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Apolipoprotein A5 ameliorates MCT induced pulmonary hypertension by inhibiting ER stress in a GRP78 dependent mechanism
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Abstract
Background
Pulmonary arterial hypertension (PAH) is a chronic, progressive lung vascular disease accompanied by elevated pulmonary vascular pressure and resistance, and it is characterized by increased pulmonary artery smooth muscle cell (PASMC) proliferation. Apolipoprotein A5 (ApoA5) improves monocrotaline (MCT)-induced PAH and right heart failure; however, the underlying mechanism remains unknown. Here we speculate that ApoA5 has a protective effect in pulmonary vessels and aim to evaluate the mechanism.

Methods
ApoA5 is overexpressed in an MCT-induced PAH animal model and platelet-derived growth factor (PDGF)-BB-induced proliferating PASMCs. Lung vasculature remodeling was measured by immunostaining, and PASMC proliferation was determined by cell counting kit‐8 and 5‐ethynyl‐2'‐deoxyuridine5‐ethynyl‐2'‐deoxyuridine incorporation assays. Coimmunoprecipitation-mass spectrometry was used to investigate the probable mechanism. Next, its role and mechanism were further verified by knockdown studies.

Results
ApoA5 level was decreased in MCT-induced PAH lung as well as PASMCs. Overexpression of ApoA5 could help to inhibit the remodeling of pulmonary artery smooth muscle. ApoA5 could inhibit PDGF-BB-induced PASMC proliferation and endoplasmic reticulum stress by increasing the expression of glucose-regulated protein 78 (GRP78). After knocking down GRP78, the protecting effects of ApoA5 have been blocked.

Conclusion
ApoA5 ameliorates MCT-induced PAH by inhibiting endoplasmic reticulum stress in a GRP78 dependent mechanism.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12944-022-01680-4.
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Introduction
Pulmonary arterial hypertension (PAH) is a chronic, progressive lung vascular disease accompanied by elevated pressure and resistance associated with endothelial dysfunction, abnormal pulmonary artery contraction, and vascular remodeling. If untreated or not well-controlled, PAH eventually develops into right heart failure and premature death [1]. Pulmonary artery smooth muscle proliferation and obstruction are among the most important features of PAH. Progressive remodeling and muscularization of small distal pulmonary arteries provide increased resistance [2, 3], and in PAH, this remodeling is characterized by high pulmonary artery smooth muscle cell (PASMC) proliferation and migration and an apoptosis-resistant phenotype [4].
In recent decades, although huge efforts have been made, clinical approach for PAH is focused on drugs that target vascular tone. An effective method of reversing the progression of this disease is not available, and current treatment strategies mainly provide symptom relief [5]. Thus, in the search for new therapeutic targets, new molecular or signaling pathways focused on pulmonary artery remodeling and PASMC proliferation are urgently needed [6].
Apolipoprotein A5 (ApoA5) is a lipoprotein that functions in the circulation as an important regulator of serum triglycerides (TGs) [7]. Several studies have proven that ApoA5 can be absorbed by extrahepatic tissues, such as adipose tissue and the heart, and functions as an important intracellular TG regulator [8, 9]. Previously, our group found that ApoA5 protected against obesity-related heart failure by inhibiting heart lipid deposition and free fatty acid uptake [10]. Meanwhile, dysregulated fatty acid metabolism and TG deposition showed destructive effects in the right ventricle (RV) of PAH patients and experimental models [11]. Decreased ApoA5 has been reported in the monocrotaline (MCT)-induced PAH animal model, while overexpressed ApoA5 could help relieve increased pulmonary pressure and right heart fibrosis [12]. However, none of these protective effects were exerted by modulating TG metabolism.
