell
PGI2 prostaglandin I2
PH pulmonary hypertension

RVSP right ventricular systolic pressure
SMC smooth muscle cell
Wt wild type
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pathways for the intercellular electrical propagation 
and transportation of small molecules <1  kDa (eg, 
ATP).18 Disturbing GJ activity by knockdown or inhi-
bition of Cx40 attenuates vascular relaxation19 and 
inhibits EC proliferation and migration.20,21 Systemic 
Cx40 knockout (Cx40KO) mice exhibit a significant 
increase in blood pressure,22,23 whereas Cx37 knock-
out mice show normal blood pressure.22 Systemic 
Cx43 knockout mouse is embryonic lethal because of 
the developmental failure of the heart,24 whereas en-
dothelial-specific Cx43 knockout results in hypoten-
sion.25 Cx40 expression is decreased in the lungs26,27 
and PAs28 in animals of experimental PH, and pul-
monary ECs from patients with PH.29 However, the 
pathophysiological role of Cx40 in PH is still unre-
vealed. In this study, we investigated EDH-mediated 
relaxation in small distal PAs from a hypoxia-induced 
PH mouse model and examined the pathogenic role 
of Cx40 in the development of hypoxia-induced PH.

METHODS
The detailed Methods section is included in Data S1. 
All supporting data are available within the article and 
its Data Supplement. The information of materials can 
also be found in Table S1.

Animals
All experimental protocols used in this study were 
approved by the Institutional Animal Care and Use 
Committee at The University of Arizona and the 
University of California, San Diego, and conformed 
to the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of Health. 
C57BL/6J male mice were purchased from Jackson 
Laboratory (Bar Harbor, ME). Systemic Cx40KO 
mice were kindly provided by Dr Janis Burt from The 
University of Arizona,30 and C57BL/6J mice were 
used as a wild-type (Wt) control. Tie2-driven Cx40 
Wt overexpressing mice and Tie2-driven Cx40 nega-
tive mutant overexpressing mice were provided by Dr 
Anthony Ashton from the University of Sydney.31 Mice 
without Tie2-driven Cx40 Wt gene or Tie2-driven Cx40 
negative mutant gene were used as Wt control. These 
mice were bred in the animal facility of The University 
of Arizona and University of California, San Diego. 
Male mice were used for experiments in this study. 
The primer sequence information for genotyping and 
copy number assessment is listed in Table S2. Mice 
were randomly allocated to experimental groups, and 
hypoxia-induced PH was generated by placing mice 
(8 weeks old) in the normobaric hypoxic chamber (10% 
O2) for 4 weeks. Sugen-hypoxia PH mouse model was 
generated by injections of Sugen 5416 (20 mg/kg, once 
a week) during the 4 weeks of hypoxic exposure. Cx40 

overexpression was achieved by a single intravenous 
injection of cytomegalovirus (CMV)-Cx40 adenovirus32 
or control adenovirus (adenovirus vector without gene 
insertion) at 3×109 plaque-forming unit/mouse. Three 
weeks after hypoxic exposure, mice that received ei-
ther Cx40 adenovirus or control adenovirus were kept 
in the hypoxic chamber for an additional 1 week be-
fore experimentation. Lung dissection was performed 
under anesthesia with sodium pentobarbital (130 mg/
kg, intraperitoneally), and all efforts were made to mini-
mize pain.

Statistical Analysis
We conducted data analysis in a blinded manner 
wherever possible and set proper controls for every 
experimental plan. The mouse number and independ-
ent experiment number are described in the figure 
legends. Statistical analysis was performed using 
GraphPad Prism 7.04. After the data passed a normal-
ity test, the 2-tailed Student t-test was used for com-
parisons of 2 groups, and 1-way ANOVA was used for 
multiple comparisons. If the data did not pass the nor-
mality test, a nonparametric test (Mann-Whitney for 2 
groups, Kruskal-Wallis for multiple comparisons) was 
used. Statistical comparison between dose-response 
curves was made by 2-way ANOVA with Bonferroni 
post hoc test. Differences were considered to be sta-
tistically significant when P<0.05. Data are presented 
as mean±SEM. In RNA-sequencing data, q values are 
obtained from adjusted P values using the Benjamini-
Hochberg false discovery rate approach to correct for 
multiple testing. The fold changes with q values <0.05 
are considered significant.

RESULTS
Endothelium-Dependent Relaxation in 
Small Distal PAs Is Primarily Induced by 
EDH-Mediated Relaxation
Large proximal PA (second order) and small dis-
tal PA (fourth-fifth order) were dissected from the 
same lobe of the lung, and endothelium-depend-
ent relaxation (EDR) was assessed by administrat-
ing acetylcholine in a dose-dependent manner. 
The diameters of large proximal PAs and small dis-
tal PAs were 137.1±17.9  µm and 113.2±6.1  µm, re-
spectively (nmice=6 per group; P=0.03). Small distal 
PAs exhibited significantly greater EDR than large 
proximal PAs (Figure 1A). EDR is composed of NO-, 
PGI2-, and EDH-mediated relaxations32,33; therefore, 
acetylcholine-induced relaxation in the presence of 
N-nitro-L-arginine methyl ester (an endothelial NO 
synthase inhibitor; 100  μmol/L) and indomethacin 
(a cyclooxygenase inhibitor; 10  μmol/L) represents 
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EDH-mediated relaxation. Small distal PAs showed 
strong EDH-mediated relaxation (>50%), whereas 
EDH-mediated relaxation was hardly seen in large 
proximal PAs (≤20%) (Figure 1B). There was little dif-
ference in smooth muscle–dependent relaxation, 
assessed by sodium nitroprusside (an NO donor)–
induced vasodilation, between small distal PAs and 
large proximal PAs (Figure 1C). Those data suggest 
that large proximal PAs relax mainly via NO- and 
PGI2-dependent relaxation, whereas small distal PAs 
relax largely through EDH-mediated relaxation.

Chronic Hypoxia Attenuates EDR and 
EDH-Mediated Relaxation in Small Distal 
PAs, Causing PH
Small distal PAs isolated from chronically hypoxic mice 
displayed attenuated EDR and EDH-mediated relaxa-
tion without any change in smooth muscle–dependent 

relaxation (Figure 2A). Mice exposed to hypoxia (10% 
O2) for 4  weeks developed PH, evidenced by a sig-
nificant increase in right ventricular systolic pressure 
(RVSP), a surrogate measure of pulmonary arterial sys-
tolic pressure (Figure 2B),34 and Fulton Index, a meas-
urement of right ventricular hypertrophy attributable to 
increased afterload (Figure 2C).

