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Adverse intrauterine and early postnatal environment cause reduced nephron endowment and subsequent hypertension, chronic kidney disease (CKD). Exploring modifiable approaches is particularly important to alleviate the global burden of CKD. Enhanced glomerular progenitor cell apoptosis is a major contributor to renal developmental programming. The differentially expressed protein perlecan, which we previously identified using proteomics, is an important extracellular matrix glycoprotein, and its domain V (endorepellin) can inhibit apoptosis through a paracrine form. In explanted mice embryonic metanephros, we found that endorepellin can rescue glomeruli-deficit phenotype resulting from malnutrition, and this protective effect was also verified in vivo using a renal developmental programming model which was given a low-protein diet during pregnancy. We further demonstrated that endorepellin significantly inhibited glomerular progenitor cell apoptosis which activates ERK1/2 phosphorylation. Our results show that endorepellin rescues the nephron number reduction in renal developmental programming, possibly through the inhibition of progenitor cell apoptosis via the ERK1/2 pathway.
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1 INTRODUCTION
Chronic kidney disease (CKD) is a major public health problem globally (Collaboration, 2020). Accumulating evidence supports the relationship between adverse in utero or an early postnatal growth environment with the risk of CKD development in adult life (Hovi et al., 2007, Luyckx et al., 2013, Barker,2003, Gjerde et al., 2020a). Primary hypertension, the leading cause of CKD worldwide, has also been linked to low birth weight suggestive of intrauterine growth retardation (IUGR) (Ritz et al., 2011). The formation of the functional unit of the kidney, the nephrons, depends on the mutual induction between the ureteric bud and metanephric mesenchymal cells, which is extraordinarily sensitive to the effects of the adverse growth environment. Brenner proposed that reduced nephron endowment, defined as the nephron formation number at the completion of renal development, due to fetal malnutrition resulted in glomerular hyperfiltration, glomerulosclerosis, and further nephron loss, which led to hypertension and CKD. Congenital nephron deficit plays a central role in this pathological process known as “renal developmental programming,” which is supported by animal experiments and human data (Chen et al., 2010; Shen et al., 2011). Therefore, exploring rescue strategies for reduced nephron endowment in an adverse development environment can provide new pathways for preventing CKD.
Elevated glomerular progenitor cell apoptosis, i.e., metanephric mesenchymal cells, during kidney development has been implicated in nephron endowment reduction of IUGR. Maintenance and renewal of the metanephric mesenchymal cell population is dependent on inducing signals, growth factors, and other factors inhibiting apoptosis. Our previous comparative proteomic studies identified that perlecan was significantly decreased in the kidney development of the IUGR animal model and was associated with cell apoptosis (Welham et al., 2002; Li et al., 2010; Tafti et al., 2011). Perlecan, encoded by the HSPG2 gene, is a heparan sulfate proteoglycan (HSPG) in the extracellular matrix around the metanephric mesenchyme and mainly produced by epithelial cells of the ureteric bud (Tang et al., 2016). Endorepellin is the C-terminal domain of perlecan and can be cleaved into a soluble form by using cathepsin L. Other cell and organ experiments have confirmed that endorepellins inhibit nearby cell apoptosis through the activation of ERK1/2-dependent anti-apoptotic pathways (Raymond et al., 2004; Laplante et al., 2006; Lee et al., 2011). This study investigated whether endorepellin supplementation increased nephron endowment and reduced cell apoptosis in renal developmental programming.
2 MATERIALS AND METHODS
2.1 In vitro model
The metanephros were isolated from E12.5 C57BL/6 mice embryos as described (Gjerde et al., 2020b) and cultured on a Transwell filter (0.4 μm pore size, CoStar) within individual wells of a six-well tissue culture dish containing 1,000 μl of Dulbecco’s modified Eagle’s medium/F12 media (Gbico) supplemented with 10% FBS. The kidneys were cultured at 37°C in air atmosphere containing 5% CO2 and 100% humidity for a total of 72 h (Barak and Boyle, 2011). 0.2% FBS was used during the last 24 h of culture to starve the kidneys, and 2ug/ml recombinant endorepellin (R&D Systems) was tested to protect the kidneys from programming. Whole-mount immunostaining of kidney explants was used to quantify the number of glomeruli and ureteric buds. Anti-E-cadherin (rabbit, 1:400 dilution, CST) and anti-Wt1 (rabbit, 1:200, Novus) were used as the markers of the ureteric branches and glomeruli, respectively. Alexa 594 anti-mouse (1:500, CST) and Alexa 488 ant-rabbit (1:500, CST) were used as secondary antibodies. Glomeruli and ureteric terminal tips were counted in the largest sagittal cross section from each kidney (Image J).