Although several researchers have reported that ApoA5 gene polymorphisms are closely related to vascular diseases like hypertension, coronary artery disease, and stroke, the fundamental underlying mechanism has not been investigated [13]. Recent studies indicated that ApoA5 may have a protective effect in acute inflammation and lipopolysaccharide (LPS)-induced fulminant liver failure and may represent a diagnostic and prognostic predictor in pediatric patients with sepsis [14, 15]. These studies demonstrated that beyond TG modulation, ApoA5 might have alternative effects on vascular diseases.
This study revealed that beyond its function in the right heart, ApoA5 could also be taken up by PASMCs and protect against MCT-induced PAH. Further in vitro studies were performed to demonstrated the underlying mechanism. ApoA5 overexpression inhibited PASMC proliferation by ameliorating endoplasmic reticulum (ER) stress through a glucose-regulated protein (GRP78) dependent mechanism.
Methods
Animals
Male Sprague‐Dawley (SD) rats around 6-week were purchased from SJA laboratory animal company (Changsha, China) and raised at the Central South University Experimental Animal Center following guidelines for experimental animal. 3 groups were randomly distributed: MCT + GFP group and MCT + APOA5 group, in which 60 mg/kg MCT was injected on Day 1 and green fluorescent protein (GFP) or ApoA5-overexpressing adenovirus was injected on Days 7 and 14, respectively; and Control group, in which the same amount of saline was administered through intraperitoneal and tail vein injections at the same times listed for the previous two groups.
Cells
Primary PASMCs were isolated from rat pulmonary arteries by the substrate-attached explant method. SD rats weighing less than 200 g were used for cell isolation. Animals were euthanized with excessive CO2. After 5 min and certification of death, the chest was opened and all tissues surrounding the pulmonary artery were removed. The whole pulmonary artery and branches were moved to another plate. The inner layers were scraped to clean the endothelium and then cut into small pieces and placed at the bottom of the culturing flask. The morphologic appearance and immunofluorescence were determined with an anti‐α‐smooth muscle actin (α-SMA) antibody to characterize the PASMCs. Cells from passages 2–4 were used for the experiments.
Cellular treatment, reagents, and transfection
GFP or ApoA5 adenovirus at a multiplicity of infection 5 was used for transfection. After 6 h, the medium was replaced with fetal bovine serum -free Dulbecco’s Modified Eagle’s media. Subsequently, 10 ng/ml platelet-derived growth factor (PDGF)-BB was added for an additional 24‐48 h.
For GRP78 siRNA transfection, scramble or GRP78 siRNA (purchased from RiboBio, Guangzhou, China) were used prior to adenovirus transfection. siRNA (10 nM) was incubated with Opti-MEM (Gibco, Carlsbad, CA, USA) and Lipofectamine RNAiMAX reagent (Life Technologies, Gaithersburg, MD, USA) at room temperature for 5 min before transfection, which continued for approximately 6 h.
Cell proliferation assay
Cell Counting Kit‐8 (CCK‐8) assay (Dojindo, Kumamoto, Japan) and 5‐ethynyl‐2'‐deoxyuridine (EdU) staining (Beyotime, Shanghai, China) were used. After all treatments, CCK‐8 solution (10 µl) or 10 µM EdU was added. For the CCK-8 assay, the absorbance was then measured at 450 nm (Thermo, MA, USA). For the EdU incorporation assay, cells were washed with PBS and fixed with 4% paraformaldehyde after incubation. All steps followed the manufacturer’s instructions.
Coimmunoprecipitation (co-IP), mass spectrometry (MS), and bioinformatic analysis
Co-IP was detected using a Co-Immunoprecipitation Kit (Thermo, MA, USA). After harvesting by IP lysis/wash buffer and concentration measurement, 1000 μg protein per sample was used for the reaction and precleared by control agarose resin. ApoA5 antibodies were coupled to agarose resin following the manufacturer's instructions. Resin and protein were incubated at 4 ℃ overnight, and then the proteins were washed off and harvested. After running a gel and performing verification by Coomassie brilliant blue staining, the products were sent for MS analysis.
MS analysis and functional annotation and classification were conducted by PTM Bio (Zhejiang, China). Functional categorization and pathway construction were performed using R software.
