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Background: The glomerular podocyte endoplasmic reticulum is a critical component in renal function, yet its research landscape is not fully understood. This study aims to map the existing research on podocyte endoplasmic reticulum by analyzing publications in the Web of Science Core Collection (WOSCC) from the past 19 years.Methods: We conducted a bibliometric analysis using Citespace, VOSviewer, the Metrology Literature Online platform, and the Bibliometrix software package to visualize and interpret the data from WOSCC. The analysis focused on publication volume, authorship, institutional contributions, and research trends.Results: The analysis revealed a significant growth in publications, indicating a surge in interest in podocyte endoplasmic reticulum research. Cybulsky, Andrey V, and Papillon, Joan emerge as the most prolific authors, and the Journal of the American Society of Nephrology is the leading journal in this field. China is the top contributor in terms of publications, with McGill University being the most productive institution. The research primarily focuses on endoplasmic reticulum stress, diabetic nephropathy, and apoptosis, with emerging trends in “foot cell apoptosis,” “cell signaling pathways,” and “autophagy.”Conclusion: The findings highlight the expanding scope of podocyte endoplasmic reticulum research, with a particular emphasis on the mechanisms of endoplasmic reticulum stress and podocyte apoptosis. Future research directions may include the identification of specific therapeutic targets, detailed exploration of podocyte signaling pathways, and the role of autophagy. This study provides a comprehensive overview of the major research areas, frontiers, and trends in podocyte endoplasmic reticulum research, which are pivotal for guiding future investigations.Keywords: glomerular podocyte, endoplasmic reticulum, research hotspots, endoplasmic reticulum stress, bibliometric analysis
1 INTRODUCTION
The glomerular filtration barrier is composed of glomerular basement membrane (GBM), endothelial and epithelial cells. The epithelial cells are known as podocytes, which are highly specialized and consist of cell bodies, primary processes and branching podocytes (Lin and Susztak, 2016). Podocytes extend many foot processes, interdigitated with each other, the top of the foot process and the loose layer outside the basement membrane contact (Figure 1). Between the foot processes, there is a filtering slit, and this slit is covered by a layer of slit diaphragm. The endoplasmic reticulum (ER), one of the largest organelles in eukaryotic cells, consists of a network of tubules and flattened sacs. These structures are connected by enclosed spaces known as the endoplasmic reticulum lumen, which is isolated from the surrounding cytoplasm by a single lipid bilayer, the endoplasmic reticulum membrane (Oakes and Papa, 2015). The endoplasmic reticulum plays an essential role in protein synthesis, folding, and structural maturation. Protein processing procedures within the endoplasmic reticulum include signal sequence cleavage, N-linked glycosylation, disulfide bond formation, isomerization or reduction [catalyzed by protein disulfide isomerase (PDI), oxidoreductase], proline isomerization, or lipid coupling, all of which ultimately result in a properly folded conformation (Almanza et al., 2018). The unique function of the endoplasmic reticulum is critical for the cell. Various injuries, such as viral infections, inflammation, toxic substances, and gene mutations, can impair endoplasmic reticulum function. Due to the large capacity of the endoplasmic reticulum of the podocyte, the level of anabolic or catabolic activity is high (Roumeliotis et al., 2023); thus the podocytes are susceptible to the endoplasmic reticulum, which affects the glomerular filtration barrier. Podocyte injury leads to proteinuria, a hallmark of most glomerular diseases (Pavenstädt et al., 2003). Renal diseases in which direct or indirect foot cell injury results in proteinuria or nephrotic syndrome are called podocytopathy (Kopp et al., 2020). So far, there has been no bibliometric study on the research progress of the endoplasmic reticulum of podocytes, and the statistical analysis using bibliometric methods in this paper can provide a more comprehensive understanding of the research hotspots and trends of the endoplasmic reticulum of podocytes, and provide some critical information for the direction of future research in this field.
[image: Figure 1]FIGURE 1 | Structure of GBM and podocyte.
2 MATERIALS AND METHODS
2.1 Retrieval strategy
A search was performed within the Web of Science Core Collection database, resulting in literature that was published between 1 January 2005, and 22 October 2023. To ensure the consistency of the statistics, we searched on 22 October 2023, and downloaded the literature. We created two search formulas: #1 Subject term = (Podocyte OR Glomerular Visceral Epithelial Cells); #2 Subject term = (Endoplasmic Reticulum OR Ergastoplasm). The final search strategy consisted of combining criteria #1 and #2. The search terms used were derived from the Medical Subject Headings (MeSH) published by PubMed. The resulting literature was restricted to English-language papers and reviews (Figure 2).
