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Abstract

:

Diabetes is the leading cause of kidney failure and specifically, diabetic kidney disease (DKD) occurs in up to 30% of all diabetic patients. Kidney disease attributed to diabetes is a major contributor to the global burden of the disease in terms of clinical and socio-economic impact, not only because of the risk of progression to End-Stage Kidney Disease (ESKD), but also because of the associated increase in cardiovascular (CV) risk. Despite the introduction of novel treatments that allow us to reduce the risk of future outcomes, a striking residual cardiorenal risk has been reported. This risk is explained by both the heterogeneity of DKD and the individual variability in response to nephroprotective treatments. Strategies that have been proposed to improve DKD patient care are to develop novel biomarkers that classify with greater accuracy patients with respect to their future risk (prognostic) and biomarkers that are able to predict the response to nephroprotective treatment (predictive). In this review, we summarize the principal prognostic biomarkers of type 1 and type 2 diabetes and the novel markers that help clinicians to individualize treatments and the basis of the characteristics that predict an optimal response.
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1. Introduction


Diabetes is a major cause of Chronic Kidney Disease (CKD) and the leading cause of End-Stage Kidney Disease (ESKD) [1,2,3]. Overall, about 50% of patients with type 2 diabetes and about one-third of those with type 1 diabetes will develop CKD over time [4,5]. Chronic Kidney Disease in patients with diabetes (also called diabetic kidney disease, DKD) is defined following the Kidney Disease Improving Global Outcomes Work Group (KDIGO) guidelines, as the presence of either decreased kidney function (estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2) and/or albuminuria, which is considered the main marker of kidney damage [6]. This classification encompasses patients who do not rigorously follow the classical stages of DKD, namely progression from normal to increased albuminuria and, then to a low eGFR. In fact, in large epidemiologic studies, many diabetic patients have a significant reduction in eGFR without albuminuria, or vice-versa, raised albuminuria levels but no decrease in eGFR [7]. Etiology of CKD in patients with diabetes is complex and includes multiple mechanisms such as glomerular hemodynamics (i.e., glomerular hyperfiltration), inflammation, oxidative stress and fibrosis [8,9,10]. Regardless of the mechanism of damage, it has been shown that DKD patients represent a clinical subgroup with an extremely poor prognosis [11]. A large meta-analysis of the Chronic Kidney Disease Prognosis Consortium, including more than 1 million patients, compared patients with and without diabetes across the same cut-offs of eGFR and albuminuria, and found that, keeping patients without diabetes as a reference, those with diabetes were at an increased, up to 2-fold, risk for all-cause and cardiovascular (CV) mortality [12]. Moving from these dramatic evidences, a number of clinical trials have been carried out with the aim of reducing CV risk, mortality and slowing progression to ESKD, in DKD patients [13,14,15,16,17,18,19]. All these trials have answered the question of whether DKD patients may benefit from the addition of nephroprotective drugs (e.g., blood pressure lowering drugs, albuminuria lowering drugs, drugs targeting hemoglobin levels, antioxidant inflammation modulators) to the standard-of-care represented by the renin-angiotensin-system inhibitors (RAASi). The SONAR, the CREDENCE and the FIDELIO-DKD trials are particularly relevant since they demonstrated that sodium-glucose co-transporter inhibitors (SGLT2is), endothelin-1 receptor antagonists (ERA) and the novel non-steroidal mineralocorticoid receptor antagonist (MRA) confer a reduction of risk of progression to ESKD in DKD patients already treated with RAASi. However, going deeper into these studies, it should be noted that the residual risk of future events remains high. In the SONAR study, the cardiorenal event rate was 5.2% patients/year in the atrasentan arm and 6.1% patients/year in the placebo arm [17]. Although this difference was statistically significant in favor of atrasentan, a not trivial number of patients were still at risk, even if they had been treated more. The modern suggestion is that we are relenting CKD progression rather than treating the underlying kidney damage. A further effort is, thus, required. One fascinating strategy consists of individualizing prognosis and treatment in DKD patients—so-called precision (or personalized) medicine [20]. This consists of the use of biomarkers or clinical measures that can help a clinician make the true decision in terms of treatment to prescribe, based on the likelihood of each patient to respond to that drug, and also to plan the follow-up in the clinic based on the true estimation of future prognosis given the patient’s characteristics [21,22,23,24]. Previous studies have examined this topic and interesting findings have been reported around diagnostic and prognostic aspects of personalized medicine in DKD patients [23,24]. We here present a narrative review, which summarizes the main evidence around precision medicine in the context of DKD, with regards to prognosis and prediction.




2. Diabetic Kidney Disease: Definition and Prognosis


Diabetes Kidney Disease is a heterogeneous disease and refers to patients with the concomitant presence of diabetes and CKD [7]. It is seldom possible, in clinical practice and epidemiology, to discern between ‘diabetic nephropathy’ and the presence of kidney damage in the context of diabetes, so the diction DKD encompasses both these conditions. Such a definition is helpful, since most cases of DKD do not rigorously follow the Mogensen’s phases of the disease, depicted in 1980, and thus notwithstanding, they remain at increased CV and renal risk. What is known from the United Kingdom Prospective Diabetes Study (UKPDS), a large longitudinal cohort study following diabetic patients over time, is that about one third of these patients develop kidney damage, detected with the presence of albuminuria of eGFR reduction [25]. In patients referred to nephrologists, the prevalence of DKD ranged between 14–30% [26,27]. These data are alarming if it is considered that the global prevalence of diabetes has more than doubled in men and has increased by 60% in women [28]. Among the causes of ESKD in the United States, DKD was confirmed to lead the ranking, with more than 150 cases per million persons/year [29]. In addition to the high-risk for CKD progression to EKSD, patients with DKD have a very scarce CV prognosis. According to previous data derived from very large cohorts, patients with DKD had a 2.7 higher risk of myocardial infarction during follow-up in the Alberta Kidney Disease Network (AKDN) cohort and National Health and Nutrition Examination Survey (NHANES) population [30]. This risk was strikingly higher than that observed in patients with only diabetes (2.0) or only CKD (1.4) in the same cohorts. Similar estimates were reported for all-cause mortality. Cardiovascular events in DKD patients can be predicted with traditional and non-traditional risk factors. Among the first, a remarkable role is played by age, blood pressure, serum lipids levels, and smoking habit [31]. However, recent studies have interestingly highlighted that an equally important role should be given to non-traditional risk factors such as proteinuria (or albuminuria) and eGFR [32]. Proteinuria and eGFR are two kidney measures which enter in the principal classification of CKD, according to the current guidelines, and have a major impact on therapeutic decisions [6]. Based on eGFR levels (mL/min/1.73 m2), CKD is classified into six risk categories: G1 (≥90), G2 (60–89), G3a (45–59), G3b (30–44), G4 (15–29) and G5 (<15). Overall, stages G1–G3a configure mild–moderate CKD; stages G3b–G4 moderate–severe disease; and G5 refers to kidney failure, namely, the most advanced stage of CKD. Each eGFR-based category (G) is divided into three sub-categories (A1, A2, and A3) according to the degree of albuminuria (or proteinuria). Albuminuria can be measured in clinical practice through the albumin-to-creatinine ratio (ACR, expressed as mg/g) or via the 24 h urine collection (in this case the output will be reported as mg/24 h) [33]. Proteinuria measurement is similar with the use of the protein-to-creatinine ratio (PCR, mg/g) or 24 h proteinuria excretion (mg/24 h). A1 (normal–mild) refers to albuminuria levels of <30 mg/g (or mg/24 h), A2 (moderate, or micro-albuminuria) to 30–300 mg/g (or mg/24 h) and A3 (severe, or macro-albuminuria) to values greater than 300 mg/g (or mg/24 h). These three categories can be created using 24 h proteinuria by replacing the threshold with <150 mg/24 h (normal-mild), 150–500 mg/24 h (moderate) and >500 mg/24 h (severe) [6]. The final result of such a stratification is a combination of G and A categories (GA stages) which detect categories of patients with different prognosis. In particular, risk of CKD progression and CV events increase as albuminuria increases (moving from A1 to A3) and as eGFR falls down (from G1 to G5) [32]. As a consequence of such an interaction between albuminuria and eGFR, the highest event rates are present in patients with worse G and A categories at the same time. However, this classification also showed that albuminuria and eGFR should be both carefully monitored, since, for example, patients with a normal–mild reduction of kidney function (G grade) have a non-negligible future risk if albuminuria is severe (A3) [34]. In patients with diabetes, proteinuria acts as a modulator of future CV risk. In fact, in a cohort of CKD patients followed by nephrologists, risk for CV events (myocardial infarction, stroke, peripheral vascular disease and heart failure) started for mild–moderate 24 h-proteinuria (0.150–0.500 g/24 h) in DKD patients if compared with CKD patients without diabetes where the risk started from the severe proteinuria category (>0.500 g/24 h) (Figure 1) [11].




3. Complexities Underlying Diabetic Kidney Disease: Molecular Mechanisms of Damage


The pathophysiology of DKD is widely complex and heterogeneous. It is well demonstrated that the altered metabolic milieu is responsible for the initial damage that in turn leads to DKD [35]. The presence of extracellular hyperglycemia determines an increase of the concentration of intracellular glucose. In diabetic subjects, intracellular glucose is preferentially oxidized via the fructose 6-phosphate, hexosamine and via the polyol pathways [36]. The change in type of intracellular glucose metabolism together with the activation of non-enzymatic pathways generate a spectrum of aberrant substrates, namely advanced glycation end-products (AGE) and reactive oxygen species (ROS). These substrates alter the gene expression over time and trigger a phenomenon known as ‘epigenetic reprogramming’ which consists, for these patients, in the perpetual and long-term activation of pro-fibrotic genes [37]. Among them, the hyperactivation of the chromatin-modifying enzyme PARP1 has been found in DKD patients [35]. Moreover, the aforementioned diabetic milieu is characterized by an increase in circulating levels of vasodilators such as nitric oxide and prostaglandins and a concomitant increase in vasoconstrictors like angiotensin II and endothelin 1. This imbalance ultimately results in the vasoconstrictions of efferent glomerular arterioles and, in consequence, in the abnormally elevated GFR that marks the initial phase of DKD. In addition to the hemodynamic effect, the imbalance of molecular paths also damage the structure and function of the glomerular capillary wall. It has been reported that the increased endothelin 1 and vascular endothelial growth factor (VEGF) levels, stimulated by the hyper-activation of Protein Kinase C (PKC), promote the disruption of glomerular endothelial cells and glycocalyx, with altered selectivity and development of proteinuria, which exerts per se toxic effects on the tubule kidney cells [33,38]. The release of ROS and cytokines, like transforming growth factor-β1 (TGF-β1), platelet-derived growth factor (PDGF) and Tumor necrosis factor-α (TNF-α) promote the apoptosis of podocytes, a crucial step in the pathogenesis of DKD since these cells, which are instrumental in the control of a glomerular filtration process, are terminally differentiated cells and thus they cannot be directly replaced [39]. It has been demonstrated that the surviving podocytes experiment with a cytoskeleton reorganization, and increase dimension and spread to cover the glomerular-basal membrane. This occurs to compensate for the function of podocytes lost. The molecular mechanisms underlying these changes have been reported. The podocyte hypertrophy is mediated by mTOR kinase, which acts through the substrates S6 kinase1 and 4E-binding protein 1 [40]. The AMP-activated protein kinase (AMPK), Phosphatase and tensin homolog (PTEN) and Akt2 signaling regulate mTOR activation and represent potential targets of novel drugs for reducing glomerular damage in DKD patients. Several other molecular mechanisms related to inflammation and oxidative stress in DKD have been demonstrated. A relevant amount of inflammatory stimuli in DKD derives from the macrophage infiltration in the kidney, whose degree is directly correlated with a poor kidney prognosis [41]. The macrophages are able to release several cytokines such as TGF-β1 and TNF-α. The TGF-β1 released by macrophages, together with that synthesized by mesangial cells upon hyperglycemic/angiotensin-II stimuli, promotes mesangial cell hypertrophy and matrix accumulation across both kidney glomeruli and tubules with a mechanism at least in part mediated by connective tissue growth factor (CTGF) [42]. The interest in the activation of macrophage in DKD was confirmed by a clinical study in patients with DKD and albuminuria who were randomized to NOX-E36, a monocyte-chemotactic protein 1 (MCP-1) inhibitor [43]. MCP-1 is one of the key chemokines which regulates the migration and activation of macrophages. Albeit that the difference in albuminuria reduction between intervention and placebo was overall not significant, NOX-E36 was demonstrated to decrease urine albumin excretion (ACR) by 29% in the first three months of treatment, thus stimulating future research in this direction. One of the points deserving further reflection is that, in DKD, not all the described mechanisms of damage are active in the same patients and at the same stage of disease [22]. Even more importantly, it has been hypothesized that the pathophysiology of DKD varies during time within the same individual [44]. Several methods, such as biological vocabularies, molecular pathways and molecular networks, can be used to simplify the large amount of information derived from ‘omics’ techniques [22]. Irrespective of the technique used, it would be extremely important to develop novel biomarkers that reveal the mechanism of damage active in a specific DKD patient, since this may guide risk stratification and treatment.




