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ABSTRACT

OBJECTIVE: Diabetic nephropathy constitutes a major long-term complication in patients
with type 1 diabetes mellitus (T1D) and its diagnosis is based on microalbuminuria. The aim
of this observational follow-up study was to explore the role of neutrophil-gelatinase-associated
lipocalin (NGAL) and cystatin C in unravelling early diabetic nephropathy even in patients
with normoalbuminuria. DESIGN: Fifty-six euthyroid patients with T1D, with mean age 13.1
(SD: 3.2) years, and 49 healthy controls with mean age 12.8 (SD: 6.6) were recruited. Besides
standard blood chemistry and urinary albumin excretion, serum NGAL (ELISA) and cystatin C
(nephelometry) were measured at enrollment and after 12-15 months. GFR was calculated with
the bedside Schwartz formula (eGFR) and the Lund strategy formula (L-eGFR). RESULTS: At
baseline, mean NGAL levels were not significantly different between children with diabetes and
controls. At re-evaluation, mean NGAL value and mean eGFR value in patients with diabetes
were increased (p=0.032 and p=0.003 respectively). At both baseline and reevaluation, NGAL
was positively correlated with cystatin C (r=0.41, p<0.001), systolic arterial pressure z-score
(r=0.3, p=0.031) and creatinine (r=0.32, p=0.010). NGAL correlated negatively with eGFR
(r=-0.26, p=0.049) and L-eGFR (r=-0.33, p=0.010). Cystatin C had a negative correlation to
eGFR (r=-0.29, p=0.025) and a positive one with creatinine (r=0.35, p=0.009) at reevaluation.
No statistically significant correlation was found between cystatin C and microalbuminuria
(p=0.736). CONCLUSIONS: NGAL and cystatin C, known markers of renal injury, correlate
with renal function decline in T1D, suggesting that they may be used as supplementary tests
to urine albumin excretion in order to unmask early renal dysfunction.
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INTRODUCTION

Diabetes mellitus type 1 (T1D) is an infrequent
but serious autoimmune disease in childhood. De-
spite advances in T1D treatment, diabetic complica-
tions are still a major concern since they constitute
the main cause of morbidity and mortality in these
patients. The most devastating complication is dia-
betic nephropathy (DN), which is associated with a
markedly increased risk of end-stage renal failure,
cardiovascular disease and premature death. It has
been previously reported that childhood onset T1D
is associated with a four-fold increase in the overall
standardized mortality rate.!

In both the USA and Europe, around 20% of T1D
patients develop DN and progress to end-stage renal
disease (ESRD). Since age at onset of T1D is younger
than that of type 2 diabetes mellitus (T2D), ESRD
most often develops at an earlier age in T1D, during
the period of most productive years. This represents
a major burden to the patients themselves and the
society they live in.>?

Nowadays, the screening of DN is mainly based
on microalbuminuria (MA) assessment* and MA
may be found in 12-16% of adolescents with T1D.?
In early stages, regression to normoalbuminuria is
frequently observed.® Puberty itself and poor glyce-
mic control are independent risk factors for MA in
patients with T1D.” However the diagnostic role of
microalbuminuria in DN has recently been disputed
by several authors, while it has been widely proposed
that other biomarkers are needed for early identi-
fication of renal lesions.>®!” Previous studies have
shown evidence of several clinical and laboratory
predictors for DN, such as increased systolic blood
pressure, even within the pre-hypertensive range!!
and hyperlipidemia identifying subjects at risk for
early generalized endotheliopathy and cardiovascu-
lar disease (CVD) as well.">'* Among T1D patients
with nephropathy and hypertension, 50% will go on
to develop end-stage renal disease within a decade.*

The pathophysiologic changes in DN that lead to
renal function decline are associated with cellular and
extracellular derangements in both the glomerular and
tubulo-interstitial compartments.'>!* Several studies
have reported that normoalbuminuric subjects, includ-
ing prepubertal children with longstanding diabetes,

often have glomerular basement membrane (GBM)
thickening, mesangial expansion'>'” and significant
glomerulopathy lesions.'®

