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Abstract
Aims  This joint document of the Italian Diabetes Society and the Italian Society of Nephrology reviews the natural history 
of diabetic kidney disease (DKD) in the light of the recent epidemiological literature and provides updated recommendations 
on anti-hyperglycemic treatment with non-insulin agents.
Data Synthesis  Recent epidemiological studies have disclosed a wide heterogeneity of DKD.  In addition to the classical 
albuminuric phenotype, two new albuminuria-independent phenotypes have emerged, i.e., “nonalbuminuric renal impair-
ment” and “progressive renal decline”, suggesting that DKD progression toward end-stage kidney disease (ESKD) may occur 
through two distinct pathways, albuminuric and nonalbuminuric.  Several biomarkers have been associated with decline of 
estimated glomerular filtration rate (eGFR) independent of albuminuria and other clinical variables, thus possibly improv-
ing ESKD prediction.  However, the pathogenesis and anatomical correlates of these phenotypes are still unclear.  Also the 
management of hyperglycemia in patients with type 2 diabetes and impaired renal function has profoundly changed during 
the last two decades.  New anti-hyperglycemic drugs, which do not cause hypoglycemia and weight gain and, in some cases, 
seem to provide cardiorenal protection, have become available for treatment of these individuals.  In addition, the lowest 
eGFR safety thresholds for some of the old agents, particularly metformin and insulin secretagogues, have been reconsidered.
Conclusions  The heterogeneity in the clinical presentation and course of DKD has important implications for the diagnosis, 
prognosis, and possibly treatment of this complication.  The therapeutic options for patients with type 2 diabetes and impaired 
renal function have substantially increased, thus allowing a better management of these individuals.

Keywords  Diabetes mellitus · Diabetic nephropathy · Albuminuria · Estimated glomerular filtration rate · End-stage kidney 
disease · Anti-hyperglycemic therapy
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Introduction

Diabetic nephropathy is a major long-term complication 
affecting approximately 30% of patients with type 1 diabe-
tes (T1D) and 40% of those with type 2 diabetes (T2D) [1]. 

Nowadays, it represents the leading cause of end-stage kid-
ney disease (ESKD) worldwide, accounting for approximately 
40% of new patients requiring renal replacement therapy 
[2]. Recently, epidemiological surveys have highlighted the 
unique heterogeneity of the natural history of this compli-
cation, thus prompting the use of “diabetic kidney disease” 
(DKD) to encompass all types of renal injury occurring 
in diabetic individuals [3]. In particular, in addition to the 
classical albuminuric phenotype, two new phenotypes have 
emerged, i.e., “nonalbuminuric renal impairment” and “pro-
gressive renal decline”, which suggest that DKD progres-
sion toward ESKD in both T1D and T2D may occur through 

http://crossmark.crossref.org/dialog/?doi=10.1007/s40620-019-00650-x&domain=pdf
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two distinct pathways heralded by a progressive increase in 
albuminuria and decline in glomerular filtration rate (GFR), 
respectively [4]. Furthermore, during the last two decades, the 
management of hyperglycemia in T2D patients with impaired 
renal function has profoundly changed, as several new anti-
hyperglycemic drugs have become available for treatment of 
these individuals and the lowest GFR safety thresholds for 
some of the old agents have been reconsidered [5]. This joint 
document of the Italian Diabetes Society (SID) and the Italian 
Society of Nephrology (SIN) extensively reviews the natu-
ral history of DKD in the light of the recent epidemiological 
literature, though a systematic review of the literature was 
not made. In addition, it provides updated recommendations 
on anti-hyperglycemic treatment with non-insulin agents in 
patients with T2D and impaired renal function.

Natural history of DKD

In the traditional, five-stage natural history of diabetic 
nephropathy, microalbuminuria represents the first abnormal-
ity occurring in individuals suffering from this complication. 
It later progresses to macroalbuminuria, which in turn pre-
cedes GFR decline, usually in parallel with development and 
progression of retinopathy [6]. For this reason, the screening 
and diagnosis of diabetic nephropathy have been tradition-
ally based on the assessment of albuminuria [7]. Furthermore, 
albuminuria has long been considered as the main prognostic 
factor for both progression to ESKD and morbidity and mor-
tality from cardiovascular disease (CVD) [8]. Finally, clinical 
trials with renoprotective agents, such as the blockers of the 
renin-angiotensin system (RAS), have generally tested the 
efficacy of these drugs in halting progression and/or favoring 
regression of albuminuria from one category to another [9], 
based on the assumption that targeting albuminuria in diabetic 
individuals results in better renal and CVD outcomes [10].

This albuminuria-centric model of the natural history of 
diabetic nephropathy has been questioned by a number of 
epidemiological observations accumulated during the last 
decades on the incidence and prevalence of DKD and its 
main manifestations, i.e., increased albuminuria and reduced 
GFR, usually estimated using different formulas (eGFR).

These data indicate that the overall burden of DKD has 
not decreased during this period. Serial cross-sectional anal-
yses of the National Health and Nutrition Examination Sur-
vey (NHANES) data from 1988 through 2014 have shown 
that, among US adults with diabetes, prevalence of DKD has 
remained stable during this period [11]. In contrast, serial 
cross-sectional studies conducted in a Japanese diabetic 
population have demonstrated that prevalence of DKD has 
increased from 18.5% in 1996 to 25.6% in 2014 [12]. Finally, 
data from the National Health Interview Survey, the National 
Hospital Discharge Survey, the US Renal Data System, and 

the US National Vital Statistics System have indicated that, 
among the major diabetic complications, ESKD has shown 
the smallest decline between 1990 and 2010 among US 
adults with diabetes, likely due to the marked decrease in the 
incidence of acute myocardial infarction and stroke, which 
may have favored DKD progression toward its later stages 
by reducing mortality from CVD [13].

Conversely, impressive diverging changes have been 
reported in the prevalence of albuminuria and reduced 
eGFR. The NHANES data have shown that, from 1988 to 
2014, the prevalence of albuminuria has declined by 24% 
[adjusted prevalence ratio 2009–2014 vs 1988–1994, 0.76 
(95% confidence interval 0.65–0.89), P< 0.001], that of mac-
roalbuminuria has remained rather stable [0.82 (0.59–1.14), 
P= 0.22], and that of eGFR < 60 ml/min/1.73 m2 and espe-
cially < 30 ml/min/1.73 m2 has dramatically increased [1.61 
(1.33–1.95), P< 0.001, and 2.86 (1.38–5.9), P< 0.004, 
respectively] [11]. Similar secular trends in the prevalence 
of albuminuria and reduced eGFR have been reported in the 
Japanese diabetic population from 1996 through 2014 [12].

These opposite temporal trends in the prevalence of albu-
minuria and reduced eGFR reflect the fact that remission/
regression of microalbuminuria (and even macroalbuminuria) 
to normoalbuminuria is an increasingly common feature that 
far outweighs progression to proteinuria in both T1D [14–16] 
and T2D [17–19], whereas eGFR loss, once initiated, con-
tinue to progress inevitably to ESKD, albeit at widely varia-
ble rates. The increasing divergence between albuminuria and 
reduced eGFR challenges the classical view that albuminuria 
invariably precedes and sustains eGFR loss, suggesting that 
both initiation and progression of renal function decline may 
occur also independently of the development of albuminuria 
and its subsequent course. This concept is supported by the 
emergence of two new phenotypes, i.e., nonalbuminuric renal 
impairment and progressive renal decline.

Box 1

During the last decades, prevalence of DKD has not 
decreased and incidence of ESKD has decreased only 
slightly, with major changes in the two main DKD mani-
festations, i.e., albuminuria, the prevalence of which has 
decreased (with macroalbuminuria remaining stable), and 
reduced eGFR, the prevalence of which has increased 
(especially for eGFR < 30 ml/min/1.73 m2).

Nonalbuminuric renal impairment and progressive 
renal decline

Two early studies reported that reduction of creatinine clear-
ance may occur in patients with both T1D and T2D who 
remain normoalbuminuric [20, 21]. These observations 
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have been confirmed in the last decades, during which the 
prevalence of the nonalbuminiric phenotype has increased 
among individuals with T2D (Table 1) and, though to a 
lower extent, also with T1D (Table 2).

A cross-sectional analysis of US adults with diabe-
tes from the NHANES 1988–1994 showed that 35.1% of 
subjects with an eGFR < 60 ml/min/1.73 m2, as calculated 
using the Modification of Diet in Renal Disease (MDRD) 
formula, were normoalbuminuric, and that albuminuria 
and retinopathy were both absent in 29.8% of patients with 
reduced eGFR [22]. Subsequent cross-sectional analyses of 
the NHANES data showed higher adjusted prevalence rates 
(~ 50%) for the nonalbuminuric phenotype among individu-
als with reduced eGFR, as calculated using the Chronic Kid-
ney Disease Epidemiology Collaboration (CKD-EPI) equa-
tion, i.e., 45.8%, in the years 1988–1994 [23], 47.7%, in the 
years 1999–2012 [24], 51.8%, in the years 2001–2008 [25], 
and 48.1%, in the years 2005–2008 [11]. These data are con-
sistent with the decreasing prevalence of albuminuria and 
the increasing prevalence of reduced eGFR reported among 
US [11] and Japanese [12] adults with diabetes.

Similar findings have emerged from cross-sectional 
studies in cohorts of T2D patients from several coun-
tries. McIsaac et  al. reported that, among 301 patients 
with T2D attending an outpatient clinic in Australia in the 
years 1990–2001, 39.4% of those with an GFR < 60 ml/
min/1.73 m2, as measured by an isotopic method, were 
normoalbuminuric [26]. All the surveys conducted in the 
subsequent years reported a rising prevalence (increasing 
approximately from 40 to 70%) of the nonalbuminuric phe-
notype among T2D patients with reduced eGFR, with dif-
ferences among studies depending also on the geographic 
area and the formula used for eGFR calculation. In detail, 
prevalence was: 40.1% in the Developing Education on 
Microalbuminuria for Awareness of renal and cardiovascular 
risk in Diabetes (DEMAND) Study (multinational, MDRD, 
2003) [27, 28]; 51.8% in the Japan Diabetes Clinical Data 
Management (JDDM) Study (Japan, MDRD, 2004–2005) 
[29]; 54.2% in the National Evaluation of the Frequency 
of Renal Impairment cO-existing with NIDDM (NEFRON) 
(Australia, MDRD, 2005) [30, 31]; 56.6% in the Renal 
Insufficiency And Cardiovascular Events (RIACE) Italian 
Multicenter Study (Italy, MDRD, 2006–2008) [32]; 61.9% 
in an analysis of the Swedish National Diabetes Register 
(Sweden, MDRD, 2007) [33]; 63.7% in the UK National 
Diabetes Audit (UK, CKD-EPI, 2007–2008) [34]; 48.2% 
in the AMD-Annals Initiative (Italy, CKD-EPI, 2009) [35]; 
69.9% in a Chinese cohort (China, CKD-EPI, 2008–2009) 
[36]; 69.4% in the Prevalence of ease in Patients with Type 2 
Diabetes (PERCEDIME2) Study (Spain, MDRD, 2011) [37] 
and 68.3% in the Diabetes-Patienten-Verlaufsdokumentation 
(DPV) and DIabetes Versorgungs-Evaluation (DIVE) regis-
tries (Germany, MDRD, 2010–2017) [38]. Lower prevalence 

rates were reported in two epidemiological surveys from 
Korea (23.7%) [39] and US [the Chronic Renal Insufficiency 
Cohort (CRIC) Study, 28.4%] [40], but patients whose albu-
minuria status was possibly related to RAS blocker therapy 
were excluded from these analyses.

A high prevalence of the nonalbuminuric phenotype 
(ranging approximately from 45 to 70%) was also detected 
in T2D patients enrolled in multicenter multinational inter-
ventional studies, in which however values were affected by 
the different entry criteria. In detail, prevalence was: 59.1% 
in the Fenofibrate Intervention and Event Lowering in Dia-
betes (FIELD) Study (MDRD, 1998–2000) [41]; 61.6% in 
the Action in Diabetes and Vascular disease: preterAx and 
diamicroN-MR Controlled Evaluation (ADVANCE) Study 
(MDRD, 2001–2003) [42]; 68.2% in the Ongoing Telmisar-
tan Alone and in Combination with Ramipril Global End-
point Trial (ONTARGET) and Telmisartan Randomised 
AssessmeNt Study in ACE iNtolerant subjects with cardio-
vascular Disease (TRASCEND) Study (MDRD, 2001–2004) 
[43]; and 46.8% in the Avoiding Cardiovascular Events 
in Combination Therapy in Patients Living with Systolic 
Hypertension (ACCOMPLISH) Study (MDRD, 2003–2005) 
[44].

Altogether, these data support the concept that prevalence 
of nonalbuminuric renal impairment in T2D has increased 
during the last decades and that it has now become the 
prevailing phenotype among patients with reduced eGFR. 
Currently, it can be estimated that, among T2D individu-
als, 50–65% have no DKD, 20–30% have albuminuria alone 
(i.e., albuminuric DKD with preserved eGFR), and 15–25% 
have reduced eGFR, the majority of them (8–16%) with nor-
moalbuminuria (i.e., nonalbuminuric DKD or reduced eGFR 
alone) and the remaining with micro or macroalbuminuria 
(i.e., albuminuric DKD with reduced eGFR or combination 
of albuminuria and reduced eGFR) (Table 1).

A high prevalence of the nonalbuminuric phenotype 
has been observed also in individuals with T1D. A cross-
sectional analysis of the Finnish Diabetic Nephropathy 
(FinnDiane) Study cohort detected that 15.5% of the 502 
T1D patients with reduced eGFR were normoalbuminuric 
(Finland, CKD-EPI, 1998–2005) [45]. However, more recent 
cross-sectional studies from Italy and UK reported a much 
higher prevalence (approximately 50–60%) of the nonal-
buminuric phenotype among T1D patients with reduced 
eGFR, i.e., 58.6% in a cohort study from Tuscany (Italy, 
MDRD, 2001–2009) [46]; 48.9% and 51.5% in the AMD-
Annals Initiative (Italy, CKD-EPI, 2004–2011) [47, 48]; and 
54.4% in the UK National Diabetes Audit (UK, CKD-EPI, 
2007–2008) [34]. These data seem to indicate that preva-
lence of nonalbuminuric renal impairment is increasing 
also in T1D and that, nowadays, it is at least as frequent 
as the albuminuric phenotype among T1D individuals with 
impaired renal function.
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Longitudinal analyses of patients with T2D from the 
United Kingdom Prospective Diabetes Study (UKPDS) and 
of patients with T1D from the Diabetes Control and Com-
plications Trial (DCCT)/Epidemiology of Diabetes Inter-
ventions and Complications (EDIC) provided information 
on the course of albuminuria and reduced eGFR in these 
individuals. In the UKPDS, of the 1132 individuals (28.3% 
of the overall cohort) who developed reduced eGFR over 
a 15-year follow-up, 67.1% were normoalbuminuric and 
50.8% remained in this category, whereas 16.3% became 
microalbuminuric thereafter (UK, Crockcroft-Gault) [49]. 
Likewise, in the DCCT/EDIC Study, of the 89 individu-
als (6.2% of the overall cohort) developing reduced eGFR 
during a 19-year follow-up, 23.6% were normoalbuminuric 
(North America, MDRD) [50]. These data indicate not only 
that eGFR may decline prior to the increase of albuminuria, 
but also that reduced eGFR may remain the sole renal abnor-
mality in a substantial proportion of patients with DKD or 
become associated with albuminuria only later. Thus, albu-
minuric DKD with reduced eGFR represents a heteroge-
neous DKD phenotype, including individuals progressing 
along the classical pathway characterized by eGFR decline 
only after the development and progression of microalbu-
minuria and those presenting initially with nonalbuminuric 
renal impairment and developing albuminuria only at a later 
stage.

Finally, Krolewski et al. identified the phenotype of pro-
gressive renal decline by analyzing the slope of eGFR in 
diabetic patients enrolled in the Joslin Kidney Studies [51]. 
This phenotype was observed in 19% of T1D and 28% of 
T2D individuals [52] and now accounts for the majority of 
ESKD cases in T1D [53]. It is characterized by eGFR loss 
which occurs early (or late) in the natural history of diabetic 
nephropathy, while patients have normal renal function, and 
progresses unidirectionally to ESKD at a variable rate, from 
slow to very fast [52]. Progression was shown to be mainly 
linear, with only a small percentage of patients exhibiting 
non-linear decline with acceleration or deceleration [53, 
54], though the use of a modeling method designed to han-
dle heterogeneity revealed that non-linear trajectories are 
indeed common in patients with T2D [55]. It can be diag-
nosed using serial measurement of serum creatinine and/or 
cystatin C, which allow to estimate the slope of eGFR when 
it is still within the normal range [51, 52]; decliners are usu-
ally identified by an eGFR loss ≥ 3 ml/min/year, whereas a 
rapid progression is defined as an eGFR loss ≥ 5 ml/min/year 
according to the Kidney Disease: Improving Global Out-
comes (KDIGO) guidelines [56]. Of note, both initiation and 
progression of eGFR decline may be independent of albumi-
nuria. In fact, progressive renal decline was observed among 
patients with any level of albuminuria, though it was less 
frequent among individuals with normoalbuminuria (9% in 
T1D and 20% in T2D) than in those with microalbuminuria 

(22% in TID and 33% in T2D) and macroalbuminuria (51% 
in TID and 68% in T2D) [51, 52, 57–59]. Conversely, most 
of the normoalbuminuric individuals maintained stable renal 
function over time [52, 58], but a substantial proportion of 
non-decliners was observed also among proteinuric patients 
[52, 59]. In addition, in both decliners and non-decliners, 
albuminuria may either progress, remain stable, or regress, 
though progression is more frequent among decliners and 
regression is more frequent among non-decliners. Indeed, in 
a cohort of 79 microalbuminuric patients with T1D, microal-
buminuria progressed to macroalbuminuria in 12 (50.0%) of 
the 24 decliners and in 10 (22.2%) of the 45 non-decliners, 
whereas it regressed in 3 decliners (12.5%) and 24 non-
decliners (53.3%) [51].

