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Abstract15

BACKGROUND: Pulmonary arterial smooth muscle cells(PASMCs) proliferation plays a crucial16

role in Hypoxia-induced pulmonary hypertension(HPH). Previous studies have found that17

Resistin-like molecule β(RELM-β) up-regulated de novo in response to hypoxia in cultured18

primary human PASMCs(HASMCs). RELM-β has been proved to promote PASMCs19

proliferation and involved in pulmonary vascular remodeling of patients with PAH. However,20

the expression pattern, the effects, and the mechanisms of RELM-β in HPH keep unknown.21

METHODS: We assessed the expression pattern, mitogenetic effect, and underlying mechanism22

of RELM-β in the rat HPH model and HASMCs.23

RESULTS: Overexpression of RELM-β alone caused the hemodynamic change in the rat model24

of HPH, similar to that caused by chronic hypoxia, with increased mean pulmonary arterial25

pressure(mPAP), right ventricle hypertrophy(RVSP), and thickening of small pulmonary26

arterioles. Knocking down of RELM-β partially blocked the increased mPAP, RVSP, and27

vascular remodeling induced by hypoxia. Phosphorylated PI3K/Akt/mTOR and PKC/MAPKs28

proteins were significantly up- or down-regulated by RELM-β gene overexpression or silencing.29

Recombinant RELM-β protein increase primary cultured human PASMCs intracellular Ca2+30

concentration and promote HASMCs proliferation. The mitogenic effect of RELM-β on31

https://www.researchsquare.com/article/rs-50645/v1


HASMCs and phosphorylated PI3K/Akt/mTOR and PKC/MAPKs was suppressed by Ca2+32

inhibitor.33

CONCLUSIONS: Our findings suggested that RELM-β acts as a cytokine-like growth factor in34

the development of HPH and that this process is likely mediated by the Ca2+ dependent35

PI3K/Akt/mTOR and PKC/MAPKs pathway.36

Keywords: hypoxic pulmonary arterial hypertension; resistin-like molecule β; Ca2+; pulmonary37

vascular remodeling; signaling pathway38

39

Introduction40

Hypoxia-induced pulmonary hypertension(HPH) is a progressive and devastating complication41

of chronic obstructive pulmonary disease(COPD), contributes to the morbidity and mortality of42

patients with various types of lung/heart diseases[1, 2]. Patients with severe COPD often suffer43

from flow limitation, which leads to alveolar hypoxia and thus hypoxemia. Sustained alveolar44

hypoxia induces pulmonary vascular remodeling, characterized by abnormal thickening of45

precapillary pulmonary vessel walls and muscularization of small arteries[3, 4]. It is widely46

known that pulmonary arterial smooth muscle cell(PASMC) proliferation is involved in47

hypoxia-induced vascular remodeling. PASMC proliferation narrows the lumen and increases48

resistance in the pulmonary vascular, finally resulting in pulmonary arterial hypertension(PAH)[1,49
5, 6].50

Resistin-like molecule β(RELM-β) is the direct ortholog of Hypoxia-Induced Mitogenic51

Factor(HIMF/RELM-α), which are the two main subtypes of the newly described resistin-like52

molecule(RELMs) gene family encoding secreted proteins[7, 8]. RELM-β is inherently expressed53

in colonic epithelial cells. Hypoxia and inflammation are the main pathological stimulators for54

RELM-β production in the lung[9-11]. Further studies have proved that RLEM-β abundantly55

occurs in patients with PAH and showed significant proliferative effects in transfected PASMCs56

overexpressing RELM-β[12, 13]. The evidence suggests the function of RELM-β in the57

physiological process of HPH development may involve its mitogenic effect on PASMCs.58

However, the expression of RELM-β at different pathological stages, and the mechanism by59

which RELM-β causes abnormal PASMC proliferation of HPH have not been elucidated.60



Renigunta and colleagues[12, 14] showed that the pro-proliferative effect of RELM-β could be61

suppressed by two PI3K(phosphatidylinositol 3-kinase) inhibitors and a protein kinase C(PKC)62

inhibitor, which was also observed for HIMF in mouse cells[10, 11, 15]. PI3K and PKC are key63

enzymes that mediate proliferation of PASMCs via phosphorylation of Akt(protein kinase B) and64

MAPKs(mitogen-activated protein kinases), respectively[16-18]. In an in vitro experimental study,65