Western blotting
Tissue and cells were lysed in NP-40 buffer that contained protease and phosphatase inhibitors. β-Tubulin was used as a loading control. Antibodies against ApoA5 were purchased from Santa Cruz Biotechnology (CA, USA), and GRP78 and α-SMA were obtained from Abcam (Cambridge, USA). Double-stranded RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK), proliferating cell nuclear antigen (PCNA), and phospho-PERK were from Cell Signaling Technology (MA, USA). Activating transcription factor 6 (ATF6) antibody was from ABclonal (ABclonal Technology, Wuhan, China). Inositol requiring 1 alpha (IRE1α), and phospho-IRE1α were purchased from Novus (Littleton, CO, USA).
Statistical analysis
Statistical analyses were performed using SPSS 22.0 (IBM Corp, NY, USA). P < 0.05 was considered statistically significant. Differences between the 2 groups were compared by independent t tests. One-way analysis of variance was conducted for differences for more than 3 groups. For post hoc analysis, the LSD comparison method was used if homogeneity of variance was observed. Otherwise, Dunnett’s T comparison was performed.
Result
Decreased ApoA5 synthesis and uptake in the PAH animal model
Decreased ApoA5 was previously found in the serum of PAH patients as well as in the circulation and RV of the MCT-induced PAH animal model [12]. Here, the results showed that ApoA5 was also decreased in the lungs of MCT-treated PAH animals at week 4 (Fig. 1A, B). ApoA5 is a protein that is mostly synthesized in the liver and then secreted to the circulation; thus, ApoA5 expression in the liver was measured, and decreased ApoA5 expression was found in PAH rats (Supplemental Fig. 1A, B). The real-time PCR results also revealed that ApoA5 gene expression was decreased along with the expression of its modulating effectors cAMP response element-binding protein H (CREBH) and sterol regulatory element-binding protein (SREBP)-1C. Meanwhile, other 2 transcription factors, liver X receptor alpha (LXRα) and peroxisome proliferator activated receptor alpha (PPARα) haven’t showed any differences between these two groups (Supplemental Fig. 1C). Immunofluorescence staining showed that ApoA5 colocalized with pulmonary smooth muscle and was decreased in small arteries in MCT group (Fig. 1C). Considering that very low gene expression is observed in the lung and pulmonary vessels, ApoA5 is likely taken up from the circulation through low density lipoprotein receptor-related protein-1 (LRP1). Furthermore, PASMCs were isolated from the control and MCT-induced PAH rats, and the results showed decreased ApoA5 and LRP1 in the MCT group (Fig. 1D-F), thus verifying the reduced uptake of ApoA5 in PASMCs in MCT-induced PAH.[image: ]
Fig. 1Decreased ApoA5 in pulmonary artery smooth muscle of MCT induced PAH at week 4. A, B Represent Western blot (A) and analysis (B) of lung ApoA5 expression in Control and MCT animals. (C)Co-localization of ApoA5 and pulmonary artery smooth muscle. (D-F) Represent western blot (D) and analysis (E, F) of ApoA5 and LRP1 expression in Control and MCT PASMCs. Data presented as Mean ± SD. For IF staining, scale bar is 25 μm. **, P < 0.01


Overexpression of ApoA5 ameliorates MCT-induced pulmonary artery remodeling
Our previous work found that overexpressing ApoA5 had a protective effect on MCT-induced PAH and right heart failure [12]. Beyond its protective impact on right heart failure and RV fibrosis, ApoA5 could also ameliorate the thickening and proliferation of pulmonary artery smooth muscle. IF staining showed restored ApoA5 expression in pulmonary smooth muscle in MCT + ApoA5 group (Supplemental Fig. 2). Increased medial thickening was observed in the MCT-induced PAH group compared with the control group, while ApoA5 overexpression inhibited medial wall thickening (Fig. 2A, B). MCT increased the partial and full muscularization of the vessels, and the MCT + ApoA5 group showed a decrease in full muscularization (Fig. 2A, C). By Ki67 staining, MCT + ApoA5 group showed a decreased Ki67 in pulmonary vasculature that colocalized with α-SMA (Fig. 2D).[image: ]