Cx40 Expression Is Decreased, and 
Cx37 Expression Is Increased, in Mouse 
Pulmonary ECs Isolated From Hypoxia-
Induced PH Mice
To investigate the target genes affected by chronic 
hypoxia, we conducted RNA sequencing using 
mouse pulmonary ECs (MPECs) isolated from nor-
moxic and hypoxic mice. Because chronic hypoxia 
significantly decreased EDH-mediated relaxation 
(Figure  2A), we focused on genes related to EDH, 

Figure 1. Vascular relaxation in different orders of pulmonary arteries (PAs).
A, Endothelial cell (EC)–dependent relaxation evaluated by acetylcholine (ACh) administration in PAs. 
Large proximal PAs (second order), nmice=6; small distal PAs (fourth-fifth order), nmice=6. B, Endothelium-
dependent hyperpolarization (EDH)–mediated relaxation in PAs determined by ACh administration in the 
presence of N-nitro-L-arginine methyl ester (L-NAME) (an endothelial NO synthase inhibitor; 100 µmol/L) 
and indomethacin (Indo) (a cyclooxygenase inhibitor; 10 µmol/L). Nmice=6 per group. C, Smooth muscle 
(SM)–dependent relaxation evaluated by sodium nitroprusside (SNP) administration in PAs. Nmice=6 per 
group. Data are mean±SEM. *P<0.05 vs second order. Statistical comparison between dose-response 
curves was made by 2-way ANOVA with Bonferroni post hoc test.

Figure 2. Effect of hypoxic exposure on endothelial function, right ventricular systolic pressure (RVSP), and connexin (Cx) 
expression in pulmonary endothelial cells.
A, Vascular response in small distal pulmonary arteries (fourth-fifth order). Left: Endothelial cell (EC)–dependent relaxation. Normoxia 
(Nor), nmice=8; Hypoxia (Hypo), nmice=7. Middle: Endothelium-dependent hyperpolarization (EDH)–mediated relaxation. Nor, nmice=8; 
Hypo, nmice=5. Right: Smooth muscle (SM)–dependent relaxation. Nor, nmice=8; Hypo, nmice=7. B, Left shows typical records of right 
ventricular pressure (RVP). Dot plot shows RVSP in mice exposed to 4 weeks of hypoxia (Hypo; nmice=6) or normoxia (Nor; nmice=9). 
C, Fulton Index (right ventricle [RV]/(left ventricle [LV]+septum [S])). nmice=5 per group. D, Protein levels of Cxs in mouse pulmonary 
endothelial cells (ECs) isolated from normoxia- or hypoxia-exposed mice. Cx37, nmice=6 per group; Cx40, nmice=7 per group; Cx43, 
nmice=5 per group. E, Gap junction activity in human pulmonary ECs. Representative photographs showing the images of Lucifer yellow 
dye transfer in ECs. The dot plot shows summarized data of dye transfer (the distance compared with control) in normoxia-exposed 
ECs (Nor; nexperiments=18) and hypoxia-exposed ECs (Hypo; nexperiments=18). F, Protein levels of Cxs in human pulmonary ECs exposed 
to normoxia or hypoxia for 48 hours. Cx37, nexperiments=4 per group; Cx40, nexperiments=5 per group; Cx43, nexperiments=5 per group. Data 
are mean±SEM. *P<0.05 vs Nor. Unpaired Student t-test (2 tailed) was used for comparisons of 2 experimental groups. Statistical 
comparison between dose-response curves was made by 2-way ANOVA with Bonferroni post hoc test. In the data of Cx37 in Figure 2F, 
Mann-Whitney was used for the statistical comparison. ACh indicates acetylcholine; H, hypoxia; Indo, indomethacin; L-NAME, N-nitro-
L-arginine methyl ester; N, normoxia; and SNP, sodium nitroprusside.
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such as small-conductance Ca2+-activated K+ chan-
nels and GJ proteins,33 and the result was shown 
in the Table. RNA-sequencing data revealed that 
the expression levels of intermediate-conductance 

Ca2+-activated potassium (IK) channel (KCNN4) and 
Cx40 (Gja5) were significantly decreased, whereas 
Cx37 (Gja4) and Cx43 (Gja1) were significantly in-
creased in MPECs from chronically hypoxic mice 
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compared with normoxic control mice. Furthermore, 
we found that Cx40 protein level was decreased, 
and Cx37 protein level was increased, in MPECs in 
hypoxia-exposed mice; there was no difference in 
protein levels of Cx43 (Figure  2D) and IK channels 
(Figure S1) between the groups. We also used a se-
vere PH mouse model, mice with Sugen/hypoxia–
induced PH, to compare the expression level of 
Cx40; we found that MPECs from Sugen/hypoxia–
induced PH mice exhibited a significant decrease in 

Cx40 protein expression compared with the control 
(Figure S2).

Acute Hypoxic Exposure Decreases GJ 
Activity in Pulmonary ECs
Connexins are the component of GJ that propagates 
the electrical signals between cells. Because we ob-
served the change of connexin expression levels, 
we examined whether hypoxia regulated the activity 

Table. Comparison of EDH-Related Gene Levels in MPECs Between Normoxia Control Mice and Chronically Hypoxic 
Mice

Gene Status Log2 (Fold Change) P Value q Value Significant

SK Channels and IK Channel

SK1 (Kcnn1) NOTEST

SK2 (Kcnn2) NOTEST

SK3 (Kcnn3) OK 0.337 0.013 0.088 No

SK4, IK (Kcnn4) OK −0.581 0.001 0.009 Yes

GJ/Connexin Proteins

Gja1 (Cx43) OK 0.599 <0.001 0.001 Yes

Gja3 (Cx46) NOTEST

Gja4 (Cx37) OK 0.569 <0.001 0.001 Yes

Gja5 (Cx40) OK −0.613 <0.001 0.005 Yes

Gja6 (Cx33) NOTEST

Gja8 (Cx50) NOTEST

Gja10 (Cx59, Cx62) NOTEST

Gjb1 (Cx32) NOTEST

Gjb2 (Cx26) NOTEST

Gjb3 (Cx31) NOTEST

Gjb4 (Cx30.3) NOTEST

Gjb5 (Cx30.1) NOTEST

Gjb6 (Cx30) NOTEST

Gjc1 (Cx45) OK 0.261 0.047 0.210 No

Gjc2 (Cx47) OK −0.151 0.502 0.817 No

Gjc3 (Cx31.3) NOTEST

Gjd2 (Cx26) NOTEST

Gjd3 (Cx31.9) NOTEST

Gjd4 (Cx40.1) OK 0.065 0.491 0.810 No

Gje1 (Cx23) NOTEST

Muscarinic acetylcholine receptors (Chrm)