Lee and colleagues[19] found that hypoxia phosphorylated the PI3K/Akt/mTOR and PKC/MAPKs66

signaling via Ca2+ in chicken hepatocytes. Both PI3K/Akt and PKC signaling pathways activate67

Cyclin E/D1 and cyclin-dependent kinase(CDK) 2/4, which promote cell proliferation and68

differentiation[20]. A recent study identified HIMF increases intracellular Ca2+ concentration69

through CaSR(Ca2+-sensing receptor) and a SOCE(store-operated calcium entry) dependent70

manner, induces PASMC proliferation, leading to pulmonary hypertension[21]. Since RELM-β is71

known as a functional substitute for HIMF in humans[12], we next sought to determine whether72

RELM-β has the capacity to stimulate Ca2+ release in PASMC.73

In the present study, we evaluated the expression pattern of RELM-β in the rat model of74

HPH and tested the hypothesis. We also investigated the capacity of RELM-β in PASMCs75

proliferation, and whether RELM-β exerts a mitogenic effect via PI3K/Akt/mTOR and76

PKC/MAPKs signaling pathway in a Ca2+ dependent manner. Our results indicate that RELM-β77

is a potential target for HPH therapy.78

79

Material and Methods80

Hypoxia-induced rats PAH model81

A total of 60 adult male Sprague-Dawley(SD) rats(260–330g, 12 weeks old) with matched body82

weight and ages were randomly divided into exposed to treatment groups and control groups.83

Hypoxia groups were exposed to normobaric hypoxia(10% oxygen environment) in a ventilated84

hypoxia chamber for three weeks according to the previous report[22]. The anesthetic used was85

4% pentobarbital sodium at a dose of 40–60 mg/kg and an analgesic agent was used during the86

anesthetic process. The hypoxia-induced HPH rats model was assessed through the87

morphological analysis of small pulmonary vessels(Wall Thickness WT%, Wall Area WA%,88

Lumen Area LA%) by H&E staining, the average pulmonary artery pressure(mPAP) measured89

by right ventricular catheterization, and left/right ventricular weight ratio(RS/LV+s) as we have90

previously described[22]. Small lung arteries(external diameter between 25 and 200μm) were91



classified as fully muscular(FM), partially muscular(PM), or non-muscular(NM), according to92

smooth muscle actin(α-SMA) staining. The percent medial thickness(%MT) was calculated and93

measured as described[30]. The animals were obtained from the Animal Experimental Center of94

Hunan University of Chinese Medicine, China.95

Knockdown and overexpression of RELM-β in vivo96

Male Sprague-Dawley rats(12wk old) were used in this study; To perform RELM-β gene97

overexpression and knocking down, an effective short hairpin RNA(shRNAmiR) targeting rat98

RELM-β was constructed and subcloned into the lentiviral plasmid U6-MCS-Ubi-EGFP. Both99

the U6-MCS-Ubi-EGFP-RELM-β/RELM-β shRNAmiR plasmids and the Lentivector package100

plasmid mix were transfected into 293T cells(ATCC, Manassas, United States). The culture101

supernatant was harvested, and the viral titer was determined 48h after transfection. Six days102

before hypoxia exposure, rats in each of the groups received intratracheal instillation with103

Lv-EGFP-RELM-β-shRNAmiR or Lv-EGFP-RELM-β plasmids(1.5×108 transducing units, in104

total 300μL, 50μL each day for three days). The control group was injected with an equal105

amount of lentiviral (Lv)-null or saline and the rest of the conditions were identical. After 21106

days of hypoxia or normoxia, expression of RELM-β mRNA and RELM-β protein in rat107

PASMCs and lung tissue were detected.108

Cell culture and stimulation with RELM-β109

The single PASMC cells were identified as expressing α-actin at ≥95% and by110

immunofluorescence using the antibody against α-SMA protein antibody (1:200, Abcam, USA).111

Primary human pulmonary artery SMC(ScienCell Research Laboratories, USA) were maintained112

in a petri dish containing pre-chilled PBS, 2% penicillin-streptomycin, Ca2+-free HBSS and 0.5%113

fetal calf serum mixed with 20% DMEM/F12 medium(Billups-Rothenberg, Del Mar, USA).114

Then cultured under 5% CO2 and 21% O2 or 3%O2 in a humidified incubator at 37°C for 3, 6, 12,115

