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Phosphodiesterase type 10A
inhibitor attenuates lung fibrosis
by targeting myofibroblast activation

Ya-Jun Li,1,6 Jian-Rong Shi,2,6 Shu-Chan Li,1 Lu-Ming Wang,3 Rana Dhar,1 Ning Li,1 Xin-Wei Cao,1 Zi-Gang Li,4

and Hui-Fang Tang1,5,7,*

SUMMARY

Pulmonary fibrosis (PF) is a fatal and irreversible respiratory disease accompanied
by excessive fibroblast activation. Previous studies have suggested that cAMP
signaling pathway and cGMP-PKG signaling pathway are continuously down-
regulated in lung fibrosis, whereas PDE10A has a specifically expression in fibro-
blasts/myofibroblasts in lung fibrosis. In this study, we demonstrated that over-
expression of PDE10A induces myofibroblast differentiation, and papaverine,
as a PDE10A inhibitor used for vasodilation, inhibits myofibroblast differentia-
tion in human fibroblasts, Meanwhile, papaverine alleviated bleomycin-induced
pulmonary fibrosis and amiodarone-induced oxidative stress, papaverine down-
regulated VASP/b-catenin pathway to reduce the myofibroblast differentiation.
Our results first demonstrated that papaverine inhibits TGFb1-inducedmyofibro-
blast differentiation and lung fibrosis by VASP/b-catenin pathway.

INTRODUCTION

Pulmonary fibrosis (PF) is a chronic, aggressive and lethal lung disease with pathological deposition of con-

nective tissue, repetitive injury to the alveolar wall, the abnormal accumulation of fibroblasts/myofibro-

blasts, excessive deposition of extracellular matrix (ECM) components, and abnormal tissue repair lead

to loss of lung function.1 After prognosis for PF, a 5 years survival rate of patients is 48%.2 Despite extensive

research efforts over the last few decades, only two drugs, pirfenidone and nintedanib, are currently avail-

able to retard the decline in lung function.3 Thus, it is important to clarify the mechanism to suppress this

disease.

Idiopathic pulmonary fibrosis (IPF) is a most common progressive interstitial lung disease (ILD). The major

player in the process of lung stiffening is the myofibroblast, characterized by the presence of alpha-smooth

muscle actin (a-SMA), which accumulate excess ECM components, such as fibronectin (FN), collagen I

(Col I) and collagen III (Col III).4 Meanwhile, myofibroblasts failed to disappear after normal wound healing

and presented resistance to apoptosis, as exemplified by human IPF.5 Transforming growth factor b

(TGFb1) as a key pro-fibrotic growth factor regulates fibroblast proliferation, trans-differentiation of fibro-

blast to myofibroblast, and collagen deposition during fibrosis through the canonical signaling pathway

with activation of smad2/3, and non-canonical signaling pathway, such as wnt/b-catenin pathway.6,7

Cyclic nucleotide phosphodiesterase (PDEs) are cellular enzymes that catalyze the hydrolysis of 2-s mes-

sengers, cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), which

play important roles in regulating numerous cellular functions in physiology and pathology of the

lung.8,9 Public dataset analysis also suggested that cAMP signaling pathway and cGMP-PKG signaling

pathway involved in bleomycin induced lung fibrosis.10 Previous studies have shown that PDE4 inhibitor

and PDE5 inhibitor play the inhibitory roles on lung fibrosis and ECM formation.11,12 PDE4 is the cAMP-spe-

cific PDEs, PDE5 is cGMP-specific PDEs, whereas PDE10A is both cAMP and cGMP-specific PDEs (14, 15).

Recently, it demonstrated that pan-PDE inhibitors represent promising anti-fibrotic effects in human lung

fibroblasts.13 However, the role of PDE10A in PF has not been evaluated.

Papaverine (6,7-dimethoxy-1-veratryl-isoquinolne) is a non-narcotic opium alkaloid isolated from papav-

erine somniferum, the opium poppy. In clinic, papaverine as a PDE10A inhibitor is often used as a
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vasodilator and smooth muscle relaxant in condition associated with spasm by regulating cAMP and

cGMP.14–16 In recent years, growing reports on papaverine have focused on anti-tumor and neuronal cells

protection. The main mechanism involved is that inhibition of PDE10A promotes the activation of cGMP-

PKG pathway, and further inhibits the wnt/b-catenin pathway, thereby inhibiting the proliferation and pro-

moting apoptosis of pulmonary vascular endothelial cells and colorectal cancer cells.17,18 In psychiatric dis-

orders, the protective effects on neurons include inhibition of PDE10A followed by further inhibition of

oxidative stress via cAMP/PKA signaling pathway.19,20 Of interest, vasodilator-stimulated phosphoprotein

(VASP) is an actin regulatory protein that functions in adhesion and migration, commonly as a classical

downstreammarker of PKA and PKG activity,21 whereas VASP is also a non-canonical downstreammolecule

of wnt/b-catenin pathway.22 However, the potential of papaverine in PF has not been elaborated.

In this study, we first identified the specific expression of PDE10A in fibroblasts/myofibroblasts and PF tis-

sues, and investigated the potential effect and mechanism of PDE10A in PF. In vitro experiments, we found

that papaverine inhibited myofibroblasts differentiation, and in vivo experiments, confirmed effect of

papaverine on bleomycin (BLM)-induced PF and amiodarone-induced oxidative stress. In addition, papav-

erine specifically inhibits the b-catenin/VASP pathway alleviating the fibrosis process.

RESULTS

PDE10A gene expression in lung fibrosis from public data source

To definite PDE10A expression in lung tissue of IPF patients and bleomycin induced mouse lung fibrosis

model, we reanalyzed the published single-cell RNA-seq data, which from patients with PF (GSE122960)23

and mice exposed to bleomycin (GSE104154),24 and found that PDE10A specifically express in fibroblast

and myofibroblast, except smooth muscle or endothelial cells (Figures 1A–1D). Those results are consistent

with previous literatures, PDE10A expression upregulated in smooth muscle and endothelia cell, which con-

tributes to pulmonary vascular remodeling, and papaverine have protective effect in monocrotaline induced

pulmonary hypertensive rats.25 Meanwhile, the expression level of PDE10A in myofibroblast was significantly

higher than that in fibroblast. So, those results suggested that PDE10A may be a good target for PF.