Taken together, these findings indicate that albuminuria 
and reduced eGFR may occur and proceed either together 
or separately as complementary or “twin” manifestations of 
DKD [60] and that there are two main pathways for the onset 
and progression of DKD, i.e., albuminuric and nonalbumi-
nuric (Fig. 1). In the classical albuminuric pathway, eGFR 
loss is preceded and substantially driven by the develop-
ment and progression of microalbuminuria, the reduction of 
which is therefore expected to significantly slow down renal 
function decline. In the emerging nonalbuminuric pathway, 
of which nonalbuminuric renal impairment and progressive 
renal decline are two sides of the same coin, eGFR loss is 
independent from ← of microalbuminuria and, hence, it may 
not benefit from reduction of albuminuria. As such, it either 
occurs in the absence of albuminuria (or right before or soon 
after the onset of microalbuminuria) or progresses toward 
ESKD irrespective of whether albuminuria remains stable, 
progresses or reverses.

Fig. 1   Albuminuric and nonalbuminuric pathways of DKD progres-
sion. DKD diabetic kidney disease, GFR glomerular filtration rate, 
ESKD end-stage kidney disease
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However, the level of albuminuria [61], from increments 
within the normal range [62] to nephrotic range proteinuria 
[63], remains a powerful independent predictor of eGFR 
decline, especially in diabetic individuals with low eGFR. A 
recent observational study evaluated cardiorenal risk in dia-
betic (n = 693) versus non-diabetic (n = 1491) patients with 
chronic kidney disease (CKD) (75% with an eGFR < 45 ml/
min/1.73 m2), stratified by the level of proteinuria and fol-
lowed for a median of 4.07 years [64]. In the absence of pro-
teinuria (< 0.15 g/24 h), diabetic patients were not exposed 
to an increased risk of ESKD compared with non-diabetic 
individuals, whereas they had only a higher CVD risk in 
the presence of moderate proteinuria (0.15–0.49 g/24 h). In 
contrast, in patients with proteinuria ≥ 0.50 g/24 h, the car-
diorenal risk was primarily driven by the level of proteinuria 
independent of the diabetic status [64]. Similar data have 
been provided by the CRIC Study in the US that prospec-
tively followed 1908 patients with T1D or T2D and reduced 
eGFR (mean eGFR 41 ml/min/1.73 m2) for a median of 
6.3 years [40].

Complexity of this issue further increases when consider-
ing that, in the context of low eGFR, the absolute level of 
proteinuria does have an intrinsic pathophysiological limita-
tion, as it depends not only on the extent of kidney damage 
but also on the number and function of residual nephrons; 
therefore, a low proteinuria level can be merely a conse-
quence of low eGFR. In this regard, a recent multi-cohort 
prospective study in 3957 patients (29% with diabetes) with 
an eGFR < 60 ml/min/1.73 m2 has demonstrated that pro-
teinuria indexed to eGFR acts as an independent predictor 
of ESKD, with this association being stronger than that 
observed with absolute proteinuria level and in diabetic than 
in non-diabetic individuals [65].

Given the strong association between albuminuria and 
eGFR decline, several studies have investigated whether 
reduction of albuminuria translates into improved renal out-
comes in the long-term. A pooled analysis of interventional 
studies showed that, in both types of diabetes, the initial 
decrease in albuminuria with anti-hypertensive treatment 
does not predict the subsequent decline in eGFR in early 
nephropathy (microalbuminuria and preserved eGFR), but 
it does in advanced disease (macroalbuminuria and reduced 
eGFR) [66]. In fact, in the DCCT/EDIC Study, remission of 
microalbuminuria in T1D patients was not associated with a 
significant reduction in the risk of adverse outcomes, includ-
ing sustained eGFR < 60 ml/min/1.73 m2 [67], whereas in 
the ADVANCE Study, a “real” decrease in albuminuria in 
T2D individuals was associated with a significantly lower 
risk of a composite primary cardiorenal outcome, but not 
of major renal events [68]. Conversely, a post hoc analysis 
of the Reduction of Endpoints in NIDDM with the Angio-
tensin II Antagonist Losartan (RENAAL) Study clearly 
showed that not only baseline proteinuria, but also changes 

in proteinuria in the first 6 months of therapy were related 
to the degree of long-term renal protection in proteinuric 
patients with T2D [69]. Recently, an observational study 
from the Stockholm CREAtinine Measurements (SCREAM) 
project [70] and two patient-level meta-analyses [71, 72] 
including as many as 31,732, 29,979, and 693,816 CKD 
patients (61%, 71%, and 80% with diabetes), respectively, 
provided conclusive evidence that a decrease in albuminu-
ria is associated with a reduction of the subsequent risk of 
ESKD, depending on the level of albuminuria [71, 72]. Col-
lectively, current evidence supports the use of changes in 
albuminuria as a surrogate outcome in trials designed to test 
the efficacy of interventions aimed at halting the progression 
of DKD, in the setting of increased albuminuria [73].

Despite the large body of evidence indicating the exist-
ence of different DKD phenotypes, it is still unclear whether 
the albuminuric and nonalbuminuric DKD models represent 
true distinct pathways underlying different pathogenic and 
pathophysiological mechanisms and what is the reason for 
the progressive switch from the classical albuminuric pres-
entation to the new nonalbuminuric phenotypes, i.e., nonal-
buminuric renal impairment and progressive renal decline.

Box 1.1

In the last decades, two new phenotypes have been 
increasingly recognized: “nonalbuminuric renal impair-
ment”, in which eGFR decline is not preceded by the 
development and progression of microalbuminuria and 
may remain the sole renal abnormality, and “progressive 
renal decline,” in which eGFR loss represents the main 
abnormality that develops and progresses independently 
of the presence and extent of albuminuria and its subse-
quent course. These phenotypes suggest that DKD onset 
and progression may occur also through a “nonalbumi-
nuric” pathway, distinct from the classical “albuminuric” 
pathway. However, when present, albuminuria remains 
a strong predictor of eGFR decline and a main target of 
renoprotective therapy, especially in the setting of mod-
erate-to-severe impairment of renal function.

Impact of improved treatment on the natural 
history of diabetic nephropathy

The opposite temporal trends in the prevalence of albuminu-
ria and reduced eGFR and the increasingly divergent pres-
entation and course of these two main DKD manifestations 
observed over the last decades suggest that changes in the 
natural history of diabetic nephropathy may be related to 
changes in the type and intensity of preventive and thera-
peutic interventions aimed at controlling the known risk 
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factors for the development and progression of diabetic 
complications, including DKD. Indeed, serial cross-sec-
tional analyses of data from US and Japanese adults with 
diabetes have shown an increasing use of glucose-lowering 
medications, RAS blockers, and statins, which has resulted 
in a progressive improvement in glycemic, blood pressure 
and lipid control from the 90s to the 10s [11, 12] suggesting 
a cause–effect relationship with the reduction in the preva-
lence of albuminuria and the increment in the prevalence of 
reduced eGFR. However, while the relation with reduction 
of albuminuria is well established, it is difficult to under-
stand whether and how changes in treatment resulted in an 
increment of impaired eGFR.

One possible explanation is the progressive decrease in 
all-cause and CVD mortality observed in diabetic individu-
als as a result of improved treatment [74], which may have 
favored progression toward impaired eGFR. In addition, the 
increasing age of the population due to the reduced mortal-
ity may have resulted in an increased prevalence of reduced 
eGFR. However, data from the NHANES argue against this 
hypothesis, as the increase in prevalence of reduced eGFR 
was observed both in younger and older individuals [11] 
and reduction in mortality was confined to individuals with 
albuminuria [75]. Rather, the monotonic increase in diabe-
tes duration with no change in mean age reported in the 
NHANES cohort from 1988 to 2014 [11] suggests a pro-
gressively earlier onset of T2D, which was found to be an 
independent predictor of eGFR decline [76]. Another expla-
nation is the progressive lowering of average blood pressure 
during the past two decades among adults with diabetes [11, 
12], which may have resulted in reduction of renal perfusion 
pressure and, hence, of eGFR in some individuals. Finally, 
the opposite temporal trends in the prevalence of albumi-
nuria and reduced eGFR have been related to the use RAS 
blockers. These agents, in addition to favoring the prevention 
and/or regression of micro/macroalbuminuria to normoalbu-
minuria [9], cause a reversible, hemodynamically-mediated 
eGFR drop that may be of clinical significance [77], though 
in the long run they slow down eGFR decline [78], possibly 
through their anti-proteinuric effect [69]. This interpretation 
is supported by the finding that, during the last decades, 
use of RAS blockers and prevalence of the nonalbuminu-
ric phenotype have increased in parallel. For instance, in 
the NHANES, use of these agents (weighed % and 95% 
confidence interval) increased from 24.4% (21.0–28.3%) 
in 1998–1994 to 56.2% (52.3–59.9%) in 2009–2014 [11], 
whereas recent surveys reported values up to 70% or more 
[32, 33, 35, 45]. The much lower prevalence of nonalbu-
minuric renal impairment when patients on RAS blockers 
were excluded from the analysis [39, 40] is also consistent 
with the concept that individuals with the nonalbuminuric 
phenotype are those who either did not develop albuminu-
ria or were microalbuminuric at some point of the natural 

history of DKD but later became normoalbuminuric because 
of treatment with RAS blockers, i.e., in the absence of anti-
RAS treatment, these patients would have presented with the 
classical albuminuric phenotype.

However, several lines of evidence argue against this 
interpretation and support the existence of two distinct 
pathways, albuminuric and nonalbuminuric, to DKD pro-
gression. First, a relation between use of RAS blockers and 
remission/regression of albuminuria has emerged in some 
studies [17, 18], but not in others [14, 19, 57, 58, 79]. In 
addition, in both cross-sectional and longitudinal studies, 
the use of RAS blockers was not higher (and in some cases 
it was even lower) in T1D and T2D individuals with nonal-
buminuric DKD as compared with those with albuminuria 
and either preserved or reduced eGFR [31, 32, 35, 45, 50] 
and a substantial proportion of patients with the nonalbu-
minuric phenotype was not on these agents [31–33, 35, 49, 
50]. These data indicate that albuminuric DKD may develop 
despite RAS blocker treatment and that the nonalbuminuric 
phenotype may occur independently of such therapy. Sec-
ond, the opposite trends in the absolute prevalence of albu-
minuria and impaired eGFR are in contrast with the finding 
that reducing albuminuria with RAS blockers decreases 
eGFR loss in individuals with both T1D and T2D, especially 
in those with proteinuria [80–82]. Third, previous studies in 
T2D patients have shown that the independent correlates of 
reduced eGFR and albuminuria differ between each other, 
i.e., female gender, non-smoking status, age, and diabetes 
duration for reduced eGFR and male gender, former or cur-
rent smoking status, hemoglobin (Hb) A1c, body mass index, 
waist circumference, and retinopathy for albuminuria [29, 
49, 83]. Fourth, nonalbuminuric renal impairment was found 
to be associated with distinct features which recapitulate the 
correlates of reduced eGFR. Studies in T2D patients have in 
fact shown that, compared with individuals with the albu-
minuric forms, those presenting with the nonalbuminuric 
phenotype were more frequently female, non-smoker, older, 
and with longer disease duration, though differences in age 
and years spent with diabetes were observed only versus 
individuals with albuminuric DKD with preserved eGFR 
[31, 32, 35]. In addition, at variance with the albuminuric 
forms, the nonalbuminuric phenotype showed no or weak 
association with HbA1c and HbA1c variability, hypertension, 
and the other major microvascular complication of diabetes, 
i.e., retinopathy, with up to approximately 30–50% of indi-
viduals with reduced eGFR showing neither albuminuria nor 
retinopathy [22, 29, 32, 33, 35]. Studies in T1D patients have 
found an association with age, but also with HbA1c, whereas 
no relation was detected with smoking status [57, 58].

Altogether, these findings support the concept that 
changes in treatment, including but not limited to the use 
of RAS blockers, have unraveled the existence of the two 
pathways by differentially affecting albuminuria and reduced 
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eGFR. By decreasing albuminuria, improved treatment has 
been effective in reducing DKD progression through the 
classical albuminuric pathway. Conversely, due to the insuf-
ficient effect of these agents on eGFR decline, improved 
treatment has failed to reduce DKD progression through the 
nonalbuminuric pathway but, by favoring prevention and/
or regression of albuminuria, it has unmasked the new phe-
notypes, nonalbuminuric renal impairment and progressive 
renal decline.

In parallel with the increasing recognition of the nonal-
buminuric pathway and the new albuminuria-independent 
DKD phenotypes, several studies have been performed to 
identify novel biomarkers of eGFR decline which might 
shed light on the pathogenic mechanisms underlying the 
nonalbuminuric pathway and improve prediction of DKD 
progression independent of albuminuria.

Among inflammatory markers, circulating levels of tumor 
necrosis factor (TNF) receptors 1 and 2, but not of free and 
total TNFα, were consistently found to be associated with 
eGFR decline in patients with either T1D [98–100] or T2D 
[91, 101–105] and to improve prediction of ESKD when 
added to algorithms including clinical variables [91, 102]. 
Other markers of inflammation that were found to be inde-
pendently associated with eGFR decline include circulating 
interleukin (IL)-6 [106] and C-reactive protein [107] and 
urinary monocyte chemotactic protein-1 (MCP-1) [108], 
in patients with T2D, and multiple urinary inflammatory 
markers (IL-6, IL-8, MCP-1, interferon-γ-inducible protein, 
and macrophage inflammatory protein-1δ) in patients with 
T1D [109].

Markers of tubular injury have also been associated with 
eGFR decline in both types of diabetes. In detail, the fol-
lowing markers were found to be independent predictors 
of eGFR loss: serum kidney injury molecule-1 (KIM-1), 
in patients with T1D [110], and urinary levels of KIM-1 
[111–113], β2-microglobulin [113], liver-type fatty acid-
binding protein (FABP) [114], and nonalbumin protein 
[115], and serum retinol-binding protein 4 (RBP4) [107], 
in patients with T2D. However, other studies failed to dem-
onstrate an independent association of markers of tubular 
injury with eGFR decline [116, 117].

Other biomarkers that have been associated with eGFR 
loss include: urinary high molecular weight adiponectin 
[118], adiponectin [119], type IV collagen [120, 121], and 
haptoglobin [122, 123]; circulating arginine vasopressin, as 
measured as copeptin [124], adipocyte FABP [125], fibro-
blast growth factor 21 [126], kininogen and kininogen frag-
ments [127], the angiogenic factor leucine-rich a-2 glycopro-
tein 1 [128], the anti-ageing hormone soluble Klotho (low 
levels) [129], and leptin (both high and low levels) [130]; 
and erythrocyte total polyunsaturated fatty acids (PUFAs), 
n-3 PUFAs, and n-3/n-6 PUFA ratio, but not n-6 PUFAs 
(low levels) [106], all in T2D patients (except urinary col-
lagen IV, in both T1D and T2D individuals). In addition, 
CKD273, a multidimensional urinary proteome classifier 
consisting of 273 protein fragments, predicted deterioration 
of renal function in patients with [131] and without [132] 
albuminuria and also development of microalbuminuria in 
normoalbuminuric individuals [133]. Finally, panels of mul-
tiple markers representing different disease pathways and 
including inflammatory and tubular biomarkers, were shown 
to improve prediction of eGFR decline in patients with T2D 
beyond traditional risk factors [134–139].

An association with eGFR decline was described also 
for CVD biomarkers, especially high-sensitivity troponin T 
[140] and left ventricular ejection fraction [141], possibly 
reflecting the contribution of chronic cardiac dysfunction 
to progressive eGFR impairment in the context of type 2 

Box 1.2

Improvements in diabetes management over the last 
decades, with increasing use of medications, especially 
RAS blockers, resulting in better glycemic, blood pres-
sure and lipid control, have been effective in reducing 
the prevalence of albuminuria, but not that of low eGFR. 
The increased prevention and/or regression of albumi-
nuria due to improved treatment has unmasked the new 
phenotypes, nonalbuminuric renal impairment and pro-
gressive renal decline, indicating the existence of a nonal-
buminuric pathway of DKD onset and progression which 
is independent of albuminuria.

Biomarkers of eGFR decline beyond albuminuria

In the recent years, a number of studies in both T1D and 
T2D patients have identified several serum and urine bio-
markers that correlate with eGFR decline beyond albumi-
nuria and other clinical variables and improve prediction 
of ESKD.