24, and 48h for hypoxia or normoxia, respectively. After the process, each well was added 10μl116

CCK-8 solution and continue to incubate for 1h. The optical density(OD) value detected by117

enzyme-linked immunoassay at 460nm. Cells from the third-seven passage were performed in118

the experiment. When logarithmic growth phase cells reached a density of 70%, cell cycles were119

synchronized by incubation in serum-free medium for 24h.120

For cell proliferation, Ca2+ imaging, and phosphorylation signaling pathway detecting,121

PASMCs were pretreated with CPA(Cyclopiazonic acid), nifedipine, EGTA, BAPTA/AM,122



LY294002, and SB203580(Santa Cruz, DallaS, USA), seeded onto 25-mm glass coverslips as123

indicated. Then use different concentrations of recombinant human RELM-β protein(0-30ng/ml,124

Abgent, San Diego, USA) to stimulate PASMCs for various periods(0-72h).125

Immunohistochemistry126

Paraffin-embedded rat lung tissue was sectioned, dewaxed, and rehydrated as previously127

described[22]. When the blocking step was finished, we treated the sections with mouse α-SMA128

antibody(1:600, Boster, Wuhan, CHN), rabbit anti-RELM-β polyclonal antibody(1:200, Abcam,129

USA), anti-p-PI3K/PI3K antibody, anti-p-Akt/Akt antibody, anti-p-mTOR/beta-actin antibody,130

anti-p-PKC/PKC antibody and anti-p-P44/42 / P44/42 antibody(1:500, Cell Signaling, Boston,131

USA) followed by a two-hour incubation with goat anti-rabbit secondary antibodies conjugated132

with HRP or FITC(1:40, Cell Signaling, Boston, US). Samples from the negative control were133

incubated in PBS instead of the primary antibody. Specimens were observed on a fluorescent134

microscope(Olympus IX73 microscope), images were collected with a CCD camera(512B135

Cascade, Roper Scientific), Pulmonary arterioles with a diameter of about 100μm were selected136

and the average optical density(IOD/area) was used as a semi-quantitative analysis index for137

positive signals(Image-Pro Plus software).138

Western blot analysis139

PASMCs, isolated pulmonary artery and rat tissue samples collected, homogenate and protein140

electrophoresis as well as western blot were performed as previously described[22]. BCA assay141

was used to estimate protein concentration. Each sample that contained protein(40μg) or medium142

supernatant (40μl) was loaded into 6%-20% polyacrylamide gels(Bio-Rad). After electrophoresis,143

the protein was transferred to nitrocellulose membranes(Bio-Rad) and stained with rabbit144

anti-RELM-β(1:500, Abcam) as well as phosphorylated and non- phosphorylated145

PI3K/Akt/mTOR and PKC/MAPKs antibodies(1:1000, Santa Cruz, DallaS, USA) followed by a146

goat anti-rabbit HRP-labeled secondary antibody(1:3000, Boster, Wuhan, CHN). An enhanced147

chemiluminescence substrate kit(Boster, Wuhan, CHN) was used for chemiluminescent signals148

detection on autoradiography film(ProteinSimple FE 1004, San Jose, USA).149

Real Time-PCR analysis150

To quantify gene transcripts of RELM-β, RNeasy mini kit(Qiagen) was used to extract total151

RNA from rat right lower lung lobe(200mg), isolated pulmonary artery and PASMCs following152

the manufacturer’s protocol. RT-PCR was were conducted with miScript SYBR Green PCR kit153



(Qiagen Inc.,Valencia, CA). The PCR primers as follows: for rat RELM-β, 5’-CTCCCACTGA154

TAGTCCCA-3’ and 5’-CACAGCCATAGCCACAAG-3’, amplifying a 187-bp fragment. For155

rat DAGPH, 5’-CATCCTGCGTCTGGACCTGG-3’ and 5’-TAATGTCACGCACGATTTCC-3’.156

For human RELM-β 5’-CTGTCACTGGCTGTCTTGT-3’ and 5’-TTGGGA CCCTGGTTTCAT157

TA-3’, amplifying a 182bp fragment. For human DAGPH, 5’-AGACAGCCGCATCTTCTTGT158

-3’ and 5’-TGATGGCAACAATGTCCACT-3’. The 2−ΔΔCt method was used to calculate the159

relative fold changes.160

Imaging of intracellular Ca2+161

Intracellular Ca2+ assay was performed according to the protocol previously described[23]. Human162

