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Abstract: Circulating levels of neutrophil gelatinase-associated lipocalin (NGAL) have been associ-
ated with acute kidney injury and the severity and progression of chronic kidney disease (CKD). This
study investigated its potential utility as a biomarker for the risk of new-onset CKD in a population-
based cohort study. Individuals without CKD at baseline (n = 4660) who participated in the Prevention
of REnal and Vascular ENd-stage Disease (PREVEND) prospective population-based cohort study
in the Netherlands were included. Baseline plasma NGAL concentrations were investigated for
their associations with new-onset CKD, defined as a composite outcome of an estimated glomerular
filtration rate (eGFR) < 60 mL/min/1.73 m2, urinary albumin excretion (UAE) > 30 mg/24-h, or
both. Mean (±SD) plasma NGAL concentrations were 104.0 (±34.7) µg/L and median eGFR was
96 [IQR: 85.3–105.8] mL/min/1.73 m2. After median follow-up of 8.3 [IQR: 7.8–8.9] years, 467 par-
ticipants developed new-onset CKD. Plasma NGAL concentrations were significantly associated
with an increased risk of new-onset CKD (hazard ratio [HR] per doubling 1.35 [95% CI: 1.11–1.63],
p = 0.002), even after adjustment for potentially confounding factors (1.37 [1.09–1.73], p = 0.007) except
baseline eGFR (1.09 [0.86–1.37], p = 0.490). In secondary analyses, plasma NGAL concentrations
were significantly associated with new-onset CKD as defined by eGFR < 60 mL/min/1.73 m2 alone
(adjusted HR per doubling 2.54 [1.69–3.80], p < 0.001), which was abrogated after adjustment for
eGFR (1.05 [0.69–1.59], p = 0.828), also when UAE > 30 mg/24-h was set as individual outcome
(1.05 [0.82–1.35], p = 0.705). Higher plasma NGAL concentrations are associated with an increased
risk of developing CKD in the general population. This association is dependent on renal function,
and mainly driven by new-onset CKD as defined by renal function decline.
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1. Introduction

Chronic kidney disease (CKD) is a debilitating disease affecting almost one billion in-
dividuals globally [1]. It is accompanied by a high degree of cardiovascular morbidity and
is associated with premature mortality, emphasizing the importance of early identification
and staging of individuals affected by CKD. Since the etiology of CKD is of multifaceted
nature and remains incompletely understood, there is an urgent need for biomarkers to
identify at-risk individuals for CKD in the general population in early stages [2]. Identifica-
tion of such individuals in pre-diagnostic phases would allow timely treatment initiation
and the implementation of preventive measures to delay or prevent the necessity of dialysis
or transplantation [3].

Neutrophil gelatinase-associated lipocalin (NGAL, also known as lipocalin-2) is a gran-
ular glycoprotein produced in the bone marrow during myelopoiesis, stored by neutrophils
and renal tubular cells, and released in the systemic circulation in response to tubular
injury [4]. NGAL in blood and urine is a well-established biomarker of acute kidney injury
(AKI), both for short-term and persistent AKI, and across various patient populations [5–8].
Previously, blood and urinary NGAL levels have been described as markers for delayed
graft function, graft failure, and mortality in kidney transplant recipients [9]. In addition,
NGAL levels have been associated with the severity and progression of CKD [10–13],
suggesting that NGAL may also reflect ongoing renal damage underlying CKD progres-
sion. Importantly, elevated circulating and urinary NGAL levels have been observed in
the absence of overt signs of CKD (e.g., increased serum creatinine levels or decreased
estimated glomerular filtration rate [eGFR]), rendering it a potentially attractive biomarker
for pre-diagnostic CKD [10,13]. For example, it has been hypothesized that increased
NGAL levels are the result of sustained production by injured renal tubular cells, whereas
renal function impairment would then passively result from a general loss of functional
cells or nephrons [14,15]. Previously, a nested case–control study evaluated the potential
utility of urinary NGAL as biomarker for incident CKD stage III [16], showing a significant
association between higher NGAL levels and risk of incident CKD. This study, however,
was limited by sample size and did not take into account potential loss-to-follow-up due
to its case–control design. Until now, the potential utility of circulating NGAL levels in
relation to new-onset CKD after long-term follow-up has remained unexplored.

Therefore, we hypothesized that circulating levels of NGAL may have merit as a prog-
nostic biomarker for long-term renal health. Aside from reflecting tubular injury, NGAL
may also reflect chronic low-grade inflammation, which could underlie the development of
noncommunicable diseases such as CKD. In the current study, we aimed to investigate the
association between plasma NGAL levels and the risk of new-onset CKD in individuals
derived from the general population.

