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Abstract

Introduction. The pathogenesis of diabetic kidney damage in type 1 diabetes has traditionally been
considered as a consequence of glomerular disorders. However, accumulated experimental and clinical
data indicate a much more complex, multilevel nature of this process with early involvement of tubular,
inflammatory, oxidative and fibrogenic mechanisms that may precede the appearance of albuminuria and
a decrease in glomerular filtration rate.

Aim. To analyze current ideas about the pathogenesis of early diabetic kidney damage in children with
type 1 diabetes and to evaluate diagnostic achievements, particularly the potential of biomarkers of
preclinical kidney damage.

Materials and methods. A narrative review of the literature with elements of scoping review was
conducted. Publications from the PubMed/MEDLINE, Scopus, Web of Science and Embase databases for
the period 2005-2025 were analyzed, as well as international clinical guidelines (ISPAD, KDIGO, ADA, IDF).
Results. Analysis of modern experimental and clinical studies shows that the pathogenesis of diabetic
kidney damage in type 1 diabetes remains incompletely understood. Along with classical metabolic and
hemodynamic mechanisms, new molecular and immune pathways are becoming increasingly important.
DN is considered as a multivector process that includes abnormal activation of intracellular signaling
cascades, epigenetic modifications, autophagy disorders, lipid homeostasis imbalance, endoplasmic
reticulum stress, and cellular aging. Disturbance of lipid metabolism contributes to lipotoxic damage
to proximal tubules and increased oxidative stress. An important role is played by ferroptosis, a form
of programmed cell death associated with lipid peroxidation and impaired iron metabolism. Cellular
aging reduces the regenerative potential of renal tissue and contributes to the progression of DN. The
generalization of these data led to a change in the diagnostic paradigm towards the search for sensitive
markers of early, preclinical kidney damage, rather than focusing only on albuminuria.

Conclusions. Early diabetic kidney damage in children is a complex multifactorial process and can be
detected before the development of classic clinical manifestations. This justifies the search for markers of
early kidney damage.

Keywords: diabetes mellitus type 1, diabetic nephropathies, biomarkers, oxidative stress,
microalbuminuria

INTRODUCTION

According to the International Diabetes Federation
(IDF) Atlas, by 2025 there will be 9.5 million people with
type 1 diabetes (T1D), an increase of 1.1 million people
(13%) from the previous estimate of 8.4 million in 2021.
Of these, 1.85 million are under 20 years of age, mostly
living in low- and middle-income countries. A total
of 30,000 children and young people may die without
a diagnosis of clinical onset of TI1D in 2025. Incidence
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among children and young people varies significantly by
region, but the overall trend is increasing. This is noted by
the GBD/

Diabetic nephropathy (DN) is one of the most severe
microvascular complications of T1D and a significant
burden on the health care system. Estimates of the
proportion of DN in children/adolescents vary widely due
to different definitions (transient albuminuria vs persistent
microalbuminuria vs reduced eGFR), the influence of
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diabetes duration, screening methods and glycemic control
in the population. According to epidemiological data,
kidney damage occurs in approximately 30% of patients
with TID, providing more than a third of end-stage
renal disease (ESKD) cases worldwide. This condition,
which manifests itself as progressive renal dysfunction,
significantly reduces life expectancy and worsens its
quality, highlighting the need for the implementation of
new diagnostic and therapeutic strategies [2].

The modern understanding of the pathogenesis
of DN is expanding from the traditional emphasis on
glomerular lesions (hyperfiltration, thickening of the
basement membrane, loss of podocytes) to the realization
of the key role of damage to the tubular epithelium as
an early manifestation in the progression of the disease.
Dysfunction of tubular epithelial cells causes atrophy,
interstitial fibrosis and loss of peritubular capillaries,
and contributes to the activation of oxidative stress
cascades, the production of proinflammatory and
profibrotic mediators, which forms a vicious circle
of chronic inflammation and remodeling. In addition,
lipid metabolism disorders, endoplasmic reticulum
stress, mitochondrial dysfunction and cellular aging,
and profound changes in the microbiota aggravate renal
dysfunction, accelerating the transition to ESKD. In this
context, the latest diagnostic approaches and markers of
early damage open up prospects for timely detection and
personalized treatment of DN [3].

AIM

To analyze current understanding of the
pathogenesis of early diabetic kidney damage in children
with type 1 diabetes and evaluate diagnostic advances,
particularly the potential of biomarkers of preclinical
kidney damage.