PASMCs pretreated with 3.5 μmol/L fluo-2-AM(Invitrogen) were incubated for 1h at 37°C, and163

washed twice with Ca2+-containing buffer, or HBSS(Sigma). Coverslips with cells were mounted164

onto an imaging chamber of the inverted confocal microscope(Photon Technology International).165

Then cells were stimulated with RELM-β, Ca2+-containing buffer, or HBSS through tee166

irrigation device, alternately. The fluorescence intensity ratio at 340nm/380nm was used to167

calculate the intracellular Ca2+ concentration level by Metafluor software(Universal Imaging168

Corporation). Experiments analyzing 20-40 cells each were performed at room temperature and169

were repeated at least three times.170

Statistical analysis171

Data are expressed as mean ± standard deviation(SD). Statistical significance was assessed by172

paired or unpaired Student's t-tests. A P-value of < 0.05 or 0.01 was considered statistically173

significant.174

175

Results176

1. Verification of the HPH rat model177

H&E staining results showed that after hypoxia exposure, the pulmonary artery wall thickness178

was generally thickening, and vascular lumen narrowing after 7days of hypoxia, peaked at179

14days and remained high through 21days of hypoxia, and was statistically significant compared180

with the control group(P<0.05)(Fig.1A&B); The hemodynamics from each group was also181

calculated. The mPAP in normoxic animals was 15.7±1.3 mmHg, increased after 7days and182

rise continuously until 21days of hypoxia, significantly higher than the rats in the control183

group(P<0.05)(Fig.1C); As expected, the ratio of RV/(LV+S) in hypoxia groups also showed184



similar trends(P<0.05)(Fig.1D). These changes in the pulmonary arteries indicated that the model185

of vascular PAH induced by hypoxia was successfully established.186

2. Hypoxia enhances RELM-β expression in rat lungs187

Previous researches using the asthma model and the pulmonary fibrosis model of rodents have188

shown that RELM-β has inducible property[13, 24]. In the present study, we observed its189

expression pattern in the HPH model of rats for the first time. In the normoxia group, RELM-β190

immunoreactivity was very weak but significantly increased after 7days of hypoxia on191

pulmonary artery media compared with the control group(P<0.01), peaked after 14days of192

hypoxia. As the hypoxia time went on, RELM-β protein level was reduced but still higher193

compared with the H7 group and the normoxia group(P<0.01)(Fig.2A). The same trend was194

obtained for RELM-β mRNA expression assessed by RT-PCR(P<0.01)(Fig.2B). We further195

detected RELM-β concentration in peripheral blood serum and bronchoalveolar lavage fluid(see196

Fig.2C). In addition, the lung sections exhibited strong RELM-β immunofluorescence197

colocalized with α-SMA in the smooth muscle of the pulmonary artery(Fig.2D). Our results198

suggested that hypoxia induce sustained RELM-β expression on rats pulmonary artery and lung199

tissues at least up-to 21 days.200

3. Effects of RELM-β on HPH, cardiac, and pulmonary artery remodeling201

RELM-β is a secreted protein that has proliferative effect on PASMCs[12, 25]. To verify this role,202

we performed gene transfer and silence of RELM-β in rat lungs. After treated with Lv-null,203

Lv-RELM-β, or Lv-RELM-β-RNAi plasmids via intratracheal injection, rats were exposed to204

normoxia or hypoxia for three weeks. Results showed that the protein or mRNA level of205

RELM-β in the overexpression group was higher compared with the Lv-NC and Lv-RELM-β206

knockdown(kd) group, either in normoxia or hypoxia condition(P<0.01). Introduction of Lv-207

RELM-β-RNAi reduced the RELM-β up-regulation by hypoxia(P<0.01), whereas the Lv-null208

plasmid did not affect(Fig.3-1A&B). Frozen lung sections from Lv-EGPF-injected rats displayed209

strong green fluorescence in the lung tissue and pulmonary artery wall, confirming that plasmids210

were correctly delivered to the targets(Fig.3-1C).211

Compared with the control group, the Lv-RELM-β group exhibited increased pulmonary212

artery wall thickness(Fig.3-1D), mPAP(Fig.3-1E), right/left ventricular weight ratio(RS/LV+S)213