Glomerular and renal tubular interstitium injury
plays a role in the pathogenesis of DN and several
tubular damage markers have been investigated in the
early detection of DN.**?* Among them, neutrophil
gelatinase-associated lipocalin (NGAL), which isa 178
amino acid 25 kDa protein, first purified and identified
in 1993 by Kjeldsen et al, seems to be a promising
biomarker.*'**! It is mainly produced in renal tubules
in response to structural kidney injury,? but also, to
a lesser degree, in the lung, trachea, stomach, and
colon, while it is excreted in the urine.” NGAL values
may be influenced by renal diseases, hypertension,
inflammatory conditions, hypoxia and malignancies.?
NGAL as a renal biomarker was first described in
2003, following experimental renal ischemia in a
mouse model.?* In contrast to conventional serum
markers, such as creatinine or blood urea nitrogen,
NGAL is considered as a marker of renal structural
damage. In previous studies, NGAL was effective in
the early diagnosis of acute kidney injury (AKI) in
several clinical settings® and was also validated for
its prognostic role in cardiovascular morbidity.>*

Cystatin C (CysC) is a small-molecular-weight
protein and, in particular, an endogenous cysteine
proteinase inhibitor highly correlated with GFR.? It
is not influenced by inflammatory conditions, muscle
mass, gender, body composition and age (after the
age of 12 months).?”’ Superiority of CysC over other
markers of renal function decline lies in its ability to
remain unbound to protein and to be freely filtered
across the glomeruli. In healthy subjects, CysC is
almost freely filtered by the glomeruli and almost
entirely reabsorbed in the proximal tubule like other
low molecular weight proteins with no or only partial
tubular secretion. Inter-individual variation in CysC
account for 25% of its biological variability compared
to 93% for creatinine.”** Moreover, increased CysC
values are associated with increased cardiovascular
morbidity risk and atherosclerosis progression in both
T1D patients and severely obese children.?!

Glomerular filtration rate (GFR) is best evaluated
by the clearance of iohexol (iGFR).*** Alternatively,
in children, the 2009 modified Schwartz bedside GFR
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formula has been widely adopted because it has been
strongly correlated to iGFR.** Moreover, formulas
that assess both creatinine and cystatin C, like the
Lund strategy (L-eGFR),* are considered to provide
more accurate and reliable estimation of the GFR.

The aim of this study was to determine the possible
predicting roles of serum NGAL and serum CysC, as
supplementary tests to the urinary albumin excretion,
in unmasking an early renal structural injury and renal
function decline in asymptomatic, normoalbuminuric
young T1D patients.

RESEARCH DESIGN AND METHODS

This is an observational cross-sectional long-term
follow-up study. During a 12-15 months’ follow-up
period, a patient-group that completed both baseline
and reevaluation at 12-15 months was evaluated. The
patient group consisted of 56 T1D patients, with
mean age 13.1 years (SD: 3.20) and mean diabetes
duration 4.59 years (SD: 3.49) at enrollment, who
were prospectively followed for at least 2 years at the
Diabetes Centre of the First Department of Pediatrics
of the University of Athens, Aghia Sophia Children’s
Hospital, Greece. The follow-up is scheduled to
continue and reevaluation of the biomarkers will

take place at a third point of time, three years after
the baseline assessment.

The diagnosis of T1D was based in all participants
of the patients’ group on the presence of the high
titer of at least one and mostly two of the known
autoantibodies related to type 1 diabetes mellitus.
Specifically, the percentage (%) of positivity for
each autoantibody tested was: for Glutamic Acid
Decarboxylase Autoantibodies (GADA) (72%),
Insulinoma-Associated-2 Autoantibodies (IA2) (71%),
Insulin Autoantibodies (IAA) (45%) and Islet Cell
Cytoplasmic Autoantibodies (ICA) (35%). Ten of the
patients presented with microalbuminuria at inclu-
sion in the study, while five of them had persistent
microalbuminuria at reevaluation and five patients
were restored to normoalbuminuria. Three patients
presented with newly diagnosed microalbuminuria
at reevaluation. In total, eight patients were found
to have microalbuminuria at reassessment.

Forty-nine healthy children with mean age 12.8
(SD: 6,6) who were referred to the Division of En-
docrinology for growth evaluation but were found to
be within the normal reference charts and willing to
participate in the study, served as controls (Table 1).
Informed consent was obtained from the parents of

Table 1. Demographic characteristics of T1D patients at baseline and conrols
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all participants prior to their inclusion in the study.

The study was approved by the Ethics Commit-
tee of the Aghia Sophia Children’s Hospital and has
therefore been performed in accordance with the
ethical standards laid down in the 1964 Declaration
of Helsinki and its later amendments.

Inclusion criteria for all participants were euthy-
roidism for at least 6 months prior to study enrollment
as well as during follow-up. The exclusion criteria
were the presence of active urinary tract infection,
glucocorticoid medication, pregnancy, renal disease
and any chronic disease other than T1D.

