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Abstract. – OBJECTIVE: Type 1 diabetes 
mellitus (DM1) and obesity represent two chron-
ic pediatric diseases characterized by increased 
risk for renal impairment and cardiovascular 
disease. The potential usefulness of neutrophil 
gelatinase-associated lipocalin (NGAL) and ma-
trix metalloproteinase-9 (MMP-9), two novel bio-
markers, for predicting early kidney injury or 
increased cardiovascular risk in children and ad-
olescents with DM1 or obesity, was investigated 
in this cross-sectional study.

PATIENTS AND METHODS: Serum samples 
were obtained from children and adolescents 
aged 12.7 ± 3.8 years old with DM1 (n = 38) or 
obesity (n = 34) and normal renal function, as 
well as from healthy controls (n = 24). NGAL 
and MMP-9 concentrations were measured us-
ing commercially available sandwich ELISA kits 
(NGAL: DY1757-05, MMP-9: DMP900; R&D sys-
tems, Minneapolis, MN, USA). 

RESULTS: NGAL serum values were found 
significantly higher in patients with obesity but 
not in those with DM1. A positive correlation was 
found in patients with DM1 with diabetes dura-
tion, and in the total population with body mass 
index (BMI) z-score. Also, serum MMP-9 lev-
els were significantly increased in patients with 
DM1 and in patients with obesity compared to 
controls. 

CONCLUSIONS: Circulating NGAL and MMP-
9 levels may prove useful as surrogate biomark-
ers to creatinine, glomerular filtration rate (GFR), 
and albumin excretion rate for early detection of 
kidney injury and cardiovascular complications 
in children and adolescents with DM1 or obesity.

Key Words:  
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Introduction

Type 1 diabetes mellitus (DM1) represents a 
complex chronic disease of autoimmune origin 
with an accelerating prevalence worldwide. It 
is characterized by the destruction of the insu-
lin-producing pancreatic beta cells and progres-
sive metabolic derangement that is directly as-
sociated with macrovascular and microvascular 
complications1. More than 30% of patients with 
DM1 develop diabetic kidney disease (DKD), 
which is the leading cause of end-stage kidney 
disease (ESKD), presenting as reduced renal 
function and/or albuminuria2. Other DM1 com-
plications include retinopathy, neuropathy, and 
cardiovascular disease (CVD)2.

In general, DKD is caused by multiple factors, 
including genetic predisposition and environ-
mental components, such as obesity and lifestyle, 
while arterial hypertension and uncontrolled hy-
perglycemia further increase the morbidity and 
mortality risk associated with DKD3. Many im-
plicated genes have been identified, broadening 
our understanding of the involved pathophysi-
ological mechanisms. So far, the most frequent-
ly used tools for assessing the severity of renal 
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impairment are microalbuminuria and glomeru-
lar filtration rate (GFR)3. However, both markers 
have restrictions in their use, including reduced 
sensitivity. Therefore, novel, sensitive diagnostic 
and predictive biomarkers of kidney damage have 
been proposed to estimate the risk for DKD with 
the intent of integrating them into clinical prac-
tice. Among numerous biomarkers that have been 
examined, neutrophil gelatinase-associated lipo-
calin (NGAL) has been proposed as a promising 
useful marker for early detection of chronic kid-
ney disease (CKD)3. NGAL is an innate immune 
protein of 25 kDa that belongs to the lipocalin 
superfamily and is expressed by activated neutro-
phils but is also stored in other human tissues4. 
It can also be produced in kidney tubular cells 
as a response to ischemia and tubular injury5. In 
acute kidney injury, NGAL levels increase due to 
NGAL overexpression in distal nephrons and im-
paired tubular reabsorption6.

Obesity is another common chronic disease 
with multifactorial causes, characterized by the 
accumulation of adipose tissue, energy homeosta-
sis imbalance, and metabolic dysregulation. Pe-
diatric obesity represents a public health concern 
as it has reached epidemic proportions worldwide 
and is associated with the development of car-
diovascular complications and premature death 
in adults7. Impaired insulin sensitivity, type 2 
diabetes (DM2), dyslipidemia, hypertension, ath-
erosclerosis, and peripheral and coronary artery 
disease are leading causes of obesity-related mor-
bidity and mortality8,9. 

In addition, it is well-established that inflam-
mation plays a key role in obesity and its compli-
cations. Research has shown that obesity is linked 
to a low-grade chronic inflammatory process due to 
the secretion of adipokines that are involved in ex-
tracellular matrix (ECM) remodelling10. Similarly, 
obesity-related comorbidities, such as hypertension, 
are also characterized by an inflammatory process 
mediated by proteolysis of the ECM10. This ECM 
degradation is mediated by matrix metalloprotein-
ases (MMPs), which are zinc-dependent endopep-
tidases responsible for precise proteolysis and syn-
thesized by vascular, endothelial, and inflammatory 
cells that are involved in the degradation of proteins 
such as collagen, elastin, and fibronectin10. Among 
them, MMP-9 is considered a key player in tissue re-
modelling11 and is overexpressed in adults with obe-
sity12. MMP-9 degradation is inhibited by NGAL, 
resulting in sustained MMP-9 proteolytic activity. 
Disorders in MMP-9 activity, gene expression, and 
urine concentrations have been reported in patients 

with diabetes-associated nephropathy and in other 
proteinuric kidney diseases.

According to the literature, there appears to 
be a strong relationship between kidney disease 
and CVD. It has been found that in patients with 
ESKD, the risk of CVD is overwhelming13 and 
that the vascular alterations involved are associ-
ated with the remodeling of extracellular matrix14 
due to disordered MMP activity15. Therefore, 
NGAL and MMP-9 serum concentrations could 
hypothetically depict this relationship. 

The aim of the present study was to investigate 
the possible role of serum NGAL and MMP-9 in 
identifying children and adolescents with DM1 
or obesity and kidney dysregulation or increased 
cardiovascular risk, taking into consideration age, 
sex, duration of diabetes, diabetes regulation, and 
severity of obesity.

