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 Zusammenfassung 

Die Hemmung des Renin-Angiotensin-Systems (RAS), des Sodium-Glucose-Transporters (SGLT) 

2 und des Mineralocorticoid-Rezeptors (MR) haben alle in großen klinischen Studien bei diabetisch 

bedingter chronischer Nierenerkrankung (CKD) renoprotektive Effekte gezeigt. Darüber hinaus hat 

sich auch die Kombination aus RAS- und SGLT2-Hemmung bei nicht-diabetischer CKD als 

renoprotektiv erwiesen. Basierend auf diesen Ergebnissen wurde vermutet, dass die Kombination aus 

RAS-, SGLT2- und MR-Hemmung bei nicht-diabetischer CKD noch wirksamer sein könnte. 

Um diese Vermutung zu überprüfen, wurde eine präklinische randomisierte Kontrollstudie bei 

Col4a3-defizienten Mäusen mit spontaner und progressiver CKD (Registrierungs-ID: PCTE0000266) 

durchgeführt. Die Behandlungen bestanden aus Lebensmittelzusätzen bei geschätzten Dosen von 10 

mg/kg Ramipril, 30 mg/kg Empagliflozin und 10 mg/kg Finerenone, die von 6 bis 14 Wochen alter 

ausgegeben wurden. Das primäre Studienendpunkt war die Gesamtlebensdauer bis zum Auftreten von 

Uraämie. Als sekundäre Endpunkte wurden Marker der Nieren-Exkretionsfunktion (GFR, Proteinurie) 

sowie histomorphologische Parameter der Niere bei einer Untergruppe von Tieren untersucht. Weitere 

Analysen wurden durchgeführt, um die Auswirkungen der Behandlungen auf die Histologie, 

Genexpression und andere Mechanismen zu bewerten. 

Zum Zeitpunkt der Zufallsauswahl zeigten die Col4a3-/- Mäuse Anzeichen einer 

Nierenerkrankung, einschließlich Albuminurie, erhöhter Kreatininspiegel, Glomerulosklerose, 

tubulärer Atrophie und interstitieller Fibrose. Die Gesamtlebensdauer betrug 63,7 ± 10,0 Tage 

(Vehikel), 77,3 ± 5,3 Tage (Ramipril), 80,3 ± 11,0 Tage (Ramipril + Empagliflozin) und 103,1 ± 20,3 

Tage (Triple-Therapie). Die Histopathologie, die Genexpressionsanalyse und die RNA-

Sequenzierungsanalyse deuteten alle auf eine potente antisklerotische, entzündungshemmende und 

antifibrotische Wirkung der Triple-Kombination hin. 

Zusammenfassend verlängerte die zusätzliche Gabe von Finerenon zur Kombination aus RAS- 

und SGLT2-Inhibition das urämie-freie Lebensalter der Mäuse, auch wenn es in einem 

fortgeschrittenen Stadium der Alport-Nephropathie begonnen wurde. Die Ergebnisse deuten darauf 

hin, dass die Kombination aus RAS-, SGLT2- und MR-Inhibition eine potente Behandlungsstrategie 

sein könnte, um das urämie-freie Lebensalter bei Patienten mit einer CKD im Zusammenhang mit 

Alport-Syndrom und möglicherweise auch anderen Nierenerkrankungen zu verlängern. 
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Summary 

The inhibition of the renin-angiotensin system (RAS), the sodium-glucose transporter (SGLT) 2, 

and the mineralocorticoid receptor (MR) have all shown protective effects on the kidneys in large 

clinical trials of diabetes-related chronic kidney disease (CKD). Additionally, the combination of RAS 

and SGLT2 inhibition has also been found to be renoprotective in non-diabetic CKD. Based on these 

findings, it was hypothesized that the combination of RAS, SGLT2, and MR inhibition would be even 

more effective in non-diabetic CKD. 

To test this hypothesis, a preclinical randomized controlled trial was conducted in Col4a3-

deficient mice with spontaneous and progressive CKD (registry ID: PCTE0000266). The treatments 

consisted of food admixes at estimated exposure doses of 10 mg/kg ramipril, 30 mg/kg empagliflozin, 

and 10 mg/kg finerenone, given from 6-14 weeks of age. The primary endpoint of the study was the 

total lifespan up to uremic death. The secondary endpoint was makers of kidney excretory function 

(GFR, Proteinuria) and histomorphological parameters of the kidney in a subgroup of animals. Further 

analysis was performed to assess the effects of the treatments on histology, gene expression, and other 

mechanisms. 

At the time of randomization, the Col4a3-/- mice showed signs of kidney disease including 

albuminuria, elevated creatinine levels, glomerulosclerosis, tubular atrophy, and interstitial fibrosis. 

Total lifespan was 63.7 ± 10.0 days (vehicle), 77.3 ± 5.3 days (ramipril), 80.3 ± 11.0 days 

(ramipril+empagliflozin), and 103.1 ± 20.3 days (triple therapy), respectively. The histopathology, 

gene expression analysis, and RNA sequencing analysis all indicated a potent anti-sclerotic, anti-

inflammatory, and anti-fibrotic effect of the triple combination. 

In conclusion, the addition of finerenone to the combination of RAS and SGLT2 inhibition 

prolonged the uremia-free lifespan of the mice even when started at an advanced stage of Alport 

nephropathy. The results suggest that the combination of RAS, SGLT2, and MR inhibition could be a 

potent treatment strategy for prolonging the uremia-free lifespan in patients with CKD related to Alport 

syndrome and potentially other progressive kidney disorders.
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1. Introduction 

1.1 Chronic kidney disease 

Chronic kidney disease (CKD) is a significant worldwide public health issue as it poses a substantial 

risk of cardiovascular complications and mortality. Additionally, CKD frequently progresses to kidney 

failure, necessitating kidney replacement treatment. [1-3]. Globally, more than 850 million individuals are 

affected by kidney disease, and an estimated 5.3-10.5 million of them require kidney replacement therapy. 

[4, 5]. In Germany, around 95,000 CKD patients require dialysis, costing approximately 40,000€ per person 

per year [6]. The progression of CKD is influenced by several factors, including: a) reduced number of 

nephrons at birth or prior nephron loss, b) ongoing presence of the underlying disease, c) metabolic and 

hemodynamic overload of remaining nephrons, and d) aggravating factors such as obesity, diabetes, and 

high salt and protein-rich diets [7-9]. 

 

1.1.1 Definition of CKD 

CKD is characterized by long-term structural and functional impairment of the kidneys caused by 

various factors [10]. According to the Kidney Disease: Improving Global Outcomes (KDIGO) 2012 clinical 

practice guideline, CKD is defined as abnormalities in kidney structure or function that have an impact on 

health, present for over three months [11]. The KDIGO 2012 criteria for CKD include a reduction of 

glomerular filtration rate (GFR) to less than 60 ml/min per 1.73 m2 or the presence of markers of kidney 

damage such as albuminuria, abnormalities in urinary sediment, electrolyte imbalances and tubular 

disorders, abnormalities detected by histology, structural abnormalities seen on imaging, and a history of 

kidney transplantation for at least 3 months [11]. 

 

1.1.2 Staging of CKD 

CKD staging is used to determine the stage of CKD in patients, so as to identify appropriate prevention 

and treatment goals and take appropriate measures. According to KDIGO 2012, CKD is classified based 

on the cause, GFR, and albuminuria category (CGA) [12, 13]. Table 1 shows the GFR categories. In CKD 

stage G1, GFR is normal or slightly elevated, above 90 ml/min per 1.73 m2. At this point, kidneys are in a 

sub-healthy state. In G2, GFR has decreased from above 90 ml/min per 1.73 m2 in G1 to 60-89 ml/min per 

1.73 m2, indicating that CKD is becoming more serious. As CKD progresses from G2 to G3, the kidneys 

are moderately abnormal, with GFR levels of 45-59 ml/min per 1.73 m2 for G3a and 30-44 ml/min per 1.73 
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m2 for G3b. In G4, CKD has severely reduced GFR to 15-29 ml/min per 1.73 m2. G5, which is kidney 

failure, has a GFR level below 15 ml/min per 1.73 m2. 

 

 

1.1.3 Risk stratification of CKD 

According to KDIGO 2012, factors influencing poor prognosis in CKD include: the underlying cause 

of CKD, the GFR category, the albuminuria category, and other risk factors [11]. To aid in determining the 

risk level of CKD patients, the guidelines also provide a system of classification, which divides the risk 

into four grades as depicted in figure 1.1. This system helps in identifying the appropriate prevention and 

treatment goals and in taking appropriate measures for patients with different levels of risk. 
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1.2 Alport syndrome 

1.2.1 Definition of Alport syndrome 

Alport syndrome is a monogenic disorder affecting around 1 in 5,000 to 53,000 children. It is 

characterized by the progressive scaring and atrophy of the glomeruli, the filtering compartment of the 

nephrons of the kidney and by abnormalities of the inner ear and eyes [14, 15]. The disorder was first 

identified by Cecil A. Alport in a British family in 1927 [16].  

This disorder is caused by an inherited defect in type IV collagen, which is a main component of the 

glomerular basement membrane (GBM) [17]. These mutations result in abnormal collagen structure in 

organs, which manifests as hereditary glomerular diseases, including hematuria, proteinuria, and gradual 

deterioration in kidney function, often accompanied by hearing loss as well as ocular abnormalities [18]. 

Alport syndrome can be inherited through three ways: as an X-linked disorder, autosomal recessive disorder, 

or autosomal dominant disorder. [19].  

 

1.2.2 Pathogenic mechanism of Alport syndrome 

Variants in the genes COL4An (n=3, 4, 5) that encode for the α3, α4 and α5 chains of type IV collagen 

cause the disease [20, 21]. Table 1.2 give a brief overview. Inheritance patterns are typically X-linked (80%-

85%), autosomal recessive (12%~15%), or autosomal dominant (5%~8%). The vast majority of instances 

of X-linked heritance entail a genetic mutation within the COL4A5 gene, which is situated on the X 

chromosome at locus Xq22 [22-24]. The chief underlying factor for the inheritance of autosomal recessive 

and dominant traits is the presence of genetic mutations in the COL4A3 or COL4A4 gene located on 

chromosome 22q35-37. These genes code for the α3 and α4 chains of type IV collagen [25-27]. 
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Various kinds of mutations, such as deletions of small fragments, insertions, missense mutations, 

nonsense mutations, and splice site mutations, can occur throughout the gene. Large fragment 

recombination or deletion of the entire gene can also occur [28, 29]. Additionally, there is a subtype of 

Alport syndrome with this inheritance pattern, that results from mutations in the COL4A5 and COL4A6. 

However, there have been no reported cases of Alport syndrome resulting from a single COL4A6 gene 

mutation [30, 31]. 

The gene responsible for autosomal recessive Alport syndrome is either COL4A3 or COL4A4 [32]. 

The most severe cases of Alport syndrome are attributed to homozygous and compound heterozygous 

mutations, but it is not yet confirmed if double gene mutations exist. Most reported mutations are small and 

include synonymous, missense, splice site, and nonsense mutations [33, 34]. 

The clinical manifestations of Alport Syndrome vary depending on the mutation type and the particular 

gene that is impacted [35]. Deletions in the COL4A5 gene and severe splice variants result in kidney 

impairment and hearing loss. Missense mutations can cause either juvenile-onset or adult-onset hearing 

loss with or without kidney involvement. Deletion of the 5' end of the COL4A5 gene and the adjacent 5' 

end of the COL4A6 gene may cause esophageal and genital leiomyomas [22, 30, 36, 37]. Alport syndrome, 

which is inherited in an autosomal recessive pattern, is caused by mutations that affect both copies of either 

the COL4A3 or COL4A4 gene, referred to as homozygous or compound heterozygous mutations, and 

heterozygous mutations may lead to benign familial hematuria disorders such as familial thin basement 

membrane disease [38, 39]. 

 

1.2.3 Kidney injury in Alport syndrome 

The glomerular filtration barrier, which is essential for kidney function, consists of three components: 

the GBM, the endothelium, and the podocytes [40]. Figure 1.2 showed the partial glomerular capillary, 

Bowman's capsule, and proximal tubule in healthy and Alport syndrome situations. During healthy kidney 

development, mature α3α4α5 collagen type IV heterotrimers replace the immature α1α1α2 type [41]. In 

individuals suffering from Alport syndrome, however, mutations in the genes responsible for producing 

α3(IV), α4(IV), or α5(IV) chains result in a GBM structure that consists mainly of immature α1α1α2 

collagen IV. Despite being capable of temporarily maintaining the integrity of the GBM structure and 

delaying the onset of the disease, this mechanism eventually leads to kidney dysfunction via multiple 

pathways as a result of prolonged exposure over time [40]. 
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The podocytes are intricately linked to the protein network in the GBM and the slit diaphragm, 

ensuring the stability of both the glomerular cells and the surrounding extracellular structures [42]. However, 

mutations in collagen can cause altered signaling pathways, resulting in increased expression of factors that 

promote inflammation and fibrosis, such as TGF-beta, MMP2, MMP3, MMP9, CTGF, and chemokines, 

ultimately contributing to kidney injury [41, 43]. 

Compared to the mature α3α4α5 collagen type IV heterotrimers, the α1α1α2 heterotrimers present in 

Alport syndrome patients have fewer interchain disulfide crosslinks, making them less stable [40, 43]. The 

heightened instability of the GBM can make it more vulnerable to degradation by proteases such as matrix 

metalloproteinases (MMPs). [40]. Additionally, patients with Alport syndrome display elevated elasticity 

in the GBM, which enhances the biomechanical tension on mesangial cells and podocytes, disrupting the 

receptors' interaction and signaling between podocytes and GBM proteins. [43]. With ongoing nephron loss, 

glomerular pressure continues to increase, further exacerbating the biomechanical strain on the glomerular 

cells [42]. This high level of biomechanical strain on podocytes in Alport syndrome patients exacerbates 

glomerular injury [42]. 

The progression of Alport syndrome to CKD and kidney failure involves a continuous activation of 

renin-angiotensin system (RAS). This involves an upregulation of the canonical axis (ACE/Ang II/AT1 

receptor) and a downregulation of the alternative axis (ACE2/Ang (1-7)/Mas receptor) [44, 45]. The 



6 

elevated levels of Ang II result in increased glomerular pressure, which contributes to proteinuria and the 

production of chemokines and reactive oxygen species [44]. At the same time, the reduction of Ang-(1-7) 

and ACE2 levels exacerbates pro-fibrotic and pro-inflammatory states [45, 46]. However, studies have 

shown that administering Ang-(1-7) and ACE2 to Alport syndrome mice can produce renoprotective effects. 

These effects include the inhibition of TGF-beta and IL-6 expression, as well as a reduction in COL1A1 

mRNA expression and an accumulation of extracellular matrix proteins [45]. As a result, angiotensin-

converting enzyme inhibitors (ACEi) are the preferred medications for delaying the deterioration of kidney 

function in individuals with Alport syndrome. 

The normal replacement of α1β1γ1 and α2β1γ1 laminins by α5β2γ1 heterotrimers during kidney 

development does not occur. Instead, α1β1γ1 and α2β1γ1 laminins are abnormally deposited in the GBM 

[40, 41]. This abnormal deposition of laminins leads to altered signaling in adjacent receptors, hindering 

normal polymerization and signaling of α5β2γ1 laminin and integrin α3β1 [40, 44]. This in turn leads to 

further damage such as proteinuria, degradation of the GBM, loss of foot processes, activation of kappa B 

(NF-κB) and heightened pro-inflammatory responses [41, 44]. The result is worsening of 

glomerulosclerosis, nephron loss, and glomerular hypertension. 

Ultimately, the pathophysiological mechanisms of Alport syndrome lead to glomerular degeneration, 

progressive CKD and kidney failure early in life [41, 47]. Figure 1.3 shows the physiopathology in kidney 

of Alport syndrome. 



7 

 

1.2.4 Conventional treatments for Alport syndrome 

Studies indicate that controlling proteinuria, combating fibrosis, and other treatments can slow the 

progression of Alport syndrome and delay kidney failure [48]. Since there is no cure for Alport syndrome, 

e.g., by gene therapy, standard of care for Alport syndrome patients involves using drugs to control RAS 

activation and proteinuria to decelerate the progression of Alport syndrome towards kidney failure. [18]. 

Figure 1.4 illustrates the clinical presentation of Alport syndrome and the potential impact of treatment. 
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The International Alport Syndrome Expert Group's 2013 diagnosis and treatment guidelines classify 

treatment drugs into first-line (e.g. ACE inhibitors such as ramipril and enalapril) and second-line 

(Angiotensin Receptor Blockers and aldosterone receptor antagonists) categories [48]. The recommended 

ACEI dosage for those under 18 is listed in table 1.3. The recommended dosages for ARBs and aldosterone 

receptor antagonists for individuals under 18 are listed in Table 1.4. For patients aged 10 to 20, the 

recommended spironolactone dose is 25 mg/day and should be reduced for those under 10 [48]. Long-term 

use of ACEis or ARBs can cause a decrease in serum aldosterone levels initially, but levels later rise above 

baseline, referred to as "aldosterone escape" [49, 50]. This can result in persistent proteinuria in children 

taking ACE inhibitors, hence spironolactone can be utilized as a second-line treatment, either as a 

monotherapy or in conjunction with ARBs [51]. 

Despite any treatment efforts, Alport syndrome will eventually result in kidney failure, which requires 

the implementation of kidney replacement therapy [52]. This includes dialysis techniques including 

hemodialysis, peritoneal dialysis and kidney transplantation [53]. 
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1.3 From monotherapy to combination therapy for CKD  

1.3.1 RAS inhibition therapies ACEI and ARB 

The main objective in CKD treatment is to block the RAS activity. [54]. To effectively reduce 

proteinuria, decelerate the advancement of CKD, and mitigate the likelihood of cardiovascular disease, the 

blockade of RAS using either an ACEI or an ARB is considered the cornerstone therapy [55]. Several well-

conducted clinical trials have demonstrated that blokinging RAS is an effective way to protect the kidneys 

[56-58]. The main clinical trials studying the blockade of RAS are detailed in table 1.5, which highlights 

the significance of RAS inhibition in the management of CKD. 