PDE10A contributes to myofibroblast activation and pulmonary fibrosis

To validate PDE10A expression in human fibroblast and lung tissue of bleomycin model, then we selected

TGFb1-induced fibroblast differentiation as cell model to determine the effect of PDE10A expression on

myofibroblast activation, and prepared the bleomycin induced lung fibrosis model to determine the

lung tissue. HFL-1 cells were treated with TGFb1 (10 ng/mL) for 48 h, 72 h and 96 h. The results showed

that TGFb1significantly upregulated the mRNA expression of myofibroblast markers at 48 h, such as Col

I (Figure 1F) and a-SMA (Figure 1G), by 6.8- and 9.3-fold, respectively. Meanwhile, the mRNA of PDE10A

also peaked at 48 h (2.4-fold) (Figure 1H). Those results suggested that PDE10A promote myofibroblast

activation. To confirm the effect of PDE10A in myofibroblast activation, we used exogenous PDE10A over-

expressed plasmids in HFL-1 cells and determined by His tag. The results showed that PDE10A overexpres-

sion could upregulate the expression of myofibroblast markers, such as FN, Col I and a-SMA by 1.3, 2.8 and

3.7-folds, respectively, and could mimic TGFb1 treatment (Figure 1I).

To further confirm the expression of PDE10A in lung from bleomycin (BLM, 4 U/kg)-induced PF model, at

different timepoints day 7, 14, 21, we collected the lung and determined the PDE10A mRNA expression.

The highest expression was found during the fibrotic process (14 and 21 days) but not during the inflam-

matory process (7 days) (Figures 1K and 1L). Those results suggested that PDE10A participates in the

myofibroblast activation and development of PF.

PDE10A inhibitor papaverine inhibits TGFb1-induced fibroblasts activation

To confirm the potential role of PDE10A in PF, we examined the inhibitory effect of papaverine, an old drug

with PDE10 inhibition, on TGFb1-induced myofibroblast differentiation cell model. WB results also

confirmed that papaverine (100 mM) markedly repressed TGFb1-induced a-SMA, Col I and FN expression

by 66%, 81% and 65%, respectively, parallel to the decrease of PDE10A (Figure 2B). qPCR results showed

that papaverine decreased TGFb1 elevated mRNA level of a-SMA, FN, Col I and Col III in a dose-depen-

dent manner (Figures 2C–2F). In addition, myofibroblast differentiation was observed by immunofluores-

cence assay for a-SMA expression, and the results is consistent with WB in fibroblasts HFL-1 (Figure 2G),

To further confirm the effect of PDE10A, we additionally selected a selective small molecule inhibitor of
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PDE10A Pf-2545920. The results showed that Pf2545920 can also significantly reduce TGFb1 elevated the

expression of a-SMA, FN and Col I (Figure 2H). Except the experiments in fibroblast cell lines, we also

confirmed the effect of papaverine on human primary fibroblasts (derived from normal biopsies of patients

with lung disease). Consistent with HFL-1 cells, papaverine also significantly reduced protein expression of

a-SMA, FN and Col I in dose-dependent manners (Figure 2I). We also confirmed the results in another hu-

man fibroblast cell line MRC-5, and got the same results (Figures 2Jand 2L). So we further compared the

effect of papaverine and pirfenidone, a clinical drug for IPF. In HFL-1 cells, pirfenidone could significant

inhibit the myofibroblast differentiation, down-regulation expression of protein markers a-SMA in dose

dependent manners (Figure 2K), and the papaverine 100 mM and pirfenidone 1.5 mg/mL exhibited similar

inhibitory effect. The results suggested that papaverine could inhibit the fibroblast transition.

Figure 1. PDE10A specifically expressed in fibroblasts/myofibroblasts of pulmonary fibrosis tissue

(A and B) Reanalysis of the single-cell RNA-seq data from GSE122960 dataset, which included 8 lung biopsies from transplant donors and 8 lung explants

from transplant recipients with PF.

(C and D) Reanalysis of the single-cell RNA-seq data from GSE104154 dataset, which included 3 mice of PBS treatment, and 3 mice of bleomycin treatment.

All samples were analyzed using canonical correlation analysis within the Seurat R package. Cells were clustered using a graph-based shared nearest

neighbor clustering approach and visualized using a t-distributed Stochastic Neighbor Embedding (tSNE) plot. PDE10A were used to label clusters by cell

identity as represented in the tSNE plot.

(E) The diagram for F-H, and I.

(F–H) HFL-1 cells were starved for 24 h and then stimulated with TGFb1 (10 ng/mL) for 48, 72 and 96 h and qPCR assay detectedmRNA level of Col I (F), a-SMA

(G) and PDE10A (H). Primer sequence see Table 1. Densitometry data are shown as means G SEM, n = 4, *p< 0.05 versus control.

(I) PDE10A overexpression induces myofibroblast differentiation. After transfection of adenoviral vector encoding PDE10A (MOI= 120 or 80) for 12 h, HFL-1

cells were starved for 24 h. The control cells were stimulated with TGFb1 (10 ng/mL) for 48 h and then compared with PDE10A overexpression cells by western

blotting.

(J) The diagram for K&L. Papaverine attenuates bleomycin-induced lung fibrosis in mice. C57BL/6 mice received intratracheal instillation of sodium chloride

(C, n = 3) or 4 U/kg bleomycin (BLM, n = 15). Lung tissues were treated and collected on days 0, 7, 14, 21, respectively.

(K) Ashcroft score.

(L) The mRNA level of PDE10A was detected by qPCR assay. Primer sequence see Table 1. Data shown are means G SEM of n = 3. **p< 0.01 versus control.

Primer sequence see Table 1.
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Papaverine retards the progression of pulmonary fibrosis in mice model

Based on the expression of PDE10A in the lung of bleomycin model, we administrated papaverine

(4 mg/kg) or pirfenidone (100 mg/kg) from D7 up to D21 in bleomycin mice model (Figure 3A).

Compared to controls, the body weight significantly decreased from D0 to D7 in bleomycin-induced

mice, whereas mice receiving papaverine treatment rapidly entered the recovery phase, whereas mice

receiving pirfenidone did not show the significant recovery (Figure 3B). By day 21, bleomycin induced

significant fibrotic pathological manifestations, including thickening of the alveolar walls and deposition

of severe fibroblast foci, whereas papaverine could significantly improve lung structure and reduced

collagen deposition, slightly better than the effect of pirfenidone (Figures 3C and 3D). Ashcroft fibrosis

scores also supported this observation (Figure 3E). Meanwhile, papaverine or pirfenidone significantly

reduced the soluble collagen in lung tissue (Figure 3F). Papaverine also significantly reduced protein

expression of FN and a-SMA by 93% and 72%, respectively (Figure 3G). In addition, papaverine down-

regulated mRNA expression of fibrotic genes, such as FN, Col I and a-SMA, whereas pirfenidone as a

positive drug also significantly downregulated the mRNA levels of myofibroblast activation markers on

FN, but not Col I and a-SMA (Figures 3H–3J). So, papaverine may be better than pirfenidone on the

recovery of bodyweight and development of fibrosis.