Patients and Methods

Study Population
This is a single-center cross-sectional study of 

38 children and adolescents with DM1 and 34 chil-
dren and adolescents with obesity, aged two to 18 
years old, who were seen in routine follow-up visits 
in the outpatient clinic of the division of pediatric 
endocrinology and diabetes of a tertiary hospital, 
the University Hospital of Patras in Greece. Twen-
ty-four healthy controls were also included in the 
study. Exclusion criteria for participation included 
DM1 diagnosis less than six months prior to re-
cruitment, presence of any other chronic diseases, 
and thyroid disorders. All patients were monitored 
by protocol for anthropometric indices (weight, 
height, BMI) and pubertal status using Tanner 
stages. In order to classify the different degrees of 
weight status, we used the body mass index (BMI) 
z-score adjusted for age and sex. A BMI z-score of 
> 2 was used to define obesity.

The study was approved by the research ethics 
committee of the University Hospital of Patras 
(No.: 353, date: 02/09/2015) and it was conducted 
in accordance with the Helsinki Declaration as re-
vised in 2013. Written informed consent from the 
parents or legal representatives of the participat-
ing children and adolescents and informed assent 
from the participants were obtained.

Serum NGAL, MMP-9, and Standard 
Biochemical Measurements

Serum NGAL and MMP-9 concentrations were 
measured in children and adolescents with T1DM 
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and obesity and in the controls. They were asso-
ciated with age, DM1 duration, glucose control, 
lipid profile, renal function, and degree of albu-
minuria. All obtained serum samples were appro-
priately stored at -80°C after separation from clot-
ted blood by centrifugation for 10 min at 1,200 x g 
at 4°C until assayed. NGAL and MMP-9 concen-
trations were measured using commercially avail-
able sandwich ELISA kits (NGAL: DY1757-05, 
MMP-9: DMP900; R&D systems, Minneapolis, 
MN USA). The tests were performed according to 
the manufacturer’s recommended protocols. 

Total serum cholesterol (Chol), high-density li-
poprotein (HDL), low-density lipoprotein (LDL), 
triglyceride (TG), creatinine, and hemoglobin A1c 
(HbA1c) levels were measured using an automat-
ed analyzer [ADVIA® 2400 Chemistry System, 
Siemens (Erlangen, Germany)]. The estimated 
glomerular filtration rate (eGFR) was calculated 
according to the revised bedside Schwartz formu-
la as indicated by the Kidney Disease Improving 
Global Outcomes (KDIGO) guidelines (https://
www.kidney-international.org/article/S0085-
2538(23)00766-4/fulltext). 

Statistical Analysis
All analyses were performed with either the 

SPSS statistical package (version 16.0 SPSS Inc., 
Chicago, IL, USA) or GraphPad Prism (version 
5.00 for Windows, GraphPad Software; San Di-
ego, CA, USA). All statistical tests were two-sid-
ed, with significance set at p < 0.05. 

Quantitative variables are presented as mean 
and standard deviation when normally distribut-

ed or median and interquartile range (IQR) when 
skewed. The Kolmogorov-Smirnov test was used 
for normality analysis. Categorical data are pre-
sented as frequencies and percentages (n, %). For 
examining the differences in the means of NGAL 
or MMP-9 serum concentrations between chil-
dren with DM1 or obesity and controls, we used 
ANOVA with Bonferroni post-hoc analysis in 
normally distributed data or Kruskal-Wallis test 
with Dunn’s post-hoc analysis in skewed data. 
Furthermore, patients with DM1 were divided 
into two groups according to their mean HbA1c 
levels calculated using HbA1c measurements of 
the past year of follow-up (mean HbA1c < 7%: 
group with optimal glucose control; HbA1c > 7%: 
group with suboptimal glucose control). Com-
parisons between measured markers and HbA1c 
or Tanner stages were performed using indepen-
dent samples t-test or Mann-Whitney test in case 
of violation of normality. Moreover, correlation 
Spearman’s rho was used to test the relationship 
between demographic, clinical or biochemical 
variables with serum NGAL and MMP-9 levels. 

Results

Overall, 96 children and adolescents were en-
rolled in the study. Baseline demographic char-
acteristics of both groups of patients and controls 
are shown in Table I. There were 38 patients with 
DM1, 34 patients with obesity, and 24 control sub-
jects. The mean duration after DM1 diagnosis was 
3.4 ± 2.6 years. There were 27 patients with more 

Controls (n = 24) DM1 (n = 38) Obesity (n = 34) p-value

Age (years) 9.9 ± 3.4 12.7 ± 3.8 12.2 ± 2.8 0.08
Sex (males/females) 7/17 17/21 15/19 ns
BMI z-score 0.53 ± 0.8 0.52 ± 0.9 2.2 ± 0.5 < 0.001
Serum creatinine (mg/dl) 0.68 ± 0.13 0.71 ± 0.12 0.66 ± 0.13 ns
eGFR (ml/min/1.73 m2) 95 ± 17 93 ± 23 97 ± 16 ns
TSH 1.89 ± 0.69 1.82 ± 0.71 2.41 ± 1.1 0.01
FT4 1.24 ± 0.19 1.24 ± 0.17 1.25 ± 0.21 ns
CHOL 158.6 ± 28.4 167.5 ± 31.5 160.6 ± 39.4 ns
LDL 93.2 ± 21.8 94.5 ± 24.9 93.9 ± 38.7 ns
HDL 62.7 ± 12.9 58.5 ± 10.9 50.4 ± 13.5 < 0.001
TG 65.1 ± 24.8 67.2 ± 26.7 90.6 ± 60.1 0.03

Table I. Basic clinical and biochemical characteristics of controls and patients with DM1 and obesity. 