Circulating RAS remained active even during treatment with only ACEI or ARB, leading to 

expectations that enhanced RAS blockade would better protect the kidneys [59]. In theory, inhibiting 

multiple steps in the RAS system would enhance the inhibition effect and maximize nephroprotection [60]. 

Studies have demonstrated that the combined treatment of ACEI and ARB is more efficient in decreasing 

proteinuria than monotherapy [61]. However, some studies have demonstrated conflicting results. The 

ONTARGET/TRANSCEND trials demonstrated that telmisartan (80 mg per 24h) was as effective as 

ramipril (10 mg per 24h) and associated with less angioedema among individuals who have vascular disease 

or diabetes with a high-risk profile. However, combining both medications resulted in more negative effects 

without any additional advantages. [62]. Another trial from the ONTARGET study showed that telmisartan 
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(80 mg/day) had similar effects on major kidney outcomes as ramipril (10mg/day) in individuals who are 

55 years old or above and have confirmed atherosclerotic vascular disease or diabetes accompanied by 

damage to end-organs. The combined therapy reduced proteinuria compared to monotherapy, but overall 

worsened major kidney outcomes [63]. The VA NEPHRON-D trial studied the dual therapy of ACEI and 

ARB in individuals with diabetes and proteinuria, but some individuals in dual-drug treatment showed 

significant hyperkalemia and acute decline of kidney function, which led to the trial being terminated 

prematurely [64]. Thus, the renal protective benefits of combining RAS blockers are not evident in 

individuals with hyperalbuminuria and kidney insufficiency, raising significant questions about its efficacy 

and safety [59]. Overall, these independent large clinical trials did not endorse using combined RAS 

blockade as a means of preventing CKD progression. 

Soon, it became evident that RAS inhibitors had a limited capacity in curbing the progression of CKD 

across a range of diseases. This realization was driven by the understanding RAS activation contributes the 

shared pathomechanism of excessive hemodynamic stress on the remaining functional nephrons in CKD. 

[1, 65, 66]. Monotherapy with RAS inhibitors showed only limited renoprotection, making RAS blockade 

more of a secondary treatment when addressing the underlying causes of CKD [67]. Combination therapies 

have been shown to be more effective than monotherapy for diseases with complex pathophysiologies, such 

as hypertension, autoimmune and tumor diseases, organ transplants, and platelet inhibition after coronary 

surgery [68-72]. It is reasonable to assume that the same could be expected for progressive CKD due to its 

varying and complicated causes [1, 2, 9]. This is especially pertinent for older individuals, as the 

pathogenesis of CKD in this demographic often involves multiple factors.
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1.3.2 SGLT2 inhibitors and dual RAS/SGLT2 inhibition 

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are drugs utilized to manage type 2 diabetes 

(T2DM) by regulating the sodium-glucose transport proteins in the nephron [80, 81]. They mainly work by 

inhibiting kidney glucose reabsorption for improved glycemic control and have shown to provide 

cardiovascular benefits for T2DM patients [82, 83]. In 2022, the American Diabetes Association (ADA) 

designated SGLT2 inhibitors as the first line of drug therapy for T2DM in its standards of care for diabetes. 

This treatment is often combined with metformin and is particularly indicated for individuals who have 

CKD and cardiovascular disease [84]. During the last ten years, SGLT2 inhibitors showed remarkable 

effectiveness in preventing progression of CKD beyond what is achieved by RAS inhibition [85, 86]. This 

is likely due to their ability to significantly reduce the metabolic workload on the remaining nephrons by 

hindering the reuptake of sodium and glucose in the proximal tubule [87, 88]. Table 1.6 showed the 

summary of kidney outcomes in clinical studies with SGLT2 inhibitors. The precise mechanism underlying 

the kidney-protective effect of SGLT2 inhibitors is currently a topic of debate. However, there are a few 

potential explanations that have been proposed. One such mechanism involves the improvement of 

glomerular hemodynamics. Diabetes leads to a compromise of tubuloglomerular feedback through the 

activation of SGLT2, which results in the afferent arteriole to dilate, the efferent arteriole to indirectly 

constrict,, and an increase in filtration pressure and GFR. [89, 90]. SGLT2 inhibitors reverse these effects 

and this way reduce hyperfiltration and proteinuria. The same mechanism reduces the workload on the cells 

of the proximal tubules by decreasing their metabolic stress due to less glucose and sodium reabsorption 

per cell. This reduction in activity leads to a decrease in both the oxygen and energy demand [91, 92]. 

Besides, influenced by proteinuria and elevated glucose levels, inflammatory mediators, fibrotic mediators, 

and reactive oxygen species are triggered in tubular cells. So, another mechanistic is that SGLT2 inhibitors 

could act by reducing inflammatory response and kidney fibrosis [93, 94].



13 



14 

A study conducted in 2016 found that a combined RAS/SGLT2 blockade had strong effects that protect 

the kidney in individuals with CKD and T2DM [95]. A RAS/SGLT2 blockade has up to 57% effect size in 

preventing gradual decline in kidney function in individuals with non-diabetic glomerulopathies, which is 

higher than diagnosis-specific therapies [101]. Like heart failure, dual RAS/SGLT2 inhibition can preserve 

kidney function by reducing workload. SGLT2 and RAS inhibitors act at different parts of the kidney, but 

have synergistic effects when combined, as shown in figures 1.5 and 1.6 for T2DM. Theoretically, their 

protection of kidney function should be synergistic due to complementary mechanisms [102].  

 

 

Studies have showed that simultaneous using SGLT2 inhibitors as well as ACEI/ARB inhibitors in 

diabetic Dahl salt-sensitive rats has a higher impact in protecting the kidneys compared to using either drug 

alone. This combination therapy was more effective in preserving kidney function [103, 104]. A phase III 

clinical trial revealed a 33.2% decrease in albuminuria and systolic blood pressure in individuals with 

diabetic kidney disease (DKD) when combining ACEI/ARB with dapagliflozin. Results demonstrated that 

the decline of albuminuria was largely separate from the glucose-lowering effect of dapagliflozin, and 

instead, several other factors contributed to the proteinuria decrease [105]. Additionally, the SGLT2 

inhibitor treatment group experienced a decrease in serum uric acid and normal serum potassium levels 

during the double-blind treatment period [106-108]. It's noteworthy that the slightly reduced eGFR 
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observed at the start with SGLT2 inhibitors fully recovered after discontinuation, indicating that the 

functional nephrons were not affected [105]. Table 1.7 shows the effect of SGLT2 inhibitors in combination 

with ACEI/ARBs. 
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1.3.3 MR inhibitor and triple RAS/SGLT2/MR blockade 

Growing evidence suggests that mineralocorticoid receptor (MR) overactivation plays a crucial role 

in the onset and advancement of CKD [111-114]. Although MR can positively regulate blood pressure and 

sodium retention, it has become increasingly clear that its hyperactivation plays a role in inflammation and 

fibrosis development in kidney as well as cardiac systems [115]. The excessive activation of MR leads to 

the up-regulation of genes related to inflammation and fibrosis, ultimately causing harm to the organs [116]. 

As a result, blocking MR is becoming a helpful treatment approach to decelerate CKD progression and 

decrease mortality ralated to cardiovascular disease. Figure 1.7 depicts the action of MR antagonists as well 

as their impacts on both tissue and clinical outcomes. 

 

 

In the late 1950s, MR antagonists were developed and tested for therapeutic effectiveness. The U.S. 

Food and Drug Administration (FDA) approved the oral steroid MRA spironolactone in 1960 to manage 

edema and hypertension [117]. However, steroidal MRAs can cause negative effects including 

hyperkalemia as well as decreased kidney function, especially in patients with severe kidney insufficiency 

[118]. Additionally, spironolactone may cause side effects like gynecomastia and impotence, leading to 
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restrictions or contraindications in certain patient populations [119, 120]. The development of non-steroidal 

MRAs is a significant advancement in cardiokidney disease [117, 121]. To date, two non-steroidal MRAs, 

esaxerenone and finerenone, have received approval for treating hypertension and type 2 diabetes-related 

CKD [122, 123]. 

Finerenone is a powerful drug designed to mitigate the likelihood of various adverse health outcomes 

in adults who have type 2 diabetes and CKD [124, 125]. It has been specifically formulated to reduce the 

linkihood of a loss in kidney function, to prevent the onset of kidney failure, to lower the chance of mortality 

related to heart disease, and to decrease hospitalizations in heart failure [126]. This medication marks a 

major advancement in treating diabetes-related CKD, providing a comprehensive approach to managing 

this complex and debilitating condition [127]. It targets MR with high selectivity and potency due to its 

affinity and bulk as an MR antagonist, changing the receptor's conformation [120, 128]. Finerenone 

prevents MR cofactor aggregation, altering gene expression [117, 129]. Transcriptome analysis shows that 

it is more effective than spironolactone in blocking aldosterone-induced transcripts (20% vs 5%) [130]. The 

main difference between finerenone and MRAs lies in their chemical structure and specificity of action, 

with finerenone being a non-steroidal compound with more selective receptor binding activity, and MRAs 

being steroidal compounds with a broader range of receptor binding activity [125, 128]. Figure 1.8 

illustrates finerenone's mode of action and pharmacology. 

To date, five clinical studies have evaluated effectiveness of finerenone, including three Phase II 

studies (ARTS, ARTS-DN, and ARTS-HF), and two Phase III trials (FIDELIO-DKD and FIGARO-DKD). 

[131-135]. The ARTS trial (NCT01345656) was designed to evalute the effectiveness of finerenone in CKD 

individuals suffering from Heart Failure with Reduced Ejection Fraction (HFrEF). Another Phase IIb trial 

called ARTS-DN (NCT01874431) targeted individuals with diabetes and elevated albuminuria levels who 

were undergoing treatment with ACEI or ARB. Another Phase IIb trial called ARTS-HF (NCT01807221) 

investigated the effectiveness of finerenone in individuals with T2D as well as CKD who were hospitalized 

in emergency departments with HFrEF. Additionally, the FIDELIO-DKD (NCT02540993) study tested 

finerenone combined with standard care to placebo, with the aim of evaluating its impact on slowing the 

CKD progression and improving cardiovascular outcomes in individuals with CKD as well as T2D. Finally, 

the FIGARO-DKD (NCT02545049) study examined finerenone combined with standard care versus 

placebo in improving cardiovascular outcomes in CKD patients. Table 1.8 provides a comprehensive 

summary of all the finerenone clinical trials. 
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The FIDELIO study investigated the effectiveness of a dual treatment using RAS inhibitors as well as 

finerenone in treating type 2 diabetic CKD patients. This combination treatment showed a decreased 

likelihood of CKD progression compared to RAS inhibitors monotherapy [134]. Importantly, most of these 

patients had not received any prior treatment with SGLT2 inhibitors. Preclinical studies have supported the 

potential cardiokidney protective benefits of finerenone together with empagliflozin in a rat model of end-

organ damage induced by hypertension [136]. The FIDELITY study found that 6.7% of individuals received 

treatment with SGLT2 inhibitors, suggesting additive benefits with the combination of MA blockade and 

SGLT2 inhibitors [137]. Sub-group analysis of the FIDELIO study did provide some positive results for 

combination therapy of finerenone and SGLT2 inhibitors, but, these results were not derived from another 

trial and should be interpreted with caution [138, 139]. Currently, there is only one ongoing trial that is 

assessing the effectiveness of finerenone combined with empagliflozin in CKD and T2D patients [140]. 

Research has demonstrated that the administration of dual RAS/SGLT2 inhibitors treatment can forestall 

the deterioration of kidney function, leading to the question of whether a triple inhibitor of the RAS, SGLT2, 

and MR would still have additive effects in prolonging kidney lifespan in CKD patients. Some post-hoc 

analyses of major trials or small single-center studies have provided positive signals in this regard, but these 

were underpowered and based on surrogate markers such as proteinuria [140]. A investigation was carried 

out to evaluate the effectiveness of dapagliflozin and eplerenone as individual and in combination among 

CKD patients [141]. The results showed that combining dapagliflozin with eplerenone led to a noteworthy 
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decrease in the urinary albumin creatinine (UACR) and did not correlate with each other [141]. A well-

powered randomized controlled trial (RCT) with relevant clinical endpoints is still needed to provide 

definitive answers in this area. 
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1.4  Preclinical randomized controlled trials. 

In drug development, preclinical studies are performed prior to clinical trials to gather important data 

on feasibility, drug safety, and iterative testing. This stage typically involves testing in laboratory animals 

[142]. However, the scientific community faces a "replication crisis" or "translational roadblock," as data 

reproducibility has become a major challenge in recent decades across various research fields [143]. 

The translation of drug efficacy from small rodents to human clinical trials is often unsuccessful, 

indicating a significant gap in the process of transitioning from preclinical validation to human RCTs [142, 

144]. This gap is not fully understood or easily solved, as showed in Figure 1.9. Unlike human RCTs, which 

have strict study designs that include calculated sample sizes, randomized double-blind methods, clear 

inclusion and exclusion criteria, and robust endpoints, preclinical research is carried out at a single center 

and carried out by novice researchers who may be influenced by the findings and without independent data 

quality control [145]. In human clinical trials, deaths or withdrawals of patients and data missing and 

imputation are carefully documented and reported, but this level of detail is usually lacking in animal studies. 

This absence of data can significantly influence the results of the animal study [146]. In addition, 

researchers are often unblended during biosample or data processing that can further skew the results of 

animal experiments. If scientists selectively choose data, such as by not reporting outliers or extreme values, 

the resulting differences between groups may be artificially amplified [147, 148]. Therefore, minimizing 

all sources of bias can aid in closing the divide between animal and human studies to ensure validity and 

reliability of results in drug development and to make more reliable predictions on the potential outcome 

of a respective human RCT. 

Preclinical RCTs (pRCTs) are a novel method for making more accurate predictions about the 

outcomes of future human RCTs (as demonstrated in figure 1.9) [145]. pRCTs address these limitations and 

attempt to minimize biases due to unblinded personnel, inadequate sample sizes, low statistical confidence, 

and low protocol validity [145]. To improve the validity, pRCTs incorporate elements from clinical RCTs, 

including registered protocols, blinded study designs, randomization, strict inclusion and exclusion criteria, 

data analysis by independent research centers, and rigorous testing and data reporting [144, 149]. Unlike 

single-center preclinical studies, which are often exploratory in nature, pRCTs seek to generate definite and 

reliable results [149]. pRCTs integrate components from both preclinical as well as clinical research designs 

to enhance the validation and prediction of clinical drug effects [144]. Thus, pRCTs hold promise for 

bridging the disparity between preclinical validation and human RCTs. 
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For example, Lei et al. conducted a pioneering multi-center pRCT in the field of nephrology, aiming 

to assess the effectiveness of baricitinib therapy for systemic lupus erythematosus (SLE) and lupus nephritis 

[150]. The result of this trial predicted poor effects size for baricitinib in heterogeneous populations. 

Nevertheless, two clinical RCTs (SLE-BRAVE-1 and SLE-BRAVE-2) were performed tsting baricitinib in 

SLE patients. However, consistent with the prediction made with the pRCT, these trials showed poor 

efficacy of baricitinib, resulting in the sponsor discontinuing the drug development program [151]. 

Therefore, we hypothesize that a properly executed pRCT can provide reliable predictions regarding the 

clinical efficacy of drug interventions for CKD.
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2. Research hypotheses  

CKD is a global health concern because CKD drastically accelerates cardiovascular aging, implies 

secondary immunodeficiency, and can progress to kidney failure, which is inevitably fatal, unless access to 

kidney replacement therapy is available and affordable. Until recently, inhibitors of the RAS had been the 

only class of renoprotective drugs, and by today remain so for paediatric CKD patients. RAS inhibition 

started at CKD stage G1 or G2 can have profound effects on kidney lifespan, e.g., among pediatric patients 

who suffer from Alport syndrome. However, RAS inhibition capacity to prolong kidney lifespan is limited 

when started at CKD stage G3 or more, which encompasses the vast majority of CKD in adults, where 

CKD is diagnosed at later stages in most cases. Meanwhile, inhibitors of the sodium-glucose transporter 

SGLT-2 have demonstrated renoprotective effectiveness on top of RAS inhibition in patients who have 

diabetic and non-diabetic CKD stage G2-4 and A1-3. Hence, dual RAS/SGLT2 inhibition has emerged as 

the latest standard of care for optimizing the lifespan of kindeys in CKD. The non-steroidal 

mineralocorticoid receptor antagonist (MRA) finerenone has demonstrated antiproteinuric effects and 

attenuation of GFR decline among diabetic individuals who have CKD stage G3 A2-3 and its molecular 

mechanism-of-action could be complementary to RAS and SGLT2 inhibitors but whether triple 

RAS/SGLT2/MR inhibition has additive effects over dual RAS/SGLT2 inhibition is currently unknown. 