2.2 In vivo study
Virgin female C57BL/6 mice were used in this experiment. They were mated, and the appearance of vaginal plugs was designated as embryonic day 0 (E0). One group of dams was maintained on a normal-protein diet (NPD, 22% protein) throughout pregnancy. The other group of dams was placed on a low-protein diet (LPD, 6% protein) throughout gestation until delivery, when all mothers were fed standard rodent chow. The two diets were isocaloric; for detailed composition, refer to our previous report (Shen et al., 2011). LPD group newborns were randomly divided into the LPD+PBS group and LPD+DV group. Neonatal mice in the LPD+DV group were intraperitoneally administered 2ug/g recombinant endorepellin on the 1st, 3rd, and 5th days after birth, and the LPD+PBS group received the same volume of phosphate buffered saline (PBS). The endorepellin dose used is based on the previous in vivo regimen (Lee et al., 2011). The animal study protocols were approved by the Scientific and Ethics Committees at the Children’s Hospital of Fudan University (No. 2018021).
2.3 Glomerular counts
Kidneys were harvested at 4 weeks postnatal, and the acid maceration method was used for glomeruli number determination. A single right kidney was cut into 2mm or smaller pieces and incubated in 1 mmol/L hydrochloric acid for 30 min at 37°C. Acid was removed and replaced with 0.5 ml phosphate buffered saline (PBS; pH 7.4). The tissue was homogenized using a homogenizer. After low-speed centrifugation (3,000rmp, 10min), the supernatant was discarded and re-suspended in 10ml distilled water. A 20 µl sample was removed, placed on a slide, and overlaid with a cover slip. Using a ×10 objective lens, the number of glomeruli in the aliquot was counted. This was carried out thrice for each sample. The three results were averaged, and this value was used to determine the total number of glomeruli in the sample and, therefore, the kidney (Welham et al., 2002). The total number of glomeruli = average number×500.
2.4 Cell culture and apoptosis assessment
The metanephric mesenchyme cells (mK3 cells, Bluef Biotechnology) were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Invitrogen), incubated at 37°C, 5% CO2. During the last 24 h before flow cytometry, well-grown mK3 cells were incubated with a normal concentration of fetal bovine serum (10%FBS), serum deprivation (0.2%FBS), recombinant endorepellin (0.2%FBS+DV), and MEK1/2 inhibitor (U0126, Merck, Germany). The recombinant endorepellin concentrations of 5ug/ml were tested. The apoptosis of mK3 cells was assayed by flow cytometry with PE Annexin-V Apoptosis Detection Kit I (R&D Systems) according to the manufacturer’s recommendations.
2.5 Real-time PCR
Total RNA was extracted from metanephros cultured in vitro for 72 h and was transcribed to cDNA using the Prime Script RT Master Mix (TAKARA). Real-time PCR was performed using SYBR® Premix Ex TaqTM (TAKARA) at the following conditions: 3 min at 95°C for one cycle, 2s at 95°C, and 20s at 60°C for 40 cycles. The gene levels were determined using the ΔΔCt method with GAPDH control. The primer sets included Hspg2: forward TGCTGCATACAGTGGTC TCC, reverse CCA​GGC​GTC​GGA​ACT​TGA​A; GAPDH: forward ACC​ACA​GTC​CAT​GCC​ATC​AC, reverse TCC​ACC​ACC​CTG​TTG​CTG​TA. All assays were run thrice.
2.6 Western blot
Each metanephro and mK3 cell per dish as one sample were extracted from the total protein and added with the phosphatase inhibitor. After protein concentration determination, 30 mg from each sample was separated in the gel and electrically transferred to the nitrocellulose membrane (Merck) after electrophoresis. The nitrocellulose membrane was blocked with 5% non-fat milk diluted in Tris-buffered saline plus 0.05% Tween-20 (TBST). After incubation overnight at 4°C with primary antibodies (anti-ERK1/2, CST; anti-pERK1/2, CST; anti-cleaved caspase-3, CST; and anti-GAPDH, Santa crus), horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Santa crus) was applied. The positive immune-reactive signal was visualized by using an enhanced chemiluminescence detection system with Immolbilon Western HRP Substrate (Merck, Billerica, United States). The expression level of the target proteins was normalized to GAPDH.
