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Introduction: Diabetic Kidney Disease (DKD) is the main cause of end-stage renal disease in the developed world. The current treatment of the DKD with renin-angiotensin system (RAS) blockade does not totally halt the progression to end stage kidney disease. Currently, several drugs have shown to delay DKD progression such as sodium-glucose co-transporter-2 inhibitors (SGLT2i) and glucagon-like-1 receptor agonists (GLP-1RA). We hypothesized that by combining several drugs that prevent DKD progression on top of RAS blockade a synergistic effect would be achieved in terms of cardiorenal protection. In the present study, we analysed if the combination of a RAS blocker (ramipril) with a SGLT2i (empagliflozin) and/or GLP-1RA (semaglutide) in a type 2 diabetic mouse model could have add-on effects in kidney and heart protection.Methods: Male and female uninephrectomized type 2 diabetic db/db mice were treated with empagliflozin and/or semaglutide on top of ramipril during 8 weeks. During the study body weight, water and food intake were weekly monitored, glycaemia biweekly and albuminuria and glomerular filtration rate (GFR) before and after the treatment. At the end of the experiment, kidney and heart were isolated for histological and gene expression studies as well as for intrarenal RAS state assessment.Results: Semaglutide combined with ramipril and/or empagliflozin significantly decreased albuminuria but only when combined with both compounds, semaglutide further decreased blood glucose, glomerular hyperfiltration in male mice and glomerular mesangial matrix expansion. In kidney, only the triple treatment with empagliflozin, semaglutide and ramipril reduced the expression of the proinflammatory and profibrotic genes ccl2 and TGFß1. In addition, the combination of empagliflozin and semaglutide on top of RAS blockade was superior in decreasing cardiomyocyte hypertrophy and heart fibrosis in db/db mice.Discussion: Our results suggest that the combination of SGLT2i with GLP-1RA is superior in cardiorenal protection in DKD than the drugs administered alone on top of RAS blockade.Keywords: diabetes, chronic kidney disease (CKD), diabetic kidney disease (DKD), sodium-glucose cotransporter 2 inhibitors (SGLT2i), glucagon-like-1 receptor agonists (GLP-1RA), renin-angiotensin system (RAS)
1 INTRODUCTION
Diabetic kidney disease (DKD) is the main cause of end-stage renal disease in the developed world; its mortality is higher than that registered for breast or colorectal cancer patients (Ruggenenti et al., 2008). DKD is defined as a chronic kidney disease (CKD) attributable to diabetes and characterized by an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2 or a urinary albumin-to-creatinine ratio (UACR) ≥ 30 mg albumin/g creatinine. Up to 35% of DKD patients have decreased renal function with albuminuria A1 (UACR <30 mg/g) or albuminuria A2, but DKD patients with UACR >300 (A3 albuminuria) have the highest risk of disease progression and premature death (Fernandez-Fernandez et al., 2019). The classical therapies for DKD are focused on controlling hyperglycemia and blood pressure mainly by administering renin-angiotensin system (RAS) blockers together with supplementary treatments like statins, a low-salt diet, and smoking cessation (Kidney Disease: Improving Global Outcomes KDIGO Diabetes Work Group, 2022). Despite optimal clinical management of the disease, the current conservative treatment of the DKD does not completely halt the progression to end-stage kidney disease. Therefore, novel therapeutic strategies are most important (Ruggenenti et al., 2008; Kidney Disease: Improving Global Outcomes KDIGO Diabetes Work Group, 2022).
In 2014, several drugs emerged with the potential to delay DKD. The endothelin receptors subtype A antagonists (ERAs) reduced the progression of DKD (de Zeeuw et al., 2014; Heerspink et al., 2019). However, ERAs had unwanted side effects, such as favoring heart failure by increasing anemia and fluid retention (Heerspink et al., 2019; Wenzel et al., 2009), that have limited their clinical use. Recently, the Fidelio and Figaro-DKD randomized clinical trials (RCT) showed that finerenone, a selective nonsteroidal mineralocorticoid receptor antagonist, reduced the risk of CKD progression and cardiovascular events compared to placebo in patients with diabetes and CKD (Bakris et al., 2020; Pitt et al., 2021). Further, sodium-glucose cotransporter-2 inhibitors (SGLT2i) that are widely used to control blood glucose levels have demonstrated renoprotective effects (García-Carro et al., 2019; Martínez-Díaz et al., 2023). SGLT2i acts on SGLT2, a Na+/glucose cotransporter present in the proximal tubular cells of the kidney. Under normal conditions, SGLT2 maintains glucose homeostasis and the intraglomerular tone by reabsorbing sodium and glucose present in the lumen of the tubule and allowing their subsequent return into the bloodstream (Szablewski, 2017; Navale and Paranjape, 2016). In patients with diabetes, hyperglycemia, and hypertension, the treatment with SGLT2i blocks this reabsorption mechanism, increasing natriuresis and ultimately reducing the intraglomerular pressure. Interestingly, the SGLT2i appears to protect patients with type 2 diabetes and CKD in combination with a RAS blocker. Empagliflozin, an SGLT2i, was evaluated in the EMPA-REG OUTCOME trial and showed a reductive risk of major adverse cardiovascular events in patients with type 2 diabetes (T2D) (Wanner et al., 2016). Surprisingly, an initial eGFR dip of over 10% after initiating SGLT2i did not have any impact on the subsequent cardiovascular death, hospitalization for heart failure, and incident or worsening kidney disease and demonstrated beneficial effects in people with heart failure and reduced ejection fraction (Kraus et al., 2021; Adamson et al., 2022). Further, several preclinical and clinical studies have demonstrated that dual therapy with RAS blockers and SGLT2i slows the progression of CKD in people with type 2 diabetes (Wanner et al., 2016; Górriz et al., 2020a; Mosenzon et al., 2019; Perkovic et al., 2019). In contrast to ERAs, SGLT2i has diuretic effects (Griffin et al., 2020; Vergara et al., 2019), increases hemoglobin levels (Lorenzo et al., 2023), and reduces the risk of heart failure (Anker et al., 2021; McMurray et al., 2019). In this sense, different studies have shown that the combination of SGLT2i with ERAs could present synergistic protective effects in terms of albuminuria decrease and less fluid retention (Heerspink et al., 2023; Heerspink et al., 2021; Vergara et al., 2022).
