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Abstract. Pediatric nephrotic syndrome (NS) presents significant diagnostic and prognostic 
challenges in contemporary clinical practice. Despite advances in understanding disease 
mechanisms, substantial gaps persist in risk stratification frameworks, standardized 
diagnostic criteria for complex cases, and clinical implementation of novel biomarkers. 

The present review aimed to critically evaluate current and emerging diagnostic approaches 
for detecting early kidney injuries in pediatric nephrotic syndrome, examining developmental 
renal physiology, disease mechanisms, conventional marker limitations, novel biomarkers 
and multi-marker strategies to provide evidence-based recommendations for improving 
early detection and long-term outcomes in affected children.

The review summarizes current evidence on the clinical relevance of novel biomarkers 
of kidney injury, including neutrophil gelatinase-associated lipocalin (NGAL), kidney 
injury molecule-1 (KIM-1), liver-type fatty acid–binding protein (L-FABP), N-acetyl-
β-D-glucosaminidase, cystatin C, interleukin-18, and osteopontin. These biomarkers 
reflect different pathophysiological mechanisms such as tubular injury, inflammation, 
ischemia, oxidative stress, fibrosis and are able to detect subclinical renal damage before 
a measurable decline in glomerular filtration rate occurs. Particular attention is given to 
KIM-1, NGAL, and L-FABP as early indicators of tubular injury, as well as to osteopontin 
as a marker associated with chronic inflammation and renal fibrotic remodeling. Available 
data indicate that the combined use of several biomarkers improves early detection, risk 
stratification and monitoring of disease course in children with nephrotic syndrome.

Keywords: pediatric nephrotic syndrome, biomarkers, risk stratification, diagnostic 
challenges, children.
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Introduction. Nephrotic syndrome (NS) is the 
most common primary glomerular disorder in child-
hood and remains a major contributor to kidney-related 
morbidity worldwide. The global incidence of pediatric 
nephrotic syndrome is estimated at approximately 2.9 
cases per 100,000 children per year, with pronounced 
geographic and ethnic variability. Higher incidence 
rates have been reported among Asian populations, 
reaching up to 6.1 per 100,000 children annually com-
pared with lower rates observed in North American 
and European populations ranging from 2.1 to 2.4 per 
100,000. These differences are thought to reflect a com-
bination of genetic predisposition, environmental fac-
tors and population-specific disease susceptibility [1].

Clinically NS is characterized by massive protein-
uria, hypoalbuminemia, generalized edema and hyper-
lipidemia resulting from disruption of the glomerular 
filtration barrier. Beyond these defining features, af-
fected children are at increased risk of infectious com-

plications, thromboembolic events, dyslipidemia, im-
paired growth and development. The clinical course of 
pediatric nephrotic syndrome is highly variable [1, 2]. 
While the majority of children initially respond to cor-
ticosteroid therapy and are defined as steroid-sensitive 
nephrotic syndrome up to half experience frequent re-
lapses or develop steroid dependence, requiring pro-
longed or repeated exposure to immunosuppressive 
medications. Approximately 10–15% of pediatric pa-
tients exhibit steroid-resistant nephrotic syndrome, a 
form associated with a markedly increased risk of pro-
gression to chronic kidney disease (CKD) and eventual 
end-stage kidney disease (ESRD) [3].

Traditionally, nephrotic syndrome has been clas-
sified and managed based on clinical presentation, 
response to therapy, and histopathological findings. 
However, growing evidence indicates that nephrotic 
syndrome represents a group of biologically hetero-
geneous disorders rather than a single disease entity. 
The identification of circulating anti-nephrin auto-
antibodies in a substantial proportion of children dur-
ing active disease has provided important insight into 
immune-mediated mechanisms of podocyte injury [4]. 
Additional immunological studies have demonstrated 
activation of inflammatory signaling pathways during 
disease relapse, further reinforcing the concept of ne-
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Резюме. Нефротичний синдром у дітей становить значні діагностичні та прогностичні труднощі у су-
часній клінічній практиці. Незважаючи на прогрес у розумінні механізмів захворювання, зберігаються суттєві 
прогалини у підходах до стратифікації ризику, стандартизації діагностичних критеріїв у складних клінічних 
випадках та впровадженні нових біомаркерів у клінічну практику.

