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Abstract

:

Diabetic kidney disease is a frequent microvascular complication of diabetes and is currently the leading cause of chronic kidney disease and end-stage kidney disease worldwide. Although the prevalence of other complications of diabetes is falling, the number of diabetic patients with end-stage kidney disease in need of kidney replacement therapy is rising. In addition, these patients have extremely high cardiovascular risk. It is more than evident that there is a high unmet treatment need in patients with diabetic kidney disease. Finerenone is a novel nonsteroidal mineralocorticoid receptor antagonist used for treating diabetic kidney disease. It has predominant anti-fibrotic and anti-inflammatory effects and exhibits several renal and cardiac protective effects. This review article summarizes the current knowledge and future prospects of finerenone in treating patients with kidney disease.
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1. The Epidemiology and Global Burden of Diabetic Kidney Disease


Diabetic kidney disease (DKD) is a frequent microvascular complication of diabetes. It is currently one of the leading causes of chronic kidney disease (CKD) and end-stage kidney disease (ESKD) worldwide [1]. The diagnosis of DKD is based on sustained elevation of urinary albumin excretion (urine albumin to creatinine ratio >30 mg/g) and/or a reduction in estimated glomerular filtration rate (eGFR) to <60 mL/min/1.73 m2 in a patient with diabetes. Whenever there is concurrent evidence of diabetic retinopathy, the diagnosis of DKD and the possibility of progressive CKD and ESKD are even more likely [2,3].



The global prevalence of type 2 diabetes was approximately 11% in 2021 and is expected to rise to 12% by 2045 [4]. In the following decades, the most significant relative increase is expected in low- to middle-income countries, especially in Africa, and among children, adolescents, and younger patients [5].



DKD develops in nearly half of patients with type 2 diabetes and one-third of patients with type 1 diabetes. It is estimated that diabetic patients have a two times higher risk of developing CKD than non-diabetic patients [6]. Accounting for nearly half of all cases, diabetes is the leading cause of ESKD worldwide [7]. Although the prevalence of other microvascular and macrovascular complications of diabetes is falling, the number of diabetic patients with ESKD in need of kidney replacement therapy is rising [8,9]. Furthermore, the mortality of these patients increased by 103% from 1990 to 2013, primarily due to cardiovascular events [10]. There is a high unmet treatment need in patients with DKD [11].




2. The Pathophysiology behind Diabetic Kidney Disease


Hyperglycemia is associated with several metabolic, hemodynamic, proinflammatory, and profibrotic alterations, which ultimately lead to kidney damage onset and progression to kidney failure [12].



Several metabolic pathways are deranged in the hyperglycemic milieu [13]. Production of advanced glycation end products (AGEs) is increased. Non-enzymatic glycation of various tissue constituents, such as proteins, collagen, lipids, and the extracellular matrix (ECM), can lead to the activation of different cell receptors, culminating in the synthesis and release of nuclear factor κB (NFκB) and reactive oxygen species (ROS). These molecules initiate and maintain kidney damage by cell growth and hypertrophy, inflammation, angiogenesis, endothelial dysfunction, and ECM production [14]. Glycation of cytosolic proteins can reduce nitric oxide (NO) bioavailability and provoke oxidative stress, and collagen glycation outside the cells can impact molecular crosslink and lead to ECM dysfunction. The impact of non-enzymatic glycation appears to be receptor- and non-receptor-based and is present inside and outside the cells [15].



Dysfunction of the intraglomerular hemodynamic apparatus has been implicated in the development and progression of DKD [16]. Glomerular hyperfiltration is a cardinal feature of DKD due to the imbalance of the vasoactive humoral factors that control the pre- and postglomerular arteriolar tone. Factors leading to the vasodilatation of afferent arterioles are reduced NO availability, hyperinsulinemia, and increased production of prostanoids. Increased efferent arteriole resistance is caused by angiotensin II, thromboxane 2, endothelin-1, and ROS [17]. Hyperglycemia is associated with increased glucose reabsorption in the proximal tubule through the upregulation of sodium–glucose cotransporters-2 (SGLT-2). The delivery of sodium to the macula densa apparatus in the distal tubule is therefore reduced, leading to increased activation of the renin–angiotensin–aldosterone system, which is a significant component in not only the hemodynamic but also proinflammatory and profibrotic changes observed in DKD [18]. Arterial hypertension, obesity, and sympathetic nervous system activation cause glomerular hyperfiltration through several independent neurohormonal changes [19].



Hyperglycemia activates several intracellular and epigenetic processes that promote kidney injury through inflammation and fibrosis [20]. Podocytes exposed to AGEs increase NFκB-associated upregulation of messenger RNA expression for various proinflammatory molecules, such as several cytokines (interleukin-18 and interleukin-1β) [21]. AGEs and cytokines cause podocyte injury with subsequent proteinuria, secondary tubular injury, and glomerular endothelial injury [22].



Fibrosis is the final common pathway in progressive kidney injury, no matter the underlying cause. It is initiated by epithelial trauma (due to toxins), inflammation, or direct tubular injury, as observed with albuminuria in diabetes [23]. Increasing evidence suggests that the upregulation of aldosterone is pivotal in progressive fibrosis, CKD, and DKD [24]. Increased renin production causes an increase in angiotensin II, which leads to an increase in aldosterone production through the upregulation of aldosterone synthase. Aldosterone binds to mineralocorticoid receptor (MR), and the bound MR migrates into the nucleus, initiating the transcription of target genes [25].



Classical MR expression is observed in the epithelium of the collecting duct, an aldosterone-sensitive distal nephron. Here, increased sodium and water reabsorption and decreased potassium reabsorption occur. Non-classical MR activation occurs in several glomerular cells, such as mesangial cells, podocytes, and endothelial cells. It has been shown that binding of aldosterone to MR results in activation of platelet-derived growth factor receptor, epidermal growth factor receptor, and PI3K/MAPK signaling, thereby promoting the proliferation of kidney fibroblasts. Additionally, aldosterone-induced epithelial–mesenchymal transition and fibronectin production lead to an increase in ECM [26].



Some new insights have been gleaned regarding the pathophysiology of DKD, recognizing the impact of altered gut microbiota and their metabolites (the so-called gut–kidney axis) on the development of progressive kidney disease in diabetic patients [27]. Genetic susceptibility to DKD has also been noted [28]. Figure 1 presents a schematic overview of crucial pathogenetic events in DKD.



The result of the interplay between different pathophysiologic mechanisms includes structural and histological changes in the kidneys. One of the earliest and most characteristic of all glomerular changes in diabetes is a homogenous thickening of the glomerular basement membrane (GBM) [29]. Thickening and stiffening of the GBM lead to albuminuria and reduce the distensibility of the pericapillary wall, facilitating glomerular injury through hemodynamic changes [30]. Mesangial cells increase the production of matrix proteins, and they undergo proliferation and hypertrophy. These changes lead to some of the vital histological modifications in the diabetic kidney, for example, mesangial expansion, mesangiolysis, and, ultimately, characteristic nodular glomerulosclerosis (Kimmelstiel–Wilson nodules). The resulting reduction in capillary surface area contributes to glomerular hypertension, proteinuria, and reduced glomerular filtration [31]. Diabetes is also associated with recruiting activated T-cells and macrophages into the glomerulus and tubulointerstitium. Tubular injury is common and can be viewed as hypertrophy of proximal tubule cells in the early stages of the disease (due to upregulation of SGLT-2 cotransporters in proximal tubules) and as tubular atrophy in the more advanced stages of DKD [32].




3. Diabetic Kidney Disease and Cardiovascular Risk


Diabetes and CKD are cardinal risk factors for cardiovascular disease, and the presence of both synergistically increases cardiovascular risk [33]. Studies have shown that patients with CKD are much more likely to die due to cardiovascular causes than to develop ESKD [34]. Nearly 50% of all patients with CKD stages 4 and 5 suffer a fatal cardiovascular event preceding the onset of developing progressive CKD or ESKD [33].