The administration of other hypoglycemic drugs, like glucagon-like-1 receptor agonists (GLP-1RA), decreases persistent macroalbuminuria in patients with DKD (Mann et al., 2017; Marso et al., 2016). In people with T2D, GLP-1RA reduces the incidence of sustained eGFR (Gerstein et al., 2019). Semaglutide, a GLP-1RA, interacts with the GLP-1 receptor, which results in multiple metabolic effects like insulin secretion, reductions of gastric emptying, and effects on the RAS pathway (Górriz et al., 2020b; Zander et al., 2002). The SUSTAIN-6 clinical trial has shown that semaglutide significantly improves glycemic control in patients with T2D (Sorli et al., 2017). The efficacy and safety of the combination of semaglutide and an SGLT2i in T2D patients were investigated in the SUSTAIN 9 RCT. The study demonstrated a reduction in both glycosylated hemoglobin (HbA1c) levels and body weight (Zinman et al., 2019). Recently, the FLOW study has demonstrated that semaglutide reduces major kidney disease events in people with T2D and CKD (Perkovic et al., 2024). These studies show that we already have new strategies to delay DKD progression and suggest that additional renoprotection can be achieved by combining different drug classes.
In the present study, we analyzed the synergistic cardiorenal protective effects of combining a RAS blocker (ramipril) with an SGLT2i (empagliflozin) and a GLP-1RA (semaglutide) in a mouse model of type 2 diabetes (db/db). Our main objective was to study whether SGLT2i combined with GLP-1RA showed superior cardiorenal benefits compared to SGLT2i or GLP-1RA in monotherapy combined with a RAS blocker.
2 MATERIALS AND METHODS
2.1 Animal model and experimental design
Eight-week-old male and female leptin-receptor diabetic mice (db/db) and non-diabetic heterozygous littermates (db/m) were purchased from Charles River (BKS.Cg-Dock7m +/+ LeprdbJ mice, strain code: 607). Mice were housed in an environmentally controlled room at constant temperature and humidity (22°C ± 2°C) under a 12 h light/dark cycle and had free access to standard chow and tap water. All mice were uninephrectomized at 6–7 weeks old to promote hyperfiltration (Ninichuk et al., 2007; Maekawa et al., 2022). At 12 weeks old, db/db mice were randomly assigned to four treatment arms for 8 weeks: 1) db/db mice treated with vehicle (n = 10 male and 4 female), 2) db/db mice treated with empagliflozin and ramipril (EMP + RAM, n = 9 male and 5 female), 3) db/db mice treated with semaglutide and ramipril (SEM + RAM, n = 7 male and 6 female), 4) db/db mice with a triple therapy treatment of empaglifozin, semaglutide, and ramipril (EMP + SEM + RAM, n = 9 male and 7 female). Non-diabetic mice (db/m) treated with vehicle were used as non-diabetic controls (n = 8 male and 5 female). The dose of empagliflozin (10 mg/kg/day) and ramipril (8 mg/kg/day) were the same as that previously published by our team (Vergara et al., 2022; Vergara et al., 2023). The semaglutide dose (10 nmol/kg diluted in PBS1x) was selected according to results obtained by other authors using similar mouse models (Nestor et al., 2022; Jiang et al., 2023). Empagliflozin diluted in 0.5% hydroxyethyl-cellulose was administrated by oral gavage 5 days per week, semaglutide was given twice per week subcutaneously, and ramipril was diluted in the drinking water. The mice in group B were subcutaneously injected with PBS1x twice per week, and the mice in group C were administered 0.5% hydroxyethyl-cellulose 5 days per week by oral gavage. Further, vehicle-treated mice received tap water, were subcutaneously injected with PBS1x twice a week, and 0.5% hydroxyethyl-cellulose was given 5 days per week by oral gavage. The body weight of the animals was measured weekly, blood glucose was measured biweekly, and UACR, glomerular filtration rate (GFR), and blood pressure were measured before and 8 weeks post-treatment. At the end of the study, animals were anesthetized using pentobarbital (100 mg/g intraperitoneal bolus). Once anesthetized, blood was obtained by cardiac puncture and collected in a micro-sample tube with clotting activator gel (41.1378.005, Sarstedt). Serum was obtained by centrifugation of the blood (2500 g, 10 min, 20°C) and stored at −80°C until use. Kidneys and hearts were removed for molecular (snap frozen tissue) and histology analysis (10% formalin-fixed and paraffin-embedded tissue).
The animal study protocol was approved by the Ethics Committee of our institution (Project number 59.21) and followed the European Council Directives for the care of animals used for research (2010/63/EU).
2.2 Weight, blood glucose, and blood pressure monitoring
Body weight was measured weekly from 9 weeks of age until the end of the experiment. Blood glucose was measured after 6 h of fasting, immediately before starting the treatment, and each 2 weeks after treatment initiation (at 12 weeks, 15 weeks, 17 weeks, and 19 weeks of age) using a hand-held glucometer (Accu-Chek Performa, Roche). Some blood samples were higher than the upper detection limit of the glucometer; in these cases, we considered the maximum possible value (600 mg/dL). Blood pressure (BP) was measured non-invasively in conscious mice using the tail-cuff method (LE 5001, Harvard Apparatus) before starting and after 8 weeks of treatment.
2.3 Computed tomography studies
Total body volume and body fat volume were measured before and after the treatment by microcomputed tomography using the Quantum FX imaging system (Perkin Elmer) under isoflurane anesthesia. Data obtained were analyzed by the Preclinical Imaging Platform staff at the Vall d’Hebron Research Institute. All the images obtained have a voxel size of 3.2418 µm3. To calculate the whole-body volume, a segmentation of complete body voxels from air voxels (minimum threshold −400 Hounsfield Units (HU)) was performed. Fat tissue was measured with a second segmentation of fat voxels (range −200–100 HU) (Wanner et al., 2016; Neal et al., 2017). Every segmentation was checked for proper fitting with the fat tissue. A local segmentation between intraabdominal and subcutaneous fat tissues was obtained by applying a “seeds and frontiers” method.
2.4 Transcutaneous GFR measurement
GFR was measured in mice before and after treatment by transcutaneous measurement of fluorescein, isothiocyanate (FITC)-sinistrin. Briefly, mouse skin was shaved, and a fluorescent signal measuring device (Transdermal GFR monitor, MediBeacon) was attached with an adhesive patch. The background signal of the skin was recorded for 5 min, and afterward, an intravenous bolus of a fluorescent agent (FITC-sinistrin) was administrated at a dose of 15 mg/100 g of body weight. Then, anesthesia was stopped, and the signal decay of the fluorescent agent was recorded for 1 h. The data obtained was analyzed with the specific software (MPD Studio Version RC15, MediBeacon) using a three-compartment model to obtain FITC-sinistrin half-life, which was converted to µl/100 g/min using a previously validated formula (Vergara et al., 2022; Giralt-López et al., 2020; Schreiber et al., 2012). For each mouse, the differences in GFR (ΔGFR) were calculated by subtracting the initial GFR from the final GFR.