2.7 Histology experiment
The metanephroses of newborns or postnatal 3 days were carefully removed. The tissues were fixed in 4% paraformaldehyde and paraffin embedded. The tissues were sectioned at 4 μm, dewaxed, and rehydrated. Sections were stained with hematoxylin–eosin to observe morphological features. The sections were examined for molecular evidence of apoptosis using in situ end labeling (TMR or POD kit, Roche, Germany) according to the manufacturer’s instructions. Newborn metanephros sections were used to detect endorepellin expression level (anti-perlecan antibody, 1:100, Santa Cruz) by immunohistochemical staining. The MOD (mean optical density) of endorepellin in the nephrogenic zone was determined with Image-Pro Plus software.
2.7 Statistical analysis
Quantitative data were presented as the means ± standard deviations. Student’s t-test and non-parametric Mann–Whitney U-test were applied for statistical analysis of the differences between the two groups. The one-way ANOVA was applied to compare the differences among three or more groups followed by the Bonferroni method for post hoc comparisons. Differences with values of p < 0.05 were considered statistically significant.
3 RESULTS
3.1 Endorepellin is downregulated in the intrauterine growth-retardation rodent model
Pregnant mice were given a low-protein diet (LPD, 6%) throughout pregnancy to successfully establish a mouse model of intrauterine growth retardation (IUGR). The body weight of newborn pups was significantly lower in the LPD group than in the normal-protein diet group (1.05 ± 0.081 vs. 1.32 ± 0.062 g, p < 0.01) (Figure 1A). After 12 weeks of follow-up, the low-protein diet during pregnancy significantly reduced the number of nephrons (9857 ± 556 vs. 12143 ± 1235, p < 0.01) and creatinine-clearance rate of offspring (2.31 ± 0.62 vs. 3.75 ± 0.88 ml/min, p < 0.01) (Figures 1B,C). Next, we used the immunohistochemical method to test whether the endorepellin expression in the nephrogenic zone of newborn was indeed reduced in the LPD group (0.0034 ± 0.0016 vs. 0.011 ± 0.0037, p < 0.05) (Figures 1D–F). Endorepellin is mainly distributed around the ureteric bud and in the matrix of mesenchymal cells in the nephrogenic zone. At the same time, we observed that active nephrons were still forming in mice 3 days after birth, and elevated apoptosis in the LPD group was detected ((315.18 ± 55.7 vs. 157.1 ± 40.32, p < 0.01) (Figures 1G–I). This suggests that the decrease in the number of nephrons in the LPD group may be related to the increase in progenitor cell apoptosis, and the late period of postnatal kidney development may provide a window for treatment.
[image: Figure 1]FIGURE 1 | Endorepellin is downregulated in the IUGR rodent model. (A) The pup weight of the maternal low-protein diet (LPD) group at birth is significantly lower than that of the maternal normal-protein diet (NPD) group in mice (n = 12). (B) LPD reduces the nephron number in the kidney compared with NPD (n = 12). (C) After the 12-week follow-up, LPD mice showed decreased creatinine clearance rate (n = 8) (D,E) Representative kidney tissue sections stained with endorepellin at birth. (F) Densitometry analysis of DV immunohistochemistry in the nephrogenic zone as shown in D and E (n = 8). (G) HE staining showed that there were still many nephrons in the process of formation in 3-day postnatal mice. (H) Representative TUNEL image shows significant cell apoptosis in the nephrogenic zone of LPD newborn mice. (I) Apoptosis assessment of the nephrogenic zone in LPD and NPD newborn mice (n = 8). LPD, low-protein diet; NPD, normal-protein diet; DV, endorepellin; HE, hematoxylin–eosin staining; and TUNEL, TdT-mediated dUTP Nick-End Labeling. **p < 0.001.
3.2 Endorepellin-rescue nephron number ex vivo and in vivo
As we hypothesized, we determined whether endorepellin could rescue the phenotype of reduced nephron number against renal developmental programming in an adverse malnutrition environment. E12.5 metanephroses were either cultured under standard serum conditions (10% FBS) for the entire culture period or serum deprived (0.2% FBS) during the last 24 h of culture in the presence or absence of 2ug/ml endorepellin. After culture, the number of glomeruli was estimated by marker molecules of glomerular and ureteric bud epithelial cells (Figure 2A). There was no significant difference in the volume of kidneys deprived of 0.2% serum, but the number of glomeruli formed was significantly reduced (69 ± 4.2% of 10% FBS, p < 0.001), and this dysplasia can be rescued by endorepellin (86 ± 4.6% of 10% FBS group, p < 0.001) (Figure 2B).