Additionally, diabetes is independently linked to increased incidence of cardiovascular events, heart failure, and cardiovascular mortality compared to patients without diabetes [35]. It appears that the excess mortality in diabetic patients is mostly present in those with accompanying CKD [36].



Given the close-knit physiology of the metabolic, cardiac, and renal systems, it is not surprising that diabetes frequently coexists with cardiovascular disease and CKD [35]. Diabetes leads to increased oxidative stress, AGEs formation, endothelial dysfunction, and hypercoagulability. Furthermore, more than 80% of diabetic patients have other risk factors for atherosclerosis, such as hyperlipidemia and arterial hypertension [37].



Although patients with CKD, particularly those with DKD, frequently have coexisting traditional risk factors for atherosclerosis, these do not fully explain the increased incidence of cardiovascular events and mortality. It is important to emphasize the impact of several other non-traditional atherosclerosis risk factors present in patients with CKD. These include derangements in calcium–phosphate metabolism, volume overload, arterial stiffness, chronic renal anemia, hyperaldosteronism, chronic inflammation, reduced bioavailability of NO, platelet dysfunction, alterations in plasma levels of clotting factors, and mediators of fibrinolysis [34]. When both diabetes and CKD are present together, the risk for thrombotic events increases greatly [38].



Cardiovascular complications in these patients are heterogenous. CKD is associated with coronary artery disease and increased risk of death and nonfatal cardiovascular outcomes after myocardial infarction [39]. Left ventricular hypertrophy, heart failure, diastolic dysfunction, and sudden cardiac death are regularly observed in these patients. The relative risk of ischemic and hemorrhagic stroke is also increased in those with CKD stage 3 or higher, especially in patients with albuminuria [40]. Finally, peripheral artery disease is present in one in four patients with CKD aged 40 years or more [34]. Taken together, multifactorial and complex pathophysiology, structural and functional vessel wall changes, advanced atherosclerosis, and high thrombosis risk contribute to excess mortality in patients with diabetes and CKD [33,34].



In light of the vulnerability of this patient population, patients with CKD are often underdiagnosed and are less likely to receive appropriate cardiovascular disease risk factor modification. Prompt intervention and new treatment strategies are therefore necessary to improve the prognosis of patients with DKD [41].




4. The Role of Steroidal Mineralocorticoid Receptor Antagonists


4.1. Preclinical Studies


The protective role of MR antagonists (MRA) in rats with DKD was first described in 2001. Miric et al. (2001) found that short-term use of pirfenidone and spironolactone (both steroidal MRAs) reversed cardiac and renal fibrosis and attenuated increased stiffness [42].



Another steroidal MRA, eplerenone, was also protective in diabetic rats. The authors, Guo et al. (2006), found a reduction in albuminuria and a reversal in histological changes (glomerular hypertrophy, mesangial expansion, and tubulointerstitial fibrosis) in rats with type 1 or type 2 diabetes treated with eplerenone. Furthermore, their results showed that the effect of eplerenone was present without an impact on blood pressure or hyperglycemia [43].



In a rat model of advanced CKD and DKD, chronic spironolactone administration ameliorated glomerulosclerosis and reduced albuminuria, renal connective tissue growth factor levels, collagen synthesis, and macrophage infiltration [44]. Spironolactone treatment in diabetic rats was also associated with intrarenal inhibition of the renal–angiotensin–aldosterone system [45].




4.2. Clinical Studies


Mehdi et al. (2009) performed a double-blind placebo-controlled clinical trial in which they included 81 patients with either type 1 or type 2 diabetes. All the included patients were undergoing maximally tolerated inhibition of the renin–angiotensin–aldosterone system. They found that patients receiving 25 mg of spironolactone experienced a 34% reduction in albuminuria compared to the placebo group. There was no difference in blood pressure between patients. Furthermore, 51.8% of the patients in the spironolactone group experienced hyperkalemia at least once during the follow-up period (48 weeks) [46].



Brandt-Jacobsen et al. (2021) performed a similar study by design, but they used high-dose eplerenone (100–200 mg daily) instead of spironolactone. Their findings were similar, but there were no registered episodes of hyperkalemia in the MRA group (follow-up period 26 weeks) [47].



In a systematic review by Mavrakanas et al. (2014), the authors included data from eight studies. They included 404 patients with type 1 or type 2 diabetes and albuminuria; all the patients were on maximally tolerated standard-of-care therapy with renin–angiotensin–aldosterone system inhibitors. During their follow-up period (3 months to 1 year), the patients in the MRA group (either spironolactone or eplerenone) had a 23–61% reduction in albuminuria. Three of the eight studies also showed a reduction in blood pressure in the MRA group. The authors noticed an increase in hyperkalemia episodes in the MRA group, but the dropout rate was still relatively low (less than 17%) [48].



It appears that steroidal MRAs are effective in the treatment of DKD but can cause hyperkalemia. Ferreira et al. (2022) performed a pooled analysis of several randomized controlled trials. Their goal was to analyze the safety and efficacy of steroidal MRAs across the spectrum of eGFR. They mainly included patients with heart failure, myocardial infarction, and CKD. A total of 12.700 patients were included; 2.6% had eGFR less than 30 mL/min/1.73 m2. The results showed a reduction in cardiovascular deaths and hospitalizations due to heart failure in the MRA group, but the effect was attenuated as eGFR decreased. They also found a significant increase in investigator-reported hyperkalemia and worsening kidney function in the MRA group, potentially limiting their use in patients with CKD [49].





5. The Switch from Steroidal to Nonsteroidal Mineralocorticoid Receptor Antagonists


5.1. Finerenone—Why Is It Different?


There has been a remarkable rise in basic research and small clinical trials regarding several pathophysiologic conditions independent of the traditional role of aldosterone in sodium/potassium homeostasis since the late 1980s. These studies have shown an effect of aldosterone on collagen synthesis in coronary arteries in rats [50], the expression of MR in the heart [51], and vasculature [52]. These results stimulated additional research in several inflammatory and fibrotic processes, including CKD [53]. Another trigger for additional research on MRAs was hyperkalemia, which was especially problematic in patients who were already receiving the standard therapy of CKD, angiotensin-convertase inhibitors or angiotensin receptor blockers [54]. After the publication of the RALES study in 1999 (The Randomized Aldactone Evaluation Study), which confirmed the benefit of spironolactone use in patients with heart failure [55], an increase in hyperkalemia-associated hospitalizations in patients on spironolactone was noted. Additional information revealed that elderly patients, patients with CKD, and diabetics were more prone to this common side effect of the drug [54].



A cluster of dihydropyridines (DHPs) acting as MRAs in vitro were identified in an ultrahigh-throughput screening program of nearly 1,000,000 compounds, and chemical optimization of these compounds then led to a novel series of heterobicyclic analogs of naphthyridine derivatives [53,56]. After this finding, new compounds without a steroidal molecule backbone have been developed and named nonsteroidal MRAs to improve the risk–benefit profile of MR-based therapy. Multiple compounds, such as finerenone, esaxerenone, and apararenone, have been designed and tested for several indications (arterial hypertension, CKD, and heart failure) [53].



Finerenone is the first novel nonsteroidal MRA developed with high potency and selectivity for the MR. It inhibits the binding of aldosterone and cortisol and reduces the recruitment of transcriptional cofactors in both the bound and not-bound conformational state of MR [57]. Differently from steroidal MRAs, finerenone has equal tissue distribution between the heart and the kidney, a shorter half-life, no active metabolites, higher MR selectivity than spironolactone, and higher receptor binding affinity than eplerenone [58].