BMI: body mass index, eGFR: estimated glomerular filtration rate, TSH: thyroid stimulating hormone, FT4: free T4, CHOL: 
cholesterol, LDL: low-density lipoprotein, HDL: high-density lipoprotein, TG: triglycerides.

https://www.kidney-international.org/article/S0085-2538(23)00766-4/fulltext
https://www.kidney-international.org/article/S0085-2538(23)00766-4/fulltext
https://www.kidney-international.org/article/S0085-2538(23)00766-4/fulltext
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than one year of DM1 duration and eight patients 
with a duration of over five years. Well-controlled 
DM1 (as defined in methods) was observed in 17 
children. Twenty-two patients were prepubertal, 
while the rest were pubertal. All the patients were 
euthyroid and had normal GFR and normoalbu-
minuria. 

Neutrophil Gelatinase-Associated 
Lipocalin 

Post-hoc analyses showed that serum NGAL 
concentrations were significantly increased in 
patients with obesity in comparison to both con-
trols and patients with DM1. In the latter group, 
although NGAL concentrations were moderately 
increased, this did not reach statistical significance 
(Table II, Figure 1A). Furthermore, in patients with 
DM1, NGAL concentrations showed a positive 
correlation with diabetes duration (Spearman rho 
0.364, p = 0.044). However, patients with different 
diabetes duration (> 1 year vs. < 1 year, or > 5 years 
vs. < 5 years) did not show significantly different 
serum NGAL concentrations, although they were 

marginally higher in the groups of larger DM1 du-
ration (46,807 ± 19,995 vs. 30,972 ± 7,345 pg/ml, 
p = 0.13, and 53,400 ± 14,823 vs. 41,760 ± 20,327 
pg/ml, p = 0.15, respectively). Glycaemic control 
expressed as mean HbA1c < 7% vs. > 7% did not 
affect NGAL levels. Finally, in patients with DM1, 
different pubertal statuses, as expressed by Tanner 
stages, did not significantly affect serum NGAL 
concentrations, although prepubertal children 
showed modestly higher levels (61,869 ± 26,618 vs. 
50,145 ± 20,426 pg/ml, p = 0.07). 

No significant correlations were found in pa-
tients with obesity. When all study participants 
were examined together, serum NGAL concen-
trations correlated positively to BMI z-score 
(Spearman rho 0.401, p = 0.004). 

Matrix Metalloproteinase-9 (MMP-9)
Serum MMP-9 concentrations were overall 

found to be significantly increased in patients 
with DM1 and obesity in comparison to controls 
(Table II, Figure 1B). In post-hoc analyses, MMP-
9 serum concentrations were found to be margin-

Controls (n = 24) DM1 (n = 35) Obesity (n = 38) p-value

NGAL (pg/ml) 36,396 ± 10,750 44,894 ± 18,489 75,079 ± 48,551 < 0.001
MMP-9 (ng/ml) 282.6 ± 145.1 437.1 ± 221 559 ± 345.9 < 0.001

Table II. Neutrophil gelatinase-associated lipocalin and MMP-9 serum concentrations between controls 
and patients with either DM1 or obesity.

DM1: type 1 diabetes mellitus, NGAL: neutrophil gelatinase-associated lipocalin, MMP-9: matrix 
metalloproteinase-9.

Figure 1. Mean values of markers NGAL and MMP-9 in serum of children with type 1 diabetes mellitus (DM1), obesity 
(obes), and controls (Con). A, NGAL serum concentrations. B, MMP-9 serum concentrations. *: p < 0.05, ***: p < 0.001.
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ally increased in patients with obesity in compar-
ison to those with DM1, but this difference was 
not significant. Patients diagnosed with DM1 for 
different time periods (> 1 year vs. < 1 year, or > 
5 years vs. < 5 years) did not show significantly 
different serum MMP-9 levels although they were 
marginally higher in the groups of larger duration 
(462.8 ± 227.2 vs. 267.4 ± 63.5 ng/ml, p = 0.1, 533.8 
± 284.1 vs. 404.1 ± 193.3 ng/ml, p = 0.16, respec-
tively). Suboptimal glucose control expressed as 
mean HbA1c > 7% did not affect MMP-9 concen-
trations. Finally, in patients with obesity, different 
pubertal statuses, as expressed by Tanner stages, 
did not affect serum MMP-9 concentrations.

When all study participants were examined to-
gether, serum MMP-9 levels did not correlate to 
any biochemical or other factors. In patients with 
either DM1 or obesity, serum MMP-9 concentra-
tions also did not show any correlation with any of 
the examined indices. 

Discussion

The findings of the present study demonstrate 
that NGAL concentrations are significantly high-
er in children and adolescents with obesity com-
pared to healthy controls. Interestingly, the dif-
ference was not significant when children and 
adolescents with DM1 were compared to their 
healthy peers. This finding is of particular impor-
tance since elevated serum NGAL concentrations 
have been associated with acute kidney injury 
(AKI) and chronic kidney disease16. NGAL has 
been proposed as an effective diagnostic mark-
er of AKI in different clinical settings17,18, and as 
such, it has raised great expectations. Of interest, 
it is considered to perform better as a marker of 
AKI in children than in adults17,19.

NGAL has also been proposed as a marker of 
CKD progression. An inverse relationship has 
been found between serum and urine NGAL 
and GFR decrease20. Kidney injury is common-
ly estimated by endogenous creatinine, an index 
of kidney function. However, increased blood 
creatinine concentrations primarily reflect GFR. 
Therefore, they are not considered ideal for the es-
timation of kidney injury if the GFR is not signifi-
cantly reduced, as creatinine is influenced by diet, 
muscle mass, medications, sex, and ethnicity. In 
contrast to creatinine and other previously used 
markers, such as blood urea nitrogen and cystatin 
C, NGAL does not reflect renal function but renal 
cell damage. More specifically, it has been report-

ed that increased NGAL concentrations are not 
only caused by decreased kidney clearance but 
also by increased production by damaged tubu-
lar epithelial cells. Therefore, whereas increased 
creatinine reflects the loss of functional nephrons, 
increased NGAL depicts the rate of progression of 
CKD21. In addition, creatinine is produced in the 
liver. Therefore, hepatic parenchymal dysfunc-
tion has a direct impact on its concentrations22. 