2. Materials and Methods
2.1. Study Design and Population

This study was performed as part of the Prevention of REnal and Vascular ENd-stage
Disease (PREVEND) cohort study, which is a large-scale, prospective population-based
cohort study that commenced in 1997 in Groningen, the Netherlands [17]. The PREVEND
study was primarily aimed to study the utility of urinary albumin excretion as indica-
tor of the future occurrence of renal and cardiovascular diseases. The PREVEND study
comprises data on a wealth of parameters that are relevant to cardiorenal diseases. In
the period from 1997–1998, 85,421 inhabitants of the city of Groningen aged 28–75 years
were contacted and requested to complete a short questionnaire asking information on
demographics and history of cardiovascular diseases, as well as to send in a first morning
void sample. A total of 40,856 individuals (47.8%) responded, from which 7786 individuals
with urinary albumin concentrations (UAC) > 10 mg/L and a randomly selected control
group of 3395 individuals with UAC < 10 mg/L were invited to participate in subsequent
study screening investigations at the outpatient research clinic of the University Medical
Center Groningen (UMCG). This screening program was completed by 8592 participants
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(n = 6000 with UAC > 10 mg/L and n = 2592 with UAC < 10 mg/L), which together formed
the total study cohort. In the period of 2001–2003, a second round of study investigations
was organized aiming to collect additional data and biomaterials (e.g., blood, urine) from
6894 of these participants. This second study round served as the baseline for the present
study. From this cohort of participants, patients with established CKD defined as having an
estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2 (n = 1082) or unknown
CKD status (n = 337) were excluded. Furthermore, participants in whom plasma NGAL
levels could not be determined (n = 815) due to either missing samples or insufficient
sample volumes) were excluded. This resulted in a final sample size of n = 4660 partici-
pants for analysis with a study follow-up that ended on 1 January 2011. The PREVEND
study was approved by the Institutional Review Board of the UMCG (full name in Dutch:
“Medisch Ethische Toetsingscommissie”, abbreviated as “METc”, IRB no. 01/139). All
participants provided written informed consent for study participation. The study was
conducted according to the principles of the Declaration of Helsinki. The study reporting
was in accordance with the EQUATOR guideline: the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) [18].

2.2. Data Collection

Demographic-, medical- (e.g., history of cardiorenal diseases and diabetes), lifestyle-
related (e.g., smoking behavior) and anthropometric characteristics (e.g., body height,
weight and waist circumference) were collected using questionnaires that participants
completed at baseline. Blood pressure was measured in supine position for 8 min using
the Dinamap XL Model 9300 series device (Johnson & Johnson Medical, Tampa, FL, USA).
Smoking behavior was denoted as “never”, “former”, or “current”. Waist circumference
was measured on the bare skin at the natural indentation between the 10th rib and the iliac
crest. Blood pressure was determined every minute, from which the average of the last two
measurements was taken for analyses, as previously described [19,20]. Medication use was
principally self-reported but was combined with information from a pharmacy-dispensing
registry that had complete information available on drug usage of >95% of participants of
the PREVEND study [21,22]. Fasting venous plasma and serum samples were collected
from study participants, centrifuged at 4 ◦C, and stored at −80 ◦C until further analysis,
while urine samples were stored at −20 ◦C until analysis. Urinary albumin excretion (UAE)
was measured by nephelometry (Dade Behring Diagnostics, Marburg, Germany). UAE was
measured twice using two consecutive 24 h urine collections, from which the average was
taken for statistical analyses. Serum creatinine levels were measured using an enzymatic
method (Roche Modular, Roche Diagnostics, Mannheim, Germany). Serum cystatin C levels
were measured on a modular analyzer (Roche Diagnostics) using the Gentian Cystatin
C Immunoassay (Gentian AS, Moss, Norway). Calibration standards for cystatin C were
used following manufacturer’s instructions and according to the International Federation
of Clinical Chemistry Working Group for Standardization of Serum Cystatin C [23]. High-
sensitive C-reactive protein (hs-CRP) levels were determined by nephelometry (Dade
Behring Diagnostics, Marburg, Germany).

2.3. Measurements of NGAL

Plasma concentrations of NGAL were measured with a turbidimetric immunoassay
leveraging a Mindray BS-400 analyzer (Gentian AS, Moss, Norway). This NGAL assay
has been calibrated to the commercially available Bioporto NGAL test using a previously
described value transfer protocol [24]. The NGAL calibrator, in turn, has been validated
based on the Clinical and Laboratory Standards Institute guidelines in conjunction with
external validation performed by individual laboratories [25]. The lower limit of detection
(LLoD) of NGAL was 6.3 ng/mL and intra-assay and inter-assay coefficients of variation
(CV) were between 0.4–5.2% and 0.6–7.1%, respectively.
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2.4. Study Outcomes and Definitions

New-onset CKD served as primary outcome and was defined as the first occur-
rence of either an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2,
UAE > 30 mg/24-h, or both. The first occurrence of an eGFR < 60 mL/min/1.73 m2 or
UAE > 30 mg/24-h individually served as secondary outcomes. Here, the eGFR was calcu-
lated using the combined cystatin C-based Chronic Kidney Disease Epidemiology Collabo-
ration (CKD-EPI) equation [26]. Type 2 diabetes mellitus (T2DM) was defined either as a
fasting glucose concentration ≥ 7.0 mmol/L, a non-fasting glucose level of ≥11.1 mmol/L,
or the use of antidiabetic drugs based on pharmacy- or self-reports according to the Ameri-
can Diabetes Association (ADA) guidelines [27]. Hypercholesterolemia was defined either
as serum total cholesterol levels ≥ 6.5 mmol/L, serum high-density lipoprotein (HDL)-
cholesterol levels ≤ 0.9 mmol/L or the use of lipid-lowering drugs.

