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Abstract

:

One of the manifestations of renal aging is podocyte dysfunction and loss, which are associated with proteinuria and glomerulosclerosis. Studies show a male bias in glomerular dysfunction and chronic kidney diseases, and the underlying mechanisms remain obscure. Recent studies demonstrate the role of an age-associated increase in arginase-II (Arg-II) in proximal tubules of both male and female mice. However, it is unclear whether Arg-II is also involved in aging glomeruli. The current study investigates the role of the sex-specific elevation of Arg-II in podocytes in age-associated increased albuminuria. Young (3–4 months) and old (20–22 months) male and female mice of wt and arginase-II knockout (arg-ii−/−) were used. Albuminuria was employed as a readout of glomerular function. Cellular localization and expression of Arg-II in glomeruli were analyzed using an immunofluorescence confocal microscope. A more pronounced age-associated increase in albuminuria was found in male than in female mice. An age-associated induction of Arg-II in glomeruli and podocytes (as demonstrated by co-localization of Arg-II with the podocyte marker synaptopodin) was also observed in males but not in females. Ablation of the arg-ii gene in mice significantly reduces age-associated albuminuria in males. Also, age-associated decreases in podocyte density and glomerulus hypertrophy are significantly prevented in male arg-ii−/− but not in female mice. However, age-associated glomerulosclerosis is not affected by arg-ii ablation in both sexes. These results demonstrate a role of Arg-II in sex-specific podocyte injury in aging. They may explain the sex-specific differences in the development of renal disease in humans during aging.
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1. Introduction


Age is the predominant risk factor for renal diseases. With aging, the kidney becomes more vulnerable to acute and chronic insults such as ischemia, dehydration, nephrotoxic drugs and toxins, etc., resulting in renal damage and failure [1,2]. Aging kidney is characterized by nephrosclerosis, a combination of two or more histologic features, including any global glomerulosclerosis, tubular atrophy, interstitial fibrosis > 5%, and arteriosclerosis, podocyte injury or a decrease in podocyte number, resulting in the dysfunctional integrity of the glomerular filtration barrier [3]. Approximately 73% of healthy kidney donors over 70 show nephrosclerosis [4]. In accordance with this, renal functions decline with age, which is manifested as a decline in glomerular filtration rate (GFR), proteinuria, and decreased tubular function such as reduced sodium reabsorption, potassium excretion, and urine-concentrating capacity [3]. Clinical studies show a male bias for glomerular dysfunction and a faster progression of chronic kidney diseases in men than in women with aging [5,6], hinting at differences in glomerular aging mechanisms. Exploring the molecular mechanisms of renal aging could shed light on novel therapeutic targets for age-associated renal diseases.



Arginase II (Arg-II), the extrahepatic and mitochondrial isoform of ureohydrolase that metabolizes L-arginine to urea and L-ornithine [7,8], is highly expressed in the kidney and pancreas [9]. In the kidney, Arg-II is predominantly expressed in S3 proximal tubular epithelial cells [10], but it has also been detected in other renal cells, including collecting duct principal cells [11] and glomerular cells, such as podocytes [12] and glomerular endothelial cells [13]. While the physiological role of Arg-II in the kidney remains largely unknown, an elevated level of Arg-II in the kidney has been shown to contribute to various renal pathologies, including aging [13,14,15,16,17].



Elevated Arg-II has been shown to impact the aging process of many organs, including the kidney [16], vasculature [18], heart [19], pancreas [20], and lung [21]. Particularly in the kidneys, the age-related elevation of Arg-II in the proximal renal tubules plays a major role in aging processes in a natural mouse aging model [16]. In addition, aging phenotypes of many organs (including kidneys) are different between males and females, which has been associated with the sex-specific expression of Arg-II levels in cells/organs [16,20,21]. Moreover, it was recently shown that Arg-II in podocytes mediates hypoxia-induced podocyte injury [12]. Interestingly, in line with human studies [5,6] which show a male bias for glomerular dysfunction and the faster progression of chronic kidney diseases with aging, more pronounced podocyte dysfunction in male horses and cotton rats has been reported [22,23]. However, it remains unknown as to the mechanisms underlying this sex difference. Given the essential role of podocytes in glomerular filtration barrier integrity [24], and considering that Arg-II may potentially be upregulated in injured podocytes [23], this work aimed to investigate whether Arg-II is elevated with aging in podocytes, contributing to the age-associated increase in albuminuria in a natural aging mouse model.




2. Results


2.1. arg-ii Ablation Decreases Age-Associated Albuminuria in Male but Not Female Mice


Urinary albumin but not creatinine and, therefore, the albumin/creatinine (uACR) ratio were significantly enhanced in both male and female wt old (20–22 months) mice when compared to the respective young groups (3–5 months; Figure 1).



The age-related increases in urinary albumin and uACR were overall more pronounced in the males when compared to the females (Figure 1B,C vs. Figure 1E,F). arg-ii ablation significantly reduced the age-associated increase in albuminuria in male mice (Figure 1B,C). In contrast, the age-associated increase in albuminuria in age-matched female animals was not affected by arg-ii gene deficiency (Figure 1E,F). Of note, plasma creatinine concentrations were comparable among young and old mice of both sexes in wt and arg-ii−/− animals (Figure 2).