[image: Figure 2]FIGURE 2 | Endorepellin rescues the nephron number and reduces apoptosis in renal developmental programming. (A) Representative images of metanephros stained with Wt1 (green) and E-cadherin (red) antibodies to identify newly formed glomeruli and ureteric branches in normal serum conditions (10% FBS), serum deprivation (0.2% FBS), and co-culture with endorepellin (2ug/ml). (B) Serum deprivation in metanephros (n = 6) decreased the number of glomeruli to 69 + 4.2% of kidneys grown in 10% FBS (n = 6). Endorepellin significantly improved the number of glomeruli in serum-deprived metanephros to 86 ± 4.6% (n = 6). (C) The total number of glomeruli in 4-week-old mice exposed to a normal-protein diet (22%) or a low-protein diet (6%) with or without endorepellin during the first week of life. (D) Representative image of kidney-dissociated tissue under a microscope with hydrochloric acid digestion. Glomeruli are indicated by arrows. (E) Representative immunohistochemistry images of embryonic kidneys labeled with TUNEL (POD) to detect apoptotic cells. (F–H) Expression of Hspg2, Bcl-2, Bax, and mRNA in cultured metanephros exposed to 10% FBS or 0.2% serum deprivation, relative to control (n = 6). (I) Immunoblotting analysis of phosphorylated ERK1/2 in cultured metanephros exposed for 24 h to 10% FBS (n = 5), 0.2% FBS (n = 4), or 0.2% FBS supplemented with endorepellin (2ug/ml, n = 3). FBS, fetal bovine serum.
To further validate the rescue effects of endorepellin, an in vivo renal programming model was used. Pregnant mice were fed an isocaloric low-protein (6%) diet throughout pregnancy, which resulted in reduction in the number of nephrons in the offspring compared with those having a normal-protein (22%) diet. Similar to the results of the in vitro model, an intraperitoneal injection of 2ug/g recombinant endorepellin (LPD+DV group) within 1 week after birth could significantly increase the number of nephrons (10,000 ± 1,300 vs. 8,322 ± 2,214, p < 0.05) (Figures 2C,D).
3.3 Endorepellin reduces apoptosis ex vivo and enhances the phosphorylation level of ERK1/2
In order to explore the potential mechanism by which endorepellin rescues the developmental programming of kidney, considering previous findings that cell apoptosis plays an important role in this process, we evaluated the apoptosis level of a cultured metanephros system. We found that apoptosis significantly reduced after adding endorepellin in the serum-deprivation ex vivo model (Figure 2E). We further examined the mRNA expression levels of Hspg2, Bcl-2, and Bax and the phosphorylation level of ERK1/2 in the in vitro model. We did find that serum deprivation reduced the mRNA expression level of Hspg2-encoding endorepellin in cultured embryonic kidneys (89.6 ± 8.8% vs. 65 ± 3.5%, p < 0.05) and significantly stimulated the expression of the pro-apoptotic factor Bax (85.5 ± 17.2% vs. 188.5 ± 47%, p < 0.05) but not Bcl-2 (Figures 2F–H).
The ERK1/2 pathway was the key transducer of anti-apoptotic signals in various cell types. Studies have confirmed that endorepellin can participate in the process of anti-apoptosis by enhancing ERK1/2 phosphorylation in several types of cells (Raymond et al., 2004; Laplante et al., 2006; Lee et al., 2011). As the ERK1/2 pathway is the upstream pathway of bax, we tested whether this signaling pathway was involved in the response in the programming of the kidney. Decreased ERK1/2 phosphorylation was found in metanephros cultured with 0.2% FBS for 24 h, compared with 10% normal serum (Figure 2I). Again, serum-deprived metanephros exposed to endorepellin (2ug/ml) augmented ERK1/2 phosphorylation (Figure 2I). This result showed that endorepellin specifically induces ERK1/2 activation in serum-deprived metanephros and may reduce glomerular precursor apoptosis by enhancing the anti-apoptotic effect of ERK1/2-Bax.