[image: Figure 2]FIGURE 2 | Flowchart of literature retrieval.
2.2 Data analysis
Two team members independently downloaded and analyzed the literature, excluding any duplicate studies. Eligible literature, which met the study’s criteria, was then exported in plain text format, encompassing the full record and all cited references. For this study, we primarily utilized VOSViewer version 1.6.19, the Bibliometrics Online Analysis Platform, and the Bibliometrix software package to analyze and visualize the data. We used VOSviewer to do the following analyses: the publication of countries/institutions, co-authorship analysis of authors, journals and co-cited journals, co-citation analysis of references and co-occurrence analysis of keywords. We used the Citespace to analyze citation bursts of references and keywords.We used the Bibliometrics Online Analysis Platform to analyze the contribution of publications and national partnerships. We used the Bibliometrix software package to analyze the region of issuance and keyword dynamics.
2.2.1 Trends in publications
We searched a total of 275 documents, containing 197 papers and 78 reviews. As shown in Figure 3A, the number of global publications on the endoplasmic reticulum of glomerular podocytes has shown an upward trend in the past 19 years, with the number of publications increasing from 5 in 2005 to 22 in 2023. Between 2005 and 2013, research in this field was in its initial stage, and the number of publications grew slowly. From 2014, the number of papers published in the field increased dramatically, reaching 33 in 2017. In recent years, the worldwide number of publications has stabilized at 25 papers/year. The upward trend in the global number of publications indicates that the research on the endoplasmic reticulum of podocytes has become a focus of attention and has entered an accelerated period of development. Figure 3B reveals that China and the United States account for a significant portion of the global publication count, suggesting that these two countries have conducted a substantial amount of research in this field.
[image: Figure 3]FIGURE 3 | (A) Change in the number of articles over the years; (B) Change in the number of articles over the years (by country).
2.2.2 Analysis of country and agency cooperation
Forty-six countries have published papers in research on the endoplasmic reticulum of glomerular podocytes, and the countries with the highest number of publications are China and the United States. Table 1 shows the 10 countries and institutions with the highest number of publications in the past 19 years, and the top three countries with the highest number of publications are China (119), the United States (77), and Japan (26), this can also be seen in Figure 4A. In the analyzing of the cooperation relationship between countries, the closest cooperation was between China and the United States, and between the United States, and Japan (Figure 4B). Four hundred thirty-seven nstitutions published papers in the research on the endoplasmic reticulum of glomerular peduncle cells, and a total of 7 of the 10 institutions with the highest number of publications over the past 19 years were in China. The top three institutions with the highest number of publications were McGill University (21), Fudan University (10), and Huazhong University of Science and Technology (9).
TABLE 1 | Top 10 most productive countries, institutions.
[image: Table 1][image: Figure 4]FIGURE 4 | (A) Distribution of the number of articles issued by countries; (B) Analysis of the degree of cooperation and contribution of countries/regions. Note: (A) The darker the color of the country, the higher the number of publications; (B) The larger the area occupying the circle, the higher the number of articles issued; the thicker the line, the stronger the cooperation.
2.2.3 Authors’ analysis
In the field of glomerular podocytes and endoplasmic reticulum research, there are 1,679 authors involved in this field. The top 10 most productive authors are listed in Table 2. Total Link Strength (TLS) represents the number of co-occurrences of each country/institution or each author with other countries/institutions or authors, which to some extent reflects the collaborative communication relationship between countries/institutions or authors. And the collaboration between the authors is shown in Figures 5, 6, where a larger font size and greater yellow opacity signify a higher number of publications. The authors with the most publications are Cybulsky, Andrey V and Papillon, Joan, with 13 publications, followed by Guillemette, Julie (n = 8). The author collaboration graph reflects the collaborative relationships between authors, with authors in the same color scheme depicting their close collaboration, and the top 10 being cited more than 180 times, indicating that they are distinguished and influential researchers.
TABLE 2 | Top 10 most prolific authors by publication count.
[image: Table 2][image: Figure 5]FIGURE 5 | Author density map.
[image: Figure 6]FIGURE 6 | Author collaboration map.
2.2.4 Journals and cited journals
The literature from the search was published in 140 journals, and the top 10 most prolific journals are listed in Table 3, the Journal of the American Society of Nephrology having the most articles (n = 17), followed by the American Journal of Physiology-renal Physiology (n = 14), followed by Kidney International (n = 12), indicating that these journals are highly contributing to the field. Meanwhile Journal of the American Society of Nephrology (n = 877) and Kidney International (n = 771), were the top 2 cited journals.