In addition, considering the anti-oxidant effect of pirfenidone in PF,26 we also prepared amiodarone-induced

PF model which was characterized by increased ROS and thickened alveolar wall which may originate from

hypertrophic epithelial cells.27,28 Papaverine and pirfenidone did not change the bodyweight tendency

Table 1. Primer sequences used in this study

The primer Primer sequences

h a-SMA Forward: GTG TTG CCC CTG AAG AGC AT

Reverse: GCT GGG ACA TTG AAA GTC TCA

h PDE10A Forward: GAG ACA ACC AGC TACTCC TCT

Reverse: ACA GGC TAT TAT TGC ACT CTC CA

h FN Forward: AAA CCT CGG CTT CCT CCA TAA

Reverse: AGG ACG CTC ATA AGT GTC ACC

h Col1a1 Forward: GTG CGA TGA CGT GAT CTG TGA

Reverse: CGG TGG TTT CTT GGT CGG T

h Col3a1 Forward: GCC AAA TAT GTG TCT GTG ACT CA

Reverse: GGG CGA GTA GGA GCA GTT G

h b-catenin Forward: CAT CTA CAC AGT TTG ATG CTG CT

Reverse: GCA GTT TTG TCA GTT CAG GGA

h VASP Forward: CGG GCT ACT GTG ATG CTT TAT G

Reverse: TAG CAG TGG GGT TGT GGT AGA

h LEF1 Forward: TGT TTA TCC CAT CAC GGG TGG

Reverse: CAT GGA AGT GTC GCC TGA CAG

h DKK1 Forward: CTC ATC AAT TCC AAC GCG ATC A

Reverse: GCC CTC ATA GAG AAC TCC CG

h GAPDH Forward: GGA GCG AGA TCC CTC CAA AAT

Reverse: GGC TGT TGT CAT ACT TCT CAT GG

m FN Forward: ATG TGG ACC CCT CCT GAT AGT

Reverse: GCC CAG TGA TTT CAG CAA AGG

m Col1a2 Forward: CCA GCG AAG AAC TCA TAC AGC

Reverse: AAT GTC CAG AGG TGC AAT GTC

m a-SMA Forward: GTC CCA GAC ATC AGG GAG TAA

Reverse: TCG GAT ACT TCA GCG TCA GGA

m b-actin Forward: GAT TAC TGC TCT GGC TCC TAG C

Reverse: GAC TCA TCG TAC TCC TGC TTG C
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Figure 2. Papaverine inhibits TGFb1-induced fibroblasts activation

(A) The diagram for cell experiment.

(B–G) HFL-1 cells were treated at concentrations of 100 mM, 30 mM or 10 mM of papaverine combined with treatment of TGFb1 for 48 h. The expression of

PDE10A and myofibroblast marker, including a-SMA, Col I and FN, was also measured by western blotting(B). mRNA expression of myofibroblast markers,

includingPDE10A(C) a-SMA(D), Col I (E) and FN (F), was performed by qPCR in HFL-1. Primer sequence see Table 1. Densitometry data are shown as
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(Figure 4B), but can reverse the decreased SOD activity and increasedMDA levels (Figures 4C and 4D), mean-

while, they significantly decreased the alveolar wall thickness (Figures 4E and 4G). There were little changes of

soluble collagen in lung tissue after papaverine and pirfenidone treatment (Figure 4F), it may be because of

the lack of obvious intra-alveolar fibrosis in AD model.28 Previous report also suggested that pirfenidone was

also lack of effectiveness on collagen, after using from 7nd day in amiodarone model.29 Those results sug-

gested that papaverine also have anti-oxidant effects. Based on the similar effect of papaverine and pirfeni-

done, papaverine may be a candidate for the lung fibrosis therapy.

Papaverine inhibits TGFb1 upregulated VASP expression

Previous studies have proved that papaverine plays a pharmacological role in central nervous diseases

and erectile dysfunction diseases by targeting PDE10A to upregulate second messenger cAMP and/or

cGMP.30,31 To test the action of papaverine on PDE10A, we measured intracellular cAMP and cGMP

levels, and the results showed that papaverine significantly elevated cAMP and cGMP, and the baseline

content of cAMP was higher in lung fibroblasts (Figures 5B and 5C), which may be related to the higher

concentration of cAMP.32 The main downstream effector of cAMP and cGMP are PKA and PKG, two

phosphorylation sites of VASP, serine 157 residues (p-VASP-157) and serine 239 residue (p-VASP-239)

are often used to evaluate the activation of PKA and PKG, respectively.21,33 Of interest, p-VASP-157,

p-VASP-239 and total VASP expression showed a marked increase after TGF-b1 stimulation, whereas

papaverine decreased the total VASP expression in concentration-dependent manner (Figures 5D and

5E). In previous reports, PDE10A inhibitor increased the phosphorylated VASP in colon tumor cells,

such as HT-29, SW-480, and HCT-116.18 However, our results suggested that VASP decrease on myofi-

broblast transformation by papaverine is different with the previous reports. Therefore, we confirmed

the effect of papaverine on total VASP on the SW480 cell. The results showed that VASP expression

was unchanged (Figure 5F). So, those results suggested that the regulation of VASP in fibroblast is

different with cancer cells.

To confirm the action of VASP in fibroblasts activation, we further knockdown VASP with specific siRNA,

the results showed that si-VASP inhibited TGFb1 induced myofibroblast activation, decreased Col I and

a-SMA (Figure 5G). Moreover, in the lung tissue of the bleomycin model, VASP increased 2.1-fold than

control, papaverine and pirfenidone significantly reduced VASP expression by 48% and 58%, respectively

(Figure 5H), accompanied by a decrease of FN and a-SMA (Figure 3G). All those data indicated VASP can

be the unique target on the myofibroblast activation.

Papaverine inhibits TGFb1 upregulated b-catenin/VASP signaling

Of interest, except as a classic downstream marker of PKA and PKG activity,21 VASP is also a non-canon-

ical downstream molecule of wnt/b-catenin pathway.22 So, we raise the hypothesis that papaverine

inhibit the lung fibrosis by b-catenin/VASP pathway. To confirm our hypnosis, we first overexpressed

PDE10A plasmid, and then to determine the protein expression of b-catenin and VASP. The results

showed that PDE10A overexpression up-regulated b-catenin and VASP, which was similar with the action

of TGFb1 (Figure 6B), suggesting that b-catenin/VASP mediated PDE10A induced fibroblasts activation.