3.4 Endorepellin protects from apoptosis in metanephric mesenchymal cells via the ERK1/2 pathway
The aforementioned experiments suggest that endorepellin supplementation may play a protective role in rescuing the developmental programming of the kidney by activating the ERK1/2 pathway and inhibiting cell apoptosis. We next used the glomerular precursor cell line (metanephric mesenchymal cells, mK3 cells) to confirm this process. To identify whether serum deprivation can induce metanephric mesenchyme cell apoptosis, flow cytometry analyses by Annexin-V-FITC and PI double-staining assay were performed (Figure 3A). The cleaved caspase-3 western blot outcome further confirmed this effect (Figures 3B,C). Compared to the normal serum-cultured cells, apoptosis cell rates of 0.2% FBS significantly increased to 12.98% (12.98 ± 1.84% vs. 6.58 ± 0.78%, p < 0.001) and can be abolished by endorepellin supplementation (Figure 3D). The apoptosis cell rates decreased to 8.68 ± 0.56% with 5ug/ml endorepellin, and this effect was blocked by the MEK1/2 inhibitor (U0126) (Figure 3D).
[image: Figure 3]FIGURE 3 | Endorepellin protects from apoptosis in the ureteric bud via the ERK1/2 pathway. (A) Annexin-V PE/FITC-stained apoptotic cells induced by serum deprivation and rescued by endorepellin in Mk3 cells. (B) Anti-cleaved caspase-3 western blot analysis of MK3 cells as labeled, with GAPDH as the internal loading control. (C) Densitometry analysis of cleaved caspase-3 western blot as shown in B as normalized to the corresponding GAPDH bands (n = 3). (D) Apoptosis ratios are shown in the diagram. Percentage of mK3 cells stained with Annexin-V PE/FITC after exposure for 24 h to normal serum (10% FBS), serum deprivation (0.2% FBS), serum deprivation supplemented with 5ug/ml endorepellin, or MAPKK inhibitor U0126 (n = 6); (E) apoptosis-related protein Bax and Bcl-2 expression were detected by western blotting. (F) Phospho-p44/42 MAPK and p44/42 MAPK western blot analysis of Mk3 cells as labeled, with GAPDH as the internal loading control. (G,H) Densitometry analysis of phospho-p44/42 MAPK and p44/42 MAPK using western blot as shown in F as normalized to the corresponding GAPDH bands p < 0.05, * p < 0.01, and * p < 0.001.
Subsequently, to identify the underlying apoptotic inhibition mechanisms, we detected the expression levels of apoptosis-related proteins in mK3 cells. As shown in Figures 3E,F, serum deprivation resulted in the downregulation of Bcl-2, Bax, and ERK1/2 phosphorylation by western blotting. Adding endorepellin upregulates Bax, downregulates Bcl-2, and enhances ERK1/2 phosphorylation levels in mK3 cells, and this phenomenon also can be eliminated by using the MEK1/2 inhibitor (U0126) (Figures 3F–H). These findings suggested that endorepellin was able to inhibit ERK1/2-dependent cell apoptosis in mK3 cells.
4 DISCUSSION
About 30 years ago, Brenner et al. proposed “renal developmental programming” that low birth weight might predispose for CKD and hypertension in adulthood through a mechanism of impaired nephron endowment in adverse utero environments (Brenner et al., 1988). Very little was found in the literature on modifiable correction methods for renal programming. This study suggests that endorepellin could rescue the nephron-reduction phenotype in in vitro and in vivo renal programming models and can inhibit the apoptosis of nephron-precursor cell mK3 through an ERK1/2-dependent mechanism. Given the high CKD burden globally, our results may provide innovative ideas for reducing the risk of CKD and ESRD during childhood in the future.
Previous studies strongly suggested the relationship between enhanced cell apoptosis in the metanephros and nephron reduction (Welham et al., 2002; Li et al., 2010; Tafti et al., 2011). Welham firstly reported that maternal low-protein diet increased mesenchymal cell apoptosis at the initial stage of metanephrogenesis (Welham et al., 2002). This was confirmed by subsequent studies that the nephron number reduction was abrogated by ouabain, which triggers a calcium-dependent nuclear factor-κB signal to inhibit cell apoptosis (Tafti et al., 2011). These could be explained by increased apoptosis in nephron progenitors during the active glomerular formation period resulting in a nephron deficit. Our previous work showed that there are massive amounts of glomerular development and elevated levels of cell apoptosis during the late gestational and early postnatal periods in IUGR rat (Tang et al., 2016). Interestingly, the differentially expressed endorepellin identified by comparative proteomics was significantly reduced in the mid and late stages of IUGR kidney development, and it was mainly expressed in the extracellular matrix of the metanephric cell and the periphery of the ureteric bud (Shen et al., 2011). This study further supports evidence from previous observations. Endorepellin has been suggested as an important endogenous inhibitor of apoptosis. We demonstrated that endorepellin supplementation rescued the nephron deficit in the renal developmental programming model through an ERK1/2-dependent mechanism of suppressing nephron-progenitor cell apoptosis.
