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b Departamento de Ciencias Farmacéuticas y de la Salud, Facultad de Farmacia, Universidad CEU-San Pablo, CEU Universities, 28925 Madrid, Spain 
c Departamento de Química y Bioquímica, Facultad de Farmacia, Universidad CEU-San Pablo, CEU Universities, 28925 Madrid, Spain 
d Unidad de Hipertensión, Instituto de Investigación Imas12, Hospital Universitario 12 de Octubre, Madrid, Spain 
e Cardiovascular Precision Medicines, Research & Early Development, Pharmaceuticals, Bayer AG, Wuppertal, Germany 
f Charité - Universitätsmedizin Berlin, corporate member of Freie Universität Berlin, Humboldt-Universität zu Berlin, and Berlin Institute of Health, Department of Clinical 
Pharmacology and Toxicology, Germany   

A R T I C L E  I N F O   

Keywords: 
Chronic kidney disease 
Type 1 diabetes 
Streptozotocin 
Finerenone 
Bone morphogenetic proteins 
Perivascular adipose tissue 
Perirenal adipose tissue 
Vascular disease 

A B S T R A C T   

The non-steroidal mineralocorticoid receptor antagonist (MRA) finerenone (FIN) improves kidney and cardio-
vascular outcomes in patients with chronic kidney disease (CKD) in type 2 diabetes (T2D). We explored the effect 
of FIN in a novel model of type 1 diabetic Munich Wistar Frömter (MWF) rat (D) induced by injection of 
streptozotocin (15 mg/kg) and additional exposure to a high-fat/high-sucrose diet. Oral treatment with FIN (10 
mg/kg/day in rat chow) in diabetic animals (D-FIN) was compared to a group of D rats receiving no treatment 
and a group of non-diabetic untreated MWF rats (C) (n = 7–10 animals per group). After 6 weeks, D and D-FIN 
exhibited significantly elevated blood glucose levels (271.7 ± 67.1 mg/dl and 266.3 ± 46.8 mg/dl) as compared 
to C (110.3 ± 4.4 mg/dl; p < 0.05). D showed a 10-fold increase of kidney damage markers Kim-1 and Ngal 
which was significantly suppressed in D-FIN. Blood pressure, pulse wave velocity (PWV) and arterial collagen 
deposition were lower in D-FIN, associated to an improvement in endothelial function due to a reduction in pro- 
contractile prostaglandins, as well as reactive oxygen species (ROS) and inflammatory cytokines (IL-1, IL-6, TNFα 
and TGFβ) in perivascular and perirenal adipose tissue (PVAT and PRAT, respectively). In addition, FIN restored 
the imbalance observed in CKD between the procalcifying BMP-2 and the nephroprotective BMP-7 in plasma, 
kidney, PVAT, and PRAT. Our data show that treatment with FIN improves kidney and vascular damage in a new 
rat model of DKD with T1D associated with a reduction in inflammation, fibrosis and osteogenic factors inde-
pendently from changes in glucose homeostasis.   
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1. Introduction 

Chronic kidney disease (CKD) is a progressive, chronic, and incur-
able disease especially prevalent in the hypertensive and diabetic pop-
ulation [1]. Patients with CKD exhibit an elevated cardiovascular (CV) 
risk, which increases exponentially with stage and severity [2–4]. In 
diabetic patients, the most prevalent form of CKD is diabetic kidney 
disease (DKD), the major cause of end-stage kidney disease, but also of 
an increased CV risk and CV mortality due to diabetic cardiomyopathy 
or stroke [5]. 

Vascular damage in CKD includes endothelial dysfunction [6,7] 
through and increased oxidative stress [8,9], arterial stiffness [10–12] 
and calcification [13–15] leading to increased cardiac workload, 
reduced coronary artery perfusion, and chronic cardiac dysfunction [16, 
17]. In this scenario, we [18] have recently described an increase of the 
procalcifying bone morphogenetic protein (BMP)− 2 [19,20] together 
with a decrease of the renoprotective BMP-7 [21–24] in plasma of both 
CKD patients and the Munich Wistar Frömter (MWF) rat model of CKD. 
This imbalance is associated with the severity of CKD, 25-OH-cholecal-
ciferol deficiency, and blood pressure. Moreover, plasma BMP-2 and 
BMP-7 reflect the expression level of these proteins in kidney of MWF 
rats, associated with increased kidney damage, profibrotic, and calcifi-
cation factors [18]. 

Other mechanisms associated with kidney and vascular damage in 
CKD involve a possible paracrine effect of several adipose tissue depots, 
such as perivascular adipose tissue (PVAT), adjacent to renal [25] and 
non-renal arteries [18]. PVAT from MWF rats exhibits a reduced Bmp-7 
expression associated with an increase in transforming growth factor β 
(Tgfβ) and collagen1A1 (Col1A1) expression [18]. In parallel, there is an 
upregulation of BMP-2 expression together with the osteogenic and 
calcification factors RUNX family transcription factor 2 (Runx2), alka-
line phosphatase (Alp), and osteocalcin (Bglap) [18]. Moreover, recent 
studies in CKD patients have highlighted the key role of perirenal adi-
pose tissue (PRAT) thickness as a novel independent risk factor for CKD 
[26–30]. A deeper characterization of pathophysiological mechanisms 
in PRAT and PVAT associated to nondiabetic and diabetic CKD is 
warranted. 