2.2. arg-ii Ablation Protects Male Mice from Age-Associated Decreases in Podocytes


The number of podocytes, i.e., Wilms tumor protein 1-positive (WT1+) cells, in the glomeruli was decreased in wt old male mice as compared to the young male animals (Figure 3A,B). arg-ii−/− ablation did not affect the podocyte number in the young mice but significantly prevented the decrease in podocyte number in the aged mice of the male group (Figure 3A,B). Moreover, the age-associated glomerular hypertrophy as measured by glomerular area was significantly reduced in arg-ii−/− male mice (Figure 3C). In contrast, the age-associated decrease in podocyte number and the age-associated glomerular hypertrophy were not affected by arg-ii−/− in female mice (Figure 3D–F). This observation suggests that arg-ii may, at least partially, mediate age-related podocyte loss in males but not females.




2.3. arg-ii Ablation Has No Effects on Age-Associated Glomerulosclerosis in Both Sexes


Periodic acid–Schiff (PAS) staining demonstrated an age-associated increase in glomerulosclerosis at different levels of severity as analyzed by scores of 1 to 4. As reported in Figure 4, a score between 0 and 1 was assigned to the glomeruli of young groups (>70%). In old groups of both sexes, there were increases in the prevalence of scores above 2. However, this was not influenced by arg-ii ablation, suggesting that arg-ii did not affect age-related glomerulosclerosis in males or females.




2.4. Age-Dependent Increase in Arg-II Level in Podocytes in Male but Not in Female Mice


Kidney sections of both male and female mice (young and old groups) were immunostained using a specific anti-Arg-II antibody to investigate Arg-II protein levels in glomeruli. Figure 5A shows that Arg-II is not present in the glomeruli of young mice (neither male nor females) and that old wt male glomeruli display an age-mediated upregulation of this enzyme (green color; Figure 5A,B). Furthermore, co-immunostaining of Arg-II and the podocyte marker synaptopodin (SNPT) reveals that Arg-II protein partially co-localizes in the podocytes of old wt kidneys, as demonstrated by the physical overlapping of Arg-II (green) and SNPT (red) fluorescent signals (see the enlarged image in Figure 5C). Together, these results suggest that Arg-II is induced by aging in podocytes, as well as in other glomerular cells in male but not female mice.





3. Discussion


The current study demonstrates a sex-specific elevation of Arg-II in podocytes during aging, contributing to the decline in podocyte density and glomerular dysfunction as reflected by albuminuria in male mouse.



The kidney comprises discrete cell types, including tubular epithelial cells, glomerular endothelial cells, smooth muscle cells, podocytes, pericytes, mesangial cells, and macula densa cells [24]. In the kidney, Arg-II is predominantly expressed in S3 proximal tubular epithelial cells [10], but is inducible in other renal cell types, including collecting duct principal cells [11] and glomerular cells, such as podocytes [12] and glomerular endothelial cells [13]. Studies indicate that Arg-II in different renal cell types may play specific roles in renal physiology and/or pathophysiology. A previous study showed that Arg-II in collecting duct principal cells under water deprivation negatively regulates renal aquaporin-2 and water reabsorption [11]. Pathologically, the ablation of arg-ii in the whole body protects mice from renal ischemic/reperfusion injury [25]. It has also been reported that conditional ablation of Arg-II in endothelial cells reduces renal fibrosis in a unilateral ureteral obstruction mouse model [13]. In podocytes, Arg-II is not detectable under physiological conditions, but its expression is induced by hypoxia and plays an important role in type 2 diabetic nephropathy [12,26] and hypoxia-induced podocyte injury through mitochondrial dysfunction [12]. However, the role of Arg-II in aging-associated podocyte injury and proteinuria was not explored. Here, this study shows that Arg-II levels in a naturally aging mouse are elevated in podocytes along with decreased podocyte density, glomerular hypertrophy, and increased albuminuria in old male mice, which is significantly prohibited in age-matched old arg-ii−/− animals. In contrast with male mice, this aging phenotype is not affected by arg-ii−/− in females, suggesting a critical role of Arg-II in age-associated podocyte dysfunction, leading to enhanced proteinuria in male but not female animals. In support of this conclusion, Arg-II is induced and elevated in glomerular cells, including podocytes, in males but not in females. While the age-associated increase in total Arg-II level in the kidney was observed in both males and females [16], the age-associated elevation of Arg-II in podocytes occurs only in male mice. In accordance with this, the protective effects of arg-ii−/− on the age-related decrease in podocyte density, glomerular hypertrophy, and increase in proteinuria are observed in male mice but not in female mice. These results suggest a role of Arg-II in age-associated podocyte dysfunction predominantly in males.



It is widely recognized that focal segmental glomerulosclerosis (FSGS), a type of kidney disease characterized by scarring of the glomeruli and a leading cause of excess protein loss, is associated with glomerular podocyte damage [27]. However, a protective effect of Arg-II-ablation on age-associated glomerulosclerosis was not observed in both sexes in the current study. One possible explanation is that age-associated glomerulosclerosis involves multiple (including Arg-II-independent) mechanisms.