2.5 Urine collection and UACR determination
Before (9–10 weeks of age) and at the end of the study (19–20 weeks of age), the first void spontaneous spot urine was obtained using an in-house urine multicollector for rodents (Patent U202131356 (ZBM reference U691ES00), Spanish Patents and Trades Office). Urinary albumin was determined by ELISA assay (Albuwell M, Ethos Biosciences, Logan Township, NJ, US), and creatinine was determined using a colorimetric assay based on the alkaline picrate method (The Creatinine Companion, Ethos Biosciences, Logan Township, NJ, United States). UACR was calculated from urine albumin and creatinine levels and expressed as µg albumin/mg creatinine.
2.6 Urine glucose measurement
Urine glucose was measured in spot urine samples obtained at the end of the experiment using a colorimetric enzymatic assay (Mouse Glucose Assay kit (81692, Crystal Chem)) as indicated in the manufacturer’s protocol. For the assay, db/db urine samples were previously diluted at 1:100 in Milli-Q water, whereas db/m urine samples were tested undiluted. Results were adjusted to blood glucose levels to normalize the values.
2.7 AST, ALT, and AP assessment
Serum levels of alanine transaminase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (AP) were determined using an Atellica Solutions (Siemens) clinical chemistry analyzer. Hemolysed samples were rejected for the analysis.
2.8 Glomerular mesangial matrix expansion measurement
To assess mesangial matrix expansion, 10 representative cortical glomeruli from kidney sections were stained using periodic acid Schiff (PAS). Briefly, tissue sections of 4 µm were obtained from tissues embedded in paraffin blocks, deparaffinized in xylene, and rehydrated through graded alcohols. Then, the kidney slides were stained following the PAS staining protocol and using Schiff reagent (3952016, Millipore-Sigma). Samples were counterstained with Hematoxylin Gill N°3 solution (GHS332, Millipore-Sigma). The mesangial matrix areas from immunobiological images obtained at ×400 were analyzed by two independent, blinded observers using the ImageJ software (v1.53a, National Institutes of Health).
2.9 Podocyte density assessment
To determine the podocyte density in renal tissue, the expression of WT1 (a protein highly expressed in mature podocytes) was studied by immunohistochemistry (IHC). Blocks of paraffin-embedded kidney tissue were previously cut in 4 µm sections, deparaffinized using xylene, and rehydrated through graded alcohols. Endogenous peroxidases were blocked after deparaffination in an aqueous solution of 3% H2O2 and 10% methanol. Samples were boiled in citrate buffer (10 mM citric acid, pH 6.0) to retrieve the antigens and then blocked in 5% bovine serum albumin (BSA). The sections were incubated for 16 h at 4°C with an anti-WT1 primary antibody (Dilution 1:100, ab89901, Abcam). Biotinylated antibodies against rabbit IgGs (Dilution 1:250, BA-9500, Vector Laboratories) were used as secondary antibodies. Proteins were visualized by the colorimetric method through the avidin-biotin complex (ABC) peroxidase standard staining kit (32020, ThermoFisher Scientific) using the 3,3′-Diaminobenzidine (DAB) Enhanced Liquid Substrate System (D3939, Millipore-Sigma). Counterstaining of the slides was done with Hematoxylin Gill N°3 solution. Podocyte density (expressed as the number of podocytes per mm2 of glomerular area) was evaluated in 20 representative cortical glomeruli.
2.10 Renin detection by immunohistochemistry in kidneys
Renin protein expression was assessed by IHC following the abovementioned protocol. Anti-renin primary antibody was used at a dilution of 1:2000 (ab212197, Abcam). Once stained, five representative images of the juxtaglomerular apparatus per section were taken at ×400, and the renin-stained area was measured in µm2 using ImageJ software.
2.11 Collagen deposition assessment in the heart by PSR
Collagen deposition in the myocardium was evaluated in picrosirius red staining (PSR)-stained sections. Slides were previously deparaffinized, rehydrated, and subsequently counterstained for 15 min with 2.5 mg/mL Fast Green (11443054, Fisher Bioreagents) diluted in 1% acetic acid. Afterward, samples were washed and stained for 1 h with 0.1% Sirius Red (365548, Millipore-Sigma) diluted in saturated picric acid solution (P6744, Millipore-Sigma). Representative microphotographs were obtained at ×400 magnification (Olympus BX61 microscope). To quantify fibrosis, the collagen deposition was detected with an automated color recognition process plugin from ImageJ analysis software (V1.53a, National Institutes of Health). Perivascular and endocardial collagen was excluded.
2.12 Gene expression
Gene expression was analyzed by real-time qPCR using specific primers. Total RNA was previously isolated from tissues through phenol-guanidine thiocyanate-chloroform methodology using the commercial kit TRItidy G (A4051, AppliChem). A total of 1 µg of purified RNA was retrotranscribed to cDNA using the High-Capacity RNA-to-cDNA kit (4387406, ThermoFisher Scientific). mRNA expression was analyzed by RT-qPCR using PowerUp SYBR Green Master Mix (A25743, ThermoFisher Scientific). The ΔΔCt method was used to determine the relative expression of the gene using Hprt1 as a housekeeping gene. Vehicle-treated non-diabetic mice (db/m) were used as a reference group. All primer sequences are detailed in Supplementary Table S1.
2.13 ACE and ACE2 activities
To assess angiotensin-converting enzyme (ACE) and ACE2 activity measurement, kidney protein extracts were obtained from kidney cortex homogenized with lysis buffer (50 mM HEPES pH7.4, 150 mM NaCl, 0.5% Triton-X-100, 0.025 mM ZnCl2, 0.1 mM Pefabloc SC Plus (11873601001, Roche) and a 1:7 dilution of EDTA-free protease inhibitor cocktail (11836170001, Roche)). Samples were centrifuged at 16,000×G, 60 min, and 4°C, and the supernatant was recovered. The protein concentration was determined by a BCA protein assay kit (23225, ThermoFisher Scientific).
ACE activity was determined using N-hippuryl-L-histidyl-L-leucine (H1635, Millipore-Sigma) as was described previously (Roca-Ho et al., 2017). Renal cortical extracts previously quantified were adjusted to 0.5 μg/μL, and then 2 µL of each diluted extract was incubated with 73 µL test solution (0.4 M boric acid, 0.9 M NaCl pH 8.3) with the substrate N-hippuryl-L-histidyl-L-leucine for 25 min at 37°C. The reaction was stopped by adding 180 µL of 0.28 M NaOH. A 15 µL aliquot of o-phthalaldehyde (20 mg/mL in methanol) was added to each sample, which was then incubated for 10 min at room temperature and protected from light. The second reaction was stopped by the addition of 30 µL of 3 N-hydrochloric acid. Samples were then centrifuged at 800×G for 5 min, and 200 µL of the supernatant was retrieved and transferred into a 96-well black plate. Fluorescence was measured (Excitation 360 nm, Emission 485 nm) using Varioskan LUX Multimode Microplate Reader (ThermoFisher Scientific). All samples were measured in duplicate. A duplicate of 75 ng/μL of human recombinant ACE (SAE0075, Millipore-Sigma) and lysis buffer alone were used as a positive or negative control, respectively.