Finerenone (FIN) is a next-generation, oral, selective, non-steroidal 
mineralocorticoid receptor antagonist (MRA) which is as least as 
potent as spironolactone and even more selective as eplerenone. Its non- 
steroidal structure confers a different binding mode to the mineralo-
corticoid receptor (MR) as well as different physicochemical properties, 
which have an impact on distribution and tissue penetration [31]. FIN 
reduced cardiac hypertrophy, pro-B-type natriuretic peptide (BNP) and 
proteinuria more efficiently than eplerenone when directly comparing 
equinatriuretic doses [32]. More importantly, once-daily oral adminis-
tration of 10 mg of FIN was at least as effective as spironolactone (25–50 
mg/day) in decreasing BNP, NT-pro-BNP and albuminuria, but was 
associated with significantly lower increases in serum potassium, a 
significantly lower incidence of hyperkalemia as well as a lower inci-
dence of worsening kidney function [33]. The recent results of two phase 
III trials, FIDELIO-DKD [34] and FIGARO-DKD [35] together with their 
combined analysis in FIDELITY [36] provides robust evidence of both 
cardiovascular and kidney protection with FIN vs. placebo in patients 
with a broad spectrum of CKD and type 2 diabetes (T2DM), all treated 
with an optimized dose of an angiotensin-converting enzyme inhibitor 
(ACEi) or angiotensin receptor blocker (ARB). 

Preclinical studies from our group in the MWF model have further 
analysed the mechanisms underlying the protective effects of FIN [12, 
37]. Treatment with FIN reduces albuminuria, endothelial dysfunction, 
high blood pressure [37] and arterial stiffness [12] associated with a 
reduction of kidney and vascular oxidative stress, thus supporting the 
functional link between the extra kidney normalization of vascular 
dysfunction and the improvement of glomerular permeability dysfunc-
tion. We have now created a new DKD model trough induction of T1DM 
in the MWF rat with established CKD. Animals develop glucose 

intolerance and insulin resistance, an aggravated kidney damage and 
cardiac hypertrophy with preserved ejection fraction, associated to 
proinflammatory and profibrotic alterations in PRAT which might 
contribute in a paracrine way to the progression of DKD. We thus suggest 
that the MWF diabetic might represent a valuable model for uncovering 
novel pathophysiological mechanisms as well as testing of pharmaco-
logic intervention. 

The hypothesis of this work is that FIN treatment of T1DM MWF (D) 
rats prevents the progression of kidney, cardiovascular, and metabolic 
damage through a modulation of the proinflammatory and procalcifying 
environment, potentially including the modulation of BMP-2 and BMP- 
7. 

2. Material and methods 

2.1. Animal treatments and experimental protocol 

Sixteen-week-old male MWF rats (Charité – University Medicine 
Berlin, Germany; n = 27) housed in individual cages under controlled 
dark-light cycles (12 h/12 h) and temperature conditions had free access 
to water and food for the duration of the study. Only male rats were 
used, as female MWF do not develop the albuminuria phenotype [38]. 
Animals were randomly divided in three groups: control (C), diabetic 
(D) and diabetic treated with FIN (D-FIN). 

The control group (C; n = 10) was fed standard chow during the 
study (6 weeks). Another group (n = 17) was fed a high-energy diet in 
combination with streptozotocin (STZ) administration. At the beginning 
of the dietary treatment, rats received 3 doses of STZ (15 mg/kg, i.p.) to 
reach blood glucose values above 200 mg/dL, considered as hypergly-
cemia. C rats fed standard chow received equivalent vehicle injections as 
their littermates (citrate buffer 0.1 M, pH=4.5). Simultaneously, rats 
were fed a high-fat high-sucrose diet (HF/HS, TD08811 ENVIGO, Bar-
celona, Spain) for 6 weeks without (D; n = 10) or with FIN (D-FIN; n =
7). FIN was added to the HF/HS diet in a concentration of 0.27 g/Kg of 
whole diet. This concentration was estimated based on the previous 
determination of individual food intake for each rat to reach a dose of 
10 mg/kg/day. 

All experimental procedures were approved by the Animal Facility of 
Instituto Pluridisciplinar UCM (ES-280790000086), as well as by Insti-
tutional Animal Care and Use Committee of the Comunidad de Madrid 
(PROEX 205/18, approved December 2018) in accordance with the 
guidelines for the ethical care of experimental animals of the European 
Community. Experiments were performed at Instituto Pluridisciplinar. 
Every effort was made to avoid animal suffering in accordance with the 
ARRIVE guidelines (Animal Research: Reporting of in Vivo Experiments 
[39]. 

2.2. Determination of glycemic parameters and urinary albumin excretion 

Fasting blood glucose and insulin were monitored once a week 6 h 
after food removal. Blood was drawn from the tail vein of conscious rats 
for glucose determination with a Contour XT glucometer (Barcelona, 
Spain). Insulin levels were determined by means of a specific enzyme 
immunoassay kit (Mercodia, Denmark) (2.2% intra-assay variation, 
4.9% inter-assay variation). HOMA-IR (Homeostatic Model Assessment 
for Insulin Resistance) index was calculated with the following formula: 
[fasting blood glucose (mmol/L) × fasting plasma insulin (µU/mL)]/ 
22.5. Postprandial blood glucose was determined before euthanasia at 
8:30 a.m. in rats which had access to food and water the night before. 