Sex-specific effects of genes have been documented, particularly regarding lifespan. It is widely recognized that human females live an average of 4–10 years longer than males [28]. Moreover, the sex-specific effects of genetic interventions on longevity have been reported very often in mice. For example, the genetic ablation of IGF1R [29], IRS1 [30], S6K1 [31], or Arg-II [19] enhances longevity only or prominently in female mice. In contrast, the effect of the genetic intervention of Rictor [32] or Sirt6 [33] on longevity is only observed in male mice. Specifically, several observations indicate a sex bias of Arg-II expression levels under physiological and/or pathological conditions and its detrimental effects in various tissues. Higher Arg-II levels have been observed in the kidney [16], heart [19], skin [19], pancreas [20], and lung [21] of females when compared to male mice. In contrast, the current study demonstrated that an age-associated increase in Arg-II in podocytes is only detected in male mice. The observed pathological phenotypes are associated with Arg-II levels in various organs, linking elevated Arg-II to related pathologies [16,19,20,21]. A possible explanation for this sex-specific phenomenon may lie in differential hormonal patterns between male and female animals. Indeed, podocytes are known to be target cells for testosterone and 17β-estradiol, with the former inducing apoptosis and the latter preventing damage [34]. In fact, sex hormones, including estrogen and testosterone, have been shown to regulate arg-ii expression in various tissues. However, estrogen seems to downregulate Arg-II expression [35]. At the same time, testosterone was reported to upregulate its expression [36], suggesting that higher Arg-II levels in various organs of female mice are unlikely to be attributable to sex hormones. However, it remains possible that sex hormones are responsible for the induction of Arg-II in male but not in female podocytes with aging. An alternative mechanism could be the more pronounced vascular rarefaction with aging in male as compared to female kidneys, which leads to more pronounced hypoxia, a known factor that is able to induce Arg-II strongly in podocytes [12]. Further research is needed to fully understand the mechanisms of sex-specific differences in Arg-II expression and its downstream effects in different tissues and cells.



Despite some conflicting results, epidemiology studies show a marked preponderance of glomerular diseases in males [6], the faster progression of chronic kidney diseases, and higher levels of proteinuria in men compared to women in older patients [5,37]. Sex-related differences in podocyte physiology and/or pathophysiology have also been described in species other than mice. In line with the findings in our current mouse model, studies in horses and cotton rats also show increased podocyte-related kidney dysfunction in males when compared to females [22,23]. Whether the reported differences in male and female animals are also related to differential Arg-II levels in podocytes remains to be elucidated.



In conclusion, this study demonstrates the role of Arg-II in sex-specific podocyte injury in aging. The results suggest that the elevation of Arg-II level in podocytes is, at least partially, responsible for age-related podocyte dysfunction and albuminuria in males. Thus, Arg-II upregulation in podocytes may provide a mechanism/explanation for the sex-related differences in chronic renal disease progression and outcomes during aging in humans.



Limitations and Future Perspectives


Our current study has several limitations, and several questions remain to be answered in the future. First, two specific podocyte markers are selected to investigate podocytes via immunofluorescence staining, WT1 for cell counting and SNPT for co-localization studies with Arg-II. More markers, especially non-invasive methods investigating podocyte injury such as urinary podocin concentration, could be implemented and are of great diagnostic importance. Second, as discussed above, the mechanisms of the sex-specific regulation of Arg-II in different cell types of the kidneys, i.e., lower Arg-II levels in proximal tubular cells but higher expression levels in podocytes in aged males than females, remain to be investigated. It also remains to be investigated whether Arg-II could be upregulated in more advanced aged female mouse podocytes and whether arg-ii ablation could reduce albuminuria in these mice. Third, since Arg-II is not only upregulated in podocytes but also in other glomerulus cells in aging, the identification of these cell types that express Arg-II in aging and the analysis of these cell functions in relation to albuminuria is important. For this purpose, cell-specific animal models, including podocyte-, mesangial cell- and endothelial cell-specific arg-ii−/− mice, shall be generated and used to decipher the cell-specific contribution of Arg-II in renal aging. Fourth, it would be interesting to investigate the role of podocyte-specific Arg-II in various renal disease models or podocytopathy models. Finally, it is important to translate the findings in animal models to human patients, since the relationship between podocyte injuries and renal functions exhibit species difference [23].





4. Materials and Methods


4.1. arg-ii−/− Mouse and Sample Preparation


Wild type (wt) and arg-ii knockout (arg-ii−/−) mice were kindly provided by Dr. William O’Brien (Shi et al., 2001 [38]) and backcrossed to C57BL/6 J for more than 10 generations. Genotypes of mice were confirmed via polymerase chain reaction (PCR) as previously described. The offspring of wt and arg-ii−/− mice were generated via interbreeding from hetero/hetero cross. Mice were housed at 23 °C with a 12 h light–dark cycle. Animals were fed a normal chow diet and had free access to water and food. The animals were selected and included in the study according to age, sex, and genotype. Only healthy animals, based on the scoring of activity, posture, general appearance (coat, skin), locomotion, eyes/nose, and body weight loss, were used. In this study, confounders such as the animal/cage location were controlled. All experimenters were aware of the group allocation at the different stages of the experiments. Male and female mice at the age of 3–5 months (young) or 20–22 months (old) were euthanized under deep anesthesia (i.p. injection of a mixture of ketamine/xylazine at 50 mg/kg and 5 mg/kg, respectively), and death was confirmed by absence of all the reflexes and by exsanguination. Upon animal euthanization, kidneys were fixed with 4% paraformaldehyde (pH 7.0) and then embedded in paraffin for histology and immunofluorescence staining experiments. Experimental work with animals was approved by the Ethical Committee of the Veterinary Office of Fribourg, Switzerland (2020-01-FR), and performed in compliance with the guidelines on animal experimentation at our institution and in accordance with the updated ARRIVE guidelines [39].