4. Old and Novel Treatments Available for Reducing Risk in Patients with Diabetes and CKD


The first clinical trials in patients with DKD date back to early 2000 [45]. Three main studies, i.e., the Collaborative Study Group (CSG) Captopril trial, the IDNT and the RENAAL trials, have shown the efficacy and safety of angiotensin-converting-enzyme inhibitors (ACEi) and Angiotensin Receptor Blockers (ARBs) in slowing CKD progression in these patients [13,14,46]. On average, ACEi and ARBs conferred around 20% risk reduction of ESKD as compared with standard-of-care. After these important discoveries, the use of RAASi in clinical practice has shown a rapid diffusion. However, post-hoc analyses of these trials have subsequently reported that up to 40% of patients do not respond to ACEi or ARBs in terms of albuminuria reduction [47,48]. This variability in response (true variability, also called non-random variation) is independent of the day-to-day fluctuations (random variation) in albuminuria and is partially explainable by many factors, such as adherence to treatment, and albuminuria levels at the moment of start-of-treatment with RAASi [33]. For this reason, several trials have been carried out in the past two decades with the important aim of reducing this residual cardiorenal risk in DKD patients as strongly as possible. Two positive large trials, specifically conducted in DKD patients, were published in 2019 (after two decades) [17,18]. These trials have strongly demonstrated that SGLT2 inhibitors and selective ERA have a significant role in relenting CKD progression. SGLT2 inhibitors are antagonists of the SGLT-2 co-transporter located in the early proximal renal tubule, which is responsible for most (90%) of the reabsorption of filtered glucose. As is already known, in diabetes, there is an increase in expression of SGLTs, along with the growth of proximal tubules, as a consequence of hyperglycemia and enhanced intrarenal synthesis of Angiotensin II. The enhanced expression of SGLT proteins and mRNA, also demonstrated in tubular cells, contributes to the increased glucose reabsorption observed in diabetic patients. SGLT2 inhibitors determine an increase of urine excretion of glucose and thus an improvement of glycemic control, but they also cause a restoration of the normal tubule–glomerular feedback (TGF), a mechanism potentially associated with the long-term protection on the kidney. Furthermore, SGLT2 inhibitors have anti-inflammatory and anti-fibrotic effects, leading to a reduction in the amount of ROS, glomerulosclerosis and tubule-interstitial fibrosis. Recently, it has been well demonstrated that the SGLT2i dapagliflozin reduced the renal resistive index, with a potential improvement of endothelial function in the kidney [49,50]. The CREDENCE trial and the Canagliflozin Cardiovascular Assessment Study (CANVAS) trial demonstrated that the SGLT2i canagliflozin confers a 30% lower risk of renal events and a 15% risk reduction of fatal and non-fatal CV events when added to the standard of care (one ACE or ARB) [18,51]. Another drug class that raised interest in treating DKD is represented by the ERA. ERA are selective antagonists of endothelin-1 receptor A, whose activation has been associated with the development of albuminuria and glomerulosclerosis in conditions of increased production of endothelin-1, as it occurs in CKD patients. Moreover, endothelin-1 binding to ET receptors type A (ETAr) promotes oxidative stress, vasoconstriction, inflammation, cell proliferation, podocyte activation and stimulation of angiotensin II, all mechanisms that worsen the progression of renal damage over time [52]. Despite the negative results reached with avosentan, the more selective atrasentan has demonstrated, in the SONAR trial, to confer a further 35% risk reduction of renal events (i.e., doubling of serum creatinine or ESKD) in addition to RAASi use [17,53]. Unfortunately, atrasentan was also associated with an increase in fluid retention and hypervolemia as depicted by the increase in Brain-Natriuretic-Peptide (BNP) in the atrasentan versus placebo group. More recently, very positive results have emerged from the FIDELIO-DKD trial [19]. In this trial, about 5700 patients suffering from DKD were randomized to receive the non-steroidal mineralocorticoid receptor antagonist (MRA) finerenone or the standard-of-care (RAASi) and found that the finerenone group had a 20% lower risk of developing renal events. The non-steroidal MRA, like the steroidal MRA, such as Spironolactone and Eplerenone, contrasts aldosterone binding to its receptors and thus leads to a degradation of ENaC channels with consequent natriuresis. The advantage of this novel class is the greater selectivity and affinity for the mineralocorticoid receptor and a lower rate of serious adverse events, such as hyperkalemia, gynecomastia and worsening kidney function. All these studies answer the question of whether the addition of novel drug classes to patients with a residual risk of CKD progression may confer nephroprotection as compared to the standard treatments. However, none of these studies have shown thus far whether the combination of ERA, MRA and the novel SGLT2is may further decrease risk and in what patients these combinations work. This hypothesis is more than intriguing when considering that these drugs share the main mechanism of decreasing urine albumin excretion, while reducing or abolishing their adverse events each other. In fact, the natriuretic effect of SLGT2 may contrast the fluid retention mediated by the ERA via the endothelin receptor B and the hyperkalemic effect mediated by the MRAs. Studies testing these fascinating hypotheses are eagerly expected in the near future. Testing the additive effect of multiple treatments perfectly fits with the precision medicine aim. Positive results in DKD patients were also reached with the use of Glucagon-like peptide-1 receptor agonists (GLP1-RA) [54]. These agents stimulate the incretin GLP1 receptors and thus stimulate insulin secretion from pancreatic β-cells and reduce glucagon release [55]. The AWARD-7 trial was the first randomized study evaluating the efficacy and safety of the GLP1-RA dulaglutide in patients with DKD [56]. This study showed that treatment with dulaglutide, at both doses of 0.75 mg and 1.5 mg per day, was associated with a slower eGFR decline as compared to insulin glargine. Next, the AMPLITUDE-O clinical trial was carried out with the aim of comparing major CV and kidney (decrease of eGFR or increase in albuminuria) outcomes in diabetic patients with either a previous history of CV disease or with the current presence of CKD randomized to the GLP1-RA efpeglenatide or placebo [57]. A risk reduction of about 30% was reported in the efpeglenatide group, for the onset of both CV and kidney events. The aforementioned studies reported a CV and kidney protection associated with the start of treatments with different mechanisms of action. However, the patients who particularly benefit from these treatments are those who manifest a positive response in the first months of treatment, in term of albuminuria reduction, HbA1c reduction and/or blood pressure reduction. A post-hoc analysis of the RENAAL trial showed that, in the losartan arm, the magnitude of nephroprotection (ESKD risk reduction) was directly proportional to the amount of albuminuria reduction early after treatment initiation [58]. Even more impressive, the same findings were reported from the ALTITUDE database, albeit that this was a ‘negative’ study. In this study, patients treated with aliskiren + ACE/ARB had less than half the risk of CKD progression as compared with those treated with ACE/ARB alone [59]. What we learned from these relevant studies is that within each treatment group, there was a consistent variability in progression. The challenge for future studies is to reduce and minimize variability in response to the well-known biomarkers. Intriguingly, it has been well demonstrated that a non-negligible proportion of DKD patients progress to the more advanced stages of CKD (3 to 5) despite the ACE/ARB-induced albuminuria reduction [60,61]. This opposite and controversial scenario reveals that DKD is a multifactorial and multi-marker-based disease, and thus, that finding novel prognostic and predictive biomarkers is crucial.




5. Biomarkers and New Tools to Improve Individual Risk Prediction in Patients with Diabetes and CKD


The KDIGO guidelines classify DKD (and CKD as well) on the basis of albuminuria and eGFR categories. This approach has been shown to be clinical useful, especially in detecting patients with DKD who deserve to be referred to a nephrologist in large General Population cohorts [6,12]. At the same time, it was criticized for being considered as a “reductionist” method on behalf of many nephrologists. In fact, the albuminuria-eGFR classification does not encompass all the mechanisms and risk factors that are active in DKD patients [62]. In the context of prognosis, the final aim of precision medicine is the possibility to find and characterize subgroups of patients with the same disease but different risks of future outcomes. Type 1 diabetes is classically defined as an immune-mediated destruction of pancreatic β-cells, which leads to a discontinuation of insulin production [63]. Hence, this is usually seen as the trigger of a complete loss of blood glucose level regulation with the needs of exogenic insulin substitution treatment. However, biomarker analysis revealed that patients’ categories with different future risk can be detected. The inactive circulating peptides mid-regional proANP (MR-proANP) and N-terminal proBNP (NT-proBNP) have been found to be associated with about a 2-fold increased risk of EKSD, CV events and all-cause mortality in patients with type 1 diabetes, regardless of the main traditional risk factors such as age, gender and eGFR levels. Importantly, this association was confirmed in type 1 diabetes patients who were followed for many (>6) years [64]. The principal hypotheses underlying the strict association between MR-proANP and NT-proBNP with CV and renal risk have been related to the evidence that these peptides are released in response to stressful stimuli, such as volume overload or stretching of cardiac cells. Another class of biomarkers of growing interest is represented by the cardiac troponins, proteins which play a pivotal role in the muscular contraction and which are released in blood circulation in response to myocyte injury or necrosis. Among them, blood levels of the high-sensitivity cardiac troponin-T (hs-cTnT) were significant predictive (with about 40% more risk for each unit increase) on CV events over time, in patients with type 1 diabetes [65]. Intriguingly, the strength of association between hs-cTnT and NT-proBNP and CV risk is modified by gender, being hs-cTnT more strongly predictive in men and NT-proBNP in women [65]. Beyond the reason underlying this pattern, which is still unclear, such a finding is a good example of how many factors should be considered together to personalize prognosis of DKD patients, keeping in mind that differences are present with respect to such a fundamental characteristic as gender. Copeptin is a peptide which derives from the same precursor of arginine vasopressin and is considered a useful biomarker of several pathologic conditions such as myocardial infarction, atherosclerosis and ischemic stroke [66]. Recent observational studies have discovered that higher blood levels of copeptin are strictly associated with the development of atherosclerosis, arterial stiffness and kidney damage in patients with type 1 diabetes [67,68]. In particular, patients with the highest levels of copeptin have concomitantly increased levels of albuminuria, the main marker of kidney damage [69]. Moreover, a prospective analysis of the Steno Diabetes Center also showed that copeptin predicts CKD progression (ESKD and 30% eGFR decline) in a huge population of more than 600 type 1 diabetic patients [70]. A protein similar to albumin, namely the urinary angiotensinogen (AGT), has shown very interesting and promising results as early markers of disease severity in type 1 diabetes [71]. Urinary AGT level increases in the presence of kidney damage, because of filtration and intra-renal formation. Studies in type 1 diabetes have demonstrated that urinary levels of ATG predict eGFR decline and ESKD, regardless of baseline levels of albuminuria [72].



