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Abstract

:

Renin angiotensin system (RAS) is known to play a key role in several diseases such as diabetes, and renal and cardiovascular pathologies. Its blockade has been demonstrated to delay chronic kidney disease progression and cardiovascular damage in diabetic patients. In this sense, since local RAS has been described, the aim of this study is to characterize angiotensin converting enzyme (ACE) and ACE2 activities, as well as protein expression, in several tissues of the non-obese diabetic (NOD) mice model. After 21 or 40 days of diabetes onset, mouse serums and tissues were analyzed for ACE and ACE2 enzyme activities and protein expression. ACE and ACE2 enzyme activities were detected in different tissues. Their expressions vary depending on the studied tissue. Thus, whereas ACE activity was highly expressed in lungs, ACE2 activity was highly expressed in pancreas among the studied tissues. Interestingly, we also observed that diabetes up-regulates ACE mainly in serum, lung, heart, and liver, and ACE2 mainly in serum, liver, and pancreas. In conclusion, we found a marked serum and pulmonary alteration in ACE activity of diabetic mice, suggesting a common regulation. The increase of ACE2 activity within the circulation in diabetic mice may be ascribed to a compensatory mechanism of RAS.
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1. Introduction


Angiotensin converting enzyme (ACE)2 is an enzymatically active ACE homologue, which shares 42% of its amino acidic sequence identity in its catalytic domain; however, ACE and ACE2 show several differences. Whereas ACE is a dipeptidylcarboxypeptidase, presenting both N- and C-terminus catalytic domains with two zinc-binding motifs (HEXXH, where X is any amino acid); ACE2 is a monocarboxypeptidase with only one zinc-binding motif at its N-terminal domain [1,2,3]. Through this catalytic domain, ACE2 hydrolyzes AngII (angiotensin II) to generate Ang1–7, a peptide that binds to the MAS receptor (Ang1-7 receptor) and activates vasodilation, anti-fibrosis, anti-proliferation, and anti-inflammatory effects as well as counterbalances the ACE-AngII-ATR1 axis actions [4,5,6].



Renin angiotensin system (RAS) was classically described as a regulation system responsible for blood pressure regulation, electrolyte, and fluid homeostasis, exerting most of its actions through kidneys [7]. Later on, its elements were also found in extrarenal tissues, indicating the presence of a local paracrine system that coexists with the circulating RAS [8]. Thus, ACE expression was mainly found in the surface of endothelial cells of lungs, renal brush border membranes, intestines, choroid plexus, placenta [9,10,11], and, to a lesser extent, in cardiac, hepatic, pancreatic, and adrenal tissues [12]. In contrast, ACE2 protein expression was initially reported to be more tissue restricted and higher than ACE, being described preferentially in kidneys (renal tubules and glomeruli), heart, and testis [13]. Subsequently, ACE2 expression was also found widespread in many other organs such as lungs, pancreas [14,15], bladder, stomach, ileum, adipocytes, and liver [16,17].



RAS activation is known to play a key role in several diseases, namely diabetes, and renal and cardiovascular pathologies [18,19]. ACE2 and ACE enzymes have found to be altered in the kidney from different diabetic experimental models, the db/db (type 2) and streptozotozin (STZ) (type 1) diabetic mice [20,21,22]. However, ACE2 and ACE enzymes have not been extensively studied in other tissues from diabetic mice. The non-obese diabetic (NOD) mice is a strain that spontaneously develops autoimmune diabetes that mimics type 1 diabetes in humans [23,24]. We hypothesized that ACE2 and ACE enzymes are present in different tissues other than kidney and differentially expressed. In addition, the administration of insulin can alter ACE2 and ACE expression within these tissues from NOD mice. For this purpose, we studied both ACE and ACE2 activities as well as their protein expression in several tissues from NOD diabetic mice. We also analyzed the effect of diabetes on ACE2 and ACE modifications in tissues from NOD diabetic mice as compared to non-obese resistant (NOR) mice. In addition, we assessed the effect of insulin administration on ACE2 and ACE expression in the studied tissues.




2. Results


2.1. Establishing Buffer Assay and Optimal Amounts of Protein for ACE and ACE2 Activities Measurement in Several Tissues


ACE enzymatic determination technique was set up using two buffers. For this study, human recombinant ACE (hrACE) was used. Phosphate Buffer (PB) and Borate Buffer (BB) were incubated with increasing amounts of hrACE (Figure 1a). We observed that ACE activity at lower hrACE amounts was only detected by the use of BB. In addition, the hrACE activity measurement was found to be linear with BB as compared to PB. PB needed higher amounts of hrACE for its detection, suggesting a lower sensitivity when this buffer was used.



After the above-mentioned experiments, we decided to use BB for our ACE activity assays. The next step was to test the optimal amounts of tissue protein for ACE activity measurements (Figure 1b,c). Increasing amounts of protein for each tissue of both control (CONT, dashed lines) and diabetic (DB, continuous lines) mice were used. Pulmonary tissue presented a linear enzymatic activity in both CONT and DB mice due to its high enzymatic activity (Figure 2b). In contrast, no linearity in increasing amounts of heart (triangle), pancreas (circle), and liver (cross) samples due to the low ACE activity detection was observed (Figure 1c). Furthermore, it is worth noting that ACE activity in DB was higher as compared to CONT, and lung presented the highest levels of ACE activity.