Метою цього огляду було критично оцінити сучасні та перспективні діагностичні підходи до виявлення 
раннього ушкодження нирок у дітей з нефротичним синдромом з урахуванням особливостей вікової фізіології 
нирок, патогенетичних механізмів захворювання, обмежень традиційних лабораторних маркерів, а також ролі 
нових біомаркерів і мультимаркерних стратегій з метою формування доказових рекомендацій щодо покращення 
ранньої діагностики та довгострокових результатів у дітей.

В огляді узагальнено сучасні дані щодо клінічного значення нових біомаркерів ушкодження нирок, зокрема 
нейтрофільного желатиназо-асоційованого ліпокаліну (NGAL), молекули ушкодження нирки-1 (KIM-1), печін-
кового типу білка, що зв’язує жирні кислоти (L-FABP), N-ацетил-β-D-глюкозамінідази, цистатину C, інтер-
лейкіну-18 та остеопонтину. Ці біомаркери відображають різні патофізіологічні механізми, включаючи тубу-
лярне ушкодження, запалення, ішемію, оксидативний стрес і фіброз, та здатні виявляти субклінічне ураження 
нирок до розвитку клінічно значущого зниження швидкості клубочкової фільтрації. Особливу увагу приділено 
NGAL, KIM-1 та L-FABP, як раннім маркерам тубулярного ушкодження, а також остеопонтину як маркеру, 
пов’язаному з хронічним запаленням і фібротичним ремоделюванням ниркової тканини. Наявні дані свідчать, 
що комбіноване використання декількох біомаркерів підвищує ефективність раннього виявлення, стратифікації 
ризику та моніторингу перебігу нефротичного синдрому у дітей.
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phrotic syndrome as an immune-driven podocytopathy 
with distinct biological subtypes [4, 5].

Despite advances in understanding disease mecha-
nisms, assessment of kidney function and injury in pe-
diatric NS continues to rely primarily on conventional 
laboratory markers, including serum creatinine (S-Cr), 
blood urea nitrogen (BUN) and estimated glomerular 
filtration rate (eGFR) [6]. These markers have sig-
nificant limitations, particularly in children. Serum 
creatinine is a late and insensitive indicator of kidney 
injury, typically increasing only after substantial loss of 
functional nephron mass. Its interpretation is further 
complicated by factors intrinsic to nephrotic syndrome, 
including age-related variability in muscle mass, altered 
nutritional status, corticosteroid exposure, massive 
proteinuria, hypoalbuminemia and fluctuations in in-
travascular volume. Consequently, early or subclinical 
kidney injury may remain undetected using standard 
laboratory assessments [5, 6].

Importantly, kidney involvement in nephrotic 
syndrome extends beyond glomerular injury alone. Per-
sistent proteinuria, recurrent disease activity, hemody-
namic instability, infections, and exposure to poten-
tially nephrotoxic therapies contribute to tubular dam-
age, interstitial inflammation, and progressive fibrotic 
remodeling [6]. Episodes of acute kidney injury may 
occur during relapses or complications, while chronic 
tubulointerstitial injury plays a critical role in long-term 
renal outcome, particularly in frequently relapsing and 
steroid-resistant forms of the disease. Conventional 
functional markers are poorly suited to detect these 
processes at an early and potentially reversible stage  
[6, 7].

These limitations have driven increasing inter-
est in novel biomarkers capable of reflecting distinct 
mechanisms of kidney injury, including tubular dam-
age, inflammation, cellular stress, and fibrogenesis. 
Such biomarkers offer the potential to detect renal 
injury before overt decline in glomerular filtration be-
comes apparent, to differentiate disease activity from 
treatment-related nephrotoxicity, and to improve risk 
stratification in vulnerable patient subgroups [8]. In pe-
diatric nephrotic syndrome, where long-term outcomes 
are shaped by cumulative injury over years of disease 
activity and treatment exposure, early identification of 
kidney damage is of particular clinical importance [9].