ACE2 activity was assessed through fluorescent enzymatic assay using ACE2-quenched fluorogenic substrate (Mca-Ala-Pro_lys (Dnp)-OH, BML-P163-0001, Enzo Life Sciences) adapting a method previously described (Roca-Ho et al., 2017). Briefly, 0.25 µg of kidney extract or 2.5 µL of serum were added to each well of a black 96-well plate. The reaction was performed using 5 µM (for kidney extracts) or 20 µM (for serum) of the fluorogenic substrate diluted in a solution containing several protease inhibitors (100 mM captropril, 5 µM bestatin, 5 µM amastatin, and 10 µM Z-Pro-prolinal). The plate was incubated for 4 h at 37°C, and fluorescence was detected (Excitation 320 nm, Emission 400 nm, 37°C) using the Varioskan LUX Multimode Microplate Reader (ThermoFisher Scientific). As positive and negative controls, 0.008 ng/μL of recombinant mouse ACE2 (3437-ZN-010, R&D Systems) and lysis buffer alone were used, respectively. The samples were also incubated with an ACE2 inhibitor (10 μM MLN-4760, Calbiochem). The relative fluorescence units (RFUs) were obtained using the ACE2 inhibitor subtracted from the RFUs obtained without the ACE2 inhibitor for each sample.
2.14 Statistical analysis
Data analysis was performed with Stata (V15.1, StataCorp LLC). Data are shown in tables as median and interquartile range (IQR) or box plots. First, a factorial ANOVA including sex, diabetes, empagliflozin, semaglutide, and empagliflozin–semaglutide interaction was performed. In the cases where residuals of the ANOVA model did not follow a normal distribution, the accuracy of the model was improved using a bootstrapping method. After ANOVA, post hoc multiple comparisons were performed using the Dunnet test when data followed a normal distribution and a Mann–Whitney test with Sidak corrected p-values in the other cases. Four multiple comparisons were performed between the vehicle-treated db/db groups and the remaining groups. p-values < 0.05 were considered significant.
3 RESULTS
3.1 Empagliflozin, semaglutide, and their combination are safe and do not modify body weight or fat
After 8 weeks of treatment, we assessed the safety of the drugs by measuring hepatic enzymes AST, ALT, and AP in serum. As shown in Table 1, ALT and AP levels were higher in vehicle-treated db/db mice than in their non-diabetic littermates. The study drug combinations did not significantly increase serum AST, ALT, or AP in the db/db mice, indicating that the dosages used are safe. In addition, the db/db mice treated with RAM + EMP + SEM showed reduced serum AP compared to the vehicle-treated db/db mice (101 U/L, IQR: 90–114, vs. 160 U/L, IQR: 115.5–192.5, p < 0.001), suggesting that this drug combination improves the hepatic profile of the animals. After treatment, vehicle-treated db/db mice weighed 12.7 g (CI95%: 6.6–18.8) more than their non-diabetic littermates (Table 2). Treatment with empagliflozin, semaglutide, or their combination with ramipril did not change body weight in diabetic mice (Supplementary Figure S1A). In line with significantly higher body weight, vehicle-treated diabetic mice showed a significantly increased total body fat compared to non-diabetic controls (20.9 cm3 (IQR: 17.4–22.7) vs. 4.6 cm3 (IQR: 3.8–5.1), p < 0.001) (Table 1). The finding represents a 32.6% (CI95%: 28.4–36.9) increase in body fat driven by both higher subcutaneous and visceral fat. No differences were observed between vehicle db/db mice and the db/db mice treated with empagliflozin, semaglutide, or their combination. Sex had no effect in terms of body weight or fat.
TABLE 1 | Serum alanine transaminase (AST), alanine aminotransferase (ALT), and alkaline phosphatase activity at the end of the experiment.
[image: Table 1]TABLE 2 | Body weight, body fat volume, and fat distribution at the end of the experiment.
[image: Table 2]3.2 Empagliflozin combined with semaglutide exerts a greater glucose-lowering effect
At the end of the experiment, vehicle-treated db/db mice showed significantly higher fasting blood glucose than non-diabetic controls (Figure 1A). Both empagliflozin and semaglutide reduced blood glucose in db/db mice after 8 weeks of treatment, but the combination of both decreased glycemia more quickly (Supplementary Figure S1B). In this sense, as expected, the combination of empagliflozin and semaglutide significantly decreased glucose by 112 mg/dL (CI95%: 36–190, p = 0.006) more than empagliflozin alone (Figure 1A). When measuring the urine glucose ratio, we observed that non-diabetic controls had a negligible loss of glucose (9 mg/dL, IQR: 8–13) compared to the overt glucosuria observed in db/db mice (7842 mg/dL, IQR: 7086–8701). Mice receiving the SGLT2i showed significantly higher glucose concentrations in the urine than diabetic controls, which is consistent with the characteristic glucosuric effect of this drug. Curiously, this effect was even higher in the EMP + SEM + RAM treatment group (Figure 1B). We did not find sex differences regarding blood glucose levels and glucosuria.
[image: Figure 1]FIGURE 1 | Metabolic parameters, blood pressure, and food intake after treatment in vehicle-treated db/m mice, vehicle-treated db/db mice, and db/db mice treated with empagliflozin, semaglutide, or their combination with ramipril. (A) 6-h fasting blood glucose measured in mg/dL. (B) Urine-to-blood glucose ratios were obtained simultaneously. (C) Systolic and (D) diastolic blood pressures measured after 8 weeks of treatment. (E) Water intake measured in mL/mouse per day. (F) Food intake measured in g/mouse per day. db/m: non-diabetic mice treated with vehicle. db/db: diabetic mice treated with vehicle. db/db EMP + RAM: diabetic mice treated with empagliflozin and ramipril. db/db SEM + RAM: diabetic mice treated with semaglutide and ramipril. db/db EMP + SEM + RAM: diabetic mice treated with empagliflozin, semaglutide, and ramipril. $p < 0.05 vehicle-treated db/db mice compared to vehicle treated non-diabetic mice. *p < 0.05 db/db mice treated with empagliflozin, semaglutide, or their combination compared to vehicle-treated db/db mice.