Chrm1 OK 0.080 0.847 0.968 No

Chrm1 NOTEST

Chrm1 NOTEST

Chrm2 OK −0.244 0.097 0.333 No

Chrm3 OK −0.706 0.029 0.153 No

Chrm4 OK 0.324 0.257 0.586 No

Chrm5 NOTEST

The data were obtained by RNA sequencing by QIAGEN. If RNA expression level was too low, the status indicates “NOTEST.” Nmice=6 per group. Chrm 
indicates cholinergic receptor muscarinic; Cx23, connexin 23; Cx26, connexin 26; Cx30, connexin 30; Cx30.1, connexin 30.1; Cx30.3, connexin 30.3; Cx31, 
connexin 31; Cx31.3, connexin 31.3; Cx31.9, connexin 31.9; Cx32, connexin 32; Cx33, connexin 33; Cx37, connexin 37; Cx40, connexin 40; Cx40.1, connexin 
40.1; Cx43, connexin 43; Cx45, connexin 45; Cx46, connexin 46; Cx50, connexin 50; Cx59, connexin 59; Cx62, connexin 62; EDH, endothelium-dependent 
hyperpolarization; GJ, gap junction; IK, intermediate-conductance Ca2+-activated potassium; MPEC, mouse pulmonary endothelial cell; and SK, small-
conductance Ca2+-activated K+.
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of GJ in vitro. Human pulmonary ECs were first ex-
posed to hypoxia (3% O2) for 48 hours, and GJ activ-
ity was then assessed by dye transfer experiment.35 
As shown in Figure 2E, GJ activity was significantly 
attenuated by hypoxia in ECs. Short-term exposure 
of ECs to hypoxia also decreased Cx40 protein ex-
pression, but did not change Cx37 and Cx43 levels 
(Figure  2F), suggesting that Cx40 is more suscep-
tive or sensitive to hypoxia than Cx37 and Cx43. To 
examine whether the inhibition of NO and prostacy-
clin would affect GJ activity, we tested the effect of 
N-nitro-L-arginine methyl ester and indomethacin on 
GJ activity with or without exposure of ECs to hy-
poxia. As shown in Figure S3, NO/PGI2 inhibition did 
not affect GJ activity regardless of hypoxic exposure. 
These data suggest that hypoxia is sufficient to in-
hibit GJ activity in ECs through the downregulation of 
Cx40 and attenuate EDH-mediated relaxation.

Cx40 Deletion Leads to Attenuated EDH-
Mediated Relaxation in Small Distal PAs 
and Increases RVSP
To investigate the specific role of Cx40 in the de-
velopment of PH, we obtained Cx40KO mice30 and 
compared vascular response and RVSP in Wt and 
Cx40KO mice. MPECs from Cx40KO mice exhib-
ited significant decreases in Cx40 and Cx37 protein 
levels, but showed no difference in Cx43 level com-
pared with MPECs from Wt mice (Figure 3A). Deletion 
of Cx40 significantly attenuated EDR and EDH-
mediated relaxation in small distal PAs (Figure  3C); 
however, it did not affect vasodilation in large proxi-
mal PAs (Figure  3B). Furthermore, Cx40 deletion 
slightly, but with statistical significance, increased 
RVSP (Figure  3D), and it decreased Fulton Index 
(Figure 3E). In line with the result from Cx40KO mice, 
Tie2-driven Cx40 negative mutant overexpressing 
mice31 exhibited a significant increase in RVSP with-
out changing Fulton Index (Figure S4).

In the Absence of Cx40, Chronic 
Hypoxia Does Not Affect EDH-Mediated 
Relaxation, but Still Increases RVSP
We found that chronic hypoxia decreased Cx40 
expression in MPECs, and Cx40 deletion attenu-
ated EDH-mediated relaxation and increased RVSP. 
Therefore, we examined the effect of chronic hypoxia 
on vasodilation and RVSP in Cx40KO mice. Figure 4A 
demonstrates that chronic hypoxia did not alter EDR, 
EDH-mediated relaxation, or smooth muscle–de-
pendent relaxation in small distal PAs in Cx40KO 
mice. However, chronic hypoxia was still able to in-
crease RVSP in Cx40KO mice (Figure 4B), accompa-
nied with increased Fulton Index (Figure 4C). Neither 

hypoxia nor Cx40KO affected body weight and heart 
rate; however, Cx40KO mice exhibited higher mean 
arterial pressure than Wt mice, whereas chronic 
hypoxia slightly decreased mean arterial pres-
sure in Cx40KO mice without significant difference 
(Figure 5A through 5C).
We found that chronic hypoxia led to pulmonary ar-
teriole muscularization, as shown by a significant in-
crease in the number of highly muscularized PAs and a 
decrease in the number of partially muscularized PAs. 
However, the deletion of Cx40 had a negligible effect 
on pulmonary arteriole muscularity regardless of hy-
poxic exposure (Figure 5D through 5G).

To further examine the effect of Cx40 on hypox-
ia-induced structural changes of the pulmonary vas-
culature, we conducted angiography experiments and 
compared the total branch length and the number of 
branches and junctions between normoxic and hypoxic 
Wt and Cx40KO mice (Figure 5H through 5K). Chronic 
hypoxia significantly decreased the total branch length 
and the number of branches and junction in Wt mice 
and Cx40KO mice; however, the hypoxia-induced loss 
of branches was significantly attenuated in Cx40KO 
mice in comparison to Wt mice. These data suggest 
that further increase in RVSP, seen in chronically hy-
poxic Cx40KO mice, would be caused primarily by in-
creased PA muscularization.

Cx40 Overexpression Increases EDH-
Mediated Relaxation and Ameliorates 
Hypoxia-Induced PH
Next, we examined whether overexpression of Cx40 
was able to restore hypoxia-mediated inhibition of 
EDR and EDH-mediated relaxation in small dis-
tal PAs and to reverse hypoxia-induced PH. Cx40 
overexpression in MPECs by adenoviral induction 
of Cx40 gene was confirmed using Western blot 
analysis (Figure  6A). Cx40 overexpression in hy-
poxia-exposed mice significantly augmented EDR 
and EDH-mediated relaxation in small distal PAs 
(Figure 6B). In addition, Cx40 overexpression ame-
liorated hypoxia-induced PH (Figure  6C) without 
changing Fulton Index (Figure 6D). To further con-
firm the protective effect of Cx40 overexpression 
on hypoxia-induced PH, we obtained mice in which 
Cx40 was genetically overexpressed in ECs (Tie2-
driven Cx40 Wt overexpressing mice).31 As shown 
in Figure S5, endothelial-specific overexpression of 
Cx40 (Tie2-driven Cx40 Wt overexpressing mice) 
prevented the development of hypoxia-induced PH. 
Our data strongly suggest that Cx40 overexpres-
sion could be a novel therapeutic strategy for PH by 
increasing EDH-mediated relaxation in small distal 
PAs, which has never been focused as a target for 
PH treatment.
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DISCUSSION
In this study, we focused on endothelial function in 
small distal PAs and investigated whether restoration 

of endothelial function in small distal PAs, evaluated by 
EDH-mediated relaxation, had an inhibitory effect on 
the development and progression of hypoxia-induced 
PH. The contractile effect of hypoxia on pulmonary 
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SMCs has been studied for decades; however, there 
is little information on the effect of hypoxia on EDR, 
especially EDH-mediated relaxation in small dis-
tal PAs. PAs isolated from patients with chronic ob-
structive pulmonary disease show decreased EDR 
attributable to impaired NO production.36 Chronic 

hypoxia attenuates EDR by reducing NO produc-
tion or bioavailability in rat37,38 and mouse8,39 PAs. In 
those studies, the authors may have used large PAs 
(main or first-second order of conduit PA) because 
the blockade of NO abolishes EDR. As shown in our 
study (Figure 1), acetylcholine-induced vasodilation in 