4.2. Quantification of Podocytes


The number of podocytes was quantified as previously reported [40]. The number of podocytes was investigated in the kidneys of both male and female (young and old) wt and arg-ii−/− mice (n = 10 per each experimental group). For each sex, a number of old wt and arg-ii−/− mouse podocytes were compared, and respective young groups were used as the control. Podocyte nuclei were identified based on positive Wilms tumor protein 1 (WT1) expression. Immunofluorescence staining of WT1 was performed in combination with synaptopodin (SNPT), which was used to define the glomeruli border and calculate the podocyte area. Three fields of view per kidney were imaged, and podocyte nuclei were counted in 10 to 15 of the glomeruli encountered. The data are expressed as the number of podocytes per square micrometer (podocytes/μm2).




4.3. Immunofluorescence Staining


Immunofluorescence staining was performed as previously described [41]. Briefly, the kidneys of both male and female wt and arg-ii−/− mice (n = 10 mice per group) were isolated, fixed with 4% paraformaldehyde (pH 7.0), and eventually embedded in paraffin. After deparaffinization in xylene (2 times, 10 minutes each), the sections were treated in ethanol (twice in 100% ethanol for 3 min, and twice in 95% ethanol, once in 80% ethanol for 1 min, sequentially) followed by antigen retrieval (EDTA buffer, pH 8.0) in a pressure cooker (~95–100 °C). Primary antibodies of different species were used for co-immunofluorescence staining of Arg-II/SNPT and WT1/SNPT. Transverse sections (5 μm) were blocked with mouse Ig blocking reagent (M.O.M, Vector laboratories; Newark, CA, USA) for 2 h and then with PBS containing 1% BSA and 10% goat serum for 1 h. The sections were then incubated overnight at 4 °C in a dark/humidified chamber with primary antibodies and subsequently incubated for 2 h with the following secondary antibodies: Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) and Alexa Fluor 568-conjugated goat anti-mouse IgG (H+L). All of the sections were finally counterstained with 300 nmol/L DAPI for 5 min. Immunofluorescence signals were visualized under a Leica TCS SP5 confocal laser microscope (Leica AG; Wetzlar, Germany). The antibodies are shown in Table 1.




4.4. Urine Collection, Measurement of Urine Albumin and Creatinine


The urine collection was performed to evaluate the concentration of albumin and creatinine. The albumin/creatinine ratio was used as a readout of kidney damage. The urine samples of young and old wt and arg-ii−/− mice of both sexes were collected on a hydrophobic sand (LabSand®, Coastline Global, Palo Alto, CA, USA) according to the manufacturer’s instructions [42]. Animals were deprived food, with access to water for the duration of the urine collection (12 h). Each mouse was placed alone in solid-bottom cages containing the LabSand. Urine drops were collected each hour with a pipette and transferred to a polypropylene tube with a cap.



Urine creatinine was measured via colorimetric assays using a creatinine urinary detection kit (EIACUN, Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA). Briefly, urine was diluted 1 to 25 with distilled water and then incubated with creatinine reagent for the indicated time (30 min). Absorbance was read at 490 nm. Albuminuria was measured via ELISA using a mouse Albuwell kit (1011, Exocell Inc., Philadelphia, PA, USA), according to the manufacturer’s instructions [43]. Briefly, urine samples were diluted 1 to 25 with NHEBSA and incubated with anti-mouse Albumin Ab-HRP conjugate for 30 min. Subsequently, Color Developer was added to each well and incubated for 10 min. The reaction was stopped by adding Color Stopper. Absorbance was read at 450 nm. Albumin was normalized by creatinine, and albuminuria was quantified by means of the albumin/creatinine ratio (uACR, μg/mg).




4.5. Blood Collection and Measurement of Serum Creatinine


The blood collection was performed to evaluate serum creatinine concentration as complementary data to assess age-related glomerular dysfunction. The blood was collected from the jugular vein of young and old wt and arg-ii−/− mice of both sexes (n = 5 per each experimental group) as previously described [44]. Briefly, animals were anesthetized with 5% isoflurane in oxygen and maintained at 1.5% isoflurane during the procedure. Blood was taken from the jugular vein with a 30 G insulin syringe (B. Braun; Melsungen, Germany). After collection, blood was transferred to a tube with a gel clot activator (Microvette 500 Z-Gel; SARSTED AG; Nümbrecht, Germany) for clotting for 15 min. After 15 min, blood was centrifuged for 5 min at 10,000× g to separate the serum. The serum was stored at −80 °C until use. Serum creatinine was measured by colorimetric assay using a mouse Creatinine detection kit (#80350, Crystal Chem, Elk Grove Village, IL, USA). All measurements were performed in duplicate.