3.3 Ramipril decreased blood pressure in combination with empagliflozin and semaglutide
Vehicle-treated db/db mice showed lower systolic (18.9 mmHg lower, CI95%: 14.2–23.7, p < 0.001) and diastolic (21.6 mmHg lower, CI95%: 16.4–26.8, p < 0.001) blood pressures than non-diabetic controls (Figures 1C, D). Ramipril was administered for 8 weeks in the three groups of db/db mice receiving empagliflozin, semaglutide, or their combination. All three groups treated with ramipril showed lower blood pressure values than vehicle-treated diabetic mice, with a mean reduction between groups of 16.4 mmHg and 8.7 mmHg in systolic and diastolic BP, respectively (Figures 1C, D). BP reduction was similar between mice treated with empagliflozin, semaglutide, or their combination. There were no sex-related differences in BP.
3.4 Semaglutide reduced water intake but had less impact on food intake
Mice with diabetes showed an increased water and food intake with a statistically significant difference for diabetes as a factor (p < 0.001). At the end of the experiment, water was 18.6 mL/mouse/day (CI95%: 15.6–21.5) higher, and food intake was 3.2 g/mouse/day (CI95%: 2.4–4.0) higher (Figures 1E, F) in the vehicle-treated db/db mice than the non-diabetic controls. Mice treated with semaglutide and ramipril or empagliflozin and ramipril displayed a significant reduction in water intake compared to diabetic controls, with a mean reduction between groups of 11.5 mL/mouse/day (Figure 1E). However, when analyzing food intake, although there was a trend toward a decreased food consumption in both semaglutide groups, only the combination of semaglutide and ramipril significantly decreased food intake (1.9 g/mouse/day lower, CI95%: 0.25–3.6, p = 0.036) (Figure 1F). Sex had no impact on water or food intake.
3.5 The combination of empagliflozin, semaglutide, and ramipril reduced albuminuria and prevented diabetic glomerular hyperfiltration in male mice
As expected, before starting the experiment, the db/db animals showed increased UACR compared to the db/m mice (Supplementary Figure S1C). At the end of the experiment, vehicle-treated mice with diabetes showed increased UACR (6579 μg/mg higher than db/m mice, CI95%: 1525–11632, p = 0.001) and GFR (418 μL/100 g/min higher than db/m mice, CI95%: 245–590, p < 0.001) compared to the non-diabetic controls (Figures 2A, B). The latter finding correlates with incipient diabetic nephropathy and glomerular hyperfiltration in db/db mice. When comparing the treated db/db mice with the diabetic control group, only the combinations of semaglutide with ramipril and empagliflozin, ramipril and semaglutide were able to reduce UACR to 5392 μg/mg (CI95%: 1066–9719, p = 0.010) and 4730 μg/mg (CI95%: 800–8660, p = 0.013), respectively (Figure 2A). Sex had no impact on UACR outcome.
[image: Figure 2]FIGURE 2 | Kidney function parameters: urine albumin-to-creatinine ratio and glomerular filtration rate (GFR). (A) Urine albumin-to-creatinine ratio measured in μg/g. (B) GFR measured in μL per 100 g of body weight per minute at the end of the treatment in all mice included in the experiment. After 8 weeks of treatment, GFRs were different in (C) female and (D) male mice. db/m: non-diabetic mice treated with vehicle. db/db: diabetic mice treated with vehicle. db/db EMP + RAM: diabetic mice treated with empagliflozin and ramipril. db/db SEM + RAM: diabetic mice treated with semaglutide and ramipril. db/db EMP + SEM + RAM: diabetic mice treated with empagliflozin, semaglutide, and ramipril. $p < 0.05 vehicle-treated db/db mice compared to vehicle-treated non-diabetic mice. *p < 0.05 db/db mice treated with empagliflozin, semaglutide, or their combination compared to vehicle-treated db/db mice.
There were no differences in GFR between control db/db mice and mice with diabetes receiving active treatments, but we observed a significant impact of sex as a factor in the GFR results (p < 0.001). In fact, GFR was 225 μL/100 g/min higher (CI95%: 96–355, p = 0.001) in female mice than in male mice when analyzing all the mice included in the experiment, and the finding was similar for both diabetic and non-diabetic mice. Following the analysis protocol, we evaluated the final GFR by sex (Figures 2C, D). In female mice, all groups with diabetes developed hyperfiltration, but treatment with empagliflozin, semaglutide, or their combination with ramipril did not affect GFR after 8 weeks of treatment (Figure 2C). However, in male mice, empagliflozin prevented glomerular hyperfiltration (p = 0.001 for empagliflozin as factor) with a significant decrease in GFR compared to diabetic controls of 243 μL/100 g/min (CI95%: 13–472, p = 0.037) for empagliflozin and ramipril combination, and 294 μL/100 g/min (CI95%: 92–496, p = 0.006) for the empagliflozin, semaglutide, and ramipril combination (Figure 2D).
3.6 The combination of empagliflozin, semaglutide, and ramipril reduces renal fibrosis and inflammation
Diabetic mice treated with vehicle for 8 weeks showed increased kidney weight (72 mg higher, CI95%: 19–125, p = 0.039) and glomerular size (1371 μm2 greater area, CI95%: 973–1769, p < 0.001) compared to non-diabetic controls (Figures 3A, B), consistent with glomerular hyperfiltration. Kidneys were bigger in males than in females (kidney weight 73 mg higher, CI95%: 46–101), but the glomerular size was similar. Treatment with empagliflozin, semaglutide, or their combination with ramipril did not reduce kidney weight or glomerular size (Figures 3A, B). Additionally, vehicle-treated db/db mice showed a significant increase in glomerular mesangial matrix compared to non-diabetic mice (Figures 3C, D). Only the triple drug therapy with empagliflozin, semaglutide, and ramipril significantly reduced the increase in glomerular mesangial matrix compared to vehicle-treated db/db mice. Podocyte density was also significantly decreased in non-treated diabetic mice, with the latter being 518 podocytes per mm2 lower (CI95%: 422–614, p < 0.001) than in non-diabetic controls (Figures 3E, F). Only the combination of semaglutide and ramipril was able to preserve podocyte density (189 podocytes per mm2 higher, CI95%: 22–355, p = 0.021).