(P<0.01)(Fig.3-1F), which were similar to the effects of hypoxia(P>0.05). However, hypoxia214

plus RELM-β overexpression(oe) didn’t show a significant difference compared with RELM-β215



overexpression along under normoxia, as well as normoxia+RELM-β kd group v.s216

normoxia+NC group and hypoxia+RELM-β oe group v.s hypoxia+NC group(P>0.05).217

Meanwhile, RELM-β gene silence resulted in significant attenuation of pulmonary artery wall218

thickness, mPAP, and RV/(LV+S) in the rat model of HPH(P<0.01)(Fig.3-1D-F). We further219

measured small arterioles 25-200μm in external diameter to investigate percent medial220

thickness(%MT) and muscularization by histological study.221

As shown in Fig.3-2A&B, α-smooth muscle actin positive staining and %MT was increased222

in normoxia+RELM-β oe group and rats exposed to 21 days of hypoxia, greatly reduced in223

hypoxia+RELM-β kd group, both in small(50-100μm) or large vessels(100-200μm, see Fig.3-1D)224

(P<0.01). RELM-β gene silence also markedly decreased the percentage of NM small arteries,225

increased the percentage of PM and FM small arteries in hypoxia condition(P<0.01), there was226

no statistical difference in normoxia condition(P>0.05). RELM-β overexpression displayed an227

opposite trend of affecting small arteries muscularization(P<0.01)(Fig.3-2C). These results228

showed that RELM-β enhances the mPAP and associated cardio-pulmonary vascular remodeling229

in the HPH rat model.230

4. Alteration of phosphorylated PI3K/Akt/mTOR and PKC/MAPKs protein by RELM-β231

Inhibition of PI3K and PKC has been proved to suppress the PASMCs proliferation induced by232

RLEM-β, so we speculated whether these signaling pathway proteins play the downstream233

regulator of RLEM-β in HPH rat model. Immunohistochemistry results showed that when rats234

were exposed to hypoxia or received RLEM-β overexpression, p-PI3K, p-Akt, p-mTOR, p-PKC235

and p-MAPKs in the media of small pulmonary arteries and lung tissues was increased compared236

with the control groups, respectively(Fig.4-1A). The relative expression level measured by IOD237

value showed that the phosphorylated effect of hypoxia in PI3K, Akt, mTOR, PKC, and MAPKs238

was significantly reduced by the knocked down of RLEM-β(P<0.01)(Fig.4-1B-C).239

We further isolated pulmonary arterioles as well as lung tissue homogenate to perform240

Western blotting(Fig.4-2A). As assessed by relative quantification, p-PI3K/PI3K was remarkably241

increased in LV-RELM-β treated rats compared with untreated rats under normoxia(P<0.01).242

RELM-β knocked down significantly decreased the p-PI3K/PI3K v.s hypoxia+NC group243

(P<0.01)(Fig.4-2D). The relative level of phosphorylated PKC(Fig.4-2B), P44/42(Fig.4-2C),244

Akt(Fig.4-2E), and mTOR(Fig.4-2F) expression changes were similar to those of PI3K and have245

statistical significance(P<0.01). Although there was no regular pattern in each group, the results246



indicating that RELM-β has a similar role in phosphorylating these signal molecules to247

hypoxia(see Fig.4-2B-F). Taken together, the evidence above suggesting that RELM-β may248

promote mPAP increase and pulmonary vascular remodeling, at least partly, through249

PI3K/Akt/mTOR and PKC/MAPKs signaling.250

5. RELM-β promotes cell proliferation and Ca2+ release in primary cultured PASMCs251

Previous studies have proved that the ortholog of RELM-β could increase intracellular Ca2+252

through extracellular calcium influx in PASMCs[16, 21]. To observe the direct effect of RELM-β253

on cell proliferation and Ca2+ signaling, we prepared primary cultured PASMCs. The light254

microscope showed typical "peak-valley" growth of smooth muscle cells, α-SMA255

immunofluorescence staining showed the cytoplasm of the cells was clearly stained with red256

fluorescence, distributed along the myofilaments and arranged in a parallel shape(see Fig.5A-B).257

The treatment of PASMCs with hypoxia up-regulates RELM-β protein and mRNA expression in258

a time-dependent manner(3, 6, 12, 24, and 48h) and maximize at 12 and 24h(P<0.01 with259

control)(see Fig.5C-E), confirming the hypoxia-inducible ability of RELM-β in PASMCs.260