Apararenone is a benzoxazinone derivative and is a long-acting, highly selective MRA. Wada et al. (2021) performed a study on the safety and efficacy of patients with DKD. Their results showed that apararenone reduced albuminuria, and also caused a slight decrease in estimated GFR and an increase in serum potassium. Both of these findings were, however, clinically insignificant [59]. Additionally, a study by Okanoue et al. (2021) showed that apararenone improved several potential liver fibrosis markers in patients with non-alcoholic steatohepatitis [60]. Three randomized studies evaluated the effect of esaxerenone on albuminuria in patients with CKD and type 2 diabetes. A dose-dependent reduction in albuminuria was present in all three studies, and clinically significant hyperkalemia was rarely reported (4–9% of patients) [61]. A meta-analysis by Jiang et al. (2022) showed that the use of nonsteroidal MRAs (finerenone, apararenone, and esaxerenone) in patients with type 2 diabetes and CKD reduced albuminuria and systolic blood pressure without an excess risk of serious adverse events. Apararenone was superior in reducing UACR compared to finerenone, finerenone was superior to esaxerenone in alleviating the decline in estimated GFR, and esaxerenone and apararenone were superior to finerenone in decreasing systolic blood pressure. Finerenone had benefits in reducing the incidence of a sustained decrease of 40% in the estimated GFR from baseline and reducing the risk of hospitalization for heart failure [62].



The rest of this review will focus on finerenone due to its leading role and the amount of preclinical and clinical data.



The differences between finerenone and steroidal MRAs (eplerenone and spironolactone) are presented in Figure 2.




5.2. Preclinical Data


Gil-Ortega et al. (2020) performed a study on the effect of finerenone on albuminuria and arterial stiffness in a genetic model of CKD Munich Wistar Frömter (MWF) rats. They found that a four-week treatment with finerenone reduced intrinsic arterial stiffness, oxidative stress, and albuminuria [63].



In a similar model, Gonzalez-Blazquez et al. (2018) studied the effects of finerenone on endothelial dysfunction, oxidative stress, and albuminuria. Their results showed that finerenone treatment for four weeks decreased endothelial dysfunction (which was measured by an increase in NO availability and by an increased relaxation of the aorta after stimulation by acetylcholine) and decreased oxidative stress (measured by an increase in total superoxide dismutase activity). Albuminuria dropped by 40% after starting finerenone, and systolic blood pressure was also significantly lower [64].



Cardioprotective and anti-fibrotic properties of finerenone were demonstrated in a study by Grune et al. (2018) in which the authors found that the inhibition of profibrotic MR activation was linked to decreased cardiac fibrosis and improved left ventricular function in a mouse model [65].



Kolkhof et al. (2014) found that finerenone treatment prevented rats from developing functional and structural kidney and heart damage at dosages not reducing systemic blood pressure. In their study, finerenone reduced cardiac hypertrophy, plasma prohormone of brain natriuretic peptide, and proteinuria more efficiently than eplerenone when comparing equinatriuretic doses. In rats that developed chronic heart failure (after ligation of a coronary artery), finerenone but not eplerenone improved systolic and diastolic left ventricular function and reduced plasma prohormone of brain natriuretic peptide levels. They discovered an equal distribution of finerenone in rat cardiac and renal tissues using quantitative whole-body autoradiography. The risk of electrolyte disturbances was low [66].




5.3. Clinical Data


Finerenone in Reducing Kidney Failure and Disease Progression in Diabetic Kidney Disease (FIDELIO-DKD) was a phase 3 randomized double-blind placebo-controlled multicenter clinical trial. In this study, authors Bakris et al. (2020) randomly assigned 5734 patients with CKD and type 2 diabetes in a 1:1 ratio to receive either finerenone or placebo. The eligible patients had moderate albuminuria (urinary albumin/creatinine ratio 30–300 mg/g), eGFR 25–60 mL/min/1.73 m2, and diabetic retinopathy, or they had severe albuminuria (over 300 mg/g) and eGFR 25–75 mL/min/1.73 m2. The patients in the finerenone arm were prescribed either 10 mg (estimated GFR at inclusion more than 25 mL/min/1.73 m2 and less than 60 mL/min/1.73 m2) or 20 mg (estimated GFR at inclusion 60 mL/min/1.73 m2 or more). An increase in the dose from 10 to 20 mg once daily was encouraged after 1 month, provided the serum potassium level was 4.8 mmol/L or less and the estimated GFR was stable; a decrease in the dose from 20 to 10 mg once daily was allowed any time after the initiation of finerenone or placebo. The primary outcomes were renal events (kidney failure, a sustained decrease in eGFR of at least 40% from the baseline value, or death from renal causes). The secondary outcomes were cardiovascular events (death from cardiovascular causes, nonfatal myocardial infarction, nonfatal stroke, or hospitalization for heart failure). During the follow-up period of 2.6 years, a primary event occurred in 17.8% of the finerenone group, compared to 21.1% in the placebo group (hazard ratio 0.82, p = 0.001). A secondary event occurred in 13.0% of the finerenone group, compared to 14.8% in the placebo group (hazard ratio 0.86, p = 0.03). The incidence of hyperkalemia was higher in the finerenone group compared to the placebo group (2.3% vs. 0.9%). However, in most cases, hyperkalemia was not clinically significant and did not lead to finerenone withdrawal, hospitalizations, or death [67].



Similar by design, the Finerenone in Reducing Cardiovascular Mortality and Morbidity in Diabetic Kidney Disease (FIGARO-DKD) trial was primarily designed to assess the effect of finerenone on cardiovascular outcomes. Seven-thousand-four-hundred-thirty-seven patients underwent randomization in a 1:1 ratio (finerenone 10 mg or 20 mg vs. placebo; median follow-up period 3.4 years). A 13% reduction in cardiovascular events was noted in the finerenone group, mainly due to a reduction in hospitalizations for heart failure (29% decrease). Additionally, the authors, Pitt et al. (2021), found a 13% reduction in renal outcomes. Adverse events were comparable between the two groups, with a slightly higher incidence of hyperkalemia in the finerenone group (1.2% vs. 0.4%). Similar to FIDELIO-DKD, hyperkalemia in FIGARO-DKD was not associated with severe outcomes, such as hospitalizations or death [68].



A pooled secondary analysis was also performed by Agarwal et al. (2022) (FIDELITY—Combined FIDELIO-DKD and FIGARO-DKD Trial programme analysis), combining the patients from the studies above. The results of the FIDELITY analysis confirmed the favorable effects of finerenone on the reduction in cardiovascular risk and kidney disease progression in a broad range of patients with CKD and type 2 diabetes (23% relative risk reduction in kidney composite outcomes; 14% relative risk reduction in cardiovascular composite outcomes). The risk of adverse events, including acute worsening of kidney function and hyperkalemia, was very low [69].



Agarwal et al. (2023) performed a post-hoc analysis of the FIDELITY analysis in which they specifically analyzed the likelihood of hyperkalemia and systolic blood pressure lowering in patients with resistant hypertension and CKD. The difference in systolic blood pressure after 17 weeks was 7.1 mmHg for finerenone vs. 1.3 mmHg for the placebo. The incidence of serum potassium above 5.5 mmol/L was 12% for finerenone vs. 3% for the placebo. The treatment discontinuation for finerenone was 0.3% vs. 0.0% for the placebo [70]. Compared to the AMBER trial (patiromer vs. placebo to enable spironolactone use in patients with resistant hypertension and chronic kidney disease), the likelihood of hyperkalemia was much lower (35% for spironolactone + patiromer vs. 64% for spironolactone without patiromer) [70,71].



