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Abstract

:

Nicotine-induced endoplasmic reticulum (ER) stress in retinal pigment epithelium (RPE) cells is thought to be one pathological mechanism underlying age-related macular degeneration (AMD). ERp29 attenuates tobacco extract-induced ER stress and mitigates tight junction damage in RPE cells. Herein, we aimed to further investigate the role of ERp29 in nicotine-induced ER stress and choroidal neovascularization (CNV). We found that the expression of ERp29 and GRP78 in ARPE-19 cells was increased in response to nicotine exposure. Overexpression of ERp29 decreased the levels of GRP78 and the C/EBP homologous protein (CHOP). Knockdown of ERp29 increased the levels of GRP78 and CHOP while reducing the viability of ARPE-19 cells under nicotine exposure conditions. In the ARPE-19 cell/macrophage coculture system, overexpression of ERp29 decreased the levels of M2 markers and increased the levels of M1 markers. The viability, migration and tube formation of human umbilical vein endothelial cells (HUVECs) were inhibited by conditioned medium from the ERp29-overexpressing group. Moreover, overexpression of ERp29 inhibits the activity and growth of CNV in mice exposed to nicotine in vivo. Taken together, our results revealed that ERp29 attenuated nicotine-induced ER stress, regulated macrophage polarization and inhibited CNV.
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1. Introduction


Age-related macular degeneration (AMD) is a common condition worldwide [1] and is one of the main causes of irreversible blindness [2,3]. Wet AMD is mainly characterized by choroidal neovascularization (CNV) [4,5]. It has been shown that 90% of severe visual impairment in patients with AMD is caused by CNV [6]. While anti-vascular endothelial growth factor (VEGF) treatments can help control or improve CNV, some patients still develop atrophic lesions after treatment. Therefore, further research is needed to understand the mechanisms underlying wet AMD and explore new treatment strategies [7,8]. Additionally, some studies have reported insensitivity and drug resistance to anti-VEGF treatment [8,9,10].



Among various risk factors, which mainly include genetic susceptibility and environmental exposure, smoking plays an important role in the development of AMD [3,11]. The risk of AMD among people who smoke is twice as high as that in the normal population, and the onset of AMD occurs 10 years earlier in patients who smoke [12]. Previously, Huang CX et al. [13,14] showed that tobacco extract induces endoplasmic reticulum (ER) stress and oxidative stress in retinal pigment epithelium (RPE) cells, exacerbates the unfolded protein response and impairs RPE tight junctions. These findings suggest that smoking is an early biological event that contributes to the progression of AMD. Moreover, endoplasmic reticulum protein 29 (ERp29) [15], a novel chaperone whose expression is decreased in an AMD mouse model [16,17], attenuates ER stress and mitigates tight junction damage in RPE cells [14].



Nicotine is one of the most important toxic and harmful components of tobacco, and it is highly addictive [18,19]. In vivo studies have shown that long-term exposure to nicotine can increase the severity of laser-induced CNV in mice by regulating macrophage polarization [20]. On the other hand, nicotine exposure can promote RPE cell secretion of macrophage-related chemokines, such as fibronectin, laminin, and monocyte chemoattractant protein [21], to recruit and activate macrophages. These macrophages then infiltrate the inflammatory microenvironment of the retinal RPE, further contributing to the formation and progression of CNV [22]. Nicotine also induces M2 macrophage polarization through specific macrophage receptors, and M2 macrophages then secrete a series of inflammatory and angiogenic factors into the inflammatory microenvironment, thereby assisting the formation and development of CNV [23]. RPE cells and macrophages are the main sources of VEGF secretion in CNV lesions [24,25], and both play crucial roles in the formation of CNV [26]. By studying the interaction between RPE cells and macrophages, we can gain better insights into how nicotine exposure exacerbates CNV.



The purpose of this study was to (1) observe the changes in the levels of ER chaperone proteins in RPE cells after nicotine exposure; (2) elucidate the function of ERp29 in RPE cells under conditions of nicotine-induced ER stress; and (3) further observe the role of ERp29 in changing the interaction among RPE cells, macrophages, and vascular endothelial cells in the CNV microenvironment.




2. Results


2.1. Nicotine Exacerbates ER Stress and Upregulates the Expression of ERp29 in ARPE-19 Cells


Previously, we showed that ERp29 attenuates cigarette smoke extract (CSE)-induced ER stress, reduces apoptosis, and mitigates tight junction damage in RPE cells [14]. It is not clear whether nicotine, which is one of the main components of cigarette extract, has the same effect on RPE cells. To investigate whether nicotine affects ER stress, ARPE-19 cells were exposed to different concentrations of nicotine for up to 48 h. As shown in Figure 1A, nicotine exposure increased the expression of ERp29 (Figure 1B) and GRP78 (Figure 1C), and the effect was the most significant when cells were exposed to 20 μM nicotine for 24 h. As shown in Figure 1D, nicotine exposure increased the expression of ERp29 (Figure 1E) and GRP78 (Figure 1F), and the effect was the most significant at 24 h or 48 h. These results suggest that nicotine induces ER stress and upregulates the expression of ERP29 and GRP78 in ARPE-19 cells. Nicotine had no apparent effect on cell viability under the experimental conditions described above but did affect cell viability at a concentration of 2500 μM for 24 h (Figure 1G,H).




2.2. ERp29 Attenuates Nicotine-Induced ER Stress and Protects ARPE-19 Cells


Our previous study showed that ERp29 can reduce CSE-induced ER stress by modulating the expression of ER chaperones and other ER stress-inducible proteins [14]. To determine whether ERp29 regulates nicotine-induced ER stress in ARPE-19 cells, we overexpressed ERp29 via lentivirus. Cells transduced with negative control lentivirus (LV-NC) were used as a control. Immunostaining showed that ERp29 was stably overexpressed in the cells after lentivirus transfection. Real-time qPCR and Western blotting assays indicated that the expression of ERP29 was significantly increased compared with that in the negative control group. After lentivirus transduction, the cells were exposed to 20 μM nicotine for 24 h, and Western blotting analysis was performed to examine the expression of target proteins. The Western blotting results showed that overexpression of ERp29 significantly decreased the levels of GRP78 (Figure 2B) and the C/EBP homologous protein (CHOP, Figure 2D) in response to nicotine exposure. To determine whether ERp29 protects ARPE-19 cells from nicotine exposure, a CCK-8 assay was performed (Figure 2E,F). More cells in the ERp29 group survived nicotine exposure than in the negative control group.