ACE2 enzymatic activity was already previously established and validated in our laboratory by using a specific ACE2 quenched fluorogenic substrate [25,26,27]. The optimal amount of each studied tissue was determined by reactions with increasing amounts of protein in pulmonary, cardiac, hepatic, and pancreatic tissues of both CONT and DB samples (Figure 2). Higher ACE2 activity was observed in lung, heart, liver, and pancreas from CONT mice, with increased amounts of protein. Interestingly, increased levels of enzymatic activities were found in tissue samples from DB mice as compared to controls. Among all studied tissues, pancreas presented higher levels of ACE2 activity followed by heart, lung, and liver.




2.2. ACE Activity in Serum, Lung, Heart, Liver, and Pancreas from Diabetic, Insulin-Treated, and Control Mice


In serum samples, ACE activity was significantly increased in DB at early and late stages of diabetes as compared to CONT mice (p = 0.04 in 21-day follow up and p = 0.0003 in 40-day follow up). Insulin administration slightly decreased circulating ACE activity in DB mice at both early and late stages (p = NS, not significant) (Figure 3a). ACE activity was significantly increased in lungs from DB mice at early and late stages of diabetes as compared to CONT mice (p = 0.045 and p = 0.026, respectively). Insulin administration did not modify ACE activity in lungs from DB as compared to CONT mice (p = NS) (Figure 3b). Regarding heart samples, no statistically significant differences were observed in ACE activity in DB as compared to their respective CONT mice (p = NS). Furthermore, no significant effect was observed in cardiac tissue after insulin treatment in DB as compared to CONT mice (p = NS) (Figure 3c). ACE activity was also tested in liver. As observed in heart, no differences in ACE activity levels between DB and CONT mice were found in liver tissue (p = NS). No changes were observed after insulin administration (p = NS) (Figure 3c). No significant differences in ACE activity levels were found in pancreas from DB and CONT mice (p = NS) (Figure 3c).




2.3. ACE2 Activity in Serum, Lung, Heart, Liver, and Pancreas from Diabetic, Insulin-Treated, and Control Mice


In serum samples, there was a significant increase of ACE2 activity in DB mice at early and late stages of diabetes as compared to CONT (p = 0.0003 and p = 0.0003, respectively) and insulin administration significantly decreased ACE2 activity in DB mice at early and late stages (p = 0.001 and p = 0.001, respectively) (Figure 4a). In lung homogenates, no changes were observed between DB and CONT mice (p = NS). Interestingly, insulin administration significantly increased ACE2 activity in DB mice at late stage as compared to DB mice (p = 0.05) (Figure 4b). At cardiac level, there was a significant increase of ACE2 activity in DB mice in both early and late stages of DB as compared to CONT mice (p = 0.011 and p = 0.029, respectively), however, insulin administration did not modify this pattern (p = NS) (Figure 4b). In liver samples, no changes were observed between the studied groups (Figure 4b). Pancreatic ACE2 activity was increased in DB mice as compared to CONT mice (p = 0.014 in 21-day follow up and p = 0.0003 in 40-day follow up of study). In addition, insulin administration did not change ACE2 activity in pancreas from DB mice (p = NS) (Figure 4b).




2.4. ACE2/ACE Activity Ratio in Serum, Lung, Heart, Liver, and Pancreas from Diabetic, Insulin-Treated, and Control Mice


After ACE and ACE2 activities were measured, ACE2/ACE activity ratios were calculated for each studied tissue to infer the status of RAS in different tissues as an ACE-ACE2 balance. In serum samples, ACE2/ACE activity ratio in DB mice at early and late stages was higher as compared to CONT (p = 0.011 and p = 0.0003, respectively). Insulin administration significantly decreased circulating ACE2/ACE activity ratio in DB mice (p = 0.001) (Figure 5a). In lung, there were no differences in ACE2/ACE activity ratio between the DB and CONT groups at early stage. Interestingly, ACE2/ACE activity ratio was significantly decreased in DB at late stage as compared to CONT mice (p = 0.001). Insulin administration significantly increased ACE2/ACE activity ratio in DB mice (p = 0.014) (Figure 5b). At cardiac level, ACE2/ACE activity ratio was significantly increased in DB mice in both early and late stages as compared to CONT mice (p = 0.0003 and p = 0.008, respectively), but insulin administration had no effect on ACE2/ACE activity in DB (Figure 5c). In pancreas, ACE2/ACE activity ratio was significantly increased in DB mice in both early and late stages as compared to CONT mice (p = 0.05 and p = 0.001, respectively), but insulin administration had no effect on ACE2/ACE activity in DB (Figure 5, panel c). In liver, there were no differences in ACE2/ACE activity ratio in DB as compared to their respective CONT (p = NS). Insulin administration did not modify ACE2/ACE activity in liver (Figure 5c).




2.5. ACE and ACE2 Protein Expression in Heart, Lung, Liver, and Pancreas from Diabetic, Insulin-Treated, and Control mice


To assess ACE protein expression, immunoblotting techniques were performed. In lungs, ACE protein expression was significantly increased in DB mice at early and late stages as compared to CONT (p = 0.008 and p = 0.012, respectively). In addition, insulin administration significantly decreased ACE protein expression in DB mice (p = 0.05 and p = 0.024, respectively) (Figure 6a). In heart, ACE protein expression was significantly increased in DB mice at late stage as compared to CONT (p = 0.03) (Figure 6b). Insulin administration did not modify ACE protein expression. In liver and pancreas, there were no differences between DB and CONT mice (Figure 6c).



