
CLINICAL RESEARCH
Corre

versit

Resea

m.pha

Recei

Janua

Kidney
Evaluation of Urinary Biomarkers

of Proximal Tubular Injury, Inflammation,

and Fibrosis in Patients With Albuminuric
and Nonalbuminuric Diabetic Kidney Disease
Mysore K. Phanish1,2,3, Andrew N. Chapman1,4, Sarah Yates1, Robert Price5,

Bruce M. Hendry1,6, Paul J. Roderick7 and Mark E.C. Dockrell1,3

1South West Thames Institute for Renal Research, Renal Unit, St Helier Hospital, Carshalton, London, UK; 2Renal Unit, Epsom

and St Helier University Hospitals National Health Service Trust, St Helier Hospital, Carshalton, London, UK; 3Institute of

Cardiovascular and Cell Sciences, St Georges’ University of London, London, UK; 4Statistics Advisory Service, University of

Bath, Bath, UK; 5Department of Nutrition and Dietetics, Kings College London, London, UK; 6Renal Sciences, Department of

Inflammation Biology, Kings College London, London, UK; and 7Department of Public Health, Faculty of Medicine, University of

Southampton, Southampton, UK
Introduction: Albuminuric and nonalbuminuric pathways contribute to diabetic kidney disease. Proximal

tubule and inflammation play important roles in these processes. Urinary biomarker(s) to detect early

kidney damage and predict progression are needed.

Methods: Nine urinary biomarkers were measured at baseline in 400 patients with diabetes. Correlation

and multivariate logistic and linear regression analyses were performed to assess the association of

biomarkers with chronic kidney disease and progression.

Results: In the albumin/creatinine ratio (ACR) <3 cohort, the only biomarker significantly associated with

estimated glomerular filtration rate < 60 ml/min was N-acetyl-b-D-glucosaminidase. A combination of ACR

and monocyte chemoattractant protein 1 (MCP1) were significantly associated with stage 2 chronic kidney

disease in this cohort. Logistic models showed that in patients with all levels of albuminuria, ACR, retinol

binding protein (RBP), and MCP1 were associated with progression. A model including MCP1, interleukin

6, and neutrophil gelatinase-associated lipocalin showed significant association with progression to

chronic kidney disease 3/4 in the ACR <3 cohort. Linear mixed-model regression analyses demonstrated

MCP1, RBP, and ACR as significant proteins associated with progression to stage 3 or worse, whereas

MCP1 was the only significant biomarker in the ACR <3 cohort. Time-to-event and Cox proportional hazard

models confirmed significant hazard ratios for progression for ACR, RBP, and MCP1, with significant

differences noted between quantiles of biomarkers for ACR, RBP, and MCP1.

Conclusion: In this study of diabetic patients with single baseline measurements of urinary biomarkers,

albumin, RBP, and MCP1 were significantly associated with chronic kidney disease progression at all

levels of albuminuria. Inflammatory cytokines, neutrophil gelatinase-associated lipocalin, and MCP1 were

associated with progression in patients without albuminuria. N-acetyl-b-D-glucosaminidase demonstrated

a significant association with an estimated glomerular filtration rate < 60 ml/min in the ACR <3 cohort.
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C
hronic kidney disease (CKD) occurs in 20% to 40%
of diabetic patients, with prevalence increasing
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with age and duration of diabetes. Glomerular, tubu-
lointerstitial, and vascular diseases contribute to the
development and progression of CKD in diabetes (dia-
betic kidney disease). Atherosclerotic renovascular
disease, prevalent in patients with diabetes, produces
progressive renal hypoperfusion, tissue hypoxia, and
inflammatory kidney injury, often described as
ischemic nephropathy, which may or may not be
associated with albuminuria.1,2

Currently, CKD is detected and monitored with the
estimated glomerular filtration rate (eGFR) derived from
1355
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creatinine-based equations (CKD-Epidemiology Collab-
oration or Modification of Diet in Renal Disease) and
albuminuria (albumin/creatinine ratio [ACR]). Both
have limitations for identifying early CKD and pre-
dicting CKD progression. A significant proportion of
patients with type 2 diabetes and CKD have minimal or
no albuminuria (ACR < 3 mg/mmol). A decline in GFR
may predate proteinuria, and nonproteinuric pathways
of kidney damage in diabetes are increasingly
recognized.3

Although the glomerulus is thought to be the main
site of injury and damage in diabetes, the proximal
tubule is likely to play a key role at all stages of CKD.4

The role of tubular injury and inflammation in CKD
progression has been highlighted in recent studies.5,6

The significant impact of sodium-glucose cotrans-
porter 2 inhibitor, drugs targeting the proximal tubule
in slowing down progression of diabetic kidney dis-
ease, has provided impetus for further studies to
investigate the role of proximal tubule-derived
biomarkers.7

Proximal tubule-derived proteins in urine and in-
flammatory cytokines could be the relevant biomarkers
to assess the efficacy of drugs such as sodium-glucose
cotransporter 2 inhibitors in addition to or instead of
albumin and may be an appropriate end point to
include in clinical trials involving these drugs and
others designed to treat CKD. Previous studies have
typically evaluated individual tubule injury markers,
and a recent study assessed multiple biomarkers that
reflect tubular injury and risk of CKD progression in
hypertensive patients in the Systolic Blood Pressure
Intervention Trial (SPRINT cohort).6 However, there is
a paucity of literature on biomarkers in non-
albuminuric diabetic kidney disease.