Other commonly used diagnostic markers for 
CKD include GFR, albuminuria, and protein-
uria. However, their sensitivity is limited23. GFR 
is a measure of total nephron function. The use 
of inulin clearance for the measurement of GFR 
is considered the gold standard method but has 
been abandoned in clinical practice as it is labo-
rious. The Schwartz formula is used instead as 
a measure of estimated GFR, which uses serum 
creatinine, height, and the coefficient k, which is 
proportional to muscle mass and depends on age 
and sex. The error of GFR has been shown to be 
± 30-40% in children24, and in younger than two 
years old children, GFR can be underestimated 
due to urinary tract immaturity.

Albuminuria is not always sensitive as a re-
nal marker in children, as pediatric CKD is of-
ten caused by congenital anomalies which are 
associated with tubular loss of albumin as well25. 
There is also mounting evidence suggesting that 
glomerular or tubular damage is not always de-
pendent on albuminuria, as it may be present in 
the absence of microalbuminuria26,27.

Microalbuminuria, defined as a urinary albu-
min excretion rate of 30-300 mg/day or urinary 
albumin-to-creatinine ratio of 30-300 mg/g, is 
used for the screening of diabetes nephropathy 
(DN) in DM128. It represents probably the most 
devastating complication of DM1 as it is associat-
ed with a high incidence of ESKD, cardiovascular 
disease, and premature death. Microalbuminuria 
is present in 12-16% of adolescents with DM129 
and is directly linked to puberty and poor glycae-
mic control30. Significant glomerular damage is 
believed to have already been established when 
albuminuria is detected. Nonetheless, regression 
of microalbuminuria is frequently seen in patients 
with DM1, particularly in the early stages, and 
even if it persists, it is usually not accompanied 
by impaired kidney function. In addition, a signif-
icant portion of non-albuminuric patients present 
with renal impairment31,32; therefore, numerous 
studies33,34 have challenged the diagnostic value 
of microalbuminuria in diabetic nephropathy and 
have proposed novel early biomarkers for early 
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detection of DN. Among them, NGAL is one of 
the most promising tubular markers since DN is 
caused by both glomerular and tubular interstitial 
injury27,28. NGAL is detected before the onset of 
proteinuria or alterations of the GFR, and it has 
also been associated with early tubular damage in 
nonalbuminuric patients with DM1. 

A study by Papadopoulou-Marketou et al35, 
demonstrated that serum and urine NGAL concen-
trations were not significantly different in children 
and adolescents with DM1 compared to controls on 
initial evaluation, which is in line with our find-
ings35. However, they were significantly higher in 
the diabetes group on re-evaluation 12-15 months 
later, which may suggest that there is a critical time 
point when kidney injury that can be captured by 
NGAL develops. In agreement with the above hy-
pothesis is the finding by both the study by Papa-
dopoulou-Marketou et al35 and our present study, 
that serum NGAL is positively correlated with dia-
betes duration. Notably, our population of children 
and adolescents with DM1 had a younger mean 
age (12.7 vs. 13.1 years) and smaller duration of 
diabetes (3.4 vs. 4.59 years), which could account 
for the higher, but not significantly higher NGAL 
concentrations compared to the controls. It could 
be speculated that if the participating population 
was older, larger or the duration of diabetes longer, 
this difference may have reached statistical signif-
icance. Further large-scale prospective studies are 
required so that safer conclusions can be drawn. 
Remarkably, no correlations were found by our 
group between NGAL and GFR, creatinine levels, 
age of DM1 patients, lipidemic profile, or any of 
the other studied parameters.

On the other hand, the significantly higher 
NGAL concentrations in the children and adoles-
cents with obesity compared to the controls sug-
gest that kidney injury is present from an early age 
in this population. This finding confirms recent 
literature reports indicating that pediatric obesity 
is associated with an increased risk of kidney in-
jury, CKD, and ESKD36,37. Again, since the onset 
of obesity-related renal disease is insidious and 
asymptomatic, and since in the presence of func-
tional reserve and normal kidney function, GFR 
is maintained within the normal range, markers 
that directly reflect kidney injury are needed. In 
a study by Polidori et al38, urinary NGAL con-
centrations were found increased in prepubertal 
children with obesity38. In contrast, Gul et al39, 
failed to demonstrate a relationship between urine 
NGAL and obesity, but it should be noted that the 
obesity group was small39. 

Our finding of significantly increased serum 
NGAL concentrations in the obese population but 
not in the age-matched population with DM1 may 
suggest that obesity represents a stronger risk 
factor for tubular renal injury and cardiovascular 
morbidity than DM1. This is one of the most im-
portant findings of the present study. This study is 
the first to examine both children and adolescents 
with DM1 and children and adolescents with obe-
sity, which adds to the importance of the findings.

In addition, our data demonstrated significant-
ly elevated MMP-9 concentrations in children 
and adolescents with DM1 and in those with obe-
sity compared to the controls. MMP-9 concen-
trations have been implicated in diseases charac-
terized by inflammation and oxidative stress40,41. 
As previously mentioned, MMPs modulate the 
extracellular matrix, and their production is en-
hanced by increased glucose concentrations. In-
deed, increased serum MMP-9 levels and MMP-
9 excretion have been observed in patients with 
DM1 compared to non-diabetic individuals42,27. 
It has also been shown that advanced glycation 
end-products produced secondary to chronic hy-
perglycemia increase MMP-9 expression43, which 
is also positively correlated with HbA1c concen-
trations. In children with DKA, MMP-9 levels are 
even higher compared to children with DM1 but 
without DKA44.