After 12-hour fasting, a morning blood sample was
obtained for blood urea nitrogen, creatinine (sCr),
uric acid (UA) and Glycated hemoglobin (HbA1c)
determination. Blood was collected in special vials
to be used for measurement of the specific markers
NGAL and CysC. Part of the blood was centrifuged
for separation of serum and stored at -80°C, until
final assessments. Urinary albumin excretion was
determined from a 24-hour urine collection (micro-
albuminuria was defined with values between 30-
300 mg/24 hours, measured on at least two of three
measurements over a two- to three-month period)
and was measured by nephelometry.

CysC concentration was measured by an immu-
no-nephelometric technique using the BN Prospec
nephelometer (Dade Behring, Siemens Healthcare
Diagnostics, Liederbach, Germany). The nephelo-
metric method is more sensitive and performs op-
timally in dilute solution, making it preferable for
small sample volumes encountered in the pediatric
population. With a range of 0.23-7.25 mg/L,, this assay
is currently the most precise automated assay across
the clinical concentration range. The inter-assay co-
efficient of variation (CV) for the assay was 5.05%
and 4.87% at mean concentrations of 0.97 and 1.90
mg/L, respectively.

The GFR was calculated according to the eGFR™
and L-eGFR* equation methods mentioned above.

Serum NGAL levels were measured using a com-
mercially available ELISA (Bioporto, Gentofte,
Denmark). The intra- and inter-assay coefficients of
variation (CVs) were 5.6% and 6.4%, respectively.

The values of systolic and diastolic arterial blood

pressure (SAP and DAP respectively), body mass
index (BMI) and the height are expressed in z-scores.

Statistical analysis

Statistical analyses were performed using Med-
Calc for Windows, version 12.5 (MedCalc Software,
Ostend, Belgium). Correlation analysis is used to
determine whether the values of two variables are
associated using Pearson parametric correlation
(Pearson’s correlation coefficient r with P-value).
Student t-test was performed as appropriate (paired
samples t-test were used to test the null hypothesis
that the average of the differences between a series
of paired observations is zero when performed on the
same subjects or independent samples t-test when
performed between controls’ and patients’ group).
Multiple regression analysis was a method used to
examine the relationship between one dependent
variable and one or more independent variables.
The significance was defined at p-value <0.05, rho
and 95% confidence interval (CI) for the correlation
coefficient.

RESULTS

Paired samples t-test of repeated measurements
revealed that mean eGFR value in T1D patients was
increased at re-evaluation (mean eGFR at baseline=
90.72 with SD= 19.8, mean eGFR at reevaluation=
97.5 with SD= 17.5,n1=56, p=0.003). The same analy-
sis showed an increase of the L-eGFR at reevaluation,
but this result was not statistically significant (mean
value at baseline=120.7, mean value at reevalua-
tion= 122.7, n=56). Regarding eGFR, 13 patients
were found to have a decreased value at reevaluation,
while for L-eGFR, 23 patients had a decreased value
at reevaluation. Mean value of NGAL at baseline
was not significantly different between T1D patients
and controls (mean: 59.5 for T1D patients, mean for
controls: 62.6, p=0.393), but NGAL mean value of
T1D patients at reevaluation (mean: 67.6) was statisti-
cally significantly higher than the mean value of the
controls’ group (p<0.001) according to Student t-test
statistical analysis for independent samples. Paired
samples t-test of repeated measurements revealed
that mean NGAL value in T1D patients was increased
at re-evaluation (p=0.032) (Figure 1). At baseline,
regarding the T1D patients’ group, NGAL had no
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Figure 1. Comparison of NGAL plasma lenels at baseline and
at re-evaluation after one year (p=0.032). Boxes represent the
interquartile range; lines inside boxes represent the median
value; cross represents mean marker; whiskers represent the
lowest and highest observation, respectively.

significant correlation either with eGFR (p=0.067)
or with CysC (p=0.179), but it was negatively cor-
related with L-eGFR (r=-0.35, p=0.007, n=56). At
re-evaluation, NGAL was positively correlated to
CysC (r=0.41, p=0.0014, n=56) (Figure 2), SAP z-
score (r=0.29, p=0.031, n=56) (Figure 3) and sCr
(r=0.32, p=0.010 n=56). Moreover, at re-evaluation,
NGAL had a negative correlation with both eGFR
(r=-0.26, p=0.049, n=56) and L-eGFR (r=-0.33,
p=0.002, n=56) (Figure 4). No statistically significant
correlation was found between NGAL and micro-
albuminuria; however, regression analysis revealed
that NGAL values higher than 70 pg/L at both time
points of assessment had a positive correlation with
the presence of microalbuminuria (r=0.29, p= 0.038).
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Figure 2. NGAL had a positive correlation to Cystatin C in pa-
tients with T1D at re-evaluation (r=0.41, p=0.001, n=56).
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Figure 3. NGAL had a positive correlation to systolic arterial
pressure (SAP) z-score in patients with type 1 diabetes mellitus
at re-evaluation (r=0.3, p=0.03, n=56).
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Figure 4. NGAL had a negative correlation to eGFR estimated
with the Lund strategy formula in patients with type 1 diabetes
mellitus at re-evaluation (r=0.33, p=0.002, n=56).