MATERIALS AND METHODS

A narrative literature review with elements of
scoping review was conducted. Publications from the
PubMed/MEDLINE, Scopus, Web of Science and Embase
databases for the period 2005-2025 were analyzed, as
well as international clinical guidelines (ISPAD, KDIGO,
ADA, IDF). Sources were selected based on the criteria
of relevance to the pediatric population with T1D, early
stages of DN, pathogenetic mechanisms, and biomarkers
of tubular, glomerular, podocyte, inflammatory and
oxidative damage.

RESULTS AND DISCUSSION

Morphofunctional  mechanisms
nephropathy formation in children

of diabetic

The pathogenesis of DN is characterized by four
leading links: damage to the glomerular apparatus,
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damage to tubular structures, activation of inflammatory
processes and the development of oxidative stress.
Children have high nephron plasticity, the predominant
role of functional, rather than irreversible structural
changes in the early stages. Significant morphofunctional
changes are detected in the tubular epithelium [4]. These
pathological transformations may precede glomerular
damage or occur in parallel with it. This is confirmed
by the development of tubular hypertrophy, which
occurs already during the first year of hyperglycemia.
Thickening of the basal membrane of the tubular
epithelium is detected even in patients with diabetes with
normoalbuminuria. The tubular basement membrane
is considered one of the primary sites of structural
remodeling and may therefore serve as a more sensitive
marker of the severity of DN than changes in the
glomerular basement membrane and often correlates with
the duration of hyperglycemia rather than the level of
albuminuria. In pediatric nephropathy, tubulointerstitial
changes may be primary rather than secondary to
glomerular damage. Glomerular lesions in DN are
characterized by thickening of the basement membrane,
dystrophic expansion of podocyte foot processes,
excessive deposition of mesangial matrix and reduction
of endothelial fenestrations [5]. The listed morphological
changes in the glomeruli cause increased permeability of
microvessels and damage to the filtration barrier, which is
clinically manifested by microalbuminuria or albuminuria.
An early marker of DN is considered to be thickening of
the glomerular membrane, which reflects pathological
metabolism and modification of the extracellular matrix
synthesized by the endothelium and podocytes. Such
thickening of the glomerular basement membrane may
appear morphologically early, but may not be clinically
realized for years. Microalbuminuria is often transient,
associated with puberty, physical exertion, infections,
and is not a pathognomonic sign of irreversible kidney
damage. Podocyte dysfunction is functional, often
reversible in optimal glycemic control, not degenerative.
Interstitial changes are atypical and rare in childhood [6].

Hyperglycemia as a metabolic trigger of early
tubulointerstitial kidney damage

Glucose, as a leading metabolic substrate for most
biosystems, performs a dual function in the pathogenesis
of DN. Persistent hyperglycemia, a characteristic clinical
feature of DN, induces persistent metabolic disorders
through a series of molecular cascades. Excessive
glucose accumulation leads to non-enzymatic formation
of advanced glycation end products (AGEs), while
promoting intracellular lipid accumulation due to
dysregulated fatty acid (FA) metabolism. Such mutually
reinforcing processes as glycation stress and lipotoxicity
act as key pathogenetic links in the damage to tubular
epithelial cells (TEC), which ultimately contributes to the
progression of DN [7]. In children, the shorter duration
of hyperglycemia results in less AGE accumulation in the
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early stages, while the high metabolic and regenerative
plasticity of the tubular epithelium contributes to the
potential reversibility of early changes. Puberty and
growth hormones modulate TGF-f expression and
epithelial-mesenchymal transition activity. Despite
the increased formation of ROS under the influence of
AGE, active antioxidant defense systems in children
may partially reduce oxidative damage to the tubules,
which leads to the dominance of functional, potentially
reversible tubulointerstitial changes in the early stages of
DN even with preserved or increased GFR [8].

Lipotoxic damage to tubular cells: mitochondrial
and inflammatory mechanisms

Proximal tubular epithelial cells (PTEC) have
significant energy requirements to maintain their
physiological functions, and the main source of adenosine
triphosphate (ATP) synthesis in them is mitochondrial
B-oxidation of free fatty acids, the entry of which into
PTEC is ensured by the action of specific transport proteins.