 

Thus, we hypothesized that the triple combination of ramipril (RASi), empagliflozin (SGLT2i), and 

finerenone (MRA) significantly prolongs kidney lifespan over dual RAS/SGLT2 inhibition. 
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3. Materials 

3.1 Animal studies 

Animal narcosis, injectables, sacrifice 

BD Microlance™ Stainless Steel Needles Becton Dickinson, NJ, USA  

BD Plastipak™ Syringes Becton Dickinson, NJ, USA 

Reverter CP-Pharma, Burgdorf, Germany 

Operation table Medax, Germany 

Isoflurane-Forene Abbott, Wiesbaden, Germany 

Vaporizer for Forene (100 Series) Smiths Medical PM, Norwell, America 

Surgical/forceps Medicon, Tuttlingen, Germany 

Anatomical/forceps Medicon, Tuttlingen, Germany 

Scalpel Pfm medical ag, Cologne, Germany 

Scissors (Surgical) Medicon, Tuttlingen, Germany 

Clip/Applying/Forceps Medicon, Tuttlingen, Germany 

 

Animal diet 

Animal diets were purchased from Ssniff Spezialdiäten GmbH and stored at 4 °C. Food admixed with 

drugs and control diet was provided during the 6th to 14th week of the mouse's life, and standard diet was 

provided at other times. The ingredients of the diet were as follows: 

Standard diet 

Ingredient Quantity 

Crude protein 22.0 % 

Crude fat 4.5 % 

Crude fiber 3.9 % 

Raw ash 6.7 % 

Calcium 1.0 % 

Phosphorus 0.7 % 

Vitamin A 25000 U/kg 

Vitamin D3 1500 U/kg 

Vitamin E 125 mg/kg 

Iron (II) sulphate monohydrate 100 mg/kg 

Zinc sulfate monohydrate 50 mg/kg 

Manganese (II) sulphate monohydrate 30 mg/kg 

Copper (II) sulfate pentahydrate 5 mg/kg 

Sodium selenite 0.1 mg/kg 

Calcium iodate Anhydrate 2.0 mg/kg 
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Control diet (Color Yellow) 

Ingredient Quantity 

Crude protein 19.0 % 

Crude fat 3.3 % 

Crude fiber 4.9 % 

Crude ash 6.4 % 

Starch 36.5 % 

Sugar 4.7 % 

Vitamin A 25000 U/kg 

Vitamin D3 1500 U/kg 

Vitamin E 125 mg/kg 

Vitamin K3 20 mg/kg 

Iron (II) sulphate monohydrate 100 mg/kg 

Zinc sulfate monohydrate 50 mg/kg 

Manganese (II) sulphate monohydrate 30 mg/kg 

Copper (II) sulfate pentahydrate 5 mg/kg 

Sodium selenite 0.1 mg/kg 

Calcium iodate Anhydrate 2.0 mg/kg 

 

Ramipril diet (Color Green) 

Ingredient Quantity 

Crude protein 19.0 % 

Crude fat 3.3 % 

Crude fiber 4.9 % 

Crude ash 6.4 % 

Starch 36.5 % 

Sugar 4.7 % 

Vitamin A 25000 U/kg 

Vitamin D3 1500 U/kg 

Vitamin E 125 mg/kg 

Vitamin K3 20 mg/kg 

Iron (II) sulphate monohydrate 100 mg/kg 

Zinc sulfate monohydrate 50 mg/kg 

Manganese (II) sulphate monohydrate 30 mg/kg 

Copper (II) sulfate pentahydrate 5 mg/kg 

Sodium selenite 0.1 mg/kg 

Calcium iodate Anhydrate 2.0 mg/kg 

Ramipril 50 mg/kg 

 



27 

Ramipril+Empagliflozin diet (Color Red) 

Ingredient Quantity 

Crude protein 19.0 % 

Crude fat 3.3 % 

Crude fiber 4.9 % 

Crude ash 6.4 % 

Starch 36.5 % 

Sugar 4.7 % 

Vitamin A 25000 U/kg 

Vitamin D3 1500 U/kg 

Vitamin E 125 mg/kg 

Vitamin K3 20 mg/kg 

Iron (II) sulphate monohydrate 100 mg/kg 

Zinc sulfate monohydrate 50 mg/kg 

Manganese (II) sulphate monohydrate 30 mg/kg 

Copper (II) sulfate pentahydrate 5 mg/kg 

Sodium selenite 0.1 mg/kg 

Calcium iodate Anhydrate 2.0 mg/kg 

Ramipril 50 mg/kg 

Empagliflozin 150 mg/kg 

 

Ramipril+Empagliflozin+Finerenone diet (Color Blue) 

Ingredient Quantity 

Crude protein 19.0 % 

Crude fat 3.3 % 

Crude fiber 4.9 % 

Crude ash 6.4 % 

Starch 36.5 % 

Sugar 4.7 % 

Vitamin A 25000 U/kg 

Vitamin D3 1500 U/kg 

Vitamin E 125 mg/kg 

Vitamin K3 20 mg/kg 

Iron (II) sulphate monohydrate 100 mg/kg 

Zinc sulfate monohydrate 50 mg/kg 

Manganese (II) sulphate monohydrate 30 mg/kg 

Copper (II) sulfate pentahydrate 5 mg/kg 

Sodium selenite 0.1 mg/kg 

Calcium iodate Anhydrate 2.0 mg/kg 
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Ramipril 50 mg/kg 

Empagliflozin 150 mg/kg 

Finerenone 50 mg/kg 

 

Ramipril overview 

Article Name Ramipril, CAS [87333-19-5]  

Biozol Catalog Number APE-B2208 

Supplier Catalog Number B2208 

Manufacture ApexBio 

Category Biochemikalien 

Molecular Weight 416,51 

Formula C23H32N205 

 

Empagliflozin overview 

Article Name Empagliflozin, CAS [864070-44-0] 

Biozol Catalog Number MCE-HY-15409 

Supplier Catalog Number HY-15409 

Manufacture MedchemExpress 

Category Biochemikalien 

Molecular Weight 450,91 

Formula C23H27ClO7 

 

Finerenone overview 

Article Name Finerenone, CAS [1050477-31-0] 

Biozol Catalog Number BYT-ORB746434 

Supplier Catalog Number orb746434 

Manufacture Biorbyt 

Category Biochemikalien 

Molecular Weight 378,42 

Formula C21H22N4O3 

 

3.2 Glomerular filtration rate measurement 

NIC-Kidney device Medibeacon, Germany 

Double-sided adhesive patch Lohmann, Neuwied, Germany 

FITC-sinistrin Medibeacon, Germany 

Rechargeable miniaturized battery Medibeacon, Germany 

Sterile compress Verbandmittel Danz, Germany 
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Medical adhesive tape BSN Medical GmbH, Germany 

Razor blades Gillette, USA 

 

3.3 Urine and blood measurement 

Mouse Albumin ELISA Quantitation Set Bethyl Laboratories, TX, USA 

Creatinine FS Diasys, Holzheim, Germany 

Urea FS DiaSys, Holzheim, Germany 

God FS DiaSys, Holzheim, Germany 

96 well MicroWell™ MaxiSorp™ plate Thermo Fisher, MA, USA 

Nunc™ MicroWell™ 96-Well 

Microplates 
Thermo Fisher, MA, USA 

Bovine serum albumin fraction v Roche, Mannheim, Germany 

Tris Carl Roth, Karlsruhe, Germany 

Sodium chloride Merck, Darmstadt,Germany 

Tween 20 Sigma-Aldrich, Munich, Germany 

Sodium carbonate Merck, Darmstadt, Germany 

Sodium bicarbonate Merck, Darmstadt, Germany 

TMB Substrate Reagent  Set BD Biosciences, NJ, USA 

Sulfuric acid Sigma-Aldrich, Munich, Germany 

pH meter WTW, Weilheim, Deutschland 

Tecan GENios™ Microplate Reader Tecan, Germany 

 

3.4 Serum tests  

Mouse Albumin ELISA Kit Bethyl Laboratories, Montgomery, USA  

BUN kit DiaSys, Holzheim, Germany 

Creatinine kit DiaSys, Holzheim, Germany 

 

3.5 RNA isolation, cDNA conversion, real-time qPCR 

RNA isolation 

2-Mercaptoethanol Sigma-Aldrich, Munich, Germany 

DNase and RNase free water Thermo Fisher, MA, USA 

96% Ethanol Merck, Darmstadt,Germany 

RNase AWAY® spray Sigma-Aldrich, Munich, Germany 

RNAlater™ Stabilization Solution Ambion, MA, USA 

PureLink™ RNA Mini Kit Ambion, Darmstadt, Germany 

RNase-Free DNase Set Qiagen, Hilden, Germany 

Homogenizer Ultra-Turrax® T25 IKA GmbH, Staufen, Germany 
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cDNA conversion 

NanoDrop™ Spectrophotometer Biotechnologie, Erlangen, Germany 

5x First Strand-Puffer Invitrogen, Karlsruhe, Germany 

Acrylamid Ambion, Darmstadt, Germany 

Dithiothreitol  Invitrogen, Karlsruhe, Germany 

dNTP Set GE Healthcare, Munich, Germany 

Hexanucleotid-Mix Roche, Mannheim, Germany 

RNAsin Promega, Mannheim, Germany 

SuperScript II Reverse Transcriptase Invitrogen, Karlsruhe, Germany 

Thermomixer 5436 Eppendorf, Hamburg, Germany 

 

Real-time qPCR 

SYBR green I Sigma-Aldrich, Munich, Germany 

PCR Optimizer Biomol, Hamburg, Germany 

MgCl2 25mM Thermo Fisher, MA, USA 

Bovine Serum Albumin PCR grade Thermo Fisher, MA, USA 

PCR-Primer Metabion, Martinsried,Germany 

Taq-Polymerase New England BioLabs, Ipswich, USA 

10X Taq Buffer New England BioLabs, Ipswich, USA 

Lightcycler 480 PCR plate with 96 wells Sarstedt, Germany 

Optical lid strip for 96-well plates Sarstedt, Germany 

LightCycler 480 Multiwell-Plate 96 Roche, Mannheim, Germany 

LightCycler 480 Instrument Roche, Mannheim, Germany 

 

3.6 Bulk RNA-sequencing  

Oligo (dT)-attached magnetic beads Cytiva, Massachusetts, USA 

Agilent Technologies 2100 bioanalyzer BGI, Shenzhen, China 

DNBSEQ (G400) Sequencer BGI, Shenzhen, China 

 

3.7 Antibodies and reagents used for histological assessment 

Antibodies used in histology 

Anti-mouse WT1 antibody, Clone 

(WT1/857 + 6F-H2) 
Novusbio, Wiesbaden, Germany 

Biotin anti-mouse IgG1 antibody Biolegend, San Diego, USA 

Rabbit anti-mouse αSMA antibody Dako, Hamburg, Germany 

Biotin Rat Anti-Mouse IgG2a BD Biosciences, New Jersey, USA 

HRP linked Anti-Goat secondary Ab Dianova, Hamburg, Germany 

HRP linked Anti-Rabbit secondary Ab Cell signaling, Danvers, MA 
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F4/80 Antibody (CI-A3-1) Novusbio, Wiesbaden, Germany 

Rabbit anti Rat IgG (H+L) Vector Laboratories, California, USA 

 

Reagents used in histology 

DAB substrate chromogen system  DakoCytomation, Glostrup, Denmark 

Avidin-Biotin Complex Kits Vector Laboratories, USA 

Antigen unmasking solution Vector Laboratories, USA 

Avidin Vector Laboratories, USA 

Biotin Vector Laboratories, USA 

DAB Peroxidase Substrate Kit Vector Laboratories, USA 

Nuclear Fast Red solution Sigma-Aldrich, Munich, Germany 

Ammonium persulfate (APS) Bio-Rad, CA, USA 

Disodium tetraborate Merck, Darmstadt, Germany 

Antifade Mounting Medium with DAPI  Vector Laboratories, CA, USA 

Picro-Sirius red solution Sigma-Aldrich, Munich, Germany 

Eosin Merck, Germany 

Fixation solution Acquascience, Uckfield, UK 

Formaldehyde Merck, Germany 

Hydrogen peroxide Merck, Germany 

Methanol Merck, Germany 

Paraffin Merck, Germany 

Periodic acid Carl Roth, Germany 

Schiff Reagent Sigma-Aldrich, Munich, Germany 

Nitric acid Merck, Darmstadt, Germany 

Silver nitrate Carl Roth, Germany 

Thiosemicarbazide Sigma-Aldrich, Munich, Germany 

Xylene Merck, Germany 

 

3.8 Miscellaneous 

Falcon 15/50 ml Greiner BioOne, Germany 

Reaction tubes, 1.5/2.0 ml Paul Boettger, Germany 

Safe lock tubes, 1.5/2.0 ml (PCR) Eppendorf, Germany 

Cryovial, 2.0 ml Alpha Laboratories, UK 

Refill pipette tips Greiner Bio-One, Germany 

Serological Pipette, 5/10/25/50 ml  Greiner Bio-One, Germany 

EpT.I.P.S. refill pipette tips(PCR) Eppendorf, Germany 

PBS PAN-Biotech, Germany 

Tissue culture dish, 100 mm TPP, Trasadingen, Switzerland 

Analytic Balance BP110 S Sartorius, Göttingen, Germany 
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Mettler PJ 3000 Mettler-Toledo Greifensee, Switzerland 

Heraeus, Minifuge T VWR, Darmstadt, Germany 

Heraeus, Biofuge primo Kendro Laboratory, Germany 

Heraeus, Sepatech Biofuge A Heraeus Sepatech, Munich, Germany 

Leica DC 300F Leica Microsystems, Cambridge, UK 

Olympus BX50 
Olympus Microscopy, 

Hamburg,Germany 

Microtome HM 340E Microm, Heidelberg, Germany 

Thermomixer 5436 Eppendorf, Hamburg, Germany 

Vortex Genie 2™ Bender Hobein, Zurich, Switzerland 

Water bath HI 1210 Leica Microsystems, Bensheim,Germany 

Easypet® pipette controller Eppendorf, Germany 

Pipetman® pipette Gilson, Middleton, WI, USA 

Research Pro electronic pipettor Eppendorf, Germany 

Multi-channel pipettor, 30-300 μl Eppendorf, Germany 

ELISA/reader  Tecan, Crailsheim, Germany 

Rotilabo®-Mikropistill Carl Roth GmbH, Karlsruhe, G 

Centrifuge-5418 Eppendorf, Hamburg, G 

Centrifuge-Megafuge (1.0R)  Heraeus Sepatech, Osterode, G 
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4. Methods 

4.1 Animals 

4.1.1 Ethical statement 

In accordance with the European equivalent of the NIH's Guide for the Care and Use of Laboratory 

Animals (directive 2010/63/EU), the local government authorities approved all experimental procedures 

(approval code Gz. ROB-55.2-2532.Vet_02-20-223). 

4.1.2 Experimental animals 

Col4a3-/- (Col4a3tm1Dec) mice with 129X1/SvJ background were obtained from Prof. Oliver Gross’s 

lab at the University of Goettingen, Germany. Exon 5 of the Col4a3 gene was disrupted using a vector 

containing the neo-resistance gene. A 129/SvJ-derived ES cell line purchased from Genome Systems was 

used. These mice were bred with 129X1/SvJ inbred mice for at least one generation. This strain also carries 

genetic contributions from 129S1/SvImJ. Table 4.1 shows the targeted allele detail of Col4a3tm1Dec gene. 

This is a “no-touch” mouse model of progressive CKD, consistent with the characteristics of human Alport 

syndrome. 

 

4.1.3 Housing and husbandry 

The mice are raised in a specific-pathogen-free environment, housed together with enrichment, and 

kept under the 12-hour light-dark rhythm. The room temperature was kept at 22 ± 4 °C, and humidity was 

kept between 50-70%, with facility's air conditioner being responsible for regulating these conditions. Mice 

are bred in groups of 2-3 in cages with air filters on the top. Mice have ready access to autoclaved water 

and standard or specific chow from Ssniff company. Throughout the study, mice were provided with 

materials for nesting and sticks for teeth grinding, as well as houses made of red plastic. Mice’s cages are 

changed three times a week.
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4.1.4 Genotyping 

Ear punches from mice were used for the genotyping. In brief: 

 

Lysate 

1. Sample plus 150 ul Direct PCR reagent. 

2. Add 1ul of Proteinase K. 

3. Calculate for one more sample due to foam. 

4. Put in the machine for 3 h 45 min 55 ℃ and 800rpm. 

5. Heat up to 85 ℃ after 3 h 45 mins for 45 min to inactive Proteinase K. 

 

PCR 

Mastermix with the following: 

 Stock Conc. Run 1× 

total  25.0 µl 

H2O  14.3 µl 

PCR Buffer 1.25 mM 2.5 µl 

dNTP’s 10 mM 4 µl 

Taq 5 U/µl 1 µl 

Primer 1 10 µM 1 µl 

Primer 2 10 µM 1 µl 
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Primer 3 10 µM 0.5 µl 

DNA  1 µl 

 

Primer sequences 

Primer 1: olMR0642: 5’-CCT GCT AAT ATA GGG TTC GAG A-3’ 

Primer 2: olMR0643: 5’-CCA GGC TTA AAG GGA AAT CC-3’ 

Primer 3: olMR1100: 5’-GCT ATC AGG ACA TAG CGT TGG-3’ 

 

Gel 

Create a 2% agarose gel. 

Big chamber: 3 g agarose and 150 ml 0.5%TBE. 

Use microwave at maximum power for 3min with a lid on top of the piston glass. 

Shake constantly and wait until it has cooled down, then add 7.5 ul of Pegreen. 

Pour into the chamber slowly but steadily. 

Clean the piston glass and put Pegreen back into the fridge. 

 

Electrophoresis 

Add 5 ul dye to the samples. 

Put the gel into the electrophoresis pool filled with 0.5% TBE. 

Insert 12 ul of the sample into a bag. 

If using a ladder, add only 6 ul of it. 

Start electrophoresis on 220 V for 30 min. 

 

4.1.5 Glomerular filtration rate (GFR) 

We measured mouse GFR at weeks 6, 7, and 10 using FITC-conjugated sinistrin clearance. The method 

involved attaching a device to the mouse skin to record FITC-sinistrin dynamics clearance from the blood 

[152]. The plasma half-life of FITC-sinistrin was determined by analyzing the recorded signal. Our 

measurement process was based on the original method with minor modifications based on prior experience 

[153]. The measurement process was as follows: 
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1. After anesthetizing, the hair around the neck of the mice was moistened using ethanol (be careful not to 

expand the area to cause the mouse body temperature to drop), and then the moistened hair was carefully 

removed to expose about 1.5 x 1.5 cm of skin surface. 

2. Connect the battery to the FITC-sinistrin recording device and fix it on the shaved skin of the mouse with 

tape after the indicator light flashes steadily. 

3. Mice were placed individually in cages with filters at the top. Food and water were forbidden and 

recorded for 15 minutes to obtain basal data on mice. 

4. After re-anesthetizing mice, injecting 150 mg per kg FITC-sinistrin, then returned to their cages for 1.5 

hours to record data. 

5. Anesthetize the mice and remove the recording device.  

6. Weigh the mice. 

7. Analyze data using MPD Lab software. 

The normal curve for FITC-sinistrin signal is divided into three segments: baseline part before sinistrin 

injection, rising part after injecting, and decline after that. The plasma half-life (t½) values of sinistrin were 

obtained using MPD software one-compartment model. Then use the following calculation to calculate 

GFR (µl/min) [153]. 

 

 

4.1.6 Blood, urine, and organ collection and storage 

Blood samples were taken upon mouse sacrifice, collected in tubes with 10 µl 0.5M EDTA, then 

centrifuged 5min using 7500 rpm. After preparation, the resulting plasma was moved to a different tube 

and kept at -80°C, while urine was obtained via bladder massage and promptly preserved at -20°C. 