Then we treated PASMCs with different concentrations of recombinant RELM-β for 0, 24,261

48, and 72h. CCK-8 assay showed that cell viability was highest at 48h with each concentration262

of RELM-β and 20μg/ml RELM-β has the maximum effect(Fig.6A). Edu’ result further263

confirmed that treated PASMCs with 20μg/ml RELM-β for 48h could promote the cell264

proliferation rate(P<0.01)(Fig.6B). Similarly, the level of intracellular Ca2+ of PASMCs was265

increased by 5, 10, 20, and 40μg/ml RELM-β for 48h compared with the control group,266

respectively(P<0.05). The most intensity Ca2+ signal was observed at 20μg/ml RELM-β267

treatment(P<0.01)(Fig.6C). Our results indicated that RELM-β could promote proliferate rate268

and Ca2+ influx of PASMCs.269

6. Ca2+ involved in the activation of PI3K/Akt/mTOR and PKC/MAPKs pathway and270

PASMCs proliferation by RELM-β stimulation271

In order to investigate if Ca2+ played a role in PASMCs proliferation induced by RELM-β and272

was an upstream molecule of PI3K/Akt/mTOR or PKC/MAPKs signaling pathway, cells were273

pretreated with BAPTA(an intracellular Ca2+ antagonist) or EGTA(an extracellular Ca2+274

antagonist) and then treated with 20μg/ml RELM-β for 48h.275

Weston blot results showed that phosphorylated PI3K/Akt/mTOR and phosphorylated276

PKC/MAPKs protein were significantly increased by RELM-β stimulation(P<0.01)(see277



Fig.9A-B). BAPTA alone did not inhibit PI3K, Akt, mTOR, and PKC, MAPKs phosphorylation278

(P>0.05). However, EGTA alone significantly inhibited the phosphorylation of these proteins279

compared with the RELM-β group(P<0.01)(see Fig.7A-B). As shown in Fig.7C, cell280

proliferation induced by RELM-β was also suppressed by two Ca2+ chelators. In addition,281

RELM-β+EGTA group showed a 12% lower proliferation rate assessed by Edu assay compared282

with RELM-β+BAPTA group(P<0.05). Probably due to RELM-β mainly stimulate extracellular283

Ca2+ influx but not intracellular Ca2+ release. Suggesting that Ca2+ is essential in RELM-β284

induced PI3K/Akt/mTOR or PKC/MAPKs signal activation and PASMCs proliferation.285

7. Involvement of PI3K/Akt/mTOR and PKC/MAPKs in RELM-β induced PASMCs286

proliferation287

Our previous result and others[14, 26] have proved that PI3K and PKC signaling pathways were the288

downstream molecules of RELM-β in hypoxia-induced PASMCs proliferation, here we289

performed an experiment to verified its role and mechanism in vitro. The phosphorylated290

proteins expression of each signaling components were assessed by Weston blot analysis. As291

shown in Fig.8A-B phosphorylated Akt and mTOR expression was significantly suppressed by292

LY294002(a PI3K inhibitor) compared to the recombinant RELM-β group(P<0.01), but still293

higher than the control group(P<0.05). Phosphorylated mTOR protein was also suppressed by294

pretreating the cells with Perifosine(an Akt inhibitor)(P<0.01). Confirmation that Akt and mTOR295

was the downstream protein of PI3K, mTOR was the downstream protein of Akt. As well in296

Fig.8C, the phosphorylated p-MAPKs protein expression level in LY317615(a PKC inhibitor)297

group has statistical significance compared to the RELM-β group(P<0.01), proving that MAPKs298

played downstream effector protein of PKC.299

Studies on PI3K/Akt/mTOR and PKC/MAPKs in RELM-β induced PASMCs proliferation300

were also tested using Edu assay. As shown in Fig.8D-E, when compared to the RELM-β group,301

the proliferation level of PASMCs was significantly suppressed in PI3K inhibitor group, Akt302

inhibitor group, mTOR inhibitor group, PKC inhibitor group, and MAPKs inhibitor group,303

respectively(P<0.01). Finally, our results showed that RELM-β induced PASMCs proliferation304

through PI3K/Akt/mTOR and PKC/MAPKs signaling pathway.305

306

Discussion307



Hypoxia-induced pulmonary hypertension(HPH) is a severe complication of advanced COPD.308