2.3. Knockdown of ERp29 Expression Exacerbates Nicotine-Induced ER Stress and Decreases the Viability of ARPE-19 Cells


To further understand the role of endogenous ERp29 in regulating ER stress, ERp29 siRNA was used to downregulate the expression of ERp29. After transfection into ARPE-19 cells, siR-ERp29 effectively suppressed the expression of ERp29 at the mRNA and protein levels compared with siR-NC. Then, the cells were transfected with siR-ERp29 siRNA or negative siRNA for 48 h and treated with 20 μM nicotine. Western blotting assays showed that knockdown of ERp29 significantly upregulated the expression levels of GRP78 and CHOP compared with those in the nicotine-induced group. The Western blotting results suggested that ERp29-deficient cells may be sensitive and vulnerable to ER stress-related cell death (Figure 3B,D). To further determine whether downregulation of ERp29 affects the survival of nicotine-treated ARPE-19 cells, we examined the viability of ARPE-19 cells transfected with siR-ERp29 or siR-NC. The CCK-8 assay showed that cytotoxic effects of nicotine were increased in ERp29-deficient cells (Figure 3E,F).




2.4. ERp29 Regulates Macrophage Polarization In Vitro


ER stress in RPE cells plays an important role in CNV formation. Furthermore, nicotine can exacerbate CNV by promoting M2 polarization. We hypothesized that ERp29-overexpressing RPE cells could affect macrophage polarization in an inflammatory microenvironment. To further elucidate the mechanism by which ERp29 affects CNV formation, we established ARPE19 cell/M0 macrophage and ARPE19 cell/M2 macrophage coculture systems. First, to generate a model of macrophage polarization, we stimulated PMA-differentiated human THP-1 monocytes (M0 macrophages) with IL-4 and IL-13 (M2 polarized macrophages). THP-1 monocytes cultured in the presence of PMA became adherent and round, and real-time qPCR was used to measure the expression of known M0 and M2 macrophage markers. As expected, the mRNA expression of the M0 macrophage markers CD11b and CD14 was increased, and the mRNA expression of the M2 macrophage markers CD163, CD206, IL-10, and CCL17 was also increased. These results suggested the successful polarization of THP-1 monocytes into M0- and M2-polarized macrophages. Then, the macrophages were used to establish ARPE19 cell/M0 macrophage and ARPE19 cell/M2 macrophage coculture systems. As shown in Figure 4A–C, compared with the LvNC group, the LvERp29 group in the coculture system significantly reduced the expression of CD163, CD20, and IL-10 (Figure 4A–C) in macrophages and increased the expression of iNOS and CCR7 (Figure 4D,F), indicating that ERp29 effectively inhibits M2 macrophage polarization in vitro.




2.5. ERp29 Inhibited HUVECs Proliferation, Migration, and Tube Formation In Vitro


As mentioned in the previous section, ERp29-overexpressing RPE cells could affect macrophage polarization in the inflammatory microenvironment. We extracted conditioned media from the ARPE-19 cell/macrophage coculture systems to observe how ERp29 affects angiogenesis. The conditioned media were added to human umbilical vein endothelial cell (HUVEC) cultures, and their effect on the cell viability, migration, and tube formation of HUVECs was observed. For the CCK-8 assay, the results showed that compared with that from the LvNC group, the condition medium from the LvERp29 overexpression group inhibited the proliferation of HUVECs (Figure 5A,B). In the wound-healing assay, the results showed that the migration rate in the LvERp29 group was significantly decreased compared to that in the LvNC group (Figure 5C,D). In the tube formation assay, the results showed that overexpression of ERp29 reduced the length of the vessels compared to that in the LvNC group (Figure 5E,F).




2.6. ERp29 Inhibits the Activity and Growth of Mouse CNV In Vivo


To explore the effect of ERp29 in vivo, we established a laser-induced mouse CNV model and provided these mice with water supplemented with nicotine. We used adeno-associated virus (AAV) to construct the ERp29 overexpression vector and negative control. C57BL/6J mice were intravitreally injected with AAV, and three weeks later, laser-induced CNV was observed. Seven days after the model was established, we compared CNV activity and size between the AAV-ERp29 group and the AAV-NC group (Figure 6A). The results demonstrated that the AAV-ERp29 group had less vascular leakage than the AAV-NC group in both the early phase and late phase of FFA. The histogram shows the leakage scores and grade distribution of each group (Figure 6B–D). The AAV-ERp29 group had smaller CNV area and volume than the AAV-NC group, as shown by immunostaining for IB4 (Figure 6E–G).





3. Discussion


In the current study, we present in vitro evidence that nicotine exposure exacerbates ER stress in RPE cells. Furthermore, ERp29 attenuates ER stress and protects RPE cells from the consequences of nicotine exposure. To observe how ERp29 in RPE cells affects macrophages in vitro, we established an RPE cell/macrophage coculture system. We found that ERp29 indirectly regulates macrophages by inhibiting M2 polarization (Figure 4). Vascular endothelial cell functions, such as viability, migration, and tube formation, were inhibited by conditioned medium from ERp29-overexpressing RPE cells (Figure 5). Our in vivo observations showed that ERp29 inhibits CNV formation and activity (Figure 6).



ERp29 is a member of the protein disulfide isomerase chaperone family of endoplasmic reticulum luminal proteins with different domains, and it performs two main biological functions [15]. First, ERp29, which is an ER chaperone, together with GRP94, GRP78, ERp72, calnexin and other molecules, regulates the level of unfolded proteins and ER stress [27]. Second, ERp29 is an escort protein that is involved in COP vesicle trafficking [28,29,30,31]. ERp29 is involved in the process of protein transport between the ER and Golgi apparatus or the process of protein transport to secretory vesicles [32,33,34]. Both of these functions are important for regulating ER stress and helping cells cope with stress in their microenvironment. Previous studies have revealed that ERp29 is a marker of ER stress disturbance in RPE cells that are exposed to tobacco extract [14]. ERp29 and GRP78 may play similar roles in maintaining endoplasmic reticulum homeostasis [35]. Our nicotine study shows that ERp29 may also be a molecular marker that can indicate endoplasmic reticulum stress homeostasis. In addition, in a study on liver injury and regeneration, Cao XY et al. found that during liver regeneration, the expression of ERp29 increases to regulate the level of endoplasmic reticulum stress and repair the regeneration of injured tissues [36]. These findings suggest that ERp29 is a potential target for protecting cells during the progression of retinal and neurodegenerative disease [37].