In lungs, ACE2 protein expression was significantly increased in DB mice at early stage as compared to CONT mice (p = 0.008). In addition, insulin administration significantly decreased ACE2 protein expression in DB mice (p = 0.05) (Figure 6a). In heart, ACE2 protein expression was significantly increased in DB mice at early stage as compared to CONT mice (p = 0.022 and p = 0.035, respectively). Insulin administration did not modify ACE2 protein expression in DB mice (p = NS) (Figure 6b). In liver, ACE2 protein expression was significantly increased in DB mice at late stage as compared to CONT mice (p = 0.008) and insulin administration did not modify ACE2 protein expression (Figure 6c). In pancreas, there were no changes observed when ACE2 protein expression was studied (Figure 6d).




2.6. Correlation between Blood Glucose Levels and ACE2/ACE Activity Ratio among Different Tissues


Mean blood glucose levels in control animals were 160.25 ± 9.47 mg/dL at the end of the study. In diabetic animals, blood glucose levels were significantly increased to 550 ± 33.08 mg/dL in animals followed for 21 days and 555 ± 3.47 mg/dL in the animals followed for 40 days. Insulin pellets significantly reduced blood glucose levels at 110.65 ± 11 mg/dL and 97.67 ±9.48 mg/dL for 21 and 40 days of diabetes, respectively.



Blood glucose levels positively correlated with ACE2/ACE ratio in serum (r = 0.455, p = 0.003) and negatively correlated with ACE2/ACE ratio in lung (r = −0.546, p = 0.0005).





3. Discussion


Several works have been focused on the study of ACE and ACE2 enzymes within the diabetic kidney [21,28]. ACE2 has been shown to be increased in the kidney from different models of diabetic nephropathy, the STZ-diabetic model and the non-obese diabetic mice (NOD), among others [20,25]. However, in other tissues from diabetic animals, such as liver and heart, ACE and ACE2 enzymes have not been widely studied. In the present study, we demonstrated that ACE and ACE2 activities are present in different tissues. Interestingly their expression is different depending on the tissue: ACE is highly expressed in lung, whereas ACE2 is highly expressed in pancreas among the studied tissues. We also observed that diabetes up-regulated ACE and ACE2 activity and protein expression in the majority of the studied tissues.



A large number of ACE activity detection techniques have been described, such as radioassays, high-performance liquid chromatography, and colorimetric-based assays [29,30,31]. Of note that, ACE activity measurement based on fluorimetric quantification is the most widely used technique because of its sensitivity, simplicity, speed, and high reproducibility [32]. In 1971, Cushman and Cheung developed an ACE activity assay using synthetic ACE-specific substrates, including one of the substrates most commonly cited in literature, hippuryl-l-histidyl-l-leucine (HHL) [33]. As an indirect determination, this technique is based on the hydrolysis of HHL and the measurement of fluorescence through the o-phthalaldialdehyde adducts formation with HHL [34]. In this work, ACE activity was indirectly measured using HHL as the substrate for ACE, as previously described. Previous studies have shown that ACE activity from the same samples differs depending on the homogenization buffer used [32,35]. We now show that borate buffer is the most suitable to detect lower levels of ACE activity, showing better linearity, conferring less variability, and offering a more reliable assay.



Our results showed that ACE activity in lungs was higher as compared to other studied tissues. Moreover, a significant increase was observed in serum and lung from diabetic mice at early and late stages as compared to control mice. The same pattern was observed when ACE protein expression was studied. These observations are consistent with previous studies from Huang and co-authors showing increased ACE activity in plasma and mRNA levels in lung from STZ-induced diabetic C57BL/6 mice [36]. Thus, there is a coupled (serum and pulmonary) alteration in ACE activity, suggesting that pulmonary and circulating RAS may exert a common regulation.



Since RAS has a key role in cardiovascular diseases, recent studies have associated RAS with liver fibrosis, cirrhosis, and portal pressure regulation [37]. Interestingly, pancreas is found to express local RAS. The role of RAS components in diabetes have been previously studied [15,25,38]. In addition, ACE was also increased in liver from DB mice at late stage of follow-up. We found that ACE activity was decreased in heart from DB mice, but only at early stage. However, in previous studies by Colucci and co-authors, there were no differences between control and diabetic mice [12]. In all studied tissues, the insulin-treated group presented no significant differences compared to the non-treated diabetic group.



ACE2 enzyme, a novel ACE homologue, was discovered in the last decade [1,2]. For years, the detection of endogenous ACE2 activity in mouse tissues was difficult and ACE2 activity assay is a relatively recent reliable technique [39,40]. ACE2 activity was performed in serum, lung, heart, liver, pancreas, and kidney tissues by measuring the hydrolysis of Mca-APK(Dnp), a quenched-fluorescent specific ACE2-substrate.



Our findings showed that ACE2 activity levels were higher in pancreas as compared to other studied tissues. Interestingly, significant increases in serum, pancreas, and heart in ACE2 activity from NOD diabetic mice as compared to NOR mice at 21 and at 40 days after the onset of diabetes were observed. In addition, ACE2 activity was also increased in liver at 40 days of diabetes in NOD mice. With regard to protein expression, ACE2 expression levels were increased in lungs and heart at early stage of diabetes and in pancreas at late stage of diabetes. Previous studies postulated that the differences observed in ACE2 activities are related to ADAM17 sheddase activity [41]. However, no differences were found when studying ACE2 and ADAM17 activities and gene expression in pancreas islet from db/db mice as compared to the respective db/m controls [42].