Fig. 2ApoA5 overexpression inhibiting pulmonary artery remodeling. A H&E staining and immunohistochemical staining of α-smooth muscle actin (α-SMA) showed ApoA5 inhibit the pulmonary artery remodeling. B, C) ApoA5 significantly alleviates MCT induced medial wall thickness and muscularization of small arteries. (B) Quantification of medial wall thickness; (C) Quantification of vessel muscularization; (D) Representative IF staining for Ki67 and α-SMA. For H&E, IHC and IF staining, Scale bar = 50 μm; For medial wall thickness and muscularization quantification, data presented as mean ± SEM, n = 3–4 for all groups. Only vessels with diameter between 30 and 100 μm were analyzed. NM, non-muscularized vessels; PM, partial muscularized vessels; FM, full muscularized vessels. ** Compared with Control group, P < 0.01; *** Compared with Control group, P < 0.001; ## Compared with MCT + GFP group, P < 0.01; ### Compared with MCT + GFP group, P < 0.001


ApoA5 overexpression inhibits PDGF-BB-induced PASMC proliferation
Hyperplasia of PASMC is a very important feature of PAH and will leads to pulmonary vessel remodeling and occlusion [16]. Because ApoA5 was found to colocalize with α-SMA in vivo and inhibit smooth muscle hypertrophy and proliferation, further investigations focused on its role in PASMCs and protective mechanisms. PDGF-BB is a cytokine that highly increased in PAH and induces proliferation and migration of PASMC [17]. The CCK-8 and EdU incorporation assay results confirmed that ApoA5 inhibits PDGF-BB-induced PASMC proliferation (Fig. 3A-C). Western blots also showed that ApoA5 could inhibit the proliferation marker PCNA (Fig. 3D, E).[image: ]
Fig. 3ApoA5 overexpression inhibit PDGF-BB induced PASMC proliferation. (A-C) EdU incorporation assay (A, B) and CCK8 (C) assay showed ApoA5 inhibits PDGF-BB induced PASMC proliferation. (D, E) Represent western blots and quantification (E) showing ApoA5 decreases expression of PCNA in PASMCs. All data shown as Mean ± SD; ** P < 0.01 compared to Control group; *** P < 0.001 compared to Control group; ## P < 0.01 compared to PDGF-BB or PDGF-BB + GFP groups; ### P < 0.001 compared to PDGF-BB or PDGF-BB + GFP group


ApoA5 functions through inhibition of endoplasmic reticulum stress
Since most works on ApoA5 have focused on lipid metabolism, to determine the mechanism underlying its ability to inhibit proliferation, the protein–protein interactions of ApoA5 were assessed using co-IP-MS. The results showed that proteins that interacted with ApoA5 were enriched in the protein stabilization and protein folding pathways (Fig. 4A). The ER mainly functions in protein folding, and ER stress is an important pathologic factor in pulmonary hypertension. To assess the role of ApoA5 in ER stress, the ER stress sensor GRP78 and its downstream ER stress activating pathways were tested. ApoA5 led to a sharp increase in GRP78, thus helping to inactivate ER stress pathways (Fig. 4B-F). Furthermore, immunofluorescence and co-IP assays showed that ApoA5 also colocalizes and interacts with GRP78, thus indicating a very complicated working mechanism between ApoA5 and GRP78 (Fig. 5A, B). Consequently, ApoA5 showed a protective effect on PDGF-BB-induced ER stress signaling. P-PERK, P-IRE1α, and ATF6 all returned to normal after the ApoA5 treatment (Fig. 4B-F).[image: ]
Fig. 4ApoA5 inhibits PDGF-BB induced PASMC proliferation by reducing ER stress. A Enriched Gene Ontology (GO) analysis showing the co-immunoprecipitation proteins that interacts with ApoA5; B-F Represent western blots B and quantification (C-F) showing the proteins that represent the ER stress status of the PASMC. All data presented as Mean ± SD. * P < 0.05 compared with control group; ** P < 0.01 compared with control group; *** P < 0.001 compared with control group; ## P < 0.01 compared with PDGF-BB or PDGF-BB + GFP group

[image: ]