An independent association between serum uric acid lev-
els in the high-normal range and eGFR decline was detected 
in patients with both T1D [84, 85] and T2D [86–92] and also 
in non-diabetic individuals [93]. The association in patients 
with T2D was confirmed by a recent meta-analysis [92] and 
appeared to be restricted to individuals with preserved renal 
function at baseline [94]. How serum uric acid can incite 
eGFR loss is not completely understood, but pro-inflamma-
tory mechanisms have been suggested [95]. Based on these 
findings, serum uric acid has been proposed as a target for 
treatment of CKD [96] and a trial with allopurinol is cur-
rently on-going in patients with T1D [97].
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cardio-renal syndrome [142]. In addition, arterial stiffness, a 
marker of arteriosclerosis, was found to be negatively associ-
ated with eGFR [143] and to independently predict eGFR 
decline [141, 144], possibly reflecting the contribution of 
highly pulsatile pressure and flow to small vessel disease 
in the kidney [145]. Moreover, renal function decline in 
T2D individuals was found to be associated with multiple 
modifiable CVD risk factors [146] and with presence of non-
alcoholic fatty liver disease [147].

Finally, hyperfiltration, which has been hypothesized to 
predispose to irreversible nephron damage [148], was also 
found to be associated with eGFR decline in both T1D [149] 
and T2D [150] patients, thus suggesting that it may serve as 
a predictor of eGFR loss.

These findings indicate that eGFR decline is associated 
with multiple pathways which may specifically impact on 
renal function independent of albuminuria and drive DKD 
onset and progression through the nonalbuminuric pathway.

association of eGFR decline with uric acid [84–94] and 
markers of inflammation [91, 98–109] and tubular injury 
[110–115]. In addition, two small studies in patients with 
biopsy-proven diabetic nephropathy showed that the score 
for interstitial fibrosis and tubular atrophy was an independ-
ent predictor of eGFR decline [153, 154]. It has been sug-
gested that unresolved and/or repeated episodes of acute kid-
ney injury (AKI) may contribute to eGFR decline in diabetic 
individuals [4], consistent with the demonstration that AKI 
is a risk factor for future development (or progression) of 
CKD, depending on its severity, duration, and frequency 
[155]. Though this hypothesis is unlikely in T1D patients, 
because eGFR trajectories were shown to be mostly linear 
in these individuals [53], it cannot be excluded in patients 
with T2D [156], who are more susceptible to AKI because 
of the presence of several additional risk factors, such as 
preexisting CKD, advanced age, heart failure, and hyperten-
sion [155, 157].

Unfortunately, there are no or insufficient renal biopsy 
data to confirm the hypothesis of prevailing (macro)vascular 
and/or tubulo-interstitial lesions underlying the nonalbumi-
nuric pathway, as compared to the typical microvascular 
lesions with predominant glomerular injury (glomerular 
basement membrane thickening, mesangial expansion, and 
nodular or diffuse glomerulosclerosis) characterizing the 
classical albuminuric pathway. In virtually all the available 
studies, renal biopsy was in fact performed for diagnostic 
purposes, i.e., in the presence of features raising suspicion 
of a non-diabetic renal disease such as glomerulonephri-
tis, which was in fact highly prevalent, either isolated or 
in combination with diabetic nephropathy, as shown by a 
pooled meta-analysis of 48 studies including 4678 diabetic 
individuals, mainly with T2D [158]. In addition to exhibit-
ing an atypical presentation and/or course of renal disease, 
virtually all patients included in these studies had albu-
minuria and most of them were proteinuric; therefore, no 
conclusion can be drawn regarding the anatomic substrate 
of nonalbuminuric renal impairment and research biopsy 
studies specifically focused on this phenotype are therefore 
required [159]. The only available study with these charac-
teristics reported on renal biopsies from 31 T2D patients 
with reduced eGFR and either normoalbuminuria (n = 6, 
19.4%), microalbuminuria (n = 8, 25.8%) or macroalbumi-
nuria (n = 17, 54.8%). Results showed that individuals with 
micro/macro albuminuria had typical glomerular lesions, 
whereas half of those with normoalbuminuria showed atypi-
cal (vascular and/or tubulo-interstitial) or no lesions, but the 
other half still presented with diabetic glomerulosclerosis, 
though associated with varying degrees of arteriosclerosis 
[160]. Another study including 260 Japanese T2D patients 
with biopsy-proven diabetic nephropathy showed that glo-
merular lesions were associated with albuminuria, whereas 
glomerular, tubulo-interstitial, and vascular lesions were 

Box 1.3

Several biomarkers, including uric acid, markers of 
inflammation, especially TNF receptors 1 and 2, and 
markers of tubular injury have been shown to be associ-
ated with eGFR decline independent of albuminuria and 
other clinical variables. Other independent correlates of 
eGFR loss include markers of CVD and arteriosclerosis. 
An association with hyperfiltration has also emerged.

Pathogenic mechanisms and anatomical correlates 
of eGFR decline independent of albuminuria

The clinical and biochemical features associated with non-
albuminuric renal impairment and progressive renal decline 
support the concept that the pathogenesis of these pheno-
types differs from that of the albuminuric ones and suggest 
the involvement of mechanisms operating mainly at the vas-
cular and/or tubulo-interstitial level.

The hypothesis of a predominant (macro)vascular nature 
of lesions underlying these phenotypes is supported by the 
weak or no association of nonalbuminuric renal impairment 
with diabetic retinopathy and HbA1c [22, 32, 151] and by 
the relationship of eGFR decline with CVD biomarkers and 
arterial stiffness, suggesting the involvement of intrarenal 
arteries. This is more likely in individuals with T2D, who 
present with several CVD risk factors in addition to hyper-
glycemia, including hypertension, dyslipidemia, central obe-
sity, and aging itself, all of which may contribute to renal 
injury, though to a varying extent in each individual [4, 152].

The hypothesis of a predominant tubulo-interstitial nature 
of lesions underlying these phenotypes is supported by the 
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associated with reduced eGFR and were more advanced 
in individuals with normoalbuminuria and impaired renal 
function than in those with normoalbuminuria and preserved 
eGFR [161]. In addition, among patients with reduced 
eGFR, those with normoalbuminuria showed tubulo-inter-
stitial and vascular lesions similar to or more advanced 
than glomerular lesions, compared with those with micro 
or macroalbuminuria [161]. However, a wide heterogeneity 
of renal lesions was observed also in a previous study on 
34 microalbuminuric T2D patients with preserved eGFR, 
with 10 individuals (29.4%) showing no lesions, 10 (29.4%) 
showing typical glomerular lesions, and 14 (41.2) showing 
vascular and/or tubulo-interstitial lesions; interestingly, both 
HbA1c levels and prevalence of retinopathy were higher in 
those with typical lesions [162]. Thus, atypical histological 
features are not specific of nonalbuminuric renal impair-
ment, though probably more frequent in patients presenting 
with this phenotype, and vice versa typical lesions are not 
specific of the albuminuric form. Indeed, the Cohen rat, a 
T2D animal model of nonalbuminuric renal disease, shows 
only typical glomerular lesions [163]. Moreover, classical 
glomerulopathy can be detected in virtually all T1D patients 
with more than 5-year duration [164] and, in a more severe 
form, among those with normoalbuminuria and reduced 
eGFR [165]. No biopsy data are available from individuals 
showing early and rapid progressive renal decline, except for 
the finding that, in a small sample of Chinese T2D patients 
with renal biopsy, accelerated eGFR decline was predomi-
nantly associated with diabetic glomerulosclerosis [55].

Thus, at present, the clinical phenotype cannot be related 
to a specific anatomical phenotype, with presence or absence 
of albuminuria corresponding to typical glomerular and 
atypical vascular and/or tubulo-interstitial lesions, respec-
tively. However, regardless of the anatomical substrate of 
the new phenotypes, the heterogeneity in the clinical pres-
entation and course of DKD has important implications 
for the diagnosis, prognosis, and possibly treatment of this 
complication.

Diagnostic, prognostic and therapeutic implications

Current guidelines recommend to assess both albuminu-
ria and eGFR for the screening of DKD [5]. Albuminuria 
should be measured preferably as urinary albumin-to-cre-
atinine ratio (UACR) in a spot urine sample [56], in the 
absence of symptoms and signs of urinary tract infection 
or other interfering clinical conditions [56]. Assessment of 
urinary albumin excretion rate (UAER) in timed or 24-h 
collections is more troublesome but not more accurate than 
UACR, whereas measurement of albumin concentration in 
spot urine samples without simultaneously measuring urine 
creatinine is less expensive but also less accurate. Because of 
biological variability in albuminuria, two of three specimens 
of UACR (or UAER) collected within a 3- to 6-month period 
should be abnormal before considering a patient to have 
albuminuria, though in T2D individuals from the RIACE 
cohort concordance rate between the first value and the 
geometric mean of two-to-three measurements was > 90% 
for all albuminuria categories [166]. eGFR should be cal-
culated from serum creatinine using a validated formula, 
preferably the CKD-EPI equation [56]. The emergence of 
the progressive renal decline phenotype suggests the impor-
tance of monitoring changes of eGFR over time to identify 
individuals experiencing an eGFR loss when their renal 
function is still within the normal range. To this end, though 
cystatin C-based eGFR [167] or cystatin C- and creatinine-
based eGFR [168] may be preferable, serial measurements 
of serum creatinine may be sufficient, provided that they are 
frequent (at least once a year) and extend over a period of 
3–5 years [52].

The diagnosis of DKD is usually made clinically, based 
on the presence of albuminuria and/or reduced eGFR, con-
sistent with the finding that absence of albuminuria is a com-
mon feature in diabetic individuals with renal dysfunction. 
Currently, a renal biopsy for diagnostic purposes is indicated 
in case of atypical presentations that suggest the presence of 
other renal disorders which may benefit from specific treat-
ment. Clinical features which raise suspicion of a non-dia-
betic renal disease include acute onset of proteinuria or rapid 
worsening of renal function, diabetes duration < 5 years 
(only for T1D patients), absence of retinopathy (which 
however is frequently lacking also in T2D individuals with 
DKD, especially in those without albuminuria), presence of 
active urine sediment (red or white blood cells or cellular 
casts), and symptoms or signs of other systemic diseases [3]. 
Though the real prevalence of non-diabetic renal disease in 
diabetic individuals is probably < 10% [1], this possibility 
should be always considered and a renal biopsy should be 
performed in the presence of the criteria listed above [159]. 
Conversely, a renal biopsy in patients with nonalbuminuric 
DKD is not indicated at present, though studies are urgently 

Box 1.4

It has been hypothesized that the nonalbuminuric phe-
notype associated with atypical vascular and/or tubulo-
interstitial lesions, instead of the typical glomerular 
lesions. Unfortunately, there are no or insufficient renal 
biopsy data to confirm this hypothesis, though the avail-
able data indicate a wide heterogeneity of anatomical 
features in patients with T2D, but not in those with T1D, 
who almost invariably present with the classical glomeru-
lar lesions. Research biopsy studies specifically focused 
on the nonalbuminuric phenotype are therefore required.



22	 Journal of Nephrology (2020) 33:9–35

1 3

required for research purposes to understand the anatomical 
bases of this increasingly common phenotype [159].

Based on the level of albuminuria and eGFR, patients 
should then be assigned to the corresponding risk category 
according to the KDIGO CKD classification, which serves 
as a guide for frequency of monitoring and indicates the risk 
of progression to ESKD, but also of CVD events [56]. In 
fact, it has long been recognized that CKD from any cause 
is associated with a two-to-four-fold increased risk of mor-
bidity and mortality from CVD since its early pre-dialytic 
stages, independent of traditional CVD risk factors [169]. In 
both T1D [170, 171] and T2D [23, 172], DKD represents a 
major contributor to excess all-cause and CVD death, possi-
bly as a mediator of the relationship between hyperglycemia 
and adverse outcomes. While DKD-related mortality risk is 
much higher in younger individuals, DKD appears to fully 
account for excess risk of death associated with T2D only 
in older patients [172, 173]. Both albuminuria and reduced 
eGFR were shown to be associated with all-cause and CVD 
mortality, independently of each other, both in the general 
population [174–177] and in patients with T1D [171, 178] 
and T2D [42, 172, 173].

Recent reports have examined the mortality risk asso-
ciated with the different DKD phenotypes in patients 
with T2D. A post hoc analysis of the ADVANCE Study 
(10,640 T2D participants) showed that risk of CVD death 
associated with nonalbuminuric DKD was similar to that 
of microalbuminuria with an eGFR ≥ 90 ml/min/1.73 m2, 
but lower than that of microalbuminuria with an eGFR 
60–89 ml/min/1.73 m2 and of macroalbuminuria with an 
eGFR > 60 ml/min/1.73 m2 [42]. Conversely, a post hoc anal-
ysis of the FIELD Study (9795 T2D participants) showed 
that the nonalbuminuric phenotype was associated with a 
higher risk of death from CVD, non-CVD, and any cause, 
compared with microalbuminuria with an eGFR > 60 ml/
min/1.73 m2 and macroalbuminuria with an eGFR ≥ 90 ml/
min/1.73 m2 [41]. However, due to the selection criteria 
for trial entry, only a limited number of individuals with 
an eGFR < 60 ml/min/1.73 m2 were enrolled in these two 
studies. The community-based Casale Monferrato Study 
(1565 patients with T2D) reported a significant association 
between reduced eGFR and mortality only among mac-
roalbuminuric individuals [179]. In contrast, data from the 
NHANES 1988–1994 (1430 diabetic individuals) showed 
that the standardized 10-year mortality among patients with 
the nonalbuminuric phenotype was intermediate between the 
albuminuric DKD phenotypes with preserved and reduced 
eGFR [23]. In the Cardiovascular Health Study (691 older 
diabetic adults), the adjusted risk of death was similar for 
albuminuria alone and reduced eGFR alone [180]. Likewise, 
data from the RIACE cohort (15,773 T2D patients) showed 
that risk of death of reduced eGFR alone was similar to 
that of albuminuria alone. Moreover, in normoalbuminuric 

patients with an eGFR 45–59 ml/min/1.73 m2, risk was simi-
lar to that of patients with microalbuminuria alone and, in 
those with an eGFR < 45 ml/min/1.73 m2, risk was simi-
lar to that of patients with macroalbuminuria alone [181]. 
Finally, a recent analysis of the NHANES 2003–2006 data 
showed that age-standardized mortality risk for nonalbumi-
nuric DKD was lower than for macroalbuminuria with eGFR 
60–89 60 ml/min/1.73 m2, but higher than for microalbu-
minuria alone and macroalbuminuria with eGFR ≥ 90 ml/
min/1.73 m2 [75]. Noteworthy, this analysis also showed 
that mortality rates in adults with diabetes have decreased 
among individuals with increased albuminuria and increased 
in those with decreased eGFR and normoalbuminuria from 
1988 to 2006 [75]. These diverging temporal trends in mor-
tality might also explain, at least partly, the differences in 
the risk of death associated with isolated albuminuria and 
reduced eGFR among the above studies. Similar findings 
have been reported in patients with T1D. In the FinnDi-
ane Study, the nonalbuminuric phenotype was associated 
with an increased risk of CVD and all-cause mortality to 
the same extent as individuals with albuminuria alone [45]. 
Likewise, in a study from Tuscany, the risk of all-cause 
death associated with reduced eGFR alone was similar to 
that of increased albuminuria alone, with the highest mortal-
ity occurring in T1D patients with both reduced eGFR and 
albuminuria [182].

Regarding CVD events, data from the RIACE cohort 
have shown that the age- and gender-adjusted thresholds 
at which CVD burden increases in T2D individuals stand 
near to or within the normal range for both eGFR (78.2 ml/
min/1.73 m2) and albuminuria (10.5 mg/24 h). Moreover, 
the prevalence of any CVD event was intermediate in the 
nonalbuminuric phenotype, i.e. higher than that of albumi-
nuria alone and lower than that of combined albuminuria 
and reduced eGFR. Interestingly, coronary events corre-
lated more strongly with the nonalbuminuric phenotype 
than with the albuminuric forms, whereas the opposite was 
observed for cerebrovascular and peripheral events [183]. 
The ADVANCE Study showed that, over a 4.3-year follow-
up, the hazard ratio for CVD events was similar for reduced 
eGFR and albuminuria, whereas it was markedly higher 
when both abnormalities were present [42]. Regarding 
renal outcomes, the absence of albuminuria was found to be 
associated with a lower risk in patients with T2D from the 
CRIC Study [40] and the ADVANCE Study [42] and also 
in individuals with T1D from the FinnDiane Study [45]. 
Similar results were previously obtained in a small study 
showing that, over a 38-month follow-up, no normoalbumi-
nuric patient with reduced eGFR died or developed ESKD, 
as opposed to 5 patients with microalbuminuria and 17 
with macroalbuminuria [184]. Likewise, the analysis of a 
population-based district diabetes registry showed that the 
annual eGFR decline was 0.3% in normoalbuminuric, 1.5% 
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the classical albuminuric phenotype, the nonalbuminuric 
phenotype is associated with an equal CVD risk, whereas 
risk of progression to ESKD is lower. Treatment of 
DKD is effective in reducing albuminuria, but not eGFR 
decline, suggesting that these two DKD manifestations 
may require different therapeutic strategies, though there 
are no data from clinical trials on individuals with nonal-
buminuric renal impairment or progressive renal decline.

in microalbuminuric, and 5.7% in macroalbuminuric patients 
with T1D and T2D and a mean eGFR > 75 ml/min/1.73 m2 
[61].