In this context, the present review examines current 
and emerging biomarkers of kidney injury in pediatric 
NS, focusing on their biological relevance, diagnostic 
potential and limitations. By integrating knowledge of 
developmental renal physiology, disease mechanisms 
and biomarker performance, this review aims to clarify 
how novel approaches to kidney damage assessment 
may improve early detection, guide clinical decision-
making and ultimately enhance long-term outcomes for 
children with nephrotic syndrome.

Material and methods. This work represents a 
review of current evidence regarding novel biomark-
ers of kidney injury in pediatric nephrotic syndrome. 

A literature search was conducted in PubMed/MED-
LINE, Scopus, Web of Science and Google Scholar 
covering publications from January 2020 to June 2025. 
The search included the terms “pediatric nephrotic 
syndrome,” “childhood nephrotic syndrome,” “bio-
markers,” “kidney injury,” “NGAL,” “KIM-1,” “L-
FABP,” “NAG,” “cystatin C,” “interleukin-18,” “os-
teopontin,” and “calcineurin inhibitor nephrotoxici-
ty.” Reference lists of selected articles were additionally 
reviewed to identify relevant publications.

The search identified 129 records. After removal 
of duplicates, 64 articles were screened by title and ab-
stract; 26 studies were included in the final analysis. 
Eligible publications included original research articles, 
systematic reviews and clinical guidelines addressing 
biomarkers of kidney injury in children with nephrotic 
syndrome. Case reports, conference abstracts without 
full text, and non-English papers were excluded. Given 
the heterogeneity of study designs and outcome mea-
sures, the findings are presented in a descriptive manner 
without quantitative synthesis.

Aim. This narrative review aims to critically evalu-
ate current and emerging diagnostic approaches for de-
tecting kidney injuries in pediatric nephrotic syndrome, 
examining developmental renal physiology, disease 
mechanisms, conventional marker limitations, novel 
biomarkers and multi-marker strategies to provide 
evidence-based recommendations for improving early 
detection and long-term outcomes in affected children.

Nephrotic syndrome: A basic overview. Nephrotic 
syndrome is a kidney disorder characterized by four 
cardinal features: massive proteinuria (protein loss in 
urine), hypoalbuminemia (low blood albumin levels), 
edema (tissue swelling), and hyperlipidemia (elevated 
blood fats) [1-3]. The underlying problem involves 
damage to the glomerular filtration barrier, specifically 
the podocytes and their slit diaphragms, which normal-
ly prevent large proteins like albumin from leaking into 
urine. When this barrier becomes compromised, exces-
sive protein loss occurs, typically exceeding 40 mg/m²/
hour or presenting as a urine protein-to-creatinine ratio 
above 200 mg/mmol in children [1].

The clinical manifestations follow a predictable 
pathophysiological cascade. Heavy proteinuria depletes 
serum albumin levels below 30 g/L, reducing plasma 
oncotic pressure and allowing fluid to shift from blood 
vessels into tissue spaces, causing edema [2]. The liver 
responds to low albumin by increasing synthesis of li-
poproteins, resulting in hyperlipidemia. Additionally, 
urinary loss of immunoglobulins and complement fac-
tors increases infection susceptibility, while loss of an-
tithrombin III and other coagulation factors elevates 
thrombosis risk [1, 2, 4].

In children NS encompasses several histological 
subtypes identifiable only through kidney biopsy. Mini-
mal change disease (MCD) accounts for 65-75% of 
cases in younger children and shows no visible glomer-
ular abnormalities under light microscopy [1]. Focal 
segmental glomerulosclerosis (FSGS) represents ap-
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proximately 25% of cases and displays scarring in some 
glomeruli [2]. The distinction between steroid-sensitive 
nephrotic syndrome (SSNS) which responds to corti-
costeroid therapy and steroid-resistant nephrotic syn-
drome (SRNS) has critical prognostic implications. 
SRNS carrying substantially higher risk of progression 
to chronic kidney disease and eventual kidney failure 
[1, 2, 5].