Mice were euthanized by cervical dislocation. Limbs were fixed with syringe needles and 

chest/abdomen skin was sprayed with 70% alcohol. The chest cavity was exposed by carefully cutting the 

skin with tweezers and scissors. The heart was accessed by cutting through the ribcage and lifting it with 

clamp scissors, then a needle was inserted into left ventricle and right ventricle was cut. The heart was 

perfused with 10ml EDTA and 20ml cold PBS. Kidneys were harvested and one was cut into 3 transverse 

pieces, with the center stored in 4% formalin for 1 day followed by 70% ethanol for paraffin, the upper pole 

stored in RNA-later at -80°C and the lower pole in liquid nitrogen and -80 °C. The other kidney was cut 
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into 2 sagittal pieces, with one stored in 4% formalin and transferred to 70% ethanol for paraffin and the 

other stored in liquid nitrogen at -80 °C. 

 

4.2 Preclinical RCT 

4.2.1 Study design and schedule 

Our study was a preclinical, randomized, double-blind, placebo-controlled trial to assess the 

effectiveness and safety of combination therapy for slowing CKD progression in adult 129-Col4A3tm1Dec-/- 

mice. Randomization of mice was stratified by induction regimen. The treatment group recieved either a 

vehicle, ramipril, ramipril-empagliflozin, or ramipril-empagliflozin-finerenone daily via food admixes for 

8 weeks. Figure 4.1 illustrates the study design. The primary endpoint was the time to (uremic) death, which 

is equivalent to (kidney) lifespan. Secondary endpoints included kidney function, proteinuria, and kidney 

atrophy parameters. Kidney function assessments was done by testing GFR, and serum creatinine (SCr) 

and blood urea nitrogen (BUN) levels were also tested. Study calendar is in Appendix 1. 

 

 

Figure 4.1 pRCT Study flow chart 

 

A safety analysis included animal welfare scoring in all animals and histomorphological analysis of 

non-kidney tissues in a subset of animals. 

This preclinical trial design has been registered on the website of www.preclinicaltrials.eu. 

(Registration No. PCTE0000266). The registering protocol was published before starting the study and was 

attached as Appendix 2. 
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4.2.2 Inclusion criteria 

Male and female Col4A3tm1Dec-/-mice, six weeks of age. 

 

4.2.3 Exclusion criteria 

Mice that fulfilled the exclusion criteria were not included in our study: 

1. Score of 4 or ≥ 2 for more than 6 hours during animal welfare surveillance (Appendix 3) 

2. Use of any other drugs during study period, such as treatments for skin wounds by a veterinarian 

3. Signs of infection 

4. Pregnancy 

5. Intolerance to ramipril, empagliflozin, and finerenone (anaphylactic reactions). 

 

4.2.4 Intervention 

In this study, mice were treated with food admix of either a) vehicle, b) 10 mg/kg ramipril, c) 10 mg/kg 

ramipril plus 30 mg/kg empagliflozin, or d) 10 mg/kg ramipril plus 30 mg/kg empagliflozin plus 10 mg/kg 

finerenone. The different types of food preparations were marked by different food colors starting from 6 

weeks of age for 8 weeks. 

 

4.2.5 Endpoints 

The primary endpoint was the kidney lifespan. As ultimate kidney-related endpoint, we selected the 

age at uremic death, an equivalent of kidney lifespan in Col4a3-/- mice. Animal welfare scoring was 

performed daily by personnel blinded to treatment groups. Upon reaching a predefined score, animals were 

sacrificed, and the time point was recorded as the day of uremic death. Tissues and biosamples were 

harvested to validate kidney failure as the cause of demise. Secondary endpoint was makers of kidney 

excretory function (GFR, Proteinuria) and histomorphological parameters of the kidney in a subgroup of 

animals. 

 

4.2.6 Sample size calculation 

The main point of comparison in this study was how long the kidneys of the mice in each group were 

able to survive before reaching a stress score of greater than 2 that persisted for at least 6 hours. To make 

this comparison, we used the vehicle group as a baseline, which had a minimum survival time of 60 days 

and an anticipated median survival time of 70 days. They considered a survival time of 85 days to be of 
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particular clinical significance, and they did not expect any failures to occur before 60 days. The log-rank 

test was used with a hazard coefficient of 2.5 (85-60) / (70-60). Based on this, we determined that 20 mice 

per group could be necessary with an α value of 0.05 and a β value of 0.2. We chose to use a two-sided test 

since the individual therapies being studied could potentially decrease the kidney survival time, which 

would be a significant finding given that the test substances were already in clinical use. 

 

4.2.7 Randomized and double-blind strategy 

"Stratified randomization" was employed for random assignment in clinical trials. Assignments were 

generated randomly within blocks to maintain treatment balance throughout the trial (refer to figure 4.2). 

The 'blockrand' package R code can be found in Appendix 4. 

 

 

Figure 4.2 Stratified randomization 

 

An impartial third party not involved in the project managed the random card and form, and prepared 

drug stocks labeled A, B, C, or D, while researchers remain unaware of the ABCD treatment assigned. A 

random card indicating the treatment type (A, B, C, or D) was provided for each new mouse. Researchers 

only learned the ABCD treatment after all experiments were completed and results analyzed. The treatment 

was blocked in the random card before the experiment, and Prof. Anders has verified the uniqueness and 
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rationality of each card by signing them. Four different colored foods, blocked by color, were requested 

from Sniff Company and a sealed letter was received and kept in a safe (refer to figure 4.3). 

 

 

Figure 4.3 Double-blind strategy. A neutral third party who was not part of the project oversaw the random selection of cards 

and forms, as well as the preparation of drug stocks labeled A, B, C, or D. The researchers were not informed of which ABCD 

treatment was assigned. The random card indicating the treatment type was blocked until a mouse was involved. Four different 

colored foods, blocked by color, were requested from Sniff Company and a sealed letter was received and kept in a safe. 

 

4.2.8 Safety endpoints and analysis 

Welfare scoring was used for welfare analysis. Sporadic kidney histology done on mice at the end of 

life confirmed that death was due to kidney failure. 

 

4.2.9 8.5 weeks crossing study 

Treatment starting from 6 weeks was continued for 2.5 weeks in six animals per group, and the mice 

were euthanized when they reached 8.5 weeks for a cross-sectional tissue and biosample analysis. 

 

4.3 Blood and urine measurement 

4.3.1 Urine albumin 

To determine mouse urine albumin, the Albumin Elisa kit from Bethyl Laboratories was used 

following the manufacturer's protocol. Steps include: 
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1. Add 100 µl goat anti-mouse albumin antibody to each well of a 96-well ELISA plate (1 µl antibody in 

100 µl coating buffer). 

2. Incubate plate for 1 hour RT or overnight at 4 °C. 

3. Wash plate 5x with ELISA wash solution (200 µl/well). 

4. Add 200 µl/well ELISA blocking solution for 30 min RT. 

5. Wash plate 5x. 

6. Dilute urine samples and standards. 

7. Dilute urine sample: 2 µl in 18 µl dilution solution (1:10). 

8. Dilute standards: 2 µl standard in 6.5 ml diluent; 50 µl stock in 950 µl diluent; 500 µl of each dilution 7 

times. 

9. Transfer 100 µl samples, standards, and blank to plate and incubate 1 hour RT. 

10. Wash plate 5x. 

11. Add 100 µl goat anti-mouse albumin HRP conjugate (1:100,000 in diluent) per well and incubate 1 hour 

RT. 

12. Wash plate 5x. 

13. Add 100 µl TMB substrate and incubate 5-15 min RT in dark. 

14. Stop reaction with 100 µl ELISA stop solution (0.18 M H2SO4). 

15. Read absorbance at 450 nm using ELISA reader and save values. 

 

4.3.2 Plasma and urine creatinine 

The Creatinine FS Diasys Kit by the Jaffe method was used to determine creatinine levels in mice 

plasma and urine. Briefly: 

1. Add 10 μl of sample, standard, or blank in duplicate to an ELISA plate. 

2. Immediately add the reagent mixture. 

3. Measure absorbance at 492 nm at 1, 2, 3, 10, and 20 min intervals until the reaction plateaus. Use ELISA 

reader and save data. 

4. Calculate creatinine levels. 

4.3.3 BUN  

BUN was determined using Urea FS by enzymatic method. In brief: 

1. First, add 2μl Plasma and standards to a 96-well ELISA plate. 

2. Mix the reaction reagents and add 200 μl to the plate. 
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3. Read the absorbance at 360nm using the Elisa reader at the time points of 1, 3, and 15 min. 

4. Multiply the urea concentration by 0.467 to obtain the value of urea nitrogen. 

 

   

Urinary glucose was measured using Cayman’s Glucose Colormetric Assay Kit (Cayman Chemical, 

Michigan, USA). Urinary glucose-to-creatinine ratio (UGCR) was calculated as (mg/mg) = urine glucose 

4.3.4 Glucose

(mg/dL)/ urine creatinine (mg/dL). 

 

4.4 Immunohistochemistry 

Kidney tissue samples were harvested and fixed in 4% formalin for 1 day. The samples were then 

processed using a tissue processor (Leica) to produce paraffin-embedded blocks. These blocks were 

subsequently sliced to obtain paraffin sections, which underwent a process of de-paraffinization by being 

exposed to xylene for three cycles of 5 minutes each. The sections were then rehydrated by immersing them 

in a range of ethanol solutions, starting with 3 minutes absolute ethanol for 3 cycles, followed by 2 cycles 

95% ethanol for 3 minutes, and 3 minutes with 70% ethanol. This was followed by rinsing the sections with 

PBS for 3 cycles of 5 minutes. 

To suppress endogenous peroxidase, tissue sections were treated in a solution consisting of methanol 

and 3% hydrogen peroxide for a duration of 20 minutes in dark. Subsequently, sections were thoroughly 

washed with PBS 3 times for 5 min. The process of antigen unmasking was then performed by immersing 

the tissue sections in an antigen unmask reagent and put them in the microwave for steaming 10 min. To 

further block endogenous biotin, the sections were further incubated with Avidin (Vector) for 15 minutes, 

followed by an additional 15 minutes with biotin (Vector). The tissue sections were incubated 12 hours at 

a temperature of 4℃ with primary antibodies of LTL or THP-1. After that, biotinylated secondary 

antibodies were applied to the sections for 30 minutes, followed by PBS washing. The sections were then 

treated with substrate reagent (ABC solution, Vector) for 30 minutes, washed by PBS, rinsed by 5 minutes 

Tris, and subjected to DAB staining. Methyl-green (Fluka) was used as a counterstain for the sections. 

Excess stain was removed by washing the sections with 96% alcohol, followed by treatment with xylene. 

Finally, the sections were mounted with VectaMount (Vector) after drying. Python and OpenCV were 

utilized for quantifying the THP-1 and LTL, by determining the proportion of THP-1 positive area in the 

kidney medulla and the proportion fo the LTL positive area in the kidney cortex. 
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4.4.1 Periodic acid Schiff (PAS staining) 

The sections that had been rehydrated were initially treated with 2% periodic acid for 5 minutes, then 

rinsed with double-distilled water. Subsequently, they were stained with Schiff solution and rinsed with tap 

water. The sections were counterstained with Hematoxylin solution for 2 minutes and subsequently washed 

with taq water. After drying, sections were dipped with 90% alcohol and covered with slips. The injury 

extent of tubular was measured by assessing the corticomedullary junction proportion that demonstrated 

indications of brush border loss, tubular diatation and cast formation.  

Pathological Scoring: 

1. Tubulointerstitial fibrosis (Picro-Sirius Red-stained sections): 0 (no lesions), 1 (<25% lesions), 2 (25-50% 

lesions), 3 (>50% lesions). 

2. Glomerulosclerosis and tubular atrophy (PAS-stained sections): 0 (no lesions), 1 (<25% lesions), 2 (25-

50% lesions), 3 (>50% lesions). 

3. Final Score: Sum of interstitial fibrosis, glomerulosclerosis, and tubular atrophy scores. 

 

4.4.2 Picro-Sirius Red staining 

The Weigert’s hematoxylin was first used to stain the rehydrated sections for 8 minutes and then 

washed with double-distilled water. Picro-Sirius Red was applied for 60 minutes, and then rinse the sections 

with tap water. Following that, the sections were dipped in 90% ethanol and covered with slips after drying. 

The extent of kidney fibrosis was determined by calculating the percentage of collagen (Red) in the tissue 

sections using python and OpenCV. 

 

4.4.3 Alpha smooth muscle actin (αSMA staining) 

The staining of sections with αSMA (rabbit anti-mouse, 1:500) was followed by the generation of a 

complete section image using Photoshop, through the merging of a series of low magnitude microscopy 

images. The merged images were corrected for background using Photoshop, and the software was 

employed to determine the percentage of SMA-positive nuclei. 

 

4.4.4 WT1 staining 

To stain the sections with anti-mouse WT1 antibody (1:200, Santa Cruz Biotechnology), the 

immunohistochemistry method was utilized. We selected 15-20 glomeruli in the cortex with either a 
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vascular pole or urinary pole, while disregarding WT-1 positive cells present at the junction between the 

capsule and tufts. The outcome was expressed as positive cells per glomerulus. 

 

4.4.5 TdT-mediated dUTP-biotin nick end labeling (TUNEL staining) 

For the TUNEL staining, TUNEL Assay Kit - FITC (ab66108) was used to identify dead cells in the 

kidney. Slides were evaluated with a Fluorescence microscope and subsequently photographed. TUNEL-

positive cells were assessed using Photoshop software. 

 

4.4.6 F4/80 staining 

For the F4/80 staining, sections were stained using the F4/80 antibody (CI-A3-A) via 

immunohistochemistry (1:100 dilution, Novusbio NB600-404). Slides were scanned with a 200x 

magnification microscope and analyze using Photoshop. Count the number of F4/80-positive and total 

pixels per slice and determine the ratio. 

 

4.5 RNA isolation, cDNA synthesis, and real-time qPCR 

4.5.1 RNA isolation 

Tissue samples were carefully and delicately transferred to a container with 2 milliliters of lysis buffer, 

which contains 1% 2-mercaptoethanol, using forceps. The samples were always kept on the ice to ensure 

preservation of the RNA integerity. Samples were homogenized for 20 seconds at a level 5 setting on the 

Ultra-Turrax machine. Next, the homogenized samples were centrifuged at 6000g for 5 minutes to separate 

supernatant from pellet. Supernatant was saved and transferred to a new, RNase-free tube. Subsequently, 

700 microliters of the supernatant were added to an equal amount of 70% ethanol, and the mixture was 

thoroughly mixed. The rest of the RNA isolation procedure was carried out by following the Qiagen mRNA 

extraction kit instructions. The RNA samples were subsequently put in storage at -80℃. 

 

4.5.2 cDNA synthesis 

The purified RNA was subjected to a denaturation process by incubating it at 65 °C for 10 min to 

breakdown the secondary structures of RNA. Reaction was subsequently halted by placing the RNA at 4 ℃. 

Each sample's RNA was prepared at a final concentration of 2 µg per 22.45 µl of a pre-prepared master mix 

(table 4.2). Resulting mixture was then kept at 42 °C for 2h followed by 85 °C for 5 minutes to obtain 

cDNA. The cDNA was stored at -20 °C. 
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4.5.3 Real-time quantitative polymerase chain reaction (RT-qPCR) 

The cDNA samples were diluted 1:100 and mixed with SYBR-Green and Taq polymerase (as shown 

in table 4.3). The master mix was run on a Light Cycler 480 with the following protocol: Pre-incubation at 

95 °C for 5 minutes, followed by 40 cycles of Amplification at 95 °C for 15s, 60 °C for 15s, 68 °C for 20s. 

The melting curve was performed at 95 °C for 5s, 65 °C for 60s. Samples were then cooled to 40 °C for 

30s. The cycle threshold values were computed and normalized using the reference gene (18s rRNA) for 

each sample. 

 

 

4.5.4 Primers 

The primer sequences used in the study are displayed in table 4.4. 