Thus, though less prone to progress to ESKD, the nonal-
buminuric phenotype appears to be associated with a signifi-
cant risk of CVD morbidity and mortality, which is equal to 
or even higher than that associated with albuminuria alone 
and requires a higher level of attention and care than that 
generally provided.

Concerning therapeutic measures, the increasing preva-
lence of reduced eGFR [11, 12] and the increasing mortality 
associated with it, especially in the absence of albuminu-
ria [75], indicate that changes in treatment, particularly the 
increasing use of RAS blockers, have not impacted favour-
ably on eGFR decline and the nonalbuminuric phenotype. 
This implies that albuminuria and eGFR loss may require 
different therapeutic interventions and that treatments which 
are effective in slowing down eGFR decline are urgently 
required.

Thus, on purely theoretical grounds, use of angiotensin 
converting enzyme (ACE) inhibitors and angiotensin recep-
tor blockers (ARBs) may not be indicated in individuals pre-
senting with the nonalbuminuric phenotype, and may even 
be deleterious as these agents increase susceptibility to renal 
ischemia by preventing the rise of efferent arteriolar resist-
ance [185]. Unfortunately, there are no data supporting this 
assumption, due to the lack of intervention trials specifically 
targeting individuals with the nonalbuminuric phenotype. So 
far, studies have in fact included almost exclusively patients 
with micro or macroalbuminuria in order to assess the effi-
cacy of an intervention in favouring regression or blocking 
progression of albuminuria [9]. In trials with RAS blockers, 
ACE inhibitors and ARBs were shown to provide similar 
benefits [186, 187] and to be effective beyond their blood 
pressure-lowering effect in preventing progression to ESKD 
in patients with macroalbuminuria [80–82], but not in the 
setting of lower levels of albuminuria [188, 189].

Box 1.5

Diagnosis of DKD is based on both albuminuria and 
eGFR, preferably calculated using the CKD-EPI equa-
tion. Albuminuria should be confirmed in two of three 
urine specimens collected within a 3- to 6-month period, 
whereas the slope of eGFR should be calculated from fre-
quent measurements of serum creatinine and/or cystatin 
C, starting when renal function is normal. A renal biopsy 
should be performed when there is suspicion of a non-
diabetic renal disease. Prognosis of DKD is influenced by 
the increased risk of progression toward ESKD as well as 
of morbidity and mortality from CVD. Compared with 

Treatment of hyperglycemia in T2D patients 
with impaired renal function

Treatment of hyperglycemia in patients with T2D and 
impaired renal function represents a major challenge for a 
number of reasons, which may impose avoidance/discon-
tinuation or dose adjustment of certain anti-hyperglycemic 
drugs. First, together with the liver, the kidney is a major site 
for drug metabolism and excretion [190]. This implies that 
circulating levels of agents that are degraded and/or elimi-
nated via the renal route may increase in these individuals, 
thus enhancing the risk of adverse effects including hypo-
glycemia. Second, impaired renal function per se is a risk 
factor for hypoglycemia, even in non-diabetic individuals 
[191], as the kidney contributes to total endogenous glu-
cose production by approximately 30% [192]. In addition, 
in individuals with impaired renal function, hypoglycemia is 
favored by the coexistence of acidosis, which limits the abil-
ity of the liver to compensate for reduced renal gluconeogen-
esis [193] as well as of malnutrition and/or muscle wasting, 
which decrease hepatic glycogen stores and the availability 
of gluconeogenic substrates [194]. Third, as patients with 
impaired renal function are usually excluded from clinical 
trials, evidence on the efficacy and safety of several anti-
hyperglycemic agents is lacking in these individuals, espe-
cially in those with an eGFR < 30 ml/min/1.73 m2 [195]. 
Finally, as compared with patients without DKD, those with 
DKD are usually older, with longer diabetes duration, more 
frequently suffering from comorbidities, especially CVD, 
[196] and, hence, on multiple medications with potential 
interactions with anti-hyperglycemic drugs [197].

Nevertheless, the therapeutic options for T2D individuals 
with impaired renal function have substantially increased 
over the last decades. On the one hand, several new classes 
of anti-hyperglycemic drugs have been recently made avail-
able for treatment of T2D [198]. Of these, the glucagon-
like peptide 1 (GLP-1) receptor agonists and the dipeptidyl 
peptidase 4 (DPP-4) inhibitors can be used safely in indi-
viduals with impaired renal function, whereas the use of 
the inhibitors of sodium-glucose cotransporter 2 (SGLT2) 
is limited [199]. In addition, these new agents do not cause 
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hypoglycemia, except when used in combination with insu-
lin and/or insulin secretagogues, and, more importantly, 
cardiovascular outcome trials have shown that, along with 
cardiovascular benefits, GLP-1 receptor agonists and SGLT2 
inhibitors provide also renal protection, thus opening prom-
ising perspectives for the prevention and treatment of DKD 
[200]. Of note, renal protection from GLP-1 receptor ago-
nists was limited to reduced progression of albuminuria, 
whereas SGLT2 inhibitors appeared to slow down also the 
decline of eGFR, though renal outcomes were not primary 
endpoints in these trials [200]. On the other hand, recent 
real-world data have shown a widespread use of old drugs 

such as metformin and sulfonylureas in patients with reduced 
renal function, even beyond the current labeling contraindi-
cations [201]. Nevertheless, these data have also shown that, 
in these individuals, risk of lactic acidosis with metformin is 
lower than expected [202], thus prompting reconsideration 
of its use in patients with moderately reduced renal function, 
who would otherwise be excluded from the beneficial effects 
of this agent [5].

Figure 2 shows the recommended usage and dosage of 
currently available non-insulin drugs according to the level 
of eGFR.

Fig. 2   Recommended usage and 
dosage of currently available 
non-insulin drugs according to 
the level of eGFR. eGFR esti-
mated glomerular filtration rate, 
DPP-4 dipeptidyl peptidase 4, 
GLP-1 glucagon-like peptide 1, 
SGLT2 sodium-glucose cotrans-
porter 2
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Box 2

Treatment of hyperglycemia in T2D patients with 
impaired renal function represents a major challenge for 
a number of reasons, which may impose avoidance/dis-
continuation or dose adjustment of certain anti-hypergly-
cemic drugs. The therapeutic options for T2D patients 
with impaired renal function have substantially increased 
over the last decades, due to the availability of several 
new classes of anti-hyperglycemic drugs, which do not 
cause hypoglycemia and, in some cases, seem to provide 
cardiorenal protection, and to the reconsideration of the 
use of old drugs such as metformin in these individuals.

Insulin and insulin secretagogues

Due to the increased risk of hypoglycemia associated with 
renal dysfunction, insulin and insulin secretagogues should 
be used with caution in patients with reduced eGFR.

Nevertheless, insulin treatment with both human prepa-
rations and insulin analogs is safe in all eGFR categories, 
though it may be necessary to reduce the dosage in patients 
with advanced renal dysfunction, especially for human insu-
lins, which are metabolized by insulinase in both the liver 
and kidney [203]. The reduction in insulin clearance has 
been estimated to range between 10 and 20% in patients with 
moderate-to-severe CKD [204].

Conversely, the use of the insulin secretagogues sulfony-
lureas and meglitinides, which stimulate insulin release by 
the β-cell in a glucose-independent manner [205], should be 
limited in patients with impaired renal function, though to 
a various extent depending on the specific compound. Glib-
enclamide (also known as glyburide) should be avoided in 
patients with any degree of renal impairment [5, 199, 206], 
because of its long duration of action and the renal excre-
tion of active metabolites resulting from hepatic metabolism 
of the drug [207]. For the same reasons [208], glimepiride 
should be avoided or initiated conservatively at 1 mg daily 
in patients with reduced eGFR [5, 199, 206]. Gliclazide and 
glipizide are not contraindicated in patients with renal dys-
function, since they are metabolized by the liver and excreted 
in the urine as inactive metabolites [209, 210]; however, 
caution is recommended also for these agents [5, 199, 206] 
and glipizide should be initiated conservatively at 2.5 mg 
daily in patients with reduced eGFR [5]. Finally, the megli-
tinide repaglinide is a short-acting secretagogue that is also 
metabolized by the liver to inactive metabolites, which are 
excreted via the bile into the feces [211]. For these reasons, 
repaglinide is largely utilized across all eGFR categories, 
despite the increased risk of hypoglycemia, which becomes 

relevant for low levels of eGFR (< 30 ml/min/1.73 m2). 
Therefore, repaglinide should be initiated conservatively at 
0.5 mg [5, 199, 206] and the dose should be adjusted or the 
drug substituted with a safer agent such as a DPP-4 inhibitor 
in case of declining eGFR.

Box 2.1

Insulin treatment with both human preparations and 
insulin analogs is safe in all eGFR categories, though 
it may be necessary to reduce the dosage in patients 
with advanced renal dysfunction. The use of the insulin 
secretagogues sulfonylureas and meglitinides should be 
limited in patients with impaired renal function because 
of the increased risk of hypoglycemia. Glibenclamide 
should be avoided, glimepiride should be avoided or 
initiated conservatively at 1 mg daily, and gliclazide, 
glipizide, and repaglinide should be used with caution 
at reduced dose.

Insulin sensitizers and inhibitors of α‑glycosidase

The insulin sensitizers, biguanides and thiazolidinediones, 
and the inhibitors of α-glycosidase are associated with low 
risk of hypoglycemia.

Among the insulin sensitizers, the biguanide metformin 
is the first-line drug for the treatment of T2D [5], albeit its 
mechanism of action is still debated [212], with an increas-
ingly recognized effect at the gut level in addition to that in 
the liver [213]. As metformin is not metabolized by the liver 
and is excreted unchanged by the kidney [214], its plasma 
concentrations rise in patients with renal impairment; there-
fore, it is contraindicated in these individuals, though the 
eGFR threshold has been lowered to < 30 ml/min/1.73 m2 
[5, 199, 206, 215]. Moreover, metformin should be used 
at reduced dose (by approximately 50%) or it should not 
be started in patients with an eGFR 30–45 ml/min/1.73 m2, 
whereas no dose adjustment is required for an eGFR > 45 ml/
min/1.73 m2 [5, 199, 206, 215]. Pending the results of ongo-
ing clinical trials, even less stringent eGFR thresholds might 
be recommended for delayed-release metformin preparations 
that target the ileum, which minimize systemic exposure 
while maintaining glucose-lowering efficacy [216]. Con-
versely, conditions characterized by lactate overproduction 
from hypoxic tissues, as in respiratory and circulatory failure 
and severe anemia, and/or impaired lactate removal due to 
impaired gluconeogenesis, as in advanced liver disease, may 
precipitate lactic acidosis in individuals with reduced renal 
function treated with metformin and, hence, require drug 
discontinuation [216].
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Pioglitazone, the only thiazolidinedione compound cur-
rently available for clinical use in most European coun-
tries, activates peroxisome proliferator-activated receptor 
γ, a nuclear receptor regulating the transcription of genes 
involved in glucose and lipid metabolism, thus increas-
ing insulin sensitivity [217]. It is metabolized entirely by 
the liver [218] and, hence, no dose adjustment is required 
according to the level of eGFR [5, 199, 206]. However, cau-
tion is recommended in patients with advanced renal dys-
function, due to the increased risk of fluid retention, anemia, 
and bone fragility characterizing these individuals, which 
may be enhanced by the use of pioglitazone [5, 199, 206].

Acarbose is an inhibitor of α-glycosidase that splits poly-
saccharides into monosaccharides, thus delaying intestinal 
glucose absorption and reducing post-prandial glycaemia 
[219]. It is metabolized by intestinal bacteria, with produc-
tion of several metabolites, at least one of which has some 
biological activity; however, only a small amount of the drug 
is absorbed [220] and less than 2% is recovered in the urine 
as an active drug, either intact compound or active metabo-
lite [221]. For this reason and for the limited evidence in 
patients with severe renal insufficiency, acarbose should be 
avoided in individuals with an eGFR < 30 ml/min/1.73 m2 
[5, 199, 206].

virtue of the pharmacological incretin levels achieved with 
GLP-1 receptor agonists, these agents reduce appetite by 
delaying gastric emptying and inhibiting hypothalamic orex-
igenic signaling and, hence, produce body weight loss [223].

All the DPP-4 inhibitors are metabolized by the liver, 
though to a different extent, and are excreted by the kidney, 
with the exception of linagliptin, only ~ 5% of which is found 
in the urines [224]. Therefore, while dosage of sitagliptin, 
vildagliptin, saxagliptin, and alogliptin should be reduced 
according to the level of eGFR, linagliptin requires no dose 
adjustment [5, 199, 206]. However, all the DPP-4 inhibitors 
can be used safely in patients with renal dysfunction and, 
except saxagliptin, even in those on dialysis [5, 199, 206]. The 
excellent safety profile of these agents, including the very low 
risk of hypoglycemia, makes them the first treatment option 
in elderly patients with reduced renal function and mild-to-
moderate metabolic derangement who do not require specific 
cardiovascular protection [225]. In these individuals, they 
should be preferred to secretagogues, including repaglinide.

Among the GLP-1 receptor agonists, only the exendin-4-de-
rived exenatide and lixisenatide are excreted by the kidney and, 
hence, these agents should be avoided if eGFR is < 30 ml/
min/1.73 m2. Conversely, the human GLP-1-derived liraglu-
tide and dulaglutide can be used up to an eGFR of 15 ml/
min/1.73 m2, whereas there is insufficient experience with 
these agents for lower eGFR values [226]. Use of these agents 
may be associated with gastrointestinal symptoms, which how-
ever tend to disappear with time [227]. Due to their robust 
glucose-lowering activity, they represent an effective and safe 
alternative to insulin or, in combination with basal insulin, 
to basal-bolus regimens, to reduce the risk of hypoglycemia 
and body weight gain [225]. In addition, they are a first-line 
treatment in obese patients and in those with atherosclerotic 
cardiovascular disease because of their cardiovascular benefits 
[225]. In order to provide renal protection, they may be used 
also in patients with albuminuria and an eGFR < 60 or 45 ml/
min/1.73 m2 as an alternative to SGLT2 inhibitors [225].

Box 2.2

Metformin is contraindicated in patients with an 
eGFR < 30 ml/min/1.73 m2 and in conditions character-
ized by lactate overproduction from hypoxic tissue and/
or impaired lactate removal. It should be used at reduced 
dose (by approximately 50%) or should not be started in 
individuals with an eGFR 30–45 ml/min/1.73 m2. Piogl-
itazone can be used without dose adjustment, though 
caution is recommended in patients with advanced renal 
dysfunction, due to the increased risk of fluid retention, 
anemia, and bone disease. Acarbose should be avoided in 
individuals with an eGFR < 30 ml/min/1.73 m2.

Incretin mimetics

The incretin mimetics include the DPP4 inhibitors, which 
block the DPP4-mediated breakdown of the incretins GLP-1 
and gastric inhibitory polypeptide (GIP), thus increasing and 
maintaining endogenous GLP-1 and GIP levels, and the 
GLP-1 receptor agonists, which are DPP4-resistant incretin 
analogues derived from exendin-4 or human GLP-1 [222]. 
By increasing endogenous or exogenous incretin levels, 
these agents stimulate insulin and inhibit glucagon secretion 
in a glucose-dependent manner, thus reducing blood glucose 
levels without causing hypoglycemia [222]. In addition, by 

Box 2.3

The DPP-4 inhibitors can be used in patients with 
impaired renal function, albeit at reduced dosage (except 
for linagliptin, which does not require dose adjustment), 
are weight neutral and have an excellent safety profile. 
The GLP-1 receptor agonists can be used up to an eGFR 
of 30 ml/min/1.73 m2 (exenatide and lixisenatide) or 
15 ml/min/1.73 m2 (liraglutide and dulaglutide), favor 
weight loss and provide protection from cardiovascu-
lar and renal disease (the latter limited to albuminuria), 
but their use may be associated with gastro-intestinal 
symptoms.
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SGLT2 inhibitors

The SGLT2 inhibitors act at the kidney level by inhibiting 
glucose (and sodium) reabsorption in the proximal tubule, 
thus causing glycosuria, osmotic diuresis and, at least ini-
tially, natriuresis [228]. Energy loss with glycosuria pro-
duces weight loss, whereas water loss with diuresis results 
in volume depletion and reduction of blood pressure [228]. 
Adverse effects include genital and urinary tract infections, 
symptoms of volume depletion, and euglycemic ketoacidosis 
[229]. As glucose reabsorption by the proximal tubule is 
linearly related to blood glucose levels and glucose filtra-
tion by the glomerulus, the SGLT2 inhibitors do not cause 
hypoglycemia, but display insufficient glucose-lowering 
effect in individuals with reduced eGFR [230]. Therefore, 
these agents should not be initiated or should be discontin-
ued for an eGFR < 60 or 45 ml/min/1.73 m2, respectively; 
in addition, dose of empagliflozin and canagliflozin should 
be reduced at 10 and 100 mg daily, respectively, if eGFR is 
45-59 ml/min/1.73 m2 [5, 199, 206]. Though less potent than 
GLP-1 receptor agonists, the SGLT2 inhibitors may be used 
to reduce insulin requirements and the risk of hypoglycemia 
in insulin-treated patients [228]. More importantly, they are 
indicated in obese patients and represent a first-choice treat-
ment option in those with atherosclerotic cardiovascular dis-
ease, chronic heart failure, and/or DKD, provided that eGFR 
is adequate [228]. Since cardiovascular outcome trials with 
SGLT2 inhibitors showed that cardiorenal protection and 
the blood pressure (and body weight) reducing effects were 
maintained in patients with an eGFR < 60 ml/min/1.73 m2 
[231], current eGFR limits for use of these agents might be 
reconsidered in the future. The positive results of a recent 
clinical trial conducted in CKD individuals with renal out-
comes as primary endpoints [232] provide further support 
to this concept.

depending on the actual eGFR level and its stability over 
time. In addition, patients should be advised to stop the 
medication in cases of dehydration, which may abruptly 
reduce eGFR and increase the risk of drug side effects. This 
is particularly important for treatment with agents favoring 
dehydration by causing gastrointestinal symptoms such as 
nausea, vomiting, and diarrhea, i.e., metformin, acarbose, 
and GLP-1 receptor agonists, or increased diuresis, such as 
the SGLT2 inhibitors. In case of eGFR instability over time, 
anti-hyperglycemic agents which need dose adjustment or 
discontinuation below certain eGFR thresholds should not 
be used.