Basic representation of the main pathophysi-
ological processes underlying NS in children includes 
structural and biophysical alterations of the glomerular 
capillary wall, which constitute the primary pathogenic 
mechanism of nephrotic syndrome. Injury to the glo-

merular filtration barrier increases permeability to plas-
ma proteins, leading to significant proteinuria. Ongoing 
urinary protein loss reduces serum albumin levels and 
results in hypoalbuminemia. The consequent decrease 
in plasma oncotic pressure facilitates fluid movement 
from the intravascular compartment into the intersti-
tial space, leading to edema. At the same time, reduced 
albumin levels stimulate hepatic lipoprotein synthesis, 
contributing to disordered lipid metabolism and hy-
perlipidemia. These mechanisms account for the main 
clinical and laboratory features of nephrotic syndrome 
(Fig. 1). 

Fig. 1. Pathophysiological mechanisms underlying the development and systemic manifestations of nephrotic syndrome. 
The figure illustrates the cascade of events initiated by structural and biophysical alterations of the glomerular capillary wall. 

Increased permeability of the glomerular filtration barrier to plasma proteins leads to significant proteinuria. Sustained urinary 
protein loss results in decreased serum albumin levels and hypoalbuminemia. 

Novel approaches in kidney damage evaluation in 
nephrotic syndrome: A new look. In children with es-
tablished NS, worsening kidney function may represent 
acute kidney injury from hemodynamic factors (hypo-
volemia, hypervolemia with heart failure) or compli-
cations (infection, thrombosis); medication-induced 
nephrotoxicity; progression of underlying glomerular 
disease to CKD; or development of a superimposed 
kidney disease [1, 2, 5].

Traditional markers like serum creatinine and 
eGFR provide limited ability to distinguish among 
these scenarios. Novel biomarkers offer potential ad-
vantages. For instance, tubular injury markers (NGAL, 
KIM-1, NAG) that rise acutely suggest acute tubular 
damage from ischemia or toxins, whereas chronically 
elevated concentrations may indicate ongoing tubu-

lar injury from proteinuria or medications. Glomeru-
lar markers (proteinuria patterns, podocyturia) reflect 
disease activity at the glomerular level. Biomarkers of 
fibrosis (urinary DKK3, certain microRNAs) may indi-
cate progressive fibrotic processes [6-9].

Children with frequently relapsing or steroid-de-
pendent NS often receive calcineurin inhibitors (cyclo-
sporine or tacrolimus) as steroid-sparing agents. While 
effective in preventing relapses, these medications have 
inherent nephrotoxic potential through both acute he-
modynamic effects (vasoconstriction, reduced GFR) 
and chronic structural toxicity (tubulointerstitial fibro-
sis, arteriolopathy [10].

The challenge lies in distinguishing calcineurin 
inhibitor nephrotoxicity from underlying nephrotic 
syndrome progression, as both may present with ris-
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ing serum creatinine and declining eGFR. Kidney bi-
opsy remains the gold standard for diagnosis, showing 
characteristic features of calcineurin inhibitor toxicity, 
including arteriolopathy (hyaline arteriolosclerosis), 
striped interstitial fibrosis, and tubular atrophy [9, 10]. 
However, a biopsy is invasive and not suitable for fre-
quent monitoring.

Novel biomarkers may help identify early neph-
rotoxicity and other clinical features of the NS course. 
Validation of these biomarkers specifically in pediatric 
NS presents a promising direction for non-invasive tox-
icity monitoring. Below, we discuss the main benefits of 
the novel markers’ usage in NS. 