We hypothesized that a panel of urinary biomarkers,
including markers and mediators of renal disease,
representing areas of renal injury (glomerulus, tubu-
lointerstitium) and that reflect damage, inflammation,
and fibrosis are required to assess whether they pro-
vide useful information in diabetic patients with and
without albuminuria. We therefore designed a single-
center prospective cohort study of patients with dia-
betes to test the utility of 9 biomarkers measured once
at baseline in the detection of early kidney disease and
progression in patients with diabetes.
METHODS

A single-center prospective cohort study of 400 pa-
tients with diabetes was conducted. Appropriate ethics
approval was obtained through the UK Heath Research
Authority (HRA Approval ID: 08/H0806/8). Patients
with diabetes mellitus attending outpatient clinics at
1356
Croydon University Hospital, South London, UK, be-
tween 2008 and 2013 were recruited. All consecutive
patients were recruited without the requirement of
biopsy specimen-proven diabetic kidney disease.

After basic demographics were recorded, random
urine samples were collected in 20-ml sterile tubes.
Samples were aliquoted immediately in 2-ml cryovials
and transported to the laboratory on ice within 4 hours
after collection. Samples were then stored at �80 �C for
biomarker assays.

Exclusion criteria were patients with urinary tract
infection, any systemic symptoms or signs of other
infection, systemic inflammatory disorders, and pa-
tients on immunosuppressive medications. We
excluded 12 of 400 patients because of very low uri-
nary creatinine concentrations (<1 mmol/l) because
this was too dilute to enable indexing of urinary
biomarker to creatinine, and 388 patients were
included in the analysis.

Baseline blood results (including eGFR, reported
using the Modification of Diet in Renal Disease equa-
tion) from the samples taken at the time of urine
collection or the most recent result available (within 3
months) were recorded. eGFR values reported as part of
routine clinical care over 5-year period after recruit-
ment were collected from patients’ electronic health
records to analyze progression. Patients with at least 3
eGFR values over a follow-up period of 5 years were
included for progression analysis.

Biomarkers

The urine samples were tested for baseline measures of
following biomarkers: albumin (marker of glomerular
damage), retinol binding protein (RBP), and N-acetyl-
b-D-glucosaminidase (NAG), which are markers of
proximal tubular injury; neutrophil gelatinase-
associated lipocalin (NGAL), a marker of distal
nephron injury and inflammation; monocyte chemo-
tactic protein 1 (MCP1), interleukin (IL)-1b, IL-6, and
tumor necrosis factor-a as inflammation markers; and
transforming growth factor-b1, -2, and -3 as fibrosis
markers. Further details of these assays are available in
Supplementary File S1. Results were expressed as level
of biomarker indexed to urinary creatinine. Random
urine samples were also collected from 10 healthy
volunteers for biomarker analysis.

Statistical Analysis

Data are described as mean (SD) or median and 25th–
75th percentiles (interquartile range [IQR]). Because the
distribution of each biomarker was positively skewed,
the log transformation was used to conform with the
assumptions necessary for regression analysis. The
relationship of individual biomarkers with eGFR
Kidney International Reports (2021) 6, 1355–1367



Table 1. Baseline patient characteristics along with comparisons
between ACR <3 and ACR >3 groups

Covariate

Overall ACR <3 ACR >3

P value(N [ 400) (n [ 198) (n [ 202)

Age, y

Mean (SD) 61.2 (15.2) 60 62.4 0.11

Median(IQR) 64 (52.8-73)

Range 17–85

Weight, kg

Mean (SD) 83.4 (18.3) 83.2 83.6 0.84

Median (IQR) 80.6 (71.1–92.6)

Range 48–144

Systolic BP, mm Hg

Mean (SD) 135.1 (16.5) 133.3 137.0 0.026

Median (IQR) 137 (124–144)

Range 100–198

Diastolic BP, mm Hg

Mean (SD) 75.7 (9.8) 74.9 76.3 0.15

Median (IQR) 75 (70–82)

Range 50–108

HbA1c , mmol/mol

Mean (SD) 66.1 (9.8) 63.9 68.3 0.019

Median (IQR) 61.7 (54.1–73.8)

Range 34.4–148

Sex, No. 0.91

Male 251 125 126

Female 149 73 76

Diabetes type, No. 0.99

Type 1 66 32 34

Type 2 334 165 169

Ethnicity, No. 0.045

Asian 100 41 59

Black 71 31 40

White 229 125 104

HbA1c, systolic BP, and ethnicity were significantly different between the 2 groups.
ACR, albumin/creatinine ratio; BP, blood pressure; HbA1c, glycated hemoglobin; IQR,
interquartile range.
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categories was explored by nonparametric analysis of
variance (Kruskal-Wallis test) and the Jonckheere-
Terpstra test. In subset of 20 patients and 10 healthy
controls, comparisons between eGFR groups were done
by the Kruskal-Wallis test with the Dunn multiple
comparison test. Comparisons between 2 groups were
done by the Mann-Whitney U test. Associations be-
tween individual biomarkers were tested with
Spearman correlation analyses. Because most of the IL-
1b values were below the detection limit of the assay,
we have reported only the results of models that
include MCP1 or IL-6 as inflammatory markers.

Multivariate logistic regression analysis was done to
test the association of biomarkers with the presence of
CKD stage 3 or worse (eGFR < 60 ml/min at baseline) or
CKD stage 2 (eGFR 60–89 ml/min) and whether a pa-
tient was a “progressor” (progression to CKD3 or from
CKD3 to CKD4/5). For a biomarker or a combination of
biomarkers showing significant association in logistic
models, the receiver operating characteristic (ROC) area
under curve (AUC) results were obtained to assess its
sensitivity and specificity to detect CKD stage 3 or
worse (eGFR < 60 ml/min) or to detect a progressor, as
defined above. When the P value is #0.05, the esti-
mated odds ratio (OR) for a unit increase in the log of
the biomarker and its 95% confidence interval (CI) is
reported. Further details of statistical methodology
of these logistic models are given in Supplementary
File S2.