4.6. Quantification of Glomerulosclerosis


Periodic acid-Schiff (PAS) staining was performed to evaluate age-related glomerulosclerosis in wt and arg-ii−/− mice. The analysis was conducted on male and female mice (n = 9 per each group), and young animals were used as the control [45]. Kidney tissue samples were evaluated using light microscopy upon periodic acid–Schiff (PAS) staining (ab150680, Abcam; Cambridge, UK). PAS-positive tissue was stained magenta, and nuclei were counterstained with hematoxylin. A score of severity from 0 (no sclerosis) to 4 (maximal sclerotic atrophy) was assigned to each glomerulus. Briefly, a score of 0 reflected an unaffected glomerulus, a score of 1 indicated sclerosis involving < 25% of the glomerular tuft; a score of 2 indicated a sclerosis of 25–50%; a score of 3 represented a sclerosis of 50–75%; and a score of 4 indicated global sclerosis > 75% or the complete collapse of the glomerular tuft. Approximately n = 100 glomeruli per kidney were analyzed to determine the glomerulosclerosis score. For each score (0 to 4), the percentage of glomeruli with sclerotic atrophy compared with the total glomerular number was reported.




4.7. Statistical Analysis


Statistical analysis was performed using GraphPad Prism 9.5.0 (La Jolla, CA, USA). Data were presented as mean ± S.D. Data distribution was determined by the Kolmogorov–Smirnov test, and statistical analysis for normally distributed values was performed with analysis of variance (ANOVA) with Fisher’s LDS test. For non-normally distributed values, the Kruskal–Wallis test was used. Differences in mean values were considered significant at a two-tailed, and the following was used to define significant differences: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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	PCR
	 polymerase chain reaction



	SNPT
	 synaptopodin



	WT1
	 Wilms tumor protein 1



	uACR
	 Urinary albumin/creatinine ratio







References


	



Marquez-Exposito, L.; Tejedor-Santamaria, L.; Santos-Sanchez, L.; Valentijn, F.A.; Cantero-Navarro, E.; Rayego-Mateos, S.; Rodrigues-Diez, R.R.; Tejera-Munoz, A.; Marchant, V.; Sanz, A.B.; et al. Acute Kidney Injury is Aggravated in Aged Mice by the Exacerbation of Proinflammatory Processes. Front. Pharmacol. 2021, 12, 662020. [Google Scholar] [CrossRef]

	



Chou, Y.H.; Lai, T.S.; Lin, Y.C.; Chiang, W.C.; Chu, T.S.; Lin, S.L.; Chen, Y.M. Age-Dependent Effects of Acute Kidney Injury on End-Stage Kidney Disease and Mortality in Patients with Moderate to Severe Chronic Kidney Disease. Nephron 2023, 147, 329–336. [Google Scholar] [CrossRef]

	



O’Sullivan, E.D.; Hughes, J.; Ferenbach, D.A. Renal Aging: Causes and Consequences. J. Am. Soc. Nephrol. JASN 2017, 28, 407–420. [Google Scholar] [CrossRef]

	



Rule, A.D.; Amer, H.; Cornell, L.D.; Taler, S.J.; Cosio, F.G.; Kremers, W.K.; Textor, S.C.; Stegall, M.D. The association between age and nephrosclerosis on renal biopsy among healthy adults. Ann. Intern. Med. 2010, 152, 561–567. [Google Scholar] [CrossRef]

	



Minutolo, R.; Gabbai, F.B.; Chiodini, P.; Provenzano, M.; Borrelli, S.; Garofalo, C.; Bellizzi, V.; Russo, D.; Conte, G.; De Nicola, L.; et al. Sex Differences in the Progression of CKD Among Older Patients: Pooled Analysis of 4 Cohort Studies. Am. J. Kidney Dis. 2020, 75, 30–38. [Google Scholar] [CrossRef]

	



Beckwith, H.; Lightstone, L.; McAdoo, S. Sex and Gender in Glomerular Disease. Semin. Nephrol. 2022, 42, 185–196. [Google Scholar] [CrossRef]

	



Gotoh, T.; Sonoki, T.; Nagasaki, A.; Terada, K.; Takiguchi, M.; Mori, M. Molecular cloning of cDNA for nonhepatic mitochondrial arginase (arginase II) and comparison of its induction with nitric oxide synthase in a murine macrophage-like cell line. FEBS Lett. 1996, 395, 119–122. [Google Scholar] [CrossRef] [PubMed]

	



Vockley, J.G.; Jenkinson, C.P.; Shukla, H.; Kern, R.M.; Grody, W.W.; Cederbaum, S.D. Cloning and characterization of the human type II arginase gene. Genomics 1996, 38, 118–123. [Google Scholar] [CrossRef] [PubMed]

	



Choi, S.; Park, C.; Ahn, M.; Lee, J.H.; Shin, T. Immunohistochemical study of arginase 1 and 2 in various tissues of rats. Acta Histochem. 2012, 114, 487–494. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Rajapakse, A.; Xiong, Y.; Montani, J.-P.; Verrey, F.; Ming, X.-F.; Yang, Z. Genetic Targeting of Arginase-II in Mouse Prevents Renal Oxidative Stress and Inflammation in Diet-Induced Obesity. Front. Physiol. 2016, 7, 560. [Google Scholar] [CrossRef]