RPE cells are responsible for maintaining the normal function and regulating the immune microenvironment of the retina. It is necessary for RPE cells to maintain the homeostasis and integrity of tight junctions. Additionally, RPE cells have a direct impact on the function of immune cells by controlling the inflammatory microenvironment in the retina. First, RPE cells secrete cytokines to induce and enhance the regulatory activity of Treg cells [38,39]. Second, RPE cells can also secrete soluble cytokines to inhibit the activation of effector T cells [40,41]. Third, RPE cells have a potential ability to regulate antigen-presenting cells. Furthermore, RPE cells regulate the initial activation of T cells and presentation of retinal antigens in regional lymph nodes by inhibiting dendritic cell activation [42,43]. Previous studies have shown that conditioned medium extracted from RPE eye cups can suppress the production and secretion of proinflammatory cytokines by macrophages. The factors that are secreted by RPE cells can target macrophages and microglia to enhance their anti-inflammatory abilities and activate Treg cells. [44,45]. In conclusion, RPE cells are thought to play a critical role in regulating the immune system within their physiological microenvironment.



In the microenvironment of CNV, macrophage-mediated inflammation plays a role in neovascularization. RPE cells, which endure long-term stress, can recruit macrophages to the inflammatory microenvironment through cellular interactions and then regulate their activity and polarization. When ERp29 assists in maintaining homeostasis, RPE cells regulate the factors they secreted through paracrine signaling, which helps ameliorate the inflammatory microenvironment. In addition, epithelial cells can also interact with other cells in the microenvironment by secreting exosomes [46,47,48], thereby disrupting or maintaining the homeostasis of the CNV microenvironment. The proteins and RNA that are carried by exosomes derived from RPE cells under stress may also participate in the regulatory process of macrophages [47], but further research is needed to understand this process.



Neovascularization is related to the infiltration of macrophages into the inflammatory microenvironment [49]. Zhang H et al. found that M2 macrophages actively participate in the process of tumor growth. Within the tumor microenvironment, Wu KY et al. defined M2 macrophages as tumor-promoting macrophages and M1 macrophages as antitumor macrophages [50]. The growth of CNV (choroidal neovascularization) also depends on the involvement of macrophages. Through the observation of a laser-induced CNV model, relevant studies have shown that ICAM-1 mediates the chemotaxis of F4/80+ macrophages, which then reside in the inflammatory microenvironment of CNV lesions. These macrophages promote CNV growth by upregulating VEGF, TNF-α, and MMP-2 [22]. Another team also revealed that M2 polarization induces the formation and exacerbation of CNV [51,52].



Our findings indicate that when ERp29 is overexpressed, the resulting conditioned medium exerts indirect inhibitory effects on the growth, migration, and tube formation of vascular endothelial cells. Additionally, RPE cells overexpressing ERp29 can resist the effects of nicotine, alleviate ER stress, and restore cell homeostasis. It is possible that the regulatory effect of ERp29 on macrophage polarization may inhibit the function of vascular endothelial cells or ERp29 may directly affect vascular endothelial cell function. Li WD et al. [53] showed that P300 regulates the endoplasmic reticulum stress molecule XBP1s, which in turn controls M2 macrophage polarization and ultimately influences the growth of CNV. This finding supports the idea that macrophages can be influenced by regulating cellular homeostasis in the microenvironment, which subsequently affects the development of neovascularization. Numerous studies have been published on mechanisms to inhibit macrophage M2 polarization, including the use of hormones such as melatonin [54], herbal extracts such as triptolide [55,56], and microRNAs [57,58]. Molecular drugs with both anti-inflammatory and anti-VEGF effects may offer a new approach for the treatment of CNV [58].



To further study the function of ERp29 in vivo, we need to use RPE-CRE mice to observe changes in the retina when ERp29 is knocked out in RPE cells [59]. ERp29 deficiency mimics the pathological process of retinal neurodegeneration that is associated with the disruption of RPE cell homeostasis, and this may be helpful for further understanding AMD. We can also examine the factors that are secreted by RPE cells in the homeostasis disruption model. However, there are some problems that need our attention. Although a high level of ERp29 expression can inhibit CNV in vivo, the effect of its overexpression on other cells in the eye as well as its safety with respect to visual function still require further research. In addition, ERp29 is highly expressed in various tumor tissues, and some researchers have identified ERp29 as a carcinogenesis-related gene [60,61]. In addition to the upregulation of ERp29 expression in tumor tissues, the expression of ERp29 can also be upregulated after ionizing radiation [62,63]. In the field of antitumor drugs, ERp29 was upregulated in a p53-dependent manner in PC3 prostate cancer cells and mouse embryonic fibroblasts after treatment with antitumor chemotherapy drugs [63]. Upregulation was also observed in thyroid cells and INS1 pancreas β cells after drug treatment [64,65]. Interestingly, compared with that in resting mammary glands, the expression of ERp29 in lactating mammary gland cells was also upregulated [66]. Although the high expression of this cellular stabilization protein may exert neuroprotective effects, the risks of promoting carcinogenesis still need further observation. The relationship between ERp29 and cancer should also be more thoroughly analyzed.




4. Materials and Methods


4.1. Cell Culture and Cell Treatment


The human ARPE-19 RPE cell line and the human THP-1 monocyte cell line were purchased from Procell Life Science & Technology (Wuhan, China). Human umbilical vein endothelial cells were purchased from the American Type Culture Collection (ATCC, Mansas, VA, USA).




4.2. Construction and Transduction of Lentivirus


Recombinant lentivirus encoding human ERp29 (pSLenti-EF1-EGFP-P2A-Puro-CMV-ERp29-3xFLAG-WPRE) and lentivirus encoding a negative control (pSLenti-EF1-EGFP-P2A-Puro- CMV-3xFLAG-WPRE) were purchased from OBiO Technology Company Ltd. (Shanghai, China). ARPE-19 cells were transfected with virus using polybrene (OBiO, Shanghai, China) according to the manufacturer’s recommendations. After 72 h of transfection, ARPE-19 cells were observed with a fluorescence microscope to confirm that the lentivirus had been successfully transduced into the target cells.




4.3. Small-Interfering RNAs (siRNAs)


Three different siRNA-ERp29 sequences were designed and synthesized by RiboBio Company (Guangzhou, China), and these sequences specifically bound to and facilitated the degradation of ERp29 mRNA. Using the RiboFect cP transfection kit (RiboBio, Guangzhou, China), ARPE19 cells were transfected with siRNA-ERp29-1, siRNA-ERp29-2, and siRNA-ERp29-3 (100 nM) in 6-well plates for 24 h. After transfection, Western blotting and PCR were performed to select the most efficient sequence. The sequences of the three siRNAs were as follows: siRNA-ERp29-1, 5′-TGGATACGGTCACTTTCTA-3′; siRNA-ERp29-2, 5′-CCCTGGATACGGTCACTTT-3′; and siRNA-ERp29-3, 5′-GATACGGTCACTTTCTACA-3′.