NGAL value, both at baseline and at re-evaluation,
did not significantly correlate either with HbAlc or
with BMI z-score, age or diastolic arterial pressure
z-score. Furthermore, a multiple regression analysis
was performed between NGAL at both time points of
evaluation and age, age of T1D onset, BMI z-score,
pubertal stages, sex and height z-score, but no statisti-
cally significant associations were revealed. However,
higher NGAL values correlated positively with T1D
duration (p=0.049).

Paired sample t-test of repeated measurements
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revealed that CysC mean value in T1D patients did
not significantly differ between the two time points
of assessment (p=0.61). No significant difference was
observed between controls’ and T1D CysC measure-
ments (p=0.21). At reevaluation, CysC had a negative
correlation to eGFR (r=-0.29, p= 0.025, n=56) and
a positive one with sCr (r=0.35, p=0.009, n=56). At
re-evaluation, UA in T1D was positively correlated
with CysC (r=0.41, p=0.016, n=56). No statistically
significant correlation was found between CysC and
microalbuminuria (p=0.75), HbAlc (p=0.24), BMI
z-score (p=0.38), age (p=0.79), SAP z-score (p=0.38),
DAP z-score (p=0.46) and T1D duration (p=0.44). A
multiple regression analysis was performed between
CysC at both time points of evaluation and age, age
of T1D onset, T1D duration, pubertal stages, BMI
z-score, sex and height z-score and a statistically
significant positive correlation between CysC and
male sex in the patients’ group (r=0.47, p<0.001)
was revealed. No statistically significant correlation
was found between the male sex and cystatin C in
the controls’ group. A multiple regression analysis
was performed between sCreatinine at both time
points of evaluation and age as well as T1D duration
and a statistically significant positive correlation be-
tween age of assessment and sCr was found (r=0.50,
p=0.0014), but no significant association with T1D
duration was demonstrated (p=0.372). A multiple
regression analysis was performed between eGFR,
L-eGFR and age as well as T1D duration, but no
statistically significant association was found.

No participant from the control group presented
microalbuminuria.

During follow-up all participants had eGFR greater
than 60 ml/min.

DISCUSSION

Microalbuminuria has generally been considered
as the earliest marker of diabetic nephropathy de-
velopment and is often associated with established
significant glomerular damage. However, recent
studies showed that MA does not necessarily reflect
permanent renal impairment. In addition, several lines
of evidence suggest that early structural damage in
both glomerular and tubular structures may be present
in normoalbuminuric subjects. Indeed, cohort studies

including prepubertal children with average diabetes
duration of 5-8 years revealed GBM thickening and
mesangial expansion,” while it also disclosed that
longstanding normoalbuminuric T1D patients may
have significant glomerulopathy lesions'®!*!* The
pathophysiologic changes in DN therefore include
renal function decline associated with cellular and
extracellular derangements in both the glomerular
and tubulo-interstitial compartments. '

The first results of this long-term observational
study aimed in assessing the predictive value of early
markers of renal injury, such as NGAL and CysC, in
young T1D patients by unraveling renal structural
damage long before renal dysfunction occurs.

We found that the mean value of estimated GFR
for the patients’ group was increased at reevaluation,
as expected, since the equation formulas take into
account body height, which increases with advancing
age in children and adolescents. The cases where
eGFR was lower at reevaluation than at baseline
were related to a higher serum creatinine or cystatin
C. NGAL correlated negatively with eGFR and L-
e¢GFR, indicating an association with renal function
decline. NGAL was positively correlated with CysC,
SAP z-score, Cr and T1D duration. NGAL values
higher than 70ug/L were associated with the presence
of microalbuminuria. Our study underpins the value of
NGAL as a biomarker of early renal damage in T1D,
since NGAL values increased during follow-up more
specifically when eGFR was decreased and this may
reflect a progress of the early renal structural dam-
age occurring with advancing T1D duration. NGAL
value demonstrated a significant negative correlation
with the estimated GFR using two different methods,
suggesting that a higher NGAL value is associated
with a glomerular function decline even if remain-
ing within normal values, this probably suggestive of
the occurrence of early lesions. The number of the
included patients who presented microalbuminuria
was much lower than the number of patients who
presented a decreased eGFR. Moreover, the fact
that a percentage of normoalbuminuric patients,
who were found to have renal function decline, pre-
sented higher NGAL concentrations, while some
patients with microalbuminuria had normal NGAL
concentrations, may imply that these two markers,
i.e. microalbuminuria and NGAL, may reflect dif-
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ferent sites of renal damage during the process of
DN establishment.