	



Huang, J.; Montani, J.P.; Verrey, F.; Feraille, E.; Ming, X.F.; Yang, Z. Arginase-II negatively regulates renal aquaporin-2 and water reabsorption. FASEB J. 2018, 32, 5520–5531. [Google Scholar] [CrossRef] [PubMed]

	



Ren, Z.; Potenza, D.M.; Ma, Y.; Ajalbert, G.; Hoogewijs, D.; Ming, X.F.; Yang, Z. Role of Arginase-II in Podocyte Injury under Hypoxic Conditions. Biomolecules 2022, 12, 1213. [Google Scholar] [CrossRef] [PubMed]

	



Wetzel, M.D.; Stanley, K.; Wang, W.W.; Maity, S.; Madesh, M.; Reeves, W.B.; Awad, A.S. Selective inhibition of arginase-2 in endothelial cells but not proximal tubules reduces renal fibrosis. JCI Insight 2020, 5, e142187. [Google Scholar] [CrossRef] [PubMed]

	



Hara, M.; Torisu, K.; Tomita, K.; Kawai, Y.; Tsuruya, K.; Nakano, T.; Kitazono, T. Arginase 2 is a mediator of ischemia-reperfusion injury in the kidney through regulation of nitrosative stress. Kidney Int. 2020, 98, 673–685. [Google Scholar] [CrossRef]

	



Liang, X.; Potenza, D.M.; Brenna, A.; Ma, Y.; Ren, Z.; Cheng, X.; Ming, X.F.; Yang, Z. Hypoxia Induces Renal Epithelial Injury and Activates Fibrotic Signaling Through Up-Regulation of Arginase-II. Front. Physiol. 2021, 12, 773719. [Google Scholar] [CrossRef]

	



Huang, J.; Liang, X.; Ladeiras, D.; Fellay, B.; Ming, X.F.; Yang, Z. Role of tubular epithelial arginase-II in renal inflammaging. NPJ Aging Mech. Dis. 2021, 7, 5. [Google Scholar] [CrossRef]

	



Morris, S.M., Jr.; Gao, T.; Cooper, T.K.; Kepka-Lenhart, D.; Awad, A.S. Arginase-2 mediates diabetic renal injury. Diabetes 2011, 60, 3015–3022. [Google Scholar] [CrossRef]

	



Yepuri, G.; Velagapudi, S.; Xiong, Y.Y.; Rajapakse, A.G.; Montani, J.P.; Ming, X.F.; Yang, Z. Positive crosstalk between arginase-II and S6K1 in vascular endothelial inflammation and aging. Aging Cell 2012, 11, 1005–1016. [Google Scholar] [CrossRef]

	



Xiong, Y.; Yepuri, G.; Montani, J.P.; Ming, X.F.; Yang, Z. Arginase-II Deficiency Extends Lifespan in Mice. Front. Physiol. 2017, 8, 682. [Google Scholar] [CrossRef]

	



Xiong, Y.; Yepuri, G.; Necetin, S.; Montani, J.P.; Ming, X.F.; Yang, Z. Arginase-II Promotes Tumor Necrosis Factor-alpha Release From Pancreatic Acinar Cells Causing beta-Cell Apoptosis in Aging. Diabetes 2017, 66, 1636–1649. [Google Scholar] [CrossRef]

	



Zhu, C.; Potenza, D.M.; Yang, Y.; Ajalbert, G.; Mertz, K.D.; von Gunten, S.; Ming, X.F.; Yang, Z. Role of pulmonary epithelial arginase-II in activation of fibroblasts and lung inflammaging. Aging Cell 2023, 22, e13790. [Google Scholar] [CrossRef] [PubMed]

	



Siwinska, N.; Paslawska, U.; Bachor, R.; Szczepankiewicz, B.; Zak, A.; Grocholska, P.; Szewczuk, Z. Evaluation of podocin in urine in horses using qualitative and quantitative methods. PLoS ONE 2020, 15, e0240586. [Google Scholar] [CrossRef] [PubMed]

	



Ichii, O.; Nakamura, T.; Irie, T.; Otani, Y.; Hosotani, M.; Masum, M.A.; Islam, R.M.; Horino, T.; Sunden, Y.; Elewa, Y.H.A.; et al. Age-related glomerular lesions with albuminuria in male cotton rats. Histochem. Cell Biol. 2020, 153, 27–36. [Google Scholar] [CrossRef] [PubMed]

	



Balzer, M.S.; Rohacs, T.; Susztak, K. How Many Cell Types Are in the Kidney and What Do They Do? Annu. Rev. Physiol. 2022, 84, 507–531. [Google Scholar] [CrossRef]

	



Raup-Konsavage, W.M.; Gao, T.; Cooper, T.K.; Morris, S.M., Jr.; Reeves, W.B.; Awad, A.S. Arginase-2 mediates renal ischemia-reperfusion injury. Am. J. Physiol. Renal. Physiol. 2017, 313, F522–F534. [Google Scholar] [CrossRef]

	