Table 4.4 Primer sequences 

Gene Forward (5'-3') Reverse (5'-3') 

18s GCAATTATTCCCCATGAACG AGGGCCTCACTAAACCATCC 

αSMA CCTTCGTGACTACTGCCGAG ATAGGTGGTTTCGTGGATGC 

Fibronectin GCCACCATTACTGGTCTGGA GGTTGGTGATGAAGGGGGTC 

TGFβ CAACCCAGGTCCTTCCTAAA GGAGAGCCCTGGATACCAAC 
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E-cadherin CCCAGAGACTGGTGCCATTT TGGCAATGGGTGAACCATCA 

SMAD4 CAGCCATAGTGAAGGACTGTTGC CCTACTTCCAGTCCAGGTGGTA 

SMAD5 CAGGAGTTTGCTCAGCTTCTGG ACGTCCTGTCGGTGGTACTCTG 

KIM-1 TCAGCTCGGGAATGCACAA TGGTTGCCTTCCGTGTCTCT 

NGAL ATGTCACCTCCATCCTGG GCCACTTGCACATTGTAG 

IL18 AGAAAGCCGCCTCAAACCTT TGTCTGATTCCAGGTCTCCATTT 

iNOS AAACCCCTTGTGCTGTTCTCA GAACATTCTGTGCTGTCCCAG 

TNFα AGCCTCTTCTCATTCCTGCT TAGACAAGGTACAACCCATC 

TIMP2 GCAACAGGCGTTTTGCAATG AGGTCCTTTGAACATCTTTATCTG 

CCL2 CCTGCTGTTCACAGTTGCC ATTGGGATCATCTTGCTGGT 

CXCL1 CCGAAGTCATAGCCACACTCA CTCCCACACATGTCCTCACC 

CXCL2 CCCAGACAGAAGTCATAGCCAC CTTCCGTTGAGGGACAGCAG 

CXCL12 TCAGATTGTTGCACGGCTGA GTTACAAAGCGCCAGAGCAG 

CCR2 GCTGTGTTTGCCTCTCTACCAG CAAGTAGAGGCAGGATCAGGCT 

CCR5 GTCTACTTTCTCTTCTGGACTCC CCAAGAGTCTCTGTTGCCTGCA 

VCAM1 GCTATGAGGATGGAAGACTCTGG ACTTGTGCAGCCACCTGAGATC 

ICAM1 AAACCAGACCCTGGAACTGCAC GCCTGGCATTTCAGAGTCTGCT 

Il1b TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG 

IL6 TACCACTTCACAAGTCGGAGGC CTGCAAGTGCATCATCGTTGTTC 

FPR2 GCCTTTTGGCTGGTTCCTGTGT CAAATGCAGCGGTCCAAGGCAA 

CD38 GGTCCAAGTGATGCTCAATGGG AGCTCCTTCGATGTCGTGCATC 

ARG1 GTGAAGAACCCACGGTCTGT ATCGGCCTTTTCTTCCTTCCC 

YM2 GTGACCCTACTGTTAGTGCTGG GGTACTTCCTGGGTGGCATCAA 

IL1a ACGGCTGAGTTTCAGTGAGACC CACTCTGGTAGGTGTAAGGTGC 

Notch1 GCTGCCTCTTTGATGGCTTCGA CACATTCGGCACTGTTACAGCC 

Notch2 CCACCTGCAATGACTTCATCGG TCGATGCAGGTGCCTCCATTCT 

MAPK8 CGCCTTATGTGGTGACTCGCTA TCCTGGAAAGAGGATTTTGTGGC 

Reg1 AACTGGTTTCTGGAGCGAGG CGAAGGATGTGCTGGTCTGT 

Reg2 ACCTGCAGAACGAAAACCCA CATCAGGAGGCATGAACCTGT 

Reg3 GAACAGTCCCGCCCTGAC CATCATAGCACACCACTCGC 

Reg4 CCTCGTGGGCCCAGCTCCAG TCCCATGGCTCATTGCCACATTACT 

Rank GGACAACGGAATCAGTGGTC CCACAGAGATGAAGAGGAGCAG 

Nephrin CTGGGGGACAGTGGATTGAC GGTCTGTGTCTTCAGGAGCC 

Podocin CTGTGAGTGGCTTCTTGTCCTC CCTTTGGCTCTTCCAGGAAGCA 

Wt1 CTGTACTGGGCACCACAGAG CCAGCTCAGTGAAATGGACA 

Synaptopodin AGGAGCCCAGGCCTTCTCT GCCAGGGACCAGCCAGATA 

CDK2 TCATGGATGCCTCTGCTCTCAC TGAAGGACACGGTGAGAATGGC 

CDK5 GTACTCCACGTCCATCGACATG GCCATTGTTCCTCAGTCGGTGT 

MYC TCGCTGCTGTCCTCCGAGTCC GGTTTGCCTCTTCTCCACAGAC 

Mki67 GAGGAGAAACGCCAACCAAGAG TTTGTCCTCGGTGGCGTTATCC 
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Col1a1 ACATGTTCAGCTTTGTGGAC TAGGCCATTGTGTATGCAG 

Col3a1 GAGGAATGGGTGGCTATCCG GCGTCCATCAAAGCCTCTGT 

IL1ra CTGTTGGTGAGGAATGTGGCTG GGCTCAGGATAACAGGTCTGTC 

 

4.6 RNA-Sequencing 

The library construction and sequencing was carried out by Beijing Genomics Institute utilizing the 

DNBSEQ (G400) platform. The RNA samples wre subjected to 100-base-pair paired-end sequencing. The 

bioinformatics workflow, which included data filtering, mapped transcript prediction, analysis of 

differential gene expression and gene ontology, was carried out in accordace with the protocols of hissat2 

[154], samtools [155], FeatureCounts [156]/eisaR [157], and clusterProfiler [158]. 

 

4.7 Statistical analysis 

The data is shown as the mean with SD or as boxplots. Prior to statistical analysis, a normality 

assessment was performed by comparing the data distribution to the expected normal distribution using a 

quantile-quantile (Q-Q) plot, and verified by the Shapiro-Wilk test. To test for statistically significant 

differences in normally distributed data, we utilized ANOVA and performed post hoc Tukey's correction 

for multiple comparisons. Wilcoxon signed-rank testing or Kruskal-Wallis testing with post hoc Dunn's test 

correction for multiple comparisons was used to compare non-normally distributed data. Kaplan-Meier 

curves were utilized to plot survival, and the log-rank test was used to assess differences between groups. 

Statistical significance was indicated by a p-value less than 0.05. R (Version 3.5.3) was used to perform all 

statistical analyses.
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5. Results 

5.1 Col4a3-/- mice spontaneously develop CKD progression to fatal kidney failure 

To assess CKD progression, additional groups of Col4a3+/+ mice were sacrificed at 6 weeks, and 

Col4a3-/- mice were sacrificed at 6 and 9 weeks. BUN and serum creatinine levels, as well as the UACR, 

were determined as quantitative indicators of kidney function (Figure 5.1). 

 

Figure 5.1 Assays for kidney function in Col4a3+/+ mice at 6 weeks and Col4a3-/- mice at 6 and 9 weeks.  

(A) Levels of blood urea nitrogen (BUN). (B) Levels of serum creatinine. (C) Levels of urine albumin-creatinine ratio 

(UACR). All quantitative data are means ± SD. 

 

At 6 weeks old, Col4a3-/- mice displayed significantly higher levels of BUN compared to Col4a3+/+ 

mice. This increase in BUN concentration was further elevated in Col4a3-/- mice at 9 weeks (figure 5.1A). 

The level of serum creatinine, which serves as a marker of kidney function and kidney injury, was also 

markedly elevated in Col4a3-/- mice (figure 5.1B). At 9 weeks of life, Col4a3-/- mice showed an additional 

rise in serum creatinine level. As is commonly seen in humans, elevated urinary protein is a sign of 

glomerular injury. At 6 weeks of age, Col4a3-/- mice exhibited severe proteinuria. The level of UACR in 

Col4a3-/- mice increased at 9 weeks compared to 6 weeks, indicating that the longer the mice live, the more 

damage to the kidney structure occurred, leading to increased proteinuria (Figure 5.1C). 
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The indicators of kidney function BUN, serum creatinine, and UACR were significantly increased in 

Col4a3-/- mice at 6 weeks, and then significantly increased at 9 weeks of age. This indicates that Col4a3-

deficient mice spontaneously develop progressive CKD, and that kidney disease has developed at 6 weeks 

of age. 

Next, we aimed to connect the notable disparities in these biomarkers to differences in kidney 

histopathology. We examined the Col4a3-/- mice at 6 and 9 weeks, when they were close to uremic death 

and compared the data with those of Col4a3+/+ mice. A histological examination using PAS staining on 

kidney sections of Col4a3-/- mice showed the presence of segmental sclerosis and intraglomerular 

hemorrhage at 6 weeks of age, while these changes were entirely absent in Col4a3+/+ mice. Severe 

glomerular lesions, as well as tubulointerstitial fibrosis, were detected at 9 weeks of age (Figure 5.2). 

At an early stage (6 weeks), light microscopy of Col4a3-/- mice occasionally revealed sclerotic lesions 

in the glomerulus, tubular atrophy, and tubulointerstitial fibrosis, while these changes were absent in Col4a3 

+/+ mice. At 9 weeks of age, Col4a3-/- mice exhibited fibrotic crescents in the Bowman's space and 

significant choking of capillary loops due to glomerulosclerosis. In the tubulointerstitial compartment, 

pronounced tubular atrophy was observed, characterized by detachment of tubular epithelial cells from the 

basement membrane and prominent collagen deposition in the interstitial space (Figure 5.2A). The results 

also showed that compared to 6 weeks of age, the glomerulosclerosis score, interstitial fibrosis score, 

tubular atrophy score, and total damage score were significantly increased in 9-week-old Col4a3-/- mice 

(Figure 5.2B). 

Kidney fibrosis is a hallmark of CKD. To evaluate and analyze the presence of kidney fibrosis, we 

conducted both Picro-Sirius red staining and immunohistochemical staining for α-SMA on Col4a3-/- mice 

at both 6 and 9 weeks of age. The results were then compared to those obtained from Col4a3+/+ mice. The 

data gathered from this analysis are presented in figure 5.3. 
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Figure 5.2 Tissue morphology and PAS staining quantitative assessment of scores from Col4a3+/+ mice at 6 weeks and Col4a3 

-/- mice at 6 and 9 weeks.  

(A) Representative PAS-stained images from the whole kidney, tubules and glomerulus are presented. (B) Kidney sections were 

independently scored for tubulointerstitial fibrosis, glomerulosclerosis, and tubular atrophy. All quantitative data are means ± 

SD.*p < 0.05, **p < 0.01, NS. statistically not significant. Images are shown at the magnification of 200x and 400x. 

 

Our analysis indicate that at 6 weeks, Col4a3-/- mice displayed a higher presence of Sirius red positive 

and αSMA staining positive areas in both the glomeruli and peritubular interstitium when compared to 

Col4a3+/+ mice. This finding indicates that Alport mice developed some degree of kidney fibrosis at this 

early stage. Further investigation at 9 weeks of age showed typical sclerotic and fibrotic changes in the 

glomerulus, and the interstitium of Col4a3-/- mice, including widespread glomerulosclerosis, 

periglomerular fibrosis, and interstitial fibrosis. These observations suggest that Col4a3-deficient mice 

experience spontaneous development of kidney fibrosis that worsens over time. 

To assess the extent of cell death of kidneys, immunohistochemical TUNEL staining was conducted. 

The results of this staining can be seen in figure 5.4B. The TUNEL staining showed a rise in the count of 
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apoptotic cells in Col4a3-/- mice compared with Col4a3+/+ mice at 6 weeks. At 9 weeks, there was a 

significant elevation in the count of TUNEL-positive cells, indicating a higher presence of necrotic and 

apoptotic cells in the kidney tissue of Col4a3-/- mice as they age. Thus, the presence of dying kidney cells 

increases with age in Col4a3-/- mice (Figure 5.4D).  

In order to examine podocyte loss in the progression of Alport nephropathy, we conducted a WT-1 

staining analysis. The analysis involved counting glomerular WT-1-positive cells numbers in a sample of 

15-25 cortex glomeruli per kidney section. The results of the analysis were presented in figure 5.4A. Our 

investigation showed that by the time the mice reached 6 weeks of age, the Col4a3-deficient mice had 

already experienced a decline in the count of WT-1-positive cells per glomerulus compared to the 

Col4a3+/+ mice. Despite the absence of statistical significance (p = 0.07), a substantial and significant 

decline in the count of WT-1-positive cells was observed at 9 weeks of age. This suggests that there was a 

gradual and persistent loss of podocytes in the Col4a3-deficient mice as the disease progressed over time. 

These findings emphasize the critical role that monitoring the number of podocytes plays in understanding 

the progression of Alport syndrome and CKD. 

Taken together, our results demonstrates that Col4a3-deficient mice experience a rapid progression of 

CKD. The examination of biomarkers of kidney function and histopathology indicated that at just 6 weeks 

of age, Col4a3-/- mice already exhibit significant proteinuria and varying degrees of nephron atrophy and 

interstitial fibrosis. By 9 weeks of age, the mice are close to death and have experienced further deterioration 

of their kidney structure. To address this advanced stage of CKD, treatment was initiated at the 6-week time 

point, when the disease had progressed to the middle and late stages. 
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Figure 5.3 Tissue morphology and Sirius red and αSMA staining quantitative assessment of scores from Col4a3+/+ mice at 6 

weeks and Col4a3-/- mice at 6 and 9 weeks. 

(A) Representative αSMA-stained images from the whole kidney, tubules and glomerulus are presented. (B) Kidney sections 

were independently scored for αSMA percent. (C) Representative Sirius red stained images from the whole kidney, tubules and 

glomerulus are presented. (D) Kidney sections were independently scored for Sirius red percent. All quantitative data are means 

± SD. Images are shown at the magnification of 200x and 400x. 
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Figure 5.4 Tissue morphology and WT-1 and TUNEL staining quantitative assessment of scores from Col4a3+/+ mice at 6 

weeks and Col4a3-/- mice at 6 and 9 weeks. 

(A) Representative WT-1-stained images from the glomerulus are presented. (B) Representative TUNEL stained images from 

the glomerulus are presented. (C) Kidney sections were independently scored for podocytes numbers. (D) Kidney sections were 

independently scored for TUNEL-positive nuclei numbers. All quantitative data are means ± SD.
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5.2 Characteristics of Col4a3-/- mice at the time of randomization 

A total of 80 mice with the Col4a3 gene deletion, all 6 weeks of age, were enrolled in the study between 

February 2022 and November 2022. We used block randomization to randomly divide the animals into four 

different groups: a conventional group with 20 mice, a ramipril monotherapy group with 20 mice, a ramipril 

+ empagliflozin dual therapy group with 20 mice, and a ramipril + empagliflozin + finerenone group with 

20 mice. The characteristics of these Col4a3-/- mice can be found in table 5.1. In each of the four groups, 

there was an equal 1:1 distribution of male and female mice. The average weight across the four groups 

was 19.8 g ± 1.7 g, 20.0 g ± 2.7 g, 20.4 g ± 2.5 g, and 20.3 ± 2.3, respectively (p = 0.76). Similarly, when 

looking at the baseline GFR of the mice, the averages across the four groups were well-matched: 185.3 ± 

35.7, 180.6 ± 32.1, 187.2 ± 38.5, and 187.6 ± 33.0, respectively (p = 0.94). Finally, the average baseline 

UACR of the mice in the four groups were 51.6 ± 57.7, 55.7 ± 64.5, 51.5 ± 44.2, and 49.4 ± 44.4, 

respectively (p = 0.24). At the start of the study, all mice showed clear signs of Alport nephropathy, as 

indicated by both urinary abnormalities and a decrease in GFR. However, no significant differences were 

found among the baseline characteristics across the four groups, suggesting that the random assignment of 

the mice to each group was successful. 

 

Table 5.1 Baseline characteristics 

Characteristics 
CKD 

veh 

CKD 

RASi 

CKD 

RASi/SGLT2i 

CKD 

RASi/SGLT2i 

/MRA 

p 

N 20 20 20 20 - 

Age (week) 6 weeks 6 weeks 6 weeks 6 weeks - 

Female (%) 50% 50% 50% 50% - 

Weight (g) 19.8 ± 1.7 20.0 ± 2.7 20.4 ± 2.5 20.4 ± 2.3 0.76 

GFR (µl/min) 
185.3 ± 

35.7 
180.6 ± 32.1 187.3 ± 38.5 187.6 ± 33.0 0.94 

UACR 

(mg/mg) 
51.6 ± 57.7 55.7 ± 64.6 51.5 ± 44.3 49.4 ± 44.4 0.24 

GFR, glomerular filtration rate; UACR, urine albumin-creatinine ratio; CKD, Chronic kidney disease 

 

5.3 Primary endpoint: overall survival 

The primary endpoint of our evaluation was the overall lifespan, which we took as a representation of 

the kidney lifespan in Col4a3-/- mice. Upon analyzing the data, we found that the mean overall survival 
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for mice receiving vehicle treatment was 63.7 ± 10.0 days. This outcome is in agreement with prior research 

that has documented the lifespan of this specific mouse strain. [159-161]. The administration of ramipril 

starting from 6 weeks and continuing for 8 weeks led to a significant increase in the mean lifespan of the 

mice to 77.3 ± 5.3 days. Further improvement was seen when the mice were treated with dual therapy of 

ramipril and empagliflozin, resulting in a mean lifespan of 80.3 ± 11.0 days. The most significant effect on 

mean lifespan was observed when the mice were treated with a triple therapy including finerenone, which 

increased the mean lifespan to 103.1 ± 20.3 days. The lifespan of the three treatment groups all differed 

significantly when compared to the vehicle group (p < 0.001). Furthermore, a statistically significant 

distinction in lifespan was observed between the triple treatment group and both the monotherapy and dual 

therapy groups (p < 0.001). Additionally, no statistically significant variation in lifespan was detected 

between the monotherapy and dual therapy groups (p = 0.11). The result suggests that adding finerenone to 

a dual RAS/SGLT2 inhibition approach can significantly prolong the lifespan of Col4a3-/- mice with 

progressive CKD caused by Alport nephropathy. The survival curves and body weight changes for the four 

groups can be seen in figure 5.5.  

To investigate whether gender has any effect on lifespan, we conducted a subgroup analysis based on 

gender. The findings demonstrated that there were no significant differences in lifespan between genders in 

any of the groups, including the vehicle group (p = 0.49), the ramipril group (p = 0.07), the ramipril + 

empagliflozin group (p = 0.68), and the ramipril + empagliflozin + finerenone group (p = 0.72). These 

effects were independent of sex, as shown in figure 5.6. 
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Figure 5.5 Finereone added to a dual RAS/SGLT2 inhibition substantially prolongs lifespan of Col4a3-/- mice with progressive 

CKD due to Alport nephropathy.  

(A) Kaplan-Meier graph of survival. (B) Body weight changes after 6 weeks of age (shown as a percentage of initial body weight). 

All quantitative data are means ± SD. 
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Figure 5.6 Subgroup analysis of lifespan in gender.  

(A) Gender differences in vehicle group. (B) Gender differences in RASi group. (C) Gender differences in RASi/SGLT2i group. 

(D) Gender differences in RASi/SGLT2i/MRA group. All quantitative data are means ± SD. 

 

5.4 Secondary endpoint: GFR slope and other makers of kidney function 

Table 5.2 and Figure 5.7 illustrate the findings of the assessment of the impact of various treatments 

on GFR in Alport mice. The baseline GFR at 6 weeks of age, when the treatment started, did not display 

any significant differences among all the groups (p = 0.94). However, after one week of treatment, a 



58 

significant difference in GFR was observed among the 4 groups (p = 0.02). The CKD-veh group showed a 

decline in GFR from week 6 to 7, while the other treatment groups maintained their GFR, indicating that 

all treatments played a protective role in kidney function during the short-term treatment of 1 week. By 10 

weeks of age, the differences between the groups became even more pronounced, with the result being 

statistically significant at p < 0.001. The CKD-veh group experienced a decline in GFR, with many mice 

dying before 10 weeks or having a GFR of 0 at 10 weeks of age. On the other hand, the CKD-RASi, CKD-

RASi/SGLT2i, and CKD-RASi/SGLT2i/MRA groups showed a retention of about 29%, 30%, and 68% of 

their GFR from week 6 to week 10, respectively. 