Figure 3. Characterization of connexin 40 knockout (Cx40KO) mice.
A, Cx protein levels determined by Western blot. Left: Cx37. Nmice=6 per group. Middle: Cx40. Wild type (Wt), nmice=7; Cx40KO 
mice, nmice=8. Right: Cx43. Nmice=4 per group. B, Vascular relaxation in large proximal pulmonary arteries (PAs) (second order). C, 
Vascular relaxation in small distal PAs (fourth-fifth order). Left: Endothelial cell (EC)–dependent relaxation. Nmice=6 per group. Middle: 
Endothelium-dependent hyperpolarization (EDH)–mediated relaxation. Nmice=6 per group. Right: Smooth muscle (SM)–dependent 
relaxation. Nmice=6 per group. D, Typical record of right ventricular pressure (RVP) and summarized data of right ventricular systolic 
pressure (RVSP). Wt, nmice=9; Cx40KO, nmice=8. E, Fulton Index (right ventricle [RV]/(left ventricle [LV]+septum [S])). Wt, nmice=5; Cx40KO, 
nmice=7. Data are mean±SEM. *P<0.05 vs Wt. Unpaired Student t-test (2 tailed) was used for comparisons of 2 experimental groups. 
Statistical comparison between dose-response curves was made by 2-way ANOVA with Bonferroni post hoc test. In the data of Cx40 
and Cx43 in Figure  3A, Mann-Whitney was used for the statistical comparison. ACh indicates acetylcholine; Indo, indomethacin; 
L-NAME, N-nitro-L-arginine methyl ester; and SNP, sodium nitroprusside.

Figure 4. Exposure to chronic hypoxia in connexin 40 knockout (Cx40KO) mice does not alter vascular response; however, 
it further increases right ventricular systolic pressure (RVSP).
A, Vascular response in small distal (fourth-fifth order) pulmonary arteries. Left: Endothelial cell (EC)–dependent relaxation. Normoxic 
Cx40KO mice (Cx40-Nor), nmice=7; Cx40KO mice exposed to hypoxia (Cx40KO-Hypo), nmice=8. Middle: Endothelium-dependent 
hyperpolarization (EDH)–mediated relaxation. Cx40-Nor, nmice=7; Cx40KO-Hypo, nmice=5. Right: Smooth muscle (SM)–dependent 
relaxation. Cx40-Nor, nmice=7; Cx40KO-Hypo, nmice=8. B, Typical record of right ventricular pressure (RVP) and summarized data of 
right ventricular systolic pressure (RVSP). Cx40-Nor, nmice=8; Cx40KO-Hypo, nmice=6. C, Fulton Index (right ventricle [RV]/(left ventricle 
[LV]+septum [S])). Cx40-Nor, nmice=7; Cx40KO-Hypo, nmice=6. Data are mean±SEM. *P<0.05 vs Cx40-Nor. Unpaired Student t-test 
(2 tailed) was used for comparisons of 2 experimental groups. Statistical comparison between dose-response curves was made by 
2-way ANOVA with Bonferroni post hoc test. ACh indicates acetylcholine; Indo, indomethacin; L-NAME, N-nitro-L-arginine methyl 
ester; and SNP, sodium nitroprusside.
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large proximal PAs is predominantly dependent on NO 
and/or PGI2, whereas EDH-mediated relaxation largely 
contributed to EDR in small distal PAs, evidenced by 

strong acetylcholine-induced relaxation in the pres-
ence of NO and PGI2 inhibitors. Furthermore, we dem-
onstrated that chronic hypoxia significantly attenuated 
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EDH-mediated relaxation in small distal PAs accompa-
nied by increased RVSP and Fulton Index (Figure 2A 
through 2C). Our RNA-sequencing data revealed that 
mRNA levels of IK channel and Cx40 were significantly 
decreased, whereas Cx37 and Cx43 were increased 

in MPECs isolated from hypoxia-induced PH mice 
(Table). Contrary to our expectations, the protein level 
of IK channel showed no significant difference between 
normoxic control mice and hypoxic mice (Figure S1). 
Wandall-Frostholm et al also reported that 4 weeks of 

Figure 5. Characterization of wild-type (Wt) and connexin 40 knockout (Cx40KO) mice with or without 4 weeks of hypoxic 
exposure.
A–C, Hemodynamic parameters. A, Body weight (BW). B, Heart rate (HR). C, Mean arterial pressure (MAP). Wt mice exposed to normoxia 
(Wt-Nor), nmice=9; Wt mice exposed to hypoxia (Wt-Hypo), nmice=9; Cx40KO mice exposed to normoxia (Cx40KO-Nor), nmice=8; Cx40KO 
mice exposed to hypoxia (Cx40KO-Hypo), nmice=6. D-G, Muscularization of the pulmonary arterioles. D, Representative images. 
Pulmonary arteries were stained with von Willebrand factor AF488 (an endothelial cell marker) and anti–α-smooth muscle actin–Cy3 
(αSMA; a smooth muscle cell marker). Bar=70 µm. Peripheral pulmonary arteries (20 µm<diameter<70 µm) were classified into highly 
muscularized (>50% of αSMA staining; E), partially muscularized (1%<αSMA staining<50%; F), and nonmuscularized (0% of αSMA 
staining; G). Nmice=6 per group. H-K, Lung angiograph. H, Representative images. I, Total branch length. J, Number of branches. K, 
Number of junctions. Wt-Nor, nmice=11; Wt-Hypo, nmice=9; Cx40KO-Nor, nmice=8; Cx40KO-Hypo, nmice=8. Data are mean±SEM. *P<0.05 
vs Wt-Nor. #P<0.05 vs Wt-Hypo. §P<0.05 vs Cx40KO-Nor. Statistical comparison between 4 groups was made by 1-way ANOVA with 
Bonferroni post hoc test. In the data of Figure 5A, 5G, and 5K, Kruskal-Wallis test was used for the statistical comparison.