It is of note that insulin administration mainly restored ACE and ACE2, and ACE2/ACE ratio activities in serum samples at longer time of follow-up. However, these results were not consistent in other tissues. These findings may be ascribed to the direct correlation observed between glucose levels and ACE2/ACE ratio. Thus, the results observed may indicate in part a protective effect of insulin on normalizing circulating RAS activities.



In conclusion, we assessed ACE and ACE2 activities in different tissues of NOD mice and demonstrated that ACE activity is highly detected in lungs, whereas ACE2 activity is highly detected in pancreas. In diabetic mice, there is a coupled (serum and pulmonary) alteration in ACE activity that suggests that pulmonary and circulating RAS may exert a common regulation. The increase of ACE2 activity within the circulation in diabetic mice may be related to a compensatory RAS mechanism.




4. Materials and Methods


4.1. Animal Models


NOD/ShiLtJ and NOR/LtJ female mice (from The Jackson Laboratory, Bar Harbor, ME, USA) were housed in cages under 12 h light/dark cycle in a specific pathogen germ free (SPF) environment. Female mice only were used because the development of diabetes is more predictable in female than in male NOD mice [43]. Mice were fed with a chow diet and were provided access to tap water ad libitum. The Ethical Committee of Animal Experimentation of the Barcelona Biomedical Research Park (CEEA-PRBB) (MSO-08-1106) and the Catalan Government (DMAH: 4097) approved this study. Mice had their blood glucose levels determined every two weeks starting at 10 weeks of age. Fasting blood samples from tail vein were obtained and used for glucose level determination with the ACCU-CHEK Compact® (Roche, St. Cugat, Spain). Female NOD mice were considered diabetic when glucose blood level higher than 250 mg/dL was first detected. NOD diabetic mice were randomly assigned to two groups, without (DB) or with insulin treatment (DB + INS). For blood glucose levels control, insulin pellets (~0.1 U/24 hr/pellet, LinBit, LinShin Canada Inc, Toronto, Canada) were subcutaneously implanted under anesthesia with ketamine and medetomidine. After surgery, atipamezol was injected to revert the effects of medetomidine. Diabetic animals were compared to the non-diabetic strain, NOR (CONT). Studied animals were weekly controlled for body weight and glucose blood levels and were followed for 21 and 40 days after diabetes diagnosis, and then final surgery was performed. The total number of animals included in each study group were the following: eight animals in each CONT group, seven animals in each DB group, and five animals were studied for 21 days with insulin pellet and six animals for 40 days with insulin treatment.




4.2. Mouse Tissue Samples


Studies were performed in serum, heart, lungs, liver, and pancreas. Animals were sacrificed under anesthesia, with pentobarbital. Blood samples were obtained by intracardiac puncture and organs were next perfused with Phosphate-buffered saline (PBS) solution by transcardiac puncture. Serum was obtained after 10 min of centrifugation at 6000× g and stored at −80 °C. Tissues were quickly removed and snap frozen in liquid nitrogen. They were then stored at −80 °C until use.




4.3. Determination of ACE Activity


ACE activity was first set up using human recombinant ACE (hrACE) and, for this reason, two different buffers were used with increasing concentrations of recombinant. One buffer contained 0.5 M potassium phosphate (PB) pH 8.3 [34] and the other was a mix of 0.4 M borate buffer (BB) pH 7.2, 0.34 M sucrose, and 0.9 M NaCl [32]. After that, increasing amounts of hrACE were incubated with 27.3 M Hip-His-Leu at 37 °C for 25 min. Reaction was stopped with 0.28 M NaOH and then 20 mg/mL of o-phtaldialdehyde in methanol were added to generate an adduct formation. The reaction was incubated at room temperature (RT) in dark conditions for 10 min and then it was stopped using 3 N HCl. Samples were clarified for 5 min at 800× g and His-Leu fluorescent adduct was measured fluorometrically at 360-nm excitation and 485-nm emission using a fluorescence plate reader Tecan Infinite 200 (TECAN Instruments, Männedorf, Switzerland). For mouse samples, BB was used following the protocol previously described. For serum, 2 μL of sample were used and for tissues, between 5 and 10 μg of total protein were analyzed depending on the tissue. Results were expressed as RFU (Relative Fluorescent Units) per μL of serum or μg of protein (RFU/μL or RFU/μg).




4.4. Determination of ACE2 Activity


ACE2 enzymatic activity assay was performed as previously published by our group [25,44,45,46] and adapted to different tissues. Briefly, 5 μL of serum or 5 μg of tissue samples that were previously homogenized were incubated using a 100 mM Tris-HCl, 600 mM NaCl, 10 μM ZnCl2, pH 7.5 buffer in the presence of protease inhibitors containing 100 μM captopril, 5 μM amastatin, 5 μM bestatin (all from Sigma-Aldrich, Madrid, Spain), and 10 μM Z-Pro-prolinal (Enzo Life Sciences, Grupo Taper, Madrid, Spain). Samples were incubated with 20 μM Mca-Ala-Pro-Lys(Dnp)-OH (Enzo Life Sciences), a specific ACE2 quenched fluorogenic substrate, at 37 °C. Enzymatic activity was determined after 4 hours of incubation in tissue, and 16 h of incubation in serum. The plates were read using a fluorescence plate reader Tecan Infinite 200 (TECAN Instruments) at an excitation wavelength of 320 nm and an emission wavelength of 400 nm. Results were expressed as RFU (Relative Fluorescent Units) per μL of sample or μg of protein and per hour (RFU/μl/h or RFU/μg/h).