2.5. Statistical Analyses

Baseline demographic, anthropometric, medical, and laboratory characteristics of
study participants were presented as mean ± standard deviations (SD), medians with
interquartile ranges (IQR) in case of skewed variables or as proportions with corresponding
percentages (%). Normality assessment was performed by visual inspection of normal
probability (Q-Q) plots and histograms. Differences in baseline characteristics across tertiles
of plasma NGAL concentrations were tested using one-way analysis of variance (ANOVA),
Kruskal–Wallis tests, and chi-square tests, where appropriate. Survival distributions for
participants across tertiles of plasma NGAL concentrations were evaluated using Kaplan–
Meier survival curves, which were compared with tertiles using log-rank tests. Survival
time was defined as from baseline (time of plasma sample collection) until the date of the
last examination that participants attended, at the incidence of CKD, death, or 1 January
2011 (end of follow-up). Plasma NGAL concentrations were 2log-transformed before entry
into subsequent analyses to facilitate results interpretation (expressed as per doubling in
NGAL concentration). Cox proportional hazards regression analyses were performed to test
associations between plasma NGAL and the risk of new-onset CKD (as composite outcome,
and by individual outcomes based on either eGFR or UAE), where results were expressed as
hazard ratios (HRs) (per doubling) with corresponding 95% confidence intervals (CIs). For
each predictor, the proportionality of hazards assumption was checked to confirm absence
of violation. Stratified analyses were subsequently performed to test associations across rel-
evant subgroups and explore potential interactions by fitting models containing interaction
terms (where pinteraction < 0.05 was considered indicative of significant effect-modification).
Restricted cubic splines (RCS) with three knots were additionally fitted to evaluate potential
nonlinearity of the observed associations in Cox proportional hazards regression models.
Nonlinearity was statistically assessed using likelihood ratio tests, in which nested models
were compared with each other using linear or linear and cubic spline terms. Data analysis
and data visualization was performed using SPSS Statistics 28.0 software package (SPSS
Inc., Chicago, IL, USA), R (v.4.0.1, Vienna, Austria) and the Python programming language
(v.3.8.6, Python Software Foundation, https://www.python.org, accessed on 9 January
2023), using the pandas (v.0.12.3), numpy (v.1.20.0), matplotlib (v.3.4.1), seaborn (v.0.11.1) and
zepid (v.0.9.0) packages. Two-tailed p-values ≤ 0.05 were considered statistically significant.

2.6. Selection of Potentially Confounding Variables: Directed Acyclic Graph (DAG)

A directed acyclic graph (DAG) was constructed to identify potentially confounding
variables warranting consideration while estimating the study’s outcome of interest: new-
onset CKD [28]. DAGs are causal models and serve as theoretical basis by pre-defining the
involved causal mechanisms hypothesized to underlie the variables of interest (Figure 1). In
the DAG, arrows depict the hypothesized causal (direct) effects between variables, whereas
the absence of such arrows represent the assumption of no such direct effect. In this study,
we aimed to investigate the association between plasma NGAL levels and new-onset CKD,
for which a distinct set of potentially confounding variables was identified and conditioned

https://www.python.org
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for in order to approach an unconfounded effect estimate in statistical analyses [29–35].
Based on this DAG framework, we selected the following variables as covariates in the
analysis, in addition to age and sex: a history of cardiovascular disease, history of diabetes,
the presence of hypertension, hs-CRP reflecting systemic inflammation, and baseline eGFR
reflecting renal function.
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Figure 1. Direct acyclic graph (DAG) demonstrating the hypothesized causal relationships underlying
the studied association between circulating levels of NGAL and the risk of new-onset CKD in the
general population. Based on this framework, a distinct set of confounding variables was identified
and subsequently conditioned for in statistical analysis (see text). Abbreviations: BMI, body mass
index; CKD, chronic kidney disease; DM, diabetes mellitus; hs-CRP; high-sensitive C-reactive protein;
NGAL, neutrophil gelatinase-associated lipocalin.

3. Results
3.1. Baseline Study Population Characteristics

Baseline characteristics of the study population divided by tertiles of plasma NGAL
concentrations (T1: <87.6 µg/L; T2: 87.6–112.6 µg/L; T3: >112.6 µg/L) are presented in
Table 1. Mean (±SD) plasma NGAL concentrations were 104.0 (±34.7) µg/L (median:
99.3 µg/L; full range: 0–402.8 µg/L). Median age of participants was 50.0 [IQR: 42.2–58.8]
years and 2513 (53.9%) participants were female. Median eGFR was 96 [IQR: 85.3–105.8]
mL/min/1.73 m2, and eGFR was lowest in participants within the highest (T3) tertile
of plasma NGAL concentrations (p < 0.001) compared to participants within T1 or T2.
Median UAE was 7.7 [5.8–11.2] mg/L, which did not significantly differ among plasma
NGAL tertiles (p = 0.409). Participants within the highest (T3) tertile of plasma NGAL
concentrations demonstrated the highest rate of new-onset CKD (composite outcome:
p = 0.029; based on eGFR < 60 mL/min/1.73 m2: p = 0.002), albeit not when solely defined
by UAE > 30 mg/24-h (p = 0.483).
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Table 1. Baseline demographic, clinical and biochemical characteristics and outcomes of the study
population, stratified by tertiles of plasma NGAL concentrations.