4.4. Cell Viability and Proliferation Assays


Previously collected coculture media were used to prepare conditioned media. Briefly, the media were centrifuged at 400× g for 10 min to remove whole cells, and the supernatants were centrifuged again at 5000× g for 20 min to remove cell debris. After that, the supernatant was filtered through a 0.22 μm filter. HUVECs were treated with this conditioned media, and their proliferation was measured with the CCK-8 assay (Vazyme, Nanjing, China). Cells were seeded in 96-well plates (5 × 103 cells/well) for 24 h, the medium was replaced with conditioned medium, and the cells were cultured for another 24 h or 48 h. Finally, 10 μL of CCK8 working solution was added to each well and incubated at 37 °C. The absorbance was measured at 450 nm using a microplate reader (BioTek, Winooski, VT, USA).




4.5. Western Blotting Analysis


Total protein was extracted using RIPA Lysis Buffer (Beyotime, Shanghai, China) containing a protease inhibitor cocktail on ice for 20 min. According to the manufacturer’s instructions, the BCA protein assay kit (Beyotime, Shanghai, China) was used to determine the protein concentration. Proteins were separated by 10% SDS–PAGE and then transferred to 0.45 µm polyvinylidene difluoride membranes (Millipore, MA, USA). After blocking each membrane with 5% nonfat milk for 2 h at room temperature, the membranes were incubated with primary antibodies at 4 °C overnight. After washing three times with Tris-buffered saline-0.1% Tween-20 (TBST), the membranes were incubated with secondary antibodies at room temperature for 1 h. The membranes were again washed three times with TBST and then visualized using an Immobilon Western Chemiluminescent HRP Substrate (Millipore, MA, USA). The antibodies are listed in Supplementary Table S1.




4.6. RNA Isolation and Quantitative PCR (qPCR)


Total RNA was extracted from cells using the TRIzol reagent. The concentrations and purity of the RNA were determined with the NanoDrop 2000 (Thermo Fisher, Waltham, MA, USA). Approximately 1 μg of total RNA was reverse transcribed into cDNA using HiScript III RT SuperMix (Vazyme, Nanjing, China), and real-time qPCR was performed using the Taq Pro Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) on an Applied Biosystems QuantStudio 6&7 according to the manufacturer’s protocol. The PCR conditions were as follows: initial denaturation at 95 °C for 30 s, 40 cycles of PCR followed by 95 °C for 5 s, 58 °C for 30 s, and 72 °C for 1 min. The 2−ΔΔcq method was used to analyze the relative expression of different genes. The primer sequences are shown in Supplementary Table S2.




4.7. Macrophage Polarization


THP-1 cells were differentiated into M0 macrophages by incubation with 320 nmol/L PMA for 24 h. To obtain M2 macrophages, THP-1 cells were treated with 320 nmol/L PMA for 12 h and then incubated with 100 nmol/L PMA plus 20 ng/mL IL-4 and 20 ng/mL IL-13 for an additional 48 h.




4.8. ARPE-19 Cell/M2 Macrophage Coculture System


To further understand how ERp29 inhibits angiogenesis, Transwell polycarbonate membrane cell culture inserts (Boyden chamber, Corning, NY, USA) were used to establish a ARPE19 cell/M2 macrophage coculture system. Briefly, THP-1 cells were seeded on the bottom of each well of 6-well plates. Transwell inserts were placed into the wells above the THP-1 cells. According to the different experimental groups, THP-1 cells were differentiated into M0 macrophages or M2 macrophages by incubation with the supplements described above. ARPE19 cells that were transfected with lentivirus were seeded in the inserts. Transwell coculture plates were then incubated at 37 °C in 5% CO2 for 48 h. Then, the media were collected from the Transwell coculture 6-well plates to prepare conditioned media for further study. The cells were collected from the 6-well plates, and total RNA was extracted.




4.9. Wound-Healing Assay


Culture-Insert 2 wells were used for the wound-healing assay. Culture inserts were first inserted into the center of each well of the 6-well plate, and then HUVECs were seeded in the 6-well plates (2 × 106 cells/well). After the cells were attached, the inserts were removed, and a scratch was generated in the cell monolayer. The cells were then cultured in conditioned medium from different groups for 6–24 h. Cell migration was recorded with an inverted microscope (Olympus, Tokyo, Japan).




4.10. Tube Formation Assay


Two hundred microliters of basement membrane substrate (Corning, NY, USA) was used to coat the bottom of each well of 24-well plates. The plates were incubated for 30 min at 37 °C to allow a gel layer to form. Then, HUVECs were seeded in each well (5 × 104 cells/well) and incubated with conditioned medium from different groups for 24 h. Finally, an inverted microscope was used (10× objective) to capture images of four randomly selected areas around the center of the formed lumen.




4.11. Mouse Model of CNV and Administration


Male C57BL/6J mice (6–8 weeks old, SPF grade) were purchased from the Animal Laboratory of the State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University (Guangzhou, China). The animal experimental and care procedures were approved by the Institutional Animal Care and Use Committee of Zhongshan Ophthalmic Center and complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.



Mice were given water with or without nicotine in a light-proof bottle, and the water was replaced daily. AAV was intravitreally injected after seven days of nicotine administration, and CNV was induced after three weeks. For the induction of CNV, mice were intraperitoneally anesthetized with pentobarbital. Then, 0.5% tropicamide and 0.5% phenylephrine eye drops were mixed and administered to dilute the pupils. Four laser burns were created around the optic nerve at a distance of 2 to 3 papillary diameters using an 810 nm laser (IRIDEX, Mountain View, CA, USA) with the following parameters: 200 mW power, 50 ms duration and 75 μm spot size. The appearance of a bubble during laser photocoagulation, which was considered to indicate the rupture of Bruch’s membrane, was taken as a sign of successful CNV induction.




4.12. Fundus Fluorescein Angiography (FFA)


FFA was used to record and assess the level of leakage using a retinal imaging system (Micron IV, PHOENIX, AZ, USA) seven days after laser photocoagulation. After anesthetization and pupil dilation, mice were intraperitoneally injected with fluorescein sodium (0.1%, 0.1 mL/10 g). FFA images were captured during the early phase (1–2 min after fluorescein injection) and the late phase (4–5 min after fluorescein injection). The CNV leakage grade was independently evaluated by two specialists. The criteria for grading FFA images included no hyperfluorescence (Grade 1); hyperfluorescence with no leakage (Grade 2); hyperfluorescence at the beginning and evident leakage at the late phase (Grade 3); and increasing evident leakage through the whole phase (Grade 4).




4.13. Choroidal Flat Mount and Immunostaining


Mice were sacrificed seven days after laser photocoagulation. The eyeballs of the mice were fixed in 4% paraformaldehyde for an hour and washed twice with PBS following enucleation. The remaining RPE-choroid-sclera complexes were made into flat mounts with four radial incisions and then blocked and permeabilized. Then, the tissues were washed and incubated with an anti-IB4 antibody at room temperature for 3 h. Then, the RPE-choroid-sclera complexes were washed, flat-mounted onto glass slides and covered with a cover slip. The immunostaining of flat mounts was captured and analyzed by confocal microscopy (Carl Zeiss, Oberkochen, Germany).




