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Abstract

:

Background and study aims—Albuminuria, defined as an enhanced urine albumin/creatinine ratio (ACR) on a spot sample, is a validated biomarker of glomerular damage. However, it cannot always detect early renal failures in patients with type 2 diabetes (T2D), thus prompting the search for more sensitive and specific parameters. Herein, we investigated the differential role of plasma and urine neutrophil-gelatinase-associated lipocalin (NGALp,—NGALu) for the detection of diabetic kidney disease (DKD). Methods—Traditional glomerular (serum creatinine, cystatin C, ACR) damage biomarkers were evaluated in 84 patients with T2D and in 21 metabolically healthy controls. Diabetic patients were stratified into four groups based on T2D duration (less or more than 5 years) and presence and severity of DKD (early- or advanced-stage), as defined by the ACR and estimated glomerular filtration rate (eGFR). NGALp and NGALu were determined by ELISA methodology and compared among groups. Results—There was no difference in NGALp and NGALu levels between the metabolically healthy individuals and the age-matched, newly diagnosed diabetic patients in the absence of DKD. However, in contrast to NGALu, NGALp was found to be substantially increased in patients with long-standing diabetes without biochemical evidence of DKD, closely mirroring the modest, but still accelerated, decline in the eGFR typical of this chronic dysmetabolic condition, and remained overexpressed throughout the stages of DKD progression. Increased NGALu levels were, instead, rather specific in patients with biochemical evidence of DKD (i.e., marked by increased albuminuria), regardless of T2D duration. Spearman’s correlation and regression analyses showed that patient age and T2D duration could exert a strong positive impact exclusively on NGALp concentrations (ρ = 0.419, p < 0.001 for age; ρ = 0.581, p < 0.001 for T2D), and none on NGALu. Furthermore, receiver operating characteristic (ROC) analysis showed the best performance of NGALp compared to NGALu for the detection of DKD (AUC = 0.817 for NGALp, AUC = 0.711 for NGALu). Conclusions—Our data suggest a different pathophysiological and predictive role for urine and plasma NGAL in the context of T2D and DKD.
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1. Introduction


Chronic kidney disease (CKD) is a common condition that is estimated to affect over 9% of people worldwide [1]. Similarly, type 2 diabetes mellitus (T2D) is of an epidemic scale, with current global prevalence estimates of 463 million individuals [2]. In about half of patients on renal replacement therapy (i.e., peritoneal dialysis and hemodialysis) due to an end-stage renal disease, T2D is constantly recognized as the primary cause of their kidney failure. Further, up to 30–40% of T2D patients are reported to develop CKD, and the combination of diagnoses, commonly referred to as diabetic kidney disease (DKD) in the absence of alternative causes of renal damage [3], increases their risk of cardiovascular events and related mortality [4]. It is expected that early identification of diabetic patients with DKD should allow the optimization of medical management, so that the adverse outcomes of kidney failure would be prevented or, at least, delayed. At present, the “gold standard” glomerular injury marker for DKD is albuminuria, which, in routine clinical diabetes practice, is preferentially measured as the albumin/creatinine ratio (ACR) on spot urine in spite of the albumin excretion rate (AER) over a 24 h period [5]. However, regardless of the method used to measure urine albumin, this marker shows low sensitivity in detecting early changes in renal function in patients with T2D [6], as approximately 20% of the normoalbuminuric individuals show a progression to renal disease [7]. Biopsy data have demonstrated that both tubulointerstitial changes and glomerular injury are involved in the pathogenesis of T2D-related kidney damage [8,9], and this recent notion has fostered the search for more sensitive and specific markers of tubulointerstitial pathology to detect DKD in its early stages and overcome the limits of albuminuria. Among them, neutrophil-gelatinase-associated lipocalin (NGAL or lipocalin 2), a small (25-kDa) acute-phase protein belonging to the lipocalin family [10], displays the greatest potential. NGAL is an essential component of the antimicrobial innate immune system which predominantly acts by preventing bacterial iron acquisition via siderophores during the early stages of infection [11]. It is also an early marker for granulocyte cell differentiation that modulates several neutrophil functions [12,13]. In addition, NGAL has been reported to stimulate nephrogenesis and to enhance the conversion of mesenchymal cells into kidney epithelial cells [14]. In fact, in kidney tubules, NGAL production increases in response to several noxious stimuli, such as ischemia–reperfusion damage, suggesting a major role of this protein in tubular regeneration and repair [14,15]. Recently, NGAL has been validated as a useful biomarker for the diagnosis of acute kidney injury (AKI) [16,17], as well as tubular necrosis and tubulointerstitial nephropathy [18]. NGAL levels are markedly elevated in children and adults affected by AKI, anticipating the rise of creatinine by 24 to 48 h [19,20]. On the contrary, to date, we have few and conflicting results on the validity of NGAL as a marker of chronic renal damage. According to some of these, NGAL may be a useful diagnostic and prognostic biomarker in certain CKD subgroups and an important independent predictor of cardiovascular events [21,22]. Furthermore, NGAL is a circulating biomarker closely related with hyperglycemia, insulin resistance and obesity [23], all of which are important risk factors for a T2D-related kidney injury.