We also performed Cox proportional hazard model
analysis with an event defined as a drop in eGFR
to $30% from baseline value (the progressor) during
the follow-up period of 5 years. Using same definition
of event (to define progressive CKD) we performed
time-to-event analysis. The biomarkers were grouped
in 20% quantiles, and Kaplan-Meier plots were drawn
to assess probability of survival to within 70% of the
baseline eGFR during the follow-up period of 5 years,
and the curves were compared with log-rank tests. The
Cox proportional hazard models were used to estimate
biomarker hazard ratios with CIs after adjustment for
sex, age, ethnicity, glycated hemoglobin, and systolic
blood pressure.

We performed linear (mixed-model) regression
analysis using all eGFR values available from each
patient. A mixed model was used to explore the as-
sociation of biomarkers with patients’ trajectories of
eGFR over a 5-year period. We used backwards
elimination to investigate the best subset of bio-
markers. The first model included 7 biomarkers (ACR,
IL-1b, IL-6, MCP1, NAG, NGAL, and RBP). Those
with nonsignificant (at the 5% level) fixed effects
were removed one-by-one to reduce the model to one
where each biomarker had a significant fixed effect on
Kidney International Reports (2021) 6, 1355–1367
the gradient of eGFR over time in years, and predic-
tive models were developed. The results also provide
the b-value where we find a significant association.
The b-value is an estimate for the increase in the
natural log of eGFR each year when the natural log of
the biomarker increases by 1 while other variables are
held constant.

Next, we developed predictive models for CKD
progression. For the whole cohort, using 1243 obser-
vations of eGFR over 5 years, we arrived at models
where the eGFR gradient against time in years is
associated with baseline measures of biomarkers.
Models with the same numbers of observations were
compared using the Akaike information criterion
goodness-of-fit measure.

Statistical analyses were performed using SAS 9.4
(SAS Institute Inc, Cary, NC), GraphPad Prism 8.4
(GraphPad Software Inc, San Diego, CA), and R 4.0.2 (R
Foundation for Statistical Computing, Vienna, Austria)
software.
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Table 2. Levels of urinary biomarkers obtained at baseline from patients (N ¼ 388)

Statistic

RBP/Cre NAG/Cre IL-1b/Cre IL-6/Cre MCP-1/Cre NGAL/Cre ACR

(mg/mmol) (mmol/h/mmol) (pg/mmol) (pg/mmol) (pg/mmol) (pg/mmol) (mg/mmol)

Valid, No. 388 388 388 388 388 388 388

Mean 132.67 98.13 3.85 0.42 19.24 1029.22 30.71

SD 411.53 76.64 22.88 1.44 23.51 2661.24 87.9

Minimum 1.66 7.77 0 0 1.046 54.12 0.268

Maximum 4581.61 655.2 355.1 24.06 351.72 1884.42 711.89

Percentiles

25 10.79 52.43 0.01 0 9.09 487.04 1.25

50 21.105 74.99 0.076 0.146 13.24 717.12 2.94

75 63.16 121.26 0.54 0.366 21.88 1166 14.47

ACR, albumin/creatinine ratio; Cre, creatinine; IL, interleukin; MCP-1, monocyte chemotactic protein-1; NAG, N-acetyl-b-D-glucosaminidase; NGAL, neutrophil gelatinase-associated
lipocalin; RBP, retinol binding protein.

Table 3. Levels of urinary biomarkers obtained at baseline from
healthy controls (n ¼ 10)a

Statistic

IL-1b/Cre IL-6/Cre MCP1/Cre RBP/Cre NAG/Cre

(pg/mmol) (pg/mmol) (pg/mmol) (mg/mmol) (mmol/h/mmol)

Minimum 0 0 4.44 6.55 2.71

25% percentile 0 0 5.94 9.713 21.83

Median 0 0.01 8.75 13.57 29.58

75% percentile 0.045 0.0425 9.755 21.13 39.69

Maximum 0.33 0.27 18.41 23.37 66.88

Range 0.33 0.27 13.97 16.82 64.17

Mean 0.051 0.041 8.881 14.87 30.78

SD 0.1132 0.08266 3.854 6.102 17.09

Cre, creatinine; IL, interleukin; MCP-1, monocyte chemotactic protein-1; NAG, N-acetyl-
b-D-glucosaminidase; NGAL, neutrophil gelatinase-associated lipocalin; RBP, retinol
binding protein.
aThe healthy controls (n ¼ 10), 5 men and 5 women, were a mean age of 56 (SD, 4.24)
years.
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RESULTS

Baseline Characteristics, Descriptive, and

Comparative Statistics

Table 1 describes baseline patient characteristics (N ¼
400). Mean duration of diabetes was 12.8 (SD, 7.7)
years, median 11 years (IQR, 7–18 years) for type 2
diabetic patients, and mean 21 (SD, 12.5) years, median
20 years (IQR, 11–33 years) for type 1 diabetic patients.
Medications included angiotensin-converting enzyme
inhibitors or angiotensin II receptor blockers in 66% of
patients and a statin in 56%. Hypertension was docu-
mented in 85%. Of 388 patients included in the
biomarker analysis, approximately 50% of patients had
an eGFR of >60 ml/min and 50% at <60 ml/min: 42
(11%) were stage 4/5 (G4/5) CKD (eGFR < 30 ml/min),
142 (37%) were stage 3 (G3) CKD, and 204 (52%) had an
eGFR of >60 ml/min (eGFR 60–89.9 ml/min, 131 [34%];
eGFR $ 90 ml/min, 73 [18.6%]).

In our cohort of 388 patients selected for biomarker
analysis, there was approximately a 50:50 distribution
of patients with and without albuminuria (ACR): 202
(52%) had an ACR of $3 and 186 (48%) had an ACR
of <3. There was significant difference in glycated
hemoglobin, systolic blood pressure, and ethnicity
between the 2 groups. Regression models included
adjustment for these variables.