4.5. Immunoblotting


Protein expression was analyzed by Western Blotting techniques using tissue homogenates. Briefly, 30 μg of protein were denatured by heat shock. Samples were loaded into 8% acrylamide/bisacrylamide gel and transferred to hydrophobic PVDF (polyvinylidenedifluoride) membranes (Amersham Hybond-P, GE Healthcare, Madrid, Spain) using Trans-Blot® Turbo™ Transfer System (Bio-Rad Laboratories, Madrid, Spain). Membranes were blocked using 5% skimmed milk in Tris-buffered saline (TBS) containing 0.1% Tween-20 for 1 h at room temperature. Membranes were then incubated using primary antibodies for ACE (F940 1:500, Bioworld, St. Louis Park, MN, USA) and ACE2 (Ab15347 1:2000, Abcam, Cambridge, UK), followed by incubation with HRP-conjugated secondary antibodies (Dako, Barcelona, Spain). To control for protein loading, all membranes were probed with mouse monoclonal anti-β-actin (A1978 1:4000, Sigma, Madrid, Spain) or mouse monoclonal anti-tubulin (T5168 1:10000, Sigma). Densitometric analyses of protein bands were performed using ImageJ software (1.47v, NIH, USA) and corrected by control protein.




4.6. Statistical Analysis


Values of each data are expressed as mean ± SEM. Comparisons between groups were assessed by Kruskal-Wallis for multiple comparisons and Mann-Whitney U-test for two group comparisons (SPSS version 18 for Windows). Statistical significance was considered when p ≤ 0.05.








Acknowledgments


We thank Marta Rebull for her technical assistance. This work has been supported by grants from Fondo de Investigacion Sanitaria-Instituto Carlos III-FEDER (ISCIII-FEDER FI13/00598); Fondo de Investigacion Sanitaria-Instituto Carlos III-FEDER (ISCIII-FEDER PI14/00557); and Red de Investigacion Renal, Fondo de Investigacion Sanitaria-Instituto Carlos III, Subprograma RETICS (RD16/0009/0013_REDinREN).




Author Contributions


Maria Jose Soler, Julio Pascual, and Marta Riera conceived and designed the experiments; Heleia Roca-Ho, Marta Riera, and Vanesa Palau performed the experiments; Heleia Roca-Ho, Marta Riera, and Maria Jose Soler contributed reagents/materials/analysis tools; Heleia Roca-Ho, Marta Riera, and Maria Jose Soler analyzed the data; Heleia Roca-Ho, Marta Riera, and Maria Jose Soler wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	RAS
	renin angiotensin system



	AngII
	angiotensin II



	ACE
	angiotensin converting enzyme



	ACE2
	angiotensin converting enzyme 2



	NOD
	non-obese diabetic



	NOR
	non-obese resistant







References


	



Donoghue, M.; Hsieh, F.; Baronas, E.; Godbout, K.; Gosselin, M.; Stagliano, N.; Donovan, M.; Woolf, B.; Robison, K.; Jeyaseelan, R.; et al. A novel angiotensin-converting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1–9. Circ. Res. 2000, 87, E1–E9. [Google Scholar] [CrossRef] [PubMed]

	



Tipnis, S.R.; Hooper, N.M.; Hyde, R.; Karran, E.; Christie, G.; Turner, A.J. A human homolog of angiotensin-converting enzyme: Cloning and functional expression as a captopril-insensitive carboxypeptidase. J. Biol. Chem. 2000, 275, 33238–33243. [Google Scholar] [CrossRef] [PubMed]

	



Guy, J.L.; Jackson, R.M.; Acharya, K.R.; Sturrock, E.D.; Hooper, N.M.; Turner, A.J. Angiotensin-converting enzyme-2 (ACE2): Comparative modeling of the active site, specificity requirements, and chloride dependence. Biochemistry 2003, 42, 13185–13192. [Google Scholar] [CrossRef] [PubMed]

	



Averill, D.B.; Ishiyama, Y.; Chappell, M.C.; Ferrario, C.M. Cardiac Angiotensin-(1–7) in Ischemic Cardiomyopathy. Circulation 2003, 108, 2141–2146. [Google Scholar] [CrossRef] [PubMed]

	



Strawn, W.B.; Gallagher, P.E.; Tallant, E.A.; Ganten, D.; Ferrario, C.M. Angiotensin II AT1-receptor blockade inhibits monocyte activation and adherence in transgenic (mRen2)27 rats. J. Cardiovasc. Pharmacol. 1999, 33, 341–351. [Google Scholar] [CrossRef] [PubMed]

	



Santos, R.A.S.; Ferreira, A.J.; Simões E Silva, A.C. Recent advances in the angiotensin-converting enzyme 2-angiotensin(1–7)-Mas axis. Exp. Physiol. 2008, 93, 519–527. [Google Scholar] [CrossRef] [PubMed]

	