Goulooze et al. (2022) designed nonlinear mixed-effects population pharmacokinetic/pharmacodynamic models to analyze the finerenone dose exposure–response for potassium in FIDELIO-DKD. Although the observed potassium levels decreased with increasing dose, model-based simulations revealed that this was due to the potassium limit for inclusion and uptitration of finerenone from 10 to 20 mg in a time-dependent manner (≤4.8 mmol/L after one month of treatment). When proposing a fixed dosing regime, hyperkalemia was more common in those who were taking 20 mg of finerenone daily [72].



Several clinical trials are currently ongoing. The FINE-REAL study (NCT05348733) is a non-interventional observational study aimed to provide insights into the use of finerenone (10 mg and 20 mg) in a real-life clinical setting [73]. The FINE-ONE trial (NCT05901831) is a randomized double-blind placebo-controlled trial on the use and effects of finerenone (10 and 20 mg) in patients with DKD and type 1 diabetes. If successful, finerenone could become the first registered treatment for CKD in type 1 diabetes in almost 30 years [74]. The FIND-CKD study (NCT05047263) is a double-blind randomized multicentric international study aimed at assessing the role of finerenone (10 and 20 mg) in treating albuminuric CKD in patients without diabetes. It is supposed to end in 2026 and could impact the treatment of several other non-diabetes-associated glomerular diseases [75]. The EFFEKTOR trial (NCT06059664) is a vanguard multicenter phase 2 randomized double-blind placebo-controlled clinical trial to determine the feasibility, tolerability, safety, and efficacy of finerenone in kidney transplant recipients. It is supposed to be completed in December 2025. The resume of the most important clinical trials on finerenone in kidney disease is presented in Figure 3 [67,68,69,73,74,75].



Drug–drug interactions with finerenone have been investigated in healthy male volunteers. Finerenone is mainly metabolized by CYP3A4 in the gut wall and liver. Concomitant use of finerenone with strong CYP3A4 inhibitors, such as ketoconazole, ritonavir, and grapefruit juice, can lead to increased exposure to the drug and hyperkalemia. Other drugs than can increase the likelihood of hyperkalemia in patients with finerenone include erythromycin, verapamil, fluvoxamine, potassium-sparing diuretics, angiotensin-convertase inhibitors, angiotensin receptor blockers, and other MRAs, such as spironolactone and eplerenone. The risk of hypotension increases with the use of other antihypertensive agents [76].



While finerenone is more expensive compared to steroidal MRAs, studies have shown that the reduction in renal and cardiovascular events is so significant that it can lead to a decrease in total lifetime costs per patient (compared to standard-of-care therapy), making it a cost-effective option [77].




5.4. Holistic Approach to Diabetic Kidney Disease


Lifestyle measures are the basis of diabetes and DKD treatment. They include reducing dietary protein intake, ensuring adequate fruit and vegetables, following a Mediterranean diet, and considering the need for vitamin and mineral supplements. Some individuals have to reduce potassium and fluid intake as well [78].



SGLT-2 inhibitors promote glucosuria, reduce intraglomerular pressure through vasodilatation of the afferent arteriole, and normalize the tubuloglomerular feedback mechanism. They also show anti-inflammatory, anti-fibrotic, and oxidant mechanisms. SGLT-2 inhibitors are cardio- and renoprotective and are currently used as a firstline therapy for diabetes, along with metformin [79].



Glucagon-like peptid-1 receptor agonists (GLP-1RA) are a group of drugs used to treat type 2 diabetes and effectively lower glycated hemoglobin. The activation of GLP-1 receptors increases insulin secretion and reduces beta cell apoptosis and glucagon release in a glucose-dependent way. Furthermore, they favor weight loss in obese patients through an increase in satiety, reducing appetite, delaying gastric emptying, and potentially increasing thermogenesis of brown adipose tissue. They have several direct renoprotective effects, mainly through promoting natriuresis and inhibiting inflammation and fibrosis [80].



Renin–angiotensin–aldosterone system inhibition is pivotal in treating DKD. Cornerstones of treatment for the last 30 years have been and still are angiotensin-convertase inhibitors and angiotensin receptor blockers. Additionally, nonsteroidal MRA finerenone has now been approved by the European Medicines Agency and The United States of America Food and Drug Administration for the treatment of DKD with albuminuria. By using drugs with pleiotropic mechanisms of action (SGLT-2 inhibitors, GLP-1RAs, and finerenone), we are changing the landscape of DKD and moving from solely kidney protection to combined kidney and cardiovascular protection. Hopefully, this will greatly improve short- and long-term outcomes in this patient population [79].




5.5. Looking beyond Diabetic Kidney Disease


In a preclinical study by Zhu et al. (2023), the authors found that combined blockade of the renin–angiotensin–aldosterone system, SGLT-2 receptors, and MR resulted in reduced tubulointerstitial inflammation and fibrosis in mice with Alport syndrome, highlighting the potential role of drugs in treating collagenopathies [81]. In a similar preclinical model, Tu et al. (2022) found that treatment with finerenone reversed established pulmonary hypertension, total pulmonary vascular resistance, and vascular remodeling in studied rats. They also found that continued finerenone treatment decreased inflammatory cell infiltration and vascular cell proliferation in the lungs of the studied rats [82].



Mårup et al. (2024) performed a randomized controlled trial on the benefit of each of finerenone and dapagliflozin, as well as their combination, on albuminuria, estimated GFR, and safety parameters in patients (n = 20) with non-diabetic CKD. Their results showed a significant decrease in UACR after receiving monotherapy with either finerenone or dapagliflozin, and the effect was even more apparent in patients who received combination therapy. At 8 weeks, systolic blood pressure and estimated GFR were reduced by 10 mmHg and 7 mL/min. Adverse effects were minimal, and neither drug required discontinuation in any participant during the study period. The likely explanation for the benefit of finerenone in this patient population is a reduction in intraglomerular pressure and additional blockade of profibrotic and proinflammatory pathways [83].



In addition to offering profound cardiovascular benefits, finerenone also leads to an independent decrease in new-onset atrial fibrillation in patients with CKD and type 2 diabetes [84].



There are several ongoing clinical trials on the use of finerenone in heart failure patients. The Finerenone in Heart Failure patients (FINEARTS-HF, NCT04435626) trial is a phase III randomized clinical trial aimed at evaluating the efficacy and safety of finerenone in symptomatic heart failure patients (NYHA classes II–IV and left ventricular ejection fraction 40% or more) on top of standard of care therapy [85]. The REDEFINE-HF trial (NCT06008197) will assess the role of finerenone as monotherapy in treating patients with mildly reduced or preserved ejection fraction, and FINALITY-HF (NCT06033950) will assess the role of finer enone as monotherapy in patients with reduced left ventricular ejection fraction (less than 40%). The open-label CONFIRMATION-HF trial (NCT06024746) will study finerenone in combination with SGLT-2 inhibitor versus standard of care in patients recently hospitalized due to heart failure [85]. These studies will further define and expand the role of finerenone across the spectrum of cardiorenal medicine [85].





6. Conclusions


Finerenone is a nonsteroidal highly selective MRA with protective renal and cardiovascular benefits, predominantly due to anti-inflammatory and anti-fibrotic effects. It has a favorable safety profile and has a lower tendency to cause hyperkalemia when compared to steroidal MRAs. It is currently used for patients with DKD and albuminuria. There are several ongoing clinical trials that could lead to the expanded use of finerenone across the spectrum of CKD and heart failure.