We further determined the effect of papaverine on b-catenin/VASP pathway, and found that papaverine

significantly inhibited TGFb1-induced upregulation of b-catenin and VASP in dose-dependent manners.

Figure 2. Continued

means G SEM, n = 3, *p< 0.05 versus control. #p< 0.05 versus TGFb1. Representative image of TGFb1-induced a-SMA and inhibition by papaverine in

HFL-1 by immunofluorescence assay(G).

(H) PDE10A specific inhibitor Pf-2545920 inhibits myofibroblast differentiation and downregulates expression of b-catenin/VASP. HFL-1 cells were pre-

treated with papaverine (100 mM) or Pf2545920 (10 mM or 3 mM) followed by stimulation with TGFb1 induction for 48 h and detected FN, Col I and a-SMA by

WB assay.

(I) Human-derived lung fibroblasts (LFs) were pre-incubated with 100 mM, 30 mM or 10 mM of papaverine subsequently stimulated with TGFb1 (10 ng/mL) for

48 h. a-SMA, FN and Col I protein expression was measured in LFs by WB assay.

(J) Papaverine inhibits TGFb1-induced fibroblast-to-myofibroblast transition in MRC-5. MRC-5 cells were starved for 24 h and then treatment with TGFb1

(10 ng/mL) or TGFb1+papaverine (100 mM, 30 mM or 10 mM) for 48 h. a-SMA protein expression was measured in MRC-5 by WB assay.

(K) Pirfenidone inhibits TGFb1-induced myofibroblast differentiation in HFL-1. HFL-1 cells was starved for 24 h and then treatment with TGFb1 (10 ng/mL) or

TGFb1+papaverine (100 mM) and TGFb1+piefenidone (1.5 mg/mL, 0.5 mg/mL or 0.1 mg/mL) for 48 h. a-SMA protein expression was measured in HFL-1 by

WB assay.

(L) Representative image and quantification of TGFb1-induced a-SMA and inhibition by papaverine in MRC-5 by immunofluorescent assay.
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In addition, analysis of b-catenin distribution in the cytoplasm and nucleus also showed significant inhi-

bition, the inhibitory percent was 68 and 58% at 100 mM, respectively (Figure 6C). We further determined

the effect of PDE10A selective inhibitor Pf-2545920, and got the similar inhibitory effect (Figure 6D).

Those results suggested that PDE10A inhibition can decrease the TGFb1-induced the upregulation of

b-catenin/VASP.

Figure 3. Papaverine attenuates bleomycin-induced lung fibrosis in mice

(A) Diagram of animal modeling. C57BL/6 mice received intratracheal instillation of sodium chloride (C, n = 5) or 4 U/kg bleomycin (BLM, n = 15). Treatment

was performed by daily intraperitoneal injection of papaverine (4 mg/kg) as well as pirfenidone (100 mg/kg) (n = 5) from day 7 to day 21.

(B) Body weight is expressed as % of starting weight.

(C) Representative panorama images from mouse lungs of HE staining. scale bar =500 mm.

(D) Representative images from mouse lungs of Masson trichrome staining. scale bar = 100mm.

(E) Ashcroft score.

(F) Soluble collagen in lung tissue was measured by Sircol Soluble Collagen Assay.

(G) Protein expression of FN and a-SMA were performed by WB.

(H–J) mRNA expression of myofibroblast differentiation markers FN (H), Col I (I) and a-SMA (J) in lung tissues were performed by qPCR. Primer sequence see

Table 1. Data shown are means G SEM of n = 4–5. **p< 0.01 versus control. #p< 0.05, ##p< 0.01 versus BLM group. BLM: bleomycin; PAP: papaverine; PFD:

pirfenidone.
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To confirm the direct effect of b-catenin inhibition, we treated HFL-1 with ICG-001, an inhibitor of the wnt/

b-catenin pathway, and found that ICG-001 also significantly suppressed the phenotypicmolecules expression

ofmyofibroblast activation, such as Col I,a-SMA,FN, as well as VASP (Figure 6E).Meanwhile, papaverine signif-

icantly downregulated the mRNA levels of the downstream molecules of b-catenin, such as DKK-1 (Dickkopf

WNT Signaling Pathway Inhibitor 1) and LEF1 (Lymphoid Enhancer Binding Factor 1) in dose dependent

manners (Figure 6F). Silencing VASP by siRNA also decreased the mRNA expression of FN, COL I, b-catenin,

Figure 4. Papaverine attenuates amiodarone-induced oxidative stress in mice

(A) Diagram of animal modeling. C57BL/6 mice received intratracheal instillation of sodium chloride (C, n = 5) or 6.25 mg/kg amiodarone (AD, n = 15).

Treatment was performed by daily intraperitoneal injection of papaverine (3 mg/kg) as well as pirfenidone (100 mg/kg) (n = 5) from day 7 to day 15.

(B) Body weight is expressed as % of starting weight.

(C) SOD in lung tissue was measured by SOD kits.

(D) MDA in lung tissue was measured by MDA kits.

(E) Alveolar wall thickness was determined by ImageJ.

(F) Soluble collagen in lung tissue was measured by Sircol Soluble Collagen Assay.

(G) Representative images from mouse lungs of Masson trichrome staining. scale bar = 100 mm. Densitometry data are shown as means G SEM, n = 5,

***p< 0.001 versus control. ###p< 0.001 versus AD group. AD: amiodarone; PAP: papaverine; PFD: pirfenidone.
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LEF-1andDKK-1, suggested that VASPmay be required for fibrotic remodeling of lung (Figure 6G). To confirm

the direct interaction between VASP and b-catenin, we used co-IP to pull down VASP, then to determine b-cat-

enin. The results suggested that b-catenin and VASP can form a complex (Figures 6H and 6I). Therefore, those

results suggested that papaverine inhibit fibroblasts activation by down-regulating b-catenin/VASP pathway.

DISCUSSION

In this study, we demonstrated for the first time that PDE10A specific up-regulated in PF, and promote myofi-

broblast activation. In addition, PDE10A inhibitor papaverine prevented PF, including inhibiting TGFb1

induced fibroblast differentiation, anti-fibrotic and anti-oxidant effects, providing evidence for the therapeutic

Figure 5. Papaverine inhibits VASP expression

(A) Diagram of this part. For cell part, HFL-1 cells were starved for 24 h and then treatment with TGFb1 (10 ng/mL) or TGFb1+papaverine (100 mM,

30 mM,10 mM) for 48 h.

(B and C) cAMP and cGMP level in HFL-1 cells were determined by cAMP and cGMP kit. Densitometry data are shown as meansG SEM, n = 3, #p< 0.05 versus

TGFb1 group. *p< 0.05 versus control.