Figure 6. Connexin 40 (Cx40) overexpression increases vascular relaxation and decreases right ventricular systolic 
pressure (RVSP) in hypoxia-exposed mice.
A, Cx40 protein level in mouse pulmonary endothelial cells (ECs) from normoxia-exposed control adenovirus (Cont-Adv)–injected 
mouse (Nor+Cont-Adv), hypoxia-exposed Cont-Adv–injected mouse (Hypo+Cont-Adv), and hypoxia-exposed Cx40-Adv–injected 
mouse (Hypo+Cx40-Adv). Dot plot shows summarized data. Nmice=5 per group. B, Vascular response in small distal (fourth-fifth order) 
pulmonary arteries. Nor+Cont-Adv, nmice=10; Hypo+Cont-Adv, nmice=11; Hypo+Cx40-Adv, nmice=10. Left: EC-dependent relaxation. 
Middle: Endothelium-dependent hyperpolarization (EDH)–mediated relaxation. Right: Smooth muscle (SM)–dependent relaxation. 
C, Typical record of right ventricular pressure (RVP) and summarized data of RVSP. Nor+Cont-Adv, nmice=7; Hypo+Cont-Adv, nmice=7; 
Hypo+Cx40-Adv, nmice=5. D, Fulton Index (right ventricle [RV]/(left ventricle [LV]+septum [S])). Nor+Cont-Adv, nmice=5; Hypo+Cont-Adv, 
nmice=5; Hypo+Cx40-Adv, nmice=4. Data are mean±SEM. *P<0.05 vs Nor+Cont-Adv. #P<0.05 vs Hypo+Cont-Adv. Statistical comparison 
of dose-response curves among 3 groups was made by 2-way ANOVA with Bonferroni post hoc test. Statistical comparison of 
RVSP among 3 groups was made by 1-way ANOVA with Bonferroni post hoc test. ACh indicates acetylcholine; and SNP, sodium 
nitroprusside.
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hypoxia exposure did not alter the level of IK channel 
in mice, and suppression of IK and small-conductance 
Ca2+-activated K+ channels did not change RVSP.40 
However, Kroigaard et al demonstrated that chronic 
hypoxia attenuated EDH-mediated relaxation in rat 
PAs (third-fourth order) because of downregulation of 
IK channel.41 Further study is required to identify the 
role of IK channel in the development of PH.

Several groups showed the decrease of Cx40 levels 
in the lungs of patients with PH and animals with ex-
perimental PH,26–29 as did we in MPECs isolated from 
mice with hypoxia-induced PH (Figure 2B). However, 
the functional role of Cx40 in the development of PH 
was not clear until now. In this study, we found that the 
deletion of Cx40 in mice significantly inhibited EDH-
mediated relaxation in small distal PAs, but not in large 
PAs (Figure 3B and 3C). Although Cx40 deletion at-
tenuated endothelial function only in small distal PAs, 
Cx40KO mice exhibited a significant increase in RVSP 
(Figure  3D). Endothelium-specific Tie2-driven Cx40 
negative mutant overexpressing mice also showed an 
increase in RVSP (Figure S4), which was in agreement 
with the result from Cx40KO mice. Without Cx40, 
hypoxia was no longer able to inhibit EDH-mediated 
relaxation (Figure  4A). However, chronic exposure 
of Cx40KO mice to hypoxia further enhanced PH 
(Figure  4B), accompanied with increased arteriole 
muscularization (Figure 5D through 5G). These data 
suggest that hypoxia can lead to PH by, at least, 2 
independent mechanisms: (1) vascular remodeling 
and (2) attenuated EDH-dependent relaxation in small 
distal PAs through Cx40 downregulation in pulmonary 
ECs. In other words, Cx40 downregulation is one of 
the causes of hypoxia-induced PH, but not an ab-
solute cause. We initially thought that the change in 
protein levels of other connexins in MPECs or hearts 
might be involved in the further increase of RVSP in 
hypoxia-exposed Cx40KO mice. Figure S6 showed 
that the expression levels of those proteins were not 
altered in hypoxic-exposed Cx40KO mice compared 
with normoxic Cx40KO mice. These data imply that 
chronic hypoxia augmented RVSP in Cx40KO mice 
primarily through increased arteriole musculariza-
tion without obvious contribution of changes in other 
connexins.

Overexpression of Cx40 by adenoviral induction of 
Cx40 gene restored EDR and EDH-mediated relaxation 
in small distal PAs and ameliorated hypoxia-induced 
PH (Figure 6). In line with this result, constitutive Cx40 
overexpression in ECs prevented the development of 
hypoxia-induced PH (Figure S5). Those data suggest 
that Cx40 overexpression is useful for both restoration 
and prevention of hypoxia-induced PH. We believe 
Cx40 is a novel alternative target for the drug discovery 
in hypoxia-induced PH because of its selective effect 
on endothelial function in small distal PAs.

Recent studies have also highlighted the change 
of Cx43 levels in PH. Bullaud et al demonstrated the 
increase in Cx43 level in pulmonary SMCs of hypox-
ia-induced PH rats, but not in monocrotaline-induced 
PH rats.42 Bouvard et al also showed the increase of 
Cx43 expression in PAs of patients with PH attribut-
able to lung diseases and hypoxia (but not in patients 
with idiopathic PAH) and mice with hypoxia-induced 
PH.43 They, however, found that Cx43 inhibition did not 
decrease RVSP in hypoxia-induced PH mice, although 
PA muscularization was reduced. On the other hand, 
Htet et al showed that hypoxic exposure to mice for 
2 weeks decreased Cx43 levels in PAs.28 The opposite 
results of changes in Cx43 level shown in this study 
would be likely caused by short-time exposure of hy-
poxia in mice. They also showed that Cx43 knockout 
mice (heterozygous) exhibited a further decrease in 
Cx43 after hypoxic exposure.28 McNair et al demon-
strated that acute hypoxic exposure increased Cx43 
expression in pulmonary fibroblast, but not in pulmo-
nary SMCs, and led to fibroblast proliferation ex vivo.44 
On the basis of the reports mentioned above, hypox-
ia-mediated Cx43 overexpression in pulmonary SMCs 
or fibroblasts might have a maladaptive effect on pul-
monary arterial remodeling, which potentially results in 
PH. The protein level of endothelial Cx43 was not tested 
in those studies, and we found that the protein level 
of Cx43 in MPECs was not altered in hypoxia-induced 
PH mice (Figure 2C). Cx43 is expressed ubiquitously in 
different tissues and cells; therefore, it is important to 
study cell-specific expression pattern of Cx43 and its 
potential role in pulmonary vascular disease.