[image: Figure 3]FIGURE 3 | Kidney morphological studies and inflammatory and fibrotic kidney gene expression in vehicle-treated db/m mice, vehicle-treated db/db mice, and db/db mice treated with empagliflozin, semaglutide, or their combination with ramipril. (A) Kidney weight measured in mg. (B) Glomerular area and (C) representative microphotographs of PAS-stained glomeruli at ×400 magnification. (D) Glomerular mesangial matrix was also measured in PAS-stained kidney sections. (E) Representative microphotographs of WT-1 immunochemistry in glomeruli (×400 magnification) and (F) podocyte density measured through WT-1 staining. Kidney expression of (G) Ccl2 proinflammatory gene and (H) Tgfb1 profibrotic gene. db/m: non-diabetic mice treated with vehicle. db/db: diabetic mice treated with vehicle. db/db EMP + RAM: diabetic mice treated with empagliflozin and ramipril. db/db SEM + RAM: diabetic mice treated with semaglutide and ramipril. db/db EMP + SEM + RAM: diabetic mice treated with empagliflozin, semaglutide, and ramipril. $p < 0.05 vehicle-treated db/db mice compared to vehicle-treated non-diabetic mice. *p < 0.05 db/db mice treated with empagliflozin, semaglutide, or their combination compared to vehicle-treated db/db mice.
We also evaluated changes in the expression of genes related to proinflammatory and profibrotic pathways. Monocyte chemoattractant protein 1 (referred to in the figures as Ccl2 gene) is linked to proinflammatory states, and its renal expression was increased in diabetic mice (p = 0.018 for diabetes as a factor) (Figure 3G). Both mice groups treated with semaglutide showed significantly reduced Ccl2 gene expression (p = 0.004 and p = 0.001 for the SEM + RAM and EMP + SEM + RAM groups, respectively). Transforming growth factor β1 (referred to in the figures as the Tgfb1 gene) was not increased in a diabetic setting, but the combination therapy with empagliflozin, semaglutide, and ramipril significantly reduced this profibrotic gene RNA expression (p = 0.023) (Figure 3H), which correlates with the decreased mesangial matrix deposition in the same group of mice. Sex did not have a significant effect on any of these outcomes beyond kidney size.
3.7 The combination of empagliflozin, semaglutide, and ramipril prevents cardiomyocyte hypertrophy and heart fibrosis
After treatment, hearts were collected for histological examination. Diabetic mice treated with the vehicle showed an increased cardiomyocyte area in sections obtained from the left ventricle (LV). The cardiomyocyte area was higher in diabetic control mice than in non-diabetic mice (30 μm2, CI95%: 7–55, p = 0.001) (Figures 4A, B). Only the combination of empagliflozin, semaglutide, and ramipril was able to prevent LV hypertrophy compared to vehicle-treated db/db mice (LV cardiomyocyte area 27 μm2 lower, 95%CI: 9–45, p = 0.017). No significant differences were found between the db/m and the db/db groups when evaluating collagen deposition in LV by picrosirius red staining, although there was a trend toward an increased collagen deposition in vehicle-treated diabetic mice (Figures 4C, D). Even so, the triple therapy with empagliflozin, semaglutide, and ramipril decreased the collagen staining area in the LV by 38 μm2 (CI95%: 3–73, p = 0.030) compared to diabetic control mice (Figures 4C, D). In addition, we evaluated the gene expression of cardiac damage markers. The β-myosin heavy-chain (referred to in the figures as the Myh7 gene) is linked to cardiac function, and its expression tends to increase in diabetic mice (Figure 4E). All the drug combinations reduced Myh7 gene expression compared to the vehicle-treated db/db mice; however, the reduction was only significant in the combinations that included EMP (p = 0.039 and p = 0.003 for the EMP + RAM and EMP + SEM + RAM groups, respectively). The expressions of the cardiac damage markers insulin-like growth factor-binding protein 4 (IGFBP4) and fatty acid-binding protein 4 (FABP4) were increased in the diabetic setting with a significant difference for FABP4 when compared to non-diabetic mice (p < 0.001) (Figures 4F, G). While all the drug combinations significantly reduced the expression of FABP4 (Figure 4G), only the RAM + EMP + SEM combination was able to reduce cardiac overexpression of IGFBP4 in diabetic mice compared to vehicle-treated db/db mice (p = 0.027) (Figure 4F). Sex did not have a significant effect on any of the cardiac parameters analyzed.
[image: Figure 4]FIGURE 4 | Heart morphological studies in vehicle-treated db/mmice, vehicle-treated db/db mice, and db/db mice treated with empagliflozin, semaglutide, or their combination with ramipril. (A) Representative microphotographs of left ventricle (LV) cardiomyocytes (×400 magnification) for measuring and (B) cardiomyocyte size as area (μm2). (C) Representative picrosirius red staining images on a fast green background (×400) for measuring (D) collagen deposition. db/m: non-diabetic mice treated with vehicle. db/db: diabetic mice treated with vehicle. Heart expression of (E) Myh7, (F) Igfbp4, and (G) Fabp4 genes. db/db EMP + RAM: diabetic mice treated with empagliflozin and ramipril. db/db SEM + RAM: diabetic mice treated with semaglutide and ramipril. db/db EMP + SEM + RAM: diabetic mice treated with empagliflozin, semaglutide, and ramipril. $p < 0.05 vehicle-treated db/db mice compared to vehicle-treated non-diabetic mice. *p < 0.05 db/db mice treated with empagliflozin, semaglutide, or their combination compared to vehicle-treated db/db mice.
3.8 Empagliflozin, semaglutide, or their combination with ramipril promotes the protective ACE2/Ang (1–7)/mas pathway in the RAS pathway
Aiming to identify the possible cardiorenal protective pathways of the combination of empagliflozin and semaglutide with ramipril, we measured the intrarenal RAS gene expression and activity in the kidney cortex. The first step in intrarenal RAS activation is angiotensinogen; its gene expression was significantly increased in vehicle-treated diabetic mice (2.5-fold higher, IQR: 1.5–3.5, p = 0.026) compared to non-diabetic controls. Angiotensinogen gene expression was found to increase in the three diabetic mice groups receiving treatments, and none of the drug combinations modified its expression (Figure 5A). Angiotensinogen is then converted to angiotensin I (Ang I) by renin, whose expression was not increased in non-treated diabetic mice when compared to the db/m control mice (Figure 5B). All of the three active treatments significantly increased renal renin expression with a mean increase between groups of 4.5-fold compared to db/m controls (p < 0.001, p = 0.046, and p < 0.001 for the EMP + RAM, SEM + RAM, and EMP + SEM + RAM groups, respectively) (Figure 5B) which may be ascribed to the ramipril component. In this line, the renin staining area was increased in the ramipril-treated db/db mice (Figures 5C, D), indicating a direct correlation between the renin gene and protein expression in the kidney.