Novel biomarkers of the kidney injury in ne-
phrotic syndrome. Recognition of the limitations of 
conventional markers (serum creatinine, urea, and al-
buminuria) has stimulated intensive research into novel 
biomarkers that capture distinct dimensions of kidney 
injury and dysfunction, including glomerular filtration, 
tubular damage, inflammation and cellular stress [4-6].

Cystatin C. Cystatin C is a lowmolecularweight 
protein produced by all nucleated cells and freely fil-
tered by the glomerulus.  Then it is almost completely 
reabsorbed and catabolized by proximal tubular cells. 
Its serum concentration predominantly reflects GFR 
and is less influenced by age, sex and muscle mass than 
creatinine, meaning its high advantage [11]. Interest-
ingly, creatinine did not differ between preterm and 
term children, whereas cystatin C was significantly 
higher in preterm infants, indicating superior sensitivity 
to subtle kidney dysfunction [12].

NGAL. NGAL is markedly upregulated in injured 
tubular epithelial cells with urinary levels rising within 
2-6 hours after renal insult, which is substantially earlier 
than serum creatinine [4, 13]. A 2025 meta-analysis in 
pediatric cardiac surgery patients showed excellent di-
agnostic performance with urinary NGAL sensitivity of 
91.3% and specificity of 89.7% for postoperative AKI. 
A urinary NGAL cutoff ≥125 ng/mL within 24 hours of 
admission predicted AKI with 89% sensitivity and 78% 
specificity. In pediatric NS, NGAL may help detect 
acute injuries during NS exacerbations, identify calci-
neurin inhibitor nephrotoxicity, monitor proteinuria-
induced tubular injury and stratify progression risk. 
However, its interpretation is limited by poor specific-
ity in inflammatory states, influence of heavy protein-
uria, age-related variability and the lack of standardized 
cut-off values. The literature shows heterogeneous and 
sometimes contradictory findings across NS subtypes 
and treatment settings, with relatively few head-to-
head comparisons against other tubular biomarkers and 
no clear consensus regarding its superiority [13].

KIM1. KIM-1 has gained increasing attention 
as a marker of tubular involvement in NS, reflecting 
the growing understanding that tubulointerstitial in-
jury plays a key role in disease progression. Sustained 
proteinuria leads to excessive protein reabsorption by 
proximal tubular epithelial cells, resulting in oxida-
tive stress, inflammatory activation and cellular injury, 

which in turn induces KIM-1 expression [14]. Elevated 
urinary KIM-1 levels have been reported in patients 
with NS, particularly in steroid-resistant forms and in 
conditions such as focal segmental glomerulosclerosis, 
where tubulointerstitial damage is more pronounced. 
Several studies have demonstrated associations between 
increased KIM-1 excretion and the severity of protein-
uria, extent of interstitial fibrosis and decline in renal 
function. In pediatric nephrotic syndrome, elevated 
urinary KIM-1 levels have been particularly observed in 
steroid-resistant cases and in focal segmental glomeru-
losclerosis, reflecting more pronounced tubulointer-
stitial injury and correlating with proteinuria severity, 
interstitial fibrosis and decline in renal function. These 
changes often precede detectable changes in conven-
tional markers such as serum creatinine or estimated 
glomerular filtration rate. However, its clinical utility 
is limited by variability across studies, potential influ-
ence of active proteinuria on tubular expression, lack of 
standardized values and limited comparisons with other 
tubular biomarkers, resulting in heterogeneous findings 
across NS populations [14-16].

LFABP. L-FABP is expressed in proximal tubular 
epithelial cells and released into the urine in response 
to hypoxia, oxidative stress and intracellular lipid ac-
cumulation. Its expression reflects tubular metabolic 
stress and impaired fatty acid handling. In NS, per-
sistent proteinuria promotes tubular lipid overload 
and oxidative injury, creating conditions that favor 
increased urinary excretion of L-FABP [17]. Experi-
mental and clinical observations suggest that L-FABP 
levels rise in response to proteinuria-associated lipo-
toxicity, calcineurin inhibitor-related tubular toxicity 
and ischemic injury during episodes of hemodynamic 
instability. Elevated L-FABP in nephrotic syndrome 
may serve as an early marker of tubular involvement 
and ongoing renal injury, preceding measurable de-
clines in glomerular filtration. However, there is a lack 
of data in pediatric patients with NS, raising a high 
demand for studies [18].