It had been reported that increased Cx37 level 
leads to cell apoptosis45 and cell cycle arrest.46,47 We 
found that hypoxia reduced GJ activity, whereas Cx40 
was significantly decreased, and Cx37 was increased, 
in hypoxia-induced PH mice (Figure 2C and 2D). These 
data suggest that increased Cx37 is probably not the 
cause for hypoxia-mediated reduction of GJ activity; 
what is the role of increased Cx37 in PH then? The key 
data from this study are the basal RVSP in Cx40KO 
mice was higher than in Wt mice, although Cx37 pro-
tein level in MPECs was slightly decreased in Cx40KO 
mice in comparison to MPECs from Wt mice (Figure 3). 
This means that only Cx40 downregulation is sufficient 
to increase RVSP shown in hypoxia-induced PH mice. 
We will conduct further experiments to investigate the 
role of Cx37 in the development of PH in the future.

Inhaled NO and intravenous infusion of PGI2, along 
with medicines for increasing NO bioavailability and 
PGI2 analogs, are major drugs used for the treatment 
of patients with PH; however, the efficacy of these 
medicines can vary among patients with PH, and 
some patients do not even respond to these medica-
tions. Herein, we demonstrate that restoration of EDH-
mediated relaxation in small distal artery by increasing 
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Cx40 expression or function is an efficient stratagem 
to ameliorate PH. Drugs that specifically open Cx40 
or upregulate Cx40 in pulmonary ECs would provide 
a new type of treatment for pulmonary arterial hy-
pertension and PH associated with lung disease and 
hypoxia.
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Animals 
All experimental protocols used in this study were approved by the Institutional Animal 
Care and Use Committee (IACUC) at The University of Arizona (UA) and the University 
of California, San Diego (UCSD) and conformed to the Guide for the Care and Use of 
Laboratory Animals published by the National Institutes of Health. C57BL/6J male mice 
were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Systemic Cx40 
knockout (KO) mice were kindly provided by Dr. Janis Burt from the UA31, and 
C57BL/6J were used as a wild-type (Wt) control. Tie2-driven Cx40 Wt overexpressing 
(Cx40TG) mice and Tie2-driven Cx40 negative mutant overexpressing mice (Cx40-NM) 
were provided by Dr. Anthony Ashton from the University of Sydney32. Heterozygous 
parents were used as a breeder of Cx40TG mice, and homozygous parents were used 
for Cx40NM breeders. Homo-  and heterozygosity was determined by Cx40 copy 
number. Mice without Tie2-Cx40TG gene or Tie2-Cx40-NM gene were used as Wt 
control. These mice were bred in the animal facility of the UA and UCSD. Male mice 
were used for experiments in this study. The primer sequence information for 
genotyping and copy number assessment is listed in Table S1. Mice were randomly 
allocated to experimental groups, and hypoxia-induced PH was induced by placing mice 
(8 weeks old) in the normobaric hypoxic chamber (10% O2) for 4 weeks. Sugen-hypoxia 
PH mouse model (SuHx) was generated by injections of Sugen 5416 
(20mg/kg, once a week) during the 4 weeks of hypoxic exposure. Cx40 overexpression 
was achieved by a single intravenous injection (i.v.) of CMV-Cx40 adenovirus33 (Cx40-
Adv) or control Adv (Cont-Adv, Adv vector without gene insertion) at 3 x 109 pfu/mouse. 
Three weeks after hypoxic exposure, mice received either Cx40-Adv or Cont-Adv and 
kept in the hypoxic chamber for an additional one week before experimentation. Lung 
dissection was performed under anesthesia with sodium pentobarbital (130 mg/kg, i.p.), 
and all efforts were made to minimize pain.  

Isometric tension measurement in pulmonary arterial ring 
Isometric tension in the PAs was measured and recorded as described previously34. 
Briefly, a large proximal PA (2nd order) and small distal PA (4th-5th order) were dissected 
from a left superior lobe and cut into 1-mm segments. The PA rings were mounted on a 
myograph (DMT-USA, Inc. Ann Arbor, MI, USA) using thin stainless wires (20 μm in 
diameter), and the resting tension was set at 0.1 g. PAs were allowed to equilibrate for 
45 min with intermittent washes every 15 min. After equilibration, each PA ring was 
contracted by treatment with PGF2α to generate a similar contraction level in all groups. 
Acetylcholine (ACh) or sodium nitroprusside (SNP, an NO donor) was administrated in a 
dose-dependent manner (1 nmol/l to 100 μmol/l), and the degree of vasodilatation was 
described as a percentage (%) decrease of PGF2α-induced contraction. 

Right ventricular systolic pressure (RVSP) measurement 
Mice were anesthetized with isoflurane (1%), and the catheter was inserted into the 
right external jugular vein and proceeded into the right ventricle (RV). Right ventricular 
pressure (RVP) was measured and recorded using an MPVS Ultra system (Millar Inc. 
Houston, TX, USA), as described in our previous manuscript34. RVSP, a surrogate 
measure of pulmonary artery systolic pressure, was measured and compared between 

Data S1.



the groups. At the end of the experiment, the heart was dissected. The free wall of the 
RV was then isolated from the left ventricle and septum (LV+S) and weighed separately. 
The Fulton index was calculated as the weight ratio of RV/(LV+S). 

Isolation of mouse pulmonary ECs 
Mouse pulmonary ECs (MPECs) were isolated using a method previously described34. 
The purity of MPECs was evaluated by DiI-acLDL uptake and Bandeiraea Simplicifolia 
lectin-FITC (BS-l) staining. Efficient isolation yields approximately 4x104 MPECs per 
mouse with over 80% purity. 

RNA sequencing  
mRNA from MPECs was isolated using a miRNeasy Mini Kit (QIAGEN, Chatsworth, CA, 
USA). Frozen RNA samples (nmice = 6 per group) were sent to QIAGEN for RNA 
sequencing. At the company, RNA samples were quantified, and sequencing libraries 
were generated using Illumina TruSeq stranded total RNA library preparation kit with 
rRNA depletion (Illumina, San Diego, CA, USA). The libraries’ size distribution was 
validated, and the quality was inspected on a Bioanalyzer 2100 or BioAnalyzer 4200 
TapeStation (Agilent Technologies, Santa Clara, CA, USA). Paired end-75bp read 
sequencing was conducted using an Illumina NextSeq500 (Illumina Inc.). The data 
analysis was performed using the Tuxedo software package by QIAGEN. The 
components of QIAGEN NGS data analysis pipeline for RNA-seq include Bowtie2 
v.2.2.2, Tophat v2.0.11, and Cufflinks v2.2.1.

Western blot analysis 
Protein levels were analyzed using SDS-PAGE separation and electrophoretic transfer 
to nitrocellulose membranes. Primary antibodies used in this study are listed in Table 
S1. 