Fig. 5ApoA5 interacts with GRP78 to reduce PDGF-BB induced PASMC proliferation and ER stress. A, B co-IP A and immunofluorescence B showing the interacts between ApoA5 and GRP78. C-E Represent staining C and quantification E of EdU incorporation assay and CCK8 assay D showing that blocking the GRP78 by siRNA reversed the proliferation inhibition effect of ApoA5. (F) Represented western blot and quantification G-K) showing blocking the GRP78 by siRNA reversed effect of ApoA5 on ER stress. All data presented as Mean ± SD. For IF staining, Scale bar = 10 μm; *** P < 0.001 compared with control group; ** P < 0.01 compared with control group; * P < 0.05 compared with control group; ### P < 0.001 compared with PDGF-BB + GFP group; ## P < 0.01 compared with PDGF-BB + GFP group; # P < 0.05 compared with PDGF-BB + GFP group; &&& P < 0.001 compared with PDGF-BB + APOA5 + Scramble group; && P < 0.01 compared with PDGF-BB + APOA5 + Scramble group; & P < 0.05 compared with PDGF-BB + APOA5 + Scramble group


ApoA5 inhibits PASMC proliferation and ER stress by increasing GRP78 expression
To ensure that GRP78 leads to the proliferation inhibition effect of ApoA5, siRNA was used to knock down GRP78 to determine whether it blocked the impact of ApoA5. The EdU incorporation and CCK8 assays showed that ApoA5 blocked PASMC proliferation triggered by PDGF-BB. However, after GRP78 knockdown, the effect of ApoA5 was abrogated (Fig. 5C-E). Moreover, interfering with GRP78 also increased ER stress signaling, which corresponded to the cell proliferation status (Fig. 5F-K).
Discussion
The etiology of pulmonary hypertension is complex, but common features include intimal and media hypertrophy, small vessels muscularization, stenosis and plexiform formation. These phenotypes are largely due to the high proliferation of vascular cells. Hyperplasia of PASMC is a very important feature of PAH and will leads to pulmonary vessel remodeling and occlusion [18]. Previous findings showed that ApoA5 protects against MCT-induced PAH and ameliorates right heart failure, and this study found that in addition to inhibiting RV fibrosis, ApoA5 has a protective effect on decreasing pulmonary pressure by inhibiting pulmonary vascular remodeling. These observations demonstrated that ApoA5 participated in the pathophysiologic change in PAH lung vasculature. Although right heart failure is the main reason for mortality in PAH, the current treatment strategies for PAH are mainly associated with vasodilation. The progression of pulmonary vasculature is still the biggest challenge [19, 20].
This study found that the uptake of apoA5 in PASMCs of MCT induced PAH rats was significantly decreased. In addition, overexpression of apoA5 can reduce the thickness of medial wall and PASMC proliferation in MCT induced PAH model. To further explore the possible role of apoA5 in PASMCs, proteins interacting with apoA5 were measured by using coIP-MS, and found that most of them were enriched in pathways related to protein stability and protein folding (Fig. 6).[image: ]
Fig. 6Summarization of the study. In MCT induced PAH animal model, decreased liver synthesis and PASMC uptake of ApoA5. Overexpress ApoA5 by adenovirus help to inhibit the PASMC proliferation by inhibiting ER stress pathways in a GRP78 dependent mechanism


The ER is one of the most important organelles in cells and functions in protein synthesis, folding, transportation, and modification. Thus, it is highly sensitive to environmental homeostasis and cell stress [21]. Misfolded proteins in the ER can affect several cell functions and processes, including inflammation, differentiation, the cell cycle, and apoptosis [22, 23]. Moreover, the ER connects and communicates with several other organelles, especially mitochondria [24]. ER stress has been detected in PAH patients and many PAH animal models [25, 26]. Several studies have proven that both endogenous and exogenous ER stress inhibitors help protect against PAH and inhibit pulmonary artery remodeling and PASMC proliferation [27, 28]. Studies have confirmed that apoA5 is synthesized, located and secreted by ER [9]. Based on the above information, we speculated that apoA5 might inhibit the proliferation of pulmonary smooth muscle by improving ER stress.