Physiologically, the fraction excreted in the urine (NGALu) is approximately equal to 0.1–0.2% of the circulating NGAL (NGALp), as it is rapidly filtered by the glomerulus and efficiently reabsorbed by the proximal tubules [24]. Urine and plasma NGAL levels are generally well-correlated with each other, whatever the cause of NGAL increasing. However, particularly high urine NGAL levels can be found in tubular damage or urothelial carcinomas because this protein is directly released into the urine [25]. Additionally, recent correlation studies in patients with T2D, stratified by a decline in renal function and intensity of albuminuria, have documented some differences among NGALp and NGALu, as only NGALu was found to be associated with glycemic control and T2D duration, whereas increased NGALp concentrations were specifically linked with systemic markers of chronic low-grade inflammation, which is typical of T2D, as well as of several CKD entities [26]. If recent studies have highlighted that the degree and progression of renal dysfunction in DKD might be more closely associated with hyperglycemia-induced tubulointerstitial injury than with the severity of lesions in the glomerular compartment, the precise molecular mechanisms linking T2D to the development of DKD are still not fully elucidated [27]. Among the proteins involved in the pathogenesis of tubular damage, NGAL has been proposed as a candidate biomarker for the early evaluation of renal impairment in patients with T2D [26]. Currently, the American Diabetes Association (ADA) and National Kidney Foundation—Kidney Disease Outcomes Quality Initiative (NKF-KDOQI) guidelines recommend the use of glomerular injury biomarkers such as albuminuria and the estimated glomerular filtration rate (eGFR), calculated with validated formulas, such as those proposed by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI), for the diagnosis, staging and follow-up of DKD [28,29]. Nevertheless, the complexity of the pathogenetic mechanisms of renal failure in DKD suggests the necessity of a multiple-test strategy, counting both glomerular and tubulointerstitial parameters. However, uncertainties surround the diagnostic performance of emerging biomarkers such as NGAL, and it is not clear if its plasma or urine levels would retain the same significance.



The aim of the study was to investigate the clinical relevance of both NGALp and NGALu as biomarkers for the detection of DKD in patients with T2D.