The disease is characterized by abnormal PASMCs proliferation and subsequent pulmonary309

artery remolding. We initially focused our research on RELM-β because of its mitogenic effect310

in several lung cells, especially in PASMCs [12, 14, 26] , and its high expression on pulmonary311

artery of patients with PAH[14]. In the present study, our results demonstrated that RELM-β312

endogenously expressed in both vivo and vitro by hypoxic stimulation. RELM-β significantly313

promoted PASMCs proliferation and pulmonary vascular remodeling in response to hypoxia.314

The proliferative effect of RELM-β probably related to Ca2+, PI3K/Akt/mTOR, and315

PKC/MAPKs signaling pathway. To the best of our knowledge, this is the first report describing316

RELM-β in HPH and the first to investigate RELM-β increase [Ca2+]i in primary cultured human317

PASMCs.318

RELM-β belongs to a highly conserved secretory protein family(RELMs) including two key319

members: RELM-α(FIZZ1/HIMF) and RELM-β(FIZZ2)[7]. It is a newly defined protein family320

discovered by Holcomb when studying airway inflammation of allergic asthma[27]. RELM-β is321

inherently expressed in colon epithelium, but its expression could be highly up-regulated in322

airway smooth muscle or lung tissue by allergen[24, 28] or bleomycin[13, 14], and in lung fibroblast,323

macrophage, and SMC by hypoxia[12, 29]. In the current study, our results showed that chronic324

hypoxia induced RELM-β endogenously in the lung tissue of HPH rat models, either from325

mRNA or protein level. We observed strong RELM-β immunostaining colocalized with α-SMA326

in the remolding pulmonary arteries, which is in accordance with the location of RELM-β in327

PAH patients[14]. This expression pattern is similar to that of RELM-α in the HPH rat model[30].328

In addition, we noticed that the level of RELM-β in BALF decreased after 7days of hypoxia,329

which is in consistent with the trends in serum and lung tissue. It may probably due to that330

chronic hypoxia mainly increase RELM-β in pulmonary vascular other than alveolar331

epithelial(see Fig.2D), there are more RELM-β secreted into circumvascular and lumen.332

Consistent with the in vivo results, our research in human PASMCs showed that hypoxia333

up-regulates RELM-β in a time-dependent manner as well. These data indicated that RELM-β334

play a role in HPH through autocrine and paracrine.335

Like other cytokines participating in PASMCs proliferation such as TGF-β and VEGF-1[31,336
32], Angelini and colleagues[14] found that 100ng/ml recombinant human RELM-β(rhRELM-β)337

for 48h significantly increased the proliferation rate of human PASMCs and human lung338



microvascular endothelial cells(HMVECs). Renigunta and colleagues[12] also found PASMCs339

transfected with RELM-β exhibited proliferative ability v.s. wild-type cells. In the present study,340

our result showd that rhRELM-β promotes PASMCs in a dose-dependent manner. To further341

investigate the mitogenic effect of RELM-β in HPH, we used two approaches: overexpression of342

RELM-β in the lungs of previously normal rats and blockade of RELM-β in a chronic hypoxia343

model of PH. First, we showed that overexpression of RELM-β induced vascular remodeling and344

hemodynamic changes identical to those associated with chronic hypoxia and other forms of PH.345

Second, in vivo knockdown of RELM-β attenuated the vascular remodeling and hemodynamic346

changes associated with PH. The neo-muscularization of small non-muscular pulmonary347

arterioles(<200μm in external diameter) is the main source of pulmonary vascular resistance and348

is the hallmark of HPH[33, 34]. We next showed that RELM-β gene transfer into pulmonary could349

induce medial thickening as well as increase the proportion of partially muscular and fully350

muscular arterioles. RELM-β knocking down has shown the opposite effect. These results351

suggest that RELM-β has a direct pro-proliferation function and plays a important role in the352

development of PH, which are totally consistent with that of RELM-α.353

RELM-α is the first member of the RELMs family identified in the lung diseases of rodents.354

Human lack of RELM-α gene, but RELM-β shares 69% cDNA sequence identity with RELM-α355

and their homology of the amino acid sequence is as high as 58.6%[8]. In addition, the expression356

pattern and function of the two molecules are also very similar. Therefore, RELM-β is357

considered as a direct functional homologue of RELM-α in human. Teng and colleagues[9, 35]358

found that there is a hypoxia inducible factors(HIFs) binding site in the 3’ region of RELM-α359

gene promoter. This finding may well explain the regulation effect of hypoxia on RELM-α and360