Tables 2 and 3 describe urinary biomarker levels in
patients (n ¼ 388, Table 2) and healthy controls (n ¼
10, Table 3). The levels IL-1b and IL-6 were not
detectable in many patients (74% for IL-1b and 46%
for IL-6), with values close to 0 (below detection limits
of the assay), and therefore, results involving these
covariates, in particular IL-1b, are unlikely to be of
clinical significance with current assays. Transforming
growth factor-b1, -2, and -3 and tumor necrosis factor-
a were not detectable and, therefore, are excluded from
analysis.

Comparison of biomarker levels between eGFR cat-
egories showed significant differences in the levels of
1358
urinary RBP and albumin with increasing CKD stages
(Figure 1a and b) and to a lesser extent NAG (Figure 1c)
but not MCP1 (Figure 1d). Urinary levels of inflam-
matory cytokines (IL-6 and MCP1) were higher in men
compared to women (Figure 2a and b). Asian and Black
ethnic groups had higher levels of urinary albumin
compared with patients of White ethnicity. NAG levels
in Asians were higher compared with Whites, but
patients of Black ethnicity had lower NAG levels
(Figure 2c and d); however, pairwise comparisons be-
tween the groups were nonsignificant.
Correlation Analysis

The correlation heat map was generated to assess cor-
relations between individual biomarkers, and Table 4
describes relevant findings. Strong positive correla-
tions were found between inflammatory cytokines IL-
1b, IL-6, and MCP1 (R ¼ 0.8 between MCP1 and IL6),
moderate positive correlation between RBP and ACR
(R ¼ 0.61), a weak positive correlation between NAG
and NGAL with ACR, and a weak correlation between
markers of tubular injury and inflammatory cytokines
(Table 4).
Kidney International Reports (2021) 6, 1355–1367



Figure 1. Urinary biomarker levels in various chronic kidney disease (CKD) stages. Significant difference in biomarker levels with increasing
CKD stages was noted for (a) retinal binding protein (RBP), (b) the albumin/creatinine ratio (ACR), and to a lesser extent (c) N-acetyl-b-D-
glucosaminidase (NAG), but (d) not for monocyte chemotactic protein 1 (MCP1). (a and b) Kruskal-Wallis test, P < 0.001; Jonckheere-Terpstra
test for trend in the ordinal estimated glomerular filtration rate (eGFR) categories, P < 0.001. (c) Kruskal-Wallis test, P ¼ 0.061; Jonckheere-
Terpstra test for trend in the ordinal eGFR categories, P ¼ 0.008. (d) Kruskal-Wallis test, P ¼ 0.104; Jonckheere-Terpstra test for trend in
the ordinal eGFR categories, P ¼ 0.280. The line in the middle of each box indicates the median; the top and bottom borders of the box mark the
75th and 25th percentiles, respectively; and the vertical lines mark the 90th and 10th percentiles.
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Testing Association of Biomarkers with CKD

Stage 3þ (eGFR < 60 at baseline): Multivariate

Logistic Regression Analysis at All Levels of

ACR

There was a significant association between ACR (OR,
1.6; 95% CI, 1.4–1.9; P ¼ 0.001), log RBP (OR, 2.1; 95%
CI, 1.7–2.5; P ¼ 0.001), log NAG (OR, 1.62; 95% CI, 1.2–
2.3; P ¼ 0.005), and to a lesser extent, log NGAL (OR,
1.23; 95% CI, 102–1.47; P ¼ 0.03) with odds for being
CKD 3 or worse but not for other biomarkers tested.

Testing Association of Biomarkers With Stage 3þ
(eGFR< 60ml/min) and Stage 2 CKD: Multivariate

Logistic Regression Analysis in ACR <3 Cohort

To test association of biomarkers with CKD in patients
with ACR <3, we used a logistic model restricted to
Kidney International Reports (2021) 6, 1355–1367
patients with ACR <3 using186 individuals’ observa-
tions for predicting CKD 3þ status. In this analysis, the
only biomarker that showed significant association was
NAG (log NAG OR, 2.3; 95% CI, 1.2-4.3; P ¼ 0.009)
with a ROC AUC of 85% (Table 5 and Figure 3a). The
addition of log MCP1 to log RBP modestly improved
the ability of RBP to predict CKD 3þ (OR, 1.5; P ¼
0.04), but this or any other combination of biomarkers
did not demonstrate superior ROC AUCs compared
with NAG alone. These results are summarized in
Table 5 along with ROC AUCs for each relevant
biomarker. We then performed logistic regression an-
alyses to test association of biomarkers with early CKD
(eGFR 60-89 ml/min). There were 131 participants in
this group with ACR <3. Log ACR and log MCP1 were
significantly associated with stage 2 CKD with an OR of
1359



Figure 2. Sex and ethnicity and urinary biomarker levels. Significant differences in the levels of inflammatory cytokines (a) interleukin 6 (IL-6)
and (b) monocyte chemotactic protein 1 (MCP1) were seen in men compared with women, with higher levels seen in men. The levels of urinary
(c) albumin (albumin/creatinine ratio [ACR]) and (d) and N-acetyl-b-D-glucosaminidase (NAG) were higher in Asians, and people of Black
ethnicity had lower NAG levels, but pairwise comparisons were nonsignificant. (a and b) P < 0.01 by Mann-Whitney U test; (c) P ¼ 0.007 and (d)
P ¼ 0.001 by Kruskal-Wallis test. The line in the middle of each box indicates the median; the top and bottom borders of the box mark the 75th
and 25th percentiles, respectively; and the vertical lines mark the 90th and 10th percentiles.
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5.4 (95% CI, 1.6–27; interaction P ¼ 0.02) and a ROC
AUC of 0.85 (Table 6, Figure 3b).