Urine was collected by placing the animals in metabolic cages for 24 
h after a 1-day adaptation period. After 6 weeks of treatment urinary 
albumin excretion (UAE), urinary creatinine, proteinuria and protein/ 
creatinine ratio and creatinine clearance were determined as previously 
described [8,20,40]. Urine glucose was determined by glucose Trinder 
Method (Roche Applied Science, Barcelona, Spain). 
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2.3. Invasive hemodynamic measurements and tissue obtention 

On the last day, both carotid and femoral arteries were catheterized 
under anesthesia (80 mg/kg ketamine hydrochloride and 12 mg/kg 
xylazine hydrochloride, ip) and blood pressure waves were recorded in a 
PowerLab system (ADInstruments) [12]. The following formula was 
used to calculate pulse wave velocity (PWV): D (meters)/Δt (seconds). D 
is the distance between carotid and femoral arteries and Δt is the time 
delay, determined by using the displacement between the carotid and 
femoral pressure waves. 

After hemodynamic measurements, animals were euthanized by 
exsanguination, blood was collected in heparinized tubes and plasma 
was obtained after a 10 min centrifugation at 4000 rpm. Kidneys, 
thoracic aorta, first branch mesenteric arteries, perirenal adipose tissue 
(PRAT), and periaortic perivascular adipose tissue (PVAT) were excised. 
Aorta was used fresh for vascular function experiments. Other tissues 
were frozen for further experiments. 

2.4. Plasma determinations 

Potassium, calcium, phosphate, 25-OH cholecalciferol, and creati-
nine were determined on a sample of heparin-anticoagulated plasma by 
the Megalab® laboratory following standard procedures. Determination 
of plasma atrial natriuretic peptide (ANP), BMP-2 and BMP-7 levels was 
performed using specific ELISA kits according to the manufacturer’s 
specifications (Quantikine®, R&D Systems Inc, Minnesota, USA), as 
previously described [18]. 

2.5. Vascular function study in the isolated thoracic aorta 

Vascular function was assessed as previously described [41]. Briefly, 
thoracic aorta cleaned of PVAT was carefully isolated, placed in 
oxygenated physiological salt solution (PSS: 115 mmol/L NaCl, 4.6 
mmol/L KCl, 2.5 mmol/L CaCl2, 25 mmol/L NaHCO3, 1.2 mmol/L 
KH2PO4, 1.2 mmol/L MgSO4, 0.01 mmol/L EDTA, 5.5 mmol/L glucose), 
and cleaned of blood. Vascular rings (3-mm-long) were suspended on 
two intraluminal parallel wires, introduced in an organ bath containing 
PSS and connected to a Piodem strain gauge. Isometric tension was 
recorded in a BioPac AcQKnowledge 3.9 (BioPac Systems, EE UU). 
Segments were given an optimal resting tension of 1.5 g, which is then 
readjusted every 15 min during a 60 min equilibration period. There-
after, the vessels were exposed to 75 mmol/L KCl to check their 
contractility. Concentration-response curves to acetylcholine (Ach, 
10− 9-10− 4 mol/L) and noradrenaline (NA, 10− 10-10− 6 mol/L) were 
performed. Cyclooxygenase (COX) inhibitor indomethacin (INDO, 3 
×10− 6 mol/L), nitric oxide synthase (NOS) inhibitor, NG-ni-
tro-L-arginine methyl ester (L-NAME, 10− 4 mol/L), the NOX-1 inhibitor, 
ML171 (Calbiochem-Merck (10− 5 mol/L) or the catalase inhibitor, 
3-amino-1,2,4-triazole (3-AT, 5 ×10− 3 mol/L) were incubated 30 min 
prior to addition of the agonists. 

2.6. Determination of collagen deposition in mesenteric artery by 
immunofluorescence 

First branch mesenteric arteries were incubated in sodium nitro-
prusside (SNP, 10− 6 mol/L) for 1 h for them to dilate and immediately 
fixed in 4% paraformaldehyde [60 min; room temperature (RT)], 
washed with 0.2% Tween-20 in PBS (15 min; RT) and incubated with 
blocking solution (3% BSA in PBS; 30 min; RT). Mesenteric arteries were 
incubated thereafter with collagen type I and type III antibodies (1:50; 
Abcam, Germany; overnight; 4ºC) in immunofluorescence buffer (1% 
BSA, 0.2% Triton and 0.05% Tween-20 in PBS). Segments were washed 
and incubated with the secondary antibody Alexa-Fluor 555 (1:200; 
Invitrogen, USA; 60 min; RT) and with the nuclear dye TO-PRO®− 3 
(642− 661) (1:500; Invitrogen, USA; 10 min; RT; light protected). 
Arterial segments were mounted as previously described [12] and 

visualized by confocal microscopy (Leica TCS SP5). Stacks of serial op-
tical sections were captured from 3 randomly chosen regions with a x63 
objective at zoom 3, under identical conditions of laser intensity, 
brightness and contrast [12]. Fluorescence intensity was quantified with 
ImageJ software (NIH, USA, Version 1.50 f). 