4.14. Statistical Analysis


All the measurements were performed in a blinded manner. The quantitative data are presented as the mean ± SEM. The differences between the two groups were analyzed by unpaired, two-tailed t test. When there were more than two groups, one-way ANOVA was performed. p values of less than 0.05 were considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001). GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA) was used to conduct all the statistical analyses.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms242115523/s1.





Author Contributions


All authors contributed to the study conception and design. Material preparation, data collection and analysis were performed by all authors. The first draft of the manuscript was written by T.L. and F.X. and all authors commented on previous versions of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Supported by grants from the National Natural Science Foundation of China (No. 8167086) and the Science and Technology Projects of Guangzhou, China (No. 202201020624).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee of Zhongshan Ophthalmic Center (SYXK (YUE) 2015-0058, No. 2016-106).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated during and/or analyzed during the current study are not publicly available due to the following study request but are available from the corresponding author on reasonable request.




Acknowledgments


We thank the staff of the Laboratory Animal Center and the Core Facilities at State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, for their technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, J.Q.; Welchowski, T.; Schmid, M.; Mauschitz, M.M.; Holz, F.G.; Finger, R.P. Prevalence and incidence of age-related macular degeneration in Europe: A systematic review and meta-analysis. Br. J. Ophthalmol. 2020, 104, 1077–1084. [Google Scholar] [CrossRef]

	



Wong, W.L.; Su, X.; Li, X.; Cheung, C.M.; Klein, R.; Cheng, C.Y.; Wong, T.Y. Global prevalence of age-related macular degeneration and disease burden projection for 2020 and 2040: A systematic review and meta-analysis. Lancet Glob. Health 2014, 2, e106-16. [Google Scholar] [CrossRef]

	



Thomas, C.J.; Mirza, R.G.; Gill, M.K. Age-Related Macular Degeneration. Med. Clin. N. Am. 2021, 105, 473–491. [Google Scholar] [CrossRef]

	



Nowak, J.Z. Age-related macular degeneration (AMD): Pathogenesis and therapy. Pharmacol. Rep. 2006, 58, 353–363. [Google Scholar] [PubMed]

	



van Lookeren Campagne, M.; LeCouter, J.; Yaspan, B.L.; Ye, W. Mechanisms of age-related macular degeneration and therapeutic opportunities. J. Pathol. 2014, 232, 151–164. [Google Scholar] [CrossRef] [PubMed]

	



Willeford, K.T.; Rapp, J. Smoking and age-related macular degeneration: Biochemical mechanisms and patient support. Optom. Vis. Sci. Off. Publ. Am. Acad. Optom. 2012, 89, 1662–1666. [Google Scholar] [CrossRef] [PubMed]

	



Haller, J.A. Current anti-vascular endothelial growth factor dosing regimens: Benefits and burden. Ophthalmology 2013, 120 (Suppl. 5), S3–S7. [Google Scholar] [CrossRef]

	



Samanta, A.; Aziz, A.A.; Jhingan, M.; Singh, S.R.; Khanani, A.; Chhablani, J. Emerging Therapies in Neovascular Age-Related Macular Degeneration in 2020. Asia-Pac. J. Ophthalmol. 2020, 9, 250–259. [Google Scholar] [CrossRef]

	



Mettu, P.S.; Allingham, M.J.; Cousins, S.W. Incomplete response to Anti-VEGF therapy in neovascular AMD: Exploring disease mechanisms and therapeutic opportunities. Prog. Retin. Eye Res. 2021, 82, 100906. [Google Scholar] [CrossRef]

	



Yang, S.; Zhao, J.; Sun, X. Resistance to anti-VEGF therapy in neovascular age-related macular degeneration: A comprehensive review. Drug Des. Dev. Ther. 2016, 10, 1857–1867. [Google Scholar]

	



Chakravarthy, U.; Wong, T.Y.; Fletcher, A.; Piault, E.; Evans, C.; Zlateva, G.; Buggage, R.; Pleil, A.; Mitchell, P. Clinical risk factors for age-related macular degeneration: A systematic review and meta-analysis. BMC Ophthalmol. 2010, 10, 31. [Google Scholar] [CrossRef] [PubMed]

	



Smith, W.; Assink, J.; Klein, R.; Mitchell, P.; Klaver, C.C.; Klein, B.E.; Hofman, A.; Jensen, S.; Wang, J.J.; de Jong, P.T. Risk factors for age-related macular degeneration: Pooled findings from three continents. Ophthalmology 2001, 108, 697–704. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.; Wang, J.J.; Ma, J.H.; Jin, C.; Yu, Q.; Zhang, S.X. Activation of the UPR protects against cigarette smoke-induced RPE apoptosis through up-regulation of Nrf2. J. Biol. Chem. 2015, 290, 5367–5380. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.; Wang, J.J.; Jing, G.; Li, J.; Jin, C.; Yu, Q.; Falkowski, M.W.; Zhang, S.X. Erp29 Attenuates Cigarette Smoke Extract-Induced Endoplasmic Reticulum Stress and Mitigates Tight Junction Damage in Retinal Pigment Epithelial Cells. Investig. Ophthalmol. Vis. Sci. 2015, 56, 6196–6207. [Google Scholar] [CrossRef]

	



Brecker, M.; Khakhina, S.; Schubert, T.J.; Thompson, Z.; Rubenstein, R.C. The Probable, Possible, and Novel Functions of ERp29. Front. Physiol. 2020, 11, 574339. [Google Scholar] [CrossRef]

	



Verma, V.; Sauer, T.; Chan, C.C.; Zhou, M.; Zhang, C.; Maminishkis, A.; Shen, D.; Tuo, J. Constancy of ERp29 expression in cultured retinal pigment epithelial cells in the Ccl2/Cx3cr1 deficient mouse model of age-related macular degeneration. Curr. Eye Res. 2008, 33, 701–707. [Google Scholar] [CrossRef] [PubMed]

	



Chan, C.C.; Ross, R.J.; Shen, D.; Ding, X.; Majumdar, Z.; Bojanowski, C.M.; Zhou, M.; Salem, N., Jr.; Bonner, R.; Tuo, J. Ccl2/Cx3cr1-deficient mice: An animal model for age-related macular degeneration. Ophthalmic Res. 2008, 40, 124–128. [Google Scholar] [CrossRef]

	



Le Foll, B.; Piper, M.E.; Fowler, C.D.; Tonstad, S.; Bierut, L.; Lu, L.; Jha, P.; Hall, W.D. Tobacco and nicotine use. Nat. Rev. Dis. Prim. 2022, 8, 19. [Google Scholar] [CrossRef]