Urinary Levels of Biomarkers in Patients With

Early CKD and No CKD Compared With Controls

To evaluate selected urinary biomarkers (RBP, NAG,
and MCP1) in early CKD, we analyzed urine samples
from 20 patients from each stage of CKD and compared
the levels with those from 10 healthy controls and 10
patients with no CKD (CKD 0). The tubular markers
RBP and NAG showed a different pattern. RBP levels
increased from stage 3 onward. In contrast, higher
1360
levels of NAG were seen in early CKD and in diabetic
patients with CKD0 (eGFR > 90 ml/min, ACR <3)
compared with healthy controls (Figure 4).

Testing Association of Biomarkers With Pro-

gression to CKD Stage 3 or Worse (eGFR < 60

ml/min): Logistic and Linear (Mixed-Model)

Regression Analysis at All Levels of ACR and

ACR <3

Progression data were available in 302 patients, of
which 68 progressed to stage 3 or worse (22.5% pro-
gression rate) over a period of 5 years. Among
Kidney International Reports (2021) 6, 1355–1367



Table 4. The “heat” map summarizing the pair-wise correlations
among biomarkersa

Biomarker RBP/Cre NAG/Cre NGAL/Cre IL1b/Cre IL6/Cre MCP1/Cre ACR

RBP/Cre 0.21 0.07 0.01 0.04 0.19 0.61

NAG/Cre 0.21 0.06 0.07 0.09 0.24 0.23

NGAL/Cre 0.07 0.06 0.15 0.04 0.01 0.08

IL1b/Cre 0.01 0.07 0.15 0.86 0.65 0.03

IL6/Cre 0.04 0.09 0.04 0.86 0.8 0.06

MCP1/Cre 0.19 0.24 0.01 0.65 0.8 0.18

ACR 0.61 0.23 0.08 0.03 0.06 0.18

ACR, albumin/creatinine ratio; Cre, creatinine; IL, interleukin; MCP-1, monocyte
chemotactic protein-1; NAG, N-acetyl-b-D-glucosaminidase; NGAL, neutrophil
gelatinase-associated lipocalin; RBP, retinol binding protein.
aThe R values in bold show a strong correlation, R values in italic show a moderate
correlation, R values in black show a weak correlation.
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progressors, 45 of 68 (66%) had albuminuria at baseline
and 23 of 68 (34%) had no albuminuria. Among the
biomarkers tested, ACR (OR, 1.2; P ¼ 0.02), MCP1 (OR,
2; P ¼ 0.002), and RBP (OR, 1.2; P ¼ 0.05) demon-
strated significant ORs for association with progression
but with poor ROC AUCs of 62% to 65%. A model
with combination of IL-6, MCP1, and NGAL improved
the OR for progression to 3.5 (P ¼ 0.005), but the ROC
AUC remained poor at 71% (Table 7). None of the
biomarkers tested showed an association with pro-
gression in patients with an ACR <3 on their own;
however, a model consisting of inflammatory cytokines
IL-6, MCP1, and NGAL yielded a ROC AUC of 79% for
progression (OR, 1.2; 95% CI, 1.1-1.5; P ¼ 0.05).

In linear regression mixed-model multivariate anal-
ysis, log ACR (b ¼ 0.013; P ¼ 0.006,), log RBP/creati-
nine (b ¼ 0.00003; P ¼ 0.02), and log MCP1/creatinine
(b ¼ 0.03; P ¼ 0.003) showed significant association
with progression as defined previously (change in CKD
stage), with RBP levels at baseline demonstrating
strongest association based on b-value. In the ACR <3
cohort, only log MCP1/creatinine showed a significant
association with progression (b ¼ 0.05; P ¼ 0.003). In
Table 5. Testing association of biomarkers with CKD stage 3þ
(eGFR <60): Multivariate logistic regression analysis in patients with
ACR <3a

Biomarker P value Odds ratio (95% CI) ROC AUC, %

Log NAG/Cre 0.009 2.3(1.2–4.3) 85

Log NGAL/Cre 0.88

Log MCP1/Cre 0.36

Log RBP/Cre 0.36

Log MCP1/Cre þ Log RBP/Cre 0.04 1.5 (1–2.1) 85

ACR, albumin/creatinine ratio; AUC, area under the curve; CI, confidence interval; CKD,
chronic kidney disease; Cre, creatinine; eGFR, estimated glomerular filtration rate; MCP-
1, monocyte chemotactic protein-1; NAG, N-acetyl-b-D-glucosaminidase; NGAL,
neutrophil gelatinase-associated lipocalin; RBP, retinol binding protein; ROC, receiver
operating characteristic curve.
aThe table describes the P value for the estimated odds ratio for the association be-
tween that biomarker (or a combination of biomarkers) and the odds for being CKD 3 or
worse along with its ROC AUC as a percentage. NAG and a combination of RBP and
MCP1 showed significant odds ratio for association with CKD3 or worse with ROC AUC
of 85%. The models are adjusted for age, sex, and ethnicity.