 

Table 2 Evolution of GFR in Col4a3-/- mice 

Group (n=20) 
GFR (µl/min) 

6 weeks 7 weeks 10 weeks 

CKD-veh 180.6 ± 32.1 147.0 ± 62.8 0.0 ± 0.0 

CKD-RASi 187.6 ± 33.0 191.5 ± 44.4 54.5 ± 28.4 

CKD-RASi/SGLT2i 187.3 ± 38.5 178.6 ± 30.5 55.4 ± 52.7 

CKD-

RASi/SGLT2i/MRA 
185.3 ± 35.7 176.8 ± 39.2 125.4 ± 54.7 

p 0.94 0.02 <0.001 

GFR, glomerular filtration rate; CKD, Chronic kidney disease. 

 

In comparison to the control group, the treatment groups showed a higher GFR and hence a better 

preservation of excretory kidney function at week 10. Unlike the control mice that had either passed away 

prior to or experienced a complete loss of kidney function, the treatment groups, especially the 

RASi/SGLT2i/MRA triple therapy, demonstrated a remarkable effect in protecting kidney function after 4 

weeks of treatment. The results indicate that all three treatments were effective in preserving kidney 

function, but the RASi/SGLT2i/MRA triple therapy was the most effective among them. 

The effect of the three drugs on albuminuria was also evaluated as albuminuria is a critical marker of 

CKD progression and a predictor of kidney outcome. Figure 5.8 shows the UACR in the CKD-veh, CKD-

RASi, CKD-RASi/SGLT2i, CKD-RASi/SGLT2i/MRA groups and a control group at 6 and 8.5 weeks. At 

6 weeks, Col4a3-/- mice had developed severe proteinuria compared to the control group (Figure 5.8A). 

All three treatment groups showed an effect in delaying the progression of kidney disease as evidenced by 

slower increases in UACR at 8.5 weeks of age compared to the CKD-veh group (Figure 5.8B). The 
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comparison of proteinuria changes from 6 weeks to 8 weeks in each group showed that the proteinuria 

significantly increased in CKD-veh group (p = 0.006), while it did not show a significant difference in 

CKD-RASi (p = 0.09), CKD-RASi/SGLT2i (p = 0.20), and CKD-RASi/SGLT2i/MRA (p = 0.93) groups 

(Figure 5.8C). 

 

 
Figure 5.7 Effects of RASi, RASi/SGLT2i, and RASi/SGLT2i/MRA treatments on GFR. 

GFR was measured at 6, 7, and 10 weeks of age. All quantitative data are means ± SD. 
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Figure 5.8 Effects of RASi, RASi/SGLT2i, and RASi/SGLT2i/MRA treatments on proteinuria in Col4a3-/- mice. 

(A) The level of UACR at 6 weeks. (B) The level of UACR at 8.5 weeks. (C) The progression of proteinuria from 6 weeks to 

8.5 weeks. All quantitative data are means ± SD. 

 

To comprehend the effect of the various treatments on kidney function, we evaluated other markers of 

kidney function in Col4a3-/- mice at 8.5 weeks, after 2.5 weeks of treatment. The findings demonstrated 

that BUN level in CKD-RASi/SGLT2i/MRA group was significantly lower when compared with CKD-veh 

group (p < 0.05) (figure 5.9A). Furthermore, the triple therapy combination showed an added effect on 

serum creatinine levels compared to the CKD-veh, CKD-RASi, and CKD-RASi/SGLT2i groups at 8.5 

weeks of age, as demonstrated in figure 5.9B. Furthermore, there were no significant differences observed 

in the serum levels of potassium and inorganic phosphate across all five groups (p > 0.05) (figure 5.10). 

Despite not reaching statistical significance (p = 0.07), we observed a decreasing trend in the potassium 

level upon adding SGLT2i to RASi treatment. Additionally, the dual and triple combination showed an 

increase in UGCR when compared with other groups (p < 0.05) (figure 5.10). These results suggest that the 

triple therapy combination has a positive impact on kidney function, as indicated by the improvement in 

these markers of kidney function. In addition, the absence of hyperkalemia in mice treated with finerenone 



61 

is reassuring in terms of potential drug-related toxicity. Also, mice in the groups treated with SGLT2 

inhibitors showed a significant increase in urine glucose. 

 

 
Figure 5.9 Effects of RASi, RASi/SGLT2i, and RASi/SGLT2i/MRA treatments on BUN and Serum Creatinine in Col4a3-/- 

mice. 

(A) The level of BUN at 8.5 weeks. (B) The level of Serum Creatinine at 8.5 weeks. All quantitative data are means ± SD. 

 

 

Figure 5.10 Effects of RASi, RASi/SGLT2i, and RASi/SGLT2i/MRA treatments on potassium and inorganic phosphate serum 

levels and UGCR in Col4a3-/- mice. 

(A) The serum levels of potassium at 8.5 weeks. (B) The serum level of inorganic phosphate at 8.5 weeks. (C) The UGCR level 

at 8.5 weeks. All quantitative data are means ± SD. 

 

Together, biomarkers of excretory kidney function suggested that the different lifespan of Col4a3-/- 

mice in the four treatment groups relates to the renoprotective effects of the involved drugs. 

 

5.5 Secondary endpoint: Kidney histology 

The results from the treatment effects on the lifespan of Col4a3-/- mice and the biomarkers of kidney 

function suggest the presence of renoprotective effects, potentially impacting kidney injury, tissue 

remodeling, and atrophy. The triple therapy was particularly effective in preventing kidney atrophy, 
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bringing it to the level of normal wildtype controls, as depicted in figure 5.11. Further examination of the 

impact of the treatment was conducted through histological analysis of small subgroups of mice at 8.5 

weeks. 

Our findings showed that the CKD-RASi/SGLT2i/MRA therapy showed significant renoprotective 

effects, not only in terms of lifespan of the Col4a3-/- mice, but also in terms of biomarkers of kidney 

function, tissue remodeling, and atrophy. Triple therapy prevented kidney atrophy to the level of wildtype 

controls, as evidenced by gross kidney morphology (Figure 5.11). Upon further assessment of kidney 

histology in small subgroups of mice for each treatment at 8.5 weeks of age, the results showed that the 

CKD-RASi/SGLT2i/MRA therapy was linked to reduced glomerulosclerosis, tubular atrophy, and 

interstitial fibrosis. The overall damage score was significantly lower in this group compared to the CKD-

veh, CKD-RASi, and CKD-RASi/SGLT2i groups (p < 0.05) (Figure 5.12). Picro-Sirius Red-stained kidney 

sections further demonstrated the significant amelioration of interstitial fibrosis in the CKD-

RASi/SGLT2i/MRA group compared to the other groups (p < 0.05) (Figure 5.13). Additionally, the αSMA 

labeling in the interstitium was also reduced in the CKD-RASi/SGLT2i/MRA group compared to the other 

groups (p < 0.01) (Figure 5.13). 
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Figure 5.11 Triple therapy prevented kidney atrophy to the level of wildtype controls. 

(A) Representative 8.5 weeks kidney images. (B) 8.5 weeks kidney weight. All quantitative data are means ± SD. 
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Figure 5.12 Tissue morphology and PAS staining quantitative assessment of scores from Col4a3-/- mice in WT, Veh, RASi, 

RASi/SGLT2i, and RASi/SGLT2i/MRA groups.  

(A) Representative PAS-stained images from the whole kidney, tubules and glomerulus are presented. (B) Kidney sections were 

independently scored for tubulointerstitial fibrosis, glomerulosclerosis and tubular atrophy. All quantitative data are means ± SD. 

Images are shown at the magnification of 200x and 400x. 
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Figure 5.13 Tissue morphology and αSMA and Picro-Sirius red staining quantitative assessment of scores from Col4a3 

-/- mice in WT, Veh, RASi, RASi/SGLT2i, and RASi/SGLT2i/MRA groups.  

(A, B) Representative αSMA and Picro-Sirius red stained images from the whole kidney, tubules and glomerulus. (C) Kidney 

sections were independently scored for αSMA positive percent and Picro-Sirius red positive percent. All quantitative data are 

means ± SD. Images are shown at the magnification of 200x and 400x. 
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F4/80 staining was employed to examine of the inflammatory response. The outcome indicated a 

considerable rise in inflammation in CKD-veh group compared with WT group (p < 0.01). Furthermore, 

the CKD-RASi/SGLT2i/MRA group exhibited a significant reduction in inflammation compared to the 

CKD-veh group (p < 0.01). This information can be observed in figure 5.14A and D. 

Podocyte loss is a critical aspect of both Alport syndrome and CKD progression. To assess changes in 

podocyte numbers, we quantified WT-1 staining on kidney tissue samples. The results showed a significant 

reduction in the count of WT-1 positive cells per glomerulus in CKD-veh group compared to WT group (p 

< 0.01). Interestingly, the number of WT-1 positive cells per glomerulus in CKD-RASi/SGLT2i/MRA group 

was found to be greater than the number in CKD-veh, CKD-RASi, and CKD-RASi/SGLT2i groups (p < 

0.05). This information is presented in figure 5.14B and D. 

The TUNEL staining technique, which is indicated in green, revealed a higher number of apoptotic 

cells in CKD-veh group compared with WT group (p < 0.01). Furthermore, the analysis showed a decrease 

in the extent of cell death in the CKD-RASi/SGLT2i/MRA group when compared to the CKD-veh, CKD-

RASi, and CKD-RASi/SGLT2i groups (p < 0.01). This information is presented in figure 14 C and D. 

The results obtained from a cross-sectional automated tissue analysis after 2.5 weeks of treatment 

indicate that the varying lifespan of Col4a3-/- mice in four groups can be attributed to renoprotective 

benefits of the drugs administered. By combining finerenone with dual RAS/SGLT2 inhibition, a 

remarkable antifibrotic effect was achieved and the progression of inflammation, tubular atrophy, and 

podocyte loss was prevented. The findings further demonstrate the significance of this combination in 

achieving the desired renoprotective outcomes. 
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Figure 5.14 Tissue morphology and F4/80, WT-1, and TUNEL staining quantitative assessment of scores from Col4a3-/- 

mice in WT, veh, RASi, RASi/SGLT2i, and RASi/SGLT2i/MRA groups.  

(A) Representative F4/80-stained images from junction of kidney cortex and medulla are presented. (B) Representative WT1-

stained images from the kidney glomerulus are presented. (C) Representative TUNEL stained images from the kidneys are 

presented. (D) Kidney sections were independently scored for F4/80 positive percent, podocytes numbers, and the number of 

TUNEL-positive nuclei per 100 tubules. All quantitative data are means ± SD. Images are shown at the magnification of 200x 

and 400x. 
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5.6 Secondary endpoint: kidney mRNA expression 

To gain further mechanistic insights into mechanism-of-action of the treatment, we analyzed gene 

expression in whole kidney lysate samples from 5 groups (WT, CKD-veh, CKD-RASi, CKD-RASi/SGLT2i, 

and CKD-RASi/SGLT2i/MRA) after 8.5 weeks. This aimed to reveal crucial molecular changes responsible 

for the observed outcomes and to shed light on the mechanisms behind kidney disease progression or 

prevention. 

The qPCR results confirmed a significant rise in mRNA expression of several fibrosis markers in 

CKD-veh group compared to WT group (p < 0.05). These markers, including αSMA, FN, TGFβ, and Col1a1, 

play a pivotal role in kidney disease progression. However, the CKD-RASi/SGLT2i/MRA group, which 

received finerenone in addition to dual RAS/SGLT2 inhibition, effectively reduced expression of these 

markers when compared with CKD-veh group (p < 0.05) (Figure 5.15), in agreement with the pathological 

staining results. 

 

 

Figure 5.15 Relative kidney mRNA expression of kidney fibrosis markers. 

Gene expression was analyzed by RT-qPCR for (A) αSMA. (B) Col1a1. (C) FN. (D) TGFβ. All quantitative data are means ± 

SD. 

 

The qPCR analysis revealed that the mRNA expression levels of various inflammation markers 

including CCR5, ICAM1, VCAM1, IL1β, as well as kidney injury markers including KIM1, NGAL, IL6, 

IL18, TIMP2, and TNFα, were increased in CKD-veh group when compared with WT group. Our findings 
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showed a significant difference (p < 0.05) between these two groups. However, triple treatment of 

RASi/SGLT2i/MRA was found to significantly reduce the mRNA expression levels of these markers (p < 

0.05), as seen in figure 5.16 and 5.17. This finding supports the earlier observations from the PAS, F4/80, 

and TUNEL staining analyses. 

Finally, the qPCR analysis conducted revealed alterations in the mRNA expression levels of two 

crucial podocyte markers, nephrin and podocin. These markers are an indicator of the podocyte loss that 

occurred in the four different treatment groups. The findings indicated that the CKD-veh group experienced 

a drop in the expression of these markers as compared to the WT group (p < 0.05), while the expression of 

nephrin and podocin was increased in the CKD-RASi/SGLT2i/MRA group. (p < 0.05) (figure 5.18). This 

result aligns with the results obtained from the WT-1 staining examination. 

In summary, the combined results at the mRNA level present a compelling argument for the therapeutic 

benefits of incorporating finerenone into a dual inhibition approach targeting the RAS and SGLT2 in order 

to slow down the advancement of various negative outcomes, including tissue fibrosis, inflammation, 

kidney damage, and podocyte loss in Col4a3-/- mice. This evidence highlights the potential for this 

treatment strategy to be an effective means of mitigating the progression of these negative outcomes. 

 

 
Figure 5.16 Relative kidney mRNA expression of kidney inflammation markers. 

Gene expression was analyzed by RT-qPCR for (A) CCR5. (B) ICAM1. (C) Il1β. (D) VCAM1. All quantitative data are means ± 

SD. 
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Figure 5.17 Relative kidney mRNA expression of kidney injury markers. 

Gene expression was analyzed by RT-qPCR for (A) TNFα. (B) KIM1. (C) NGAL. (D) Il6. (E) Il18. (F) TIMP2. All quantitative 

data are means ± SD. 

 

 

Figure 5.18 Relative kidney mRNA expression of podocyte markers. 

Gene expression was analyzed by RT-qPCR for (A) Nephrin. (B) Podocin. All quantitative data are means ± SD. 

 

5.7 Secondary endpoint: RNA sequencing 

To gain a deeper understanding of how finerenone impacts the kidney defect present in Col4a3-/- mice, 

when added to dual RAS/SGLT2 inhibition therapy, we performed next-generation RNA sequencing on 
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kidney samples obtained from five groups of mice (WT, CKD-veh, CKD-RASi, CKD-RASi/SGLT2i, and 

CKD-RASi/SGLT2i/MRA) at 8.5 weeks. 

A pairwise comparison of group WT and group CKD-veh was conducted using RNA-seq data, which 

revealed a marked alteration in gene expression within the CKD-veh group. The results of the analysis 

indicated a substantial alteration in gene expression within the CKD-veh group, with 4,360 genes 

upregulated and 3,246 genes downregulated. Further examination utilizing Gene Set Enrichment Analysis 

(GSEA) showed that pathways linked to inflammation and pro-fibrotic responses were notably heightened 

in the CKD-veh mouse kidneys compared to the WT group. These findings were consistent with previous 

observations from qPCR and pathological staining experiments. In addition, our analysis uncovered that 

the CKD-veh group experienced a suppression of mitochondrial function as compared to the WT group, as 

demonstrated in figure 5.19. 

RNA-seq data was then used to conduct a pairwise comparison between the vehicle-treated Alport 

mouse group and the dual RAS/SGLT2 inhibition plus finerenone (CKD-RASi/SGLT2i/MRA)-treated 

Alport mouse group, revealing a significant change in gene expression between the two groups. The 

analysis results showed a substantial change in gene expression within the CKD-veh group, with 2,307 

genes upregulated and 1,771 genes downregulated. Further analysis using GSEA showed that pathways 

linked to inflammation and pro-fibrotic responses were significantly elevated in the CKD-veh mouse 

kidneys compared to the CKD-RASi/SGLT2i/MRA group. Further, our findings revealed that 

mitochondrial functions in CKD-veh group were suppressed compared to CKD-RASi/SGLT2i/MRA group. 

Our analysis indicated that pathways related to fibrosis such as "positive regulation of fibroblast 

proliferation", "tabula muris senis kidney fibroblast aging", and "fibroblast proliferation" were suppressed 

in the CKD-RASi/SGLT2i/MRA group. This suggests that the combination of dual RAS/SGLT2 inhibition 

and finerenone inhibits the progression of kidney fibrosis. Our findings showed that the pathways related 

to inflammation, such as "regulation of inflammatory response", "inflammatory response to wounding", 

and "tolerant macrophage upregulation" were suppressed in the CKD-RASi/SGLT2i/MRA group. This 

finding suggests that the addition of finerenone to dual RAS/SGLT2 inhibition has an inhibitory effect on 

the processes of inflammation and fibrosis during kidney atrophy in Alport nephropathy. Our findings were 

in line with the qPCR data focusing on the same pathways (Figure 5.15, 5.16), e.g., pro-inflammatory genes 

such as CCR5, Il1β, and VCAM1; pro-fibrosis genes such as αSMA, Col1a1, FN, and TGFβ were 

overexpressed in the CKD-veh group compared to the CKD-RASi/SGLT2i/MRA group (Figure 5.20). 
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Next, we compared the gene expression differences between CKD-RASi/SGLT2i/MRA and CKD-

RASi/SGLT2i, as well as CKD-RASi/SGLT2i/MRA and CKD-RASi using RNA-seq data. The results 

showed that pathways linked to inflammation and pro-fibrotic responses were significantly downregulated 

in the CKD-RASi/SGLT2i/MRA mouse kidneys compared to the CKD-RASi/SGLT2i and CKD-RASi 

groups, respectively (Figure 5.21, 5.22). This result indicates that the combination of finerenone with dual 

RAS/SGLT2 inhibition produces a more potent inhibitory effect on the processes of inflammation and 

fibrosis, when compared to the outcomes of CKD-RASi/SGLT2i and CKD-RASi treatments. These 

findings concurred with the results obtained from previous qPCR and pathological staining experiments. 

Thus, finerenone suppresses these pathogenic pathways beyond the capacity of dual RAS/SGLT2 inhibition, 

i.e., a synergistic mechanism-of-action. 