Box 2.4

The SGLT2 inhibitors can be used up to an eGFR of 
45 ml/min/1.73 m2, as they display insufficient glucose-
lowering effect below this level, favor weight loss and 
provide protection from cardiovascular and renal disease 
(the latter extended to eGFR loss), but their use may be 
associated with side effects.

Additional considerations

The above mentioned eGFR thresholds below which some 
anti-hyperglycemic agents should be used at reduced dos-
age or even discontinued imply that renal function should 
be regularly monitored in patients with T2D, at intervals 

Box 2.5

Treatment of patients with impaired renal function with 
anti-hyperglycemic agents which need dose adjustment 
or discontinuation below certain eGFR thresholds require 
regular eGFR monitoring. In case of instability of eGFR 
over time these agents should not be used.

Conclusions

During the last decades, the unique heterogeneity of the 
natural history of DKD has progressively emerged, possi-
bly as a result of improved treatment. In particular, two new 
phenotypes, nonalbuminuric renal impairment and progres-
sive renal decline, have been described. However, though 
these phenotypes have been increasingly recognized, their 
pathogenesis and anatomical correlates are still unclear and 
require further investigation and performing of research 
biopsy studies.

In the same time period, several new classes of anti-
hyperglycemic drugs have been made available for treatment 
of T2D patients, including those with impaired renal func-
tion, and some of these agents have shown cardiorenal pro-
tection. In addition, the use of certain old agents in patients 
with impaired eGFR has been reconsidered, thus further 
increasing the therapeutic options in these individuals.

Funding  None.

Compliance with ethical standards 

Conflict of interest  GPu reported lecture and/or consultant fees from 
AstraZeneca, Boehringer Ingelheim, Eli Lilly, Merck Sharp & Dohme, 
MundiPharma, Novartis, Novo Nordisk, Sigma-Tau, Takeda, and trav-
el grants from AstraZeneca, Laboratori Guidotti, Sanofi, and Takeda. 
GPe reported lecture fees from AstraZeneca, Boehringer Ingelheim, 
Eli Lilly, Merck Sharp & Dohme, Novo Nordisk, Sigma-Tau and Take-



28	 Journal of Nephrology (2020) 33:9–35

1 3

da and travel grants from AstraZeneca, Novo Nordisk and Takeda. AN 
reported consultant and/or lecture fees from Amgen, AstraZeneca, 
Boehringer Ingelheim, Eli Lilly and research grants from Boehringer 
Ingelheim, Eli Lilly. LDN reported lecture and/or consultant fees from 
Astellas, AstraZeneca, Eli Lilly, MundiPharma, Janssen, Vifor Frese-
nius. No other disclosures were reported.

Ethical approval  This article does not present data from studies with 
human participants or experimental animals.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Alicic RZ, Rooney MT, Tuttle KR (2017) Diabetic kidney dis-
ease: challenges, progress, and possibilities. Clin J Am Soc 
Nephrol 12:2032–2045

	 2.	 Ritz E, Zeng XX, Rychlík I (2011) Clinical manifestation 
and natural history of diabetic nephropathy. Contrib Nephrol 
170:19–27

	 3.	 Doshi SM, Friedman AN (2017) Diagnosis and management 
of type 2 diabetic kidney disease. Clin J Am Soc Nephrol 
12:1366–1373

	 4.	 Pugliese G (2014) Updating the natural history of diabetic 
nephropathy. Acta Diabetol 51:905–915

	 5.	 American Diabetes Association (2018) Standards of medical care 
in diabetes—2018. Diabetes Care 41(Suppl 1):S1–S159

	 6.	 Mogensen CE, Christensen CK, Vittinghus E (1983) The stages 
in diabetic renal disease: with emphasis on the stage of incipient 
diabetic nephropathy. Diabetes 32(Suppl 2):64–78

	 7.	 Parving HH, Oxenbøll B, Svendsen PA, Christiansen JS, 
Andersen AR (1982) Early detection of patients at risk of devel-
oping diabetic nephropathy: a longitudinal study of urinary albu-
min excretion. Acta Endocrinol (Copenh). 100:550–555

	 8.	 Viberti GC, Hill RD, Jarrett RJ, Argyropoulos A, Mahmud 
U, Keen H (1982) Microalbuminuria as a predictor of clinical 
nephropathy in insulin-dependent diabetes mellitus. Lancet 
1:1430–1432

	 9.	 Ruggenenti P, Cravedi P, Remuzzi G (2010) The RAAS in the 
pathogenesis and treatment of diabetic nephropathy. Nat Rev 
Nephrol. 6:319–330

	 10.	 de Zeeuw D, Remuzzi G, Parving HH, Keane WF, Zhang Z, Sha-
hinfar S et al (2004) Albuminuria, a therapeutic target for cardio-
vascular protection in type 2 diabetic patients with nephropathy. 
Circulation 110:921–927

	 11.	 Afkarian M, Zelnick LR, Hall YN, Heagerty PJ, Tuttle K, Weiss 
NS et al (2016) Clinical manifestations of kidney disease among 
US Adults with diabetes, 1988–2014. JAMA 316:602–610

	 12.	 Kume S, Araki SI, Ugi S, Morino K, Koya D, Nishio Y et al 
(2018) Secular changes in clinical manifestations of kidney dis-
ease among Japanese adults with type 2 diabetes from 1996 to 
2014. J Diabetes Investig. https​://doi.org/10.1111/jdi.12977​

	 13.	 Gregg EW, Li Y, Wang J, Burrows NR, Ali MK, Rolka D et al 
(2014) Changes in diabetes-related complications in the United 
States, 1990–2010. N Engl J Med 370:1514–1523

	 14.	 Perkins BA, Ficociello LH, Silva KH, Finkelstein DM, Warram 
JH, Krolewski AS (2003) Regression of microalbuminuria in 
type 1 diabetes. N Engl J Med 348:2285–2293

	 15.	 Giorgino F, Laviola L, Cavallo Perin P, Solnica B, Fuller J, 
Chaturvedi N (2004) Factors associated with progression to 
macroalbuminuria in microalbuminuric type 1 diabetic patients: 
the EURODIAB Prospective Complications Study. Diabetologia 
47:1020–1028

	 16.	 Hovind P, Tarnow L, Rossing P, Jensen BR, Graae M, Torp I 
et al (2004) Predictors for the development of microalbuminuria 
and macroalbuminuria in patients with type 1 diabetes: inception 
cohort study. BMJ 328:1105

	 17.	 Gaede P, Tarnow L, Vedel P, Parving HH, Pedersen O (2004) 
Remission to normoalbuminuria during multifactorial treatment 
preserves kidney function in patients with type 2 diabetes and 
microalbuminuria. Nephrol Dial Transplant 19:2784–2788

	 18.	 Araki S, Haneda M, Sugimoto T, Isono M, Isshiki K, Kashi-
wagi A et al (2005) Factors associated with frequent remission 
of microalbuminuria in patients with type 2 diabetes mellitus. 
Diabetes 54:2983–2987

	 19.	 Yamada T, Komatsu M, Komiya I, Miyahara Y, Shima Y, Mat-
suzaki M et al (2005) Development, progression, and regression 
of microalbuminuria in Japanese patients with type 2 diabetes 
under tight glycemic and blood pressure control: the Kashiwa 
study. Diabetes Care 28:2733–2738

	 20.	 Lane PH, Steffes MW, Mauer SM (1992) Glomerular structure 
in IDDM women with low glomerular filtration rate and normal 
urinary albumin excretion. Diabetes 41:581–586

	 21.	 Tsalamandris C, Allen TJ, Gilbert RE, Sinha A, Panagiotopoulos 
S, Cooper ME et al (1994) Progressive decline in renal func-
tion in diabetic patients with and without albuminuria. Diabetes 
43:649–655

	 22.	 Kramer HJ, Nguyen QD, Curhan G, Hsu CY (2003) Renal insuf-
ficiency in the absence of albuminuria and retinopathy among 
adults with type 2 diabetes mellitus. JAMA 289:3273–3277

	 23.	 Afkarian M, Sachs MC, Kestenbaum B, Hirsch IB, Tuttle KR, 
Himmelfarb J et al (2013) Kidney disease and increased mortal-
ity risk in type 2 diabetes. J Am Soc Nephrol 24:302–308

	 24.	 Bailey RA, Wang Y, Zhu V, Rupnow MF (2014) Chronic kidney 
disease in US adults with type 2 diabetes: an updated national 
estimate of prevalence based on kidney disease: Improving 
Global Outcomes (KDIGO) staging. BMC Res Notes. 7:415

	 25.	 Mottl AK, Kwon KS, Mauer M, Mayer-Davis EJ, Hogan SL, 
Kshirsagar AV (2013) Normoalbuminuric diabetic kidney dis-
ease in the U.S. population. J Diabetes Complic 27:123–127

	 26.	 MacIsaac RJ, Tsalamandris C, Panagiotopoulos S, Smith TJ, 
McNeil KJ, Jerums G (2004) Nonalbuminuric renal insufficiency 
in type 2 diabetes. Diabetes Care 27:195–200

	 27.	 Dwyer JP, Parving HH, Hunsicker LG, Ravid M, Remuzzi G, 
Lewis JB (2012) Renal dysfunction in the presence of normoal-
buminuria in type 2 diabetes: results from the DEMAND Study. 
Cardiorenal Med. 2:1–10

	 28.	 Parving HH, Lewis JB, Ravid M, Remuzzi G, Hunsicker LG, 
DEMAND Investigators (2006) Prevalence and risk factors for 
microalbuminuria in a referred cohort of type II diabetic patients: 
a global perspective. Kidney Int. 69:2057–2063

	 29.	 Yokoyama H, Sone H, Oishi M, Kawai K, Fukumoto Y, Kob-
ayashi M et al (2009) Prevalence of albuminuria and renal insuf-
ficiency and associated clinical factors in type 2 diabetes: the 
Japan Diabetes Clinical Data Management study (JDDM15). 
Nephrol Dial Transplant 24:1212–1219

	 30.	 Thomas MC, Weekes AJ, Broadley OJ, Cooper ME, Mathew 
TH (2006) The burden of chronic kidney disease in Australian 
patients with type 2 diabetes (the NEFRON study). Med J Aust 
185:140–144

	 31.	 Thomas MC, Macisaac RJ, Jerums G, Weekes A, Moran J, Shaw 
JE et al (2009) Nonalbuminuric renal impairment in type 2 dia-
betic patients and in the general population (National Evaluation 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/jdi.12977


29Journal of Nephrology (2020) 33:9–35	

1 3

of the Frequency of Renal Impairment cO-existing with NIDDM 
[NEFRON] 11). Diabetes Care 32:1497–1502

	 32.	 Penno G, Solini A, Bonora E, Fondelli C, Orsi E, Zerbini G et al 
(2011) Clinical significance of nonalbuminuric renal impairment 
in type 2 diabetes. J Hypertens 29:1802–1809

	 33.	 Afghahi H, Miftaraj M, Svensson AM, Hadimeri H, Gudb-
jörnsdottir S, Eliasson B et al (2013) Ongoing treatment with 
renin-angiotensin-aldosterone-blocking agents does not predict 
normoalbuminuric renal impairment in a general type 2 diabetes 
population. J Diabetes Complic 27:229–234

	 34.	 Hill CJ, Cardwell CR, Patterson CC, Maxwell AP, Magee GM, 
Young RJ et al (2014) Chronic kidney disease and diabetes in 
the National Health Service: a cross-sectional survey of the U.K. 
national diabetes audit. Diabet Med. 31:448–454

	 35.	 De Cosmo S, Rossi MC, Pellegrini F, Lucisano G, Bacci S, Gen-
tile S et al (2014) Kidney dysfunction and related cardiovascular 
risk factors among patients with type 2 diabetes. Nephrol Dial 
Transplant 29:657–662

	 36.	 Gao B, Wu S, Wang J, Yang C, Chen S, Hou J et al (2019) 
Clinical features and long-term outcomes of diabetic kidney 
disease—a prospective cohort study from China. J Diabetes 
Complic 33:39–45

	 37.	 Rodriguez-Poncelas A, Garre-Olmo J, Franch-Nadal J, Diez-
Espino J, Mundet-Tuduri X, Barrot-De la Puente J et al (2013) 
Prevalence of chronic kidney disease in patients with type 2 dia-
betes in Spain: PERCEDIME2 study. BMC Nephrol. 14:46

	 38.	 Bramlage P, Lanzinger S, van Mark G, Hess E, Fahrner S, Heyer 
CHJ et al (2019) Patient and disease characteristics of type-2 dia-
betes patients with or without chronic kidney disease: an analysis 
of the German DPV and DIVE databases. Cardiovasc Diabetol. 
18:33

	 39.	 Lee HW, Jo AR, Yi DW, Kang YH, Son SM (2016) Prevalent rate 
of nonalbuminuric renal insufficiency and its association with 
cardiovascular disease event in Korean type 2 diabetes. Endo-
crinol Metab (Seoul). 31:577–585

	 40.	 Koye DN, Magliano DJ, Reid CM, Jepson C, Feldman HI, Her-
man WH et al (2018) Risk of progression of nonalbuminuric 
CKD to end-stage kidney disease in people with diabetes: the 
CRIC (Chronic Renal Insufficiency Cohort) Study. Am J Kidney 
Dis 72:653–661

	 41.	 Drury PL, Ting R, Zannino D, Ehnholm C, Flack J, Whiting M 
et al (2011) Estimated glomerular filtration rate and albuminuria 
are independent predictors of cardiovascular events and death in 
type 2 diabetes mellitus: the Fenofibrate Intervention and Event 
Lowering in Diabetes (FIELD) study. Diabetologia 54:32–43

	 42.	 Ninomiya T, Perkovic V, de Galan BE, Zoungas S, Pillai A, Jar-
dine M et al (2009) Albuminuria and kidney function indepen-
dently predict cardiovascular and renal outcomes in diabetes. J 
Am Soc Nephrol 20:1813–1821

	 43.	 Tobe SW, Clase CM, Gao P, McQueen M, Grosshennig A, 
Wang X et al (2011) Cardiovascular and renal outcomes with 
telmisartan, ramipril, or both in people at high renal risk: results 
from the ONTARGET and TRANSCEND studies. Circulation 
123:1098–1107

	 44.	 Bakris GL, Sarafidis PA, Weir MR, Dahlöf B, Pitt B, Jamerson K 
et al (2010) Renal outcomes with different fixed-dose combina-
tion therapies in patients with hypertension at high risk for car-
diovascular events (ACCOMPLISH): a prespecified secondary 
analysis of a randomised controlled trial. Lancet 375:1173–1181

	 45.	 Thorn LM, Gordin D, Harjutsalo V, Hägg S, Masar R, Saraheimo 
M et al (2015) The presence and consequence of nonalbuminuric 
chronic kidney disease in patients with type 1 diabetes. Diabetes 
Care 38:2128–2133

	 46.	 Penno G, Russo E, Garofolo M, Daniele G, Lucchesi D, Giusti 
L et al (2017) Evidence for two distinct phenotypes of chronic 

kidney disease in individuals with type 1 diabetes mellitus. Dia-
betologia 60:1102–1113

	 47.	 Pacilli A, Viazzi F, Fioretto P, Giorda C, Ceriello A, Genovese 
S et al (2017) Epidemiology of diabetic kidney disease in adult 
patients with type 1 diabetes in Italy: the AMD-Annals initiative. 
Diabetes Metab Res Rev 33(4):e2873

	 48.	 Lamacchia O, Viazzi F, Fioretto P, Mirijello A, Giorda C, Ceri-
ello A et al (2018) Normoalbuminuric kidney impairment in 
patients with T1DM: insights from annals initiative. Diabetol 
Metab Syndr 10:60

	 49.	 Retnakaran R, Cull CA, Thorne KI, Adler AI, Holman RR, 
UKPDS Study Group (2006) Risk factors for renal dysfunction 
in type 2 diabetes: U.K. Prospective Diabetes Study 74. Diabetes 
55:1832–1839