ApoA5 has mainly been studied to identify its role in controlling serum TG metabolism, energy metabolism, and insulin sensitivity as a lipoprotein, and it has been shown to decrease lipid accumulation in cardiomyocytes [10]. Although a correlation between ApoA5 gene polymorphisms and cardiovascular diseases, such as hypertension, myocardial infarction, or stroke has been showed, previous studies have not focused on the underlying mechanism among blood vessels [29]. This study is the first to show that ApoA5 is decreased in PAH and elucidate its protective role against PAH. Although ApoA5 is only synthesized in the liver, it is found in many organs, such as adipocyte tissue and the heart, through receptor-mediated uptake [8, 10]. In MCT-induced PAH model, we detected that ApoA5 and its receptor LRP1 were decreased in PAH PASMCs. Meanwhile, the synthesis of ApoA5 is reduced in the liver of PAH animals. In this study, in vivo experiments indicated that ApoA5 could be taken up by the pulmonary artery and prevent its remodeling. Further in vitro experiments confirmed that ApoA5 could inhibit PASMC proliferation and modulate the ER stress sensor protein GRP78. GRP78 is a sensor protein of endoplasmic reticulum stress, and its expression level is increased during the onset of endoplasmic reticulum stress [30]. It binds to the relevant endoplasmic reticulum stress signaling proteins ATF6, PERK, and IRE1, and inhibits their activation [22]. As we observed a sharp increase of GRP78 and inhibition of ER stress, we speculate that, the effects of ApoA5 is induced by GRP78. After blocking GRP78, the protective effect of ApoA5 was abolished (Fig. 6).
Although not fully investigated, PAH is a disease related to many triggers. The MCT-induced PAH animal model is characterized by acute and severe PAH, inflammation, and lung fibrosis [31]. ER stress also participates in lung inflammation and fibrosis, which might be another reason for the protective effect of ApoA5. A previous study found that ApoA5 has an important impact on inhibiting LPS-induced acute liver inflammation through NF-KB signaling, which should be another important pathway that participates in MCT-induced PAH [14]. Moreover, ApoA5 is the most induced protein in liver regeneration, which indicates that ApoA5 might have a role in modulating cell proliferation or the cell cycle [32].
Study strengths and limitations
The present study showed that ApoA5 helped improve vasculature remodeling as well as abnormal PASMC proliferation by inhibiting ER stress. This is the first study to reveal the role and detailed mechanism of ApoA5 in vascular disease. However, several limitations were observed in our study. First, we only proved the protective effect of ApoA5 in the MCT-induced PAH model. Beyond the MCT-induced model, ER stress has been confirmed in PAH patients and several other PAH animal models, and the effect of ApoA5 on these models should be investigated. Second, this is a preliminary study focused on investigating the mechanism of ApoA5 in inhibiting PASMC proliferation. We used adenovirus-induced overexpression, which might not be a good method for translational research. Further studies using recombinant protein or mimic peptides need to be performed.
Conclusions
In summary, our study demonstrated that ApoA5 protected against MCT-induced PAH and PASMC proliferation by inhibiting GRP78-induced ER stress. These findings revealed the therapeutic role of ApoA5 and suggested that it could be a novel target in PAH.
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