Skeggs, L.T.; Kahn, J.R.; Shumway, N.P. The preparation and function of the hypertensin-converting enzyme. J. Exp. Med. 1956, 103, 295–299. [Google Scholar] [CrossRef] [PubMed]

	



Paul, M.; Poyan Mehr, A.; Kreutz, R. Physiology of local renin-angiotensin systems. Physiol. Rev. 2006, 86, 747–803. [Google Scholar] [CrossRef] [PubMed]

	



Hamming, I.; Timens, W.; Bulthuis, M.L.C.; Lely, A.T.; Navis, G.J.; van Goor, H. Tissue distribution of ACE2 protein, the functional receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 2004, 203, 631–637. [Google Scholar] [CrossRef] [PubMed]

	



Soler, M.J.; Wysocki, J.; Batlle, D. Angiotensin-converting enzyme 2 and the kidney. Exp. Physiol. 2008, 93, 549–556. [Google Scholar] [CrossRef] [PubMed]

	



Harmer, D.; Gilbert, M.; Borman, R.; Clark, K.L. Quantitative mRNA expression profiling of ACE 2, a novel homologue of angiotensin converting enzyme. FEBS Lett. 2002, 532, 107–110. [Google Scholar] [CrossRef]

	



Colucci, J.A.; Yuri Arita, D.; Sousa Cunha, T.; Seno Di Marco, G.; Vio, C.P.; Pacheco-Silva, A.; Casarini, D.E. Renin-angiotensin system may trigger kidney damage in NOD mice. J. Renin. Angiotensin. Aldosterone. Syst. 2011, 12, 15–22. [Google Scholar] [CrossRef] [PubMed]

	



Riordan, J.F. Angiotensin-I-converting enzyme and its relatives. Genome Biol. 2003, 4, 225. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Imai, Y.; Kuba, K.; Rao, S.; Huan, Y.; Guo, F.; Guan, B.; Yang, P.; Sarao, R.; Wada, T.; Leong-Poi, H.; et al. Angiotensin-converting enzyme 2 protects from severe acute lung failure. Nature 2005, 436, 112–116. [Google Scholar] [CrossRef] [PubMed]

	



Bindom, S.M.; Hans, C.P.; Xia, H.; Boulares, A.H.; Lazartigues, E. Angiotensin I-converting enzyme type 2 (ACE2) gene therapy improves glycemic control in diabetic mice. Diabetes 2010, 59, 2540–2548. [Google Scholar] [CrossRef] [PubMed]

	



Gembardt, F.; Sterner-Kock, A.; Imboden, H.; Spalteholz, M.; Reibitz, F.; Schultheiss, H.-P.; Siems, W.-E.; Walther, T. Organ-specific distribution of ACE2 mRNA and correlating peptidase activity in rodents. Peptides 2005, 26, 1270–1277. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Q.; Leung, P.S. An update on the islet renin-angiotensin system. Peptides 2011, 32, 1087–1095. [Google Scholar] [CrossRef] [PubMed]

	



Unger, T. The role of the renin-angiotensin system in the development of cardiovascular disease. Am. J. Cardiol. 2002, 89, 3A–9A. [Google Scholar] [CrossRef]

	



Ye, M.; Wysocki, J.; Naaz, P.; Salabat, M.R.; LaPointe, M.S.; Batlle, D. Increased ACE 2 and decreased ACE protein in renal tubules from diabetic mice: a renoprotective combination? Hypertension 2004, 43, 1120–1125. [Google Scholar] [CrossRef] [PubMed]

	



Wysocki, J.; Ye, M.; Soler, M.J.; Gurley, S.B.; Xiao, H.D.; Bernstein, K.E.; Coffman, T.M.; Chen, S.; Batlle, D. ACE and ACE2 activity in diabetic mice. Diabetes 2006, 55, 2132–2139. [Google Scholar] [CrossRef] [PubMed]

	



Ye, M.; Wysocki, J.; William, J.; Soler, M.J.; Cokic, I.; Batlle, D. Glomerular localization and expression of Angiotensin-converting enzyme 2 and Angiotensin-converting enzyme: implications for albuminuria in diabetes. J. Am. Soc. Nephrol. 2006, 17, 3067–3075. [Google Scholar] [CrossRef] [PubMed]

	



Soler, M.J.; Wysocki, J.; Ye, M.; Lloveras, J.; Kanwar, Y.; Batlle, D. ACE2 inhibition worsens glomerular injury in association with increased ACE expression in streptozotocin-induced diabetic mice. Kidney Int. 2007, 72, 614–623. [Google Scholar] [CrossRef] [PubMed]

	



Wicker, L.S.; Appel, M.C.; Dotta, F.; Pressey, A.; Miller, B.J.; DeLarato, N.H.; Fischer, P.A.; Boltz, R.C.; Peterson, L.B. Autoimmune syndromes in major histocompatibility complex (MHC) congenic strains of nonobese diabetic (NOD) mice. The NOD MHC is dominant for insulitis and cyclophosphamide-induced diabetes. J. Exp. Med. 1992, 176, 67–77. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, X.; Ma, B.; Dong, B.; Zhao, P.; Tai, N.; Chen, L.; Wong, F.S.; Wen, L. Cellular and humoral immune responses in the early stages of diabetic nephropathy in NOD mice. J. Autoimmun. 2009, 32, 85–93. [Google Scholar] [CrossRef] [PubMed]

	