2. Materials and Methods


2.1. Study Participants


For this case–control observational study, we enrolled 84 consecutive patients with T2D and 21 metabolically healthy, non-obese patients attending the Endocrinology and Nephrology Operative Units at University Hospital “Mater-Domini” (Catanzaro, Italy) for routine diagnostic work-up between January and December 2020. Diabetic participants were stratified into four group as per T2D duration (less or more than 5 years) and presence and severity of DKD. This common complication of T2D was defined as per ADA 2020 Standard of Care [30] criteria, using serum creatinine and Cystatin C to estimate the eGFR (using a validated CKD-EPI equation) and the ACR to evaluate albuminuria. Moderately increased albuminuria (ACR between 30 and 300 mg/g or A2 urine albumin category [28]) in first morning urine and/or an eGFR <60 mL/min/1.73 m2 on least two occasions was considered as the objective evidence of T2D-related kidney disease. Stages of DKD were classified according to the NKF KDOQI guidelines [29]. In particular, patients with an eGFR ≥90 mL/min/1.73 m2 and A2 albuminuria (stage 1 KDOQI) or an eGFR 60–89.9 mL/min/1.73 m2 with A2 albuminuria (stage 2 KDOQI) were considered as affected by an early-stage DKD, whereas patients with eGFR values of 45–59.9 mL/min/1.73 m2 (stage 3A KDOQI), 30–44.9 mL/min/1.73 m2 (stage 3B KDOQI) and 15–29.9 mL/min/1.73 m2 (stage 4 KDOQI) were considered as experiencing an advanced-stage of disease, irrespective of urine albumin (A1-A3 albuminuria). Patients with CKD of different etiologies other than T2D, end-stage renal disease (stage 5 KDOQI with an eGFR <15 mL/min/1.73 m2) or nephrotic-range albuminuria (≥2200 mg/24 h), anemia, ongoing inflammatory conditions marked by leukocytosis and/or an erythrocyte sedimentation rate >30 mm/h, poorly controlled hyperglycemia (glycated hemoglobin, HbA1c > 8%), uncontrolled hypertension or history of acute cardiovascular events, using antidiabetic medications potentially affecting NGAL determinations [31,32], active solid and hematological malignancies, untreated thyroid dysfunctions or severe obesity (as defined by a body mass index, BMI, above 35 kg/m2) potentially affecting measures of serum creatinine, cystatin C and eGFR estimates [33,34] were excluded from participating in this study. The diagnosis of DKD was not confirmed by renal biopsy, as our patients did not have clinical indications for this procedure [35].




2.2. Biochemical Assessments


Blood collection was carried out after 12–14 h of fasting with EDTA tubes by approved venipuncture techniques from qualified staff. Routine analyses, including blood count, fasting glucose, creatinine, urine creatinine, urine albumin and HbA1c, were performed from fresh samples, whereas appropriately sized aliquots of plasma-EDTA, serum and urine were frozen at −80° for subsequent laboratory determinations (plasma and urine NGAL, cystatin C). The first morning urine was collected and centrifuged before freezing. Blood count analysis was performed using ADVIA 2120i (Siemens, Healthcare, Erlangen, Germany); fasting blood glucose (FBG), serum creatinine and urine creatinine were measured on Cobas 6000 (Roche Diagnostics, Basel, Switzerland) through the dedicated kits (Roche Diagnostics, Basel, Switzerland); and HbA1c was analyzed on Premier Hb9210™ (A. Menarini Diagnostics, Florence, Italy). All the above-mentioned assays were carried out according to the manufacturers’ instructions. Plasma and urine NGAL levels were evaluated by Rapid ELISA Kit (Bioporto, Hellerup, Denmark) on the automated Triturus analyzer (Grifols, Barcelona, Spain). The amount of bounded NGAL was detected with a horseradish-peroxidase (HRP)-conjugated monoclonal antibody directed towards the 25-kDa glycosylated protein. Serum levels of cystatin C and urine albumin were evaluated by quantitative immunonephelometric assay (particle-enhanced immuno-nephelometric N Latex Cystatin C kit and N Antiserum to human Albumin Kit) through the BN II System (Siemens Healthcare, Erlangen, Germany).




2.3. Statistical Analysis


All continuous variables were expressed as median and interquartile range (IQR). Differences in continuous traits among study groups were addressed by the non-parametric Mann–Whitney U test, whereas proportions of qualitative traits were compared with Fisher’s exact test by considering each set of unpaired data separately. The Spearman’s rank correlation coefficient ρ was used to express the strength of association between NGALp, NGALu and other clinical and biochemical traits indicative of the glycometabolic status and renal impairment in patients with T2D. Then, linear regression analyses with appropriate covariate adjustment and receiver operating characteristic (ROC) curve were used to assess the discriminative capacity of NGALp and NGALu in detecting DKD and reductions in the eGFR calculated with traditional glomerular biomarkers (ACR, serum creatinine, serum cystatin C). The assumption of normal distribution in linear regression analysis was satisfied by visual check of quantile–quantile plots of residuals. Statistical analysis was performed with JASP Graphical Statistical Software Version 0.14.1 (University of Amsterdam, Amsterdam, NL) based on R Stats packages. A significance level of p < 0.05 was set for a type I error in all analyses.