[image: Figure 5]FIGURE 5 | Angiotensinogen and renin expression in kidney cortex of vehicle-treated db/m mice, vehicle-treated db/db mice, and db/db mice treated with empagliflozin, semaglutide, or their combination with ramipril. Kidney cortex mRNA expression of (A) angiotensinogen and (B) renin. (C) Renin immunochemistry representative glomerular images obtained at ×400 magnification and (D) renin staining area (μm2) measured in the same images. db/m: non-diabetic mice treated with vehicle. db/db: diabetic mice treated with vehicle. db/db EMP + RAM: diabetic mice treated with empagliflozin and ramipril. db/db SEM + RAM: diabetic mice treated with semaglutide and ramipril. db/db EMP + SEM + RAM: diabetic mice treated with empagliflozin, semaglutide, and ramipril. $p < 0.05 vehicle-treated db/db mice compared to vehicle-treated non-diabetic mice. *p < 0.05 db/db mice treated with empagliflozin, semaglutide, or their combination compared to vehicle-treated db/db mice.
Finally, Ang I is converted to either angiotensin II (Ang II), which has profibrotic and proinflammatory effects, or Ang (1-7), which displays the opposite antifibrotic effects. The kidney conversion of Ang I toward the deleterious ACE/Ang II/angiotensin II type 1 receptor (AT1R) arm or the protective ACE2/angiotensin (1-7)/Mas arm depends on the activity of ACE or ACE2, respectively. In our experiment, when evaluating the ACE2/ACE RNA expression ratio after 8 weeks of treatment, ACE2 expression was increased over ACE (4.1 ACE2/ACE ratio, IQR: 2.9–4.9) in vehicle-treated db/db mice compared to non-diabetic controls (Figure 6A). In line with the gene expression, the ACE2/ACE renal activity ratio was significantly increased in vehicle-treated db/db mice (4.5 ACE2/ACE ratio, IQR: 3.6–5.0) compared to vehicle-treated db/m mice (0.9 ACE2/ACE ratio, IQR: 0.8–1.4) with a <0.001 p-value (Figure 6B). Additionally, mice groups receiving empagliflozin, semaglutide, or their combination with ramipril showed a significant increase of ACE2 renal activity over ACE with a mean ratio between groups of 6.7% and 32% increase in the ratio compared to the diabetic control group (Figure 6B). In concordance, the ACE2/ACE activity ratios in serum were also increased in db/db mice compared to non-diabetic db/m mice (Figure 6C). Similarly, the db/db mice treated with empagliflozin and/or semaglutide in combination with a RAS blocker showed increased serum ACE2/ACE ratio (p = 0.002, p = 0.026, and p < 0.001 for EMP + RAM, SEM + RAM and EMP + SEM + RAM groups, respectively) (Figure 6C). We did not find gender differences in the intrarenal RAS profile analysis.
[image: Figure 6]FIGURE 6 | ACE2/ACE ratios in the kidney cortex and serum of vehicle-treated db/m mice, vehicle-treated db/db mice, and db/db mice treated with empagliflozin, semaglutide, or their combination with ramipril. (A) ACE2 and ACE mRNA expression and (B) ACE2/ACE activity ratios in the kidney cortex. (C) ACE2/ACE activity ratio in serum. Individual values of ACE and ACE2 gene expression and activity are shown in Supplementary Figure S2. db/m: non-diabetic mice treated with vehicle. db/db: diabetic mice treated with vehicle. db/db EMP + RAM: diabetic mice treated with empagliflozin and ramipril. db/db SEM + RAM: diabetic mice treated with semaglutide and ramipril. db/db EMP + SEM + RAM: diabetic mice treated with empagliflozin, semaglutide, and ramipril. $p < 0.05 vehicle-treated db/db mice compared to vehicle-treated non-diabetic mice. *p < 0.05 db/db mice treated with empagliflozin, semaglutide, or their combination compared to vehicle-treated db/db mice.
4 DISCUSSION
In this study, we explored the protective effect of empagliflozin (an SGLT2i) and/or semaglutide (a GLP-1RA) with a RAS blocker on kidney and heart of uninephrectomized db/db mice. Despite the lower BP and decreased ACE levels observed in the db/db mouse model (Vergara et al., 2022), we included ramipril in all treatment combinations to better mimic human DKD, as a RAS blocker is the first line of treatment. In addition, most RCTs designed to test the renoprotective effect of SGLT2i or GLP-1RA in patients with DKD maintained the RAS blocker as the standard of care (Wanner et al., 2016; Perkovic et al., 2019; Neal et al., 2017; Bernard et al., 2015). Further, we included both female and male mice to explore the potential sex-specific effects of the active treatment combinations studied.
We first addressed the safety of the drug combinations by measuring hepatic enzymes AST, ALT, and AP in serum. ALT and AP levels were increased in vehicle-treated db/db mice, which may be related to steatohepatitis (Qiao et al., 2022). The study drug combinations did not significantly increase the hepatic enzymes in the db/db mice, demonstrating that the therapies administrated are safe. Additionally, the combination of RAM + EMP + SEM reduced serum AP, suggesting that this drug combination improves the hepatic profile of the animals. In this sense, both SGLT2i and GLP-1RA have been shown to improve steatohepatitis in diabetic mouse models (Qiao et al., 2022; Niu et al., 2022). All drug combinations tested contained a blood glucose-lowering agent; thus, as expected, they all improved glycemic control. However, the hypoglycemic effect was maximized when empagliflozin and semaglutide were administered in combination with ramipril, mirroring results obtained in RCTs (Fulcher et al., 2016; Frías et al., 2016). This may be attributed to the fact that EMP + SEM + RAM-treated db/db mice tended to have higher glucose levels in urine than EMP + RAM-treated animals, suggesting that semaglutide further promoted the glucosuric effect of empagliflozin. A possible explanation for this enhanced glucosuric effect is the ability of the GLP-1RA to inhibit sodium-hydrogen exchanger 3 (NHE3) (Farah et al., 2016; Crajoinas et al., 2011) as its function is also dependent on SGLT2 activity (Pessoa et al., 2014). In any case, this finding is interesting as semaglutide, when administered alone with ramipril, does not induce glucosuria in db/db mice, which is consistent with its different mechanism of action (García-Carro et al., 2019).
The db/db mice treated with semaglutide alone or in combination with empagliflozin and a RAS blocker showed decreased water and food intake compared to vehicle-treated db/db mice, which demonstrates the efficacy of the GLP-1RA in our experimental setting. However, the decrease in food intake produced by semaglutide was variable between animals; this effect could be explained because the db/db mice model is deficient in the leptin receptor and therefore avoids satiety (Giralt-López et al., 2020). This reason may also explain why no treatment was able to decrease body weight or body fat distribution. Further, all active treatments produced a similar decrease in BP in db/db mice, which was expected due to the ramipril component.