GJ activity measurement 
Human pulmonary ECs were plated in a 12-well plate. Next day, the plate was placed in 
a hypoxic incubator (3% O2) or regular normoxic incubator (21% O2) and cultured for 48 
hours. Dye transfer assay was performed as described in our previous manuscript35. 
Briefly, Lucifer yellow (0.5 mg/ml) was added to each well at the end of 48 hours 
incubation, and the confluent cells were scratched by a scalpel in the middle of the well 
to allow dye to get into cells at the edge of the scrape. The dye solution was left for 20 
min in the well, and then cells were washed and fixed. Images of dye transfer were 
captured using an EVOS FL Auto Imaging System (Thermo-Fisher Scientific, Waltham, 
MA, USA). The distance of dye transfer from the scraping site to the farthest site of cells 
showing visual uptake of dye was measured using Image Pro-Plus 7.0 software (Media 
Cybernetics, Inc. Rockville, MD, USA). The data were normalized to the averaged 
distance of dye transfer in normoxia-exposed ECs. 

Systemic arterial pressure and heart rate measurement 
Mice were anesthetized with isoflurane (1%), and the catheter was inserted into the 
right carotid artery. Systemic arterial pressure and heart rate were measured using an 
MPVS Ultra system and data were collected using PowerLab data acquisition system 



(Sydney, Australia). 

Quantification of muscularization in pulmonary vessels  
Lungs were inflated, perfused with OTC compound, and frozen. Lung sections (6 µm in 
thickness) were stained with antibodies against von Willebrand factor (vWF, an EC 
marker, conjugated with Alexa488) and α-smooth muscle cell actin antigen (αSMA, a 
SMC marker, conjugated with Cy3). The lung image was taken with a Nikon Eclipse Ti-
E 3D Deconvolution microscope (Nikon Corp. Tokyo, Japan). Vessels sized between 20 
μm and 70 μm in the entire lung were scored based on αSMA-staining: highly-
muscularized = >50% of αSMA-staining, partially-muscularized = 1% < αSMA-staining < 
50%, non-muscularized = 0% of αSMA-staining. 

Lung angiograph 
Pulmonary angiography was conducted as previously described34. The lungs were 
perfused with 0.5 mL/min for 2 min through the pulmonary artery (PA) and fixed at 4°C 
overnight. Then the lungs filled with Microfil were bathed in serial concentrations of 
ethanol, placed in methyl salicylate, and photographed with a digital camera (MD600E, 
Amscope, Irvine, CA, USA). We made binary images using NIH ImageJ 1.47v software 
on the peripheral pulmonary vasculature (the areas between the edge of the lung and 1 
mm inside from the edge of the lung) using Photoshop CS software (Adobe Inc. San 
Jose, CA, USA); the images were then skeletonized for analyzing the number of vessel 
branches, the number of junctions and the total length. These data were normalized by 
the area selected in each lung image. 

Statistics 
We conducted data analysis in a blinded fashion wherever possible and set proper 
controls for every experimental plan. The mouse numbers and independent experiment 
numbers are described in the figure legends. Statistical analysis was performed using 
GraphPad Prism 7.04 (La Jolla, CA, USA). Data are presented as mean ± SEM. After 
the data passed a normality test, the two-tailed Student’s t-test was used for 
comparisons of two groups, and one-way ANOVA was used for multiple comparisons. If 
the data did not pass the normality test, a non-parametric test (Mann-Whitney for two 
groups, Kruskal-Wallis for multiple comparisons) was used. Statistical comparison 
between dose-response curves was made by two-way ANOVA with Bonferroni post hoc 
test. Differences were considered to be statistically significant when P<0.05. In RNAseq 
data, q-values are obtained from adjusted p-values using the Benjamini-Hochberg False 
Discovery Rate approach to correct for multiple testing. The fold changes with q-values 
below 0.05 are considered significant. 



Table S1.  Major Resources. 

Animals (in vivo studies) 
Species Vendor or Source Background Strain Sex Persistent ID / URL
Mouse Jackson Laboratory, 

(ME, USA) 
C57BL/6J, Stock #: 000664 M jax.org/jax-mice-and-

services/find-and-order-jax-
mice/most-popular-jax-mice-
strains/aged-b6 

Genetically Modified Animals 
Species Vendor or 

Source 
Backgr
ound 
Strain

Other Information Persistent ID / URL 

Cx40-/- 
(Parent) 

Mouse Jackson 
Laboratory, 
(ME, USA) 

C57BL/6 Cx40 knockout mice 
Stock #: 025697 

https://www.jax.org/strain
/025697 

Cx40Tg/+ 
(Parent) 

Mouse University of 
Sydney, (NSW, 
Australia) 

C57BL/6 Tie2-Cx40 (wild type) 
overexpressing mice 
(hetero)

https://www.ncbi.nlm.nih.
gov/pubmed/23471232 

Cx40-NM Mouse University of 
Sydney, (NSW, 
Australia) 

C57BL/6 Tie2-Cx40 negative 
mutant overexpressing 
mice (homo)

https://www.ncbi.nlm.nih.
gov/pubmed/25547341 

Antibodies 
Target 
antigen 

Vendor or 
Source 

Catalog # Dilution 
Rate

Persistent ID / URL 

Cx37 Thermo-Fisher 
Scientific 
(MA, USA) 

424400 1:500 https://www.thermofisher.com/antibody/product/C
onnexin-37-Antibody-Polyclonal/42-4400 

Cx40 Santa Cruz 
Biotechnology 
Inc. (TX, USA) 

sc-20466 1:2000 https://www.scbt.com/p/connexin-40-antibody-c-
20?requestFrom=search 

Cx43 Thermo-Fisher 
Scientific 
(MA, USA) 

710700 1:1000 https://www.thermofisher.com/antibody/product/C
onnexin-43-Antibody-Polyclonal/71-0700 

IK Santa Cruz 
Biotechnology 
Inc. (TX, USA) 

sc-365265 1:1000 https://datasheets.scbt.com/sc-365265.pdf 

Actin Santa Cruz 
Biotechnology 
Inc. (TX, USA) 

sc-1616 1:4000 https://www.scbt.com/p/actin-antibody-i-
19?requestFrom=search 

CD31 BD Biosciences 
(CA, USA) 

553370 1:500 https://www.bdbiosciences.com/us/solrSearch?te
xt=553370 

vWF Santa Cruz 
Biotechnology 
Inc. (TX, USA) 

sc365721-
488 

1:500 https://www.scbt.com/p/vwf-antibody-c-
12?requestFrom=search 

αSMA Sigma Aldrich, 
(MO, USA) 

C6198 1:1000 https://www.sigmaaldrich.com/catalog/product/sig
ma/c6198?lang=en&region=US 



Cultured Cells 
Name Vendor or Source Catalog # Lot# Sex (F, M, or unknown) 