	 50.	 Molitch ME, Steffes M, Sun W, Rutledge B, Cleary P, de Boer IH 
et al (2010) Development and progression of renal insufficiency 
with and without albuminuria in adults with type 1 diabetes in 
the diabetes control and complications trial and the epidemiology 
of diabetes interventions and complications study. Diabetes Care 
33:1536–1543

	 51.	 Krolewski AS (2015) Progressive renal decline: the new para-
digm of diabetic nephropathy in type 1 diabetes. Diabetes Care 
38:954–962

	 52.	 Krolewski AS, Skupien J, Rossing P, Warram JH (2017) Fast 
renal decline to end-stage renal disease: an unrecognized feature 
of nephropathy in diabetes. Kidney Int 91:1300–1311

	 53.	 Skupien J, Warram J, Smiles A, Stanton RC, Krolewski AS 
(2016) Patterns of estimated glomerular filtration rate decline 
leading to end-stage renal disease in type 1 diabetes. Diabetes 
Care 39:2262–2269

	 54.	 Weldegiorgis M, de Zeeuw D, Li L, Parving HH, Hou FF, 
Remuzzi G, Greene T et al (2018) Longitudinal estimated GFR 
trajectories in patients with and without type 2 diabetes and 
nephropathy. Am J Kidney Dis 71:91–101

	 55.	 Jiang G, Luk AOY, Tam CHT, Xie F, Carstensen B, Lau ESH 
et al (2019) Progression of diabetic kidney disease and trajec-
tory of kidney function decline in Chinese patients with type 2 
diabetes. Kidney Int 95:178–187

	 56.	 Kidney Disease: Improving Global Outcomes (KDIGO) CKD 
Work Group (2013) KDIGO clinical practice guideline for the 
evaluation and management of chronic kidney disease. Kidney 
Int Suppl 3:1–150

	 57.	 Krolewski AS, Niewczas MA, Skupien J, Gohda T, Smiles A, 
Eckfeldt JH et al (2014) Early progressive renal decline precedes 
the onset of microalbuminuria and its progression to macroalbu-
minuria. Diabetes Care 37:226–234

	 58.	 Perkins BA, Ficociello LH, Ostrander BE, Silva KH, Weinberg J, 
Warram JH et al (2007) Microalbuminuria and the risk for early 
progressive renal function decline in type 1 diabetes. J Am Soc 
Nephrol 18:1353–1361

	 59.	 Skupien J, Warram JH, Smiles AM, Niewczas MA, Gohda T, 
Pezzolesi MG et al (2012) The early decline in renal function in 
patients with type 1 diabetes and proteinuria predicts the risk of 
end-stage renal disease. Kidney Int 82:589–597

	 60.	 de Boer IH, Steffes MW (2007) Glomerular filtration rate and 
albuminuria: twin manifestations of nephropathy in diabetes. J 
Am Soc Nephrol 18:1036–1037

	 61.	 Hoefield RA, Kalra PA, Baker PG, Sousa I, Diggle PJ, Gibson 
MJ et al (2011) The use of eGFR and ACR to predict decline in 
renal function in people with diabetes. Nephrol Dial Transplant 
26:887–892

	 62.	 Babazono T, Nyumura I, Toya K, Hayashi T, Ohta M, Suzuki K 
et al (2009) Higher levels of urinary albumin excretion within 
the normal range predict faster decline in glomerular filtration 
rate in diabetic patients. Diabetes Care 32:1518–1520



30	 Journal of Nephrology (2020) 33:9–35

1 3

	 63.	 Kitai Y, Doi Y, Osaki K, Sugioka S, Koshikawa M, Sugawara 
A (2015) Nephrotic range proteinuria as a strong risk factor for 
rapid renal function decline during pre-dialysis phase in type 2 
diabetic patients with severely impaired renal function. Clin Exp 
Nephrol 19:1037–1043

	 64.	 Minutolo R, Gabbai FB, Provenzano M, Chiodini P, Borrelli S, 
Garofalo C et al (2018) Cardiorenal prognosis by residual pro-
teinuria level in diabetic chronic kidney disease: pooled analysis 
of four cohort studies. Nephrol Dial Transplant 33:1942–1949

	 65.	 Provenzano M, Chiodini P, Minutolo R, Zoccali C, Bellizzi V, 
Conte G et al (2018) 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. https​://doi.
org/10.1093/ndt/gfy21​7

	 66.	 Jerums G, Panagiotopoulos S, Premaratne E, Power DA, 
MacIsaac RJ (2008) Lowering of proteinuria in response to anti-
hypertensive therapy predicts improved renal function in late 
but not in early diabetic nephropathy: a pooled analysis. Am J 
Nephrol 28:614–627

	 67.	 de Boer IH, Gao X, Cleary PA, Bebu I, Lachin JM, Molitch ME 
et al (2016) Albuminuria changes and cardiovascular and renal 
outcomes in type 1 diabetes: the DCCT/EDIC Study. Clin J Am 
Soc Nephrol 11:1969–1977

	 68.	 Jun M, Ohkuma T, Zoungas S, Colagiuri S, Mancia G, Marre M 
et al (2018) Changes in albuminuria and the risk of major clini-
cal outcomes in diabetes: results from ADVANCE-ON. Diabetes 
Care 41:163–170

	 69.	 de Zeeuw D, Remuzzi G, Parving HH, Keane WF, Zhang Z, 
Shahinfar S et al (2004) Proteinuria, a target for renoprotec-
tion in patients with type 2 diabetic nephropathy: lessons from 
RENAAL. Kidney Int 65:2309–2320

	 70.	 Carrero JJ, Grams ME, Sang Y, Ärnlöv J, Gasparini A, Matsu-
shita K et al (2017) Albuminuria changes are associated with 
subsequent risk of end-stage renal disease and mortality. Kidney 
Int 91:244–251

	 71.	 Coresh J, Heerspink HJL, Sang Y, Matsushita K, Arnlov J, Astor 
BC et al (2019) Change in albuminuria and subsequent risk of 
end-stage kidney disease: an individual participant-level con-
sortium meta-analysis of observational studies. Lancet Diabetes 
Endocrinol. 7:115–127

	 72.	 Heerspink HJL, Greene T, Tighiouart H, Gansevoort RT, Coresh 
J, Simon AL et al (2019) Change in albuminuria as a surrogate 
endpoint for progression of kidney disease: a meta-analysis of 
treatment effects in randomised clinical trials. Lancet Diabetes 
Endocrinol. 7:128–139

	 73.	 Levey AS, Cattran D, Friedman A, Miller WG, Sedor J, Tuttle K 
et al (2009) Proteinuria as a surrogate outcome in CKD: report of 
a scientific workshop sponsored by the National Kidney Founda-
tion and the US Food and Drug Administration. Am J Kidney Dis 
54:205–226

	 74.	 Gregg EW, Cheng YJ, Saydah S, Cowie C, Garfield S, Geiss L 
et al (2012) Trends in death rates among U.S. adults with and 
without diabetes between 1997 and 2006: findings from the 
National Health Interview Survey. Diabetes Care 35:1252–1257

	 75.	 Kramer H, Boucher RE, Leehey D, Fried L, Wei G, Greene T 
et al (2018) Increasing mortality in adults with diabetes and low 
estimated glomerular filtration rate in the absence of albuminu-
ria. Diabetes Care 41:775–781

	 76.	 Liu JJ, Liu S, Gurung RL, Ang K, Tang WE, Sum CF et al (2018) 
Risk of progressive chronic kidney disease in individuals with 
early-onset type 2 diabetes: a prospective cohort study. Nephrol 
Dial Transplant. https​://doi.org/10.1093/ndt/gfy21​1

	 77.	 Weir MR (2017) Acute changes in glomerular filtration rate with 
renin-angiotensin system (RAS) inhibition: clinical implications. 
Kidney Int 91:529–531

	 78.	 Xie X, Liu Y, Perkovic V, Li X, Ninomiya T, Hou W et al (2016) 
Renin-angiotensin system inhibitors and kidney and cardio-
vascular outcomes in patients with CKD: a Bayesian network 
meta-analysis of randomized clinical trials. Am J Kidney Dis 
67:728–741

	 79.	 Tabaei BP, Al-Kassab AS, Ilag LL, Zawacki CM, Herman WH 
(2001) Does microalbuminuria predict diabetic nephropathy? 
Diabetes Care 24:1560–1566

	 80.	 Lewis EJ, Hunsicker LG, Bain RP, Rohde RD (1993) The 
effect of angiotensin-converting-enzyme inhibition on diabetic 
nephropathy. The Collaborative Study Group. N Engl J Med. 
329:1456–1462

	 81.	 Lewis EJ, Hunsicker LG, Clarke WR, Berl T, Pohl MA, Lewis 
JB et al (2001) Renoprotective effect of the angiotensin-receptor 
antagonist irbesartan in patients with nephropathy due to type 2 
diabetes. N Engl J Med 345:851–860

	 82.	 Brenner BM, Cooper ME, de Zeeuw D, Keane WF, Mitch WE, 
Parving HH et al (2001) Effects of losartan on renal and cardio-
vascular outcomes in patients with type 2 diabetes and nephropa-
thy. N Engl J Med 345:861–869

	 83.	 Afghahi H, Cederholm J, Eliasson B, Zethelius B, Gudbjörnsdot-
tir S, Hadimeri H et al (2011) Risk factors for the development of 
albuminuria and renal impairment in type 2 diabetes—the Swed-
ish National Diabetes Register (NDR). Nephrol Dial Transplant 
26:1236–1243

	 84.	 Ficociello LH, Rosolowsky ET, Niewczas MA, Maselli NJ, 
Weinberg JM, Aschengrau A et al (2010) High-normal serum 
uric acid increases risk of early progressive renal function loss 
in type 1 diabetes: results of a 6-year follow-up. Diabetes Care 
33:1337–1343

	 85.	 Pilemann-Lyberg S, Hansen TW, Tofte N, Winther SA, Theilade 
S, Ahluwalia TS et al (2019) Uric acid is an independent risk 
factor for decline in kidney function, cardiovascular event 
and mortality in patients with type 1 diabetes. Diabetes Care 
42:1088–1094

	 86.	 Zoppini G, Targher G, Chonchol M, Ortalda V, Abaterusso C, 
Pichiri I et al (2012) Serum uric acid levels and incident chronic 
kidney disease in patients with type 2 diabetes and preserved 
kidney function. Diabetes Care 35:99–104

	 87.	 Kim WJ, Kim SS, Bae MJ, Yi YS, Jeon YK, Kim BH et al (2014) 
High-normal serum uric acid predicts the development of chronic 
kidney disease in patients with type 2 diabetes mellitus and pre-
served kidney function. J Diabetes Complic 28:130–134

	 88.	 De Cosmo S, Viazzi F, Pacilli A, Giorda C, Ceriello A, Gentile S 
et al (2015) Serum uric acid and risk of CKD in type 2 diabetes. 
Clin J Am Soc Nephrol 10:1921–1929

	 89.	 Chang YH, Lei CC, Lin KC, Chang DM, Hsieh CH, Lee YJ 
(2016) Serum uric acid level as an indicator for CKD regression 
and progression in patients with type 2 diabetes mellitus—a 4.6-
year cohort study. Diabetes Metab Res Rev 32:557–564

	 90.	 Gu L, Huang L, Wu H, Lou Q, Bian R (2017) Serum uric acid to 
creatinine ratio: a predictor of incident chronic kidney disease in 
type 2 diabetes mellitus patients with preserved kidney function. 
Diab Vasc Dis Res 14:221–225

	 91.	 Coca SG, Nadkarni GN, Huang Y, Moledina DG, Rao V, Zhang 
J et al (2017) Plasma biomarkers and kidney function decline in 
early and established diabetic kidney disease. J Am Soc Nephrol 
28:2786–2793

	 92.	 Wang J, Yu Y, Li X, Li D, Xu C, Yuan J et al (2018) Serum uric 
acid levels and decreased estimated glomerular filtration rate in 
patients with type 2 diabetes: a cohort study and meta-analysis. 
Diabetes Metab Res Rev 34:e3046

	 93.	 Mwasongwe SE, Fülöp T, Katz R, Musani SK, Sims M, Correa 
A et al (2018) Relation of uric acid level to rapid kidney function 
decline and development of kidney disease: the Jackson Heart 
Study. J Clin Hypertens 20:775–783

https://doi.org/10.1093/ndt/gfy217
https://doi.org/10.1093/ndt/gfy217
https://doi.org/10.1093/ndt/gfy211


31Journal of Nephrology (2020) 33:9–35	

1 3

	 94.	 Hanai K, Tauchi E, Nishiwaki Y, Mori T, Yokoyama Y, Uchigata 
Y et al (2018) Effects of uric acid on kidney function decline 
differ depending on baseline kidney function in type 2 diabetic 
patients. Nephrol Dial Transplant. https​://doi.org/10.1093/ndt/
gfy13​8

	 95.	 Rosolowsky ET, Niewczas MA, Ficociello LH, Perkins BA, 
Warram JH, Krolewski AS (2008) Between hyperfiltration and 
impairment: demystifying early renal functional changes in dia-
betic nephropathy. Diabetes Res Clin Pract 82(Suppl 1):S46–S53

	 96.	 Jalal DI, Chonchol M, Chen W, Targher G (2013) Uric acid as a 
target of therapy in CKD. Am J Kidney Dis 61:134–146

	 97.	 Afkarian M, Polsky S, Parsa A, Aronson R, Caramori ML, Cher-
ney DZ et al (2019) Preventing Early Renal Loss in Diabetes 
(PERL) Study: a randomized double-blinded trial of allopurinol-
rationale, design, and baseline data. Diabetes Care. https​://doi.
org/10.2337/dc19-0342

	 98.	 Niewczas MA, Ficociello LH, Johnson AC, Walker W, 
Rosolowsky ET, Roshan B (2009) Effects of uric acid on kidney 
function decline differ depending on baseline kidney function 
in type 2 diabetic patients. Serum concentrations of markers of 
TNFα and Fas-mediated pathways and renal function in nonpro-
teinuric patients with type 1 diabetes. Clin J Am Soc Nephrol 
4:62–70

	 99.	 Gohda T, Niewczas MA, Ficociello LH, Walker WH, Skupien J, 
Rosetti F et al (2012) Circulating TNF receptors 1 and 2 predict 
stage 3 CKD in type 1 diabetes. J Am Soc Nephrol 23:516–524

	100.	 Skupien J, Warram JH, Niewczas MA, Gohda T, Malecki M, 
Mychaleckyj JC et al (2014) Synergism between circulating 
tumor necrosis factor receptor 2 and HbA1c in determining renal 
decline during 5–18 years of follow-up in patients with type 1 
diabetes and proteinuria. Diabetes Care 37:2601–2608

	101.	 Miyazawa I, Araki S, Obata T, Yoshizaki T, Morino K, Kadota 
A et al (2011) Association between serum soluble TNFα recep-
tors and renal dysfunction in type 2 diabetic patients without 
proteinuria. Diab Res Clin Pract 92:174–180

	102.	 Niewczas MA, Gohda T, Skupien J, Smiles AM, Walker WH, 
Rosetti F et al (2012) Circulating TNF receptors 1 and 2 predict 
ESRD in type 2 diabetes. J Am Soc Nephrol 23:507–515

	103.	 Pavkov ME, Nelson RG, Knowler WC, Cheng Y, Krolewski AS, 
Niewczas MA (2015) Elevation of circulating TNF receptors 1 
and 2 increases the risk of end-stage renal disease in American 
Indians with type 2 diabetes. Kidney Int 87:812–819

	104.	 Doody A, Jackson S, Elliott JA, Canavan RJ, Godson C, Slattery 
D et al (2018) Validating the association between plasma tumour 
necrosis factor receptor 1 levels and the presence of renal injury 
and functional decline in patients with type 2 diabetes. J Diabetes 
Complic 32:95–99

	105.	 Kamei N, Yamashita M, Nishizaki Y, Yanagisawa N, Nojiri S, 
Tanaka K et al (2018) Association between circulating tumor 
necrosis factor-related biomarkers and estimated glomerular fil-
tration rate in type 2 diabetes. Sci Rep 8:15302

	106.	 Chung HF, Long KZ, Hsu CC, Al Mamun A, Jhang HR, Shin SJ 
et al (2015) Association of n-3 polyunsaturated fatty acids and 
inflammatory indicators with renal function decline in type 2 
diabetes. Clin Nutr 34:229–234

	107.	 Klisic A, Kavaric N, Ninic A (2018) Retinol-binding protein 4 
versus albuminuria as predictors of estimated glomerular filtra-
tion rate decline in patients with type 2 diabetes. J Res Med Sci. 
23:44

	108.	 Nadkarni GN, Rao V, Ismail-Beigi F, Fonseca VA, Shah SV, 
Simonson MS et al (2016) Association of urinary biomarkers of 
inflammation, injury, and fibrosis with renal function decline: the 
ACCORD trial. Clin J Am Soc Nephrol 11:1343–1352

	109.	 Wolkow PP, Niewczas MA, Perkins B, Ficociello LH, Lipinski 
B, Warram JH et al (2008) Association of urinary inflammatory 

markers and renal decline in microalbuminuric type 1 diabetics. 
J Am Soc Nephrol 19:789–797