2.7. RNA extraction and real-time PCR (RT-qPCR) 

Total RNA was isolated from the kidney, PRAT and PVAT using 
Qiazol Reagent (Qiagen). The samples were processed using a RNA Spin 
illustraTM (GE Healthcare) and the concentration and purity of RNA 
were assessed with NanoDropTM 2000/c (Fisher Scientific). Reverse 
transcription was performed on 500 ng of RNA with iScript cDNA syn-
thesis kit (BioRad) using random hexamer primers. Optimal annealing 
temperature and amplicon sizes were checked for each pair of primers. 
RT-qPCR analyses were performed in a CFX96 Instrument (BioRad). 
10.00 ng of cDNA from six to ten samples of each group were run in 
duplicate and the mRNA levels were determined using a 1:1 mix of 
forward and reverse intron-skipping primers at a concentration of 3 µM, 
Gapdh and Atpaf-1 were used as housekeeping genes and 2x SYBR Green 
Master Mix (Applied Biosystems, Foster City, CA, USA). All primer se-
quences are detailed in Table 1. 

2.8. Statistical analysis 

Variables were compared by Student’s t test or one-way ANOVA with 
the Newman-Keuls test, and nonparametric variables were compared by 
the Kruskal-Wallis test. Data analysis was performed with GraphPad 
Prism 9. Data are presented as mean ± standard error of the mean and 
statistical significance was considered for p < 0.05. 

3. Results 

3.1. Effect of FIN treatment on body and tissue weights 

As shown in Table 2, caloric intake was significantly higher in D 
animals which exhibited an increased body weight at the end of treat-
ment compared to C. PRAT, PVAT, and mesenteric adipose tissue 
amounts were significantly increased compared to the C group. FIN 
significantly reduced caloric intake compared to D group, although it 
was still significantly higher compared to the C group. No effect of FIN 
was observed on other parameters (Table 2). 

3.2. Effect of FIN treatment on glycemic parameters 

D rats showed a significant increase in fasting and postprandial blood 
glucose and significantly lower levels in postprandial insulin with no 
difference in fasting insulin levels compared to the C group (Table 3). An 
increase in HOMA-IR was detected in D rats compared to C rats, showing 
that this group is not only glucose intolerant but also insulin resistant. 
The D group also showed higher water intake, urine volume, and 
increased glucosuria, classical features of diabetes. No significant effect 
of FIN was observed on none of these parameters (Table 3). 

3.3. FIN prevents the progression of kidney damage in diabetic MWF 

UAE (Fig. 1A), urinary creatinine (Table 4), urinary protein/creati-
nine ratio (UPCR) (Table 4), creatinine clearance (Table 4) and plasma 
creatinine values (Fig. 1B) were similar in the D compared with the C 
group with no significant effect of FIN on these parameters compared 
with the D group (Figs. 1A and 1B, Table 4). FIN significantly reduced 
urinary protein excretion vs. the C group and by trend vs. the D group 
(Table 4). Kidneys of D rats exhibited an upregulation of the kidney 
damage markers Kim-1 and Ngal as well as profibrotic Col1A1 compared 
to the C group (Fig. 1C-E) which was prevented by FIN treatment. No 
difference in Tgfβ expression was detected between groups (Fig. 1F). 
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As shown in Table 5, potassium, calcium, or phosphate plasma levels 
were similar between groups. 25-OH cholecalciferol levels were higher 
in the MWF-D group and not modified by FIN. 

3.4. FIN reduced blood pressure, pulse wave velocity and collagen 
deposition in diabetic MWF 

Diabetes induction did not further increase SBP (Fig. 2A), DBP 
(Fig. 2B) or PWV (Fig. 2C) compared to the C group. However, D-FIN 
rats showed significantly lower values of SBP, DBP and PWV (Fig. 2A-C). 
No differences in HR were observed between the groups (Fig. 2D). Both 
heart weight (Fig. 2E) and plasma ANP levels (Fig. 2F) were significantly 
higher in the D group and reduced by FIN treatment. 

Since increased PWV in MWF is related to an increased collagen 
amount in mesenteric arteries [12], we ought to determine if the 
FIN-induced decrease of PWV was associated to a decreased collagen 
content in these vessels. As shown in Figs. 2G and 2H, D rats showed a 
significant increase in collagen content compared to the C group, which 
was significantly reduced to control levels by FIN treatment. 

Table 1 
Primer sequences.  

Gene Accesion number Forward (5′¡3′) Reverse (5′¡3′) 

Rn Kim-1 NM_173149.2 ATTGTTGCCGAGTGGAGAT TGTGGTTGTGGGTCTTGTAGT 
Rn Ngal NM_130741.1 GGCCGACACTGACTACGACC GCCCCTTGGTTCTTCCGTAC 
Rn Bmp-2 NM_017178.2 CCCCTATATGCTCGACCTGTACC TGAAAGTTCCTCGATGGCTTCT 
Rn Bmp-7 NM_001191856.2 GAGGGCTGGTTGGTATTTGACA AACTTGGGGTTGATGCTCTGC 
Rn Il-6 NM_012589.2 CCTGGAGTTTGTGAAGAACAACTT TGGAAGGTGGGGTAGGAAGGAC 
Rn Il-10 NM_012854.2 CAGTGGAGCAGGTGAAGAATGA CATTCATGGCCTTGTAGACACC 
Rn Il-1β NM_031512.2 TGACAGACCCCAAAAGATTAAGGA CGAGATGCTGCTGTGAGATTTG 
Rn Col1A1 NM_053304.1 GGATGCCATCAAGGTCTACTGC TGAGTGGGGAACACACAGGTCT 
Rn Tgfβ NM_021578.2 ATGGTGGACCGCAACAAC CAGCAATGGGGGTTCTGG 
Rn Gapdh NM_017008.4 AAGGCTGAGAAATGGGAAGCTC CCATTTGATGTTAGCGGGATCT 
Rn Atpaf-1 NM_001107959.1 GATCTCTCCAAGAAGCTGCAAG AAGATGACCCCAAGGCATTTTT  

Table 2 
Caloric intake, body weight and tissue amount.   