Li, L.; Long, J.; Mise, K.; Galvan, D.L.; Overbeek, P.A.; Tan, L.; Kumar, S.V.; Chan, W.K.; Lorenzi, P.L.; Chang, B.H.; et al. PGC1alpha is required for the renoprotective effect of lncRNA Tug1 in vivo and links Tug1 with urea cycle metabolites. Cell Rep. 2021, 36, 109510. [Google Scholar] [CrossRef]

	



Moeller, M.J.; Kramann, R.; Lammers, T.; Hoppe, B.; Latz, E.; Ludwig-Portugall, I.; Boor, P.; Floege, J.; Kurts, C.; Weiskirchen, R.; et al. New Aspects of Kidney Fibrosis-From Mechanisms of Injury to Modulation of Disease. Front. Med. 2021, 8, 814497. [Google Scholar] [CrossRef]

	



Austad, S.N.; Bartke, A. Sex Differences in Longevity and in Responses to Anti-Aging Interventions: A Mini-Review. Gerontology 2015, 62, 40–46. [Google Scholar] [CrossRef]

	



Holzenberger, M.; Dupont, J.; Ducos, B.; Leneuve, P.; Geloen, A.; Even, P.C.; Cervera, P.; Le, B.Y. IGF-1 receptor regulates lifespan and resistance to oxidative stress in mice. Nature 2003, 421, 182–187. [Google Scholar] [CrossRef]

	



Selman, C.; Lingard, S.; Choudhury, A.I.; Batterham, R.L.; Claret, M.; Clements, M.; Ramadani, F.; Okkenhaug, K.; Schuster, E.; Blanc, E.; et al. Evidence for lifespan extension and delayed age-related biomarkers in insulin receptor substrate 1 null mice. FASEB J. 2008, 22, 807–818. [Google Scholar] [CrossRef]

	



Selman, C.; Tullet, J.M.; Wieser, D.; Irvine, E.; Lingard, S.J.; Choudhury, A.I.; Claret, M.; Al-Qassab, H.; Carmignac, D.; Ramadani, F.; et al. Ribosomal protein S6 kinase 1 signaling regulates mammalian life span. Science 2009, 326, 140–144, Erratum in Science 2011, 334, 39. [Google Scholar] [CrossRef]

	



Lamming, D.W.; Mihaylova, M.M.; Katajisto, P.; Baar, E.L.; Yilmaz, O.H.; Hutchins, A.; Gultekin, Y.; Gaither, R.; Sabatini, D.M. Depletion of Rictor, an essential protein component of mTORC2, decreases male lifespan. Aging Cell 2014, 13, 911–917. [Google Scholar] [CrossRef]

	



Kanfi, Y.; Naiman, S.; Amir, G.; Peshti, V.; Zinman, G.; Nahum, L.; Bar-Joseph, Z.; Cohen, H.Y. The sirtuin SIRT6 regulates lifespan in male mice. Nature 2012, 483, 218–221. [Google Scholar] [CrossRef] [PubMed]

	



Doublier, S.; Lupia, E.; Catanuto, P.; Periera-Simon, S.; Xia, X.; Korach, K.; Berho, M.; Elliot, S.J.; Karl, M. Testosterone and 17beta-estradiol have opposite effects on podocyte apoptosis that precedes glomerulosclerosis in female estrogen receptor knockout mice. Kidney Int. 2011, 79, 404–413. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, T.; Esaki, T.; Sumi, D.; Mukherjee, T.; Iguchi, A.; Chaudhuri, G. Modulating role of estradiol on arginase II expression in hyperlipidemic rabbits as an atheroprotective mechanism. Proc. Natl. Acad. Sci. USA 2006, 103, 10485–10490. [Google Scholar] [CrossRef]

	



Levillain, O.; Diaz, J.J.; Blanchard, O.; Dechaud, H. Testosterone down-regulates ornithine aminotransferase gene and up-regulates arginase II and ornithine decarboxylase genes for polyamines synthesis in the murine kidney. Endocrinology 2005, 146, 950–959. [Google Scholar] [CrossRef] [PubMed]

	



Ricardo, A.C.; Yang, W.; Sha, D.; Appel, L.J.; Chen, J.; Krousel-Wood, M.; Manoharan, A.; Steigerwalt, S.; Wright, J.; Rahman, M.; et al. Sex-Related Disparities in CKD Progression. J. Am. Soc. Nephrol. JASN 2019, 30, 137–146. [Google Scholar] [CrossRef]

	



Shi, O.; Morris, S.M.; Zoghbi, H.; Porter, C.W.; O’Brien, W.E. Generation of a Mouse Model for Arginase II Deficiency by Targeted Disruption of the Arginase II Gene. Mol. Cell. Biol. 2001, 21, 811–813. [Google Scholar] [CrossRef] [PubMed]

	



Percie du Sert, N.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; Emerson, M.; et al. Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 2.0. PLoS Biol. 2020, 18, e3000411. [Google Scholar] [CrossRef] [PubMed]

	



Vashistha, H.; Meggs, L. Diabetic nephropathy: Lessons from the mouse. Ochsner. J. 2013, 13, 140–146. [Google Scholar] [PubMed]

	