The number of nephrons is determined by congenital genetic factors and an acquired intrauterine developmental environment (Charlton et al., 2021). In normal kidney development, metanephric mesenchymal cell (MMC) is the precursor of the glomerulus, and its maintenance including preventing apoptosis, cell proliferation, and trans-differentiation is the key determinants of nephron endowment (O'Brien, 2019). The ureteric bud can secrete GDNF-signaling molecules and other survival factors into the intercellular matrix to maintain MMC cell population balance (Li et al., 2021). Endorepellin is the main heparan sulfate proteoglycan (HSPG) in the extracellular matrix, composed of a core protein and several heparan sulfate (HS) side chains (Farach-Carson and Carson, 2007). Previous studies have focused on the HS side chains which can bind to growth factors such as GDNF, FGF, TGF-β, and EGF, act as growth factor reservoirs to mediate the interaction between epithelial cells and mesenchymal cells, and play a key role in organogenesis (Steer et al., 2004; Nigam and Bush, 2014). The current study is from the perspective of endorepellin (domain V of perlecan) to test its possible role in inhibiting the apoptosis of precursor cells in kidney development. Endorepellin has been shown to activate the ERK1/2 signaling pathway and, thus, inhibit apoptosis in other cell types. Soulez M et al. confirmed that this effect was dependent on endorepellin–β1-integrin interactions as β1-integrin blockade significantly reduces ERK1/2 activation. In addition, endorepellin has binding sites for growth factors such as EGF; EGF can activate the downstream ERK-signaling pathway after binding to its receptor. Endorepellin can be cleaved into the extracellular matrix by cathepsin L secreted by nearby apoptotic cells and inhibit the apoptosis of other cells through paracrine (Soulez et al., 2010). Here, we also confirm that endorepellin could inhibit metanephric mesenchymal cell apoptosis due to serum deprivation by Annexin-V PE/FITC-stained flow cytometry. Endorepellin rescued ERK1/2-Bax pathway inhibition in a dose-dependent manner. This phenomenon was also observed in the in vivo model.
The main weakness of this study is that the ERK1/2-Bax pathway-dependent apoptosis inhibition mechanism of the endorepellin-rescuing nephron reduction phenotype needs inhibitor validation to draw a definitive causal conclusion. The ERK1/2-Bax pathway is an important downstream pathway for various growth factors to regulate the proliferation of metanephric mesenchymal cells and ureteric bud epithelial cells. Our data show that endorepellin activates ERK1/2 phosphorylation levels and Bax protein expression levels in vivo and in vitro. Future experiments need to study the systemic effects of endorepellin in metanephric mesenchymal stem cells, including the receptor, transcriptional, and gene expression intervention mechanisms. In addition, this study lacks clinical research data to support the findings. Clinical studies have found that the concentration of endorepellin in urine is associated with the progression of kidney disease (Rocchetti et al., 2013; Surin et al., 2013). In future clinical studies, endorepellin levels in the urine of small-for-gestational-age or preterm infants can be compared with normal neonates, combined with other imaging assessments to develop a predictive model of renal function, and even clinical trials.
Collectively, we demonstrated in in vivo and in vitro models of programmed kidney development that endorepellin rescues the nephron number reduction, possibly through the inhibition of nephron-progenitor cell apoptosis by activation of the ERK1/2-Bax pathway. Our study proposed a new approach to correct nephron loss early in life.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Scientific and Ethics Committees at the Children’s Hospital of Fudan University.
AUTHOR CONTRIBUTIONS
MS, YF, TX, and SX conducted experiments and analyzed the data. QS and JR were involved in the experimental design. XT and HX were involved in the overall study design. XY was involved in the study design of the in vivo experiments. XT and LS wrote the manuscript. All authors discussed the results and commented on the manuscript.