C D D-FIN 

Caloric intake (kcal/day) 47.9 ± 4.9 70.0 ± 17.3 
* 

59.3 ± 14.6 
*# 

Final weight (g) 400.3 ±
33.2 

433.6 ±
14.4 * 

424.3 ±
23.8 * 

Tibial length (mm) 4.3 ± 0.03 4.3 ± 0.08 4.2 ± 0.001 
PRAT/tibial length (g/mm) 0.90 ±

0.01 
0.145 ±
0.02 * 

0.152 ±
0.01 * 

PVAT/tibial length (mg/mm) 7 ± 2 9 ± 2 * 10 ± 2 * 
Mesenteric AT/tibial length 

(mg/mm) 
73 ± 5 116 ± 2 * 117 ± 3 * 

Results are shown as mean ± SEM. *p < 0.05 compared to C; #p < 0.05 
compared to D. 

Table 3 
Glycemic parameters.   

C D D-FIN 

Fasting glucose (mg/dL) 125.0 ±
3.9 

243.0 ± 28 * 259.0 ± 56 * 

Fasting insulin (ng/mL) 2.6 ± 0.4 3.1 ± 0.4 3.3 ± 0.2 
Postprandial glucose (mg/ 

dL) 
302.3 ± 25 481.2 ± 33 * 497.5 ± 68 * 

Postprandial insulin (mg/ 
dL) 

5.8 ± 0.3 3.4 ± 0.5 * 3.0 ± 0.2 * 

HOMA-IR 17.4 ± 2.1 40.0 ± 5.3 * 50.0 ± 12.5 * 
Water intake (mL) 26.2 ± 6.1 44.0 ± 25.6 * 57.5 ± 31.1 * 
Urine excretion (mL) 8.5 ± 2.5 27.7 ± 22.5 * 36.8 ± 27.1 * 
Glucosuria (mg/24 h) 14.7 ± 6.6 241.0 ± 70.4 

* 
157.9 ± 42.2.4 
* 

Results are shown as mean ± SEM. *p < 0.05 compared to C. 

Fig. 1. Effect of FIN treatment on MWF kidney damage markers. (A) Uri-
nary albumin excretion (UAE) and (B) plasma creatinine in C, D and D-FIN rats. 
Kidney mRNA expression of tubular damage markers (C) Kim-1 and (D) Ngal 
and fibrosis markers (E) Col1A1 and (F) Tgf-β in C, D and D-FIN rats. Expression 
values are represented as the percentage of basal expression, considering the C 
group as basal. Values are expressed as means ± SEM. *p < 0.05; 
n = 6–10 animals. 
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3.5. FIN treatment improves vascular function through reduction of 
vasoconstrictor prostanoids and reactive oxygen species (ROS) 

C rats exhibited an aortic endothelial dysfunction, characterized by a 
reduced relaxation to Ach (10− 9-10− 4 mol/L). This response was not 
further aggravated in the diabetic group, but significantly improved in 
D-FIN (Fig. 3A). Aortic contractions elicited by NA (10− 9-10− 6 mol/L) 
were significantly higher in the diabetic compared to the C group 
(Fig. 3B) and returned to control levels in the FIN-treated group 
(Fig. 3B). 

Since hypersensitivity of vascular smooth muscle to contractile fac-
tors in diabetes activates the production of cyclooxygenase (COX)- 
derived vasoconstrictor prostanoids [42,43] aortic segments were pre-
incubated with the cyclooxygenase (COX) inhibitor, INDO (3 ×10− 6 

mol/L). NA-induced contractions were significantly reduced by INDO in 
the D (Fig. 3D) but not in the C group (Fig. 3C) or FIN-D group (Fig. 3E), 
suggesting that FIN prevents production of COX-derived contractile 
prostanoids induced by diabetes. 

Next, we analyzed the contribution of NO and ROS to increased 
contractions. Nitric oxide synthase (NOS) inhibitor L-NAME (10− 4 mol/ 
L) significantly increased NA-induced aortic contractions in both the C 
(Fig. 3F) and the D (Fig. 3G) but not in the D-FIN group (Fig. 3H). NA- 
induced contractions were significantly reduced by the catalase inhibi-
tor 3-AT (5 ×10− 3 mol/L) the aorta from D (Fig. 3J) but not from either 
C (Fig. 3I), or D-FIN rats (Fig. 3K). Preincubation with the NADPH ox-
idase 1 (NOX-1) inhibitor ML171 (10− 5 mol/L) significantly reduced 
aortic NA-induced contractions in the C (Fig. 3L) and D-FIN (Fig. 3N) 
groups. However, contractions to NA were significantly increased in the 
D group (Fig. 3M). 