NAG. NAG is a lysosomal enzyme abundant in 
proximal tubules and is released into urine upon tubu-
lar cell injury. Urinary NAG can be elevated even when 
GFR and serum creatinine remain within normal lim-
its. In nephrotic syndrome, chronic heavy proteinuria 
drives tubular uptake of filtered proteins, promoting tu-
bular damage and interstitial fibrosis. Elevated urinary 
NAG may therefore identify children at risk of progres-
sive tubulointerstitial injury despite adequate control 
of proteinuria [19]. In pediatric nephrotic syndrome, 
urinary NAG may increase even when GFR and serum 
creatinine remain normal, reflecting proteinuria-driv-
en tubular stress and early tubulointerstitial damage. 
However, its specificity is limited by elevations in vari-
ous renal and systemic conditions, lack of standardized 
pediatric reference ranges and inconsistent associations 
with long-term outcomes, with relatively few compari-
sons against other tubular biomarkers and heteroge-
neous findings across NS cohorts [2, 8, 19].
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Interleukin18 (IL18). IL-18 is a pro-inflammatory 
cytokine produced primarily by distal tubular epithe-
lial cells and is upregulated in response to ischemic 
and inflammatory injury of the renal tubules. Increased 
urinary IL-18 levels have been described in acute tu-
bular necrosis and reflect ongoing inflammatory dam-
age within the kidney [20]. These findings support the 
potential value of IL-18 as an early marker of inflam-
matory tubular injury in pediatric nephrotic syndrome, 
particularly in settings of active disease and heightened 
intrarenal inflammation. However, its clinical applica-
bility is limited by low specificity due to elevations in 
systemic inflammatory states, variability across studies 
and NS subtypes, and lack of standardized pediatric 
thresholds [20, 21].

Osteopontin. Osteopontin is a multifunctional gly-
coprotein involved in inflammatory signaling, immune 
cell recruitmentб tissue remodeling. This marker is 
expressed in several renal cell types, including tubular 

epithelial cells and infiltrating macrophages [22]. In 
NS, its expression increases in response to persistent 
proteinuria, tubular stress, and interstitial inflamma-
tion. Elevated osteopontin levels have been observed in 
association with tubulointerstitial injury, macrophage 
infiltration and progression of renal fibrosis. Clinical 
studies have shown correlations between urinary or tis-
sue osteopontin levels and disease severity, degree of 
proteinuria and decline in renal function.  Elevated os-
teopontin levels in pediatric nephrotic syndrome have 
been associated with tubulointerstitial injury, macro-
phage infiltration and progressive renal fibrosis, cor-
relating with proteinuria severity and decline in renal 
function. However, its clinical utility is limited by vari-
able findings across studies and the influence of concur-
rent inflammatory conditions [22].

In Table 1, we present a summary of the diagnostic 
values of traditional and novel markers of kidney dam-
age in nephrotic syndrome. 

Table 1

Comparison of traditional vs. novel kidney injury biomarkers in pediatric nephrotic syndrome:  
Strengths and limitations

Characteristic Traditional Markers Novel Biomarkers

Examples
	y Serum creatinine (SCr)
	y Blood urea nitrogen (BUN)
	y Estimated GFR (eGFR)

	– Tubular injury markers: NGAL, KIM-1, NAG
	– Glomerular markers: Podocyturia, proteinuria 
patterns

Detection Timing
	y Delayed indicator SCr rises 48-72 hours 
after GFR declines by ~50%

	– Early detection
	– Can identify injury before GFR decline

Sensitivity
	y Low sensitivity for early kidney 
dysfunction

	– High sensitivity for subclinical tubular and 
glomerular damage

Specificity
	y Cannot distinguish between different 
causes of kidney dysfunction