Genomics contributed to improve prognostic estimates in patients with type 1 diabetes. One interesting approach derives from the genome-wide association studies (GWAS) analysis, a tool that allows us to evaluate the association between a combination of single nucleotide polymorphisms and a specific disease status or outcome. A large GWAS analysis involving more than 19,000 patients detected 16 loci associated with CKD progression. Among them, the SNP variant rs55703767, responsible for a mutation in the collagen type IV alpha 3 chain (COL4A3), was the variant with the strongest association with kidney damage and CKD progression [73]. Type 1 diabetic patients with a high-risk of ESKD have been also characterized with respect to DNA methylation. By analyzing DNA from about 300 patients with type 1 diabetes, Smyth et al. identified different methylation patterns associated with the phenotype of patients who progress to ESKD as compared with those who do not [74]. Genes involved in these patterns included FKBP5, RUNX3, PIM1, ELMO1, and LY9. Polymorphisms in these genes have been associated with cardiovascular and kidney disease, ageing, tumor cell proliferation, TGF-β signaling and inflammatory-immune pathways [74]. Type 2 diabetes is defined with the altered cellular response to insulin [75]. Type 2 diabetes is an extremely heterogeneous disease in terms of future prognosis. Traditionally, two kidney measures—eGFR and albuminuria—have been used in these patients to establish the future individual risk of developing kidney and CV outcomes [11]. However, it has also been demonstrated that, based on these two kidney measures only, a prediction of future prognosis is still imprecise [76]. Hence, from the perspective of precision medicine, clinical research has recently focused on finding novel biomarkers that improve risk prediction besides and beyond eGFR and albuminuria. In patients with type 2 diabetes, plasma levels of Tumor Necrosis Factor receptors (TNFR)-1 and TNFR-2 receptors are associated with an increased risk of CKD progression and ESKD in survival models adjusted for baseline eGFR and the urine albumin excretion rate, suggesting that this association may reveal a true (rather than merely statistical) pattern of disease. Thus, they may help to improve risk stratification of DKD patients [77]. Importantly, these two markers forecast ESKD even in the absence of proteinuria, thus testifying their possible predictive role in the earlier stages of CKD and in non-proteinuric phenotypes of CKD [78]. TNFR-1 and TNFR-2 activate pathways of inflammation and apoptosis and influence the levels of other inflammatory cytokines such as IL-1β and IL-6 [79]. It has been hypothesized that both TNF receptors have a direct toxic effect on the kidney. In fact, experimental and human studies in DKD have found that TNF-α mRNA expression was deeply associated with the development of glomerular and tubular lesions [77]. Subsequently, the TNFR patterns have been expanded with the discovery of a signature of 17 inflammatory proteins of the TNFR superfamily, namely the Kidney Risk Inflammatory Signature (KRIS), which accurately predicts the onset of ESKD irrespective of the severity of DKD and in heterogeneous populations [77]. Similar findings have been reported for the kidney injury molecule–1 (KIM-1). KIM-1 is a transmembrane protein expressed in the proximal tubular cells in the kidney and it has been shown to promote kidney fibrosis and to accelerate eGFR decline in patients with type 2 diabetes [80]. More importantly, it has been shown that the plasma KIM-1 level is associated with CKD progression strongly and independently of the TNFR-1 and -2 levels, in patients with both early and advanced DKD [81]. This pattern was indeed evaluated in the ACCORD cohort (early DKD) and in the VA-NEPHRON-D trial (advanced DKD), two large trials conducted in patients with type 2 diabetes and CKD [53,82]. The novel trials with SGLT2 inhibitors in DKD patients have helped the comprehension of the role of biomarkers in the underlying kidney damage. In a post-hoc analysis of the CANVAS trial, Sen et al. investigated the prognostic role of growth differentiation factor-15 (GDF-15) on kidney and CV outcomes [83]. In particular, they found that increased plasma levels of GDF-15 (the highest quartile or by doubling levels) were associated with a 20 to 30% higher risk for CV events, a 1.5 to 2.1 higher risk for the development of heart failure and up to a 3-fold higher risk for kidney outcome, respectively, in survival models adjusted for eGFR, albuminuria and many other confounders. In the same study, the treatment with canagliflozin reduced the mean level of GDF-15 as compared to baseline levels (start-of-treatment visit), yet the treatment effect on future outcomes did not depend on the GDF-15. GDF-15 is an inflammatory marker whose plasma levels increase in chronic conditions such as diabetes or CKD [84]. The prognostic effect of GDF-15 on CV and kidney events is mediated by several mechanisms, including endothelial NO synthase and NFĸB [85]. As for type 1 diabetes, several markers of CV risk are also used in patients with type 2 diabetes for predicting future CV and kidney outcomes [86]. These include high-sensitivity cardiac troponins (hs-cTnT and hs-cTnI) and (NT-proBNP) and are widely used in CKD patients to diagnose coronary artery disease and heart failure, respectively. In type 2 diabetes patients, the measurement of both hs-cTnT and hs-cTnI improves CV risk stratification [87]. Such evidence is of particular importance given the availability of cardioprotective drugs for these patients and also given the particular high CV risk due to sodium sensitivity, and the oxidative and inflammatory stress underlying DKD conditions [88]. Similarly, NT-proBNP, a biomarker of fluid retention, has been shown to predict CV and kidney endpoints in DKD patients [89]. High plasma copeptin levels were found to forecast CKD progression (ESKD or doubling of serum creatinine), in patients with type 2 diabetes [90]. Such an association was strong and independent of a series of baseline covariates such as age, gender, eGFR and albuminuria. The robust findings that copeptin impairs DKD prognosis both in type 1 and type 2 diabetes supports the pathogenetic role of vasopressin through the activation of a V2-receptor and perpetuates the implementation of novel promising drugs for these high-risk patients [91]. All these mentioned studies, carried out in type 2 diabetes patients, evaluated the additive prognostic and risk stratification role of single biomarkers, or biomarker families, on future cardiorenal endpoints. One further step forward was the assessment of more complex biomarkers, namely the combination of multiple markers that can be measured together and that are able to classify DKD patients according to their future risk, as high- and low-risk [20]. One important example in the context of DKD is represented by the CKD273. The CKD273 is a panel of 273 urine peptides that were originally developed to detect early the presence of CKD from any cause [92]. In DKD patients, the CKD273 was found to be able to predict the onset of albuminuria and CKD progression over time, thus correctly working as a classifier [93]. Owing to this finding, it has been used to carry out a randomized study, the proteomic prediction and renin angiotensin aldosterone system inhibition prevention of early diabetic nephropathy in type 2 diabetic patients in a normoalbuminuria (PRIORITY) trial, during which DKD patients were included in the study on the basis of their risk (assessed with the classifier) of developing albuminuria [94]. Only high-risk patients were randomized to receive spironolactone, an albuminuria-lowering drug, or placebo. This was an extremely interesting and leading study in the context of personalized medicine trials since, for the first time, an antialbuminuric treatment was given to patients not yet albuminuric but at an increased risk of developing it. Encouraging prognostic data in patients with type 2 diabetes also derive from genomic analysis. Genetic variants in the UMOD gene, encoding uromodilin, a protein synthetized in kidney tubules, was associated with CKD development in a multiethnic analysis [95]. From the same population, 13 variants predicted CV complications of type 2 diabetes patients. Polymorphisms in genes encoding cubilin and megalin modified ESKD risk in the African American population [96]. In a Chinese population of type 2 diabetes patients, 5 SNPs predicted eGFR decline over time, yet the association was weak [76]. One further interesting point in the precision nephrology perspective is that the vast majority of risk prediction models have been built thus far using standard regression techniques (e.g., Cox proportional hazard or other multivariable regression analyses) [20]. Such models furnish the adjusted risk associated with each covariate included in the model (for instance, an increment of 20% of risk of future events for each mg increase in ACR regardless of other risk factors) but do not provide individual risk and prognostic estimates. This is done, for example, with the risk scores, because they calculate the future risk for a patient considering the exact level of multiple covariates. For instance, a typical risk score can provide the 3-year risk (%) of ESKD of a 65 year-old patient, who is smoking 15 cigarettes per day, with 25 kg/m2 of body mass index, 290 mg/g of ACR and NT-proBNP of 423 pg/mL. Risk scores may facilitate the clinical decision making process for the clinicians but may also inform patients about their future risk. To be computed, a rigorous methodology is needed and the computation (and presentation as well) of individual risk prediction metrics such as discrimination, calibration, external validation and goodness-of-fit (GOF) must be measured. Very few studies have reported these measures in DKD, and generally in CKD, thus far [97]. In the past decade, Tangri and colleagues developed the Kidney Failure Risk Equation (KFRE), reporting that four variables—age, gender, eGFR, albuminuria—were, if taken together, sufficiently strong to predict ESKD risk [98]. Metrics of individual performance such as discrimination, GOF and calibration were reported for this equation and an electronic calculator was provided as well. Subsequently, we refined the KFRE by replacing the absolute proteinuria with proteinuria indexed to eGFR (proteinuria/eGFR*100, also called F-Uprot), which has been shown to predict more accurately ESKD risk in advanced CKD stages [26]. Further risk equations have been developed in patients with advanced stages of CKD only or in health-care insurance systems such as the Kaiser Permanente Northwest [99,100]. Specifically, in type 2 diabetes patients, a meta-analysis of 20 cohort studies was used to develop and validate a risk score for the onset of DKD [101]. This score highlighted the importance of traditional risk factors such as age, smoking habit and UACR in the risk prediction and all significant factors were then used to build a nomogram. Another risk score for the prediction of kidney function decline in DKD patients has been developed in the Mount Sinai Health System [102]. This score, called KidneyIntelX™ combined novel (KIM-1, TNFR-1 and 2) and traditional (serum calcium, albuminuria, eGFR) biomarkers and were demonstrated to be more accurate in terms of discrimination as compared to the KDIGO risk categories. Despite the demonstration and presentation of these scores, a further effort is needed to improve risk stratification and prognosis of DKD patients. An apparently minor, yet very important, point in this context is to spread individual risk prediction models within the nephrology community, encouraging the use of the available models to improve patients’ care [103].




6. Clinical and Genetic Predisposition to Individual Response to Therapies in Diabetes and CKD


The treatment of DKD is aimed at correcting multiple risk factors such as hyperglycemia, hypertension, albuminuria, lipid disorders and obesity. The long-term goal is to prevent the onset of CV complications and the kidney function progression to the more advanced and severe stages of the disease. Targeting these multiple risk factors is necessary to reach the goal. A crucial step in the ongoing clinical research into DKD is to understand which biological or clinical factors can predict the response to treatments [104]. Prognostic research can lead to the detection of subgroups of patients at high or very-high risk of future events, but it is detrimental to assess to what treatment these patient categories will respond in order to minimize their risk of long-term complications. Such a work setting perfectly fits with the aim of precision medicine in DKD patients. As depicted below, the available studies have reported a large individual variation in response to anti-diabetic treatments in type 2 diabetic patients. Metformin is considered the first-line treatment for hyperglycemia and in DKD patients, it is not contraindicated unless the kidney damage is advanced (i.e., eGFR < 30 mL/min/1.73 m2) or if conditions predisposing to lactic acidosis (heart failure, active liver disease, systemic hypoperfusion, sepsis) coexist. Clinical and pharmacogenetic factors explain the individual variation in response to metformin. It has been shown that older age, a lower body mass index (BMI) and the short duration of diabetes predict the positive response in terms of the magnitude of glycated haemoglobin (HbA1c) reduction to metformin [105,106]. This latter evidence supports the early initiation of metformin in diabetic patients. Genetic variants of the SLC22A1 gene, encoding the organic cation transporter-1 (OCT-1) and the SLC47A1 gene encoding multidrug and toxin extrusion 1 transporter (MATE-1), influence both pharmacokinetic (PK) and pharmacodynamic (PD) behavior of metformin. With respect to the SLC22A1 gene, variant rs622342 (AA) has been shown to predict a greater glycemia-lowering response to metformin as compared to minor C variant in the same gene (Figure 2) [84,107]. This evidence can be explained by the lower OCT-1 activity in patients with C alleles. OCT-1 is a transporter located in the brush border of gut cells and in basolateral membranes of renal cells and hepatocytes and it is involved in important processes, such as metformin absorption from the intestine, and drug transport across hepatic and kidney cells. Regarding MATE-1, this is a transport located in the luminal membrane of proximal tubular cells in the kidney and in the biliary pole of the hepatocytes, where it mediates the efflux of metformin and other substrates. Hence, reduction in MATE-1 function, as in the case of the rs2289669 variant, predicted a greater response to metformin, which is likely associated with its increased plasma levels [107]. Similar studies have also demonstrated an individual variability in response versus the aforementioned nephroprotective treatments GLP1-RA and SGLT2 inhibitors. Polymorphisms in the GLP1 receptor gene exert different responses to GLP1-RA. The variant rs6923761 was associated with a greater response to liraglutide, whereas the polymorphism rs10305420 in the T allele has been associated with a lower response in terms of weight loss and Hb1Ac to the GLP1-RA exenatide [108,109]. Interestingly, polymorphisms in the TCF7L2 gene were associated with a positive response to exenatide [110]. The TCF7L2 gene is involved in the molecular pathway, which facilitates the GLP-1-dependent insulin secretion from the pancreatic β-cell [111,112]. Variants in this gene influence the response to GLP1-RA, but also to the dipeptidyl-peptidase-4 inhibitors [113].