3.6. FIN prevents diabetes-induced alterations in PVAT and PRAT 

Next, we aimed at evaluating the impact of diabetes and the effect of 
FIN on aortic PVAT expression of inflammatory and fibrotic factors. The 
expression of the inducible NOS (iNos) in PVAT from D rats was almost 
abolished by FIN treatment (Fig. 4A). Expression of Il-1β, Il-6, IL-10, 
Tnfα, Tgfβ, and Col1A1 were significantly higher in the D group and 
reduced to control levels by FIN treatment (Fig. 4B, C, E, F, G). No dif-
ference between groups was observed in expression levels of the anti- 
inflammatory Il-10 (Fig. 4D). 

Since the increase in PRAT amount is a novel independent risk factor 
for CKD [26–30], we ought to determine the effect of FIN on the 
expression of proinflammatory and profibrotic factors in this tissue. 
Expression of Il-1β and Il-6 was significantly lower in PRAT from the 
D-FIN groups as compared to C and D groups (Fig. 5A and B). Il-10 
expression was downregulated by diabetes and not modified by FIN 
(Fig. 5C). Tnfα and Tgfβ were significantly upregulated in the D group 
and reduced to control levels by FIN treatment (Fig. 5C, D). Diabetes 
increased Col1A1 (Fig. 5E) which was not modified by FIN. 

3.7. FIN prevents diabetes-induced imbalance of BMP-2 and BMP-7 

Based on the imbalance between BMP-2 and BMP-7 levels in CKD 
associated to vascular fibrosis and increased PWV [18], we aimed at 
evaluating the impact of diabetes and the effect of FIN on these proteins 
in plasma, kidney, PVAT and PRAT. BMP-2 was significantly lower in 
plasma, kidney and PVAT from the D-FIN group compared to C and D 
groups (Fig. 6 A, C, E). FIN significantly increased BMP-7 levels in 
plasma and BMP-7 expression in the kidney to control levels (Fig. 6B and 
D). In PRAT, no differences were observed between groups in BMP-2, 
whereas BMP-7 expression was higher in both D and D-FIN groups 
(Fig. 6G and H). 

4. Discussion 

Our study shows a protective effect of FIN on the progression of 
kidney and cardiovascular damage in a novel model of T1DM in estab-
lished CKD through the reduction of i) kidney damage markers, ii) blood 
pressure, heart weight, PWV and vascular collagen content, and iii) 
vascular prostanoids and reactive oxygen species (ROS). Moreover, here 
we show for the first time that FIN prevents diabetes-induced alterations 
in PVAT and PRAT, such as the upregulation of proinflammatory and 
profibrotic factors. In addition, FIN restores the imbalance observed in 
CKD between the procalcifying BMP-2 and the nephroprotective BMP-7 
in plasma, kidney, PVAT and PRAT. All these beneficial effects of FIN are 
observed independently of changes in glycaemia other characteristics of 
diabetes. 

The FIDELIO and FIGARO studies showed a reduced risk of CKD 
progression and cardiovascular events in patients with CKD and T2DM 
treated with FIN [34,35] independent of baseline glycemia [44], HbA1c 
levels or insulin use [45]. In the present preclinical study, FIN was 
started concurrent with diabetes induction in 16-week-old rats with 
overt albuminuria, kidney and vascular damage [12,37,41]. This inter-
vention is, thus, a prevention study to assess the efficacy of FIN on 
kidney and cardiovascular damage progression in a T1DM model. 
Treatment with FIN did not prevent any of the metabolic parameters 
directly related to diabetes. Conversely, FIN prevented the upregulation 
of kidney damage markers Kim-1, Ngal, Bmp-2, and Col1A1, as well as 
the downregulation of Bmp-7 after induction of diabetes. BMP-2 is a 
well-known procalcifying factor, which inversely correlates with eGFR 
in the CKD population [20] and which is increased in stage III CKD 
patients and MWF rats [18]. In addition, the reduction of Bmp-7 in 
kidney of MWF rats is associated with a progression of kidney and 
vascular damage [18]. BMP-7 is a physiological antagonist of TGFβ, a 
key bystander in kidney fibrosis implicated in CKD progression [46,47]. 
In this line, decreased BMP-7 levels in T2DM patients who subsequently 
develop major kidney events, might predict these better than the best 
currently available risk marker, i.e. albuminuria, serum creatinine or 
cystatin C [48]. In fact, the reduction of plasma BMP-7 already in CKD 
stage I patients suggests it might be an early event in CKD development, 
reflecting a reduction in kidney tubular BMP-7 expression [18]. In a 
mouse model of T1DM [24], administration of BMP-7 partially reversed 
diabetic-induced kidney hypertrophy, reduced albuminuria and 
restored GFR and glomerular histology toward normal. 

Although diabetes induction does not further increase BP in the D 
group, FIN significantly reduced both SBP and DBP associated to an 

Table 4 
Albumin, creatinine and total protein urine excretion, plasmatic creatinine 
concentration and creatinine clearance.   