TABLE 3 | Top 10 highly productive and co-cited journals.
[image: Table 3]2.2.5 Co-cited references and reference bursts
There were 13,361 co-citations in the literature resulting from the search, and Table 4 lists the 10 most co-cited articles, with the most co-cited article being Hartleben et al. (2010) published in 2010, which revealed that autophagy is an essential factor in maintaining glomerular podocyte homeostasis and determining glomerular podocyte senescence, and that autophagy may be a new target for the treatment of glomerular diseases. Followed by Lindenmeyer, Maja T (2008) published in 2008, which showed that insufficient endoplasmic reticulum stress leads to apoptosis, and that diabetes and proteinuria may lead to renal endoplasmic reticulum stress, but persistent hyperglycemia and proteinuria may lead to apoptosis. CiteSpace provides citation bursts of refrrences, meaning reference citations change significantly over time. In recent years, researchers have often cited references with citation bursts to represent emerging topics in specific research areas. Figure 7 shows the top 16 references with the strongest citation bursts. The most cited study is (Shankland, 2006) published in 2006 with a strength of 4.75, which discusses the causes of podocyte damage and loss, the link between changes in podocyte numbers and glomerulosclerosis, and suggests potential new therapies for the treatment of proteinuric nephropathy.
TABLE 4 | Top 10 most frequently cited references with total citations.
[image: Table 4][image: Figure 7]FIGURE 7 | Top 16 references with the strongest citation bursts.
2.2.6 Research hot spots and frontier analysis
As shown in Table 5, the most frequently cited keywords in foot cell endoplasmic reticulum research over the past 19 years are endoplasmic reticulum stress (200), diabetic nephropathy (91), apoptosis (62), expression (54), autophagy (52), oxidative stress (50), unfolded protein response (49), injury (41), renal disease (38), and foot cell injury (36). These keywords reflect the research hotspots in the field. Out of 1,334 keywords, the minimum number of repetitions was set to 10 and 59 eligible keywords were selected for VOSviewer visualization and analysis. Each color in the network visualization graph represents a cluster, as in Figure 8, all the keywords can be classified into five clusters: the first cluster (red) is mainly about diabetic nephropathy, the second cluster (green) is nephropathy proteinuria, the third cluster (blue) is glomerular epithelial cell apoptosis, the fourth cluster (yellow) pathogenesis, and the fifth cluster (purple) TGF-BETA. Figure 9 indicates the trend of keywords over time. The yellow nodes indicate emerging themes, and in the last 5 years, advanced glycosylation end products, diabetic nephropathy, podocyte apoptosis, and cellular autophagy appeared with high frequency, suggesting that these aspects are the research hotspots in the field. In addition, we used CiteSpace for keyword citation burst detection. There are 17 keywords with strong bursts, as shown in Figure 10A. Gene ranked first and had the strongest burst (intensity = 2.87). The burst words in recent years were mainly diabetic nephropathy, podocyte apoptosis, cell signaling pathway, and inhibition, which are the current research frontiers of glomerular podocytes and endoplasmic reticulum. Figure 10B is a dynamic visualization of the authors’ most frequently used keywords. As shown, “endoplasmic-reticulum stress” has been growing rapidly and continuously, indicating that endoplasmic-reticulum stress has been a hotspot of endoplasmic reticulum research.
TABLE 5 | Top 10 most frequently occurring keywords.
[image: Table 5][image: Figure 8]FIGURE 8 | Keyword clustering graph.
[image: Figure 9]FIGURE 9 | Keyword time graph.
[image: Figure 10]FIGURE 10 | (A) Top 17 keywords with the highest citation bursts; (B) A visual dynamic map of the most commonly used keywords.
3 DISCUSSION
This study reveals relevant findings and advances in the glomerular podocyte endoplasmic reticulum research. Primarily, 275 articles from 1 January 2005 to 22 October 2023 were analyzed. Currently, 437 institutions from 46 countries are actively involved in the field, with China being the main contributor of academic articles, followed by the United States, Japan and Canada. It is noteworthy that the United States exhibits the greatest intensity of total linkages. It maintains close partnerships with many countries, including China, Japan, and Canada, where cross-border institutional collaboration can contribute to scientific progress. In terms of publication and research quality, China boasts the highest level of research. However, the United States is the most frequently cited country, with China a close second. McGill University was the most published and most cited institution. In terms of article creation, Cybulsky, Andrey V has the highest number of publications at 13, while Sieber, Jonas is the author with the highest average number of citations.