3. Results


3.1. Clinical and Biochemical Features of the Study Participants


As shown in Table 1, summarizing the clinical and biochemical features of participants, we conducted a case–control study on a total cohort of 105 middle-aged and young-old individuals (40 females) divided into five groups: Group (A), metabolically healthy control subjects (N = 21) who were used as a reference for NGAL determinations; Group (B), newly diagnosed T2D patients without evidence of DKD (N = 27); Group (C), patients with long-standing T2D without evidence of DKD (N = 21); Group (D), diabetic patients with early-stage DKD (N = 17); and Group (E) diabetic patients with late-stage DKD (N = 19). From the intergroup analysis, significant differences were found for both continuous and qualitative traits. Patients with DKD were significantly older than control individuals in Group A and Group B and had a higher proportion of smokers, thus supporting the etiological role of these traditional cardiovascular risk factors (i.e., aging, smoking) in the progression of DKD [36]. Furthermore, we could observe a reduced representation of women in the advanced-stage DKD group, in spite of a higher representation of these in the early-stage DKD group (Table 1). Sex and gender disparities in the prevalence and progression of diabetic complications are frequent findings in contemporary endocrinology and nephrology research [37]. CKD has been reported to affect more women than men, but there is a clear tendency towards a more rapid progression to kidney failure in male individuals [38], which is in line with our observation. Additionally, almost all patients with T2D and overt (proteinuric) renal damage were affected by diabetic retinopathy, which is often the first microvascular complication of diabetes to appear as a direct consequence of disease duration and hyperglycemia [39]. Concerning the traditional markers of glomerular damage, we could observe a gradual increase in the ACR, serum creatinine and cystatin C (and inevitably a decline in the eGFR modeled on these variables) from the metabolically healthy controls compared to the newly diagnosed and long-standing patients with T2D and diabetic patients advancing to more severe DKD stages, thereby reflecting the inclusion criteria of this study and confirming the appropriate selection of case and control groups. Intriguingly, we could also evidence a parallel, gradual increase in both NGALp and NGALu concentrations, although with some discrepancy between the two trends (Table 1).



Both NGALp and NGALu levels remained unchanged between the metabolically healthy individuals (Group A) and the age-matched, newly diagnosed T2D patients without objective clinical/biochemical evidence of DKD (Group B). However, in contrast to NGALu, NGALp was found to be substantially increased in patients with long-standing T2D without DKD (Group C), closely mirroring the modest, but still accelerated, decline in the eGFR typical of prolonged hyperglycemic, hypertensive and dyslipidemic states in aging individuals [40], and remained overexpressed throughout the stages of DKD progression. NGALu levels increased more specifically in patients with objective clinical/biochemical evidence of DKD, fundamentally expressed by increased albuminuria (Group D and Group E), with respect to healthy controls and newly diagnosed T2D patients (Table 1 and Figure 1).




3.2. Associations of NGALp and NGALu with Indicators of Renal Function and Glycometabolic Status


Next, to better address the differences between NGALp and NGALu and their association with clinical and biochemical parameters indicative of the glycometabolic status and renal function in patients with T2D, we performed a series of correlation analyses. As shown in Table 2, NGALp and NGALu were weakly but positively correlated with each other (ρ = 0.271, p = 0.016). However, the positive associations of NGAL with conventional glomerular parameters of T2D-related kidney damage (i.e., serum creatinine, cystatin C and ACR) were significantly stronger when plasma measurements were considered with respect to urine determinations. Neither NGALp nor NGALu were found to be correlated with BMI or FBG in our diabetic patient cohort, but a moderate positive association with HbA1c, a proxy indicator of the mean glycemic control over the last 3 months [41], was found for both. Finally, patient age and duration of T2D exerted a strong positive impact exclusively on NGALp concentrations (ρ = 0.419, p < 0.001 for age; ρ = 0.581, p < 0.001 for duration of T2D) and none on NGALu, thus supporting the recent notion that distinct pathological mechanisms, possibly unrelated to the kidney, could influence circulating NGAL overproduction and excretion in T2D [42] (Table 2).