Total T1 T2 T3 p-Value
♂: <89.9 µg/L
♀: <85.7 µg/L

♂: 89.9–113.9 µg/L
♀: 85.7–111.1µg/L

♂: >113.9 µg/L
♀: >111.1 µg/L

Plasma NGAL (µg/l) 104.0 (34.7) 71.0 (13.6) 99.6 (7.2) 141.4 (29.4) <0.001
Demographics

Age (years) 50.0 [42.2–58.8] 50.5 [42.1–58.3] 50.3 [42.6–59.0] 49.2 [42.0–59.2] 0.653
Female, n (%) 2513 (53.9) 896 (57.7) 817 (52.6) 800 (51.5) 0.001

Race, n (%) <0.001
White, n (%) 4439 (96.0) 1438 (93.1) 1487 (96.6) 1514 (98.2)
Black, n (%) 42 (0.9) 24 (1.6) 9 (0.6) 9 (0.6)
Asian, n (%) 94 (2.0) 61 (3.9) 23 (1.5) 10 (0.6)
Other, n (%) 51 (1.1) 22 (1.4) 20 (1.3) 9 (0.6)

Anthropometrics
BMI (kg/m2) 25.7 [23.4–28.4] 25.8 [23.3–28.5] 25.7 [23.4–28.4] 25.7 [23.4–28.4] 0.992

Waist circumference (cm) 90 [81–98] 89 [80–98] 90 [82–98] 90 [82–99] 0.003
Cardiovascular risk factors

SBP (mmHg) 120 [111–133] 121 [111–133] 121 [111–134] 120 [110–132] 0.339
DBP (mmHg) 72 [66–78] 72 [66–78] 72 [66–78] 71 [66–77] 0.129

Heart rate (bpm) 68 [62–74] 67 [61–73] 68 [62–74] 68 [62–75] <0.001
Smoking <0.001

Never, n (%) 1449 (31.5) 552 (35.9) 499 (32.6) 398 (25.9)
Current, n (%) 1283 (27.9) 329 (21.4) 399 (26.1) 555 (36.2)
Former, n (%) 1870 (40.6) 656 (42.7) 632 (41.3) 582 (37.9)

History of CVD, n (%) 123 (97.1) 37 (2.4) 41 (2.6) 45 (2.9) 0.672
Diabetes, n (%) 68 (1.5) 24 (1.6) 21 (1.4) 23 (1.5) 0.900

Hypertension, n (%) 1166 (25.0) 398 (25.6) 390 (25.1) 378 (24.3) 0.705
Medication

Antihypertensive drugs, n (%) 624 (13.8) 220 (14.5) 201 (13.4) 203 (13.4) 0.361
Lipid-lowering drugs, n (%) 272 (5.8) 95 (6.1) 79 (5.1) 98 (6.3) 0.296

Glucose-lowering drugs, n (%) 39 (1.0) 15 (1.1) 12 (0.9) 12 (0.9) 0.774
Laboratory measurements
Total cholesterol (mmol/L) 5.36 [4.72–6.09] 5.43 [4.79–6.19] 5.31 [4.68–6.05] 5.33 [4.69–6.06] 0.002

hs-CRP (mg/L) 1.16 [0.56–2.65] 0.91 [0.42–1.84] 1.09 [0.53–2.40] 1.77 [0.80–3.85] <0.001
eGFR (mL/min/1.73 m2) 96.1 [85.3–105.8] 99.3 [88.7–108.6] 96.0 [85.2–105.7] 93.0 [80.8–102.3] <0.001

UAE (mg/L) 7.7 [5.8–11.2] 7.8 [5.9–11.0] 7.7 [5.8–11.4] 7.5 [5.6–11.2] 0.409
Serum creatinine (µmol/l) 81.1 [72.9–90.4] 79.1 [70.8–88.3] 81.1 [73.9–90.4] 84.2 [74.9–93.4] <0.001

Urine creatinine (mmol/24-h) 11.9 [9.9–14.5] 11.7 [9.8–14.7] 12.0 [10.1–14.5] 11.9 [9.9–14.4] 0.317
Study outcomes

CKD (eGFR < 60 mL/min/1.73 m2),
n (%) 151 (3.3) 33 (2.1) 51 (3.3) 67 (4.4) 0.002

CKD (UAE >30 mg/24-h), n (%) 349 (7.6) 109 (7.1) 115 (7.4) 125 (8.2) 0.483
CKD (combined), n (%) 467 (10.1) 132 (8.6) 161 (10.4) 174 (11.4) 0.029