C D D-FIN 

Urine creatinine excretion (mg/ 
24 h) 

1.89 ± 0.29 0.14 ± 0.45 
* 

0.28 ± 0.17 * 

Urine protein excretion (mg/24 
h) 

73.89 ±
7.18 

65.33 ±
12.61 

39.10 ± 9.75 
* 

Urine protein/creatinine ratio 
(UPCR) 

6532 ±
666.7 

5934 ±
750.8 

5648 ±
993.8 

Plasma creatinine 
(mg/dL) 

0.50 ± 0.23 0.59 ± 0.11 0.50 ± 0.06 

Creatinine clearance 
(mL/min) 

1.64 ± 0.05 1.87 ± 0.24 1.91 ± 0.24 

Results are shown as mean ± SEM. *p < 0.05 compared to C. 

Table 5 
Calcification parameters.   

C D D-FIN 

Calcium (mg/dl) 9.73 ± 0,2 9.9 ± 0.4 9.7 ± 0.4 
Potassium (mEq/l) 5.9 ± 0.2 5.8 ± 0.3 6.0 ± 0.2 
Phosphate (mg/dl) 7.2 ± 0.3 8.4 ± 0.3 8.2 ± 0.1 * 
25-OH cholecalciferol (ng/mL) 13.6 ± 0.8 17.1 ± 1.0 * 16.8 ± 0.7 

Values are expressed as means ± SEM. *p < 0.05 compared with C. 
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Fig. 2. Effect of FIN treatment on cardiovascular hemodynamics and fibrosis. (A) Systolic blood pressure (SBP), (B) diastolic blood pressure (DBP), (C) pulse 
wave velocity (PWV) and (D) heart rate in anesthetized C, D and D-FIN rats. (E) Whole heart weight normalized by respective tibial length (F) and ANP plasma level. 
(G) Representative images of first-branch mesenteric artery immunofluorescence showing collagens 1 and 3 content detected with primary antibodies marked with 
Alexa Fluor 555 (magenta, upper row), nuclei marked with TOPRO-3 (blue, middle row), and merged images (bottom row). (H) Immunofluorescence quantification. 
Values are expressed as means ± SEM. *p < 0.05; n = 6–10 animals. 
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(caption on next page) 
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Fig. 3. Effect of FIN on vascular function. Cumulative concentration-response curves to (A) Ach (10− 9 to 10− 4 M) and (B) NA (10− 9 to 10− 6 M) in thoracic aorta 
with intact endothelium from C, D and D-FIN rats. (C-N) Cumulative dose-response curves to NA (10− 9 to 10− 6 M) in presence or absence of: (C-E) the cyclooxygenase 
(COX) inhibitor indomethacin (INDO, 3 ×10− 6 mol/L); (F-G) the NOS inhibitor L-NAME (10− 4 mol/L); (I-K)); the catalase inhibitor 3-AT (5 ×10− 3 mol/L); (L-N) the 
NADPH oxidase 1 (NOX-1) inhibitor ML171 (10− 5 mol/L in thoracic aorta with intact endothelium from C, D and D-FIN rats. Values are expressed as means ± SEM. 
***p < 0.001 compared with C; #p < 0.05 compared with D; ##p < 0.01 compared with D; n = 6–10 animals. 

Fig. 4. Effect of FIN treatment on inflammatory and fibrotic factor expression in periaortic adipose tissue (PVAT). Adipose mRNA expression of (A) iNos, (B) 
Il-1β, (C) Il-6, (D) Il-10, (E) Tnfα, (F) Tgfβ and (G) Col1A1 from C, D and D-FIN rats. Expression values are represented as the percentage of basal expression, 
considering the C group as basal. Values are expressed as means ± SEM. *p < 0.05;(n = 6–10 animals). 
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amelioration of endothelial function shown by the increased relaxations 
to Ach and the reduced contractions to NA. The effect of the non- 
selective COX inhibitor INDO used in this study suggests an increased 
prostanoid production in the aorta of the diabetic group, which is pre-
vented by FIN treatment. In accordance, an upregulation of the consti-
tutive COX-1 and inducible COX-2 isoform in conductance arteries from 
T1D rats [43] catalyse prostanoid formation which are important in-
flammatory mediators leading to increased contractions [49]. Upregu-
lation of COX is, in part, due to excess production of ROS [50,51] and 
NOX1 is considered the major source of vascular ROS in diabetes [52]. 
Indeed, impairment of endothelial function in the MWF rat is related to 
increased oxidative stress due to abnormal ROS formation [41]. More-
over, H2O2 plays an essential role in pathological conditions compen-
sating for vasorelaxation in large vessels [53]. In this study, aortas from 
the D group showed an increased production of H2O2 eliciting vasodi-
latation, as observed in presence of 3-AT. Moreover, increased 
NA-induced contractions in presence of ML171 might reflect the abol-
ishment of NOX1-dependent superoxide production and subsequent 

H2O2 formation, unmasking the increased prostanoid-dependent vaso-
constriction. Thus, increased H2O2 production might counterbalance 
enhanced prostanoid-induced contractions, as observed after NOX1 in-
hibition. In this scenario, FIN efficiently reduces both vasoconstrictor 
prostanoid formation and ROS generation in the vascular wall, as pre-
viously demonstrated in nondiabetic MWF rats [37]. To note, ROS 
stimulates the procalcifying effects of the BMP-2 in human endothelial 
cells [19,20] thus suggesting that increased BMP-2 is likely to contribute 
to impaired endothelial function. 