Taking into consideration the emerging role of circulating NGAL fractions as independent indices of CKD progression and severity in a variety of primary glomerulopathies and glomerulonephritis/vasculitis [43], and in order to explore the potential relationship of this novel biomarker with T2D-induced, chronic glomerular damage, we performed linear regression analyses using the eGFR (calculated by combining serum creatinine and cystatin C) as the dependent variable and NGALp and NGALu as the explanatory factors (Table 3). We observed that increasing NGALp and NGALu concentrations were both associated with progressive reductions in the eGFR, even after adjusting for potential confounders, such as age, gender, HbA1c and T2D duration. However, as demonstrated by the higher absolute values of standardized β coefficients (Table 3), the effect was stronger in predictive linear models of eGFR decline based on NGALp than in those based on NGALu.




3.3. ROC Curve Analysis


At the end of the study, ROC curves were generated to assess the performance of the two circulating NGAL fractions in detecting DKD. As shown in Figure 2, both NGALp and NGALu showed an excellent discriminative capacity in the classification of patients with DKD (either early- or advanced-stage) from those still possessing good renal function. However, in consideration of the higher AUC (0.817 vs. 0.711) among the two biomarkers, it would seem that NGALp should be more reliable for the identification of T2D-induced kidney damage, at least in our routine clinical diabetes scenario.





4. Discussion


The present case–control study investigated the differential performance of plasma and urine NGAL in the detection of T2D-related chronic kidney damage, usually assessed by measuring albuminuria and the eGFR in routine clinical diabetes practice. While robust data on the diagnostic and prognostic values of NGAL in AKI are constantly coming out [17,20], the same cannot be said for CKD, as published analyses have often rendered conflicting results, and the true nature of the relationship between circulating NGAL measures and renal histopathology in DKD is still unclear. In a recent prospective cohort study on a heterogeneous, real-life patient population affected by different entities of CKD, NGALu did not correlate with the baseline eGFR and ACR or predict renal function deterioration over time [43]. As a pure tubular injury biomarker, NGALu might not be able to detect the glomerular aspects of a chronic renal disease with a low degree of accompanying active tubulointerstitial damage or inflammation [43]. In support of this assumption, in the subgroups of patients with biopsy-proven active glomerulonephritis or vasculitis as the primary etiology of CKD, NGALu could successfully predict eGFR loss and anticipate the prognosis of the disease [43,44].



In the course of DKD, morphological changes can be found in almost all nephron structures, including the glomerulus (i.e., thickening and denuding of the glomerular basement membrane, mesangial volume expansion, glomerulosclerosis), renal tubules (i.e., thickening and wrinkling of tubular basement membranes, tubular atrophy) and interstitium (i.e., interstitial widening with fibrosis and mild inflammation, arteriolosclerosis) [45], so the use of a multiple-test strategy, based on both glomerular (i.e., ACR, serum creatinine, cystatin C) and tubulointerstitial damage biomarkers, might be preferable for a timely, non-invasive, diagnosis of this condition [46]. However, as per standard NKF- KDOQI definitions, DKD is detected based on albuminuria (of at least the A2 category) and/or reduced eGFR [29], and markers of tubular damage are currently not a part of routine assessment.



Cross-sectional data from the National Health and Nutrition Examination Survey (NHANES) have indicated that prevalence of DKD among diabetic people in the U.S. has remained stable during the last three decades, though the prevalence of an impaired eGFR (defined as an eGFR <60 mL/min/1.73 m2) has increased, whereas that of persistent albuminuria has decreased [47]. These opposite trends in the two main DKD manifestations may reflect changes that have occurred in the natural history of DKD, which, in many patients with T2D, no longer follows the classic, sequential five-stage course but has more atypical presentations [48]. In particular, in patients with T2D, eGFR loss may start well before albuminuria has developed [48], which is in line with what we observed in our cohort. Non-albuminuric DKD has even been postulated to represent a distinct phenotype of DKD, with macroangiopathy instead of microangiopathy as the prevailing underlying histopathology [48]. This would explain the weak association between diabetic retinopathy and early-stage renal injury (marked by a modest decline in eGFR and/or mild albuminuria), which is instead common in patients with albuminuria of moderate–severe intensity, as reported in several investigations [48,49], including the present one. As evidenced in our own findings, in addition to hyperglycemia, T2D patients with DKD present other cardiovascular risk factors, including hypertension, dyslipidemia, smoking habits, overweight and aging itself, all contributing to progressive renal failure and arteriolosclerosis, though to a varying extent in each individual [48].