The SGLT2 inhibitors are novel drugs which are certainly gaining momentum in the treatment of patients with diabetes and CKD. Some studies have highlighted a greater response in males than in females to these agents, even though this finding is still controversial [114]. One reason underlying this difference can be the higher expression of these transporters in males. Genetics play a relevant role in determining the degree of response to SGLT2 inhibitors as shown by the first studies examining these patterns. Variants in the UGT1A9 gene such as UGT1A9*3 and UGT2B4*2 have been associated with a higher plasma concentration of canagliflozin and with a higher response to this drug [115]. Variants in the SLC5A2 gene, encoding the SGLT2 transporter, have also been found but whether they determine a PD variation in drug response is still unclear [93,116]. Landmark trials have shown that SGLT2 inhibitor effect is consistent across many subgroups of patients [117]. However, about 20% of patients who started treatment with the SGLT2 inhibitor dapagliflozin did not respond, in terms of albuminuria reduction, in a previous trial, with this nonresponse being reproducible after re-exposure to the same drug [118]. Since the first real-life experiences of treatment with SGLT2 inhibitors are currently active, it would be extremely important to have in the next future studies showing who are the patients which do not sufficiently respond to the SGLT2 inhibitors. The reasons underlying the variability in response to ACEi and ARBs are several and encompass clinical and genetic determinants. Previous studies reported that patients with a high BMI and obesity have a decreased response to these agents, with endocrine and metabolic factors being involved in enhancing the low response [119,120]. Furthermore, the high sodium intake is associated with a low response to both ACEi and ARBs and this effect is also present with respect to the onset of future hard endpoints such as CV events and CKD progression over time [121]. Other than sodium, serum potassium also plays a pivotal role in response to ARBs. A post-hoc analysis of the RENAAL trial showed that patients who started the ARB losartan and developed hyperkalemia in the first few weeks were not more protected against the subsequent kidney risk (CKD progression to ESKD) as compared to those who did not develop hyperkalemia [122]. Genetic variants may also influence the response to ACEi and ARBs. An insertion (I) or deletion (D) polymorphism of the ACE gene modifies the activity of the systemic and renal renin-angiotensin-aldosterone system (RAAS) with a higher activity in patients with the D polymorphism. Response to ACEi and ARBs was found increased in patients with DD polymorphism, which also is the genotype associated with the highest risk of DKD progression [123,124]. Statins are widely used in patients with diabetes and CKD, since the presence of both conditions dramatically increases the risk of major CV events and CV death. These drugs work through the competitive inhibition of the enzyme 3-hydroxy-3-methylglutaryl-CoA reductase, responsible for the cholesterol biosynthesis in the liver. Statins lower LDL cholesterol levels, but a degree of individual variation in treatment effect has been found. Clinical and demographic variables such as older age, male gender and lower alcohol consumption have a larger LDL cholesterol reduction in response to statins. Conversely, smokers show a lower response to these drugs [125]. Polymorphisms in the gene involved in the PK of statins are major modifications of their individual response, particularly with respect to the cytochrome P450 expression. Patients with increased CYP3A4 will have a higher response to lovastatin, simvastatin or atorvastatin, whereas those with hyperexpression of CYP2C9 will likely respond more efficaciously to fluvastatin or rosuvastatin [126,127,128,129,130]. Table 1 summarizes the main findings derived from prognostic and predictive studies in patients with diabetes and CKD.



Intriguingly, all these studies have shown that patients have a different response to almost all the nephroprotective treatments used, this being true for the old and the more recent drug classes. At the same time, these studies answer the question of whether one or more factors modify the individual response to a defined treatment. It would be even more interesting, in future studies, to combine all this predictive information to reach out to a typical setting of individual features, which predict the response to a panel of treatments, with the aim of optimizing the control of the high number of risk factors of future risk in DKD patients.




7. Conclusions


Precision medicine is gaining momentum in the context of heterogeneous disease such as DKD. Moreover, this condition is associated with an extremely high risk of kidney and CV events and its global burden is marked by a continuous increase in prevalence. Precision medicine encompasses prognostic and predictive aspects in DKD. In fact, there is a great interest in searching biomarkers and individual risk prediction models which are able to improve the risk stratification of patients. Similarly, current research is making progress on the comprehension of the mechanisms that influence the individual response to nephro- and cardioprotective treatments. Finally, but still importantly, spreading communication of both observational and randomized study findings to the nephrology community is an urgent need since it may directly transfer the good result of clinical research in the potential good results of clinical management. Further studies around these disparate topics of the same matter are more than expected in the near future.







Author Contributions


Conceptualization, M.P. and G.C.; methodology, M.P., G.L.M. and G.C.; writing—original draft preparation, M.P., G.L.M., F.M., C.A., C.B., V.C. and G.C.; writing—review and editing, M.P., G.L.M., F.M., C.A., C.B., V.C. and G.C.; visualization, M.P., G.L.M., F.M., C.A., C.B., V.C. and G.C.; supervision, M.P., G.L.M. and G.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cho, N.H.; Shaw, J.E.; Karuranga, S.; Huang, Y.; da Rocha Fernandes, J.D.; Ohlrogge, A.W.; Malanda, B. IDF Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res. Clin. Pract. 2018, 138, 271–281. [Google Scholar] [CrossRef] [PubMed]

	



Guedes, M.; Pecoits-Filho, R. Can we cure diabetic kidney disease? Present and future perspectives from a nephrologist’s point of view. J. Intern. Med. 2022, 291, 165–180. [Google Scholar] [CrossRef] [PubMed]

	



Cockwell, P.; Fisher, L.A. The global burden of chronic kidney disease. Lancet 2020, 395, 662–664. [Google Scholar] [CrossRef]

	



Thomas, M.C.; Weekes, A.J.; Broadley, O.J.; Cooper, M.E.; Mathew, T.H. The burden of chronic kidney disease in Australian patients with type 2 diabetes (the NEFRON study). Med. J. Aust. 2006, 185, 140–144. [Google Scholar] [CrossRef] [PubMed]

	



Dwyer, J.P.; Parving, H.H.; Hunsicker, L.G.; Ravid, M.; Remuzzi, G.; Lewis, J.B. Renal Dysfunction in the Presence of Normoalbuminuria in Type 2 Diabetes: Results from the DEMAND Study. Cardiorenal Med. 2012, 2, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Anonymous. Chapter 4: Other complications of CKD: CVD, medication dosage, patient safety, infections, hospitalizations, and caveats for investigating complications of CKD. Kidney Int. Suppl. 2013, 3, 91–111. [Google Scholar] [CrossRef]

	



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

	



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

	



An, Y.; Xu, F.; Le, W.; Ge, Y.; Zhou, M.; Chen, H.; Zeng, C.; Zhang, H.; Liu, Z. Renal histologic changes and the outcome in patients with diabetic nephropathy. Nephrol. Dial. Transplant. 2015, 30, 257–266. [Google Scholar] [CrossRef]

	



Stefan, G.; Stancu, S.; Zugravu, A.; Petre, N.; Mandache, E.; Mircescu, G. Histologic predictors of renal outcome in diabetic nephropathy: Beyond renal pathology society classification. Medicine 2019, 98, e16333. [Google Scholar] [CrossRef]

	



Minutolo, R.; Gabbai, F.B.; Provenzano, M.; Chiodini, P.; Borrelli, S.; Garofalo, C.; Sasso, F.C.; Santoro, D.; Bellizzi, V.; Conte, G.; et al. Cardiorenal prognosis by residual proteinuria level in diabetic chronic kidney disease: Pooled analysis of four cohort studies. Nephrol. Dial. Transplant. 2018, 33, 1942–1949. [Google Scholar] [CrossRef] [PubMed]

	



Fox, C.S.; Matsushita, K.; Woodward, M.; Bilo, H.J.; Chalmers, J.; Heerspink, H.J.; Lee, B.J.; Perkins, R.M.; Rossing, P.; Sairenchi, T.; et al. Associations of kidney disease measures with mortality and end-stage renal disease in individuals with and without diabetes: A meta-analysis. Lancet 2012, 380, 1662–1673. [Google Scholar] [CrossRef]

	



Brenner, B.M.; Cooper, M.E.; de Zeeuw, D.; Keane, W.F.; Mitch, W.E.; Parving, H.H.; Remuzzi, G.; Snapinn, S.M.; Zhang, Z.; Shahinfar, S. Effects of losartan on renal and cardiovascular outcomes in patients with type 2 diabetes and nephropthy. N. Engl. J. Med. 2001, 345, 861–869. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, E.J.; Hunsicker, L.G.; Clarke, W.R.; Berl, T.; Pohl, M.A.; Lewis, J.B.; Ritz, E.; Atkins, R.C.; Rohde, R.; Raz, I. Renoprotective effect of the angiotensin-receptor antagonist irbesartan in patients with nephropathy due to type 2 diabetes. N. Engl. J. Med. 2001, 345, 851–860. [Google Scholar] [CrossRef] [PubMed]

	



Parving, H.H.; Brenner, B.M.; McMurray, J.J.; de Zeeuw, D.; Haffner, S.M.; Solomon, S.D.; Chaturvedi, N.; Persson, F.; Desai, A.S.; Nicolaides, M.; et al. Cardiorenal end points in a trial of aliskiren for type 2 diabetes. N. Engl. J. Med. 2012, 367, 2204–2213. [Google Scholar] [CrossRef] [PubMed]

	



de Zeeuw, D.; Akizawa, T.; Audhya, P.; Bakris, G.L.; Chin, M.; Christ-Schmidt, H.; Goldsberry, A.; Houser, M.; Krauth, M.; Lambers Heerspink, H.J.; et al. Bardoxolone methyl in type 2 diabetes and stage 4 chronic kidney disease. N. Engl. J. Med. 2013, 369, 2492–2503. [Google Scholar] [CrossRef] [PubMed]

	



Heerspink, H.J.L.; Parving, H.H.; Andress, D.L.; Bakris, G.; Correa-Rotter, R.; Hou, F.F.; Kitzman, D.W.; Kohan, D.; Makino, H.; McMurray, J.J.V.; et al. Atrasentan and renal events in patients with type 2 diabetes and chronic kidney disease (SONAR): A double-blind, randomised, placebo-controlled trial. Lancet 2019, 393, 1937–1947. [Google Scholar] [CrossRef]

	



Perkovic, V.; Jardine, M.J.; Neal, B.; Bompoint, S.; Heerspink, H.J.L.; Charytan, D.M.; Edwards, R.; Agarwal, R.; Bakris, G.; Bull, S.; et al. Canagliflozin and renal outcomes in type 2 diabetes and nephropathy. N. Engl. J. Med. 2019, 380, 2295–2306. [Google Scholar] [CrossRef]

	



Bakris, G.L.; Agarwal, R.; Anker, S.D.; Pitt, B.; Ruilope, L.M.; Rossing, P.; Kolkhof, P.; Nowack, C.; Schloemer, P.; Joseph, A.; et al. Effect of finerenone on chronic kidney disease outcomes in type diabetes. N. Engl. J. Med. 2020, 383, 2219–2229. [Google Scholar] [CrossRef]