	110.	 Sabbisetti VS, Waikar SS, Antoine DJ, Smiles A, Wang C, 
Ravisankar A et al (2014) Blood kidney injury molecule-1 is 
a biomarker of acute and chronic kidney injury and predicts 
progression to ESRD in type I diabetes. J Am Soc Nephrol 
25:2177–2186

	111.	 Nielsen SE, Reinhard H, Zdunek D, Hess G, Gutiérrez OM, Wolf 
M et al (2012) Tubular markers are associated with decline in 
kidney function in proteinuric type 2 diabetic patients. Diabetes 
Res Clin Pract 97:71–76

	112.	 Rotbain Curovic V, Hansen TW, Eickhoff MK, von Scholten BJ, 
Reinhard H, Jacobsen PK et al (2018) Urinary tubular biomarkers 
as predictors of kidney function decline, cardiovascular events 
and mortality in microalbuminuric type 2 diabetic patients. Acta 
Diabetol 55:1143–1150

	113.	 Colombo M, Looker HC, Farran B, Hess S, Groop L, Palmer 
CNA et  al (2019) Serum kidney injury molecule 1 and 
β2-microglobulin perform as well as larger biomarker panels for 
prediction of rapid decline in renal function in type 2 diabetes. 
Diabetologia 62:156–168

	114.	 Araki S, Haneda M, Koya D, Sugaya T, Isshiki K, Kume S et al 
(2013) Predictive effects of urinary liver-type fatty acid-binding 
protein for deteriorating renal function and incidence of cardio-
vascular disease in type 2 diabetic patients without advanced 
nephropathy. Diabetes Care 36:1248–1253

	115.	 Kim SS, Song SH, Kim IJ, Jeon YK, Kim BH, Kwak IS et al 
(2013) Urinary cystatin C and tubular proteinuria predict pro-
gression of diabetic nephropathy. Diabetes Care 36:656–661

	116.	 Conway BR, Manoharan D, Manoharan D, Jenks S, Dear JW, 
McLachlan S et al (2012) Measuring urinary tubular biomarkers 
in type 2 diabetes does not add prognostic value beyond estab-
lished risk factors. Kidney Int 82:812–818

	117.	 Garlo KG, White WB, Bakris GL, Zannad F, Wilson CA, Kupfer 
S et al (2018) Kidney biomarkers and decline in eGFR in patients 
with type 2 diabetes. Clin J Am Soc Nephrol 13:398–405

	118.	 Kopf S, Oikonomou D, von Eynatten M, Kieser M, Zdunek D, 
Hess G et al (2014) Urinary excretion of high molecular weight 
adiponectin is an independent predictor of decline of renal func-
tion in type 2 diabetes. Acta Diabetol 51:479–489

	119.	 von Scholten BJ, Reinhard H, Hansen TW, Oellgaard J, Parving 
HH, Jacobsen PK et al (2016) Urinary biomarkers are associ-
ated with incident cardiovascular disease, all-cause mortality and 
deterioration of kidney function in type 2 diabetic patients with 
microalbuminuria. Diabetologia 59:1549–1557

	120.	 Morita M, Uchigata Y, Hanai K, Ogawa Y, Iwamoto Y (2011) 
Association of urinary type IV collagen with GFR decline 
in young patients with type 1 diabetes. Am J Kidney Dis 
58:915–920

	121.	 Araki S, Haneda M, Koya D, Isshiki K, Kume S, Sugimoto T et al 
(2010) Association between urinary type IV collagen level and 
deterioration of renal function in type 2 diabetic patients without 
overt proteinuria. Diabetes Care 33:1805–1810

	122.	 Bhensdadia NM, Hunt KJ, Lopes-Virella MF, Michael Tucker 
J, Mataria MR, Alge JL et al (2013) Urine haptoglobin levels 
predict early renal functional decline in patients with type 2 dia-
betes. Kidney Int 83:1136–1143

	123.	 Liu JJ, Liu S, Wong MD, Gurung RL, Lim SC (2016) Urinary 
haptoglobin predicts rapid renal function decline in asians with 
type 2 diabetes and early kidney disease. J Clin Endocrinol 
Metab 101:3794–3802

	124.	 Boertien WE, Riphagen IJ, Drion I, Alkhalaf A, Bakker SJ, 
Groenier KH et al (2013) Copeptin, a surrogate marker for argi-
nine vasopressin, is associated with declining glomerular filtra-
tion in patients with diabetes mellitus (ZODIAC-33). Diabeto-
logia 56:1680–1688

https://doi.org/10.1093/ndt/gfy138
https://doi.org/10.1093/ndt/gfy138
https://doi.org/10.2337/dc19-0342
https://doi.org/10.2337/dc19-0342


32	 Journal of Nephrology (2020) 33:9–35

1 3

	125.	 Lee CH, Cheung CYY, Woo YC, Lui DTW, Yuen MMA, Fong 
CHY et al (2019) Prospective associations of circulating adipo-
cyte fatty acid-binding protein levels with risks of renal outcomes 
and mortality in type 2 diabetes. Diabetologia 62:169–177

	126.	 Lee CH, Hui EY, Woo YC, Yeung CY, Chow WS, Yuen MM 
et al (2015) Circulating fibroblast growth factor 21 levels predict 
progressive kidney disease in subjects with type 2 diabetes and 
normoalbuminuria. J Clin Endocrinol Metab 100:1368–1375

	127.	 Merchant ML, Niewczas MA, Ficociello LH, Lukenbill JA, 
Wilkey DW, Li M et al (2013) Plasma kininogen and kininogen 
fragments are biomarkers of progressive renal decline in type 1 
diabetes. Kidney Int 83:1177–1184

	128.	 Liu JJ, Pek SLT, Ang K, Tavintharan S, Lim SC, SMART2D 
Study (2017) Plasma leucine-rich α-2-glycoprotein 1 predicts 
rapid eGFR decline and albuminuria progression in type 2 dia-
betes mellitus. J Clin Endocrinol Metab 102:3683–3691

	129.	 Fountoulakis N, Maltese G, Gnudi L, Karalliedde J (2018) 
Reduced levels of anti-ageing hormone klotho predict renal 
function decline in type 2 diabetes. J Clin Endocrinol Metab 
103:2026–2032

	130.	 Hanai K, Babazono T, Mugishima M, Yoshida N, Nyumura 
I, Toya K et al (2011) Association of serum leptin levels with 
progression of diabetic kidney disease in patients with type 2 
diabetes. Diabetes Care 34:2557–2559

	131.	 Pontillo C, Zhang ZY, Schanstra JP, Jacobs L, Zürbig P, Thijs 
L et  al (2017) Prediction of chronic kidney disease stage 3 
by CKD273, a urinary proteomic biomarker. Kidney Int Rep. 
2:1066–1075

	132.	 Zürbig P, Mischak H, Menne J, Haller H (2019) CKD273 enables 
efficient prediction of diabetic nephropathy in nonalbuminuric 
patients. Diabetes Care 42:e4–e5

	133.	 Lindhardt M, Persson F, Zürbig P, Stalmach A, Mischak H, de 
Zeeuw D et al (2017) Urinary proteomics predict onset of micro-
albuminuria in normoalbuminuric type 2 diabetic patients, a sub-
study of the DIRECT-Protect 2 study. Nephrol Dial Transplant 
32:1866–1873

	134.	 Pena MJ, Heinzel A, Heinze G, Alkhalaf A, Bakker SJ, Nguyen 
TQ et al (2015) A panel of novel biomarkers representing dif-
ferent disease pathways improves prediction of renal function 
decline in type 2 diabetes. PLoS One 10:e0120995

	135.	 Looker HC, Colombo M, Hess S, Brosnan MJ, Farran B, Dalton 
RN et al (2015) Biomarkers of rapid chronic kidney disease pro-
gression in type 2 diabetes. Kidney Int 88:888–896

	136.	 Saulnier PJ, Gand E, Velho G, Mohammedi K, Zaoui P, Fraty M 
et al (2017) Association of circulating biomarkers (adrenomedul-
lin, TNFR1, and NT-proBNP) with renal function decline in 
patients with type 2 diabetes: a French prospective cohort. Dia-
betes Care 40:367–374

	137.	 Peters KE, Davis WA, Ito J, Winfield K, Stoll T, Bringans SD 
et al (2017) Identification of novel circulating biomarkers pre-
dicting rapid decline in renal function in type 2 diabetes: the 
Fremantle Diabetes Study Phase II. Diabetes Care 40:1548–1555

	138.	 Nowak N, Skupien J, Smiles AM, Yamanouchi M, Niewczas 
MA, Galecki AT et al (2018) Markers of early progressive renal 
decline in type 2 diabetes suggest different implications for etio-
logical studies and prognostic tests development. Kidney Int 
93:1198–1206

	139.	 Heinzel A, Kammer M, Mayer G, Reindl-Schwaighofer R, Hu K, 
Perco P et al (2018) Validation of plasma biomarker candidates 
for the prediction of eGFR decline in patients with type 2 diabe-
tes. Diabetes Care 41:1947–1954

	140.	 Jenks SJ, Conway BR, McLachlan S, Teoh WL, Williamson 
RM, Webb DJ et al (2017) Cardiovascular disease biomarkers 
are associated with declining renal function in type 2 diabetes. 
Diabetologia 60:1400–1408

	141.	 Chen SC, Lin TH, Hsu PC, Chang JM, Lee CS, Tsai WC et al 
(2011) Impaired left ventricular systolic function and increased 
brachial-ankle pulse-wave velocity are independently asso-
ciated with rapid renal function progression. Hypertens Res 
34:1052–1058

	142.	 Ronco C, Haapio M, House AA, Anavekar N, Bellomo R (2008) 
Cardiorenal syndrome. J Am Coll Cardiol 52:1527–1539

	143.	 Bouchi R, Babazono T, Mugishima M, Yoshida N, Nyumura I, 
Toya K et al (2011) Arterial stiffness is associated with incident 
albuminuria and decreased glomerular filtration rate in type 2 
diabetic patients. Diabetes Care 34:2570–2575

	144.	 Fountoulakis N, Thakrar C, Patel K, Viberti G, Gnudi L, Karal-
liedde J (2017) Increased arterial stiffness is an independent pre-
dictor of renal function decline in patients with type 2 diabetes 
mellitus younger than 60 years. J Am Heart Assoc 6:e004934

	145.	 O’Rourke MF, Safar ME (2005) Relationship between aortic 
stiffening and microvascular disease in brain and kidney: cause 
and logic of therapy. Hypertension 46:200–204

	146.	 Zoppini G, Targher G, Chonchol M, Ortalda V, Negri C, Stoico 
V et al (2012) Predictors of estimated GFR decline in patients 
with type 2 diabetes and preserved kidney function. Clin J Am 
Soc Nephrol 7:401–408

	147.	 Mantovani A, Zaza G, Byrne CD, Lonardo A, Zoppini G, Bonora 
E et al (2018) Nonalcoholic fatty liver disease increases risk of 
incident chronic kidney disease: a systematic review and meta-
analysis. Metabolism 79:64–76

	148.	 Tonneijck L, Muskiet MH, Smits MM, van Bommel EJ, Heer-
spink HJ, van Raalte DH et al (2017) Glomerular hyperfiltration 
in diabetes: mechanisms, clinical significance, and treatment. J 
Am Soc Nephrol 28:1023–1039

	149.	 Bjornstad P, Cherney DZ, Snell-Bergeon JK, Pyle L, Rewers M, 
Johnson RJ et al (2015) Rapid GFR decline is associated with 
renal hyperfiltration and impaired GFR in adults with type 1 
diabetes. Nephrol Dial Transplant 30:1706–1711

	150.	 Moriya T, Tanaka S, Sone H, Ishibashi S, Matsunaga S, Ohashi Y 
et al (2017) Patients with type 2 diabetes having higher glomeru-
lar filtration rate showed rapid renal function decline followed 
by impaired glomerular filtration rate: Japan Diabetes Complica-
tions study. J Diabetes Complic 31:473–478

	151.	 Penno G, Solini A, Bonora E, Fondelli C, Orsi E, Zerbini G 
et al (2013) HbA1c variability as an independent correlate of 
nephropathy, but not retinopathy, in patients with type 2 diabetes: 
the Renal Insufficiency And Cardiovascular Events (RIACE) Ital-
ian multicenter study. Diabetes Care 36:2301–2310

	152.	 Porrini E, Ruggenenti P, Mogensen CE, Barlovic DP, Praga M, 
Cruzado JM et al (2015) Non-proteinuric pathways in loss of 
renal function in patients with type 2 diabetes. Lancet Diabetes 
Endocrinol 3:382–391

	153.	 Mise K, Hoshino J, Ueno T, Hazue R, Hasegawa J, Sekine A 
et al (2016) Prognostic value of tubulointerstitial lesions, urinary 
n-acetyl-β-d-glucosaminidase, and urinary β2-microglobulin 
in patients with type 2 diabetes and biopsy-proven diabetic 
nephropathy. Clin J Am Soc Nephrol 11:593–601

	154.	 Hwang S, Park J, Kim J, Jang HR, Kwon GY, Huh W et al (2017) 
Tissue expression of tubular injury markers is associated with 
renal function decline in diabetic nephropathy. J Diabetes Com-
plic 31:1704–1709

	155.	 Coca SG, Singanamala S, Parikh CR (2012) Chronic kidney 
disease after acute kidney injury: a systematic review and meta-
analysis. Kidney Int 81:442–448

	156.	 Kelly KJ, Dominguez JH (2010) Rapid progression of diabetic 
nephropathy is linked to inflammation and episodes of acute 
renal failure. Am J Nephrol 32:469–475

	157.	 Chawla LS, Kimmel PL (2012) Acute kidney injury and chronic 
kidney disease: an integrated clinical syndrome. Kidney Int 
82:516–524



33Journal of Nephrology (2020) 33:9–35	

1 3

	158.	 Fiorentino M, Bolignano D, Tesar V, Pisano A, Biesen WV, 
Tripepi G et al (2017) Renal biopsy in patients with diabetes: 
a pooled meta-analysis of 48 studies. Nephrol Dial Transplant 
32:97–110

	159.	 Gesualdo L, Di Paolo S (2015) Renal lesions in patients with type 
2 diabetes: a puzzle waiting to be solved. Nephrol Dial Trans-
plant 30:155–157

	160.	 Ekinci EI, Jerums G, Skene A, Crammer P, Power D, Cheong KY 
et al (2013) Renal structure in normoalbuminuric and albumi-
nuric patients with type 2 diabetes and impaired renal function. 
Diabetes Care 36:3620–3626

	161.	 Shimizu M, Furuichi K, Toyama T, Kitajima S, Hara A, Kitagawa 
K et al (2013) Long-term outcomes of Japanese type 2 diabetic 
patients with biopsy-proven diabetic nephropathy. Diabetes Care 
36:3655–3662

	162.	 Fioretto P, Mauer M, Brocco E, Velussi M, Frigato F, Muollo 
B et al (1996) Patterns of renal injury in NIDDM patients with 
microalbuminuria. Diabetologia 39:1569–1576

	163.	 Yagil C, Barak A, Ben-Dor D, Rosenmann E, Bernheim J, 
Rosner M et  al (2005) Nonproteinuric diabetes-associated 
nephropathy in the Cohen rat model of type 2 diabetes. Diabetes 
54:1487–1496

	164.	 Osterby R (1992) Glomerular structural changes in type 1 (insu-
lin-dependent) diabetes mellitus: causes, consequences, and pre-
vention. Diabetologia 35:803–812

	165.	 Caramori ML, Fioretto P, Mauer M (2003) Low glomerular filtra-
tion rate in normoalbuminuric type 1 diabetic patients: an indica-
tor of more advanced glomerular lesions. Diabetes 52:1036–1040

	166.	 Pugliese G, Solini A, Fondelli C, Trevisan R, Vedovato M, 
Nicolucci A et al (2011) Reproducibility of albuminuria in type 
2 diabetic subjects. Findings from the Renal Insufficiency And 
Cardiovascular Events (RIACE) study. Nephrol Dial Transplant 
26:3950–3954

	167.	 Krolewski AS, Warram JH, Forsblom C, Smiles AM, Thorn 
L, Skupien J et al (2012) Serum concentration of cystatin C 
and risk of end-stage renal disease in diabetes. Diabetes Care 
35:2311–2316

	168.	 Pan Y, Jiang S, Qiu D, Shi J, Zhou M, An Y et al (2016) Compar-
ing the GFR estimation equations using both creatinine and cys-
tatin c to predict the long-term renal outcome in type 2 diabetic 
nephropathy patients. J Diabetes Complic 30:1478–1487

	169.	 Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH, 
Heerspink HJ, Mann JF et al (2013) Chronic kidney disease and 
cardiovascular risk: epidemiology, mechanisms, and prevention. 
Lancet 382:339–352

	170.	 Orchard TJ, Secrest AM, Miller RG, Costacou T (2010) In the 
absence of renal disease, 20 year mortality risk in type 1 diabetes 
is comparable to that of the general population: a report from 
the Pittsburgh Epidemiology of Diabetes Complications Study. 
Diabetologia 53:2312–2319

	171.	 Lind M, Svensson AM, Kosiborod M, Gudbjörnsdottir S, Pivodic 
A, Wedel H et al (2014) Glycemic control and excess mortality 
in type 1 diabetes. N Engl J Med 371:1972–1982