More than a simple potential diagnostic biomarker, in recent years, mechanistic evidence has demonstrated a direct involvement of NGAL in renal protective mechanisms against active tubular injury [50,51]. This notion has prompted us to hypothesize that the specific increase in NGALu levels observed in our patients with DKD are probably due to a greater release from kidney epithelial cells and might represent an adaptive mechanism against tubulointerstitial stress induced by hyperglycemia and/or defective renal oxygenation, which is common in T2D [52]. Indeed, based on our results, urine NGAL increases in T2D seem to be more closely related to a greater in situ production by the injured proximal tubular epithelial cells and might be a less sensitive index of the overall kidney function (including glomerular filtering ability) than plasma NGAL. Furthermore, being closely linked with a chronic, low-grade systemic proinflammatory state [53], T2D is supposed to induce increased NGAL production in extra-renal tissues [42], including the arterial wall and the vascular system [54]. NGALp levels are considerably higher in diabetic patients at high risk for acute cardiovascular events with respect to non-diabetic individuals, and this may reflect the burden of endothelial dysfunction, correlating with locally produced NGAL within atherosclerotic plaques by infiltrating leukocytes [54]. The progressive increase in circulating NGAL observed in the late course of T2D and throughout the stages of DKD may indicate a generalized vascular damage of progressively increased severity, and thus a higher risk of target organ complications. Beside a greater systemic atherosclerotic burden, however, we cannot exclude the possibility that NGALp increases at a later stage of diabetic disease could be due to impaired renal clearance of circulating NGAL, caused by a decline in the eGFR [55]. Indeed, strong negative correlations between NGALp and the eGFR, and validated endogenous markers of renal clearance (serum creatinine, cystatin C), have been evidenced in our results.



To the best of our knowledge, this is the first report of its kind including a healthy control group and clinically well-characterized, real-life, ambulatory patients progressing throughout the different stages of T2D and DKD courses. Possible confounding factors in statistical analysis and interpretation of results have been avoided, since patients using antidiabetic drugs directly affecting the nephron proximal tubule function (i.e., SGLT-2 inhibitors [31,52,56]) or the renal production of NGAL in response to toxic stimuli (i.e., pioglitazone [32]) have been excluded. Additionally, patients with severe comorbidities affecting available measures of renal clearance (i.e., serum creatinine, cystatin C, eGFR) have been prevented from participating in this study. However, our work is not void of limitations, which are mostly related to the relatively low number of participants, the cross-sectional setting and the lack of biopsy data for histopathological correlations, precluding any firm conclusions from being drawn. Larger studies are warranted to further corroborate our findings.




5. Conclusions


Our data suggest a different pathophysiological and diagnostic role for urine and plasma NGAL in the context of T2D and DKD: NGALu may be a more specific marker of active renal tubular epithelial damage and tubulointerstitial inflammation, whereas NGALp may be more indicative of the renal (and possibly also extra-renal) vasculature state, including glomerular filtration ability.
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Figure 1. Plasma NGAL (a) and urine NGAL (b) levels in study population. ** p < 0.05; *** p < 0.001. 
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Figure 2. Receiver operating characteristic (ROC) analysis showing the performance of NGALp and NGALu for the detection of DKD. 
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Table 1. Characteristics of the study population according to the presence or absence of DKD, DKD severity and duration of T2D.
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Characteristics

	
Group A

Healthy Controls

(N = 21)

	
Group B

Newly Diagnosed Diabetic Patients without DKD

(N = 27)

	
Group C

Long-Standing Diabetic Patients without DKD

(N = 21)

	
Group D

Diabetic Patients with Early-Stage DKD

(N = 17)