	– Can differentiate:
	– Acute tubular injury vs chronic damage
	– Glomerular disease activity
	– Fibrotic progression
	– Medication toxicity

Confounding Factors

	y Muscle mass variation
	y Age and growth patterns
	y Nutritional status
	y Corticosteroid effects
	y Fluid retention/depletion
	y Hypoalbuminemia

	– Less affected by muscle mass and fluid status
	– Provide compartment-specific information

Sample Type Blood (serum)
Primarily urine (non-invasive, serial monitoring 
possible)

Clinical Utility

	y Established reference ranges
	y Widely available
	y Standardized measurement
	y Good for monitoring advanced kidney 
disease

	– Identifies subclinical injury
	– Distinguishes disease mechanisms
	– Monitors medication toxicity
	– Predicts disease progression
	– Guides treatment decisions

Limitations

	y Cannot localize injury site (glomerular vs 
tubular)

	y Poor for distinguishing acute from 
chronic injury

	y Cannot identify specific nephrotoxicity

	– Limited standardization
	– Variable reference ranges in children
	– Need validation in pediatric NS populations
	– Not widely available clinically
	– Cost considerations
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Continuation of Table 1

Characteristic Traditional Markers Novel Biomarkers

Role in NS Management
	y Standard monitoring of established 
kidney dysfunction

	– Potential for:
	– Early intervention before irreversible damage
	– Personalized treatment strategies
	– Non-invasive monitoring of calcineurin 
inhibitor toxicity
	– Risk stratification

Current Status 	y Clinical standard of care
	– Research and emerging clinical applications; 
requires further validation

Discussion. Pediatric NS represents a clinically 
and biologically heterogeneous condition in which 
conventional markers of kidney function inadequately 
reflect the complexity and dynamics of renal injury [1]. 
Serum creatinine, blood urea nitrogen and estimated 
glomerular filtration rate remain a routine clinical as-
sessment. Their diagnostic and prognostic values in 
children with NS are fundamentally limited. These 
parameters rise only after substantial nephron loss and 
are influenced by age, muscle mass, hydration status, 
nutritional state and corticosteroid exposure. Conse-
quently, clinically significant kidney injury may remain 
undetected for prolonged periods [1, 2].

Accumulating findings indicate that renal involve-
ment in NS is more complex than isolated glomerular 
barrier dysfunction and includes early and progressive 
tubular injury, inflammatory activation and fibrotic re-
modeling [3]. Recent advances in disease biology, in-
cluding the identification of anti-nephrin autoantibod-
ies during active disease and transcriptomic signatures 
of inflammatory pathway activation, have changed 
the current understanding of nephrotic syndrome as 
an immune-mediated disorder with distinct molecu-
lar subtypes rather than an isolated clinical condition. 
These insights support the concept that children with 
NS follow divergent biological trajectories, underscor-
ing the need for diagnostic tools capable of capturing 
mechanism-specific kidney injury [3, 4].

Within this framework, novel biomarkers provide a 
major advantage by enabling compartment-specific as-
sessment of renal damage. Tubular injury markers such 
as NGAL, KIM-1, NAG, liver-type fatty acid-binding 
protein and IL-18 rise early in response to ischemic, 
toxic, or inflammatory tubular stress, often preceding 
detectable changes in glomerular filtration [5-8]. This 
early responsiveness makes them particularly valuable 
for identifying subclinical kidney injury during disease 
relapse, hypovolemia, infection, or exposure to neph-
rotoxic agents. In contrast, glomerular markers, includ-
ing proteinuria patterns and podocyturia, reflect disease 
activity at the filtration barrier level. At the same time, 
fibrosis-associated biomarkers such as osteopontin 
provide insight into chronic structural remodeling and 
long-term prognosis [7, 22].