Moreover, MMP-9 concentrations have been 
found to be significantly higher in adult patients 
with T1DM and retinopathy compared to non-di-
abetic patients (p < 0.001) and patients with 
T1DM but without retinopathy (p < 0.05). MMP-
9 concentrations have also been found elevated 
in adults with DM1 and subclinical neuropathy, 
nephropathy, or atherosclerosis45. It is well known 
that renal function decline in DM1 is associated 
with both glomerular and tubulointerstitial injury 
and that diabetic nephropathy is linked to gener-
alized endotheliopathy and cardiovascular dis-
ease46. Disordered remodeling of ECM by MMPs 
is associated with vascular damage47. Therefore, 
MMP-9 has been proposed as a surrogate bio-
marker of retinopathy and other early diabetic 
complications in patients with T1DM48,49.

Increased serum MMP-9 concentrations have 
been found in adults with obesity50, metabolic syn-
drome51, and type 2 diabetes52. A positive correla-
tion has been found between MMP-9 expression 
and BMI, whereas insulin sensitivity has been neg-
atively correlated with MMP-953. MMP-9 activa-
tion has been associated with increased cardiovas-
cular disease and mortality rates in adults54. 
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Furthermore, increased MMP-9 concentrations 
have been reported in hypertensive compared to 
normotensive adults55, although a causal relation-
ship between MMP-9 and hypertension has not 
clearly been established. Interestingly, elevated 
MMP-9 concentrations have been associated with 
obesity and cardiac hypertrophy in treatment-re-
sistant hypertensive patients, suggesting crosstalk 
among obesity, components of ECM, and cardiac 
remodelling56, rendering this biomarker as a po-
tential predictor of cardiovascular disease.

Differences have been found in MMP-9 haplo-
types between children and adolescents with obe-
sity and controls, indicating that genetic factors 
may account for the development of obesity-re-
lated cardiovascular complications57. It has also 
been demonstrated that children and adolescents 
with obesity present higher mean intima-media 
thickness values of the carotid arteries, which are 
linked to chronic inflammatory processes in car-
diovascular disease mediated by MMP-958.

It has been hypothesized that MMP-9 elevation 
in DM1 reflects the underlying inflammation42. In 
the same context, the same may be true for obe-
sity, as inflammation is a common characteristic 
for both entities.

The current study has certain limitations, in-
cluding the small sample size. Another limitation 
is that the circulating concentrations of the stud-
ied biomarkers do not necessarily reflect the tissue 
concentration and matrix degradation59. There-
fore, larger studies in tissues and on a molecular 
level may be useful to confirm our findings.

Notably, although dyslipidemia is considered 
one of the laboratory predictors of diabetes ne-
phropathy, but also of endothelial damage and 
cardiovascular disease60, no association was es-
tablished between the NGAL or MMP-9 and the 
lipid profile of the two studied groups. 

Conclusions

Novel non-invasive biomarkers are required 
for the estimation of renal impairment with 
evolutionary potential and unmasking early 
cardiovascular complications in children and 
adolescents with DM1 and obesity, two of the 
most common and complex chronic pediatric 
diseases. Our results are in line with previous 
findings favoring the possible predictive role of 
NGAL and MMP-9 as early markers of renal im-
pairment and asymptomatic cardiovascular mor-
bidity before creatinine levels are increased and 

independently of microalbuminuria. NGAL has 
recently emerged as a promising biomarker of 
acute and chronic kidney damage, able to detect 
tubular renal injury before creatinine levels are 
increased. As shown by our results, this may be 
of clinical relevance for children and adolescents 
with DM1, but particularly for children and ado-
lescents with obesity. MMP-9 may also serve as 
an early marker of asymptomatic cardiovascular 
morbidity in the clinical context of both DM1 
and obesity during childhood and adolescence. 
Early diagnosis may enable early intervention 
with potentially effective therapies and treat-
ment approaches, which may prevent or mini-
mize the rates of severe renal and cardiovascular 
morbidity in patients with T1DM or obesity.

Conflict of Interest 
All authors declare no conflict of interest.

Acknowledgments
The authors thank the MODY ELKE Foundation of the Uni-
versity of Patras for funding the publication of this research.

Funding
The publication of this research was funded by the MODY 
ELKE Foundation of the University of Patras (grant number: 
932, date 02/10/2024). 

Authors’ Contributions
Study conception and design were performed by E. Kost-
opoulou, D. Goumenos, B.E. Spiliotis, and M. Papasotiriou. 
Material preparation and data collection were performed by 
D. Kalavrizioti and P. Davoulou. Statistical analyses were 
conducted by P. Plotas and E. Papachristou. The first draft 
of the manuscript was written by E. Kostopoulou, and M. 
Papasotiriou, while X. Sinopidis, G. Dimitriou, and B.E. 
Spiliotis critically reviewed the manuscript. All authors 
commented on the manuscript draft versions and approved 
the article version to be published.

Availability of Data and Materials  
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Ethics Approval 
This study was performed in accordance with the principles 
of the Declaration of Helsinki. The Research Ethics Commit-
tee of the University Hospital of Patras granted approval (No. 
353, dated 02-09-15).



NGAL and MMP-9 as biomarkers in children with diabetes and obesity

4543

Informed Consent 
Informed consent was provided by the parents or legal repre-
sentatives of all participants.

AI Disclosure 
The authors did not use artificial intelligence or assisted tech-
nologies in the production of the study, including figures.

ORCID ID 
Eirini Kostopoulou: 0000-0002-7051-7537
Dimitra Kalavrizioti: 0000-0002-1853-9368
Panagiotis Plotas: 0000-0001-5514-7083
Xenophon Sinopidis: 0000-0002-0878-0668
Evangelos Papachristou: 0000-0002-7162-9805
Gabriel Dimitriou: 0000-0001-7929-1573
Bessie E. Spiliotis: 0000-0001-7922-4012
Marios Papasotiriou: 0000-0001-9375-989X

References

 1) Harding JL, Pavkov ME, Magliano DJ, Shaw JE, 
Gregg EW. Global trends in diabetes complica-
tions: a review of current evidence. Diabetologia 
2019; 62: 3-16.