Abbreviations: BMI, body-mass index; CKD, chronic kidney disease; CVD, cardiovascular disease; DBP, diastolic
blood pressure; eGFR, estimated glomerular filtration rate; hs-CRP, high-sensitive C-reactive protein; SBP, systolic
blood pressure; UAE, urinary albumin excretion.
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3.2. Plasma NGAL Concentrations and New-Onset CKD

Over a median follow-up of 8.3 [7.8–8.9] years, a total of 467 participants developed
new-onset CKD, among which 151 based on eGFR (<60 mL/min/1.73 m2), 349 based on
UAE (30 mg/24-h), and 33 based on both. The highest rate of new-onset CKD occurred in
the highest tertile of plasma NGAL concentrations (n = 174, 11.4%, p < 0.05). Kaplan-Meier
survival curves demonstrated statistically significant differences in survival distribution for
tertiles of plasma NGAL concentrations and the risk of new-onset CKD, for the composite
outcome (p = 0.006, log-rank test) and for new-onset CKD defined solely by eGFR (p < 0.001,
log-rank), but not for new-onset CKD defined by UAE (p = 0.164, log-rank) (Figure 2). Cox
proportional hazards regression analyses revealed a statistically significant association be-
tween plasma NGAL and the risk of new-onset CKD (Table 2A, Model 1, hazard ratio [HR]
per doubling of NGAL concentration 1.35 [95% CI: 1.11–1.63], p = 0.002). When adjusting
for confounding factors (age, sex, history of cardiovascular disease, history of diabetes, pres-
ence of hypertension, and hs-CRP), this association remained significant (Table 2A, Model
4, HR per doubling 1.37 [1.09–1.73], p = 0.007). However, after additional adjustment for
baseline eGFR, this statistically significant association was abrogated (Model 5, HR per dou-
bling 1.09 [0.86–1.37], p = 0.490). When these analyses were performed for the individual
components of the composite outcome (eGFR < 60 mL/min/1.73 m2 and UAE > 30 mg/24-
h), a considerably stronger association was found for eGFR as outcome (Table 2B, Model
1, HR per doubling 2.07 [1.47–2.91], p < 0.001), whereas for UAE as outcome the associa-
tion was not statistically significant (Table 2C, Model 1, HR per doubling 1.21 [0.98–1.50],
p = 0.080). After adjusting for confounding variables, the association between plasma
NGAL and new-onset CKD as defined by eGFR < 60 mL/min/1.73 m2 remained strong
and robust (Table 2B, Model 4, HR per doubling 2.54 [1.69–3.80], p < 0.001), but again
lost significance after additional adjustment for baseline eGFR (Model 5, 1.05 [0.69–1.59],
p = 0.828). The association between plasma NGAL and UAE as individual outcome was
non-significant after adjustment for confounding factors (Table 2C, Model 4, HR per dou-
bling 1.05 [0.82–1.35], p = 0.705), which remained unchanged after additional adjustment
for baseline eGFR (Model 5, 1.07 [0.82–1.40], p = 0.604). When tertiles of plasma NGAL
levels were used instead of plasma NGAL as continuous variable, the highest tertile (T3) of
plasma NGAL was consistently significantly associated with the risk of new-onset CKD (as
composite outcome and individually by eGFR < 60 mL/min/1.73 m2) after adjustment for
confounding variables (Table 2A,B, Model 4, HR per doubling 1.51 [1.16–1.96], p = 0.002
(composite) and 2.55 [1.60–4.06], p < 0.001 (eGFR)), but again vanished after additional
adjustment for baseline eGFR (all p > 0.05). For all three sets of models with different
outcomes of new-onset CKD, no significant deviations from linear associations with the
risk of new-onset CKD were observed when restricted cubic splines (RCS) were fitted
(composite: p = 0.663; eGFR: p = 0.645; UAE: p = 0.861).

3.3. Stratified Analyses

Stratified analyses for the association between plasma NGAL and the risk of new-onset
CKD were performed, which demonstrated consistently positive associations in almost
all analyzed subgroups (Figure 3, Table S1). Stratification by the median of UAE, current
smoking, and by eGFR (60–89 mL/min/1.73 m2 vs. eGFR ≥ 90 mL/min/1.73 m2) showed
significant effect modification (pinteraction < 0.001, 0.034, and 0.001, respectively). The corre-
sponding HRs were higher for participants with below-median UAE (<7.7 mg/24-h), for
non-smokers, and for participants with a slightly reduced eGFR (60–89 mL/min/1.73 m2).
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Figure 2. Kaplan-Meier survival curves and restricted cubic splines for the association between
plasma NGAL concentrations and the risk of new-onset CKD based on the individual determinants
of (A) eGFR (<60 mL/min/1.73 m2) and (B) UAE (>30 mg/24-h) and (C) on the composite outcome
(eGFR, UAE or both) The highest rates of new-onset CKD were observed in the highest tertiles (T3)
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of plasma NGAL concentrations (left panels). Restricted cubic splines (RCS) were fitted to test for
potential nonlinearity of the association between plasma NGAL concentrations and the risk of new-
onset CKD (right panels). Estimated associations were derived from the Cox proportional hazards
regression models and RCS with three knots (set at the 0.5th, 50th, and 99.5th percentiles). Likelihood
ratio tests for non-linearity were non-significant for all three models (composite: χ2 = 0.19, p = 0.663;
eGFR: χ2 = 0.21, p = 0.645; UAE: χ2 = 0.03, p = 0.861). Shaded areas of the RCS curves represent the
95% confidence intervals. Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular
filtration rate; NGAL, neutrophil gelatinase-associated lipocalin; UAE, urinary albumin excretion.