Author Contributions


Conceptualization and writing—original draft preparation, N.P.; writing—review and editing, supervision, S.B., R.H. and R.E. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki. Ethical review and approval were waived for this study.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tuttle, K.R.; Bakris, G.L.; Bilous, R.W.; Chiang, J.L.; de Boer, I.H.; Goldstein-Fuchs, J.; Hirsch, I.B.; Kalantar-Zadeh, K.; Narva, A.S.; Navaneethan, S.D.; et al. Diabetic kidney disease: A report from an ADA Consensus Conference. Diabetes Care 2014, 37, 2864–2883. [Google Scholar] [CrossRef] [PubMed]

	



Tuttle, K.R.; Wong, L.; St Peter, W.; Roberts, G.; Rangaswami, J.; Mottl, A.; Kliger, A.S.; Harris, R.C.; Gee, P.O.; Fowler, K.; et al. Moving from Evidence to Implementation of Breakthrough Therapies for Diabetic Kidney Disease. Clin. J. Am. Soc. Nephrol. 2022, 17, 1092–1103. [Google Scholar] [CrossRef] [PubMed]

	



Hong, J.; Surapaneni, A.; Daya, N.; Selvin, E.; Coresh, J.; Grams, M.E.; Ballew, S.H. Retinopathy and Risk of Kidney Disease in Persons With Diabetes. Kidney Med. 2021, 3, 808–815.e1. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Saeedi, P.; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, J.C.N.; Mbanya, J.C.; et al. IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes Res. Clin. Pract. 2022, 183, 109119. [Google Scholar] [CrossRef] [PubMed]

	



Magliano, D.J.; Chen, L.; Islam, R.M.; Carstensen, B.; Gregg, E.W.; Pavkov, M.E.; Andes, L.J.; Balicer, R.; Baviera, M.; Boersma-van Dam, E.; et al. Trends in the incidence of diagnosed diabetes: A multicountry analysis of aggregate data from 22 million diagnoses in high-income and middle-income settings. Lancet Diabetes Endocrinol. 2021, 9, 203–211. [Google Scholar] [CrossRef]

	



Kianmehr, H.; Zhang, P.; Luo, J.; Guo, J.; Pavkov, M.E.; Bullard, K.M.; Gregg, E.W.; Ospina, N.S.; Fonseca, V.; Shi, L.; et al. Potential Gains in Life Expectancy Associated With Achieving Treatment Goals in US Adults With Type 2 Diabetes. JAMA Netw. Open 2022, 5, e227705. [Google Scholar] [CrossRef] [PubMed]

	



Gheith, O.; Farouk, N.; Nampoory, N.; Halim, M.A.; Al-Otaibi, T. Diabetic kidney disease: World wide difference of prevalence and risk factors. J. Nephropharmacol. 2016, 5, 49–56. [Google Scholar] [CrossRef] [PubMed]

	



Koye, D.N.; Magliano, D.J.; Nelson, R.G.; Pavkov, M.E. The Global Epidemiology of Diabetes and Kidney Disease. Adv. Chronic Kidney Dis. 2018, 25, 121–132. [Google Scholar] [CrossRef] [PubMed]

	



Gregg, E.W.; Williams, D.E.; Geiss, L. Changes in diabetes-related complications in the United States. N. Engl. J. Med. 2014, 371, 286–287. [Google Scholar] [CrossRef]

	



Benjamin, E.J.; Muntner, P.; Alonso, A.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.; Das, S.R.; et al. Heart Disease and Stroke Statistics-2019 Update: A Report From the American Heart Association. Circulation 2019, 139, e56–e528. [Google Scholar] [CrossRef]

	



Fried, L.; Schmedt, N.; Folkerts, K.; Bowrin, K.; Raad, H.; Batech, M.; Kovesdy, C. High unmet treatment needs in patients with chronic kidney disease and type 2 diabetes: Real-world evidence from a US claims database. Nephrol. Dial. Transplant. 2023, 38, 630–643. [Google Scholar] [CrossRef] [PubMed]

	



Tuttle, K.R.; Agarwal, R.; Alpers, C.E.; Bakris, G.L.; Brosius, F.C.; Kolkhof, P.; Uribarri, J. Molecular mechanisms and therapeutic targets for diabetic kidney disease. Kidney Int. 2022, 102, 248–260. [Google Scholar] [CrossRef] [PubMed]

	



Reidy, K.; Kang, H.M.; Hostetter, T.; Susztak, K. Molecular mechanisms of diabetic kidney disease. J. Clin. Investig. 2014, 124, 2333–2340. [Google Scholar] [CrossRef] [PubMed]

	



Sakashita, M.; Tanaka, T.; Inagi, R. Metabolic Changes and Oxidative Stress in Diabetic Kidney Disease. Antioxidants 2021, 10, 1143. [Google Scholar] [CrossRef] [PubMed]

	



Yamagishi, S.; Matsui, T. Advanced glycation end products, oxidative stress and diabetic nephropathy. Oxid. Med. Cell Longev. 2010, 3, 101–108. [Google Scholar] [CrossRef]

	



Saulnier, P.J.; Bjornstad, P. Renal hemodynamic changes in patients with type 2 diabetes and their clinical impact. Presse Med. 2023, 52, 104175. [Google Scholar] [CrossRef] [PubMed]

	



Tonneijck, L.; Muskiet, M.H.; Smits, M.M.; van Bommel, E.J.; Heerspink, H.J.; van Raalte, D.H.; Joles, J.A. Glomerular Hyperfiltration in Diabetes: Mechanisms, Clinical Significance, and Treatment. J. Am. Soc. Nephrol. 2017, 28, 1023–1039. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, D.; Winocour, P.; Chowdhury, T.A.; De, P.; Wahba, M.; Montero, R.; Fogarty, D.; Frankel, A.H.; Karalliedde, J.; Mark, P.B.; et al. Management of hypertension and renin-angiotensin-aldosterone system blockade in adults with diabetic kidney disease: Association of British Clinical Diabetologists and the Renal Association UK guideline update 2021. BMC Nephrol. 2022, 23, 9. [Google Scholar] [CrossRef] [PubMed]

	



Grabias, B.M.; Konstantopoulos, K. The physical basis of renal fibrosis: Effects of altered hydrodynamic forces on kidney homeostasis. Am. J. Physiol. Renal Physiol. 2014, 306, F473–F485. [Google Scholar] [CrossRef]

	



Zhao, L.; Zou, Y.; Liu, F. Transforming Growth Factor-Beta1 in Diabetic Kidney Disease. Front. Cell Dev. Biol. 2020, 8, 187. [Google Scholar] [CrossRef]

	



Pichler, R.; Afkarian, M.; Dieter, B.P.; Tuttle, K.R. Immunity and inflammation in diabetic kidney disease: Translating mechanisms to biomarkers and treatment targets. Am. J. Physiol. Renal Physiol. 2017, 312, F716–F731. [Google Scholar] [CrossRef]

	



Sakai, N.; Wada, T. Revisiting inflammation in diabetic nephropathy: The role of the Nlrp3 inflammasome in glomerular resident cells. Kidney Int. 2015, 87, 12–14. [Google Scholar] [CrossRef] [PubMed]

	



Alicic, R.Z.; Rooney, M.T.; Tuttle, K.R. Diabetic Kidney Disease: Challenges, Progress, and Possibilities. Clin. J. Am. Soc. Nephrol. 2017, 12, 2032–2045. [Google Scholar] [CrossRef] [PubMed]

	



Mende, C.W.; Samarakoon, R.; Higgins, P.J. Mineralocorticoid Receptor-Associated Mechanisms in Diabetic Kidney Disease and Clinical Significance of Mineralocorticoid Receptor Antagonists. Am. J. Nephrol. 2023, 54, 50–61. [Google Scholar] [CrossRef] [PubMed]

	



Goenka, L.; Padmanaban, R.; George, M. The Ascent of Mineralocorticoid Receptor Antagonists in Diabetic Nephropathy. Curr. Clin. Pharmacol. 2019, 14, 78–83. [Google Scholar] [CrossRef] [PubMed]

	