Riera, M.; Márquez, E.; Clotet, S.; Gimeno, J.; Roca-Ho, H.; Lloreta, J.; Juanpere, N.; Batlle, D.; Pascual, J.; Soler, M.J. Effect of insulin on ACE2 activity and kidney function in the non-obese diabetic mouse. PLoS ONE 2014, 9, e84683. [Google Scholar] [CrossRef]

	



Anguiano, L.; Riera, M.; Pascual, J.; Valdivielso, J.M.; Barrios, C.; Betriu, A.; Mojal, S.; Fernández, E.; Soler, M.J.; NEFRONA study. Circulating angiotensin-converting enzyme 2 activity in patients with chronic kidney disease without previous history of cardiovascular disease. Nephrol. Dial. Transplant 2015, 30, 1176–1185. [Google Scholar] [CrossRef] [PubMed]

	



Anguiano, L.; Riera, M.; Pascual, J.; Valdivielso, J.M.; Barrios, C.; Betriu, A.; Clotet, S.; Mojal, S.; Fernández, E.; Soler, M.J.; Investigators from the NEFRONA study. Circulating angiotensin converting enzyme 2 activity as a biomarker of silent atherosclerosis in patients with chronic kidney disease. Atherosclerosis 2016, 253, 135–143. [Google Scholar] [CrossRef] [PubMed]

	



Tikellis, C.; Bialkowski, K.; Pete, J.; Sheehy, K.; Su, Q.; Johnston, C.; Cooper, M.E.; Thomas, M.C. ACE2 deficiency modifies renoprotection afforded by ACE inhibition in experimental diabetes. Diabetes 2008, 57, 1018–1025. [Google Scholar] [CrossRef] [PubMed]

	



Das, M.; Soffer, R.L. Pulmonary angiotensin-converting enzyme antienzyme antibody. Biochemistry 1976, 15, 5088–5094. [Google Scholar] [CrossRef] [PubMed]

	



Kasahara, Y.; Ashihara, Y. Colorimetry of angiotensin-I converting enzyme activity in serum. Clin. Chem. 1981, 27, 1922–1925. [Google Scholar] [PubMed]

	



Meng, Q.C.; Balcells, E.; Dell’Italia, L.; Durand, J.; Oparil, S. Sensitive method for quantitation of angiotensin-converting enzyme (ACE) activity in tissue. Biochem. Pharmacol. 1995, 50, 1445–1450. [Google Scholar] [CrossRef]

	



Oliveira, E.M.; Santos, R.A.; Krieger, J.E. Standardization of a fluorimetric assay for the determination of tissue angiotensin-converting enzyme activity in rats. Braz. J. Med. Biol. Res. Rev. Bras. Pesqui. Med. Biol. 2000, 33, 755–764. [Google Scholar] [CrossRef]

	



Cushman, D.W.; Cheung, H.S. Spectrophotometric assay and properties of the angiotensin-converting enzyme of rabbit lung. Biochem. Pharmacol. 1971, 20, 1637–1648. [Google Scholar] [CrossRef]

	



Schwager, S.L.; Carmona, A.K.; Sturrock, E.D. A high-throughput fluorimetric assay for angiotensin I-converting enzyme. Nat. Protoc. 2006, 1, 1961–1964. [Google Scholar] [CrossRef] [PubMed]

	



Santos, R.A.; Krieger, E.M.; Greene, L.J. An improved fluorometric assay of rat serum and plasma converting enzyme. Hypertension 1985, 7, 244–252. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.; Gallois, Y.; Bouby, N.; Bruneval, P.; Heudes, D.; Belair, M.-F.; Krege, J.H.; Meneton, P.; Marre, M.; Smithies, O.; et al. Genetically increased angiotensin I-converting enzyme level and renal complications in the diabetic mouse. Proc. Natl. Acad. Sci. 2001, 98, 13330–13334. [Google Scholar] [CrossRef] [PubMed]

	



Grace, J.A.; Herath, C.B.; Mak, K.Y.; Burrell, L.M.; Angus, P.W. Update on new aspects of the renin–angiotensin system in liver disease: Clinical implications and new therapeutic options. Clin. Sci. 2012, 123, 225–239. [Google Scholar] [CrossRef] [PubMed]

	



Batlle, D.; Wysocki, J.; Soler, M.J.; Ranganath, K. Angiotensin-converting enzyme 2: Enhancing the degradation of angiotensin II as a potential therapy for diabetic nephropathy. Kidney Int. 2012, 81, 520–528. [Google Scholar] [CrossRef] [PubMed]

	



Vickers, C.; Hales, P.; Kaushik, V.; Dick, L.; Gavin, J.; Tang, J.; Godbout, K.; Parsons, T.; Baronas, E.; Hsieh, F.; Acton, S.; Patane, M.; Nichols, A.; Tummino, P. Hydrolysis of Biological Peptides by Human Angiotensin-converting Enzyme-related Carboxypeptidase. J. Biol. Chem. 2002, 277, 14838–14843. [Google Scholar] [CrossRef] [PubMed]

	



Pedersen, K.B.; Sriramula, S.; Chhabra, K.H.; Xia, H.; Lazartigues, E. Species-specific inhibitor sensitivity of angiotensin-converting enzyme 2 (ACE2) and its implication for ACE2 activity assays. AJP Regul. Integr. Comp. Physiol. 2011, 301, R1293–R1299. [Google Scholar] [CrossRef] [PubMed]