	



Provenzano, M.; De Nicola, L.; Pena, M.J.; Capitoli, G.; Garofalo, C.; Borrelli, S.; Gagliardi, I.; Antolini, L.; Andreucci, M. Precision Nephrology Is a Non-Negligible State of Mind in Clinical Research: Remember the Past to Face the Future. Nephron 2020, 144, 463–478. [Google Scholar] [CrossRef]

	



Idzerda, N.M.A.; Pena, M.J.; Heerspink, H.J.L. Personalized medicine in diabetic kidney disease: A novel approach to improve trial design and patient outcomes. Curr. Opin. Nephrol. Hypertens. 2018, 27, 426–432. [Google Scholar] [CrossRef] [PubMed]

	



Perco, P.; Pena, M.; Heerspink, H.J.L.; Mayer, G.; BEAt-DKD Consortium. Multimarker Panels in Diabetic Kidney Disease: The Way to Improved Clinical Trial Design and Clinical Practice? Kidney Int. Rep. 2018, 4, 212–221. [Google Scholar] [CrossRef] [PubMed]

	



Tye, S.C.; Denig, P.; Heerspink, H.J.L. Precision medicine approaches for diabetic kidney disease: Opportunities and challenges. Nephrol. Dial. Transplant. 2021, 36 (Suppl. S2), 3–9. [Google Scholar] [CrossRef] [PubMed]

	



Fliser, D.; Wanner, C. Precision medicine in diabetic nephropathy and chronic kidney disease. Nephrol. Dial. Transplant. 2021, 36 (Suppl. S2), 10–13. [Google Scholar] [CrossRef] [PubMed]

	



Retnakaran, R.; Cull, C.A.; Thorne, K.I.; Adler, A.I.; Holman, R.R.; UKPDS Study Group. Risk factors for renal dysfunction in type 2 diabetes: U.K. Prospective Diabetes Study 74. Diabetes 2006, 55, 1832–1839. [Google Scholar] [CrossRef]

	



Provenzano, M.; Chiodini, P.; Minutolo, R.; Zoccali, C.; Bellizzi, V.; Conte, G.; Locatelli, F.; Tripepi, G.; Del Vecchio, L.; Mallamaci, F.; et al. Reclassification of chronic kidney disease patients for end-stage renal disease risk by proteinuria indexed to estimated glomerular filtration rate: Multicentre prospective study in nephrology clinics. Nephrol. Dial. Transplant. 2020, 35, 138–147. [Google Scholar] [CrossRef] [PubMed]

	



Haynes, R.; Staplin, N.; Emberson, J.; Herrington, W.G.; Tomson, C.; Agodoa, L.; Tesar, V.; Levin, A.; Lewis, D.; Reith, C.; et al. Evaluating the contribution of the cause of kidney disease to prognosis in CKD: Results from the Study of Heart and Renal Protection (SHARP). Am. J. Kidney Dis. 2014, 64, 40–48. [Google Scholar] [CrossRef]

	



NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in diabetes since 1980: A pooled analysis of 751 population-based studies with 4.4 million participants. Lancet 2016, 387, 1513–1530. [Google Scholar] [CrossRef]

	



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

	



Tonelli, M.; Muntner, P.; Lloyd, A.; Manns, B.J.; Klarenbach, S.; Pannu, N.; James, M.T.; Hemmelgarn, B.R.; Alberta Kidney Disease Network. Risk of coronary events in people with chronic kidney disease compared with those with diabetes: A population-level cohort study. Lancet 2012, 380, 807–814. [Google Scholar] [CrossRef]

	



Gansevoort, R.T.; Correa-Rotter, R.; Hemmelgarn, B.R.; Jafar, T.H.; Heerspink, H.J.; Mann, J.F.; Matsushita, K.; Wen, C.P. Chronic kidney disease and cardiovascular risk: Epidemiology, mechanisms, and prevention. Lancet 2013, 382, 339–352. [Google Scholar] [CrossRef]

	



Matsushita, K.; Coresh, J.; Sang, Y.; Chalmers, J.; Fox, C.; Guallar, E.; Jafar, T.; Jassal, S.K.; Landman, G.W.; Muntner, P.; et al. Estimated glomerular filtration rate and albuminuria for prediction of cardiovascular outcomes: A collaborative meta-analysis of individual participant data. Lancet Diabetes Endocrinol. 2015, 3, 514–525. [Google Scholar] [CrossRef]

	



Provenzano, M.; Garofalo, C.; Chiodini, P.; Mancuso, C.; Barbato, E.; De Nicola, L.; Andreucci, M. Ruolo della proteinuria nella ricerca clinica: Per ogni vecchia risposta, una nuova domanda. Recenti Prog. Med. 2020, 111, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Hemmelgarn, B.R.; Manns, B.J.; Lloyd, A.; James, M.T.; Klarenbach, S.; Quinn, R.R.; Wiebe, N.; Tonelli, M.; Alberta Kidney Disease Network. Relation between kidney function, proteinuria, and adverse outcomes. JAMA 2010, 303, 423–429. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Mihalik, S.J.; Michaliszyn, S.F.; de las Heras, J.; Bacha, F.; Lee, S.; Chace, D.H.; DeJesus, V.R.; Vockley, J.; Arslanian, S.A. Metabolomic profiling of fatty acid and amino acid metabolism in youth with obesity and type 2 diabetes: Evidence for enhanced mitochondrial oxidation. Diabetes Care 2012, 35, 605–611. [Google Scholar] [CrossRef] [PubMed]

	



Ko, Y.A.; Mohtat, D.; Suzuki, M.; Park, A.S.; Izquierdo, M.C.; Han, S.Y.; Kang, H.M.; Si, H.; Hostetter, T.; Pullman, J.M.; et al. Cytosine methylation changes in enhancer regions of core pro-fibrotic genes characterize kidney fibrosis development. Genome Biol. 2013, 14, R108. [Google Scholar] [CrossRef]

	



Eremina, V.; Jefferson, J.A.; Kowalewska, J.; Hochster, H.; Haas, M.; Weisstuch, J.; Richardson, C.; Kopp, J.B.; Kabir, M.G.; Backx, P.H.; et al. VEGF inhibition and renal thrombotic microangiopathy. N. Engl. J. Med. 2008, 358, 1129–1136. [Google Scholar] [CrossRef]

	



Niranjan, T.; Bielesz, B.; Gruenwald, A.; Ponda, M.P.; Kopp, J.B.; Thomas, D.B.; Susztak, K. The Notch pathway in podocytes plays a role in the development of glomerular disease. Nat. Med. 2008, 14, 290–298. [Google Scholar] [CrossRef]

	



Fukuda, A.; Chowdhury, M.A.; Venkatareddy, M.P.; Wang, S.Q.; Nishizono, R.; Suzuki, T.; Wickman, L.T.; Wiggins, J.E.; Muchayi, T.; Fingar, D.; et al. Growth-dependent podocyte failure causes glomerulosclerosis. J. Am. Soc. Nephrol. 2012, 23, 1351–1363. [Google Scholar] [CrossRef]

	



Hojs, R.; Ekart, R.; Bevc, S.; Hojs, N. Markers of Inflammation and Oxidative Stress in the Development and Progression of Renal Disease in Diabetic Patients. Nephron 2016, 133, 159–162. [Google Scholar] [CrossRef] [PubMed]

	



Riser, B.L.; Denichilo, M.; Cortes, P.; Baker, C.; Grondin, J.M.; Yee, J.; Narins, R.G. Regulation of connective tissue growth factor activity in cultured rat mesangial cells and its expression in experimental diabetic glomerulosclerosis. J. Am. Soc. Nephrol. 2000, 11, 25–38. [Google Scholar] [CrossRef] [PubMed]

	



Menne, J.; Eulberg, D.; Beyer, D.; Baumann, M.; Saudek, F.; Valkusz, Z.; Więcek, A.; Haller, H.; Emapticap Study Group. C-C motif-ligand 2 inhibition with emapticap pegol (NOX-E36) in type 2 diabetic patients with albuminuria. Nephrol. Dial. Transplant. 2017, 32, 307–315. [Google Scholar] [CrossRef] [PubMed]

	



Felix Kröpelin, T.; de Zeeuw, D.; Holtkamp, F.A.; Packham, D.K.; Heerspink, H.J.L. Individual long-term albuminuria exposure during angiotensin receptor blocker therapy is the optimal predictor for renal outcome. Nephrol. Dial. Transplant. 2016, 31, 1471–1477. [Google Scholar] [CrossRef] [PubMed]

	



de Zeeuw, D.; Heerspink, H.J.L. Time for clinical decision support systems tailoring individual patient therapy to improve renal and cardiovascular outcomes in diabetes and nephropathy. Nephrol. Dial. Transplant. 2020, 35 (Suppl. S2), ii38–ii42. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, E.J.; Hunsicker, L.G.; Bain, R.P.; Rohde, R.D.; The Collaborative Study Group. The effect of angiotensin-converting-enzyme inhibition on diabetic nephropathy. N. Engl. J. Med. 1993, 329, 1456–1462. [Google Scholar] [CrossRef]

	



Petrykiv, S.I.; de Zeeuw, D.; Persson, F.; Rossing, P.; Gansevoort, R.T.; Laverman, G.D.; Heerspink, H.J.L. Variability in response to albuminuria-lowering drugs: True or random? Br. J. Clin. Pharmacol. 2017, 83, 1197–1204. [Google Scholar] [CrossRef] [PubMed]

	



Schievink, B.; de Zeeuw, D.; Parving, H.H.; Rossing, P.; Lambers Heerspink, H.J. The renal protective effect of angiotensin receptor blockers depends on intra-individual response variation in multiple risk markers. Br. J. Clin. Pharmacol. 2015, 80, 678–686. [Google Scholar] [CrossRef]

	



Solini, A.; Giannini, L.; Seghieri, M.; Vitolo, E.; Taddei, S.; Ghiadoni, L.; Bruno, R.M. Dapagliflozin acutely improves endothelial dysfunction, reduces aortic stiffness and renal resistive index in type 2 diabetic patients: A pilot study. Cardiovasc. Diabetol. 2017, 16, 138. [Google Scholar] [CrossRef]

	



Provenzano, M.; Rivoli, L.; Garofalo, C.; Faga, T.; Pelagi, E.; Perticone, M.; Serra, R.; Michael, A.; Comi, N.; Andreucci, M. Renal resistive index in chronic kidney disease patients: Possible determinants and risk profile. PLoS ONE 2020, 15, e0230020. [Google Scholar] [CrossRef]

	



Neal, B.; Perkovic, V.; Mahaffey, K.W.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Shaw, W.; Law, G.; Desai, M.; Matthews, D.R.; et al. Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N. Engl. J. Med. 2017, 377, 644–657. [Google Scholar] [CrossRef] [PubMed]

	



Provenzano, M.; Andreucci, M.; Garofalo, C.; Minutolo, R.; Serra, R.; De Nicola, L. Selective endothelin A receptor antagonism in patients with proteinuric chronic kidney disease. Expert Opin. Investig. Drugs 2021, 30, 253–262. [Google Scholar] [CrossRef] [PubMed]

	



Mann, J.F.; Green, D.; Jamerson, K.; Ruilope, L.M.; Kuranoff, S.J.; Littke, T.; Viberti, G.; ASCEND Study Group. Avosentan for overt diabetic nephropaty. J. Am. Soc. Nephrol. 2010, 21, 527–535. [Google Scholar] [CrossRef] [PubMed]

	



Sawaf, H.; Thomas, G.; Taliercio, J.J.; Nakhoul, G.; Vachharajani, T.J.; Mehdi, A. Therapeutic Advances in Diabetic Nephropathy. J. Clin. Med. 2022, 11, 378. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, T.; Higashijima, Y.; Wada, T.; Nangaku, M. The potential for renoprotection with incretin-based drugs. Kidney Int. 2014, 86, 701–711. [Google Scholar] [CrossRef]

	