Kawanami, D.; Takashi, Y.; Muta, Y.; Oda, N.; Nagata, D.; Takahashi, H.; Tanabe, M. Mineralocorticoid Receptor Antagonists in Diabetic Kidney Disease. Front. Pharmacol. 2021, 12, 754239. [Google Scholar] [CrossRef]

	



Zhao, H.; Yang, C.E.; Liu, T.; Zhang, M.X.; Niu, Y.; Wang, M.; Yu, J. The roles of gut microbiota and its metabolites in diabetic nephropathy. Front. Microbiol. 2023, 14, 1207132. [Google Scholar] [CrossRef] [PubMed]

	



Jin, H.; Kim, Y.A.; Lee, Y.; Kwon, S.H.; Do, A.R.; Seo, S.; Won, S.; Seo, J.H. Identification of genetic variants associated with diabetic kidney disease in multiple Korean cohorts via a genome-wide association study mega-analysis. BMC Med. 2023, 21, 16. [Google Scholar] [CrossRef] [PubMed]

	



Ponchiardi, C.; Mauer, M.; Najafian, B. Temporal profile of diabetic nephropathy pathologic changes. Curr. Diab. Rep. 2013, 13, 592–599. [Google Scholar] [CrossRef] [PubMed]

	



Lewko, B.; Stepinski, J. Hyperglycemia and mechanical stress: Targeting the renal podocyte. J. Cell Physiol. 2009, 221, 288–295. [Google Scholar] [CrossRef]

	



Lemley, K.V.; Abdullah, I.; Myers, B.D.; Meyer, T.W.; Blouch, K.; Smith, W.E.; Bennett, P.H.; Nelson, R.G. Evolution of incipient nephropathy in type 2 diabetes mellitus. Kidney Int. 2000, 58, 1228–1237. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, M.C.; Brownlee, M.; Susztak, K.; Sharma, K.; Jandeleit-Dahm, K.A.; Zoungas, S.; Rossing, P.; Groop, P.H.; Cooper, M.E. Diabetic kidney disease. Nat. Rev. Dis. Primers 2015, 1, 15018. [Google Scholar] [CrossRef] [PubMed]

	



Jankowski, J.; Floege, J.; Fliser, D.; Böhm, M.; Marx, N. Cardiovascular Disease in Chronic Kidney Disease: Pathophysiological Insights and Therapeutic Options. Circulation 2021, 143, 1157–1172. [Google Scholar] [CrossRef] [PubMed]

	



Pálsson, R.; Patel, U.D. Cardiovascular complications of diabetic kidney disease. Adv. Chronic Kidney Dis. 2014, 21, 273–280. [Google Scholar] [CrossRef] [PubMed]

	



Morales, J.; Handelsman, Y. Cardiovascular Outcomes in Patients With Diabetes and Kidney Disease: JACC Review Topic of the Week. J. Am. Coll. Cardiol. 2023, 82, 161–170. [Google Scholar] [CrossRef] [PubMed]

	



Groop, P.H.; Thomas, M.C.; Moran, J.L.; Wadèn, J.; Thorn, L.M.; Mäkinen, V.P.; Rosengård-Bärlund, M.; Saraheimo, M.; Hietala, K.; Heikkilä, O.; et al. The presence and severity of chronic kidney disease predicts all-cause mortality in type 1 diabetes. Diabetes 2009, 58, 1651–1658. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, J.P.; Ferrao, D.; Rossignol, P.; Zannad, F.; Sharma, A.; Vasques-Novoa, F.; Leite-Moreira, A. Interplay between worsening kidney function and cardiovascular events in patients with type 2 diabetes: An analysis from the ACCORD trial. BMJ Open Diabetes Res. Care 2021, 9, e002408. [Google Scholar] [CrossRef] [PubMed]

	



Baber, U.; Bander, J.; Karajgikar, R.; Yadav, K.; Hadi, A.; Theodoropolous, K.; Gukathasan, N.; Roy, S.; Sayeneni, S.; Scott, S.A.; et al. Combined and independent impact of diabetes mellitus and chronic kidney disease on residual platelet reactivity. Thromb. Haemost. 2013, 110, 118–123. [Google Scholar] [CrossRef] [PubMed]

	



Chonchol, M.; Whittle, J.; Desbien, A.; Orner, M.B.; Petersen, L.A.; Kressin, N.R. Chronic kidney disease is associated with angiographic coronary artery disease. Am. J. Nephrol. 2008, 28, 354–360. [Google Scholar] [CrossRef]

	



Go, A.S.; Fang, M.C.; Udaltsova, N.; Chang, Y.; Pomernacki, N.K.; Borowsky, L.; Singer, D.E.; Investigators, A.S. Impact of proteinuria and glomerular filtration rate on risk of thromboembolism in atrial fibrillation: The anticoagulation and risk factors in atrial fibrillation (ATRIA) study. Circulation 2009, 119, 1363–1369. [Google Scholar] [CrossRef]

	



Swamy, S.; Noor, S.M.; Mathew, R.O. Cardiovascular Disease in Diabetes and Chronic Kidney Disease. J. Clin. Med. 2023, 12, 6984. [Google Scholar] [CrossRef]

	



Miric, G.; Dallemagne, C.; Endre, Z.; Margolin, S.; Taylor, S.M.; Brown, L. Reversal of cardiac and renal fibrosis by pirfenidone and spironolactone in streptozotocin-diabetic rats. Br. J. Pharmacol. 2001, 133, 687–694. [Google Scholar] [CrossRef]

	



Guo, C.; Martinez-Vasquez, D.; Mendez, G.P.; Toniolo, M.F.; Yao, T.M.; Oestreicher, E.M.; Kikuchi, T.; Lapointe, N.; Pojoga, L.; Williams, G.H.; et al. Mineralocorticoid receptor antagonist reduces renal injury in rodent models of types 1 and 2 diabetes mellitus. Endocrinology 2006, 147, 5363–5373. [Google Scholar] [CrossRef]

	



Han, K.H.; Kang, Y.S.; Han, S.Y.; Jee, Y.H.; Lee, M.H.; Han, J.Y.; Kim, H.K.; Kim, Y.S.; Cha, D.R. Spironolactone ameliorates renal injury and connective tissue growth factor expression in type II diabetic rats. Kidney Int. 2006, 70, 111–120. [Google Scholar] [CrossRef]

	



Taira, M.; Toba, H.; Murakami, M.; Iga, I.; Serizawa, R.; Murata, S.; Kobara, M.; Nakata, T. Spironolactone exhibits direct renoprotective effects and inhibits renal renin-angiotensin-aldosterone system in diabetic rats. Eur. J. Pharmacol. 2008, 589, 264–271. [Google Scholar] [CrossRef]

	



Mehdi, U.F.; Adams-Huet, B.; Raskin, P.; Vega, G.L.; Toto, R.D. Addition of angiotensin receptor blockade or mineralocorticoid antagonism to maximal angiotensin-converting enzyme inhibition in diabetic nephropathy. J. Am. Soc. Nephrol. 2009, 20, 2641–2650. [Google Scholar] [CrossRef]

	



Brandt-Jacobsen, N.H.; Johansen, M.L.; Rasmussen, J.; Forman, J.L.; Holm, M.R.; Faber, J.; Rossignol, P.; Schou, M.; Kistorp, C. Effect of high-dose mineralocorticoid receptor antagonist eplerenone on urinary albumin excretion in patients with type 2 diabetes and high cardiovascular risk: Data from the MIRAD trial. Diabetes Metab. 2021, 47, 101190. [Google Scholar] [CrossRef]

	



Mavrakanas, T.A.; Gariani, K.; Martin, P.Y. Mineralocorticoid receptor blockade in addition to angiotensin converting enzyme inhibitor or angiotensin II receptor blocker treatment: An emerging paradigm in diabetic nephropathy: A systematic review. Eur. J. Intern. Med. 2014, 25, 173–176. [Google Scholar] [CrossRef]