In all, the analysis of RNA sequencing revealed a strong anti-inflammatory and anti-fibrotic effect of 

the triple combination. The results demonstrate the synergistic effectiveness of the RASi/SGLT2i/MRA 

combination in reducing inflammation and fibrosis, which are both key indicators of positive outcomes in 

related medical conditions.
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Figure 5.19 Bulk RNA-seq on Veh-treated Alport mouse and wild type mouse kidney. 

(A) The heatmap presents the biological replicates of the top genes with differing expression levels between the CKD-veh and 

WT mouse kidneys. A heatmap and dendrogram were used to display the differentially expressed genes’ z-scores of normalized 

counts. (B) An MA plot was also created to display the shrink log2 fold change between the CKD-veh and WT mouse kidneys. 

Genes that are found to be significant in differential expression testing, as indicated by an adjusted p-value, are labeled either in 

red or blue. (C) The density ridge plot shows the gene expression distribution of core-enriched genes in enriched gene sets, with 

gradient color indicating adjusted p-values using the Benjamini-Hochberg method. (D-I) The selected enrichment plots from the 

GSEA analysis based on the gene enrichment profiles of the CKD-veh and WT mouse kidneys. The plots highlight the enrichment 

for transcriptional signatures related to inflammation, fibrosis, and mitochondrial function. 
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Figure 5.20 Bulk RNA-seq on Veh-treated Alport mouse and RASi/SGLT2i/MRA-treated Alport mouse kidney. 

(A) The heatmap presents the biological replicates of the top genes with differing expression levels between the CKD-veh and 

CKD-RASi/SGLT2i/MRA mouse kidneys. A heatmap and dendrogram were used to display the differentially expressed genes’ 

z-scores of normalized counts. (B) An MA plot was also created to display the shrink log2 fold change between the CKD-veh 

and CKD-RASi/SGLT2i/MRA mouse kidneys. Genes that are found to be significant in differential expression testing, as 

indicated by an adjusted p-value, are labeled either in red or blue. (C) The density ridge plot shows the gene expression 

distribution of core-enriched genes in enriched gene sets, with gradient color indicating adjusted p-values using the Benjamini-

Hochberg method. (D-I) The selected enrichment plots from the GSEA analysis based on the gene enrichment profiles of the 

CKD-veh and CKD-RASi/SGLT2i/MRA mouse kidneys. The plots highlight the enrichment for transcriptional signatures related 

to inflammation, fibrosis, and mitochondrial function. 
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Figure 5.21 Bulk RNA-seq on RASi/SGLT2i-treated Alport mouse and RASi/SGLT2i /MRA-treated Alport mouse kidney. 

(A) The heatmap presents the biological replicates of the top genes with differing expression levels between the CKD-

RASi/SGLT2i and CKD-RASi/SGLT2i/MRA mouse kidneys. A heatmap and dendrogram were used to display the differentially 

expressed genes’ z-scores of normalized counts. (B) An MA plot was also created to display the shrink log2 fold change between 

the CKD-RASi/SGLT2i and CKD-RASi/SGLT2i/MRA mouse kidneys. Genes that are found to be significant in differential 

expression testing, as indicated by an adjusted p-value, are labeled either in red or blue. (C) The density ridge plot shows the 

gene expression distribution of core-enriched genes in enriched gene sets, with gradient color indicating adjusted p-values using 

the Benjamini-Hochberg method. (D-I) The selected enrichment plots from the GSEA analysis based on the gene enrichment 

profiles of the CKD-RASi/SGLT2i and CKD-RASi/SGLT2i/MRA mouse kidneys. The plots highlight the enrichment for 

transcriptional signatures related to inflammation, fibrosis, and mitochondrial function. 
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Figure 5.22 Bulk RNA-seq on RASi-treated Alport mouse and RASi/SGLT2i /MRA-treated Alport mouse kidney. 

(A) The heatmap presents the biological replicates of the top genes with differing expression levels between the CKD-RASi and 

CKD-RASi/SGLT2i/MRA mouse kidneys. A heatmap and dendrogram were used to display the differentially expressed genes’ 

z-scores of normalized counts. (B) An MA plot was also created to display the shrink log2 fold change between the CKD-RASi 

and CKD-RASi/SGLT2i/MRA mouse kidneys. Genes that are found to be significant in differential expression testing, as 

indicated by an adjusted p-value, are labeled either in red or blue. (C) The density ridge plot shows the gene expression 

distribution of core-enriched genes in enriched gene sets, with gradient color indicating adjusted p-values using the Benjamini-

Hochberg method. (D-I) The selected enrichment plots from the GSEA analysis based on the gene enrichment profiles of the 

CKD-RASi and CKD-RASi/SGLT2i/MRA mouse kidneys. The plots highlight the enrichment for transcriptional signatures 

related to inflammation, fibrosis, and mitochondrial function.
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6. Discussion 

We had hypothesized that a combination of three drugs, ramipril (RASi), empagliflozin (SGLT2i), and 

finerenone (MRA), would significantly enhance the longevity of the kidneys compared to the use of dual 

RAS/SGLT2 inhibition. Our findings confirmed this hypothesis and even revealed an almost exponential 

increase in kidney lifespan when finerenone is added to dual RAS/SGLT2 inhibition. The experiment was 

carried out as a double-blinded, randomized controlled trial at a single center with a pre-registered trial 

protocol. The primary endpoint was total lifespan and most secondary analyses were performed in a blinded 

and automated manner. The design of the preclinical RCT was carefully considered to minimize potential 

sources of bias and increase the reliability of the results, particularly for CKD progression in Alport 

syndrome. pRCTs are innovative experimental tools that can provide reliable predictions on the efficacy of 

drug interventions. For instance, our previous multi-center pRCT accurately predicted the lack of efficacy 

of baricitinib in systemic lupus [150], which was later confirmed in human trials (NCT03843125, 

NCT03616964) and led to the discontinuation of the trial program. 

CKD is a growing global health issue, with significant economic implications and affecting the life 

quality of patients [3]. CKD is associated with significant morbidity and mortality, and it is a major risk 

factor for cardiovascular disease (CVD) and stroke [162]. CKD also has economic implications, as the cost 

of treating kidney failure with dialysis or transplantation is high and can be a substantial burden for 

individuals, families, and healthcare systems [163]. CKD screening may be critical for detecting and 

managing the disease at an early stage. Early diagnosis and treatment can decelerate CKD progression, 

diminish the likelihood of complications, and improve outcomes [164]. While high income countries started 

to consider CKD screening, low- and middle-income countries (LMICs) may lack the resources to provide 

routine screening for CKD, resulting in late diagnosis and poor outcomes [165]. Patients in these countries 

who have advanced CKD and do not have access to dialysis have limited treatment options, resulting in 

significant morbidity and mortality [166]. Addressing this issue requires a concerted effort to improve CKD 

treatment in LMICs. This can involve increasing access to screening and diagnostic tests, enhancing 

infrastructure and resources for managing CKD, and implementing community-based interventions and 

public health campaigns to heighten awareness [167-169]. Moreover, it is essential to investigate alternative 

treatment options to dialysis to offer greater chances of survival and extend the life of CKD patients [170]. 

The emergence of finerenone has given hope to the treatment of CKD, and its potential positive effect in 

combination with SGLT2 inhibitors offers new possibilities for managing CKD [141]. 
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MRs, which are nuclear hormone receptors, have a significant role in regulating electrolyte balance 

and blood pressure. [117]. MRs are activated by the hormones cortisol and aldosterone, which promote 

stress adaptation including sodium retention and potassium excretion in the kidneys [171]. Persistent 

dysregulation of the aldosterone-MR system can lead to hypertension, heart failure, and other 

cardiovascular and kidney disorders [118]. Steroidal and non-steroidal MR antagonists have been 

developed as therapeutic agents to counteract the deleterious effects of aldosterone excess. The first 

generation of MRAs were based on the structure of aldosterone and are therefore classified as steroidal 

MRAs [171]. Steroidal MRAs have several advantages, including high affinity for MRs and a long half-

life, which allows for once-daily dosing. However, they also have some drawbacks, including low 

specificity for MRs and potential for off-target effects. In recent years, non-steroidal MRAs have been 

developed as an alternative to steroidal MRAs [172]. Non-steroidal MRAs are designed to bind to the MR 

in a different way than aldosterone, which allows for greater specificity and fewer off-target effects [173]. 

Our results suggest that these additive proteinuric effects may translate into a significantly longer 

kidney lifespan. Indeed, triple therapy exponentially extended lifspan of Col4a3-/- mice compared to the 

effect size of ramipril monotherapy and the ramipril-empagliflozin combination. The distinctive mechanism 

of action of finerenone involves the selective blocking of aldosterone's effects on MR, potentially resulting 

in better outcomes for individuals with CKD, heart failure, and other medical conditions. [126]. Studies 

have utilized mouse models of kidney disease to investigate the potential therapeutic benefits of finerenone. 

A study discussed the potential benefits of using finerenone over steroidal MR antagonists such as 

eplerenone in treating chronic heart failure [174]. The study found that finerenone evenly across the cardiac 

and kidney tissues of rats and prevented heart and kidney injury in a functional and structural manner, 

without decreasing systemic blood pressure. Additionally, finerenone was observed to be more efficacious 

than eplerenone in decreasing cardiac hypertrophy, proteinuria, and plasma prohormone of brain natriuretic 

peptide levels. [174]. A separate study examined how finerenone affects cardiac hypertrophy in mice [175]. 

The researchers found that treatment with finerenone led to a notable decrease in left ventricular wall 

thickening induced by transverse aortic constriction and lesser increase in the calculated left ventricular 

mass in comparison to treatment with vehicle or steroidal MR antagonist, eplerenone. The study suggests 

that finerenone has positive impacts on left ventricular mass development in pressure overload [175]. A 

research study investigated how well finerenone can mitigate vascular remodeling and pulmonary 

hypertension, utilizing two rat models of severe pulmonary hypertension in preclinical settings [176]. The 

investigators discovered that MR is expressed excessively in both human and experimental pulmonary 
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arterial hypertension, and that blocking MR inhibits the proliferation of smooth muscle cells in the 

pulmonary artery, which is sourced from individuals with idiopathic PAH. In addition, administering 

curative treatments with finerenone led to a partial reversal of established pulmonary hypertension, with 

total pulmonary vascular resistance and vascular remodeling being reduced. According to the study, 

finerenone may be a viable treatment option for PAH when used alongside current therapies [176]. A 

research study examined how the nonsteroidal antagonist of mineralocorticoid receptor, finerenone, affects 

inflammation and fibrosis in the mouse model of cardiorenal disease that was induced by 

deoxycorticosterone acetate-salt. [177]. The results showed that finerenone treatment reduced blood 

pressure and renal damage and ameliorated infiltrating renal RORγt γδ-positive T cells. These findings 

suggest that finerenone may have potential therapeutic applications for cardiorenal disease [177]. Karoline 

D et al. investigated the possible direct anti-fibrotic mechanisms and impacts of finerenone and the SGLT2 

inhibitor empagliflozin using two appropriate mouse models of kidney fibrosis. [178]. The outcomes 

revealed that administering finerenone in varying doses led to a decrease in pathological myofibroblast 

accumulation and collagen deposition. In finerenone-treated mice, the reduction of kidney fibrosis 

correlated with a decrease in the expression of plasminogen activator inhibitor-1 (PAI-1) and naked cuticle 

2 (NKD2) in the kidney. On the other hand, treatment with empagliflozin had no effect on kidney 

myofibroblasts or collagen deposition. However, it reduced albuminuria induced by ischemia [178]. Jonatan 

BC et al. reported the effect finerenone on CKD progression following an episode of AKI caused by 

bilateral kidney ischemia/reperfusion in mice [179]. The study revealed that administering finerenone or 

selective ablation of myeloid mineralocorticoid receptor safeguarded against chronic dysfunction and 

fibrosis. Macrophages expressing M2-anti-inflammatory markers increased while the number of 

inflammatory macrophages decreased, which was associated with the protection against kidney fibrosis. 

Inhibition of MR promoted macrophage polarization towards an M2 phenotype. These findings provide 

evidence in favor of utilizing finerenone as a preventive measure against the development of CKD from 

AKI [179]. A different study examined the impact of finerenone on cardiac complications that arise due to 

kidney failure using a CKD mouse model [180]. Subtotal nephrectomy was used to induce CKD, and a low 

dose of finerenone was administered from week 4 to week 10 after the procedure. The results showed that 

finerenone effectively prevented both systolic and diastolic dysfunctions of the heart, as well as cardiac 

fibrosis, without causing any adverse effects on renal function or hyperkalemia. [180]. Our discovery 

bolsters the notion that the renoprotective impact of finereone is especially potent when paired with 
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RAS/SGLT2 inhibition. Our analysis of the tissue demonstrated a significant antifibrotic effect that aligns 

with the established mechanism of action for MRA. 

CKD is a progressive and irreversible condition that affects the function of the kidneys. Although there 

is no cure for CKD, there are various treatment options available to slow its progression and manage its 

symptoms. One such option is drug combination therapy [121]. Drug combination therapy involves the use 

of two or more medications to achieve a greater therapeutic effect than what could be achieved with a single 

medication alone [181]. In CKD, drug combination therapy has demonstrated effectiveness in decreasing 

proteinuria, blood pressure, as well as the likelihood of cardiovascular events [181, 182]. One example of 

drug combination therapy for CKD is the use of RAAS inhibitors and diuretics [183]. RAAS inhibitors are 

commonly used to reduce blood pressure and proteinuria in CKD. However, these medications can 

sometimes cause potassium retention, which can be dangerous in patients with CKD [183]. Diuretics, such 

as furosemide and spironolactone, can help to remove excess potassium from the body while also reducing 

blood pressure [184]. By combining these medications, patients with CKD can receive the benefits of both 

drugs while minimizing the risks. Another example of drug combination therapy for CKD is the use of 

statins and ezetimibe [185]. Many CKD patients use statins to lower their cholesterol levels. However, in 

some patients, statins alone may not be enough to achieve optimal cholesterol levels. In these cases, adding 

ezetimibe, a medication that inhibits cholesterol absorption in the intestines can help to further reduce 

cholesterol levels[185, 186]. This combination has been proven to be efficacious in decreasing the risk of 

cardiovascular events in CKD patients. 

While drug combination therapy can be effective in managing CKD, it is crucial to consider the 

possibility of drug interactions and side effects [187]. As an illustration, administering RAAS inhibitors 

and diuretics simultaneously may heighten the chances of dehydration and electrolyte imbalances, which 

could necessitate careful monitoring of both kidney function and electrolyte levels [183]. Similarly, statins 

and ezetimibe can increase the risk of muscle damage and liver problems and may require regular 

monitoring of liver function and creatine kinase levels [185]. Alongside these factors, tailoring drug therapy 

according to the unique requirements and medical history of each patient is imperative [188, 189]. Some 

patients with CKD may have other health conditions that require additional medications or limit the use of 

certain drugs. For example, patients with diabetes may need medications to manage their blood glucose 

levels, which can interact with other medications used for CKD [190]. In all, drug combination therapy is 

an effective treatment option for managing CKD. By combining medications with complementary 

mechanisms of action, patients with CKD can receive greater therapeutic benefits than what could be 
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achieved with a single medication alone. However, it is vital to consider potential drug interactions and and 

customize drug therapy to cater to the specific demands and medical background of each patient. With 

appropriate monitoring and management, drug combination therapy can help to slow CKD progression and 

improve patients’ life quality with this condition. 

The 2022 ADA guidelines recommend SGLT-2 inhibitors together with finerenone for the treatment 

of CKD associated with T2D [191]. These two medications have different mechanisms of action and 

combining them could lead to a synergistic impact. A study was conducted using hypertensive renin-

transgenic rats with hypertension-induced end-organ damage [136]. The rats were orally administered with 

a single daily dosage of either a placebo, empagliflozin (3 and 10 mg per kg), finerenone (1 and 3 mg per 

kg), or a low-dose combination of empagliflozin and finerenone for a maximum duration of 7 weeks. 

Empagliflozin and finerenone exhibited dose-dependent reduction of albuminuria, however, their low-dose 

combination had a sustained over-additive effect. Also, both monotherapies regressed cardiac and kidney 

fibrosis dose-dependently, but the combination of low doses of the drugs proved to be more effective in 

ameliorating cardiovascular and kidney pathology. All drug therapies improved rats' survival, but the low-

dose combination had a greater survival benefit over the 7-week study period [136]. Analyses of subgroup 

in DAPA-CKD and FIDELIO-DKD studies indicate that concomitant use of single medication did not 

impact the safety or effectiveness of other drugs in decreasing albuminuria and enhancing long-term clinical 

outcomes [138, 192]. Additionally, combining the two medications may reduce the incidence of 

hyperkalemia. It should be noted that the retrospective nature and constrained statistical potency impede 

the establishment of a conclusive causal relationship regarding the risk association. Nonetheless, the data 

implies that there might be advantages in combining SGLT-2 inhibitors and MRA therapy, which led to the 

development of randomized trials comparing combination therapy versus monotherapy. To arrive at a 

definitive answer to this important research question, we should await a conclusion from ongoing 

CONFIDENCE trial [140].  

Tissue remodeling occurs in organs in response to injury and inflammation. It is a crucial factor in the 

progression of CKD as well as HF [193]. Similarities in tissue remodeling suggest that treatment strategies 

for both may be alike. Firstly, both HF and CKD show extracellular matrix (ECM) deposition leading to 

fibrosis, which stiffens heart and kidney tissues, impairing their function [194, 195]. ECM remodeling is 

regulated by cytokines, growth factors, and matrix metalloproteinases. Inhibiting these factors reduces 

ECM deposition and improves tissue function in both conditions [196]. Secondly, both HF and CKD are 

linked to inflammation, causing tissue remodeling [197]. Inflammatory cells like macrophages and T cells 
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enter affected tissues and release cytokines and other mediators that promote fibrosis and tissue damage. 