 2) Gnudi L. Renal disease in patients with type 2 
diabetes: Magnitude of the problem, risk factors 
and preventive strategies. Press Med 2023; 52: 
104159.

 3) Mitsnefes MM, Kathman TS, Mishra J, Kartal M, 
Khoury PR, Nickolas TL, Barasch J, Devarajan 
P. Serum neutrophil gelatinase-associated lipo-
calin as a marker of renal function in children with 
chronic kidney disease. Pediatr Nephrol 2007; 22: 
101-108.

 4) Schmidt-Ott KM, Mori K, Jau YL, Kalandadze A, 
Cohen DJ, Devarajan P, Barasch J. Dual action of 
neutrophil gelatinase-associated lipocalin. J Am 
Soc Nephrol 2007; 18: 407-413.

 5) Mishra J, Ma Q, Prada A, Mitsnefes M, Zahedi K, 
Yang J, Barasch J, Devarajan P. Identification of 
neutrophil gelatinase-associated lipocalin as a 
novel early urinary biomarker for ischemic renal 
injury. J Am Soc Nephrol 2003; 14: 2534-2543.

 6) Singer E, Markó L, Paragas N, Barasch J, Dragun 
D, Muller DN, Budde K, Schmidt-Ott KM. Neutro-
phil gelatinase-associated lipocalin: pathophysi-
ology and clinical applications. Acta Physiol (Oxf) 
2013; 207: 663-672.

 7) Adams KF, Schatzkin A, Harris TB, Kipnis V, 
Mouw T, Ballard-Barbash R, Hollenbeck A, Leitz-
mann MF. Overweight, obesity, and mortality in 
a large prospective cohort of persons 50 to 71 
years old. N Engl J Med 2006; 355: 763-778.

 8) Perone F, Spadafora L, Pratesi A, Nicolaio G, Pala 
B, Franco G, Ruzzolini M, Ambrosetti M. Obesity 
and cardiovascular disease: Risk assessment, 
physical activity, and management of complica-

tions. Int J Cardiol Cardiovasc Risk Prev 2024; 23: 
200331.

 9) Barlow SE, Dietz WH. Obesity evaluation and 
treatment: Expert Committee recommendations. 
Pediatrics 1998; 102: e29. 

10) Nagase H, Visse R, Murphy G. Structure and 
function of matrix metalloproteinases and TIMPs. 
Cardiovasc Res 2006; 69: 562-573.

11) Fontana V, Silva PS, Gerlach RF, Tanus-Santos 
JE. Circulating matrix metalloproteinases and 
their inhibitors in hypertension. Clin Chim Acta 
2012; 413: 656-662.

12) Lopes A, Alves M, Pontes J, Dias N, Figueiredo 
J, Santos R, Loureiro H, Castanheira J, Osorio N, 
Monteiro M, Caseiro A. Matrix metalloproteinase 
9 and its tissue inhibitor 1 in obesity. Eur J Public 
Health 2019; 29: 40.

13) Stenvinkel P, Pecoits-Filho R, Lindholm B. Coro-
nary artery disease in end-stage renal disease: 
no longer a simple plumbing problem. J Am Soc 
Nephrol 2003; 14: 1927-1939.

14) Pai A, Leaf EM, El-Abbadi M, Giachelli CM. Elas-
tin degradation and vascular smooth muscle cell 
phenotype change precede cell loss and arterial 
medial calcification in a uremic mouse model of 
chronic kidney disease. Am J Pathol 2011; 178: 
764-773.

15) Marson BP, Poli de Figueiredo CE, Tanus-San-
tos JE. Imbalanced matrix metalloproteinases in 
cardiovascular complications of end-stage kidney 
disease: a potential pharmacological target. Basic 
Clin Pharmacol Toxicol 2012; 110: 409-415.

16) Buonafine M, Martinez-Martinez E, Jaisser F. 
More than a simple biomarker: the role of NGAL 
in cardiovascular and renal diseases. Clin Sci 
(Lond) 2018; 132: 909-923.

17) Haase M, Bellomo R, Devarajan P, Schlattmann 
P, Haase-Fielitz A, PharmD NGAL Meta-analysis 
Investigator Group. Accuracy of neutrophil gelati-
nase-associated lipocalin (NGAL) in diagnosis 
and prognosis in acute kidney injury: a systematic 
review and meta-analysis. Am J Kidney Dis 2009; 
54: 1012-1024.

18) Haase-Fielitz A, Haase M, Devarajan P. Neutro-
phil gelatinase-associated lipocalin as a biomark-
er of acute kidney injury: a critical evaluation of 
current status. Ann Clin Biochem 2014; 51: 335-
351.

19) Zhang A, Cai Y, Wang PF, Qu JN, Luo ZC, Chen 
XD, Huang B, Liu Y, Huang WQ, Wu J, Yin YH. 
Diagnosis and prognosis of neutrophil gelati-
nase-associated lipocalin for acute kidney injury 
with sepsis: a systematic review and meta-analy-
sis. Crit Care 2016; 20: 41. 

20) Bolignano D, Lacquaniti A, Coppolino G, Donato 
V, Campo S, Fazio MR, Nicocia G, Buemi M. Neu-
trophil gelatinase-associated lipocalin (NGAL) 
and progression of chronic kidney disease. Clin J 
Am Soc Nephrol 2009; 4: 337-344.

21) Bellos I, Fitrou G, Daskalakis G, Perrea DN, Per-
gialiotis V. Neutrophil gelatinase-associated lipo-



E. Kostopoulou, D. Kalavrizioti, P. Davoulou, P. Plotas, X. Sinopidis, E. Papachristou, et al

4544

calin as predictor of acute kidney injury in neo-
nates with perinatal asphyxia: a systematic review 
and meta-analysis. Eur J Pediatr 2018; 177: 1425-
1434.