	



Ferreira, J.P.; Pitt, B.; McMurray, J.J.V.; Pocock, S.J.; Solomon, S.D.; Pfeffer, M.A.; Zannad, F.; Rossignol, P. Steroidal MRA Across the Spectrum of Renal Function: A Pooled Analysis of RCTs. JACC Heart Fail. 2022, 10, 842–850. [Google Scholar] [CrossRef]

	



Brilla, C.G.; Pick, R.; Tan, L.B.; Janicki, J.S.; Weber, K.T. Remodeling of the rat right and left ventricles in experimental hypertension. Circ. Res. 1990, 67, 1355–1364. [Google Scholar] [CrossRef]

	



Pearce, P.; Funder, J.W. High affinity aldosterone binding sites (type I receptors) in rat heart. Clin. Exp. Pharmacol. Physiol. 1987, 14, 859–866. [Google Scholar] [CrossRef]

	



Funder, J.W.; Pearce, P.T.; Smith, R.; Campbell, J. Vascular type I aldosterone binding sites are physiological mineralocorticoid receptors. Endocrinology 1989, 125, 2224–2226. [Google Scholar] [CrossRef] [PubMed]

	



Kolkhof, P.; Bärfacker, L. 30 YEARS OF THE MINERALOCORTICOID RECEPTOR: Mineralocorticoid receptor antagonists: 60 years of research and development. J. Endocrinol. 2017, 234, T125–T140. [Google Scholar] [CrossRef] [PubMed]

	



Juurlink, D.N.; Mamdani, M.M.; Lee, D.S.; Kopp, A.; Austin, P.C.; Laupacis, A.; Redelmeier, D.A. Rates of hyperkalemia after publication of the Randomized Aldactone Evaluation Study. N. Engl. J. Med. 2004, 351, 543–551. [Google Scholar] [CrossRef] [PubMed]

	



Pitt, B.; Zannad, F.; Remme, W.J.; Cody, R.; Castaigne, A.; Perez, A.; Palensky, J.; Wittes, J. The effect of spironolactone on morbidity and mortality in patients with severe heart failure. Randomized Aldactone Evaluation Study Investigators. N. Engl. J. Med. 1999, 341, 709–717. [Google Scholar] [CrossRef] [PubMed]

	



Bramlage, P.; Swift, S.L.; Thoenes, M.; Minguet, J.; Ferrero, C.; Schmieder, R.E. Non-steroidal mineralocorticoid receptor antagonism for the treatment of cardiovascular and renal disease. Eur. J. Heart Fail. 2017, 19, 811. [Google Scholar] [CrossRef]

	



Agarwal, R.; Kolkhof, P.; Bakris, G.; Bauersachs, J.; Haller, H.; Wada, T.; Zannad, F. Steroidal and non-steroidal mineralocorticoid receptor antagonists in cardiorenal medicine. Eur. Heart J. 2021, 42, 152–161. [Google Scholar] [CrossRef]

	



Di Lullo, L.; Lavalle, C.; Scatena, A.; Mariani, M.V.; Ronco, C.; Bellasi, A. Finerenone: Questions and Answers-The Four Fundamental Arguments on the New-Born Promising Non-Steroidal Mineralocorticoid Receptor Antagonist. J. Clin. Med. 2023, 12, 3992. [Google Scholar] [CrossRef]

	



Wada, T.; Inagaki, M.; Yoshinari, T.; Terata, R.; Totsuka, N.; Gotou, M.; Hashimoto, G. Apararenone in patients with diabetic nephropathy: Results of a randomized, double-blind, placebo-controlled phase 2 dose-response study and open-label extension study. Clin. Exp. Nephrol. 2021, 25, 120–130. [Google Scholar] [CrossRef]

	



Okanoue, T.; Sakamoto, M.; Harada, K.; Inagaki, M.; Totsuka, N.; Hashimoto, G.; Kumada, H. Efficacy and safety of apararenone (MT-3995) in patients with nonalcoholic steatohepatitis: A randomized controlled study. Hepatol. Res. 2021, 51, 943–956. [Google Scholar] [CrossRef]

	



Sarafidis, P.; Iatridi, F.; Ferro, C.; Alexandrou, M.E.; Fernandez-Fernandez, B.; Kanbay, M.; Mallamaci, F.; Nistor, I.; Rossignol, P.; Wanner, C.; et al. Mineralocorticoid receptor antagonist use in chronic kidney disease with type 2 diabetes: A clinical practice document by the European Renal Best Practice (ERBP) board of the European Renal Association (ERA). Clin. Kidney J. 2023, 16, 1885–1907. [Google Scholar] [CrossRef]

	



Jiang, X.; Zhang, Z.; Li, C.; Zhang, S.; Su, Q.; Yang, S.; Liu, X.; Hu, Y.; Pu, X. Efficacy and Safety of Non-Steroidal Mineralocorticoid Receptor Antagonists in Patients With Chronic Kidney Disease and Type 2 Diabetes: A Systematic Review Incorporating an Indirect Comparisons Meta-Analysis. Front. Pharmacol. 2022, 13, 896947. [Google Scholar] [CrossRef]

	



Gil-Ortega, M.; Vega-Martín, E.; Martín-Ramos, M.; González-Blázquez, R.; Pulido-Olmo, H.; Ruiz-Hurtado, G.; Schulz, A.; Ruilope, L.M.; Kolkhof, P.; Somoza, B.; et al. Finerenone Reduces Intrinsic Arterial Stiffness in Munich Wistar Frömter Rats, a Genetic Model of Chronic Kidney Disease. Am. J. Nephrol. 2020, 51, 294–303. [Google Scholar] [CrossRef] [PubMed]

	



González-Blázquez, R.; Somoza, B.; Gil-Ortega, M.; Martín Ramos, M.; Ramiro-Cortijo, D.; Vega-Martín, E.; Schulz, A.; Ruilope, L.M.; Kolkhof, P.; Kreutz, R.; et al. Finerenone Attenuates Endothelial Dysfunction and Albuminuria in a Chronic Kidney Disease Model by a Reduction in Oxidative Stress. Front. Pharmacol. 2018, 9, 1131. [Google Scholar] [CrossRef] [PubMed]

	



Grune, J.; Beyhoff, N.; Smeir, E.; Chudek, R.; Blumrich, A.; Ban, Z.; Brix, S.; Betz, I.R.; Schupp, M.; Foryst-Ludwig, A.; et al. Selective Mineralocorticoid Receptor Cofactor Modulation as Molecular Basis for Finerenone’s Antifibrotic Activity. Hypertension 2018, 71, 599–608. [Google Scholar] [CrossRef]

	



Kolkhof, P.; Delbeck, M.; Kretschmer, A.; Steinke, W.; Hartmann, E.; Bärfacker, L.; Eitner, F.; Albrecht-Küpper, B.; Schäfer, S. Finerenone, a novel selective nonsteroidal mineralocorticoid receptor antagonist protects from rat cardiorenal injury. J. Cardiovasc. Pharmacol. 2014, 64, 69–78. [Google Scholar] [CrossRef] [PubMed]

	



Bakris, G.L.; Agarwal, R.; Anker, S.D.; Pitt, B.; Ruilope, L.M.; Rossing, P.; Kolkhof, P.; Nowack, C.; Schloemer, P.; Joseph, A.; et al. Effect of Finerenone on Chronic Kidney Disease Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2020, 383, 2219–2229. [Google Scholar] [CrossRef]

	