HPAEC Cell Applications Inc. (CA, USA) 302-05a 2439 F 

Chemicals 
Description Source Catalog #

Medium 199 Thermo-Fisher Scientific, (MA, USA) MT10060-CV 
Streptomycin/penicillin Thermo-Fisher Scientific, (MA, USA) MT-30-002-Cl
Trypsin/EDTA Thermo-Fisher Scientific, (MA, USA) MT25052-CI 
Endothelial Cell Growth Supplement Thermo-Fisher Scientific, (MA, USA) 356006 
Fetal Bovine Serum Thermo-Fisher Scientific, (MA, USA) MT35010CV 
Iron-Supplemented Calf Serum Thermo-Fisher Scientific, (MA, USA) SH30072.04 
Matrigel Thermo-Fisher Scientific, (MA, USA) 356237 
Dynabeads ® Sheep Anti-Rat IgG Thermo-Fisher Scientific, (MA, USA) 11035 
Collagenase I Worthington Biochemical Corp. (NJ, USA) LS004196 
Dispase II Worthington Biochemical Corp. (NJ, USA) LS02109 
Sodium pentobarbital  Henry Schein( NY, USA) VINV-CIII-0001 
Dil-acLDL Thermo-Fisher Scientific, (MA, USA) L3484 
Lectin-FITC Sigma Aldrich (MO, USA) L9381 
miRNeasy Mini Kit Qiagen (CA, USA) 217004 
RT2 First Strand Kit Qiagen (CA, USA) 330404 
PGF2α Sigma Aldrich (MO, USA) P0424-5 mg 
Acetylcholine Sigma Aldrich, (MO, USA) A9101 
Sodium Nitroprusside Sigma Aldrich, (MO, USA) 71778 
L-NAME Cayman Chemical (MI, USA) 80210 
indomethacin Sigma Aldrich, (MO, USA) I7378 
Lucifer Yellow Thermo-Fisher Scientific, (MA, USA) L453 
Microfil Flow Tech Inc. (MA, USA) MV-122
Isoflurane Henry Schein( NY, USA) 1169567762 
Other general chemicals Sigma Aldrich, (MO, USA) 



Table S2. Primers used for genotyping and copy number assessment. 

Strain Gene Forward Reverse
Genotype

Cx40-/- Wt 
TGGAGCCACAGTTGCAATGGT 

TCTCTGACTCCGAAAGGCAAG
Cx40-/- GCACGAGACTAGTGAGACGTG

Cx40TG Cx40TG-
IRES 

CCAGGGCACCCTACTCAACA AGGGGCGGATCTCGAATCAA 

Cx40NM Cx40NM-
IRES 

CCAGGGCACCCTACTCAACG AGGGGCGGATCTCGAATCAA 

Copy number
Cx40 Cx40 CCACAGTCATCGGCAAGGTC CTGAATGGTATCGCACCGGAA
GAPDH GAPDH TGACCTCAACTACATGGTCTACA CTTCCCATTCTCGGCCTTG
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Figure S1. IK channel protein levels in mouse pulmonary endothelial cells (MPECs) 
isolated from normoxic control mice (Nor, nmice=5) and hypoxia-exposed mice (Hypo, 
nmice=5) determined by Western Blot. Data are mean ± SEM. Unpaired 
Student’s t-test (2-tailed) was used for comparisons of two experimental groups and 
there is no significant difference between two groups.
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Figure S2. Characterization of mice with Sugen-hypoxia (SuHx)-induced pulmonary 
hypertension (PH). A: Typical record of right ventricular pressure (RVP). B: Dot plot 
shows right ventricular systolic pressure (RVSP) in mice exposed to 4wks-Hypoxia 
and Sugen5416 (SuHx, nmice=9) or control mice for SuHx (Cont, nmice=9). C: Fulton 
Index (RV/LV+S). Cont, nmice=10; SuHx, nmice=9. D. Cx40 protein levels in mouse 
pulmonary endothelial cells (MPECs) determined by Western Blot. Nmice=3 per group. 
Data are mean ± SEM. *P<0.05 vs. Cont. Unpaired Student’s t-test (2-tailed) was 
used for comparisons of two experimental groups.
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Figure S3. Gap junction (GJ) activity in human pulmonary ECs assessed by Lucifer 
Yellow dye transfer experiment. The dot plot shows summarized data of dye transfer 
(the distance compared to control) in normoxia-exposed vehicle-treated ECs (Nor + 
Vehicle), normoxia-exposed L-NAME (an eNOS inhibitor, 10µM) and 
indomethacin (a cyclooxygenase inhibitor, 100µM)-treated ECs (Nor + L-NAME + Indo), 
hypoxia-exposed vehicle-treated ECs (Hypo + Vehicle), hypoxia-exposed L-NAME and 
indomethacin-treated ECs (Hypo + L-NAME + Indo). Inhibitors were added to the cells 
for 20 min before dye transfer experiment. Experimental number is nexperiments=8 per 
group. Data are mean ± SEM. *P<0.05 vs. Nor + Vehicle. #P<0.05 vs. Nor + L-NAME + 
Indo. Statistical comparison between four groups was made by one-way ANOVA with 
Bonferroni post hoc test.
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Figure S4. Cx40 negative mutant (NM) knock-in mice develops PH. A: RVSP. Wild 
type (Wt), nmice=7; Cx40-NM, nmice=8. B: Fulton Index (RV/LV+S). Wt, nmice=7; 
Cx40-NM, nmice=8. Data are mean ± SEM. *P<0.05 vs. Wt. Unpaired 
Student’s t-test (2-tailed) was used for comparisons of two experimental groups.
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Figure S5. Typical record of RVP in normoxia-exposed Wt mice, hypoxia-exposed Wt mice, and 
hypoxia-exposed Cx40-overexpressing transgenic (Cx40TG) mice. B: RVSP. Wt-Nor, nmice=8; 
Wt-Hypo, nmice=7; Cx40TG-hypo, nmice=8. C: Fulton Index. Wt-Nor, nmice=6; Wt-Hypo, nmice=5; 
Cx40TG-hypo, nmice=7. Data are mean ± SEM. *P<0.05 vs. Wt-Nor. #P<0.05 vs. Wt-Hypo. Statistical 
comparison between three groups was made by one-way ANOVA with Bonferroni post hoc test.
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Figure S6. Protein levels of Cxs in MPECs (A-B) and cardiac myocytes (CMs, E-F) isolated from 
Wt and Cx40KO mice with or without 4wks-hypoxic exposure. A: Cx37 in MPECs. B: Cx40 in MPECs. 
C: Cx43 in MPECs. D: IK levels in MPECs. E: Cx37 in CMs. F: Cx43 in CMs. CMs were collected 
from digested heart materials after coronary endothelial cells were removed. Nmice=3-4 per group. 
Data are mean ± SEM. *P<0.05 vs. Wt-Nor. #P<0.05 vs. Wt-Hypo. Statistical comparison between four 
groups was made by one-way ANOVA with Bonferroni post hoc test.
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