	



Prochaska, J.J.; Benowitz, N.L. Current advances in research in treatment and recovery: Nicotine addiction. Sci. Adv. 2019, 5, eaay9763. [Google Scholar] [CrossRef]

	



Davis, S.J.; Lyzogubov, V.V.; Tytarenko, R.G.; Safar, A.N.; Bora, N.S.; Bora, P.S. The effect of nicotine on anti-vascular endothelial growth factor therapy in a mouse model of neovascular age-related macular degeneration. Retina 2012, 32, 1171–1180. [Google Scholar] [CrossRef]

	



Yu, A.L.; Birke, K.; Burger, J.; Welge-Lussen, U. Biological effects of cigarette smoke in cultured human retinal pigment epithelial cells. PLoS ONE 2012, 7, e48501. [Google Scholar] [CrossRef]

	



Lai, K.; Xu, L.; Jin, C.; Wu, K.; Tian, Z.; Huang, C.; Zhong, X.; Ye, H. Technetium-99 conjugated with methylene diphosphonate (99Tc-MDP) inhibits experimental choroidal neovascularization in vivo and VEGF-induced cell migration and tube formation in vitro. Investig. Ophthalmol. Vis. Sci. 2011, 52, 5702–5712. [Google Scholar] [CrossRef]

	



Li, H.; Yang, T.; Ning, Q.; Li, F.; Chen, T.; Yao, Y.; Sun, Z. Cigarette smoke extract-treated mast cells promote alveolar macrophage infiltration and polarization in experimental chronic obstructive pulmonary disease. Inhal. Toxicol. 2015, 27, 822–831. [Google Scholar] [CrossRef]

	



Pons, M.; Marin-Castaño, M.E. Nicotine increases the VEGF/PEDF ratio in retinal pigment epithelium: A possible mechanism for CNV in passive smokers with AMD. Investig. Ophthalmol. Vis. Sci. 2011, 52, 3842–3853. [Google Scholar] [CrossRef] [PubMed]

	



Krause, T.A.; Alex, A.F.; Engel, D.R.; Kurts, C.; Eter, N. VEGF-production by CCR2-dependent macrophages contributes to laser-induced choroidal neovascularization. PLoS ONE 2014, 9, e94313. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Copland, D.A.; Theodoropoulou, S.; Chiu, H.A.; Barba, M.D.; Mak, K.W.; Mack, M.; Nicholson, L.B.; Dick, A.D. Impairing autophagy in retinal pigment epithelium leads to inflammasome activation and enhanced macrophage-mediated angiogenesis. Sci. Rep. 2016, 6, 20639. [Google Scholar] [CrossRef]

	



Seo, S.; Kwon, Y.S.; Yu, K.; Kim, S.W.; Kwon, O.Y.; Kang, K.H.; Kwon, K. Naloxone induces endoplasmic reticulum stress in PC12 cells. Mol. Med. Rep. 2014, 9, 1395–1399. [Google Scholar] [CrossRef]

	



Futai, E.; Hamamoto, S.; Orci, L.; Schekman, R. GTP/GDP exchange by Sec12p enables COPII vesicle bud formation on synthetic liposomes. EMBO J. 2004, 23, 4146–4155. [Google Scholar] [CrossRef] [PubMed]

	



McMahon, C.; Studer, S.M.; Clendinen, C.; Dann, G.P.; Jeffrey, P.D.; Hughson, F.M. The structure of Sec12 implicates potassium ion coordination in Sar1 activation. J. Biol. Chem. 2012, 287, 43599–43606. [Google Scholar] [CrossRef]

	



Saito, K.; Yamashiro, K.; Shimazu, N.; Tanabe, T.; Kontani, K.; Katada, T. Concentration of Sec12 at ER exit sites via interaction with cTAGE5 is required for collagen export. J. Cell Biol. 2014, 206, 751–762. [Google Scholar] [CrossRef]

	



Bikard, Y.; Viviano, J.; Orr, M.N.; Brown, L.; Brecker, M.; Jeger, J.L.; Grits, D.; Suaud, L.; Rubenstein, R.C. The KDEL receptor has a role in the biogenesis and trafficking of the epithelial sodium channel (ENaC). J. Biol. Chem. 2019, 294, 18324–18336. [Google Scholar] [CrossRef] [PubMed]

	



Suaud, L.; Miller, K.; Alvey, L.; Yan, W.; Robay, A.; Kebler, C.; Kreindler, J.L.; Guttentag, S.; Hubbard, M.J.; Rubenstein, R.C. ERp29 regulates DeltaF508 and wild-type cystic fibrosis transmembrane conductance regulator (CFTR) trafficking to the plasma membrane in cystic fibrosis (CF) and non-CF epithelial cells. J. Biol. Chem. 2011, 286, 21239–21253. [Google Scholar] [CrossRef]

	



Raykhel, I.; Alanen, H.; Salo, K.; Jurvansuu, J.; Nguyen, V.D.; Latva-Ranta, M.; Ruddock, L. A molecular specificity code for the three mammalian KDEL receptors. J. Cell Biol. 2007, 179, 1193–1204. [Google Scholar] [CrossRef] [PubMed]

	



Stevens, L.M.; Zhang, Y.; Volnov, Y.; Chen, G.; Stein, D.S. Isolation of secreted proteins from Drosophila ovaries and embryos through in vivo BirA-mediated biotinylation. PLoS ONE 2019, 14, e0219878. [Google Scholar] [CrossRef]

	



Shnyder, S.D.; Mangum, J.E.; Hubbard, M.J. Triplex profiling of functionally distinct chaperones (ERp29/PDI/BiP) reveals marked heterogeneity of the endoplasmic reticulum proteome in cancer. J. Proteome Res. 2008, 7, 3364–3372. [Google Scholar] [CrossRef]

	



Cao, X.; Shu, Y.; Chen, Y.; Xu, Q.; Guo, G.; Wu, Z.; Shao, M.; Zhou, Y.; Chen, M.; Gong, Y.; et al. Mettl14-Mediated m(6)A Modification Facilitates Liver Regeneration by Maintaining Endoplasmic Reticulum Homeostasis. Cell. Mol. Gastroenterol. Hepatol. 2021, 12, 633–651. [Google Scholar] [CrossRef]

	



McLaughlin, T.; Falkowski, M.; Wang, J.J.; Zhang, S.X. Molecular Chaperone ERp29: A Potential Target for Cellular Protection in Retinal and Neurodegenerative Diseases. Adv. Exp. Med. Biol. 2018, 1074, 421–427. [Google Scholar]

	