Figure 3. (a) Testing association of biomarkers with chronic kidney
disease (CKD) stage 3 or worse (estimated glomerular filtration
rate [eGFR] < 60 ml/min). Logistic regression analysis in patients
with an albumin/creatinine ratio (ACR) <3, receiver operating
characteristic curve (ROC) curve for log N-acetyl-b-D-glucosami-
nidase (NAG)/creatinine. NAG demonstrated ROC area under the
curve (AUC) of 84% for association with eGFR< 60 ml/min in pa-
tients with ACR <3. (b) Testing association of biomarkers with CKD
stage 2 (eGFR 60-89 ml/min). Logistic regression analysis in pa-
tients with ACR <3, ROC curve for log ACR þ log monocyte
chemotactic protein-1 (MCP1). A combination of ACR and MCP1
demonstrated a ROC AUC of 85% for association with eGFR of 60-
89 ml/min in patients with ACR <3.
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contrast to the previously described results obtained
with logistic regression, NGAL and IL-6 did not show
significance in both cohorts.
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Figure 4. Urinary levels of biomarkers in patients with early chronic kidney disease (CKD) and no CKD compared with controls. CKD 0 (estimated
glomerular filtration rate [eGFR]$ 90 ml/min, albumin/creatinine ratio [ACR]< 3), CKD 2 (eGFR 60-89 ml/min), CKD 3 (eGFR 30-59 ml/min), and CKD4
(eGFR< 30 ml/min). Controls and CKD 0, n¼ 10; all other groups, n¼ 20. The urinary levels of biomarkers tested were higher in patients compared
with controls. The proximal tubulemarkers (a) retinol binding protein (RBP) and (b)N-acetyl-b-D-glucosaminidase (NAG) showed different patterns,
with RBP rising in later stages of CKD and NAG trending upward in early CKD and in diabetic patients with no CKD compared with healthy controls.
(c) The levels ofNAGandmonocyte chemotactic protein 1(MCP1)were significantly higher in patientswith early diabetic kidney disease (eGFR> 60
ml/min) compared with healthy controls. *P < 0.05, **P < 0.01, ***P < 0.001. Each datapoint represents mean and the range bars represent SD.
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Next, we derived 2 predictive models for CKD pro-
gression, one with RBP and ACR as covariates (Akaike
information criterion ¼ 246.6) and 1 with RBP and
Table 6. Testing association of biomarkers with CKD stage 2 (eGFR
60-89 ml/min): Multivariate logistic regression analysis in patients
with ACR <3a

Biomarker P value Odds ratio (95% CI) ROC AUC, %

Log NAG/Cre 0.69

Log NGAL/Cre 0.51

Log MCP1/Cre 0.16

Log RBP/Cre 0.29

Log ACR 0.66

Log MCP1/Cre þ Log ACR 0.021 (with interaction) 5.4 (1.6–27) 85

ACR, albumin/creatinine ratio; AUC, area under the curve; BP, blood pressure; CI,
confidence interval; CKD, chronic kidney disease; Cre, creatinine; eGFR, estimated
glomerular filtration rate; HbA1c, glycated hemoglobin; MCP-1, monocyte chemotactic
protein-1; NAG, N-acetyl-b-D-glucosaminidase; NGAL, neutrophil gelatinase-associated
lipocalin; odds ratio; RBP, retinol binding protein; ROC, receiver operating characteristic
curve.
aThe table describes the P value for the estimated odds ratio for the association be-
tween that biomarker (or a combination of biomarkers) and the odds for being CKD 2
along with its ROC AUC as a percentage. A combination of ACR and MCP1 showed
significant odds ratio for association with CKD 2 with ROC AUC of 85%. The models are
adjusted for age, sex, ethnicity, HbA1c, and systolic BP.
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MCP1 as covariates (Akaike information criterion ¼
216.4). Representative graphs from these 2 models
(with biomarkers in 25th and 75th percentiles) showing
Table 7. Testing association of biomarkers with progression to CKD
stage 3 or 4: Multivariate Logistic Regression Analysis at all levels of
ACRa

Biomarker P value Odds ratio (95% CI) ROC AUC, %

Log NAG/Cre 0.28

Log NGAL/Cre 0.81

Log MCP1/Cre 0.002 2 (1.3–3) 65

Log RBP/Cre 0.05 1.2 (1–1.4) 61

Log ACR 0.02 1.2 (1–1.4) 62

Log IL6/Cre þ NGAL/Cre þ MCP1/Cre 0.005 3.5 (1.5–8.2) 71

ACR, albumin/creatinine ratio; AUC, area under the curve; BP, blood pressure; CI,
confidence interval; CKD, chronic kidney disease; Cre, creatinine; eGFR, estimated
glomerular filtration rate; IL, interleukin; MCP-1, monocyte chemotactic protein-1; NAG,
N-acetyl-b-D-glucosaminidase; NGAL, neutrophil gelatinase-associated lipocalin; odds
ratio; RBP, retinol binding protein; ROC, receiver operating characteristic curve.
aThe table describes the P value for the estimated odds ratio (OR) for the association
between that biomarker (or a combination of biomarkers) and the odds for being a
progressor. ACR, RBP, and MCP1 showed significant ORs for association with CKD
progression to stage 3 or 4 but with poor ROC AUCs of 61% to 65%. A combination of IL6,
NGAL, and MCP1 demonstrated an OR of 3.5 but the ROC AUC, although better
compared to single biomarkers, remained suboptimal at 71%.
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Figure 5. Linear regression mixed-model multivariate analysis, development of predictive model for chronic kidney disease (CKD) progression.
The 2 predictive models were developed using 1243 observations of estimated glomerular filtration rate (eGFR) during the years 2008 to 2013
with best (lowest) Akaike information criterion (AIC) values. Model 1 with retinol binding protein (RBP) and albumin/creatinine ratio (ACR) as
covariates (AIC ¼ 246.6) and model 2 with RBP and MCP1 as covariates (AIC ¼ 216.4) as covariates. (a–d) Representative graphs from these 2
models (with biomarkers in 25th and 75th percentiles) showing actual eGFRs (red line) and values predicted by the model (blue). The blue bands
represent 95% confidence intervals.
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actual eGFRs and values predicted by the model are
shown in Figure 5.

Time-to-Event (eGFR Drop by $30%)/Cox

Proportional Hazards Model Analysis

Progression data were available for 143 patients in the
ACR <3 cohort. Biomarker(s) association with the 34
events where a patient’s eGFR value reduced $30%
from baseline (23.7% progression) was analyzed.
None of the individual or a combination of bio-
markers was associated with the event of $30% eGFR
decline. In the entire cohort with all levels of albu-
minuria, progression data were available in 302
Kidney International Reports (2021) 6, 1355–1367
patients. Biomarker(s) association with 100 events
where a patient’s eGFR value reduced $30% from
baseline (33% progression) was analyzed. Log RBP
(hazard ratio, 1.3; 95% CI, 1.1–1.4; P < 0.001), ACR
(hazard ratio, 1.2; 95% CI, 1.1–1.4; P < 0.001), and
log MCP1 (hazard ratio, 1.6; 95% CI, 1.2–2.2; P ¼
0.0015) were significantly associated with progres-
sion. The rest of the biomarkers tested (NAG, IL-6,
IL-1b, and NGAL) were nonsignificant. A combina-
tion of biomarkers did not improve the strength of
the association (Table 8).