Table 2. Cox proportional hazards regression analyses for associations between plasma NGAL and
the risk of incident CKD, either as composite outcome or based on its individual determinants (eGFR
and UAE).

HR per Doubling T1 T2 T3
<87.6 µg/L 87.6–112.6 µg/L >112.6 µg/L

A. CKD (composite outcome) (n = 467)
Model 1 1.35 [1.11–1.63], p = 0.002 1.00 (reference) 1.24 [0.99–1.57], p = 0.063 1.44 [1.15–1.81], p = 0.002
Model 2 1.36 [1.12–1.65], p = 0.002 1.00 (reference) 1.18 [0.94–1.49], p = 0.150 1.46 [1.16–1.83], p = 0.001
Model 3 1.36 [1.12–1.66], p = 0.002 1.00 (reference) 1.22 [0.96–1.53], p = 0.099 1.50 [1.19–1.88], p < 0.001
Model 4 1.37 [1.09–1.73], p = 0.007 1.00 (reference) 1.19 [0.92–1.55], p = 0.191 1.51 [1.16–1.96], p = 0.002
Model 5 1.09 [0.86–1.37], p = 0.490 1.00 (reference) 1.05 [0.80–1.37], p = 0.726 1.16 [0.89–1.53], p = 0.274

B. CKD (eGFR < 60 mL/min/1.73 m2) (n = 151)
Model 1 2.07 [1.47–2.91], p < 0.001 1.00 (reference) 1.56 [1.01–2.42], p = 0.046 2.20 [1.45–3.34], p < 0.001
Model 2 2.42 [1.70–3.46], p < 0.001 1.00 (reference) 1.50 [0.96–2.32], p = 0.073 2.48 [1.63–3.78], p < 0.001
Model 3 2.35 [1.66–3.34], p < 0.001 1.00 (reference) 1.54 [0.99–2.39], p = 0.056 2.49 [1.63–3.80], p < 0.001
Model 4 2.54 [1.69–3.80], p < 0.001 1.00 (reference) 1.54 [0.95–2.50], p = 0.079 2.55 [1.60–4.06], p < 0.001
Model 5 1.05 [0.69–1.59], p = 0.828 1.00 (reference) 0.89 [0.54–1.45], p = 0.633 0.98 [0.61–1.58], p = 0.929

C. CKD (UAE > 30 mg/24-h) (n = 349)
Model 1 1.21 [0.98–1.50], p = 0.080 1.00 (reference) 1.08 [0.83–1.40], p = 0.573 1.27 [0.98–1.64], p = 0.068
Model 2 1.15 [0.93–1.43], p = 0.210 1.00 (reference) 1.02 [0.79–1.33], p = 0.814 1.22 [0.94–1.57], p = 0.132
Model 3 1.15 [0.92–1.43], p = 0.214 1.00 (reference) 1.05 [0.81–1.37], p = 0.710 1.23 [0.95–1.59], p = 0.114
Model 4 1.07 [0.83–1.37], p = 0.609 1.00 (reference) 1.02 [0.75–1.39], p = 0.892 1.18 [0.87–1.60], p = 0.296
Model 5 1.07 [0.82–1.40], p = 0.604 1.00 (reference) 1.03 [0.76–1.40], p = 0.864 1.19 [0.87–1.64], p = 0.279

Model 1, crude model. Model 2, model 1 with adjustment for age and sex. Model 3, model 2 with adjustment
for history of cardiovascular disease, history of diabetes, and the presence of hypertension. Model 4, model
3 with adjustment for hs-CRP. Model 5, model 4 with additional adjustment for baseline eGFR. Bold p-values
indicate statistical significance. Abbreviations: HR, hazard ratio; CKD, chronic kidney disease; eGFR, estimated
glomerular filtration rate; UAE, urinary albumin excretion.