It is certainly necessary to identify markers of
early tubular damage independently of albuminuria
development in patients with early DN and progres-
sion, as it may play a significant role in the manage-
ment of the normoalbuminuric renal insufficiency
cases.***’ The significant positive correlation between
NGAL, a known marker of structural renal lesion,
and established renal biochemical indexes such as
sCr and CysC underpin its important role in the early
diagnosis of renal dysfunction.

SAP has been previously demonstrated to be a
predictor of DN.? In our study, because it was specifi-
cally focused on a young population, we estimated
the SAP z-score and found a positive correlation with
NGAL. This fact, independently of DN, may reflect an
indirect role of NGAL as an endothelial dysfunction
marker. Undoubtedly, further studies investigating
endothelial dysfunction will further delineate the
extent of microvascular damage in DN. According
to multiple regression analysis, NGAL values were
not influenced by age, age of T1D onset and puberty,
suggesting independency from the several physiologic
mechanisms occurring during puberty.

A limitation of our study was the fact that repeated
measurements were obtained only in the children with
T1D after 12-15 months and not in the control group
aswell. However, it is considered unethical to perform
repeated venipunctures in healthy children, especially
in assessing markers that have been shown not to be
related to pubertal progression and age, while they
do not increase without a backstage tissue injury.”
Moreover, it is known that microalbuminuria does
not occur in healthy children unless renal disease,
hypertension, obesity or cardiovascular disease are
present.®

The diagnostic utility of CysC is well documented
in the acute setting.”*** Our study demonstrated that
CysC had a positive correlation with sCr and a nega-
tive correlation with eGFR, suggesting that higher
cystatin C values correlate with a decreased eGFR.
These findings may support the predictive role of
CysC in early DN. Moreover, cystatin C assessment
is undoubtedly useful in the more accurate GFR
determination.* Its significant positive correlation

with UA, which has been demonstrated to be as-
sociated with renal dysfunction,' hypertension and
cardiovascular disease, further supports the role of
CysC as a prognostic cardiometabolic biomarker in
diagnosing early diabetic microvascular complica-
tions.*'?*? Multiple regression analyses found that
CysC values were not influenced by age, duration of
T1D and puberty. However, CysC was found to have
higher values in boys in the patients’ group, and this
fact may imply a gender dimorphism of this biomarker.
This finding has not been previously reported, nor
has it been replicated in our control group, and it
therefore necessitates further validation through
large-scale future studies.

According to the National Kidney Foundation (NKF)
and the Kidney Disease Outcomes Quality Initiative
(KDOQI), a patient is considered to be in chronic
kidney disease (CKD) state if he presents a GFR <60
mL/min per 1.73 m? for three months or more. Alter-
natively, any ongoing (at least three months) structural
or functional abnormality of the kidney, regardless
of GFR, that can be detected by pathological abnor-
malities or specific markers is considered CKD.* The
significant correlation between NGAL, cystatin C and
GFR decline further support the prognostic role of
NGAL and cystatin C in unmasking the structural renal
damage before an overt renal impairment becomes
evident. The association between the early tubular
interstitial damage in normoalbuminuric people with
T1D and NGAL is further supported by recently pub-
lished studies.'”!#* To our knowledge, this is the first
study to demonstrate the predictive role of NGAL and
CysC as early markers of DN in children, adolescents
and young adults before severe overt nephropathy oc-
curs. These findings remain to be further confirmed
at the final evaluation of this long-term study as well
as by further prospective studies.

Defining new predictors as supplementary tests
to urinary albumin excretion for the early diagnosis
of DN would accelerate the effective management
and treatment approaches which are desperately
needed in order to minimize the rates of severe
cardiorenal morbidity and mortality in young T1D
patients. Therefore, these data need to be confirmed
by further large-scale longitudinal studies before be-
ing integrated in the DN risk assessment of young
patients with T1D.
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