3.1 Research status
We analyzed and integrated keywords using various software tools. Through this process, we identified several emerging research trends in the field. These trends include “endoplasmic reticulum stress,” “unfolded protein response,” “diabetic nephropathy,” “autophagy,” “apoptosis” and “cell signaling pathways.” These aspects are summarized in the following sections.
3.1.1 Endoplasmic reticulum stress and the unfolded protein response
The endoplasmic reticulum (ER) is an essential site for protein folding and maturation in eukaryotic cells. Podocytes are highly sensitive to ER stress. Hyperglycemia, persistent proteinuria and free fatty acids can amplify or induce ER stress-induced apoptosis, resulting in podocyte injury (Fang et al., 2013; Lindenmeyer et al., 2008; Sieber et al., 2010). The cellular requirements for synthesizing proteins within the endoplasmic reticulum are balanced with its folding capacity. However, physiological demands or aberrations in folding can lead to an imbalance, resulting in the accumulation of misfolded proteins. Accumulation of misfolded proteins in the ER leads to endoplasmic reticulum stress, which activates the unfolded protein response (UPR) to ensure correct protein synthesis. The UPR is activated to ensure correct protein synthesis (Marciniak et al., 2022). The UPR is an endogenous stress response signaling pathway pathway that consisting of three ER-localized transmembrane The UPR consists of three integrated signaling pathways emanating from ER-localized transmembrane proteins:inositol-requiring enzyme 1α (IRE1α), PKR-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6). Heavy-chain binding protein (BiP) is a critical endoplasmic reticulum regulatory protein that normally keeps all three protein genes inactive in quiescent cells. The induction of endoplasmic reticulum stress may be protective or injurious. When there are too many misfolded proteins in the ER, the UPR can reset the folding capacity of the ER to restore the ER protein homeostasis. However, when endoplasmic reticulum stress persists at high levels for an extended period of time, the UPR sends pro-inflammatory and pro-death signals that lead to cell death. Research is ongoing into the factors that control the transition from an adaptive to a pro-apoptotic unfolded protein response, yet the factors are poorly understood (Navarro-Betancourt et al., 2022). Protein misfolding and endoplasmic reticulum stress are evident in the renal diseases of primary glomerulonephritis, glomerulopathy associated with genetic mutations, diabetic nephropathy, acute kidney injury, chronic kidney disease, and renal fibrosis. Chronic endoplasmic reticulum stress-induced cellular damage is becoming a critical factor in human diseases, including diabetes, neurodegenerative diseases and cancer (Hetz, 2012). Activation of the endoplasmic reticulum stress response pathway has been observed in diabetes and various cancers (Schwarz and Blower, 2015). How the endoplasmic reticulum stress response pathway functions in these pathologies is an active area of research, and various components of the stress response pathway are being investigated as potential therapeutic targets (Ryno et al., 2013). Additionally, the issue of how to preserve the equilibrium of ER stress is a matter that warrants consideration.
3.1.2 Podocyte autophagy and endoplasmic reticulum stress
Autophagy, first proposed by Christian de Duve in 1963, is a highly conserved intracellular protein degradation process (Ravikumar et al., 2010). It transports proteins and other damaged organelles to the lysosome for degradation and recycling, thereby maintaining continuous organelle renewal and intracellular homeostasis (Mizushima et al., 2010). Autophagy can be divided into macro-autophagy, micro-autophagy and partner-mediated autophagy. At the same time, macroautophagy can be divided into endoplasmic reticulum autophagy, mitophagy, lipid autophagy and so on (Yang M. et al., 2023). The decrease in autophagy may exacerbate the level of damage in podocyte disorders, including focal segmental glomerulosclerosis, and could potentially worsen podocyte injury in elderly individuals affected by podocyte diseases. The key factor in regulating autophagy is the autophagy-related gene 5 (Atg5), and its specific deletion can manifest as a reduction in autophagy and a decrease in podocytes (Zhao et al., 2024). However, sustained autophagy in renal tubular cells promotes renal fibrosis, indicating that autophagy is a double-edged sword (Lin et al., 2021). Autophagosomes are mainly located on the epithelial side of the glomerular basement membrane where the podocytes are located. The endoplasmic reticulum is the main source of membranes supplying autophagosome biogenesis, and ER-phagocytosis is considered as a new method to regulate endoplasmic reticulum homeostasis (Yang M. et al., 2023). Hartleben et al. (2010) reported that autophagy affects glomerular disease susceptibility and maintains podocyte homeostasis in aged mice. Kouroku et al. (2006) proposed that autophagy formation is a cellular defense mechanism that counteracts polyQ72-induced ER stress-mediated cell death through degradation of amplified polyglutamine 72 repeat sequence (polyQ72) aggregates. Currently, there are limited studies on endoplasmic reticulum stress and autophagy markers in podocyte and podocyte diseases, and the signaling pathways linking endoplasmic reticulum stress to autophagy, the mechanism of selecting the endoplasmic reticulum as an autophagic cargo, the crosstalk between the endoplasmic reticulum stress-induced autophagy and cell death pathways, and the impact of autophagy in endoplasmic reticulum stress-associated diseases remain largely unanswered.