22) Vijayan A, Faubel S, Askenazi DJ, Cerda J, Fis-
sell WH, Heung M, Humphreys BD, Koyner JL, Liu 
KD, Mour G, Nolin TD, Bihorac A. Clinical use of 
the urine biomarker [TIMP-2] × [IGFBP7] for acute 
kidney injury risk assessment. Am J Kidney Dis 
2016; 68: 19-28.

23) Khwaja A. KDIGO clinical practice guidelines for 
acute kidney injury. Nephron Clin Pract 2012; 120: 
c179-c184. 

24) Bujnowska A, Bȩdzichowska A, Jobs K, Kalicki 
B. Novel early markers of chronic kidney disease. 
Pediatria i Medycyna Rodzinna 2019; 15: 234-
239.

25) Alderson HV, Ritchie JP, Pagano S, Middleton 
RJ, Pruijm M, Vuilleumier M, Kalra PA. The as-
sociations of Blood Kidney Injury Molecule-1 and 
Neutrophil Gelatinase-Associated Lipocalin with 
progression from CKD to ESRD. Clin J Am Soc 
Nephrol 2016; 11: 2141-2149.

26) Torbjörnsdotter TB, Perrin NESS, Jaremko GA, 
Berg UB. Widening of foot processes in normoal-
buminuric adolescents with type 1 diabetes. Pedi-
atr Nephrol 2005; 20: 750-758.

27) Thrailkill KM, Moreau CS, Cockrell GE, Jo CH, 
Bunn RC, Morales-Pozzo AE, Lumpkin CK, Fowl-
kes JL. Disease and gender-specific dysregula-
tion of NGAL and MMP-9 in type 1 diabetes melli-
tus. Endocrine 2010; 37: 336-343. 

28) Viberti GC, Jarrett RJ, Mahmud U, Hill RD, Argy-
ropoulos A, Keen H. Microalbuminuria as a pre-
dictor of clinical nephropathy in insulin-dependent 
diabetes mellitus. Lancet 1982; 1: 1430-1432. 

29) Schultz CJ, Konopelska-Bahu T, Dalton RN, Car-
roll TA, Stratton I, Gale EA, Neil A, Dunger DB. 
Microalbuminuria prevalence varies with age, 
sex, and puberty in children with type 1 diabetes 
followed from diagnosis in a longitudinal study. 
Oxford Regional Prospective Study Group. Dia-
betes Care 1999; 22: 495-502. 

30) The Adolescent type 1 Diabetes cardio-renal In-
tervention Trial (AdDIT). Adolescent type 1 Diabe-
tes Cardio-renal Intervention Trial (AdDIT). BMC 
Pediatr 2009; 9: 79. 

31) Molitch ME, Steffes M, Sun W, Rutledge B, Cleary 
P, de Boer IH, Zinman B, Lachin J. Development 
and progression of renal insufficiency with and 
without albuminuria in adults with type 1 diabe-
tes in the diabetes control and complications trial 
and the epidemiology of diabetes interventions 
and complications study. Diabetes Care 2010; 33: 
1536-1543.

32) Vistisen D, Andersen GS, Hulman A, Persson F, 
Rossing P, Jorgensen ME. Progressive decline 
in estimated glomerular filtration rate in patients 
with diabetes after moderate loss in kidney func-
tion-even without albuminuria. Diabetes Care 
2019; 42: 1886-1894.

33) Perkins BA, Krolewski AS. Early nephropathy in 
type 1 diabetes: a new perspective on who will 
and who will not progress. Curr Diab Rep 2005; 5: 
455-463.

34) Lacquaniti A, Donato V, Pintaudi B, Di Vieste G, 
Chirico V, Buemi A, Di Benedetto A, Arena A, 
Buemi M. “Normoalbuminuric” diabetic nephrop-
athy: tubular damage and NGAL. Acta Diabetol 
2013; 50: 935-942. 

35) Papadopoulou-Marketou N, Skevaki C, Kosteria 
I, Peppa M, Chrousos GP, Papassotiriou I, Kana-
ka-Gantenbein C. NGAL and cystatin C: two possi-
ble early markers of diabetic nephropathy in young 
patients with type 1 diabetes mellitus: one year fol-
low up. Hormones (Athens) 2015; 14: 232-240. 

36) Gunta SS, Mak RH. Is obesity a risk factor for 
chronic kidney disease in children? Pediatr 
Nephrol 2013; 28: 1949-1956.

37) Hsu CY, McCulloch CE, Iribarren C, Darbinian J, 
Go AS. Body mass index and risk for end-stage 
renal disease. Ann Intern Med 2006; 144: 21-28. 

38) Polidori N, Giannini C, Salvatore R, Pelliccia 
P, Parisi A, Chiarelli F, Mohn A. Role of urinary 
NGAL and KIM-1 as biomarkers of early kidney 
injury in obese prepubertal children. J Pediatr En-
docrinol Metab 2020; 33: 1183-1189. 

39) Gul A, Yilmaz R, Ozmen ZC, Gumuser R, Demir 
O, Unsal V. Assessment of renal function in obese 
and overweight children with NGAL and KIM-1 
biomarkers. Nutr Hosp 2020; 34: 436-442. 

40) Gasche Y, Soccal PM, Kanemitsu M, Copin JC. 
Matrix metalloproteinases and diseases of the 
central nervous system with a special emphasis on 
ischemic brain. Front Biosci 2006; 11: 1289-1301.

41) Nyati KK, Prasad KN, Verma A, Paliwal VK. Cor-
relation of matrix metalloproteinases-2 and -9 
with proinflammatory cytokines in Guillain-Barré 
syndrome. J Neurosci Res 2010; 88: 3540-3546.

42) Derosa G, Avanzini MA, Geroldi D, Fogari R, Lori-
ni R, De Silvestri A, Tinelli C, Rondini G, d’Annun-
zio G. Matrix metalloproteinase 2 may be a mark-
er of microangiopathy in children and adolescents 
with type 1 diabetes mellitus. Diabetes Res Clin 
Pract 2005; 70: 119-125. 