Tuttle, K.R.; Lakshmanan, M.C.; Rayner, B.; Busch, R.S.; Zimmermann, A.G.; Woodward, D.B.; Botros, F.T. Dulaglutide versus insulin glargine in patients with type 2 diabetes and moderate-to-severe chronic kidney disease (AWARD-7): A multicentre, open-label, randomised trial. Lancet Diabetes Endocrinol. 2018, 6, 605–617. [Google Scholar] [CrossRef]

	



Gerstein, H.C.; Sattar, N.; Rosenstock, J.; Ramasundarahettige, C.; Pratley, R.; Lopes, R.D.; Lam, C.S.P.; Khurmi, N.S.; Heenan, L.; Del Prato, S.; et al. Cardiovascular and Renal Outcomes with Efpeglenatide in Type 2 Diabetes. N. Engl. J. Med. 2021, 385, 896–907. [Google Scholar] [CrossRef]

	



de Zeeuw, D.; Remuzzi, G.; Parving, H.H.; Keane, W.F.; Zhang, Z.; Shahinfar, S.; Snapinn, S.; Cooper, M.E.; Mitch, W.E.; Brenner, B.M. Proteinuria, a target for renoprotection in patients with type 2 diabetic nephropathy: Lessons from RENAAL. Kidney Int. 2004, 65, 2309–2320. [Google Scholar] [CrossRef]

	



Heerspink, H.J.; Ninomiya, T.; Persson, F.; Brenner, B.M.; Brunel, P.; Chaturvedi, N.; Desai, A.S.; Haffner, S.M.; Mcmurray, J.J.; Solomon, S.D.; et al. Is a reduction in albuminuria associated with renal and cardiovascular protection? A post hoc analysis of the ALTITUDE trial. Diabetes Obes. Metab. 2016, 18, 169–177. [Google Scholar] [CrossRef]

	



MacIsaac, R.J.; Ekinci, E.I.; Jerums, G. Progressive diabetic nephropathy. How useful is microalbuminuria: Contra. Kidney Int. 2014, 86, 50–57. [Google Scholar] [CrossRef]

	



Perkins, B.A.; Ficociello, L.H.; Roshan, B.; Warram, J.H.; Krolewski, A.S. In patients with type 1 diabetes and new-onset microalbuminuria the development of advanced chronic kidney disease may not require progression to proteinuria. Kidney Int. 2010, 77, 57–64. [Google Scholar] [CrossRef] [PubMed]

	



Kadatz, M.J.; Lee, E.S.; Levin, A. Predicting Progression in CKD: Perspectives and Precautions. Am. J. Kidney Dis. 2016, 67, 779–786. [Google Scholar] [CrossRef] [PubMed]

	



Gillespie, K.M. Type 1 diabetes: Pathogenesis and prevention. CMAJ 2006, 175, 165–170. [Google Scholar] [CrossRef] [PubMed]

	



Tofte, N.; Theilade, S.; Winther, S.A.; Birkelund, S.; Goetze, J.P.; Hansen, T.W.; Rossing, P. Comparison of Natriuretic Peptides as Risk Markers for All-Cause Mortality and Cardiovascular and Renal Complications in Individuals with Type 1 Diabetes. Diabetes Care 2021, 44, 595–603. [Google Scholar] [CrossRef] [PubMed]

	



Costacou, T.; Saenger, A.K.; Orchard, T.J. High-Sensitivity Cardiac Troponin-T and N-Terminal Prohormone of B-Type Natriuretic Peptide in Relation to Cardiovascular Outcomes in Type 1 Diabetes. Diabetes Care 2020, 43, 2199–2207. [Google Scholar] [CrossRef]

	



Christ-Crain, M. Vasopressin and Copeptin in health and disease. Rev. Endocr. Metab. Disord. 2019, 20, 283–294. [Google Scholar] [CrossRef]

	



El Dayem, S.M.A.; Battah, A.A.; El Bohy, A.E.M.; Yousef, R.N.; Talaat, A. Copeptin as a Biomarker of Atherosclerosis in Type 1 Diabetic Patients. Open Access Maced. J. Med. Sci. 2020, 7, 3975–3978. [Google Scholar] [CrossRef]

	



Melena, I.; Bjornstad, P.; Schäfer, M.; Hunter, K.S.; Barker, A.J.; Baumgartner, A.; Chung, L.; Wiromrat, P.; Truong, U.; Reusch, J.E.B.; et al. Serum copeptin and NT-proBNP is associated with central aortic stiffness and flow hemodynamics in adolescents with type 1 diabetes: A pilot study. J. Diabetes Complicat. 2021, 35, 107883. [Google Scholar] [CrossRef]

	



Wiromrat, P.; Bjornstad, P.; Vinovskis, C.; Chung, L.T.; Roncal, C.; Pyle, L.; Lanaspa, M.A.; Johnson, R.J.; Cherney, D.Z.; Reznick-Lipina, T.K.; et al. Elevated copeptin, arterial stiffness, and elevated albumin excretion in adolescents with type 1 diabetes. Pediatr. Diabetes 2019, 20, 1110–1117. [Google Scholar] [CrossRef]

	



Heinrich, N.S.; Theilade, S.; Winther, S.A.; Tofte, N.; Ahluwalia, T.S.; Jeppesen, J.L.; Persson, F.; Hansen, T.W.; Goetze, J.P.; Rossing, P. Copeptin and renal function decline, cardiovascular events and mortality in type 1 diabetes. Nephrol. Dial. Transplant. 2021, 37, 100–107. [Google Scholar] [CrossRef]

	



Nakano, D.; Kobori, H.; Burford, J.L.; Gevorgyan, H.; Seidel, S.; Hitomi, H.; Nishiyama, A.; Peti-Peterdi, J. Multiphoton imaging of the glomerular permeability of angiotensinogen. J. Am. Soc. Nephrol. 2012, 23, 1847–1856. [Google Scholar] [CrossRef] [PubMed]

	



Ba Aqeel, S.; Ye, M.; Wysocki, J.; Sanchez, A.; Khattab, A.; Lores, E.; Rademaker, A.; Gao, X.; Bebu, I.; Nelson, R.G.; et al. Diabetes Control, Complications Trial (DCCT)/Epidemiology of Diabetes Interventions, Complications (EDIC) Study. Urinary angiotensinogen antedates the development of stage 3 CKD in patients with type 1 diabetes mellitus. Physiol. Rep. 2019, 7, e14242. [Google Scholar] [CrossRef] [PubMed]

	



Salem, R.M.; Todd, J.N.; Sandholm, N.; Cole, J.B.; Chen, W.M.; Andrews, D.; Pezzolesi, M.G.; McKeigue, P.M.; Hiraki, L.T.; Qiu, C.; et al. Genome-Wide Association Study of Diabetic Kidney Disease Highlights Biology Involved in Glomerular Basement Membrane Collagen. J. Am. Soc. Nephrol. 2019, 30, 2000–2016. [Google Scholar] [CrossRef] [PubMed]

	



Smyth, L.J.; Kilner, J.; Nair, V.; Liu, H.; Brennan, E.; Kerr, K.; Sandholm, N.; Cole, J.; Dahlström, E.; Syreeni, A.; et al. Assessment of differentially methylated loci in individuals with end-stage kidney disease attributed to diabetic kidney disease: An exploratory study. Clin. Epigenetics 2021, 13, 99. [Google Scholar] [CrossRef]

	



Zheng, Y.; Ley, S.H.; Hu, F.B. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev. Endocrinol. 2018, 14, 88–98. [Google Scholar] [CrossRef]

	



Jiang, G.; Luk, A.O.Y.; Tam, C.H.T.; Xie, F.; Carstensen, B.; Lau, E.S.H.; Lim, C.K.P.; Lee, H.M.; Ng, A.C.W.; Ng, M.C.Y.; et al. Progression of diabetic kidney disease and trajectory of kidney function decline in Chinese patients with Type 2 diabetes. Kidney Int. 2019, 95, 178–187. [Google Scholar] [CrossRef]

	



Niewczas, M.A.; Gohda, T.; Skupien, J.; Smiles, A.M.; Walker, W.H.; Rosetti, F.; Cullere, X.; Eckfeldt, J.H.; Doria, A.; Mayadas, T.N.; et al. Circulating TNF receptors 1 and 2 predict ESRD in type 2 diabetes. J. Am. Soc. Nephrol. 2012, 23, 507–515. [Google Scholar] [CrossRef]

	



Waijer, S.W.; Sen, T.; Arnott, C.; Neal, B.; Kosterink, J.G.W.; Mahaffey, K.W.; Parikh, C.R.; de Zeeuw, D.; Perkovic, V.; Neuen, B.L.; et al. Association between TNF Receptors and KIM-1 with Kidney Outcomes in Early-Stage Diabetic Kidney Disease. Clin. J. Am. Soc. Nephrol. 2022, 17, 251–259. [Google Scholar] [CrossRef]

	



Popa, C.; Netea, M.G.; van Riel, P.L.; van der Meer, J.W.; Stalenhoef, A.F. The role of TNF-alpha in chronic inflammatory conditions, intermediary metabolism, and cardiovascular risk. J. Lipid Res. 2007, 48, 751–762. [Google Scholar] [CrossRef]

	



Nowak, N.; Skupien, J.; Niewczas, M.A.; Yamanouchi, M.; Major, M.; Croall, S.; Smiles, A.; Warram, J.H.; Bonventre, J.V.; Krolewski, A.S. Increased plasma kidney injury molecule-1 suggests early progressive renal decline in non-proteinuric patients with type 1 diabetes. Kidney Int. 2016, 89, 459–467. [Google Scholar] [CrossRef]

	



Coca, S.G.; Nadkarni, G.N.; Huang, Y.; Moledina, D.G.; Rao, V.; Zhang, J.; Ferket, B.; Crowley, S.T.; Fried, L.F.; Parikh, C.R. Plasma Biomarkers and Kidney Function Decline in Early and Established Diabetic Kidney Disease. J. Am. Soc. Nephrol. 2017, 28, 2786–2793. [Google Scholar] [CrossRef] [PubMed]

	



Fried, L.F.; Duckworth, W.; Zhang, J.H.; O’Connor, T.; Brophy, M.; Emanuele, N.; Huang, G.D.; McCullough, P.A.; Palev-sky, P.M.; Seliger, S.; et al. Design of combination angiotensin re-ceptor blocker and angiotensin-converting enzyme inhibitor for treatment of diabetic nephropathy (VA NEPHRON-D). Clin. J. Am. Soc. Nephrol. 2009, 4, 361–368. [Google Scholar] [CrossRef] [PubMed]

	



Sen, T.; Li, J.; Neuen, B.L.; Arnott, C.; Neal, B.; Perkovic, V.; Mahaffey, K.W.; Shaw, W.; Canovatchel, W.; Hansen, M.K.; et al. Association between Circulating GDF-15 and Cardio-Renal Outcomes and Effect of Canagliflozin: Results from the CANVAS Trial. J. Am. Heart Assoc. 2021, 10, e021661. [Google Scholar] [CrossRef] [PubMed]

	



Luan, H.H.; Wang, A.; Hilliard, B.K.; Carvalho, F.; Rosen, C.E.; Ahasic, A.M.; Herzog, E.L.; Kang, I.; Pisani, M.A.; Yu, S.; et al. GDF15 Is an Inflammation-Induced Central Mediator of Tissue Tolerance. Cell 2019, 178, 1231–1244.e11. [Google Scholar] [CrossRef] [PubMed]

	



Nathan, C. Nonresolving inflammation redux. Immunity 2022, 55, 592–605. [Google Scholar] [CrossRef]

	



Provenzano, M.; Rotundo, S.; Chiodini, P.; Gagliardi, I.; Michael, A.; Angotti, E.; Borrelli, S.; Serra, R.; Foti, D.; De Sarro, G.; et al. Contribution of Predictive and Prognostic Biomarkers to Clinical Research on Chronic Kidney Disease. Int. J. Mol. Sci. 2020, 21, 5846. [Google Scholar] [CrossRef]

	