RELM-β. Previous study has demonstrated that RELM-α induced intracellular calcium release361

via PLC-IP3 pathway[16]. A recent study found RELM-α has a calcium binding site called362

CaSR(Ca2+-sensing receptor) and induced Ca2+ influx in a SOCE(store-operated calcium entry)363

dependent manner[21, 36, 37]. Intracellular free calcium ([Ca2+]i) is a well known intracellular364

second messenger involved in the development of cell proliferation[38]. Lee and colleagues[19]365

found that hypoxia upregulated the Ca2+ concentration in chicken hepatocytes. [Ca2+]i promoted366

PI3K/Akt/mTOR and PKC/MAPKs phosphorylation and activating cyclin E/D1 and CDK2/4367

signaling, ultimately promote cell into mitotic phase[20]. RELM-β has been proved to have the368

ability to active PI3K/AKt and ERK/MAPK in airway smooth muscle cells, induced the369



expression of TGF-β, VEGF, and VEGFR, promoted cell proliferation[26, 29]. Renigunta and370

colleagues[12] also showed that the pro-proliferative effect of RELM-β could be suppressed by371

two PI3K(phosphatidylinositol 3-kinase) inhibitors and a protein kinase C(PKC). Moreover,372

RELM-β could activate Ca2+/ERK/PKC signal in goblet cell[39]. Taken together, we thought its373

worth to investigate the molecular mechanism above.374

In the current study, our result showed that 20μg/ml RELM-β has the maximum effect of375

increasing intracellular Ca2+ concentration in PASMCs. Using the CPA and nifedipine reagent,376

SOCE was found in the process. We further blocked the intracellular Ca2+ and extracellular Ca2+,377

respectively. The result showed that the phosphorylation effect of RELM-β to PI3K/Akt/mTOR378

and PKC/MAPKs is significantly suppressed by EGTA. The PASMCs proliferation rate also379

decreased by Ca2+ inhibition. The results indicated that RELM-β induced PASMCs proliferation380

at least partly through Ca2+ influx. PI3K/Akt/mTOR and PKC/MAPKs are probably the381

downstream molecules of Ca2+. To confirm the role and the relationship of PI3K/Akt/mTOR and382

PKC/MAPKs, we inhibited each molecule and found that all of these two signaling pathways383

participating in the process of PASMCs proliferation induced by RELM-β. The results are highly384

consistent with our in vivo study, the phosphorylated PI3K/Akt/mTOR and PKC/MAPKs level385

are remarkably increased by RELM-β overexpression in rat lungs and pulmonary arterioles,386

similar with that induced by hypoxia. And RELM-β gene silence has exactly the reverse effect.387

These findings have demonstrated the role of RELM-β in PASMCs proliferation, HPH, and388

preliminary reveal the molecule mechanisms.389

The major limitation of this study includes:1) we use gene silencing animals model rather390

than the gene knockout model. Because RELM-α has been demonstrated to play a crucial role in391

embryo lung development[40], we are not sure that whether RELM-β knockout causes the early392

death of animals. Further study may use conditional gene knockout to draw a better conclusion. 2)393

A recent study has confirmed a member Ca2+ binding site of RELM-α. Our previous article394

found that RELM-β is upregulated by TGF-β1 and promotes endothelial-mesenchymal transition395

(EndMT) in endothelial cells. In the future study, the member binding sites, the upstream396

molecules, the more Ca2+ release mechanisms of RELM-β should be discussed.397

398

Conclusions399



In sum, our study reveals new findings regarding RELM-β as a factor that is induced in hypoxia400

and exerts a mitogenic effect in HPH. This effect was observed in a rat model of HPH and the401

primary cultured PASMCs. These results suggest that RELM-β may induce PASMC402

proliferation and pulmonary artery remolding, at least partially through PI3K/Akt/mTOR and403

PKC/MAPKs pathway, leading to HPH. And the phosphorylation of these molecules is mainly404

activated by Ca2+ influx. Our findings lead to a better understanding of the pathophysiology of405

RELM-β in HPH and aid in the development of novel therapies for the disease.406
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