FUNDING
This study was supported by the National Natural Science Foundation of China (Grant No. 81801545), Key Development Program of the Children’s Hospital of Fudan University (EK2022ZX01), and the Shanghai Distinguished Young Medical Talents Training Program.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Barak, H., and Boyle, S. C. (2011). Organ culture and immunostaining of mouse embryonic kidneys. Cold Spring Harb. Protoc. 2011 (1), pdb.prot5558. pdb prot5558. doi:10.1101/pdb.prot5558
 Barker, D. J. (2003). The developmental origins of adult disease. Eur. J. Epidemiol. 18 (8), 733–736. doi:10.1023/a:1025388901248
 Brenner, B. M., Garcia, D. L., and Anderson, S. (1988). Glomeruli and blood pressure. Less of one, more the other?Am. J. Hypertens. 1 (4), 335–347. doi:10.1093/ajh/1.4.335
 Charlton, J. R., Baldelomar, E. J., Hyatt, D. M., and Bennett, K. M. (2021). Nephron number and its determinants: A 2020 update. Pediatr. Nephrol. 36 (4), 797–807. doi:10.1007/s00467-020-04534-2
 Chen, J., Xu, H., Shen, Q., Guo, W., and Sun, L. (2010). Effect of postnatal high-protein diet on kidney function of rats exposed to intrauterine protein restriction. Pediatr. Res. 68 (2), 100–104. doi:10.1203/PDR.0b013e3181e5bc33
 Collaboration, G. B. D. C. K. D. (2020). Global, regional, and national burden of chronic kidney disease, 1990-2017: A systematic analysis for the global burden of disease study 2017. Lancet 395 (10225), 709–733. doi:10.1016/S0140-6736(20)30045-3
 Farach-Carson, M. C., and Carson, D. D. (2007). Perlecan--a multifunctional extracellular proteoglycan scaffold. Glycobiology 17 (9), 897–905. doi:10.1093/glycob/cwm043
 Gjerde, A., Lillas, B. S., Marti, H. P., Reisaeter, A. V., and Vikse, B. E. (2020a). Intrauterine growth restriction, preterm birth and risk of end-stage renal disease during the first 50 years of life. Nephrol. Dial. Transpl. 35 (7), 1157–1163. doi:10.1093/ndt/gfaa001
 Gjerde, A., Reisaeter, A. V., Skrunes, R., Marti, H. P., and Vikse, B. E. (2020b). Intrauterine growth restriction and risk of diverse forms of kidney disease during the first 50 Years of life. Clin. J. Am. Soc. Nephrol. 15 (10), 1413–1423. doi:10.2215/CJN.04080320
 Hovi, P., Andersson, S., Eriksson, J. G., Jarvenpaa, A. L., Strang-Karlsson, S., Makitie, O., et al. (2007). Glucose regulation in young adults with very low birth weight. N. Engl. J. Med. 356 (20), 2053–2063. doi:10.1056/NEJMoa067187
 Laplante, P., Raymond, M. A., Labelle, A., Abe, J., Iozzo, R. V., and Hebert, M. J. (2006). Perlecan proteolysis induces an alpha2beta1 integrin- and Src family kinase-dependent anti-apoptotic pathway in fibroblasts in the absence of focal adhesion kinase activation. J. Biol. Chem. 281 (41), 30383–30392. doi:10.1074/jbc.M606412200
 Lee, B., Clarke, D., Al Ahmad, A., Kahle, M., Parham, C., Auckland, L., et al. (2011). Perlecan domain V is neuroprotective and proangiogenic following ischemic stroke in rodents. J. Clin. Invest. 121 (8), 3005–3023. doi:10.1172/JCI46358
 Li, H., Kurtzeborn, K., Kupari, J., Gui, Y., Siefker, E., Lu, B., et al. (2021). Postnatal prolongation of mammalian nephrogenesis by excess fetal GDNF. Development 148 (10), dev197475. doi:10.1242/dev.197475
 Li, J., Khodus, G. R., Kruusmagi, M., Kamali-Zare, P., Liu, X. L., Eklof, A. C., et al. (2010). Ouabain protects against adverse developmental programming of the kidney. Nat. Commun. 1, 42. doi:10.1038/ncomms1043
 Luyckx, V. A., Bertram, J. F., Brenner, B. M., Fall, C., Hoy, W. E., Ozanne, S. E., et al. (2013). Effect of fetal and child health on kidney development and long-term risk of hypertension and kidney disease. Lancet 382 (9888), 273–283. doi:10.1016/S0140-6736(13)60311-6
 Nigam, S. K., and Bush, K. T. (2014). Growth factor-heparan sulfate "switches" regulating stages of branching morphogenesis. Pediatr. Nephrol. 29 (4), 727–735. doi:10.1007/s00467-013-2725-z