Tang, O.; Matsushita, K.; Coresh, J.; Ndumele, C.; McEvoy, J.W.; Sharrett, A.R.; Hoogeveen, R.; Ballantyne, C.M.; Selvin, E. High-Sensitivity Cardiac Troponin I and T for Cardiovascular Risk Stratification in Adults with Diabetes. Diabetes Care 2020, 43, e144–e146. [Google Scholar] [CrossRef]

	



De Nicola, L.; Provenzano, M.; Chiodini, P.; Borrelli, S.; Garofalo, C.; Pacilio, M.; Liberti, M.E.; Sagliocca, A.; Conte, G.; Minutolo, R. Independent Role of Underlying Kidney Disease on Renal Prognosis of Patients with Chronic Kidney Disease under Nephrology Care. PLoS ONE 2015, 10, e0127071. [Google Scholar] [CrossRef]

	



Kammer, M.; Heinzel, A.; Willency, J.A.; Duffin, K.L.; Mayer, G.; Simons, K.; Gerl, M.J.; Klose, C.; Heinze, G.; Reindl-Schwaighofer, R.; et al. Integrative analysis of prognostic biomarkers derived from multiomics panels helps discrimination of chronic kidney disease trajectories in people with type 2 diabetes. Kidney Int. 2019, 96, 1381–1388. [Google Scholar] [CrossRef]

	



Velho, G.; Bouby, N.; Hadjadj, S.; Matallah, N.; Mohammedi, K.; Fumeron, F.; Potier, L.; Bellili-Munoz, N.; Taveau, C.; Alhenc-Gelas, F.; et al. Plasma copeptin and renal outcomes in patients with type 2 diabetes and albuminuria. Diabetes Care 2013, 36, 3639–3645. [Google Scholar] [CrossRef]

	



Bardoux, P.; Bichet, D.G.; Martin, H.; Gallois, Y.; Marre, M.; Arthus, M.F.; Lonergan, M.; Ruel, N.; Bouby, N.; Bankir, L. Vasopressin increases urinary albumin excretion in rats and humans: Involvement of V2 receptors and the renin-angiotensin system. Nephrol. Dial. Transplant. 2003, 18, 497–506. [Google Scholar] [CrossRef] [PubMed]

	



Good, D.M.; Zürbig, P.; Argilés, A.; Bauer, H.W.; Behrens, G.; Coon, J.J.; Dakna, M.; Decramer, S.; Delles, C.; Dominiczak, A.F.; et al. Naturally occurring human urinary peptides for use in diagnosis of chronic kidney disease. Mol. Cell. Proteom. 2010, 9, 2424–2437. [Google Scholar] [CrossRef] [PubMed]

	



Roscioni, S.S.; de Zeeuw, D.; Hellemons, M.E.; Mischak, H.; Zürbig, P.; Bakker, S.J.; Gansevoort, R.T.; Reinhard, H.; Persson, F.; Lajer, M.; et al. A urinary peptide biomarker set predicts worsening of albuminuria in type 2 diabetes mellitus. Diabetologia 2013, 56, 259–267. [Google Scholar] [CrossRef] [PubMed]

	



Lindhardt, M.; Persson, F.; Currie, G.; Pontillo, C.; Beige, J.; Delles, C.; von der Leyen, H.; Mischak, H.; Navis, G.; Noutsou, M.; et al. Proteomic prediction and Renin angiotensin aldosterone system Inhibition prevention Of early diabetic nephRopathy in TYpe 2 diabetic patients with normoalbuminuria (PRIORITY): Essential study design and rationale of a randomised clinical multicentre trial. BMJ Open 2016, 6, e010310. [Google Scholar] [CrossRef] [PubMed]

	



Vujkovic, M.; Keaton, J.M.; Lynch, J.A.; Miller, D.R.; Zhou, J.; Tcheandjieu, C.; Huffman, J.E.; Assimes, T.L.; Lorenz, K.; Zhu, X.; et al. Discovery of 318 new risk loci for type 2 diabetes and related vascular outcomes among 1.4 million participants in a multi-ancestry meta-analysis. Nat. Genet. 2020, 52, 680–691. [Google Scholar] [CrossRef]

	



Ma, J.; Guan, M.; Bowden, D.W.; Ng, M.C.; Hicks, P.J.; Lea, J.P.; Ma, L.; Gao, C.; Palmer, N.D.; Freedman, B.I. Association Analysis of the Cubilin (CUBN) and Megalin (LRP2) Genes with ESRD in African Americans. Clin. J. Am. Soc. Nephrol. 2016, 11, 1034–1043. [Google Scholar] [CrossRef]

	



Taal, M.W.; Brenner, B.M. Predicting initiation and progression of chronic kidney disease: Developing renal risk scores. Kidney Int. 2006, 70, 1694–1705. [Google Scholar] [CrossRef]

	



Tangri, N.; Stevens, L.A.; Griffith, J.; Tighiouart, H.; Djurdjev, O.; Naimark, D.; Levin, A.; Levey, A.S. A predictive model for progression of chronic kidney disease to kidney failure. JAMA 2011, 305, 1553–1559. [Google Scholar] [CrossRef]

	



Schroeder, E.B.; Yang, X.; Thorp, M.L.; Arnold, B.M.; Tabano, D.C.; Petrik, A.F.; Smith, D.H.; Platt, R.W.; Johnson, E.S. Predicting 5-Year Risk of RRT in Stage 3 or 4 CKD: Development and External Validation. Clin. J. Am. Soc. Nephrol. 2017, 12, 87–94. [Google Scholar] [CrossRef]

	



Grams, M.E.; Sang, Y.; Ballew, S.H.; Carrero, J.J.; Djurdjev, O.; Heerspink, H.J.L.; Ho, K.; Ito, S.; Marks, A.; Naimark, D. Predicting timing of clinical outcomes in patients with chronic kidney disease and severely decreased glomerular filtration rate. Kidney Int. 2018, 93, 1442–1451. [Google Scholar] [CrossRef]

	



Jiang, W.; Wang, J.; Shen, X.; Lu, W.; Wang, Y.; Li, W.; Gao, Z.; Xu, J.; Li, X.; Liu, R.; et al. Establishment and Validation of a Risk Prediction Model for Early Diabetic Kidney Disease Based on a Systematic Review and Meta-Analysis of 20 Cohorts. Diabetes Care 2020, 43, 925–933. [Google Scholar] [CrossRef] [PubMed]

	



Chan, L.; Nadkarni, G.N.; Fleming, F.; McCullough, J.R.; Connolly, P.; Mosoyan, G.; El Salem, F.; Kattan, M.W.; Vassalotti, J.A.; Murphy, B.; et al. Derivation and validation of a machine learning risk score using biomarker and electronic patient data to predict progression of diabetic kidney disease. Diabetologia 2021, 64, 1504–1515. [Google Scholar] [CrossRef] [PubMed]

	



Pena, M.J.; Stenvinkel, P.; Kretzler, M.; Adu, D.; Agarwal, S.K.; Coresh, J.; Feldman, H.I.; Fogo, A.B.; Gansevoort, R.T.; Harris, D.C.; et al. Strategies to improve monitoring disease progression, assessing cardiovascular risk, and defining prognostic biomarkers in chronic kidney disease. Kidney Int. 2017, 7, 107–113. [Google Scholar] [CrossRef] [PubMed]

	



Heerspink, H.J.L.; de Zeeuw, D. Treating diabetic complications; from large randomized clinical trials to precision medicine. Diabetes Obes. Metab. 2018, 20 (Suppl. S3), 3–5. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, G.A.; Conner, C.; Brown, J.B. Brown, Initial nonadherence, primary failure and therapeutic success of metformin monotherapy in clinical practice. Curr. Med. Res. Opin. 2010, 26, 2127–2135. [Google Scholar] [CrossRef] [PubMed]

	



Donnelly, L.A.; Doney, A.S.; Hattersley, A.T.; Morris, A.D.; Pearson, E.R. The effect of obesity on glycaemic response to metformin or sulphonylureas in Type 2 diabetes. Diabet. Med. 2006, 23, 128–133. [Google Scholar] [CrossRef] [PubMed]

	



Becker, M.L.; Visser, L.E.; van Schaik, R.H.; Hofman, A.; Uitterlinden, A.G.; Stricker, B.H. Genetic variation in the organic cation transporter 1 is associated with metformin response in patients with diabetes mellitus. Pharm. J. 2009, 9, 242–247. [Google Scholar] [CrossRef]

	



de Luis, D.A.; Diaz Soto, G.; Izaola, O.; Romero, E. Evaluation of weight loss and metabolic changes in diabetic patients treated with liraglutide, effect of RS 6923761 gene variant of glucagon-like peptide 1 receptor. J. Diabetes Complicat. 2015, 29, 595–598. [Google Scholar] [CrossRef]

	



Yu, M.; Wang, K.; Liu, H.; Cao, R. GLP1R variant is associated with response to exenatide in overweight Chinese Type 2 diabetes patients. Pharmacogenomics 2019, 20, 273–277. [Google Scholar] [CrossRef]

	



Ferreira, M.C.; da Silva, M.E.R.; Fukui, R.T.; do Carmo Arruda-Marques, M.; Azhar, S.; Dos Santos, R.F. Effect of TCF7L2 polymorphism on pancreatic hormones after exenatide in type 2 diabetes. Diabetol. Metab. Syndr. 2019, 11, 10. [Google Scholar] [CrossRef]

	



Shu, L.; Sauter, N.S.; Schulthess, F.T.; Matveyenko, A.V.; Oberholzer, J.; Maedler, K. Transcription factor 7-like 2 regulates beta-cell survival and function in human pancreatic islets. Diabetes 2008, 57, 645–653. [Google Scholar] [CrossRef] [PubMed]

	



Shu, L.; Zien, K.; Gutjahr, G.; Oberholzer, J.; Pattou, F.; Kerr-Conte, J.; Maedler, K. TCF7L2 promotes beta cell regeneration in human and mouse pancreas. Diabetologia 2012, 55, 3296–3307. [Google Scholar] [CrossRef] [PubMed]

	



Zimdahl, H.; Ittrich, C.; Graefe-Mody, U.; Boehm, B.O.; Mark, M.; Woerle, H.J.; Dugi, K.A. Influence of TCF7L2 gene variants on the therapeutic response to the dipeptidylpeptidase-4 inhibitor linagliptin. Diabetologia 2014, 57, 1869–1875. [Google Scholar] [CrossRef] [PubMed]

	



Nagai, K.; Yoshida, S.; Konishi, H. Gender differences in the gene expression profiles of glucose transporter GLUT class I and SGLT in mouse tissues. Pharmazie 2014, 69, 856–859. [Google Scholar] [PubMed]

	



Hoeben, E.; De Winter, W.; Neyens, M.; Devineni, D.; Vermeulen, A.; Dunne, A. Population Pharmacokinetic Modeling of Canagliflozin in Healthy Volunteers and Patients with Type 2 Diabetes Mellitus. Clin. Pharm. 2016, 55, 209–223. [Google Scholar] [CrossRef]

	



Zimdahl, H.; Haupt, A.; Brendel, M.; Bour, L.; Machicao, F.; Salsali, A.; Broedl, U.C.; Woerle, H.J.; Häring, H.U.; Staiger, H. Influence of common polymorphisms in the SLC5A2 gene on metabolic traits in subjects at increased risk of diabetes and on response to empagliflozin treatment in patients with diabetes. Pharm. Genom. 2017, 27, 135–142. [Google Scholar] [CrossRef]

	



Ye, N.; Jardine, M.J.; Oshima, M.; Hockham, C.; Heerspink, H.J.L.; Agarwal, R.; Bakris, G.; Schutte, A.E.; Arnott, C.; Chang, T.I.; et al. Blood Pressure Effects of Canagliflozin and Clinical Outcomes in Type 2 Diabetes and Chronic Kidney Disease: Insights From the CREDENCE Trial. Circulation 2021, 143, 1735–1749. [Google Scholar] [CrossRef]

	