Survival curves for log MCP1, log RBP, and log ACR
showed significant differences, but no significant
1363



Figure 6. Time-to-event analysis and Kaplan-Meier survival curves.
The biomarkers (log transformed) were grouped in 20% quantiles, and
Kaplan-Meier plots were drawn to assess the probability of survival,
which is defined as estimated glomerular filtration rate (eGFR)
remaining within 70% of the baseline eGFR during the follow-up period
of 5 years, and the curves were compared with log-rank (continued)

=
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differences were found in the curves for the other
biomarkers tested (Figure 6).
DISCUSSION

In diabetic patients with various stages of CKD and low
levels of albuminuria (ACR<3), among the 7 biomarkers
tested, urinary NAG showed strong association with
stage 3 CKD. A combination of urinary ACR and MCP1
was significantly associated with early CKD (stage 2).
NAG levels increased early in diabetic patients without
any other evidence of renal damage, and therefore, it
could be a biomarker of choice for detection of early
kidney damage. Among tubularmarkers, RBP correlated
well with albuminuria but not NAG, and inflammatory
cytokines correlated well with each other but not with
albuminuria. A combination of inflammatory cytokines
and NGAL demonstrated stronger association with
progression compared with other biomarkers in patients
with and without albuminuria in logistic models, but
the linear regressionmixed-models identified RBP, ACR,
and MCP1 as significant biomarkers associated with
progression to stage 3 or 4. In this model, MCP1 was the
only significant biomarker associated with progression
to stage 3 or worse in the ACR <3 cohort. The Cox
proportional hazardmodel analysis identifiedACR, RBP,
and MCP1 as relevant biomarkers for progression,
defined as a $30% decline in eGFR, and this was
confirmed further by survival analysis.

We were able to detect all of the biomarkers in urine
except for tumor necrosis factor-a and transforming
growth factor -b1, -2, and -3. Among the inflammatory
cytokines, levels of IL-1b and IL-6 were below the
detection limit of the assay in a large number of pa-
tients, and therefore, these cytokines are unlikely to be
of utility with the current methodology, in particular
IL-1b, which was below the limit of detection in 74%
of patients. Groupwise comparisons revealed signifi-
cant differences in biomarker levels in various CKD
stages with the exception of MCP1. IL-6 and MCP1
levels were higher in men compared with women,
suggesting sex differences in the contribution of in-
flammatory pathways in CKD. There was a trend to-
ward higher ACR and NAG levels in Asians compared
Figure 6. (continued) tests. Each colored line represents a quantile
of the biomarker. The log-rank test comparisons revealed significant
differences between the curves for (a) log (Ln) monocyte
chemotactic protein-1 (MCP1) (P < 0.01), (b) log albumin/creatinine
ratio (ACR) (P ¼ 0.004), and (c) log retinol binding protein (RBP) (P <
0.01). The rest of the biomarkers tested showed no significant differ-
ence between the curves (log N-acetyl-b-D-glucosaminidase, P ¼
0.1; log neutrophil gelatinase-associated lipocalin, P ¼ 0.4; log inter-
leukin 6, P ¼ .6). Cre, creatinine.
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Table 8. Testing association of biomarkers with 30% or more eGFR
decline: Cox proportional regression model analysis at all levels of
ACRa

Biomarker P value Hazard ratio (95% CI)

RBP/Cre <0.001 1.3 (1.1–1.4)

ACR <0.001 1.2 (1.1–1.4)

MCP1/Cre 0.0015 1.6 (1.2–2.2)

NGAL/Cre 0.51

NAG/Cre 0.13

ACR, albumin/creatinine ratio; BP, blood pressure; CI, confidence interval; Cre, creati-
nine; eGFR, estimated glomerular filtration rate; HbA1c glycated hemoglobin; HR, hazard
ratio; IL, interleukin; MCP1, monocyte chemotactic protein-1; NAG, N-acetyl-b-D-glu-
cosaminidase; NGAL, neutrophil gelatinase-associated lipocalin; RBP, retinol binding
protein.
aIn this analysis of entire cohort with all levels of albuminuria, progression data was
available in 302 patients. Biomarker(s) association with 100 events where a patient’s
eGFR value reduced $30% from baseline (33% progression) was analyzed. Log RBP
(P < 0.001; HR, 1.3; 95% CI, 1.1–1.4), ACR (P < 0.001; HR, 1.2; 95% CI, 1.1–1.4), and log
MCP1 (P ¼ 0.0015; HR, 1.6; 95% CI, 1.2–2.2) were significantly associated with pro-
gression. The rest of the biomarkers tested (NAG, IL6, IL1B, NGAL) were nonsignificant.
Combination of biomarkers did not improve the strength of association. The models are
adjusted for age, sex, ethnicity, HbA1c and systolic BP.
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with patients of White ethnicity, and these observa-
tions need further exploration.

The correlation analysis demonstrated a strong cor-
relation between inflammatory cytokines but a weak
correlation between ACR and inflammatory cytokines,
suggesting divergence of albuminuric and inflamma-
tory pathways in diabetic kidney disease. Correlation
between tubular markers (RBP and NAG) was weak,
suggesting different mechanisms for the appearance of
these proteins in the urine. RBP showed a moderate
correlation with ACR but not with NAG. This suggests
common mechanisms behind albuminuria and excre-
tion of RBP in urine or the interdependency of these 2
proteins. RBP is a 21-kDa small-molecular-weight pro-
tein, freely filtered by the glomerulus and almost
completely reabsorbed by the proximal tubule.8 Prox-
imal tubular damage or dysfunction results in impaired
endocytosis and excretion of RBP and albumin in the
urine. Our data showed increasing urinary RBP during
the later stages of CKD, as is the case with albuminuria,
which further supports the hypothesis that excretion
of these 2 proteins in the urine is driven by common
mechanisms and correlate with each other. Therefore, it
is unlikely that RBP would add value to ACR in
albuminuric patients.