One of the most clinically relevant applications 
of these biomarkers is the monitoring of calcineu-

rin inhibitor therapy. Calcineurin inhibitors remain a 
cornerstone in the management of steroid-dependent 
and steroid-resistant nephrotic syndrome. However, 
their nephrotoxic potential presents a major therapeu-
tic challenge [23]. Conventional laboratory tests can-
not reliably distinguish calcineurin inhibitor-induced 
nephrotoxicity from disease progression, frequently re-
sulting in delayed dose modification or reliance on in-
vasive kidney biopsy. Emerging evidence suggests that 
increases in urinary NGAL, KIM-1 and osteopontin 
may precede functional decline, indicating early tubu-
lar injury and offering a non-invasive strategy for safer 
long-term immunosuppressive management [13-15].

Besides injury detection, novel biomarkers may 
play a pivotal role in risk stratification. Children with 
early-onset disease, frequent relapses, steroid resistance 
or prolonged exposure to nephrotoxic therapies repre-
sent a subgroup at particularly high risk for CKD [24]. 
In such patients, isolated measurements of serum cre-
atinine provide limited prognostic information. Lon-
gitudinal assessment of biomarker profiles may allow 
identification of progressive injury patterns before irre-
versible fibrosis develops. This, in turn, enables earlier 
intervention and individualized monitoring strategies 
[25].

Despite these promising developments, significant 
gaps in clinical implementation persist. Most novel bio-
markers lack standardized pediatric reference ranges, 
and inter-assay variability limits comparability across 
studies. Many assays remain confined to research set-
tings, and cost considerations may restrict access, par-
ticularly in resource-limited healthcare systems. More-
over, much of the current evidence is derived from small 
or heterogeneous cohorts, highlighting the need for 
large, prospective, pediatric-specific validation studies. 

In Figure 2, we demonstrate the potential role 
of novel biomarkers in complementing conventional 
measures of kidney function. Traditional markers (se-
rum creatinine, blood urea nitrogen, estimated glo-
merular filtration rate) primarily reflect established 
functional decline. In contrast, tubular injury mark-
ers (NGAL, KIM-1, NAG, L-FABP), inflammatory 
mediators (IL-18) and fibrosis-associated markers 
(osteopontin) provide compartment-specific informa-
tion and may detect subclinical renal injury at earlier 
stages. Integration of these biomarkers into longitudi-
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nal patient monitoring may support early identifica-
tion of kidney injury, differentiation between disease 
activity and drug-induced nephrotoxicity, assessment 
of progression risk and individualized therapeutic de-

cision-making. These data emphasize the importance 
of a multimarker approach aimed at improving the 
precision and timing of clinical interventions in chil-
dren with nephrotic syndrome.

Future research should prioritize the establishment 
of age-adjusted reference values, validation of multi-
marker panels in well-defined NS phenotypes and eval-
uation of biomarker-guided clinical strategies in pro-
spective studies. Integration of biomarker findings with 
clinical characteristics and genetic background may 
support more accurate risk assessment and improved 
long-term outcomes for children with NS.

Conclusions:
1)	 Pediatric nephrotic syndrome is a clinically 

heterogeneous condition in which traditional 
indicators of kidney function, such as serum 
creatinine and estimated glomerular filtration rate, 
may not detect early renal injury. 

2)	 Biomarkers including NGAL, KIM-1, L-FABP, 
NAG, IL-18 and osteopontin reflect tubular injury, 
inflammatory activity and early fibrotic changes 
before measurable reduction in glomerular filtration 
occurs and may have high clinical significance in NS.

3)	 In clinical practice, these biomarkers may support 
early detection of kidney injury during relapses 
or infectious complications, facilitate monitoring 
of calcineurin inhibitor-related nephrotoxicity 
and improve risk stratification in children with 
frequently relapsing or steroid-resistant disease. 

4)	 Prospective studies are required to establish 
validated diagnostic thresholds and define their 
role in clinical management.
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Fig. 2. Paradigm of the novel biomarkers input in NS diagnostics. The model presents a multimarker approach  
of the functional, tubular, inflammatory and fibrosis-associated parameters evaluation in NS.
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