	



Riera, M.; Anguiano, L.; Clotet, S.; Roca-Ho, H.; Rebull, M.; Pascual, J.; Soler, M.J. Paricalcitol modulates ACE2 shedding and renal ADAM17 in NOD mice beyond proteinuria. Am. J. Physiol. Renal Physiol. 2016, 310, F534–F546. [Google Scholar] [CrossRef] [PubMed]

	



Pedersen, K.B.; Chodavarapu, H.; Porretta, C.; Robinson, L.K.; Lazartigues, E. Dynamics of ADAM17-Mediated Shedding of ACE2 Applied to Pancreatic Islets of Male db/db Mice. Endocrinology 2015, 156, 4411–4425. [Google Scholar] [CrossRef] [PubMed]

	



Rosmalen, J.G.; Pigmans, M.J.; Kersseboom, R.; Drexhage, H.A.; Leenen, P.J.; Homo-Delarche, F. Sex steroids influence pancreatic islet hypertrophy and subsequent autoimmune infiltration in nonobese diabetic (NOD) and NODscid mice. Lab. Invest. 2001, 81, 231–239. [Google Scholar] [CrossRef] [PubMed]

	



Márquez, E.; Riera, M.; Pascual, J.; Soler, M.J. Albumin inhibits the insulin-mediated ACE2 increase in cultured podocytes. Am. J. Physiol. Renal Physiol. 2014, 306, F1327–F1334. [Google Scholar] [CrossRef] [PubMed]

	



Soler, M.J.; Riera, M.; Crespo, M.; Mir, M.; Márquez, E.; Pascual, M.J.; Puig, J.M.; Pascual, J. Circulating angiotensin-converting enzyme 2 activity in kidney transplantation: a longitudinal pilot study. Nephron. Clin. Pract. 2012, 121, c144–c150. [Google Scholar] [CrossRef] [PubMed]

	



Ortiz-Pérez, J.T.; Riera, M.; Bosch, X.; de Caralt, T.M.; Perea, R.J.; Pascual, J.; Soler, M.J. Role of circulating angiotensin converting enzyme 2 in left ventricular remodeling following myocardial infarction: A prospective controlled study. PLoS ONE 2013, 8, e61695. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 18 00563 g001 550] 





Figure 1. Implementation of angiotensin converting enzyme (ACE) activity assays with different buffers and in different tissues. (a) ACE activity with borate (BB) and phosphate buffer (PB) after increasing amounts (ng) of human recombinant ACE (hrACE). ACE activity at lower concentrations of hrACE was only detected by the use of BB; (b) ACE activity in lung measured with BB (black rhombus), and (c) ACE activity in heart (blue triangle), pancreas (green circle), and liver (red cross) from control (dashed lines) and diabetic (continuous lines) mice. Increasing amounts of micrograms of total protein extracts were tested. 
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Figure 2. ACE2 activity assays in different tissues and with increasing protein amounts. ACE2 activity was measured in lung (black rhombus), heart (blue triangle), pancreas (green circle), and liver (red cross) from control animals (CONT) (left panel) and diabetic animals (DB) (right panel) mice. Increasing amounts of micrograms of total protein extracts from each studied tissue were tested (1, 3, 5, 7.5, and 10 μg of protein). 
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Figure 3. ACE activity in serum and different tissues. (a) ACE activity in serum samples from CONT (open bars), DB (closed bars), and insulin-treated diabetic (DB + INS, grey bars) mice at 21 and 40 days after diabetes onset; (b) ACE activity in lungs from CONT, DB, and DB + INS mice; (c) ACE activity in heart, liver, and pancreas from CONT, DB, and DB + INS. * p ≤ 0.05 CONT vs DB. 
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Figure 4. ACE2 activity in serum and different tissues. (a) ACE2 activity in serum samples from CONT (open bars), DB (closed bars), and DB + INS (grey bars) mice at 21 and 40 days after diabetes onset; (b) ACE2 activity in lung, heart, liver, and pancreas from CONT, DB, and DB + INS. * p ≤ 0.05 CONT vs. DB; # p ≤ 0.05 DB vs. DB + INS; $ p ≤ 0.05 21 vs. 40 days of follow up. 
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Figure 5. ACE2/ACE activity ratio in serum and different tissues. (a) ACE2/ACE activities ratio in serum samples from CONT (open bars), DB (closed bars), and DB + INS (grey bars) mice at 21 and 40 days after diabetes onset; (b) ACE2/ACE activity ratio in lungs from CONT, DB, and DB + INS mice; (c) ACE2/ACE activity ratio in heart, liver, and pancreas from CONT, DB, and DB + INS. * p ≤ 0.05 CONT vs. DB; # p ≤ 0.05 DB vs. DB+INS; $ p ≤ 0.05 21 vs. 40 days of follow up. 
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Figure 6. ACE and ACE2 protein expression in different tissues. Upper panel: normalized ACE and ACE2 protein expression in lung (a); heart (b); liver (c); and pancreas (d) homogenates from CONT (open bars), DB (closed bars), and DB + INS (grey bars) mice at 21 and 40 days after diabetes onset. Lower panel: representative images depicting bands corresponding to ACE and ACE2 and protein controls. * p ≤ 0.05 CONT vs. DB; # p ≤ 0.05 DB vs. DB + INS; $ p ≤ 0.05 21 vs. 40 days of follow up. 
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