Sugita, S.; Horie, S.; Nakamura, O.; Futagami, Y.; Takase, H.; Keino, H.; Aburatani, H.; Katunuma, N.; Ishidoh, K.; Yamamoto, Y.; et al. Retinal pigment epithelium-derived CTLA-2alpha induces TGFbeta-producing T regulatory cells. J. Immunol. 2008, 181, 7525–7536. [Google Scholar] [CrossRef] [PubMed]

	



Imai, A.; Sugita, S.; Kawazoe, Y.; Horie, S.; Yamada, Y.; Keino, H.; Maruyama, K.; Mochizuki, M. Immunosuppressive properties of regulatory T cells generated by incubation of peripheral blood mononuclear cells with supernatants of human RPE cells. Investig. Ophthalmol. Vis. Sci. 2012, 53, 7299–7309. [Google Scholar] [CrossRef]

	



Aderem, A.; Underhill, D.M. Mechanisms of phagocytosis in macrophages. Annu. Rev. Immunol. 1999, 17, 593–623. [Google Scholar] [CrossRef]

	



Zamiri, P.; Masli, S.; Kitaichi, N.; Taylor, A.W.; Streilein, J.W. Thrombospondin plays a vital role in the immune privilege of the eye. Investig. Ophthalmol. Vis. Sci. 2005, 46, 908–919. [Google Scholar] [CrossRef]

	



Sugita, S.; Kawazoe, Y.; Imai, A.; Usui, Y.; Iwakura, Y.; Isoda, K.; Ito, M.; Mochizuki, M. Mature dendritic cell suppression by IL-1 receptor antagonist on retinal pigment epithelium cells. Investig. Ophthalmol. Vis. Sci. 2013, 54, 3240–3249. [Google Scholar] [CrossRef]

	



Gregerson, D.S.; Sam, T.N.; Mcpherson, S.W. The antigen-presenting activity of fresh, adult parenchymal microglia and perivascular cells from retina. J. Immunol. 2004, 172, 6587–6597. [Google Scholar] [CrossRef]

	



Kawanaka, N.; Taylor, A.W. Localized retinal neuropeptide regulation of macrophage and microglial cell functionality. J. Neuroimmunol. 2011, 232, 17–25. [Google Scholar] [CrossRef]

	



Zamiri, P.; Masli, S.; Streilein, J.W.; Taylor, A.W. Pigment epithelial growth factor suppresses inflammation by modulating macrophage activation. Investig. Ophthalmol. Vis. Sci. 2006, 47, 3912–3918. [Google Scholar] [CrossRef]

	



Isaac, R.; Reis, F.C.; Ying, W.; Olefsky, J.M. Exosomes as mediators of intercellular crosstalk in metabolism. Cell Metab. 2021, 33, 1744–1762. [Google Scholar] [CrossRef]

	



Klingeborn, M.; Stamer, W.D.; Bowes Rickman, C. Polarized Exosome Release from the Retinal Pigmented Epithelium. Adv. Exp. Med. Biol. 2018, 1074, 539–544. [Google Scholar]

	



Du, S.W.; Palczewski, K. MicroRNA regulation of critical retinal pigment epithelial functions. Trends Neurosci. 2022, 45, 78–90. [Google Scholar] [CrossRef]

	



Zhang, H.; Luo, Y.B.; Wu, W.; Zhang, L.; Wang, Z.; Dai, Z.; Feng, S.; Cao, H.; Cheng, Q.; Liu, Z. The molecular feature of macrophages in tumor immune microenvironment of glioma patients. Comput. Struct. Biotechnol. J. 2021, 19, 4603–4618. [Google Scholar] [CrossRef]

	



Wu, K.; Lin, K.; Li, X.; Yuan, X.; Xu, P.; Ni, P.; Xu, D. Redefining Tumor-Associated Macrophage Subpopulations and Functions in the Tumor Microenvironment. Front. Immunol. 2020, 11, 1731. [Google Scholar] [CrossRef]

	



Xu, N.; Bo, Q.; Shao, R.; Liang, J.; Zhai, Y.; Yang, S.; Wang, F.; Sun, X. Chitinase-3-Like-1 Promotes M2 Macrophage Differentiation and Induces Choroidal Neovascularization in Neovascular Age-Related Macular Degeneration. Investig. Ophthalmol. Vis. Sci. 2019, 60, 4596–4605. [Google Scholar] [CrossRef]

	



Sasaki, F.; Koga, T.; Ohba, M.; Saeki, K.; Okuno, T.; Ishikawa, K.; Nakama, T.; Nakao, S.; Yoshida, S.; Ishibashi, T.; et al. Leukotriene B4 promotes neovascularization and macrophage recruitment in murine wet-type AMD models. JCI Insight 2018, 3, e96902. [Google Scholar] [CrossRef]

	



Li, W.; Wang, Y.; Zhu, L.; Du, S.; Mao, J.; Wang, Y.; Wang, S.; Bo, Q.; Tu, Y.; Yi, Q. The P300/XBP1s/Herpud1 axis promotes macrophage M2 polarization and the development of choroidal neovascularization. J. Cell. Mol. Med. 2021, 25, 6709–6720. [Google Scholar] [CrossRef]

	



Xu, Y.; Cui, K.; Li, J.; Tang, X.; Lin, J.; Lu, X.; Huang, R.; Yang, B.; Shi, Y.; Ye, D.; et al. Melatonin attenuates choroidal neovascularization by regulating macrophage/microglia polarization via inhibition of RhoA/ROCK signaling pathway. J. Pineal Res. 2020, 69, e12660. [Google Scholar] [CrossRef]

	



Lai, K.; Gong, Y.; Zhao, W.; Li, L.; Huang, C.; Xu, F.; Zhong, X.; Jin, C. Triptolide attenuates laser-induced choroidal neovascularization via M2 macrophage in a mouse model. Biomed. Pharmacother. Biomed. Pharmacother. 2020, 129, 110312. [Google Scholar] [CrossRef]

	



Lai, K.; Li, Y.; Gong, Y.; Li, L.; Huang, C.; Xu, F.; Zhong, X.; Jin, C. Triptolide-nanoliposome-APRPG, a novel sustained-release drug delivery system targeting vascular endothelial cells, enhances the inhibitory effects of triptolide on laser-induced choroidal neovascularization. Biomed. Pharmacother. 2020, 131, 110737. [Google Scholar] [CrossRef]

	



Hong, S.; You, J.Y.; Paek, K.; Park, J.; Kang, S.J.; Han, E.H.; Choi, N.; Chung, S.; Rhee, W.J.; Kim, J.A. Inhibition of tumor progression and M2 microglial polarization by extracellular vesicle-mediated microRNA-124 in a 3D microfluidic glioblastoma microenvironment. Theranostics 2021, 11, 9687–9704. [Google Scholar] [CrossRef]