	
Group E

Diabetic Patients with Advanced-Stage

DKD

(N = 19)

	
A vs. B

	
A vs. C

	
A vs. D

	
A vs. E

	
B vs. C

	
B vs. D

	
B vs. E

	
C vs. D

	
C vs. E

	
D vs. E






	
Age, years

	
53

(49–55)

	
57

(51–60)

	
65

(58–71)

	
70

(61–75)

	
67

(60–70)

	
0.054

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.383

	
0.950

	
0.220




	
Ethnicity

	
Caucasian

	
Caucasian

	
Caucasian

	
Caucasian

	
Caucasian

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_




	
Female gender, N

	
14 (66.7%)

	
10 (37%)

	
3 (14.2%)

	
11 (64.7%)

	
2 (10.5%)

	
0.049

	
0.001

	
1.00

	
<0.001

	
0.107

	
0.121

	
0.085

	
0.002

	
1.00

	
0.001




	
BMI, kg/m2

	
24.8

(23.3–28.0)

	
27.3

(25.0–30.8)

	
25.9

(24.0–28.9)

	
26.8

(25–31.6)

	
28.6

(25.4–31.2)

	
0.100

	
0.358

	
0.078

	
0.014

	
0.194

	
1.00

	
0.454

	
0.308

	
0.092

	
0.601




	
T2D duration, years

	
_

	
1

(0.5–3)

	
10

(7–20)

	
6

(2.5–14.0)

	
16

(13–31)

	
_

	
_

	
_

	
_

	
<0.001

	
<0.001

	
<0.001

	
0.190

	
0.045

	
<0.001




	
Hypertension, N

	
0 (0%)

	
9 (33.3%)

	
16 (76.2%)

	
11 (64.7%)

	
19 (100%)

	
0.002

	
<0.001

	
<0.001

	
<0.001

	
0.004

	
0.063

	
<0.001

	
0.490

	
0.048

	
0.006




	
Dyslipidemia, N

	
0 (0%)

	
7 (25.9%)

	
15 (71.4%)

	
12 (70.6%)

	
15 (78.9%)

	
0.013

	
<0.001

	
<0.001

	
<0.001

	
0.003

	
0.005

	
0.126

	
1.00

	
0.721

	
0.706




	
Smoking Status

	
Current-smoker, N

	
0 (0%)

	
0 (0%)

	
1 (4.8%)

	
1 (5.9%)

	
7 (36.8%)

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_




	
Ex-smoker, N

	
0 (0%)

	
0 (0%)

	
0 (0%)

	
0 (0%)

	
4 (21.1%)

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_




	
Diabetic Retinopathy, N

	
_

	
0 (0%)

	
1 (4.8%)

	
0 (0%)

	
18 (94.7%)

	
_

	
_

	
_

	
_

	
0.437

	
1.00

	
<0.001

	
1.00

	
<0.001

	
<0.001




	
FBG, mg/dL

	
89

(87–92)

	
130

(116–150)

	
137

(120–151)

	
151

(127–165)

	
150

(124–173)

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.526

	
0.071

	
0.060

	
0.179

	
0.208

	
0.839




	
HbA1c, %

	
5.2

(5.1–5.4)

	
6.3

(5.9–6.7)

	
7

(6.6–7.4)

	
6.5

(6.0–7.8)

	
7.5

(6.9–7.9)

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.001

	
0.148

	
<0.001

	
0.367

	
0.102

	
0.069




	
NGALp, ng/mL

	
70

(55–82)

	
72

(55–96)

	
107

(92–116)

	
129

(91–140)

	
164

(143–278)

	
0.411

	
<0.001

	
<0.001

	
<0.001

	
0.002

	
0.001

	
<0.001

	
0.196

	
<0.001

	
0.001




	
NGALu, ng/mL

	
12.2

(4.1–26.4)

	
23

(11.2–29.6)

	
22

(8.6–27.6)

	
27.5

(18.8–66.3)

	
60

(19–79)

	
0.093

	
0.270

	
0.001

	
<0.001

	
0.557

	
0.056

	
0.018

	
0.022

	
0.009

	
0.616




	
Serum creatinine, mg/dL

	
0.8

(0.65–0.85)