Petrykiv, S.I.; Laverman, G.D.; de Zeeuw, D.; Heerspink, H.J.L. The albuminuria-lowering response to dapagliflozin is variable and reproducible among individual patients. Diabetes Obes. Metab. 2017, 19, 1363–1370. [Google Scholar] [CrossRef]

	



Cohen, J.B.; Stephens-Shields, A.J.; Denburg, M.R.; Anderson, A.H.; Townsend, R.R.; Reese, P.P. Obesity, Renin-Angiotensin System Blockade and Risk of Adverse Renal Outcomes: A Population-Based Cohort Study. Am. J. Nephrol. 2016, 43, 431–440. [Google Scholar] [CrossRef]

	



Cassis, L.A.; Police, S.B.; Yiannikouris, F.; Thatcher, S.E. Thatcher, Local adipose tissue renin-angiotensin system. Curr. Hypertens. Rep. 2008, 10, 93–98. [Google Scholar] [CrossRef]

	



Kwakernaak, A.J.; Krikken, J.A.; Binnenmars, S.H.; Visser, F.W.; Hemmelder, M.H.; Woittiez, A.J.; Groen, H.; Laverman, G.D.; Navis, G.; Holland Nephrology Study (HONEST) Group. Effects of sodium restriction and hydrochlorothiazide on RAAS blockade efficacy in diabetic nephropathy: A randomised clinical trial. Lancet Diabetes Endocrinol. 2014, 2, 385–395. [Google Scholar] [CrossRef]

	



Miao, Y.; Dobre, D.; Heerspink, H.J.; Brenner, B.M.; Cooper, M.E.; Parving, H.H.; Shahinfar, S.; Grobbee, D.; de Zeeuw, D. Increased serum potassium affects renal outcomes: A post hoc analysis of the Reduction of Endpoints in NIDDM with the Angiotensin II Antagonist Losartan (RENAAL) trial. Diabetologia 2011, 54, 44–50. [Google Scholar] [CrossRef] [PubMed]

	



Parving, H.H.; de Zeeuw, D.; Cooper, M.E.; Remuzzi, G.; Liu, N.; Lunceford, J.; Shahinfar, S.; Wong, P.H.; Lyle, P.A.; Rossing, P.; et al. ACE gene polymorphism and losartan treatment in type 2 diabetic patients with nephropathy. J. Am. Soc. Nephrol. 2008, 19, 771–779. [Google Scholar] [CrossRef] [PubMed]

	



Perna, A.; Ruggenenti, P.; Testa, A.; Spoto, B.; Benini, R.; Misefari, V.; Remuzzi, G.; Zoccali, C. ACE genotype and ACE inhibitors induced renoprotection in chronic proteinuric nephropathies1. Kidney Int. 2000, 57, 274–281. [Google Scholar] [CrossRef] [PubMed]

	



Simon, J.A.; Lin, F.; Hulley, S.B.; Blanche, P.J.; Waters, D.; Shiboski, S.; Rotter, J.I.; Nickerson, D.A.; Yang, H.; Saad, M.; et al. Phenotypic predictors of response to simvastatin therapy among African-Americans and Caucasians: The Cholesterol and Pharmacogenetics (CAP) Study. Am. J. Cardiol. 2006, 97, 843–850. [Google Scholar] [CrossRef]

	



Elens, L.; Becker, M.L.; Haufroid, V.; Hofman, A.; Visser, L.E.; Uitterlinden, A.G.; Stricker, B.C.; van Schaik, R.H. Novel CYP3A4 intron 6 single nucleotide polymorphism is associated with simvastatin-mediated cholesterol reduction in the Rotterdam Study. Pharm. Genom. 2011, 21, 861–866. [Google Scholar] [CrossRef]

	



Wang, D.; Guo, Y.; Wrighton, S.A.; Cooke, G.E.; Sadee, W. Intronic polymorphism in CYP3A4 affects hepatic expression and response to statin drugs. Pharm. J. 2011, 11, 274–286. [Google Scholar] [CrossRef]

	



Ward, N.C.; Watts, G.F.; Eckel, R.H. Statin Toxicity Mechanistic Insights and Clinical Implications. Circ. Res. 2019, 124, 328–350. [Google Scholar] [CrossRef]

	



Buzková, H.; Pechandová, K.; Danzig, V.; Vareka, T.; Perlik, F.; Zak, A.; Slanar, O. Lipid-lowering effect of fluvastatin in relation to cytochrome P450 2C9 variant alleles frequently distributed in the Czech population. Med. Sci. Monit. 2012, 18, CR512–CR517. [Google Scholar] [CrossRef]

	



Luvai, A.; Mbagaya, W.; Hall, A.S.; Barth, J.H. Rosuvastatin: A review of the pharmacology and clinical effectiveness in cardiovascular disease. Clin. Med. Insights Cardiol. 2012, 6, 17–33. [Google Scholar] [CrossRef]








[image: Ijms 23 05719 g001 550] 





Figure 1. Cumulative probability of fatal and non-fatal cardiovascular (CV) events in DKD patients (red line) compared with non-DKD patients (blue line) by 24 h proteinuria categories. The presence of diabetes significantly increased the risk of CV events even for mild proteinuria values (0.15–0.50 g/24 h). This figure was derived from the individual data of a cohort of CKD patients followed by Nephrologists in Italy. Data from the Italian Multicohort of Chronic Kidney Disease patients followed by nephrologists (Minutolo et al.) [11]. The curves were built using the Nelson Aalen estimator of the cumulative event probability over time. p-values were: 0.208 (proteinuria < 0.15 g/24 h); <0.001 (proteinuria 0.15–0.50 g/24 h); <0.001 (proteinuria > 0.50 g/24 h). 
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Figure 2. Individual variation of response to metformin and GLP-1 receptor agonists based on pharmacogenomic variants. (A) The variant rs622342 (CC) of the SLC22A1 gene leads to a decreased activity of the OCT-1 transporter across the cellular membrane. OCT-1 transporter is responsible for the intra-hepatic transport of metformin. The reduction in metformin amount into these cells may contribute to a minor response to the drug. (B) TCF7L2 is involved in the molecular pathway, which facilitates the GLP-1-dependent insulin secretion from pancreatic β-cells. Its genetic variant rs7903146 (T allele) is associated with a positive response to the GLP-1 receptor agonist exenatide. This figure was originally created by the authors. 
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Table 1. Prognostic and treatment response biomarkers in DKD patients.
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Type 1 Diabetes

	

	

	




	
Prognosis

	
Source

	
Biomarker/Variable

	
Findings and Interpretation






	

	

	
Single Biomarkers/Biomarkers family

	




	

	
Tofte N et al. [64]

	
MR-proANP, NT-proBNP

	
They are associated with 2-fold increased risk of EKSD, CV events and all-cause mortality, regardless of the main traditional risk factors.




	

	
Costacou T et al. [65]

	
hs-cTnT

	
Blood levels of hs-cTnT were associated (with about 40% more risk for each unit increase) with CV events over time.




	

	
El Dayem SMA et al. [67]

	
Copeptin

	
Higher blood levels of copeptin are strictly associated with the development of atherosclerosis, arterial stiffness and kidney. damage. Patients with the highest levels of copeptin have concomitantly increased levels of albuminuria.




	

	
Nakano D et al. [71]

	
Urinary AGT

	
Urinary levels of ATG predict eGFR decline and ESKD, regardless of baseline levels of albuminuria.




	

	

	
Genomic findings

	




	

	
Salem RM et al. [73]

	
Single nucleotide polymorphisms- 16 loci (e.g., SNP variant rs55703767)

	
SNP variant rs55703767 is responsible for a mutation in the collagen type IV alpha 3 chain (COL4A3). It was the variant with the strongest association with kidney damage and CKD progression.




	

	
Smyth LJ et al. [74]

	
DNA methylation patterns FKBP5-RUNX3-PIM1-ELMO1-LY0)

	
Polymorphisms in these genes have been associated with cardiovascular and kidney disease, ageing, tumor cell proliferation, TGF-β signaling and inflammatory-immune pathways.




	
Type 2 Diabetes

	

	

	




	
Prognosis

	
Source

	
Biomarker/Variable

	
Findings and Interpretation




	

	

	
Single Biomarkers/Biomarkers family

	




	

	
Niewczas MA et al. [77]

Waijer SW et al. [78]

	
TNFR-1/TNFR-2

	
Their plasma levels are associated with an increased risk of CKD progression and ESKD. They may help to improve risk stratification of DKD patients and forecast ESKD even in the absence of proteinuria, thus testifying their possible predictive role in the earlier stages of CKD and in non-proteinuric phenotypes of CKD.




	

	
Nowak N et al. [80]

Coca SG et al. [81]

	
KIM-1

	
Promote kidney fibrosis and accelerate eGFR decline. Plasma KIM-1 level is associated with CKD progression strongly and independently of the TNFR-1 and -2 levels and both in patients with early and advanced DKD.




	

	
Luan HH et al. [84]

Sen T et al. [83]

	
GDF-15

	
GDF-15 increases in chronic conditions such as diabetes or CKD. Increased plasma levels are associated with higher risk for CV events.




	

	
Tang O et al. [87]

	
hs-cTnT/hs-cTnI

	
In DKD patients, the measurements of both biomarkers improve CV risk stratification.




	

	
Kammer M et al. [89]

	
NT-proBNP

	
Predict CV and kidney endpoints.




	

	
Velho G et al. [90]

	
Copeptin

	
High plasma levels were found to forecast the CKD progression (ESKD or doubling of serum creatinine). Such an association was strong and independent of a series of baseline covariates such as age, gender, eGFR and albuminuria.




	

	

	
Combination of multiple markers

	




	

	
Roscioni et al. [93]

	
CKD273

	
Panel of 273 urine peptides that predict the onset of albuminuria and CKD progression over time.




	

	

	
Genomic findings

	




	

	
Vujkovic M et al. [95]

	
UMOD gene

	
Genetic variants in UMOD gene were associated with CKD development in a multiethnic analysis. From the same population, 13 variants predicted CV complications of type 2 diabetes patients




	

	
Ma J et al. [96]

	
Cubilin and Megalin genes

	
Polymorphisms in these genes modified ESKD risk in an African American population.




	
Treatment Response Markers

	

	

	




	

	
Nichols G.A. et al. [105]

Becker M.L. et al. [107]

	
Metformin

	
First line treatment for hyperglycaemia. In DKD patients were not contraindicated unless the kidney damage is advanced or conditions predisposing to lactic acidosis coexist. Clinical and pharmacogenetic factors explain the individual variation of the response to metformin. Genetic variants of the SLC22A1 and SLC47A1 gene influence both pharmacokinetic (PK) and pharmacodynamic (PD) behavior of metformin.




	

	
De Luis D.A. et al. [108]

Ferreira M.C. et al. [110] Shu L. et al. [111]

	
GLP1-RA

	
Polymorphisms in the GLP1 receptor gene exert a different response to GLP1-RA.




	

	
Nagai K. Et al. [114]

Hoeben E. et al. [115]

Zimdahl H. et al. [116]

	
SGLT2 inhibitors

	
Novel drugs in the treatment of patients with diabetes and CKD. Some studies have highlighted a greater response in males than in females. Genetic plays a relevant role in determining the degree of response to SGLT2 inhibitors.




	

	
Cohen J.B. at al. [119]

Kwaker Naak A.J et al. [121]

Miao Y. et al. [122]

Parving H.H. et al. [123]

	
ACE/ARB

	
Clinical and genetic reasons explain the variability in response to ACEi and ARBs. BMI and obesity, for example, are associated with a decreased response to these agents. An insertion (I) or deletion (D) polymorphism of the ACE gene modifies the activity of the systemic and renal renin-angiotensin-aldosterone system (RAAS) with a higher activity in patients with the D polymorphism.




	

	
Simon J.A. et al. [125]

Elens L. et al. [126]

	
Statins

	
Statins work through the competitive inhibition of the enzyme 3-hydroxy-3-methylglutaryl-CoA reductase, lowering LDL cholesterol levels. A degree of individual variation in treatment effect has been found. Polymorphisms in the gene involved in the PK of statins are majorly modificatory of their individual response, particularly with respect to the cytochrome P450 expression.
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