	



Zhang, P.; Wang, H.; Luo, X.; Liu, H.; Lu, B.; Li, T.; Yang, S.; Gu, Q.; Li, B.; Wang, F.; et al. MicroRNA-155 Inhibits Polarization of Macrophages to M2-Type and Suppresses Choroidal Neovascularization. Inflammation 2018, 41, 143–153. [Google Scholar] [CrossRef]

	



Patil, H.; Saha, A.; Senda, E.; Cho, K.I.; Haque, M.; Yu, M.; Qiu, S.; Yoon, D.; Hao, Y.; Peachey, N.S.; et al. Selective impairment of a subset of Ran-GTP-binding domains of ran-binding protein 2 (Ranbp2) suffices to recapitulate the degeneration of the retinal pigment epithelium (RPE) triggered by Ranbp2 ablation. J. Biol. Chem. 2014, 289, 29767–29789. [Google Scholar] [CrossRef]

	



Zhang, D.; Richardson, D.R. Endoplasmic reticulum protein 29 (ERp29): An emerging role in cancer. Int. J. Biochem. Cell Biol. 2011, 43, 33–36. [Google Scholar] [CrossRef]

	



Huang, J.; Jing, M.; Chen, X.; Gao, Y.; Hua, H.; Pan, C.; Wu, J.; Wang, X.; Chen, X.; Gao, Y.; et al. ERp29 forms a feedback regulation loop with microRNA-135a-5p and promotes progression of colorectal cancer. Cell Death Dis. 2021, 12, 965. [Google Scholar] [CrossRef]

	



Zhang, B.; Wang, M.; Yang, Y.; Wang, Y.; Pang, X.; Su, Y.; Wang, J.; Ai, G.; Zou, Z. ERp29 is a radiation-responsive gene in IEC-6 cell. J. Radiat. Res. 2008, 49, 587–596. [Google Scholar] [CrossRef] [PubMed]

	



Farmaki, E.; Mkrtchian, S.; Papazian, I.; Papavassiliou, A.G.; Kiaris, H. ERp29 regulates response to doxorubicin by a PERK-mediated mechanism. Biochim. et Biophys. Acta 2011, 1813, 1165–1171. [Google Scholar] [CrossRef]

	



Sargsyan, E.; Baryshev, M.; Mkrtchian, S. The physiological unfolded protein response in the thyroid epithelial cells. Biochem. Biophys. Res. Commun. 2004, 322, 570–576. [Google Scholar] [CrossRef] [PubMed]

	



Gao, J.; Zhang, Y.; Wang, L.; Xia, L.; Lu, M.; Zhang, B.; Chen, Y.; He, L. Endoplasmic reticulum protein 29 is involved in endoplasmic reticulum stress in islet beta cells. Mol. Med. Rep. 2016, 13, 398–402. [Google Scholar] [CrossRef] [PubMed]

	



Mkrtchian, S.; Baryshev, M.; Sargsyan, E.; Chatzistamou, I.; Volakaki, A.A.; Chaviaras, N.; Pafiti, A.; Triantafyllou, A.; Kiaris, H. ERp29, an endoplasmic reticulum secretion factor is involved in the growth of breast tumor xenografts. Mol. Carcinog. 2008, 47, 886–892. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 15523 g001] 





Figure 1. Nicotine Exacerbates ER Stress In Vitro. (A–C) Western blot showing the expression of ERp29 and GRP78 in ARPE-19 cells after exposure to different concentrations of nicotine for 24 h. (D–F) Western blot showing the expression of ERp29 and GRP78 at different times after treatment with 20 μM nicotine. (G,H) Statistical analysis of the CCK-8 assay shows ARPE-19 cell viability after exposure to different concentrations of nicotine for different times. Data are presented as the mean ± SEM of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001. 






Figure 1. Nicotine Exacerbates ER Stress In Vitro. (A–C) Western blot showing the expression of ERp29 and GRP78 in ARPE-19 cells after exposure to different concentrations of nicotine for 24 h. (D–F) Western blot showing the expression of ERp29 and GRP78 at different times after treatment with 20 μM nicotine. (G,H) Statistical analysis of the CCK-8 assay shows ARPE-19 cell viability after exposure to different concentrations of nicotine for different times. Data are presented as the mean ± SEM of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001.



[image: Ijms 24 15523 g001]







[image: Ijms 24 15523 g002] 





Figure 2. (A) Western blot showing the expression of GRP78, ERp29, and CHOP in each group. (B–D) The histogram shows the densitometric analysis of the average levels of GRP78, ERp29, and CHOP normalized to β-actin (n = 3). (E,F) CCK-8 assays demonstrated that overexpression of ERp29 reduced the cytotoxic effects of nicotine on ARPE-19 cells. The data are presented as the mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001. ns, no statistical significance. 
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Figure 3. (A) Western blot showing the expression of GRP78, ERp29, and CHOP in each group. (B–D) The histogram shows the densitometric analysis of the average levels of GRP78, ERp29, and CHOP normalized to β-actin (n = 3). (E,F) CCK-8 assays demonstrated that ERp29 deficiency increased the cytotoxic effects of nicotine in ARPE-19 cells. The data are presented as the mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001. ns, no statistical significance. 
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Figure 4. (A–C) qPCR showed the expression of the M2 macrophage markers CD163, CD206, and IL-10 in each group. (D–F) qPCR showed the expression of iNOS, CD80, and CCR7, which are M1 macrophage markers, in each group. The data are presented as the mean ± SEM of three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. ns, no statistical significance. 
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Figure 5. The effect of ERp29 on the viability, migration, and tube formation of HUVECs. (A,B) Cell viability analysis by CCK8 assay. HUVECs were treated with conditioned medium from different groups for 48 h. (C,D) Representative photomicrographs of each group at 0 h and 6 h in the wound-healing assay. Scale bar, 1 mm. (E,F) Representative photomicrographs of each group in the tube formation assay. The number of branches in each group was quantified. Scale bar, 1 mm. The data are presented as the mean ± SEM. * p < 0.05; ** p < 0.01; **** p < 0.0001. ns, no statistical significance. 
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Figure 6. Observation of ERp29 overexpression in a mouse CNV model. (A) Mouse experiment process. (B–D) FFA images were captured in the early phase and late phase after fluorescein delivery one week after laser treatment. Vascular leakage was evaluated by determining average grades and grade distribution. The method of evaluation is described in the materials and methods. (E–G) The immunostaining of flat mounts was captured and analyzed by confocal microscopy. The CNV area and volume of were analyzed by ImageJ (ImageJ (https://imagej.nih.gov/ij/)). Schale bar, 100 μM. The data are presented as the mean ± SEM. ** p < 0.01; *** p < 0.001; ns, no statistical significance. 
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