	
0.8

(0.7–0.9)

	
0.9

(0.8–1.0)

	
0.94

(0.70–1.09)

	
1.8

(1.2–2.5)

	
0.258

	
<0.001

	
0.068

	
<0.001

	
0.141

	
0.126

	
<0.001

	
0.706

	
<0.001

	
<0.001




	
Cystatin C, mg/dL

	
0.76

(0.72–0.81)

	
0.8

(0.71–0.95)

	
0.92

(0.81–1.0)

	
1.2

(1.0–1.37)

	
1.83

(1.4–2.3)

	
0.151

	
0.285

	
<0.001

	
<0.001

	
0.017

	
<0.001

	
<0.001

	
0.001

	
<0.001

	
0.001




	
eGFR, ml/min/1.73 m2

	
102

(93–108)

	
95.9

(83.3–105.0)

	
87.3

(73.6–99.9)

	
66.5

(57.1–70.2)

	
38.3

(24.2–52.8)

	
0.254

	
<0.001

	
<0.001

	
<0.001

	
0.043

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.001




	
ACR, mg/g creatinine

	
<10.7 *

	
10.7 *

(11–12)

	
10.7 *

(11–11)

	
41

(30.7–257)

	
520

(400–1360)

	
0.270

	
1.00

	
0.026

	
<0.001

	
0.971

	
0.006

	
<0.001

	
0.006

	
<0.001

	
<0.001








Data are presented as median (IQR) or N (%). p values are calculated using the non-parametric Mann–Whitney U test or Fisher’s exact test, as appropriate. * Urine albumin was below detection and quantification limits in most samples. DKD, diabetic kidney disease; T2D, type 2 diabetes; BMI, body mass index; FBG, fasting blood glucose; HbA1c, glycated hemoglobin; NGALp, plasma neutrophil gelatinase-associated lipocalin; NGALu, urine neutrophil gelatinase-associated lipocalin; eGFR, estimated glomerular filtration rate; ACR, albumin/creatinine ratio. Bold numbers denote statistical significance at the p < 0.05 level.
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Table 2. Spearman’s correlation analysis of plasma and urine NGAL with DKD indices and glycometabolic parameters in patients with T2D (N = 84).
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Parameter

	
NGALu

	
Serum Creatinine

	
Cystatin C

	
ACR

	
FBG

	
HbA1c

	
BMI

	
T2D Duration

	
Age






	
NGALp (ng/mL)

	
Spearman’s ρ

	
0.271

	
0.521

	
0.696

	
0.600

	
0.184

	
0.261

	
−0.027

	
0.581

	
0.419




	
p value

	
0.016

	
<0.001

	
<0.001

	
<0.001

	
0.098

	
0.019

	
0.810

	
<0.001

	
<0.001




	
NGALu (ng/mL)

	
Spearman’s ρ

	
_

	
0.234

	
0.310

	
0.362

	
0.027

	
0.267

	
0.035

	
0.141

	
0.097




	
p value

	
_

	
0.037

	
0.005

	
0.002

	
0.812

	
0.017

	
0.758

	
0.211

	
0.393








Bold values denote statistical significance at the p < 0.05 level.
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Table 3. Linear regression analysis showing the associations between NGALp, NGALu and eGFR (estimated by CKD EPI formula combining serum creatinine and cystatin C) in patients with T2D (N = 84), adjusting for potential confounders.
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	Parameter
	Unstandardized B (Standard Error)
	Standardized β
	p Value





	NGALp
	−0.194 (0.028)
	−0.612
	<0.001



	NGALp *
	−0.160 (−0.026)
	−0.504
	<0.001



	NGALp **
	−0.138 (−0.026)
	−0.446
	<0.001



	NGALu
	−0.142 (0.052)
	−0.297
	0.007



	NGALu *
	−0.100 (0.044)
	−0.210
	0.024



	NGALu **
	−0.100 (0.039)
	−0.213
	0.012







* Age and gender were added as covariates. ** Age, gender and duration of T2D and HbA1c were added as covariates. Bold values denote statistical significance at the p < 0.05 level.
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