(D) Phosphorylation of p-157 and p-239 sites of VASP, papaverine was measured by WB assay at 1 h.

(E) Activation of the p-157 and p-239 phosphorylation sites of VASP by papaverine was measured by WB assay at 48 h.

(F) The effect of papaverine on VASP expression was examined in SW480 cells.

(G) HFL-1 cells were transfected by VASP siRNA or scramble siRNA for 6 h and then cultured with TGFb1 treatment for another 48 h. VASP, Col I and a-SMA

protein expression was measured by WB.

(H)The expression of VASP in the lung of bleomycin induced model was detected by WB.
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Figure 6. Papaverine inhibits TGFb1-induced myofibroblast differentiation in HFL-1 mediated by b-catenin/VASP pathway

(A) Diagram of this part. For cell part, HFL-1 cells were starved for 24 h and then treatment with TGFb1 (10 ng/mL) or other treatment for 48 h.

(B) After transfection of adenoviral vector encoding PDE10A (MOI= 120 or 80) for 12 h, HFL-1 cells were starved for 24 h. The control cells were stimulated

with TGFb1 (10 ng/mL) for 48 h and then detected the expression of PDE10A, b-catenin and VASP by WB.

(C) HFL-1 cells were treated at concentrations of 100 mM, 30 mM or 10 mM of papaverine combined with treatment of TGFb1 for 48 h, and then b-catenin and

VASP were determined by WB. The nuclear translocation of b-catenin was detected by separating the nucleus from the cytoplasm of the protein.

(D) PDE10A specific inhibitor Pf-2545920 inhibits myofibroblast differentiation and downregulates expression of b-catenin/VASP. HFL-1 cells were pre-

treated with papaverine (100 mM) or Pf2545920 (10 mM or 3 mM) followed by stimulation with TGFb1 induction for 48 h and detected by WB assay.

(E) HFL-1 cells were starved for 24 h and then detected the b-catenin after treatment with wnt/b-catenin pathway inhibitor ICG-001 (5 mM or 1 mM) or

papaverine (100 mM, 30 mM or 10 mM) by WB.

(F) The mRNA levels of VASP, b-catenin, DKK-1, LEF1 were detected by qPCR. Data are shown as means G SEM, n = 3, *p < 0.05 versus scramble control.

#p < 0.05 versus scramble TGFb1.

(G) HFL-1 cells were transfected by VASP siRNA or scramble siRNA for 6 h and then cultured with TGFb1 treatment for another 48 h. ThemRNA levels of VASP

and b-catenin pathway related molecules (VASP, b-catenin, DKK-1, LEF1) were detected by qPCR. Primer sequence see Table 1. Data are shown as meansG

SEM, n = 3, *p < 0.05 versus scramble control. #p < 0.05 versus scramble TGFb1.

(H and I) HFL-1 cells were treated at concentrations of 100 mM, 10 mM of papaverine combined with treatment of TGFb1 for 48 h, co-IP results.
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effect of PDE10A inhibitor on PF. The mechanism of action of PDE10A inhibitor mediated by the b-catenin/

VASP pathway. Our study confirmed the effect of papaverine in PF, opening a new avenue for this old

drug. In addition, we found the fibrogenic function of VASPwhich could be the unique target onmyofibroblast

activation.

The pathogenesis of PF is complex, involving not only fibroblasts cell proliferation and transformation,

but also a series of pathologies, including oxidative stress profiles.34,35 The specific expression of

PDE10A in fibroblasts and myofibroblasts suggested it will be a good target for PF. In our in vitro exper-

iments, we confirmed the effectiveness of PDE10A inhibitor papaverine and Pf-2545920 on myofibroblast

activation. In our in vivo experiments, we confirmed the effects of papaverine in bleomycin-induced

fibrosis, and found that papaverine and pirfenidone exhibited similar inhibitory trends on bleomycin-

induced PF and ECM formation. Meantime, papaverine may be better than pirfenidone on the recovery

of bodyweight and development of fibrosis in bleomycin induced model. Another PF model, amiodarone

induced PF model, characterized by decreased SOD activity and increased MDA, papaverine and pirfe-

nidone also exhibited similar inhibitory trends, decreased the oxidation levels, and retarded the patho-

logical changes, but in here, pirfenidone may be better than papaverine on alveolar wall thickness which

because of the epithelial hypertrophy. From the distribution of PDE10A in lung, we found that PDE10A

specifically express in fibroblast and myofibroblast, except smooth muscle or endothelial cells, that

means PDE10A inhibitor may lack the activity on epithelial cell, whereas pirfenidone have more potency

on epithelial cell.36 However, the distribution of PDE10A in endothelial cells and smooth muscle may also

bring beneficial effects on the treatment of PF. Previous reports suggested that papaverine could inhibit

overproduction of extracellular connective tissue elements in smooth muscle cells, then prevented me-

chanical stimulation induced venous injury,37 meanwhile, papaverine could attenuate hemodynamic

parameter and pulmonary vascular remodeling in monocrotaline induced pulmonary hypertensive in

rats.25 That may suggest the PDE10A inhibition maybe exert the anti-fibrotic and anti-oxidant effect

on the process of lung fibrosis.

Previous studies supported PDE10A may contribute to impairments in the central nervous system (CNS)

function, including cognitive deficits, disturbances of behavior, emotion processing, and movement. Po-

tential utility of PDE10A inhibitors for the treatment of CNS-related disorders, such as schizophrenia as

well as Huntington’s and Parkinson’s diseases, has been more widely reported.30 Papaverine as the first

marketed PDE10A inhibitor since 1933 has been approved for clinical use in visceral spasm, vasospasm

and erectile dysfunction. And the side effect includes ventricular tachycardia, diarrhea, somnolence, ver-

tigo, flushing and headache. But the selectivity of papaverine on PDE10A is not very high, the IC50 for

PDE10A is 36 nM,38 whereas Pf-2545920 is a high selectivity, IC50 for PDE10A is 0.37 nm,39 100-folds of

papaverine. But in our results, the effect of 10 mM Pf-2545920 was similar with 100 mM papaverine

(Figures 2H and 6D), that also suggested that papaverine have other action beyond PDE10A inhibition.

Moreover, the molecular imaging of PDE10A by PET had been used to determine the function of brain.40

If possible, PDE10A can be also used to determine the changes of PF, or pulmonary hypertension.