Corticosteroids and immunomodulatory agents, which are anti-inflammatory therapies, can decrease 

inflammation and decelerate tissue remodeling in both conditions [198]. Thirdly, both HF and CKD have 

an imbalance between vasoconstrictor and vasodilator factors, impairing blood flow and causing tissue 

hypoxia and damage [199]. Targeting the RAAS improves blood flow and reduces tissue remodeling in 

both conditions [200]. Last, both HF and CKD are associated with oxidative stress, causing tissue damage 

and remodeling [201, 202]. Excess reactive oxygen species (ROS) production leads to oxidative damage to 

proteins, lipids, and DNA. Antioxidant therapies like vitamin E and N-acetylcysteine reduce ROS 

production and slow down tissue remodeling in both conditions [203]. In total, the tissue remodeling 

process in HF and CKD shares several similarities, including ECM deposition, inflammation, 

vasoconstriction, and oxidative stress. Therefore, the treatment strategies for both conditions may be similar, 

targeting common pathways involved in tissue remodeling. 

When it comes to combination therapy for CKD and HF, RAAS inhibitors and SGLT2 inhibitors in 

combination has shown promising results in reducing the risk of kidney failure and cardiovascular events. 

Various clinical studies have examined the effectiveness of this combination treatment, such as the EMPA-

KIDNEY and DAPA-CKD trials [86, 101]. Adding MRA to the dual therapy of RAAS inhibitors and 

SGLT2 inhibitors has also been studied in HF patients and has been proven to further diminish the risk of 

cardiovascular mortality. This combination therapy has been tested in the EMPEROR-Reduced trial, which 

demonstrated a significant reduction in cardiovascular death and hospitalization for HF in patients with 

reduced ejection fraction [204]. Based on the above information, the combination therapy of RAAS 

inhibitors, SGLT2 inhibitors, and MRA may also be effective in reducing the risk of kidney failure and 

cardiovascular events in CKD patients. However, additional research is required to validate this theory and 

ascertain the most effective combination treatment for individuals with CKD. Our study indicate that adding 

MR inhibition to RAS/SGLT2 inhibition results in a synergistic and protective effect on the kidneys. This 

is consistent with prior small-scale studies that showed an additive effect on proteinuria in diabetic CKD 

patients receiving a triple therapy [138]. Another study, albeit smaller and cross-over in design, reported 

similar results with eplerenone as a combination partner [141]. In contrast to these preliminary studies, we 

have demonstrated a robust effect not only on the surrogate marker of proteinuria but also on the critical 

patient-oriented endpoint of time to kidney failure. This is a crucial and hardly studied efficacy endpoint, 

even in large clinical trials [205]. Our mechanistic studies provide further insight into the mechanism of 

action of the triple therapy and show that MR inhibition not only enhances the suppression of proteinuria 
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but also continues to suppress tubulointerstitial inflammation and fibrosis beyond what is achieved with 

RAS/SGLT2 inhibition alone [117, 178, 206, 207]. For example, sequential addition of the MRA 

spironolactone to early ramipril therapy had additive effects on kidney fibrosis in the same Col4a3-/- mouse 

model [208]. Interestingly, this dual blockade approach did not prolong kidney lifespan, probably because 

spironolactone caused fatal hyperkalemia in Col4a3-/- mice [208], not so with the non-steroidal MRA 

finerenone in our hands. 

The interaction between inflammation and fibrosis in causing kidney injury is intricate and involves a 

sequence of events that can exacerbate the damage [209]. Inflammation can trigger the generation of pro-

inflammatory cytokines that activate fibroblasts, resulting in the buildup of collagen and other extracellular 

matrix proteins. This leads to tissue scarring and fibrosis that hinders kidney function [210]. While therapies 

such as RAS and SGLT2 inhibitors can be beneficial in decreasing inflammation and fibrosis, they may not 

be adequate in completely eliminating all aspects of inflammation and fibrosis. One reason why 

RAS/SGLT2 inhibitors may not completely abrogate all inflammation and fibrosis is that these pathways 

are not the only drivers of these processes [211, 212]. While RAS is a major regulator of blood pressure 

and sodium balance, it also has various other functions, including promoting inflammation and fibrosis 

[213]. Similarly, SGLT2 inhibitors primarily work by reducing glucose reabsorption in the kidneys, but 

they may also have other effects on metabolic and inflammatory pathways [214]. Therefore, inhibiting these 

pathways may not be sufficient to completely halt all inflammation and fibrosis. Additional therapies such 

as MRAs, such as finerenone, may be necessary for optimal treatment. MRAs operate by blocking 

aldosterone, a hormone that can cause inflammation and fibrosis in the kidneys, and studies have shown 

that they can reduce inflammation and fibrosis in animal models of kidney disease [215, 216]. Notably, the 

combination of RAS/SGLT2 inhibitors and MRAs is not only additive but synergistic, resulting in more 

potent inhibition of inflammatory and fibrotic processes. Our bulk RNA-seq results confirm that the 

combination of finerenone and dual RAS/SGLT2 inhibition has a more significant inhibitory effect on 

inflammation and fibrosis than either therapy alone or CKD-RASi/SGLT2i and CKD-RASi treatment. 

Therefore, the combination of RAS/SGLT2 inhibitors and MRAs can provide better clinical outcomes for 

patients with kidney disease by significantly reducing inflammation and fibrosis. 

The autosomal-recessive Alport syndrome in both humans and mice share many similarities, making 

the results from studies on RAS inhibition in Col4a3-/- mice a strong indicator of the potential treatment 

effects in human Alport nephropathy [217, 218]. Based on these similarities, we propose conducting clinical 

trials in patients with Alport syndrome to demonstrate the renal protective advantages of a triple therapy 
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approach involving RAS/SGLT2/MR inhibition. Starting therapy at an earlier stage is expected to have an 

even greater impact on prolonging kidney lifespan, providing a bright outlook for patients with Alport 

nephropathy to live several years without needing dialysis. Alport syndrome can lead to CKD and may 

present similarly to other forms of CKD, such as AKI-CKD transition, toxic CKD, autoimmune CKD, 

diabetic kidney disease, and tubulointerstitial disorders, including autosomal dominant polycystic kidney 

disease (ADPKD). Although the impact of the triple combination therapy on other forms of CKD is 

uncertain, our team retains a hopeful outlook. This optimism stems from the belief that the suppression of 

tubulointerstitial inflammation and fibrosis, two common factors involved in all forms of CKD, will result 

in an additive improvement of kidney lifespan in a majority, if not all, cases of CKD progression. While 

this possibility may not be entirely clear, it is a positive outlook that we hold onto. 

In our study, the effect size of ramipril monotherapy was small, which we attribute to the late onset at 

6 weeks in mice that succumb to uremia starting from 8 weeks of life. Our baseline tissue analysis 

documents glomerulosclerosis, tubular atrophy, and interstitial fibrosis at the time of therapy initiation. 

Indeed, the renoprotective effect of ramipril in Col4a3-/- mice declines with a later onset of treatment [161]. 

The lack of any additive effect of SGLT2 inhibition with empagliflozin should have the same reason and 

should not relate to insufficient exposure to empagliflozin because the presence of glucosuria documents 

sufficient bioactivity. 

Our study has several limitations. Although Col4a3-/- mice are a reliable model for Alport nephropathy, 

it is uncertain if the findings can be applied to other forms of progressive CKD. Additionally, our data 

pertains only to the initiation of triple therapy during advanced stages of CKD. However, previous research 

suggests that greater renoprotective effects can be achieved if therapy is initiated in the early stages of CKD 

progression, as demonstrated by a comparison between early and late initiation of RAS inhibition [52, 161]. 

Moreover, we lack information on the efficacy of triple treatment for X-linked Alport syndrome, which is 

more prevalent than the autosomal recessive form that only constitutes 15% of cases. Cardiovascular 

disease was not investigated in our study on Alport syndrome, and we did not explore the synergistic 

mechanism at the molecular level. Furthermore, empagliflozin and finerenone monotherapy were not 

included in the initial preclinical RCT because RAS inhibition is the standard-of-care for CKD, including 

Alport nephropathy. Due to animal welfare restrictions, we evaluated uremic death in our study using a 

welfare scoring system, which may have resulted in some animals being scored for reasons other than 

uremic death, such as hyperkalemia. Despite these limitations, our study demonstrated the beneficial impact 

of finerenone on kidney lifespan. 
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Together, the combination of triple RAS/SGLT2/MR blockade has been found to significantly improve 

the uremia-free lifespan of Col4a3-/- mice, which is a critical outcome in the treatment of CKD. The "no 

touch" study design reduced multiple sources of bias, giving us confidence in the generalizability of the 

results to a comparable human trial. In particular, for human Alport syndrome, the accuracy of these results 

is expected to be high. Additionally, if the therapy is started earlier, it is believed to be even more effective. 

While the predictive accuracy may be lower for other forms of progressive CKD, the combination therapy 

to extend the lifespan of kidneys in CKD is a promising and achievable area of research and treatment. 
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Appendix 1 pRCT Study calendar 

Daily duties Weekly duties Upon sacrifice 
1.Check and add foods mixed 

with special drugs. 

2. Observe and record the 

general state and behavior of 

the mice. 

3. Record date of death or 

adverse event (if present) 

4. Measure and record weight 

5. Fill out the score sheet and 

sign. 

1. Urine collection 

2. GFR testing on 6,7,10 

weeks 

3. pRCT Research group 

members regular meeting. 

 

 

1. Take pictures of kidney 

2. Blood draw (≈1mL) 

3. Cardiac perfusion 

4. Take organs (Kidney, Heart, 

Liver, Spleen, Lung, Brain) 
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Appendix 2 Chemicals and reagents 

 

PRECLINICAL PROTOCOL LMU 

Date: 20 October 2021 

TITLE OF STUDY: 

A Preclinical, Randomized, Double-Blind, Placebo-Controlled Study to Evaluate the Efficacy and Safety 

of Combination Therapy to target CKD Progression in Adult Mice 

STUDY COORDINATOR: 

Zhihui Zhu & Hans-Joachim Anders 

Medizinische Klinik und Poliklinik IV  

LMU Klinikum der Universität Muenchen 

Nephrologisches Zentrum 

Goethestraße 31 

D-80336 Munich, Germany 

Study Synopsis 

Study Number: 2021-COMB-CKD-001 

Preclinical Development Phase: Academic research, single centre study. 

Coordinating center: 

Department of Internal Medicine IV, Hospital of the Ludwig Maximilians University, Kidney Division, 

Munich, Germany. 

Participating centers: 

Department of Internal Medicine IV, Hospital of the Ludwig Maximilians University, Kidney Division, 

Munich, Germany. 

Objectives: 

A triple combination of ramipril (RASi), empagliflozin (SGLT2i), and finerenone (MRA) significantly 

prolongs kidney lifespan over dual RAS/SGLT2 inhibition. 

Inclusion Criteria  

Male and female Col4a3tm1Dec-/- mice, six weeks of age. 

Exclusion Criteria:  

Mice will be excluded from participating in the study if they meet any of the following exclusion criteria: 

1.A score four or score ≥ 2 for more than 6h during animal welfare surveillance.  
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2.Exposure to any other drug during the study period, e.g., treatment requested by the veterinarian for 

skin wounds. 

3.Any sign of infection.  

4.Pregnancy. 

5.Signs of ramipril, empagliflozin, finerenone intolerance (anaphylactic reactions). 

Study Design and Schedule: 

This is a preclinical, randomized, double-blind, placebo-controlled study to evaluate the efficacy and safety 

of combination therapy to target CKD progression in adult mice. The randomization of all eligible mice 

will be stratified by their induction regimen. Alport mice will be dosed with a vehicle, ramipril, ramipril-

empagliflozin, or ramipril-empagliflozin-finerenone once daily with the study agent by gastric tube 

administration for eight weeks.  

The primary efficacy endpoint will be the kidney lifespan. 

Secondary endpoints will be kidney function, proteinuria, histomorphological parameters of kidney atrophy. 

Kidney function assessments will be based on measured glomerular filtration rate (mGFR) at study sites 

where the necessary experience and hardware are available. In addition, serum markers of kidney excretory 

function (serum creatinine/SCr and blood urea nitrogen/BUN levels) will be measured.  

A safety analysis will include animal welfare scoring in all animals and a histomorphological analysis of 

non-kidney tissues in a subset of animals. 

Experimental animals, housing, and husbandry  

Col4a3tm1Dec-/- mice with spontaneous CKD (Alport nephropathy) will be used in this study and bred in an 

in-house colony. All mice will be kept under pathogen-free conditions in a 12-hour light and dark cycle 

with free access to food and water. Enrichment will be provided as per local regulatory requirements. Health 

status, cleaning, beddings, water, and food supply with standard chow will be according to our center's local 

standard operating procedures. 

The primary efficacy endpoint 

Time to lethal uremia (kidney lifespan). 

Major Secondary Endpoints: 

Markers of kidney excretory function (mGFR, SCr, BUN). 

Histomorphological parameters of the kidney in a subgroup of animals.  

Safety analysis: Animal welfare scoring (all animals), histomorphological analysis of non-kidney tissues 

(subset of animals). 



101 

Sample Size Calculation: 

Group comparisons are determined about the (kidney) survival time, defined as achieving a stress score 

greater than 2 for more than 6 hours. A comparison is made with vehicle-treated animals. A minimum 

survival time of 60 days is assumed here. The expected median duration in the control group is 70 days. An 

extension to 85 days is clinically relevant. It can be assumed that there will be no failures up today 60. The 

log-rank test is used as a statistical test. This corresponds to a clinically relevant hazard coefficient of (85-

60) / (70-60) = 2.5. With an error of the first type of α= 0.05 and an error of the second type β= 0.2, the 

sample size is n = 20 per group. The use of a two-sided test is necessary because it cannot be ruled out that 

individual therapy groups also lead to a shortening of the (kidney) survival time, which would be significant 

since all test substances are already in clinical use elsewhere. 

Randomized and Double-Blind Strategy: 

We use the idea of "Stratified randomization" to achieve randomization. We use the function to create 

random assignments for clinical trials (or any experiment where the subjects come one at a time). The 

randomization is done within blocks so that the balance between treatments stays close to equal throughout 

the trial. 

Safety Endpoints and Analysis: 

Descriptive statistics will be used to summarize adverse events (AEs). The frequency and rate of laboratory 

abnormalities will be tabulated by treatment group. The frequency and rate of AEs will be tabulated by 

MedDRA system organ class (SOC) and preferred term and compared between placebo and the treatment 

group. 

No Data Monitoring Committee (DMC) will be installed.
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Appendix 3 Animal welfare surveillance 

No alterations Mildly altered 

 (1 point) 

Moderately altered 

 (2 points) 

Severely altered 

 (4 points) 

Shiny, clean fur 

Builds nest 

Social interactions 

Reacting to stimulus 

Normal motions 

Exploratory behavior 

GFR＞150 ul/min 

Weight loss <10% 

Partially pilo erection  

Dampened but reactive 

Transient bent back   

Transients tremor  

Transient abnormal 

respiration 

Transient wet wound 

GFR 50-150ul/min 

 

Weight loss <15% 

Permanent piloerection 

Dampened on provocation 

Intermittent bent back 

Repeated abnormal 

breathing 

Intermittent tremor 

Transient exhaustion·  

Redness, swelling at the 

injection site 

GFR＜50 μl/min 

Weight loss >15% 

Moderate-severe 

dehydration 

Not reactive to stimuli 

Persistent back bending 

Persistent abnormal 

breathing  

Persistent tremor 

Convulsions 

Persistent exhaustion 

Self-destructive injuries 

Self-isolation 

 

1. “transient”: only one time detected in two subsequent checks 

2. “intermittent”: in three subsequent checks 1. Timepoint: yes; 2. Timepoint: no; 3. Timepoint: yes. 

3. “repeated”: at two-time points. 

4. “persistent”: > 2-time points. 

5. “moderate dehydration”: piloerection and possible cause of mild weight loss. Give volume (s.c. NaCl 

0.9 % 0.2 - 0.4 mL at max. volume 10 mL/kg in single injection site). 

6. Termination (cervical dislocation) once 4 points have been reached in summation or at the one-time point. 

7. A sum score of 2 or 3 points: repeat assessment after 6 and 12 h. Worsening should lead to consultation 

with a veterinarian.
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Appendix 4 The R code of ‘Package blockrand’ 

library(blockrand) 

male<-blockrand(n=40,num.levels=4,levels=c("A","B","C","D"),id.prefix='M', 

block.prefix='M',stratum='Male') 

female<-blockrand(n=40,num.levels=4,levels=c("A","B","C","D"),id.prefix='F', 

block.prefix='F',stratum='Female') 

my.study <- rbind(male,female) 

 

p=plotblockrand(my.study,'mystudy.pdf', 

top=list(text=c('Combination therapy in Mice with Alport Syndrome', 

'Mouse ID: %ID%','Treatment: %TREAT%', 

'from Cage: ',"Ear mark:","DOB:","Experiment date:","","Signature:"), 

col=c('black','black','black','red','black','black','black','black','black','black'), 

font=c(1,1,1,4,1,1,1,1,1,1)), 

 

middle=list(text=c("Combination therapy in Mice with Alport Syndrome", 

"Sex: %STRAT%","Mouse ID: %ID%"), 

col=c('#80afd2','#6594c4','#4575b4'),font=c(1,2,3)), 

 

bottom="Demo", 

cut.marks=TRUE) 

 

 

https://cran.r-project.org/web/packages/blockrand/index.html
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Appendix 5 Abbreviation 

Abbreviation Full name Abbreviation Full name 

CKD Chronic kidney disease TGF Transforming growth factor 

KDIGO 
Kidney Disease: Improving 

Global Outcomes 
eNOS 

Endothelial nitric oxide 

synthase 

GFR Glomerular filtration rate ICAM Intercellular protein 

GBM 
Glomerular basement 

membrane 
NADPH 

Nicotinamide adenine 

dinucleotide phosphate 

AD Autosomal dominant AR Autosomal recessive 

NGAL 
Neutrophil gelatinase-

associated lipocalin 
PAL 

Plasminogen activator 

inhibitor 

HbA1c  Glycated haemoglobin CNI 
Connective tissue growth 

factor 

MMPs Matrix metalloproteinases AKI Acute kidney injury 

RAS Renin-angiotensin system TNF Tumor necrosis factor 

ACEi 
Angiotensin-converting 

enzyme inhibitors 
FDA 

Food and Drug 

Administration 

NF-κB Nuclear factor kappa B RCT Randomized controlled trial 

ARB 
Angiotensin receptor 

blockers 
HFrEF 

Heart Failure with Reduced 

Ejection Fraction 

DM Diabetes mellitus MI Myocardial infarction 

SCr Serum Creatinine ESKD End-stage kidney disease 

LMICs 
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