3.1.3 Association of podocytes with diabetic nephropathy
Diabetes affects all cell types in the kidney, including podocytes. Diabetic nephropathy (DN) is a glomerular proteinuria disease of diabetes mellitus and is the leading cause of end-stage renal disease (ESRD). ER stress and oxidative stress induced by hyperglycemia may be the cause of DKD (Yang C. et al., 2023). On the one hand, hyperglycemia inhibits the cytoprotective effects of ER stress in foot cells and amplifies the pro-apoptotic effects of endoplasmic reticulum stress in foot cells, resulting in foot cell damage (Fang et al., 2013). Cybulsky et al. (2024) proposed that mice with podocyte-specific deletion of IRE1α demonstrate more severe diabetic nephropathy. On the other hand, hyperglycemia induces the production of reactive oxygen species (ROS), which leads to the disappearance of podocytes and detachment from GBM or death, further increasing the permeability of the glomerular filtration barrier to plasma proteins, thereby increasing proteinuria (Lin and Susztak, 2016; Barutta et al., 2022). Oleanolic acid (OA) and N-acetylcysteine (NAC) have therapeutic effects in DN through reduction of oxidative stress and ER stress (Lee et al., 2015). Therefore, the development of DN is closely related to the loss and death of podocytes. The pattern of death of podocytes in DN includes apoptosis, autophagy, mitotic catastrophe (MC), anaplasia, necrotic apoptosis and pyroptosis (Jiang et al., 2022). In DN, massive apoptosis of podocytes leads to excessive loss of podocytes, making it difficult to maintain glomerular structure and function. Most of the urinary podocytes in diabetic patients show MC rather than apoptosis. Therefore, MC is the main cause of podocyte loss (Hara et al., 2019). Activation of mammalian target of rapamycin complex 1 (mTORC1) induces the UPR to disrupt the regulatory system of energy metabolism. MTORC1 hyperactivation stimulates ERS- and EMT-like phenotypes in podocytes, which ultimately leads to podocyte weakness, and decreasing podocyte mTORC1 activity is a potential therapeutic strategy to prevent DN (Inoki et al., 2011). Yasuda-Yamahara et al. (2015) suggested that inadequate podocyte autophagy is associated with the progression of DN and proposed that autophagy activation may be a therapeutic target in diabetic patients with significant proteinuria and rapidly declining renal function. Madhusudhan et al. (2015) demonstrated that IRE1/XBP1-dependent UPR is essential for maintaining podocyte homeostasis and function. They also showed that impaired insulin signaling hampers XBP1 activity in podocytes and exacerbates ATF6-dependent maladaptive ER responses in diabetic mice. Endoplasmic reticulum stress inhibitor TUDCA not only reduces proteinuria in diabetic mice but also alleviates podocyte damage (Yang C. et al., 2023). Therefore, reducing ER stress is a potential therapeutic strategy for DN targeting ER pathways. ER stress accelerates the progression of DN by damaging podocytes, mesangial cells and endothelial cells (Wang et al., 2022). However, in the diabetic state, the factors that stimulate endoplasmic reticulum stress and their precise roles in podocytes remain unclear. The mechanism by which endoplasmic reticulum stress is activated in DN also unclear. These require further investigation.
4 CONCLUSION
This paper analyzes the hotspots, frontiers and trends in research on glomerular podocytes and endoplasmic reticulum through trends in keyword clustering, bursts and timeline relationships based on a bibliometric analysis constructed with Citespace, VOSviewer, the online platform for metrics literature and the Bibliometrix software package. The research literature on the has increased significantly in recent decades, indicating a growing interest in this emerging field. Our findings comprehensively summarize the current status of endoplasmic reticulum research in glomerular podocytes and are of great significance for future research efforts.
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