Human VASP is a weakly processive actin polymerase, involved in the inhibition of agonist-induced platelet

aggregation by cyclic nucleotides, and the adhesion of platelets to the vascular wall.33 Although the liter-

ature has shown that VASP level in the peribiliary vascular plexus of cirrhotic rats is significantly upregu-

lated,41 no reports have directly demonstrated the role of VASP in PF. In this study, we found that

PDE10A overexpression significantly increased the protein level of VASP, whereas VASP knockdown not

only reduced the downstream molecules of wnt/b-catenin pathway, but also inhibited the expression of

myofibroblast differentiation-related proteins and cell proliferation. It suggested that that b-catenin/

VASP plays an important role for papaverine on inhibition of myofibroblast activation and proliferation.

In tumor-related studies, PDE10A inhibition increased cGMP/PKG then decreased the wnt/b-catenin

pathway through significantly activating phosphorylation of b-catenin at Ser552 site, whereas increasing

the cAMP/PKA to phosphorylate Ser675 site of b-catenin did not inhibit cell proliferation.42,43 However,

in PF, extensive literature supported that activated wnt/b-catenin pathways not only play an important

role in the excessive proliferation of epithelial cells and fibroblasts, but also trigger myofibroblast differen-

tiation.44,45 In addition, the wnt/b-catenin pathway inhibits cancer cell proliferation by interacting with

VASP.46,47 Recently published studies showed that wnt/b-catenin/VASP forms a malignant positive feed-

back loop in breast cancer and promotes the proliferation and migration of breast cancer cells.48 So b-cat-

enin/VASP pathway should be a critical way to regulate differentiation and proliferation in fibroblast.
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In conclusion, our study found that PDE10A could regulate myofibroblasts differentiation and involve in

development of PF. PDE10A inhibitor papaverine inhibits myofibroblasts differentiation in vitro and allevi-

ates bleomycin-induced PF in vivo. And b-catenin/VASP pathway mediated the process. Hence, our data

supported that PDE10Amaybe a specific therapeutic target of PF and papaverinemay be a potential candi-

date for the treatment of PF.

Limitations of the study

In this study, we did not confirm the expression and distribution of PDE10A in the lung of clinical IPF

patients or donors. Meanwhile, we showed only one dose of papaverine in mice work for the dose-effect

relationship is not very significant.
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Ramı́rez-Alcántara, V., Gurpinar, E.,
Canzoneri, J.C., Fajardo, A., Sigler, S., et al.
(2015). Phosphodiesterase 10A: a novel
target for selective inhibition of colon tumor
cell growth and b-catenin-dependent
TCF transcriptional activity. Oncogene 34,
1499–1509. https://doi.org/10.1038/onc.
2014.94.

44. Chilosi, M., Poletti, V., Zamò, A., Lestani,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-Fibronectin Genetex CAT# GTX112794;RRID:AB_1950298

Rabbit Anti-Collagen I Genetex CAT# GTX20292; RRID:AB_384293

Rabbit Anti-a-SMA Abcam CAT# ab5694; RRID:AB_2223021

Rabbit Anti-b-catenin Cell Signaling Technology CAT# 8480; RRID:AB_11127855

Mouse Anti-VASP(A-11) Santa Cruz CAT# sc-46668; RID:AB_2213431

Rabbit Anti-VASP Cell Signaling Technology CAT# 3132; RRID:AB_2213393

Rabbit Anti-PDE10A Abcam CAT# ab14622; RRID:AB_301390

Rabbit Anti-P-VASP-157 Cell Signaling Technology CAT# 3111; RRID:AB_331569

Rabbit Anti-P-VASP-239 Cell Signaling Technology CAT# 3114; RRID:AB_2213396

Rabbit Anti-b-tubulin Diagbio CAT# db3285

Rabbit Anti-GAPDH Genetex CAT# GTX100118;RRID:AB_1080976

Rabbit Anti-Lamin B1 Diagbio CAT# db35

Rabbit Anti-Lamin B1 Diagbio CAT# db2396

Rabbit Anti-His Diagbio CAT# db2396

Goat Anti-IRDye680CW LI-COR Biosciences CAT# 926-32220; RID:AB_621840

Goat Anti-IRDye800CW LI-COR Biosciences CAT# 926-32211; RID:AB_621843

Biological samples

Lung tissue Isolated from C57 mice N/A

Human Lung Fibroblasts Isolated from clinical lung

cancer patient

N/A

Chemicals, peptides, and recombinant proteins

MTT MTT CAT# 1334GR001

TRIzol Takara CAT# 9109

Lipo2000 Invitrigen CAT# 11668-019

HiScript II Q RT SuperMix for qPCR Vazyme CAT# R222-01

F12K Medium Boster CAT# PYG0093

DMEM/H Medium Corning CAT# 10-013-CVR

Opti-MEM Medium Gibco CAT# 31985-062

Phosphate Buffered Saline (PBS) Solarbio CAT# P1010

FBS Corning CAT# 35-081-CV

Protease Inhibitor Cocktail Roche CAT# 4693132001

Phosphatase Inhibitor Cocktail Roche CAT# 4906845001

Penicillin/Streptomycin KeYi CAT# CP011

TGFb1 Peprotech CAT# 100-21

Trypsin KeYi CAT# CY003

DMSO Sigma Aldrich CAT# D5879

RIPA Lysis Boster CAT# AR0105

TRIS Amresco CAT# VWRB85827

SDS Biofroxx CAT# 3250KG001

Tris-HCl pH 8.8 Boster CAT# AR1162

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tris-HCl pH 6.8 Boster CAT# AR1163

Tween 20 Sigma Aldrich CAT# 93773

Papaverine (PAP) Meilunbio CAT# 93773

Pirfenidone (PFD) Meilunbio CAT# 61-25-6

ICG-001 MCE CAT# HY-14428

Pf-2545920 Meilunbio CAT# MB7418

Bleomycin (BLM) Nippon Kayo CAT# 600700

Amiodarone (AD) Sanofi CAT# 7A015

Protein A/G Magnetic beads Med Chem Express CAT# HY-K0202

Critical commercial assays

cAMP Parameter Assay Kit R&D Systems CAT# SKGE002B

cGMP Parameter Assay Kit R&D Systems CAT# KGE003

Sircol Soluble Collagen Assay Biocolor CAT# S1000

Nuclear and Cytoplasmic

Protein Extraction Kit

Beyotime Biotechnology. CAT# P0028

MDA Assay Kit NanJing JianCheng CAT# A003-1

SOD Assay Kit NanJing JianCheng CAT# A001-1

H&E Staining kit NanJing JianCheng CAT# D006

Masson Staining kit NanJing JianCheng CAT# D026

Bio-Rad Protein Assay Dye Reagent kit Bio-Rad CAT# 5000002

SYBR� green qPCR kit Roche CAT# 0488735200

Deposited data

RNA seq nupulmonary.org/resources/ GSE122960

RNA seq nupulmonary.org/resources/ GSE104154

Experimental models: Cell lines

HFL-1 ATCC CAT# CCL-153

MRC-5 Cell Bank of Shanghai

Academy of Sciences

CAT# CCL-171

Experimental models: Organisms/strains

C57BL/6 mice, 8 weeks old, adult male SHANGHAI SLAC

LABORATORY ANIMAL

CO. LTD

N/A

Oligonucleotides

Primers for RT-PCR analysis, see Table 1 Sangon Biotech (Primers

designed by BLAST)