The increase in heart size and ANP plasma levels in the D group 
despite no BP increase is noteworthy. Heart enlargement is related to 
one of the cardiac complications of diabetes such as heart failure with 
preserved ejection fraction, which is also related to increased vascular 
stiffness. A pressure-related effect on the prevention of cardiac alter-
ations by FIN might not be excluded. However, even in CKD with well- 
controlled BP, the administration of MRA reduces left ventricular hy-
pertrophy, as well as PWV [54]. Accordingly, FIN reversed increased 
PWV associated to a decrease in diabetes-induced collagen deposition in 
mesenteric resistance arteries due to a probable reduction of arterial 
stiffness. In fact, mesenteric arteries from MWF rats have an increased 
intrinsic arterial stiffness due to alterations in the elastin/collagen bal-
ance and increased MMP-9 activity, all reduced by FIN [12]. 

Other mechanisms associated with kidney and vascular damage in 
CKD involve a dysfunction of different adipose tissue depots. PVAT is a 
source of multiple vasoactive factors with physiological paracrine effects 
on both vascular function and structure [55,56]. In pathophysiological 
conditions, such as hypertension, obesity or diabetes, alteration in the 
expression pattern of these factors lead to PVAT dysfunction, creating a 
contractile, pro-oxidant, inflammatory, and pro-fibrotic environment 
leading to vascular dysfunction, an increase in SBP and DBP, and to 
higher PWV [18,55,56]. Moreover, PRAT is a possible bystander in CKD 
due to its anatomical location surrounding the kidney. Recent studies 
have highlighted the key role of PRAT thickness as a novel independent 
risk factor for CKD in patients associated with a decrease of the esti-
mated glomerular filtration rate (eGFR) [27,57], with abdominal 
obesity and albuminuria [30,58], as well as with CKD progression [26, 
28,30]. Expansion of the adipose tissue is tightly associated with adipose 
inflammation and dysfunctional adipocytes. The imbalance between 
pro-inflammatory TNFα, IL-1, IL-6, and the anti-inflammatory IL-10, as 
well as the upregulation of TGFβ and Col1A1 suggests a net inflamma-
tory and profibrotic environment in both PVAT and PRAT from MWF-D. 
Reductions in kidney and vascular fibrosis along with amelioration of 
concomitant inflammation have been shown with FIN in different 
experimental models by decreasing interstitial fibrosis, proin-
flammatory macrophages myofibroblasts and collagen deposition at non 
hypotensive doses [59]. However, this is the first report demonstrating 
an anti-inflammatory and antifibrotic effect of FIN on both PVAT and 
PRAT. 

There are several limitations of the study. First, neither albuminuria, 
proteinuria, urinary creatinine, protein/creatinine ratio, creatinine 
clearance nor plasma creatinine were modified by the additional in-
duction of T1 diabetes in albuminuric MWF rats. Accordingly, there was 
no significant effect on these parameters by FIN treatment vs. the D 
group. However, FIN significantly reduced urinary protein excretion vs. 
the albuminuric C group and by trend vs. the D group (Table 4) as 
observed with urinary albumin excretion in previous studies using non- 
diabetic albuminuric Wistar Frömter rats [12,37]. Therefore, 16 weeks 
old MWF animals seem to be already maximally albuminuric in the 
non-diabetic state while a rather short-term additional exposure to 
diabetes does not further increase albuminuria. Furthermore, we 
observed a substantial deviation in albuminuria and other kidney 
function values per group. Other potential reasons for a non-significant 
UAE reduction by finerenone could be a too short treatment time. This 
observation is in strong contrast to the congruent UACR reduction by 
finerenone in all phase II and phase III studies conducted so far [33–35, 
60,61]. Second, the L-NAME-induced abolishment of NO oxide 

Fig. 5. Effect of FIN treatment on inflammatory and fibrotic factor 
expression in perirenal adipose tissue (PRAT). Adipose mRNA expression of 
(A) Il-1β, (B) Il-6, (C) Il-10, (D) Tnfα, (E) Tgfβ and (F) Col1A1. Expression values 
are represented as the percentage of basal expression, considering the C group 
as basal. Values are expressed as means ± SEM. *p < 0.05 compared with C; 
* **p < 0.001 compared with C; #p < 0.05 compared with D; 
n = 6–10 animals. 
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availability in the D-FIN group might be attributed to a possible 
reduction of iNOS expression in the vascular wall, as observed in PVAT, 
thus contributing to a reduction of vascular inflammation. However, this 
is an indirect interpretation since, unfortunately, there was no aortic 
tissue available for assessing iNOS expression. 

In conclusion, our study shows that treatment with FIN improves 

kidney and vascular damage in a rat model of DKD with T1D. We show 
for the first time that FIN prevents diabetes-induced alterations in PVAT 
and PRAT, such as the upregulation of proinflammatory and profibrotic 
factors, and restores the imbalance observed in CKD between the pro-
calcifying BMP-2 and the nephroprotective BMP-7 in plasma, kidney, 
PVAT and PRAT. All these beneficial effects of FIN are observed 

Fig. 6. Effect of FIN treatment on BMP-2 and BMP-7 levels in: (A, B) plasma, (C, D) kidney, (E, F) periaortic adipose tissue (PVAT), and (G,H) perirenal adipose 
tissue (PRAT). mRNA expression values are represented as the percentage of basal expression, considering the C group as basal. Values are expressed as means 
± SEM. *p < 0.05; n = 6–10 animals. 
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independent of changes in glycaemia other characteristics of diabetes. 
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