 O'Brien, L. L. (2019). Nephron progenitor cell commitment: Striking the right balance. Semin. Cell Dev. Biol. 91, 94–103. doi:10.1016/j.semcdb.2018.07.017
 Raymond, M. A., Desormeaux, A., Laplante, P., Vigneault, N., Filep, J. G., Landry, K., et al. (2004). Apoptosis of endothelial cells triggers a caspase-dependent anti-apoptotic paracrine loop active on VSMC. FASEB J. 18 (6), 705–707. doi:10.1096/fj.03-0573fje
 Ritz, E., Amann, K., Koleganova, N., and Benz, K. (2011). Prenatal programming-effects on blood pressure and renal function. Nat. Rev. Nephrol. 7 (3), 137–144. doi:10.1038/nrneph.2011.1
 Rocchetti, M. T., Papale, M., d'Apollo, A. M., Suriano, I. V., Di Palma, A. M., Vocino, G., et al. (2013). Association of urinary laminin G-like 3 and free K light chains with disease activity and histological injury in IgA nephropathy. Clin. J. Am. Soc. Nephrol. 8 (7), 1115–1125. doi:10.2215/CJN.05950612
 Shen, Q., Xu, H., Wei, L. M., Chen, J., and Liu, H. M. (2011). Intrauterine growth restriction and postnatal high-protein diet affect the kidneys in adult rats. Nutrition 27 (3), 364–371. doi:10.1016/j.nut.2010.03.003
 Soulez, M., Sirois, I., Brassard, N., Raymond, M. A., Nicodeme, F., Noiseux, N., et al. (2010). Epidermal growth factor and perlecan fragments produced by apoptotic endothelial cells co-ordinately activate ERK1/2-dependent antiapoptotic pathways in mesenchymal stem cells. Stem Cells 28 (4), 810–820. doi:10.1002/stem.403
 Steer, D. L., Shah, M. M., Bush, K. T., Stuart, R. O., Sampogna, R. V., Meyer, T. N., et al. (2004). Regulation of ureteric bud branching morphogenesis by sulfated proteoglycans in the developing kidney. Dev. Biol. 272 (2), 310–327. doi:10.1016/j.ydbio.2004.04.029
 Surin, B., Sachon, E., Rougier, J. P., Steverlynck, C., Garreau, C., Lelongt, B., et al. (2013). LG3 fragment of endorepellin is a possible biomarker of severity in IgA nephropathy. Proteomics 13 (1), 142–152. doi:10.1002/pmic.201200267
 Tafti, S. A., Nast, C. C., Desai, M., Amaya, K. E., Ross, M. G., and Magee, T. R. (2011). Maternal undernutrition upregulates apoptosis in offspring nephrogenesis. J. Dev. Orig. Health Dis. 2 (4), 226–235. doi:10.1017/S2040174411000262
 Tang, X. S., Shen, Q., Chen, J., Zha, X. L., and Xu, H. (2016). Maternal protein restriction reduces perlecan at mid-metanephrogenesis in rats. Nephrology 21 (3), 200–208. doi:10.1111/nep.12583
 Welham, S. J., Wade, A., and Woolf, A. S. (2002). Protein restriction in pregnancy is associated with increased apoptosis of mesenchymal cells at the start of rat metanephrogenesis. Kidney Int. 61 (4), 1231–1242. doi:10.1046/j.1523-1755.2002.00264.x
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Tang, Sun, Shen, Rao, Yang, Fang, Xiang, Xue, Sun and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-929556-g003.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Protective role of endorepellin in renal developmental programming		1 Introduction

		2 Materials and methods		2.1 In vitro model

		2.2 In vivo study

		2.3 Glomerular counts

		2.4 Cell culture and apoptosis assessment

		2.5 Real-time PCR

		2.6 Western blot

		2.7 Histology experiment

		2.7 Statistical analysis





		3 Results		3.1 Endorepellin is downregulated in the intrauterine growth-retardation rodent model

		3.2 Endorepellin-rescue nephron number ex vivo and in vivo

		3.3 Endorepellin reduces apoptosis ex vivo and enhances the phosphorylation level of ERK1/2

		3.4 Endorepellin protects from apoptosis in metanephric mesenchymal cells via the ERK1/2 pathway





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-929556-g001.gif





OPS/images/fcell-10-929556-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