Ma, Y.; Potenza, D.M.; Ajalbert, G.; Brenna, A.; Zhu, C.; Ming, X.F.; Yang, Z. Paracrine Effects of Renal Proximal Tubular Epithelial Cells on Podocyte Injury under Hypoxic Conditions Are Mediated by Arginase-II and TGF-beta1. Int. J. Mol. Sci. 2023, 24, 3587. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, J.F.; Vergara, V.B.; Mog, S.R.; Kalinich, J.F. Hydrophobic Sand Is a Non-Toxic Method of Urine Collection, Appropriate for Urinary Metal Analysis in the Rat. Toxics 2017, 5, 25. [Google Scholar] [CrossRef] [PubMed]

	



Beckerman, P.; Bi-Karchin, J.; Park, A.S.; Qiu, C.; Dummer, P.D.; Soomro, I.; Boustany-Kari, C.M.; Pullen, S.S.; Miner, J.H.; Hu, C.A.; et al. Transgenic expression of human APOL1 risk variants in podocytes induces kidney disease in mice. Nat. Med. 2017, 23, 429–438. [Google Scholar] [CrossRef] [PubMed]

	



Parasuraman, S.; Raveendran, R.; Kesavan, R. Blood sample collection in small laboratory animals. J. Pharmacol. Pharmacother. 2010, 1, 87–93, Erratum in J. Pharmacol. Pharmacother. 2017, 8, 153. [Google Scholar] [CrossRef]

	



Menendez-Castro, C.; Nitz, D.; Cordasic, N.; Jordan, J.; Bauerle, T.; Fahlbusch, F.B.; Rascher, W.; Hilgers, K.F.; Hartner, A. Neonatal nephron loss during active nephrogenesis—detrimental impact with long-term renal consequences. Sci. Rep. 2018, 8, 4542. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 11228 g001 550] 





Figure 1. Arg-II knockout decreases albuminuria in aged male mice. Urinary creatinine (A,D) and albumin (B,E) were measured in young and old wt and arg-ii−/− mice of both sexes. Glomerular function (C,F) monitored via albuminuria is reported as the ratio of urinary albumin/creatinine (uACR). n = 11–13. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 






Figure 1. Arg-II knockout decreases albuminuria in aged male mice. Urinary creatinine (A,D) and albumin (B,E) were measured in young and old wt and arg-ii−/− mice of both sexes. Glomerular function (C,F) monitored via albuminuria is reported as the ratio of urinary albumin/creatinine (uACR). n = 11–13. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.



[image: Ijms 24 11228 g001]







[image: Ijms 24 11228 g002 550] 





Figure 2. Serum creatinine is not affected by aging and sex. Serum creatinine levels were measured to evaluate glomerular dysfunction. n = 5. 
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Figure 3. Podocyte number and density. (A,D) Representative confocal images of kidney glomeruli of all the groups showing WT1 (white) and synaptopodin (SNPT, red) co-staining. DAPI was used to stain the nuclei (blue). (B,E) Quantification of the podocyte density in glomeruli of male (B) and female mice (E). (C,F) Podocyte density was calculated as the average of all analyzed glomeruli per kidney. Scale bar: 30 µm. n = 10. * p ≤ 0.05, **** p ≤ 0.0001. 
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Figure 4. Glomerulosclerosis score. (A) Representative image for each score category obtained with PAS staining. PAS-positive tissue is stained magenta; nuclei are counterstained with hematoxylin (dark blue). Scale bar: 20 µm. (B,C) Quantification of glomerulosclerosis scores for male (B) and female mice (C). The total glomerulosclerosis score was calculated from the average score of 100 glomeruli per kidney. n = 9. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 






Figure 4. Glomerulosclerosis score. (A) Representative image for each score category obtained with PAS staining. PAS-positive tissue is stained magenta; nuclei are counterstained with hematoxylin (dark blue). Scale bar: 20 µm. (B,C) Quantification of glomerulosclerosis scores for male (B) and female mice (C). The total glomerulosclerosis score was calculated from the average score of 100 glomeruli per kidney. n = 9. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.



[image: Ijms 24 11228 g004]







[image: Ijms 24 11228 g005 550] 





Figure 5. WT old male glomeruli show Arg-II expression, while female glomeruli do not. (A) Co-immunostaining of glomeruli for Arg-II (green) and SNPT (red). Nuclei were stained with DAPI (blue). A merged image is shown. Scale bar: 20 µm. (B) Quantification of Arg-II-positive glomeruli. (C) The enlarged image of the indicated insert in (A) reveals the co-localization of Arg-II with the podocyte marker SNPT in the glomeruli of aged male mice. Arrows indicate co-localization. Scale bar: 10 µm. **** p ≤ 0.0001. 
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Table 1. Antibodies and dilutions used for confocal microscopy.
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	Antibody Target
	Dilution





	Arg-II (#55003, Cell Signaling; Danvers, MA, USA)
	IF 1:100



	Synaptopodin (sc-515842, Santa Cruz Biotechnol; Dallas, TX, USA)
	IF 1:50



	WT1 (ab89901, Abcam; Cambridge, UK)
	IF 1:100



	Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) secondary Ab (A-11008, Thermo Fisher Scientific; Waltham, MA, USA)
	IF 1:400



	Alexa Fluor 568-conjugated goat anti-mouse IgG (H+L) secondary Ab (A-11031, Thermo Fisher Scientific; Waltham, MA, USA)
	IF 1:400
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