In contrast to RBP, urinary NAG seems to be inde-
pendent of albuminuria, and this was the only single
biomarker associated with stage 3 CKD in patients with
ACR of <3. In a smaller subset of patients, higher NAG
levels were seen in early CKD, and compared with
healthy controls, higher levels were seen diabetic pa-
tients with no evidence of kidney disease. These ob-
servations suggest that NAG could be an early marker
of kidney disease in patients with diabetes. NAG has
been previously reported to be a useful marker of early
Kidney International Reports (2021) 6, 1355–1367
diabetic kidney disease.9,10 Our data add to the pub-
lished literature on role of NAG as a biomarker of early
diabetic kidney disease and provide novel evidence for
NAG as a biomarker for nonalbuminuric diabetic kid-
ney disease.

Dissimilar patterns of urinary excretion of 2 prox-
imal tubular biomarkers, RBP and NAG, suggest spe-
cific pathologic processes driving excretion of these
proteins at different stages of diabetic kidney disease.
Previous studies investigating RBP and NGAL have
shown increasing levels of these proteins in urine with
increasing albuminuria11,12 and an ability of RBP to
predict CKD.13 Consistent with these studies, our re-
sults confirmed the ability of RBP and NGAL to predict
CKD when analyzed in patients with all levels of
albuminuria and not in nonalbuminuric patients. We
also found significant association of ACR and MCP1
with early CKD (eGFR 60–89 ml/min) with an interac-
tion between these 2 biomarkers. This observation
supports relevance of low-grade albuminuria in dia-
betic kidney damage and provides evidence for its as-
sociation with inflammatory pathways within the
kidney.

Among all the biomarkers tested with logistic
regression (progression to stage 3 or stage 4 CKD),
ACR, MCP1, and RBP showed significant correla-
tions but the ROC AUCs of these biomarkers to
predict progression was suboptimal. A model con-
sisting of NGAL, IL-6, and MCP1 demonstrated
better but still suboptimal ROC AUC (71%). In
patients without albuminuria, no biomarker on its
own could predict progression, but a combination
of inflammatory cytokines (IL-6 and MCP1) and
NGAL demonstrated an ROC AUC of 79%. These
results suggest a role for inflammatory cytokines in
progression of diabetic CKD and are consistent with
studies demonstrating the role of inflammation in
diabetic kidney disease.14

Lin et al.15 showed upregulation of Toll-like receptor
4 in renal tubules driving tubulointerstitial inflamma-
tion, and Yiu et al.16 demonstrated increased expres-
sion of complement component C5a (a chemoattractant
stimulus for macrophages) in proximal tubules of pa-
tients with diabetic nephropathy driving inflammation
in progressive diabetic CKD. In diabetic patients,
NGAL produced in tubules could be released in the
urine or may reflect proximal tubule dysfunction
leading to urinary leak of filtered plasma NGAL,
which, as recently shown, is produced in hepatocytes
driven by IL-6.17 In nondiabetic CKD, a recent study
on autosomal-dominant polycystic kidney disease pa-
tients found MCP1 as a strong predictor of
progression.18
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Our linear regression mixed models using a larger
number of observations demonstrated significant asso-
ciations between ACR, RBP, and MCP1 and CKD pro-
gression (to stage 3 or 4) in the whole cohort and MCP1
in the ACR <3 cohort but not NGAL or IL-6, as shown
in logistic regression models. This disparity could be
due to the difference in the number of observations used
for these 2 analyses. Also, it must be noted that IL-6 was
not measurable with confidence in >40% of our pa-
tients, and therefore, results from models using this
biomarker may not be reliable. MCP1 was significant in
both of these analyses. The predictive models derived
from linear mixed-model regression included ACR, RBP,
and MCP1 as significant covariates, and we intend to test
these models in prospective validation cohorts. The
time-to-event and Cox proportional hazard model ana-
lyses defining progression as a drop in eGFR by $30%
demonstrated the utility of ACR, RBP, and MCP1 for
predicting CKD progression but could not identify bio-
markers useful in the ACR <3 cohort, which is likely to
be due to small number of events in this cohort.

Our study has some limitations. We collected only 1
baseline random urine sample, and it is likely that
repeated measurements and trend in biomarker levels
would improve our ability to predict progression.
Random samples are likely to add to the variability but
are more practical to obtain. In addition, frozen storage
might have resulted in reductions in some of the
biomarker levels, as shown before.19 We have shown
statistically significant associations and patterns
without drawing cutoff values for the biomarkers, and
we will attempt to do this in our future work with
separate derivation and validation cohorts.

We did not assess the effect of baseline CKD status
on progression. Although this would likely have an
independent effect on progression of CKD, our objec-
tive was to identify useful biomarkers of diagnostic and
prognostic utility in diabetic kidney disease and also
identify potential targets for clinical trials and therapy.
CONCLUSION

In this study of diabetic patients with single mea-
surements of urinary biomarkers at baseline, we have
derived predictive models for CKD progression based
on urinary biomarkers ACR, RBP, and MCP1 in pa-
tients with all levels of albuminuria and identified
MCP1 and NGAL as useful biomarkers for progressive
CKD in nonalbuminuric patients, suggesting important
roles of proximal tubule and inflammation in progres-
sion of DKD. Urinary NAG, and MCP1 levels were
elevated in early CKD, and these are likely to be
markers and mediators of renal disease in diabetes from
the early stages.
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