Pitt, B.; Filippatos, G.; Agarwal, R.; Anker, S.D.; Bakris, G.L.; Rossing, P.; Joseph, A.; Kolkhof, P.; Nowack, C.; Schloemer, P.; et al. Cardiovascular Events with Finerenone in Kidney Disease and Type 2 Diabetes. N. Engl. J. Med. 2021, 385, 2252–2263. [Google Scholar] [CrossRef]

	



Agarwal, R.; Filippatos, G.; Pitt, B.; Anker, S.D.; Rossing, P.; Joseph, A.; Kolkhof, P.; Nowack, C.; Gebel, M.; Ruilope, L.M.; et al. Cardiovascular and kidney outcomes with finerenone in patients with type 2 diabetes and chronic kidney disease: The FIDELITY pooled analysis. Eur. Heart J. 2022, 43, 474–484. [Google Scholar] [CrossRef]

	



Agarwal, R.; Pitt, B.; Palmer, B.F.; Kovesdy, C.P.; Burgess, E.; Filippatos, G.; Małyszko, J.; Ruilope, L.M.; Rossignol, P.; Rossing, P.; et al. A comparative post hoc analysis of finerenone and spironolactone in resistant hypertension in moderate-to-advanced chronic kidney disease. Clin. Kidney J. 2023, 16, 293–302. [Google Scholar] [CrossRef]

	



Agarwal, R.; Rossignol, P.; Romero, A.; Garza, D.; Mayo, M.R.; Warren, S.; Ma, J.; White, W.B.; Williams, B. Patiromer versus placebo to enable spironolactone use in patients with resistant hypertension and chronic kidney disease (AMBER): A phase 2, randomised, double-blind, placebo-controlled trial. Lancet 2019, 394, 1540–1550. [Google Scholar] [CrossRef] [PubMed]

	



Goulooze, S.C.; Snelder, N.; Seelmann, A.; Horvat-Broecker, A.; Brinker, M.; Joseph, A.; Garmann, D.; Lippert, J.; Eissing, T. Finerenone Dose-Exposure-Serum Potassium Response Analysis of FIDELIO-DKD Phase III: The Role of Dosing, Titration, and Inclusion Criteria. Clin. Pharmacokinet. 2022, 61, 451–462. [Google Scholar] [CrossRef]

	



Desai, N.R.; Navaneethan, S.D.; Nicholas, S.B.; Pantalone, K.M.; Wanner, C.; Hamacher, S.; Gay, A.; Wheeler, D.C. Design and rationale of FINE-REAL: A prospective study of finerenone in clinical practice. J. Diabetes Complicat. 2023, 37, 108411. [Google Scholar] [CrossRef] [PubMed]

	



Heerspink, H.J.L.; Birkenfeld, A.L.; Cherney, D.Z.I.; Colhoun, H.M.; Ji, L.; Mathieu, C.; Groop, P.H.; Pratley, R.E.; Rosas, S.E.; Rossing, P.; et al. Rationale and design of a randomised phase III registration trial investigating finerenone in participants with type 1 diabetes and chronic kidney disease: The FINE-ONE trial. Diabetes Res. Clin. Pract. 2023, 204, 110908. [Google Scholar] [CrossRef] [PubMed]

	



Epstein, M. Considerations for the future: Current and future treatment paradigms with mineralocorticoid receptor antagonists-unmet needs and underserved patient cohorts. Kidney Int. Suppl. 2022, 12, 69–75. [Google Scholar] [CrossRef] [PubMed]

	



Kintscher, U.; Edelmann, F. The non-steroidal mineralocorticoid receptor antagonist finerenone and heart failure with preserved ejection fraction. Cardiovasc. Diabetol. 2023, 22, 162. [Google Scholar] [CrossRef] [PubMed]

	



Quist, S.W.; van Schoonhoven, A.V.; Bakker, S.J.L.; Pochopień, M.; Postma, M.J.; van Loon, J.M.T.; Paulissen, J.H.J. Cost-effectiveness of finerenone in chronic kidney disease associated with type 2 diabetes in The Netherlands. Cardiovasc. Diabetol. 2023, 22, 328. [Google Scholar] [CrossRef]

	



Ikizler, T.A.; Cuppari, L. The 2020 Updated KDOQI Clinical Practice Guidelines for Nutrition in Chronic Kidney Disease. Blood Purif 2021, 50, 667–671. [Google Scholar] [CrossRef] [PubMed]

	



Kearney, J.; Gnudi, L. The Pillars for Renal Disease Treatment in Patients with Type 2 Diabetes. Pharmaceutics 2023, 15, 1343. [Google Scholar] [CrossRef]

	



Yu, J.H.; Park, S.Y.; Lee, D.Y.; Kim, N.H.; Seo, J.A. GLP-1 receptor agonists in diabetic kidney disease: Current evidence and future directions. Kidney Res. Clin. Pract. 2022, 41, 136–149. [Google Scholar] [CrossRef]

	



Zhu, Z.; Rosenkranz, K.A.T.; Kusunoki, Y.; Li, C.; Klaus, M.; Gross, O.; Angelotti, M.L.; Antonelli, G.; Cirillo, L.; Romagnani, P.; et al. Finerenone Added to RAS/SGLT2 Blockade for CKD in Alport Syndrome. Results of a Randomized Controlled Trial with Col4a3-/- Mice. J. Am. Soc. Nephrol. 2023, 34, 1513–1520. [Google Scholar] [CrossRef] [PubMed]

	



Tu, L.; Thuillet, R.; Perrot, J.; Ottaviani, M.; Ponsardin, E.; Kolkhof, P.; Humbert, M.; Viengchareun, S.; Lombès, M.; Guignabert, C. Mineralocorticoid Receptor Antagonism by Finerenone Attenuates Established Pulmonary Hypertension in Rats. Hypertension 2022, 79, 2262–2273. [Google Scholar] [CrossRef] [PubMed]

	



Mårup, F.H.; Thomsen, M.B.; Birn, H. Additive effects of dapagliflozin and finerenone on albuminuria in non-diabetic CKD: An open-label randomized clinical trial. Clin. Kidney J. 2024, 17, sfad249. [Google Scholar] [CrossRef] [PubMed]

	



Filippatos, G.; Bakris, G.L.; Pitt, B.; Agarwal, R.; Rossing, P.; Ruilope, L.M.; Butler, J.; Lam, C.S.P.; Kolkhof, P.; Roberts, L.; et al. Finerenone Reduces New-Onset Atrial Fibrillation in Patients With Chronic Kidney Disease and Type 2 Diabetes. J. Am. Coll. Cardiol. 2021, 78, 142–152. [Google Scholar] [CrossRef]

	



Shah, M.; Awad, A.S.; Abdel-Rahman, E.M. Nonsteroidal Mineralocorticoid Receptor Antagonist (Finerenone) in Cardiorenal Disease. J. Clin. Med. 2023, 12, 6285. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 17 00418 g001] 





Figure 1. Main components in the development of diabetic kidney disease. Combined, several metabolic changes, glomerular hyperfiltration, inflammation, and fibrosis contribute to the development of diabetic kidney disease. Additional novel mechanisms include altered gut microbiota (gut–kidney axis) and genetic factors. Legend: AGEs—advanced glycation end products; NFκB—nuclear factor κB; ROS—reactive oxygen species; IL-18—interleukin 18; IL-1β—interleukin-1β; MR—mineralocorticoid receptor; NO—nitric oxide; AT II—angiotensin II; TXA 2—thromboxane 2. 
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Figure 2. The comparison between steroidal mineralocorticoid receptor antagonists (spironolactone and eplerenone) and finerenone [58]. Legend: MRA—mineralocorticoid receptor antagonist; MR—mineralocorticoid receptor; CNS—central nervous system. 
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Figure 3. Finerenone in diabetic kidney disease—most critical clinical trials [67,68,69,73,74,75]. Legend: CKD—chronic kidney disease. 
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