	172.	 Tancredi M, Rosengren A, Svensson AM, Kosiborod M, Pivodic 
A, Gudbjörnsdottir S et al (2015) Excess mortality among per-
sons with type 2 diabetes. N Engl J Med 373:1720–1732

	173.	 Penno G, Solini A, Bonora E, Orsi E, Fondelli C, Zerbini G et al 
(2018) Defining the contribution of chronic kidney disease to 
all-cause mortality in patients with type 2 diabetes: the Renal 
Insufficiency And Cardiovascular Events (RIACE) Italian Mul-
ticenter Study. Acta Diabetol 55:603–612

	174.	 Astor BC, Hallan SI, Miller ER 3rd, Yeung E, Coresh J (2008) 
Glomerular filtration rate, albuminuria, and risk of cardiovascu-
lar and all-cause mortality in the US population. Am J Epidemiol 
167:1226–1234

	175.	 Chronic Kidney Disease Prognosis Consortium, Matsushita 
K, van der Velde M, Astor BC, Woodward M, Levey AS et al 
(2010) Association of estimated glomerular filtration rate and 
albuminuria with all-cause and cardiovascular mortality in gen-
eral population cohorts: a collaborative meta-analysis. Lancet 
375:2073–2081

	176.	 Fox CS, Matsushita K, Woodward M, Bilo HJ, Chalmers J, Heer-
spink HJ et al (2012) Associations of kidney disease measures 
with mortality and end-stage renal disease in individuals with 
and without diabetes: a meta-analysis. Lancet 380:1662–1673

	177.	 Astor BC, Matsushita K, Gansevoort RT, van der Velde M, 
Woodward M, Levey AS et al (2011) Lower estimated glomeru-
lar filtration rate and higher albuminuria are associated with mor-
tality and end-stage renal disease. A collaborative meta-analysis 
of kidney disease population cohorts. Kidney Int 79:1331–1340

	178.	 Groop PH, Thomas MC, Moran JL, Wadèn J, Thorn LM, Mäki-
nen VP et al (2009) The presence and severity of chronic kidney 
disease predicts all-cause mortality in type 1 diabetes. Diabetes 
58:1651–1658

	179.	 Bruno G, Merletti F, Bargero G, Novelli G, Melis D, Soddu A 
et al (2007) Estimated glomerular filtration rate, albuminuria and 
mortality in type 2 diabetes: the Casale Monferrato study. Dia-
betologia 50:941–948

	180.	 de Boer IH, Katz R, Cao JJ, Fried LF, Kestenbaum B, Mukamal 
K et al (2009) Cystatin C, albuminuria, and mortality among 
older adults with diabetes. Diabetes Care 32:1833–1838

	181.	 Penno G, Solini A, Orsi E, Bonora E, Fondelli C, Trevisan R et al 
(2018) Non-albuminuric renal impairment is a strong predictor 
of mortality in individuals with type 2 diabetes: the Renal Insuf-
ficiency And Cardiovascular Events (RIACE) Italian multicentre 
study. Diabetologia 61:2277–2289

	182.	 Garofolo M, Russo E, Miccoli R, Lucchesi D, Giusti L, Sancho-
Bornez V et al (2018) Albumimuric and non-albuminuric chronic 
kidney disease in type 1 diabetes; association with major vascu-
lar outcomes risk and all-cause mortality. J Diabetes Complic 
32:550–557

	183.	 Solini S, Penno G, Bonora E, Fondelli C, Orsi E, Arosio M et al 
(2012) Diverging association of reduced glomerular filtration 
rate and albuminuria with coronary and noncoronary events in 
patients with type 2 diabetes: the Renal Insufficiency And Car-
diovascular Events (RIACE) Italian Multicentre study. Diabetes 
Care 35:143–149

	184.	 Rigalleau V, Lasseur C, Raffaitin C, Beauvieux MC, Barthe 
N, Chauveau P et al (2007) Normoalbuminuric renal-insuf-
ficient diabetic patients: a lower-risk group. Diabetes Care 
30:2034–2039

	185.	 Abuelo JG (2007) Normotensive ischemic acute renal failure. N 
Engl J Med 357:797–805

	186.	 Barnett AH, Bain SC, Bouter P, Karlberg B, Madsbad S, Jervell 
J et al (2004) Angiotensin-receptor blockade versus converting 
enzyme inhibition in type 2 diabetes and nephropathy. N Engl J 
Med 351:1952–1961

	187.	 Wu HY, Peng CL, Chen PC, Chiang CK, Chang CJ, Huang JW 
et al (2017) Comparative effectiveness of angiotensin-converting 
enzyme inhibitors versus angiotensin II receptor blockers for 
major renal outcomes in patients with diabetes: a 15-year cohort 
study. PLoS One 12:e0177654

	188.	 Heart Outcomes Prevention Evaluation Study Investigators 
(2000) Effects of ramipril on cardiovascular and microvascular 
outcomes in people with diabetes mellitus: results of the HOPE 
study and MICROHOPE substudy. Lancet 355:253–259

	189.	 Parving HH, Lehnert H, Bröchner-Mortensen J, Gomis R, 
Andersen S, Arner P et al (2001) The effect of irbesartan on 
the development of diabetic nephropathy in patients with type 2 
diabetes. N Engl J Med 345:870–878



34	 Journal of Nephrology (2020) 33:9–35

1 3

	190.	 Lohr JW, Willsky GR, Acara MA (1998) Renal drug metabolism. 
Pharmacol Rev 50:107–141

	191.	 Moen MF, Zhan M, Hsu VD, Walker LD, Einhorn LM, Seliger 
SL et al (2009) Frequency of hypoglycemia and its significance 
in chronic kidney disease. Clin J Am Soc Nephrol 4:1121–1127

	192.	 Gerich JE, Meyer C, Woerle HJ, Stumvoll M (2001) Renal glu-
coneogenesis: its importance in human glucose homeostasis. 
Diabetes Care 24:382–391

	193.	 Woerle HJ, Meyer C, Popa EM, Cryer PE, Gerich JE (2003) 
Renal compensation for impaired hepatic glucose release during 
hypoglycemia in type 2 diabetes: further evidence for hepatorenal 
reciprocity. Diabetes 52:1386–1392

	194.	 Garber AJ, Bier DM, Cryer PE, Pagliara AS (1974) Hypoglyce-
mia in compensated chronic renal insufficiency: substrate limita-
tion of gluconeogenesis. Diabetes 23:982–986

	195.	 Ishida JH, Johansen KL (2016) Exclusion of patients with 
kidney disease from cardiovascular trials. JAMA Intern Med 
176:124–125

	196.	 Bailie GR, Eisele G, Liu L, Roys E, Kiser M, Finkelstein F et al 
(2005) Patterns of medication use in the RRI-CKD study: focus 
on medications with cardiovascular effects. Nephrol Dial Trans-
plant 20:1110–1115

	197.	 Tonelli M, Wiebe N, Guthrie B, James MT, Quan H, Fortin M 
et al (2015) Comorbidity as a driver of adverse outcomes in peo-
ple with chronic kidney disease. Kidney Int 88:859–866

	198.	 White JR (2014) A brief history of the development of diabetes 
medications. Diabetes Spectr 27:82–86

	199.	 Neumiller JJ, Alicic RZ, Tuttle KR (2017) Therapeutic consid-
erations for antihyperglycemic agents in diabetic kidney disease. 
J Am Soc Nephrol 28:2263–2274

	200.	 Cherney DZI, Bakris GL (2018) Novel therapies for diabetic 
kidney disease. Kidney Int Suppl 8:18–25

	201.	 Solini A, Penno G, Bonora E, Fondelli C, Orsi E, Trevisan R 
et al (2013) Age, renal dysfunction, cardiovascular disease, and 
antihyperglycemic treatment in type 2 diabetes mellitus: findings 
from the Renal Insufficiency and Cardiovascular Events Italian 
Multicenter study. J Am Geriatr Soc 61:1253–1261

	202.	 Salpeter S, Greyber E, Pasternak G, Salpeter E (2003) Risk of 
fatal and non-fatal lactic acidosis with metformin in type 2 dia-
betes. Arch Intern Med 163:2594–2602

	203.	 Duckworth WC, Bennett RG, Hamel FG (1998) Insulin degrada-
tion: progress and potential. Endocr Rev 19:608–624

	204.	 de Boer IH, Zelnick L, Afkarian M, Ayers E, Curtin L, Him-
melfarb J et al (2016) Impaired glucose and insulin homeostasis 
in moderate-severe CKD. J Am Soc Nephrol 27:2861–2871

	205.	 Seino S, Sugawara K, Yokoi N, Takahashi H (2017) β-Cell sig-
nalling and insulin secretagogues: a path for improved diabetes 
therapy. Diabetes Obes Metab 19(Suppl 1):22–29

	206.	 Arnouts P, Bolignano D, Nistor I, Bilo H, Gnudi L, Heaf J et al 
(2014) Glucose-lowering drugs in patients with chronic kidney 
disease: a narrative review on pharmacokinetic properties. Neph-
rol Dial Transplant 29:1284–1300

	207.	 Feldman JM (1985) Glyburide: a second-generation sulfonylurea 
hypoglycemic agent. History, chemistry, metabolism, pharma-
cokinetics, clinical use and adverse effects. Pharmacotherapy 
5:43–62

	208.	 Rosenkranz B, Profozic V, Metelko Z, Mrzljak V, Lange C, 
Malerczyk V (1996) Pharmacokinetics and safety of glimepiride 
at clinically effective doses in diabetic patients with renal impair-
ment. Diabetologia 39:1617–1624

	209.	 Balant L, Zahnd G, Gorgia A, Schwarz R, Fabre J (1973) Phar-
macokinetics of glipizide in man: influence of renal insufficiency. 
Diabetologia 9(Suppl.):331–338

	210.	 Palmer KJ, Brogden RN (1993) Gliclazide. An update of its phar-
macological properties and therapeutic efficacy in non-insulin-
dependent diabetes mellitus. Drugs 46:92–125

	211.	 Marbury TC, Ruckle JL, Hatorp V, Andersen MP, Nielsen KK, 
Huang WC et al (2000) Pharmacokinetics of repaglinide in sub-
jects with renal impairment. Clin Pharmacol Ther 67:7–15

	212.	 Rena G, Hardie DG, Pearson ER (2017) The mechanisms of 
action of metformin. Diabetologia 60:1577–1585

	213.	 Buse JB, DeFronzo RA, Rosenstock J, Kim T, Burns C, Skare S 
et al (2016) The primary glucose-lowering effect of metformin 
resides in the gut, not the circulation: results from short-term 
pharmacokinetic and 12-week dose-ranging studies. Diabetes 
Care 39:198–205

	214.	 Graham GG, Punt J, Arora M, Day RO, Doogue MP, Duong 
JK et al (2011) Clinical pharmacokinetics of metformin. Clin 
Pharmacokinet 50:81–98

	215.	 Lipska KJ, Bailey CJ, Inzucchi SE (2011) Use of metformin in 
the setting of mild-to-moderate renal insufficiency. Diabetes Care 
34:1431–1437

	216.	 DeFronzo R, Fleming GA, Chen K, Bicsak TA (2016) Met-
formin-associated lactic acidosis: current perspectives on causes 
and risk. Metabolism 65:20–29

	217.	 Yki-Jarvinen H (2004) Thiazolidinediones. N Engl J Med 
351:1106–1118

	218.	 Budde K, Neumayer HH, Fritsche L, Sulowicz W, Stompôr 
T, Eckland D (2003) The pharmacokinetics of pioglitazone 
in patients with impaired renal function. Br J Clin Pharmacol 
55:368–374

	219.	 Joubert PH, Venter HL, Foukaridis GN (1990) The effect of 
miglitol and acarbose after an oral glucose load: a novel hypo-
glycaemic mechanism? Br J Clin Pharmacol 30:391–396

	220.	 Ahr HJ, Boberg M, Krause HP, Maul W, Müller FO, Ploschke 
HJ et al (1989) Pharmacokinetics of acarbose. Part I: absorption, 
concentration in plasma, metabolism and excretion after single 
administration of [14C]acarbose to rats, dogs and man. Arznei-
mittelforschung 39:1254–1260

	221.	 Ahr HJ, Krause HP, Siefert HM, Steinke W, Weber H (1989) 
Pharmacokinetics of acarbose. Part II: Distribution to and elim-
ination from tissues and organs following single or repeated 
administration of [14C]acarbose to rats and dogs. Arzneimit-
telforschung 39:1261–1267

	222.	 Drucker DJ, Nauck MA (2006) The incretin system: glucagon-
like peptide-1 receptor agonists and dipeptidyl peptidase-4 inhib-
itors in type 2 diabetes. Lancet 368:1696–1705

	223.	 Madsbad S (2009) Treatment of type 2 diabetes with incretin-
based therapies. Lancet 373:438–439

	224.	 Scheen AJ (2010) Pharmacokinetics of dipeptidylpeptidase-4 
inhibitors. Diabetes Obes Metab 12:648–658

	225.	 Davies MJ, D’Alessio DA, Fradkin J, Kernan WN, Mathieu C, 
Mingrone G et al (2018) Management of hyperglycaemia in type 
2 diabetes, 2018. A consensus report by the American Diabetes 
Association (ADA) and the European Association for the Study 
of Diabetes (EASD). Diabetologia 61:2461–2498

	226.	 Jespersen MJ, Knop FK, Christensen M (2013) GLP-1 agonists 
for type 2 diabetes: pharmacokinetic and toxicological considera-
tions. Expert Opin Drug Metab Toxicol 9:17–29

	227.	 Meier JJ (2012) GLP-1 receptor agonists for individualized treat-
ment of type 2 diabetes mellitus. Nat Rev Endocrinol 8:728–742

	228.	 Thomas MC, Cherney DZI (2018) The actions of SGLT2 inhibi-
tors on metabolism, renal function and blood pressure. Diabeto-
logia 61:2098–2107

	229.	 Lupsa BC, Inzucchi SE (2018) Use of SGLT2 inhibitors in 
type 2 diabetes: weighing the risks and benefits. Diabetologia 
61:2118–2125



35Journal of Nephrology (2020) 33:9–35	

1 3

Affiliations

Giuseppe Pugliese1,2 · Giuseppe Penno3,4 · Andrea Natali3,5 · Federica Barutta6 · Salvatore Di Paolo7 · 
Gianpaolo Reboldi8 · Loreto Gesualdo9,10 · Luca De Nicola11 on behalf of the Italian Diabetes Society and the Italian 
Society of Nephrology

1	 Department of Clinical and Molecular Medicine, “La 
Sapienza” University, Rome, Italy

2	 Endocrine and Metabolic Unit, Sant’Andrea University 
Hospital, Rome, Italy

3	 Department of Clinical and Experimental Medicine, 
University of Pisa, Pisa, Italy

4	 Diabetes Unit, University Hospital, Pisa, Italy
5	 Unit of Internal Medicine, University Hospital, Pisa, Italy
6	 Department of Medical Sciences, University of Turin, Turin, 

Italy
7	 Nephrology Unit, “Mons. Dimiccoli” Hospital, Barletta, Italy

8	 Department of Medicine, University of Perugia, Perugia, 
Italy

9	 Department of Emergency and Organ Transplantation, “Aldo 
Moro” University, Bari, Italy

10	 Nephrology, Dialysis and Transplantation Unit, “Policlinico” 
University Hospital, Bari, Italy

11	 Nephrology and Dialysis Unit, Department of Advanced 
Medical and Surgical Sciences, University of Campania 
“Luigi Vanvitelli”, Naples, Italy

	230.	 Kelly MS, Lewis J, Huntsberry AM, Dea L, Portillo I (2019) 
Efficacy and renal outcomes of SGLT2 inhibitors in patients 
with type 2 diabetes and chronic kidney disease. Postgrad Med 
131:31–42

	231.	 Heerspink HJL, Kosiborod M, Inzucchi SE, Cherney DZI (2018) 
Renoprotective effects of sodium-glucose cotransporter-2 inhibi-
tors. Kidney Int 94:26–39

	232.	 Perkovic V, Jardine MJ, Neal B, Bompoint S, Heerspink HJL, 
Charytan DM et al (2019) Canagliflozin and renal outcomes in 
type 2 diabetes and nephropathy. N Engl J Med 80:2295–2306

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Diabetic kidney disease: new clinical and therapeutic issues. Joint position statement of the Italian Diabetes Society and the Italian Society of Nephrology on “The natural history of diabetic kidney disease and treatment of hyperglycemia in patients with
	Abstract
	Aims 
	Data Synthesis 
	Conclusions 

	Introduction
	Natural history of DKD
	Box 1
	Nonalbuminuric renal impairment and progressive renal decline
	Box 1.1
	Impact of improved treatment on the natural history of diabetic nephropathy
	Box 1.2
	Biomarkers of eGFR decline beyond albuminuria
	Box 1.3
	Pathogenic mechanisms and anatomical correlates of eGFR decline independent of albuminuria
	Box 1.4
	Diagnostic, prognostic and therapeutic implications
	Box 1.5

	Treatment of hyperglycemia in T2D patients with impaired renal function
	Box 2
	Insulin and insulin secretagogues
	Box 2.1
	Insulin sensitizers and inhibitors of α-glycosidase
	Box 2.2
	Incretin mimetics
	Box 2.3
	SGLT2 inhibitors
	Box 2.4
	Additional considerations
	Box 2.5

	Conclusions
	References