43) Zhang F, Banker G, Liu X, Suwanabol PA, Leng-
feld J, Yamanouchi D, Kent KC, Liu B. The novel 
function of advanced glycation end products in 
regulation of MMP-9 production. J Surg Res 2011; 
171: 871-876. 

44) Garro A, Chodobski A, Szmydynger-Chodobska 
J, Shan R, Bialo SR, Bennett J, Quayle K, Rewers 
A, Schunk JE, Casper TC, Kuppermann N, Gla-
ser N, for the Pediatric Emergency Care Applied 
Research Network (PECARN). Circulating matrix 
metalloproteinases in children with diabetic keto-
acidosis. Pediatr Diabetes 2017; 18: 95-102. 

45) Kadoglou NP, Daskalopoulou SS, Perrea D, Liapis 
CD. Matrix metalloproteinases and diabetic vascu-
lar complications. Angiology 2005; 56: 173-189.

46) Poulsen PL, Hansen KW, Mogensen CE. Ambula-
tory blood pressure in the transition from normo- 



NGAL and MMP-9 as biomarkers in children with diabetes and obesity

4545

to microalbuminuria. A longitudinal study in IDDM 
patients. Diabetes 1994; 43: 1248-1253.

47) Galis ZS, Khatri JJ (2002) Matrix metalloprotein-
ases in vascular remodelling and atherogenesis: 
the good, the bad, and the ugly. Circ Res 2002; 
90: 251-262.

48) Papadopoulou-Marketou N, Whiss PA, Eriksson 
AC, Hyllienmark L, Papassotiriou I, Wahlberg J. 
Plasma levels of tissue inhibitor of metallopro-
teinase-1 in patients with type 1 diabetes mellitus 
associate with early diabetic neuropathy and ne-
phropathy. Diab Vasc Dis Res 2021; 18: 2.

49) Jacqueminet S, Ben Abdesselam O, Chapman 
MJ, Nicolay N, Foglietti MJ, Grimaldi A, Beaudeux 
JL. Elevated circulating levels of matrix metallo-
proteinase-9 in type 1 diabetic patients with and 
without retinopathy. Clinica Chimica Acta 2006; 
367: 103-107. 

50) Derosa G, Ferrari I, D’Angelo A, Tinelli C, Sal-
vadeo SAT, Ciccarelli L, Piccinni MN, Gravina 
A, Ramondetti F, Maffioli P, Cicero AFG. Matrix 
metalloproteinase-2 and -9 levels in obese pa-
tients. Endothelium 2008; 15: 219-224. 

51) Gonçalves FM, Jacob-Ferreira ALB, Gomes VA, 
Casella-Filho A, Chagas ACP, Marcaccini AM, 
Gerlach RF, Tanus-Santos JE. Increased circu-
lating levels of matrix metalloproteinase (MMP)-8, 
MMP-9, and pro-inflammatory markers in patients 
with metabolic syndrome. Clin Chim Acta 2009; 
403: 173-177. 

52) Derosa G, D’Angelo A, Tinelli C, Devangelio E, Con-
soli A, Miccoli R, Penno G, Del Prato S, Paniga S, 
Cicero AFG. Evaluation of metalloproteinase 2 and 
9 levels and their inhibitors in diabetic and healthy 
subjects. Diabetes Metab 2007; 33: 129-134. 

53) Unal R, Yao-Borengasser A, Varma V, Rasouli 
N, Labbate C, Kern PA, Ranganathan G. Matrix 
metalloproteinase-9 is increased in obese sub-
jects and decreases in response to pioglitazone. 
J Clin Endocrinol Metab 2010; 95: 2993-3001. 

54) Drechsler C, Pilz S, Obermayer-Pietsch B, Ver-
duijn M, Tomaschitz A, Krane V, Espe K, Dekker 
F, Brandenburg V, Marz Q, Ritz E, Wanner C. 
Vitamin D deficiency is associated with sudden 
cardiac death, combined cardiovascular events, 
and mortality in haemodialysis patients. Eur 
Heart J 2010; 31: 2253-2261. 

55) Fontana V, Silva PS, Belo VA, Antonio RC, Ce-
ron CS, Biagi C, Gerlach RF, Tanus-Santos JE. 
Consistent alterations of circulating matrix metal-
loproteinases levels in untreated hypertensives 
and in spontaneously hypertensive rats: a rele-
vant pharmacological target. Basic Clin Pharma-
col Toxicol 2011; 109: 130-137. 

56) Ritter AMV, de Faria AP, Barbaro N, Sabbatini 
AR, Correa NB, Brunelli V, Amorim R, Modolo R, 
Moren H. Crosstalk between obesity and MMP-9 
in cardiac remodelling -a cross-sectional study 
in apparent treatment-resistant hypertension. 
Blood Press 2017; 26: 122-129. 

57) Belo VA, Souza-Costa DC, Luizon MR, Lanna 
CMM, Carneiro PC, Izidoro-Toledo TC, Ferraz 
KC, Tanus-Santos JE. Matrix metalloproteinase-9 
genetic variations affect MMP-9 levels in obese 
children. Int J Obes (Lond) 2012; 36: 69-75. 

58) Andrade C, Bosco A, Sandrim V, Silva F. MMP-9 
Levels and IMT of Carotid Arteries are Elevated 
in Obese Children and Adolescents Compared 
to Non-Obese. Arq Bras Cardiol 2017; 108: 198-
203.

59) Tan J, Hua Q, Xing X, Wen J, Liu R, Yang Z. Im-
pact of the metalloproteinase-9/tissue inhibitor 
of metalloproteinase-1 system on large arterial 
stiffness in patients with essential hypertension. 
Hypertens Res 2007; 30: 959-963. 

60) Orchard TJ, Forrest KYZ, Kuller LH, Becker DJ. 
Lipid and blood pressure treatment goals for 
type 1 diabetes: 10-year incidence data from the 
Pittsburgh Epidemiology of Diabetes Complica-
tions Study. Diabetes Care 2001; 24: 1053-1059.