Regarding renal protection, semaglutide (alone or combined with empagliflozin and a RAS blocker) significantly reduced UACR compared to vehicle-treated db/db mice. This effect was not observed in the EMP + RAM group, suggesting that semaglutide had a higher impact in reducing UACR than empagliflozin in our experimental setting. Curiously, none of the treatments affected the GFR in female db/db mice, but male db/db mice treated with EMP + RAM or EMP + SEM + RAM showed improvement in hyperfiltration. This finding is consistent with decreased mesangial matrix expansion and recovery of the podocyte density in both groups of db/db mice that were treated with semaglutide. Interestingly, mesangial matrix expansion was only significantly reduced in the EMP + SEM + RAM group, while podocyte density recovery was only significant in the SEM + RAM group. These discrepancies may be related to the inclusion of both male and female mice in our study.
Although beneficial effects of the SGLT2i and the GLP-1RA have been observed in both men and women with DKD (Heerspink et al., 2019; Wanner et al., 2016; Sorli et al., 2017; Neal et al., 2017; Wiviott et al., 2019), data from several studies have shown some differential effects of the SGLT2i and the GLP-1RA related to sex in terms of reduction of major adverse cardiovascular events (MACE) or the individual components of the MACE composite (Sharma et al., 2023; Singh and Singh, 2020; Diallo et al., 2022). In a 5-year follow-up study, SGLT2i reduced MACE in men, in men and women over 65 years, in men with a history of heart failure, and in women with baseline atherosclerotic cardiovascular disease. In the same study, GLP-1RAs seemed to reduce the rate of all-cause mortality only in men over 65 years of age (Sharma et al., 2023). Results from a metanalysis revealed that GLP-1RA reduced MACE in both men and women, while SGLT-2i only produced a significant MACE reduction in men (Singh and Singh, 2020). Contrarily, in another metaanalysis, no gender differences were noted in terms of MACE reduction in DKD patients treated with either SGLT2i or GLP-1RA (Diallo et al., 2022).
Whether the protective effect of the SGLT2i and GLP-1RA is different in men and women with diabetes is unclear as the results vary between studies. This may be related to the presence of selection bias, confounders, or inadequate statistical power (underrepresentation of women), among others. However, we have observed gender differences in a mouse model of type 2 diabetes that suggest that the renal protection exerted by the study drugs may be higher in men.
We also analyzed heart cardiomyocyte area and fibrosis, which are increased in the diabetic milieu. Only the triple therapy with EMP + SEM + RAM significantly decreased cardiomyocyte hypertrophy and heart fibrosis, suggesting that this combination is superior to EMP + RAM and SEM + RAM in cardiac protection. In addition, the combination of EMP + SEM + RAM decreased the expression of several cardiac damage markers (Myh7, IGFBP4, and FABP4). Although empagliflozin (Arow et al., 2020; Li et al., 2019; Quagliariello et al., 2021) and semaglutide (Withaar et al., 2023; Husain et al., 2019) have been shown to protect the heart in experimental diabetic models, in a previous study of our group, we only observed improvement in cardiac parameters when administering empagliflozin combined with ramipril and atrasentan to db/db mice (Vergara et al., 2022).
Finally, we have studied the intrarenal RAS as it plays an important role in DKD (Clotet-Freixas et al., 2018). In agreement with previous studies (Shin et al., 2016), kidney AGT was increased in mice with diabetes consistent with intrarenal activation of the RAS; however, this effect was not reversed with any treatment. Although we did not find increased renin expression in the vehicle-treated mice with diabetes, which contrasts with our previous report (Vergara et al., 2022), all tested drug combinations increased renin gene and protein expression, probably related to the ramipril component. This effect is well known and may be ascribed to ACE inhibition resulting in the interruption of the negative feedback mechanisms and to the lower BP, causing reduced renal blood flow and stimulation of glomerular afferent arteriole baroreceptors (Gomez et al., 1988; Gomez et al., 1990). The activation of the classical RAS (via ACE activity) promotes inflammation and fibrosis, but the non-classical pathway (via ACE2 activity) protects against diabetic nephropathy (Mori et al., 2014; Oudit et al., 2010; Soler et al., 2007). Despite decreased kidney ACE activity in db/db mice, which is thought to represent an early compensatory effect that opposes the diabetes-mediated increase in tubular Ang II(71,72), ramipril decreased its activity both in serum and in the kidney, consistent with its biological action. In this sense, ACE2 activity was not significantly modified by the effect of the therapies, which resulted in a higher renal ACE2/ACE activity ratio in the treated animals. This may imply that the increased kidney RAS activation in diabetic mice noted by increased AGT, and fueled by ramipril-induced renin production, was redirected toward the non-classical RAS pathway (ACE2/Ang/Mas) (1-7) by ramipril with no differences between treatments. These findings suggest that all the therapeutic combinations tested promote the non-classical RAS pathway, whose add-on tissue protection eventually affects proinflammatory or profibrotic pathways or oxidative stress involved in DKD progression (Oudit et al., 2010; Zhang et al., 2016).
However, as in every study, this work is not exempt from limitations. First, we only tested EMP and SEM with RAM and did not include the monotherapies to ensure enough statistical power during post hoc comparisons. This design may limit the interpretation of the results, as we do not have data about the effect of the compounds alone in our experimental setting. Second, the uninephrectomized db/db mouse model may not totally represent human DKD. The db/db mice show decreased BP compared to their non-diabetic littermates, as depicted in our results. This must be considered when translating our results to patients with diabetes and CKD who are mostly hypertensive. In addition, the db/db mice are leptin deficient, which may limit the interpretation of the results obtained with semaglutide. Further, the dosages used are not the same as those used in clinical practice, which also challenges the translation of the results. Third, water intake was increased in the animals treated with RAM + EMP compared to the animals in groups RAM + SEM and RAM + EMP + SEM. As a result, the db/db RAM + EMP mice may be receiving more ramipril. However, all the combinations decrease ACE activity and BP similarly, suggesting an equal biological effect of ramipril in all the experimental groups with no evident ramipril overdosing effects in the RAM + EMP group. Finally, we analyzed some markers to assess heart tissue damage, but no other cardiac functional studies, such as echocardiography, were performed.
5 CONCLUSIONS
In conclusion, in the present study, we characterized the impact of combining empagliflozin and semaglutide with a RAS blocker in a clinically relevant mouse model of type 2 diabetes. We demonstrated that empagliflozin combined with semaglutide with a RAS blocker is superior in lowering blood glucose, decreasing glomerular hyperfiltration in male mice, and reducing glomerular mesangial matrix expansion compared with either drug alone with a RAS blocker. Further, only the combination of empagliflozin and semaglutide with a RAS blocker decreased cardiomyocyte hypertrophy and heart fibrosis in db/db mice. Our results suggest a synergic effect of the SGLT2i and the GLP-1RA in cardiorenal protection in db/db mice with DKD.
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