3.4. Sensitivity Analyses

The estimated association between plasma NGAL and the risk of new-onset CKD (com-
posite outcome) when adjusted for potentially confounding variables (Model 4, Table 2) did
not materially change when participants with UAE > 25 mg/24-h (instead of 30 mg/24-h) at
baseline were excluded (HR per doubling 1.37 [95% CI: 1.08–1.74], p = 0.011). When partici-
pants with eGFR < 65 mL/min/1.73 m2 at baseline (instead of <60 mL/min/1.73 m2) were
excluded, the association between plasma NGAL and the risk of new-onset CKD remained
similar, albeit lost statistical significance (HR per doubling 1.21 [0.95–1.53], p = 0.121). When
extreme outliers of plasma NGAL (<0.5th percentile and >99.5th percentile) were excluded,
the association between plasma NGAL and the risk of new-onset CKD did not materially
change (HR per doubling 1.41 [1.11–1.79], p = 0.005).
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Figure 3. Forest plot showing stratified analyses for the association between plasma NGAL concen-
trations and the risk of new-onset CKD (composite outcome) across various subgroups. The figure
demonstrates hazard ratios (HRs, purple dots) with corresponding 95% confidence intervals (lines).
Almost all subgroups showed positive associations between plasma NGAL and the risk of new-onset
CKD, except for smokers (albeit nonsignificant). All models were adjusted for selected confounding
variables (corresponding with Model 4), including age, sex, a history of cardiovascular disease,
history of diabetes, presence of hypertension, and high-sensitive C-reactive protein. Bold p-values
indicate statistically significant interaction. Abbreviations: BMI, body mass index; CI, confidence
interval; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HR, hazard ratio;
NGAL, neutrophil gelatinase-associated lipocalin; UAE, urinary albumin excretion.

4. Discussion

The major finding of this study is that plasma NGAL concentrations are signifi-
cantly associated with an increased risk of new-onset CKD in the general population
within a follow-up of almost 10 years. This observation remained statistically signifi-
cant when adjusting for known risk factors for CKD, including age, sex, history of CVD,
diabetes, hypertension, and low-grade systemic inflammation (represented by hs-CRP).
However, the association lost significance after adjustment for baseline eGFR, indicat-
ing that plasma NGAL is associated with new-onset CKD, albeit not independently of
renal function. When considering individual determinants defining new-onset CKD
(either eGFR < 60 mL/min/1.73 m2 or UAE > 30 mg/24-h) and their associations with
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plasma NGAL concentrations, we observed a considerably stronger association with
eGFR < 60 mL/min/1.73 m2 as outcome, whereas associations with UAE > 30 mg/24-h
were weaker and non-significant. Stratified analyses across relevant subgroups demon-
strated almost consistently positive associations between plasma NGAL concentrations
and risk of new-onset CKD. Significant interactions were found for the presence of hyper-
tension, smoking, and eGFR (60–89 vs. ≥ 90 mL/min/1.73 m2) showing stronger associa-
tions in participants with below-median UAE, non-smokers, and participants with eGFR
60–89 mL/min/1.73 m2, respectively. Taken together, these results suggest that plasma
NGAL concentrations are strongly associated with an increased risk of new-onset CKD,
which is mainly driven by new-onset CKD as defined by renal function decline, and
strongly dependent on baseline renal function. NGAL may potentially be of value as renal
damage marker, aiding in risk stratification in preventive settings with the ultimate goal to
combat future CKD burden.

NGAL is produced by both activated neutrophils and renal tubular cells, and may
therefore be indicative, via different mechanisms, of low-grade systemic inflammation and
tubular kidney injury, respectively. Under physiological conditions, circulating NGAL
is filtered by the glomeruli and almost fully reabsorbed by proximal tubular epithelial
cells [36]. Elevated levels of NGAL are regarded as indicator of ongoing renal damage, both
in response to acute stressors (e.g., AKI) and in the context of (progression of) CKD [15,37].
Importantly, NGAL is abundantly released by tubular cells, resulting in increased circulat-
ing and urinary levels upon renal damage, often preceding a rise in serum creatinine, and
thus providing opportunities for use as a biomarker of early kidney injury [10]. In addition,
higher levels of plasma NGAL have also been shown to increase the risk of delayed graft
function, graft failure and mortality in renal transplant recipients [9,38]. Urinary NGAL has
also been associated with histological signs of renal damage in patients with CKD [13,39].
Although both urinary and circulating levels of NGAL have been extensively studied as
(early) biomarker for AKI and CKD progression, its potential role as biomarker for pre-
diagnostic CKD has only been investigated once in a small, matched case–control study [16].
To the best of our knowledge, the present prospective observational study with long-term
follow-up is the largest to demonstrate that elevated plasma NGAL concentrations in
subjects without CKD predispose to the development of future CKD. Although we were
not able to pinpoint the exact origin of plasma NGAL levels (i.e., discriminating between
different isoforms of the protein), the fact that NGAL may reflect both chronic low-grade
systemic inflammation and renal tubular injury may render it a potentially useful clinical
biomarker for new-onset CKD.

Interestingly, the association between plasma NGAL concentrations and the risk of new-
onset CKD was primarily driven by new-onset CKD defined by an eGFR < 60 mL/min/1.73 m2.
Furthermore, when we additionally adjusted our Cox proportional hazards regression
models for eGFR at baseline, statistically significant relationships were abrogated. This is
in line with other studies showing kidney function-dependency of NGAL concentrations
across different patient populations [40–42]. The intimate relationship between NGAL
levels and eGFR is sustained by studies that have shown that NGAL may represent a
reliable biomarker of the severity of renal impairment, i.e., could represent a surrogate
marker of kidney damage [11,43,44]. Previously, a theory referred to as the “forest fire”
hypothesis has been proposed to explain the relationship between NGAL and eGFR [14].
This theory states that higher levels of NGAL in patients with CKD (the “forest fire”)
is the mere consequence of a sustained production by inflamed but viable renal tubular
cells, whereas the rise in serum creatinine levels and decline in eGFR are rather passive
consequences of a general loss of functional cells or nephrons. As such, NGAL has been
suggested to function as a “real-time indicator” of the extent of active renal damage within
the context of the overall condition of CKD [10]. In the present study, we observed a signifi-
cant association between higher levels of plasma NGAL and reduced eGFR at baseline and,
prospectively, we observed higher plasma NGAL levels in individuals having a higher risk
of developing new-onset CKD (as (partially) defined by eGFR). As such, it was not possible