N/A

VASP si-RNA sequence:

50-GGACCUACAGAGGGUGAAAdTdT-30
GenePharma N/A

Recombinant DNA

pADM-PDE10A Vigenebio NCBI: NM_006661

Software and algorithms

GraphPad Prism 7.01 Graphpad Software https://www.graphpad.com

ImageJ software NHI https://imagej.net/software/imagej2/

UCSC cell browser UCSC cell browser https://cells.ucsc.edu/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Huifang Tang (tanghuifang@zju.edu.cn).

Materials availability

All reagents were purchased commercially. This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Adult male 7-8-week-old C57BL/6N mice weighing 23–25 g were obtained from the Model Animal

Research Center of Nanjing University. The animals were housed in an SPF-grade animal facility at 23 G

2�C and 50 G 10% humidity, with a simultaneous 12-h light and 12-h dark cycle. All animal care and

handling procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang

University.

Bleomycin induced lung fibrosis model

The control mice (n = 5) was injected intratracheally with 20 ml of sterile saline. Other mice were injected

intratracheally with bleomycin at a dose of 4 U/kg, dissolved in 20 ml of sterile saline. To study the effect

of papaverine and pirfenidone, mice were injected intraperitoneally with papaverine (PAP) (4 mg/kg) or pir-

fenidone (PFD) (100 mg/kg) daily from day 7 to day 21. The dose of drugs used in this animal experiment

was based on previous literature.49,50 Mice were sacrificed by euthanasia on day 21, and lung tissues were

collected for further analysis while body weight changes were recorded.

Amiodarone induced lung fibrosis model

C57BL/6 mice were intratracheal injected with 20 ml of 5% glucose (C, n = 5) or amiodarone (6.25 mg/kg AD,

n = 15) at day 1,3 and 5, respectively. To study the effect of papaverine and pirfenidone, mice were injected

intraperitoneally with papaverine (PAP) (3 mg/kg) or pirfenidone (PFD) (100 mg/kg) (n = 5) daily from day 7,

and continuous administrated for 7 days. Mice were weighted every day and sacrificed 15 days after the first

administration.

METHOD DETAILS

PDE10A gene expression validation in public data source

Single-cell RNA sequencing data from patients with pulmonary fibrosis from GSE122960 23 and mice

exposed to bleomycin from GSE104154.24 Based on UCSC cell browser (https://cells.ucsc.edu/), we

used this dataset to reanalyze the PDE10A expressed cell cluster in the three single-cell RNA-Seq.23,24,51

(1). Single-cell RNA-Seq was performed on single-cell suspensions generated from 8 lung biopsies

from transplant donors and 8 lung explants from transplant recipients with pulmonary fibrosis. Cells

were clustered using a graph-based shared nearest neighbor clustering approach and visualized

using a t-distributed Stochastic Neighbor Embedding (tSNE) plot. See https://doi.org/10.1164/

rccm.201712-2410OC for details.

(2). Single-cell RNA-Seq generated from 3 normal mouse lungs and 3 fibrotic mouse lungs from Xie

et al.28 All samples were reanalyzed by Joshi et al,51 and uploaded in UCSC cell browser. See

https://doi.org/10.1183/13993003.00646-2019 for details.
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Cell culture and treatment

Human fetal lung fib roblasts (HFL-1) cell line were cultured in Ham’s F12K medium. After reaching conflu-

ence. the serum content of the medium was reduced to 0.4% FBS for starvation for 24 h. The cells were then

stimulated with 10 ng/ml TGFb1 with or without papaverine for 48 h. The cells were used between passages

6-12.

MRC5 were cultured in DMEM/H medium. After reaching confluence. the serum content of the medium

was reduced to 0.4% FBS for starvation for 24 h. The cells were then stimulated with 10 ng/ml TGFb1

with or without papaverine for 48 h. The cells were used between passages 6-12.

Primary human lung fibroblast (LFs) was obtained from the lung section of patients with lung cancer in sec-

ond hospital of the Zhejiang University school of medicine. The specific experimental procedures refer to

the literature.52 LFs were used between passages 3-6 with DMEM/H medium.

Adenovirus cell transfection

Adenovirus encoding human PDE10A (NM_006661) was constructed by pADM-FH-GFP plasmid. It was

named by pADM-PDE10A and C-terminus of the gene content a His tag, the viral titer was 6.53

10^10 pfu/ml. Fibroblasts was plated on 6 cm dish. After 24 h, adenovirus of pADM-PDE10A was trans-

fected into HFL-1 cells of MOI (multiplicity of infection) at 20 and 10 for 12 h. HFL-1 cells were then cultured

for another 48 h for WB assay.

Immunofluorescence

Fibroblasts were plated on 24-well chamber slides in culture medium until 70% confluent and then starved

with 0.5% FBS for 24 h followed by combining with papaverine or pirfenidone. After 48 h, cells were fixed in

4% paraformaldehyde for 15 min and permeabilized in 0.5% Triton X-100 for 20 min. Cells were then

blocked in 3% normal goat serum for 1 hour at room temperature, followed by incubation with a-SMA

primary antibody at 1:100 dilution in blocking solution for 12 hat 4 �C. Alexa 488-conjugated goat anti-rab-

bit antibody was used as secondary antibody and nuclei were stained using 4’,6-diamidino-2-phenylin-

dole (DAPI). The images were captured using fluorescence microscope. About fluorescence intensity

quantification methods, we used software of Image J to quantification and every slide was pictured for

5 (203) fields.

The cAMP and cGMP measurement

The quantitative determination of cAMP and cGMP was performed using the assay kit. All process followed

the instruction. Firstly, the primary antibody solution was added to all wells except the non-specific binding

wells. After incubating for 1 hour at RT on horizon orbital microplate shaker, we then aspirate each well and

wash for four times with wash buffer. After the last wash, the 50 ml of cAMP conjugate was added to all wells

as well as the 100 ml standard, control or sample within 15 minutes on addition of the cAMP conjugate. The

plate was replaced on the shaker for incubating for 2 hours at room temperature. Then repeating the wash

steps as before, we add 200 ml of substrate solution to each well to incubate for another 30 minutes at room

temperature (avoid light). Lastly, the 100 ml stop solution was added to each well, and the optical density

was determined using microplate reader set to 450 nm within 30 minutes. The concentration of cAMP can

be calculated corresponding the mean absorbance from the standard curve.