Biomolecules 2023, 13, 338 12 of 15

to discriminate between NGAL as biomarker of both impaired renal function and more
rapid development of CKD, and the possibility that the association between NGAL and
new-onset CKD was merely confounded by baseline eGFR. Considering that our study
was of associative nature, future studies are warranted to fill this knowledge gap and
disentangle the exact sequence of events in the association between NGAL, renal function
(eGFR) and new-onset CKD.

Previous studies have shown a clear relationship between circulating NGAL levels
and hs-CRP, obviously because of neutrophilic activation in circumstances of low-grade
systemic inflammation [42]. In the current study, the association between plasma NGAL
and the risk of new-onset CKD was independent of hs-CRP levels, a finding that is in line
with a recent study from our center of renal transplant recipients [9]. This may suggest that,
although NGAL and inflammation are intricately related, the presence of increased NGAL
or hs-CRP may reflect different types of inflammation. Whereas hs-CRP can be regarded as
a rather generic marker of systemic inflammation, NGAL may be a more specific marker of
intrarenal inflammation, especially given its strong association with estimated glomerular
filtration rate. Although the assay used to measure NGAL could not discriminate between
neutrophil-derived and renal tubular cell-derived NGAL, it is abundantly expressed by
tubular renal cells and especially upon tubulointerstitial injury [13,39].

Stratified analyses showed that plasma NGAL concentrations and the risk of new-
onset CKD remained consistently positively associated with each other across all subgroups,
except for smoking participants. Of note, associations between plasma NGAL and the risk
of new-onset CKD were stronger in participants who smoked, in participants with below-
median UAE, and in participants with a slightly reduced eGFR (60–89 mL/min/1.73 m2),
which all demonstrated significant interactions. Smoking has been variably associated with
plasma NGAL levels in different clinical contexts [9,38,45], and in this study the frequency
of current smokers was significantly higher in the highest tertile of NGAL concentrations.
The weaker associations between plasma NGAL and risk of new-onset CKD in smoking
participants and those with relatively higher baseline UAE may indicate that elevated
NGAL levels due to such factors decrease their variation, and, thus, induce a loss of
predictive performance regarding new-onset CKD. Since NGAL may be a marker of both
activated neutrophils and ongoing renal damage, these findings suggest that this marker is
of most clinical significance in participants without too many risk factors for developing
CKD, but with a slightly reduced renal function. The latter observation also sustains the
observation that statistical significance of the associations between plasma NGAL and new-
onset CKD was lost after additional adjustment for baseline eGFR, indicating the strong risk
of developing CKD associated with baseline eGFR. Findings from these stratified analyses
should however be interpreted with caution, since sample sizes were smaller in subgroups,
and sometimes also rather imbalanced, which may introduce bias.

A potentially relevant strength of this study is that it clearly demonstrated that plasma
NGAL might be an alternative biomarker of renal function but might not be suitable as
surrogate index of renal function. Another strength relates to the large number of study
participants and cases of new-onset CKD in this extensively characterized dataset, allowing
to adjust for many potential confounding variables in a prospective setting. However,
some limitations of the study also warrant recognition. First, this was a single-center study
without much variation in ethnicity or geographic location, as most participants were
Caucasians and lived in the northern part of the Netherlands, limiting the generalizability
of our results. Second, we were forced to exclude study participants of whom no sufficient
plasma samples were available anymore to determine plasma NGAL. Third, the NGAL
immunoassay used in this study did not allow us to make a distinction between monomeric
and dimeric forms of NGAL, which could make a difference from a pathophysiological
perspective [46]. Finally, since this study was of a longitudinal observational nature,
we were not able to prove causality in our findings, but instead could only document
associations. Considering the well-characterized phenotypes of this study cohort, we
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were notably able to reliably adjust for the relevant confounding factors, albeit residual
confounding cannot be fully excluded.

5. Conclusions

In conclusion, our results highlight a significant association between plasma NGAL
concentrations and an increased risk of new-onset CKD in the general population. In this
cohort of population-based individuals, plasma NGAL seems to have no added value
beyond the assessment of renal function (eGFR) to predict the future occurrence of CKD.
This might, however, be different in patients with impaired renal function or specific
kidney diseases. The present data support the performance of such studies. Therefore,
future efforts are needed to examine the potential value of NGAL in different clinical
populations and to compare the potential clinical utility of urinary NGAL versus plasma
NGAL concentrations in relation to the risk of new-onset CKD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom13020338/s1, Table S1: Stratified analyses for the association
between plasma NGAL concentrations and the risk of incident CKD across various subgroups.
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