Histological assessment of lung fibrosis model

Lung tissues were conventional fixed, dehydrated, embedded in paraffin. Slices with 4 mm were prepared,

following conventional deparaffinization and rehydration. The slices were stained with Hematoxylin-eosin

or Masson trichrome staining according the protocol. blinded semi-quantitative scoring were performed

using a modified Ashcroft score.53,54 The criteria used in determining scores are outlined below: 0, Normal

lung; 1, Minima fibrous thickening of alveolar or bronchiolar walls; 3, Moderate thickening of walls without

obvious damage to lung architecture; 5, Increased fibrosis with definite damage to lung structure and for-

mation of fibrous bands or small fibrous masses; 7, Severe distortion of structure and large fibrous areas;

‘‘honeycomb lung’’ is placed in this category; 8, Total fibrous obliteration of the field. As the criteria for

grading lung fibrosis, in every field the predominant degree of fibrosis was recorded-that occupying

more than half of the field area. The whole area of the circular microscope image was considered and

the observer first decided whether the parenchyma in the field was normal or fibrotic. If normal tissue
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predominated the field that was allotted a score of 0. If fibrotic tissue predominated the observer decided

on the predominant level of fibrosis in the field, trying to place the field in one of the odd numbered cat-

egories. If there was any difficulty in deciding between two odd numbered categories the field would be

given the intervening even numbered score. Fields predominantly occupied by portions of large bronchi

or vessels, or by malignant tumor deposits, were not counted, and fields partly occupied by such structures

were assessed on the predominant fibrosis in the remaining field area. Fibrosis alone was considered when

arriving at a score and other changes which might be present, such as emphysema, were ignored. Cellular

inflammatory exudate in airspaces was ignored but organized exudate was treated as fibrosis.

Alveolar septal thickness in ADmodel was quantified using ImageJ software,27 The median was selected as

the average value of selected images. By averaging different positions in each slide, the average value of

each group of treatments is finally calculated.

Soluble collagen assay

The total lung collagen content was assessed using the Sircol Soluble Collagen Assay by following theman-

ufacturer’s instructions. Briefly, lung tissue was diced and washed in cold phosphate buffered saline, then

prepared homogenate using 200 ml acid-pepsin extraction buffer and incubated at 4�C overnight for

releasing the collagen. After centrifuged at 12,000 rpm for 10 min, supernatants (20 ml) were collected

and diluted five times in lysis buffer, added to 1 ml of Sircol Dye Reagent and then mixed in a gentle me-

chanical shaker for 30 min. The collagen-dye complex was precipitated by centrifugation at 12,000 rpm for

10 min and the unbound dye solution was then carefully removed by washing with 750 ml ice-cold Acid-Salt

Wash Reagent. The precipitated complex was dissolved by adding 250 ml Alkali Reagent. The absorbance

of 200 ml of sample supernatant was read at 555 nm and plotted a standard curve with series known con-

centration standards. Absolute collagen content was calculated by comparing sample values to a standard

curve.

Oxidative stress indexes

Lobes of lungs (except lower lobes of right lungs) were homogenized with PBS solution (1 ml/100 mg)., and

the homogenate was centrifuged at 3000 rpm for 10 minutes at 4 �C. Then the supernatant was collected,

using the MDA and SOD assay kits to analyze the corresponding oxidative stress indexes. The malondial-

dehyde (MDA) measurement in the lung tissues is based on the reaction of MDA with thiobarbituric acid

(TBA), who form a complex with maximum absorbance at 532 nm. The superoxide dismutase (SOD) mea-

surement in the lung tissues is based on the reaction of SOD with xanthine/xanthine oxidase system, who

form O2
� oxidating hydroxylamine to nitrite. Nitrite has maximum absorbance at 550 nm.

RNA isolation and RT-qPCR

The total RNA was extracted from lung tissue or cells by TRIzolTM reagent. cDNA synthesis was performed

by using HiScript@ II Supermix with 1 ug of total RNA. Real-time qPCR was used to quantify the mRNA level

of the gene using a SYBR green qPCR kit in 480 II qPCR system. GAPDH or b-actin was used as an internal

standard. Primers were synthesized by Sangon Biotech (Sangon Biotech, Shanghai, China). Primers infor-

mation was summarized in Table 1. After cDNA amplification, the relative gene expression was calculated

using the 2-DDCt method.

b-catenin nuclear translocation

Whole protein extracts were prepared from cells treated with durgs, resolved by EDTA solution. Cells were

collected after 1,000 rpm, 5 min, followed by nuclear and cytoplasmic protein extraction kit to analyze the

b-catenin protein expression.

Immunoprecipitation (IP) assay

Cells were collected, lysed using western and IP lysis buffer supplemented with protease inhibitor cocktail

for 30 min on ice, and centrifuged at 12,000 3 g for 15 min. After protein quantification using a Bio-Rad

Protein Assay Dye Reagent kit, clarified lysates were incubated with anti-VASP mouse antibody (10 mg/

ml) overnight at 4�C and magnetic protein A/G beads for 4 hat 4�C. Normal mouse immunoglobulin

(IgG) was used as a negative IP control. The beads were washed at least five times with western and IP lysis

buffer, and proteins were eluted by boiling in 13 loading buffer at 100�C for 5 min and then used for west-

ern blotting.
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Western blot analysis

Whole protein extracts were prepared from lungs or cells. After homogenized in cold RIPA buffer contain-

ing 13PhosSTOP, 1% protease inhibitor cocktail and 2% PMSF for 30 min, 30 mg of total protein from lung

homogenate or cells were separated by SDS-PAGE. After membranes transferring and blocked with

blocking buffer, proteins then incubated with primary antibodies overnight at 4�C. The membranes were

subsequently incubated with secondary antibody (IRDye 800CW Goat Anti-Rabbit IgG; IRDye 800CW

Goat Anti-Mouse IgG) and imaged with LI-COR’s Odyssey Infrared Imaged System. Quantification analysis

were performed by using Image J software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prism 7.0 was used for statistical analysis. Data were presented as means G SEM. All experiments were

performed in triplicate in at least three independent trials. Data were analyzed with one-way ANOVA

and Student’s t-test where appropriate. p< 0.05 was considered statistical differences.
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