Clinical observations have shown a pronounced
accumulation of lipids in PTEC in patients with DN,
which is closely correlated with the progression of the
pathology. Extensive lipidomic studies using desorption
electrospray ionization mass spectrometry (DESI-MSI)
have demonstrated massive deposition of various classes
of lipids, including free fatty acids, glycerolipids,
glycerophospholipids, and sphingolipids, in the proximal
tubules of patients with DN. Disruption of the complete
oxidation of fatty acids and activation of lipoperoxidation
processes cause the development of cellular stress
reactions [9]. Excessive FA entry into mitochondria causes
their incomplete B-oxidation, which is accompanied by
excessive formation of reactive oxygen species, which
trigger oxidative damage, mitochondrial dysfunction,
and ultimately PTEC apoptosis. Activation of NF-
kB and NLRP3 inflammasome triggers inflammation
and necroptosis. Impaired lipophagy blocks the
utilization of lipid droplets, which enhances lipotoxicity.
Thus, the complex dysregulation of lipid transport,
synthesis, oxidation and clearance forms a «closed
circle» of lipotoxic injury to PTEC. In children, higher
mitochondrial plasticity and more efficient B-oxidation
partially compensate for excessive FA accumulation.
At the same time, hormonal influences of puberty, in
particular GH/IGF-1 activation, can enhance lipogenesis
and increase vulnerability to lipotoxicity. Despite
relatively powerful antioxidant protection, physiological
hyperfiltration leads to increased exposure of proximal
tubules to FAs. This creates conditions for early, mainly
functional damage [10].

Inflammation as an integrative link between
metabolic stress and fibrosis in diabetic kidney damage

Hyperglycemia and proteinuria synergistically
activate NF-xB and other transcription factors that trigger
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the expression of pro-inflammatory genes in tubular
cells, creating a pro-inflammatory environment that
promotes the formation of a «cytokine storm», massive
inflammation, the involvement of immune infiltrates and,
ultimately, the progression of kidney damage. Therefore,
in DN, inflammation is not just a consequence, but
a central driver of disease progression, which combines
metabolic disorders with fibrosis [11].

In diabetic conditions, the balance between
withstanding the load and restoring cellular homeostasis
is disrupted, and protective mechanisms gradually
turn into damaging factors. The most important are
oxidative stress (ROS), endoplasmic reticulum stress
(ERS), mitochondrial dysfunction. ROS: hyperglycemia
and excessive supply of substrates to mitochondria
stimulate an excess of reactive oxygen species, which
leads to damage to DNA, lipids, proteins, activation
of apoptosis and fibrosis signaling pathways, and
enhance inflammatory cascades (NF-kB, NLRP3) [12].
ERS: initially this mechanism is protective, but with
chronic overload it switches to a toxic mode with the
accumulation of misfolded proteins, activating the
unfolded protein response (UPR) as a defense system that
initially tries to restore balance. If the load continues, the
UPR turns into a signal for cell death through apoptosis.
The UPR in children more often works as an adaptive
mechanism. Renal tubular cells in the child’s body
have a higher potential for self-renewal and adaptation.
This is the scientific justification for why children’s
kidneys have a better regenerative prognosis with timely
control of T1D. The immune system of children is more
plastic; faster mobilization of immune cells is possible.
However, pubertal hormonal changes and activation of
growth hormone through modulation of NF-kB and pro-
inflammatory signals can contribute to an increase in the
inflammatory response in adolescents. ERS increases
insulin resistance and stimulates the synthesis of pro-
inflammatory cytokines [13].

Mitochondrial dysfunction and oxidative stress as
mechanisms of diabetic nephropathy progression

Mitochondrial ~ dysfunction —  changes in
mitochondrial biogenesis and dynamics (excessive
division, loss of membrane potential), and a decrease
in energy efficiency. Renal cells switch to less efficient
glycolytic metabolism, which contributes to the further
accumulation of toxic metabolites [14].

All three «stress axes» do not work in isolation
but mutually reinforce each other. As a result, a «stress
environment» is formed in which kidney cells lose
adaptability and proceed to death and fibrotic remodeling.
An important role in the formation of oxidative stress
and inflammatory responses underlying TEC dysfunction
is played by CO and its metabolites. CO activation is
accompanied by increased generation of reactive oxygen
species (ROS), including superoxide anion (O:°—) and
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hydrogen peroxide (H-0:). This process is also associated
with elevated levels of oxidative stress-related metabolites
and biomarkers, such as uric acid (UA) and isoprostanes.
These molecules have a pronounced pro-oxidant potential,
which directly damages cellular structures and initiates
a number of signaling cascades. One of the important
mechanisms is the stimulation of the expression of
NADPH oxidase (NOX) and endothelin-1, which in
endothelial cells leads to increased vascular barrier

permeability, increased inflammatory and

development of endothelial dysfunction.

response,

In children, the accumulation of AGE is less massive,
structural consequences are delayed, and metabolic
and signaling disorders dominate rather than fibrosis.
High mitochondrial plasticity and adaptive antioxidant
mechanisms can slow down the rate of damage, especially
in the early stages of the disease (Figure 1) [15].
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Figure 1. Pathogenesis of diabetic nephropathy.

Biomarkers of tubulointerstitial damage as early
predictors of DN

Cystatin C (CysC)

Comparative studies have shown that CysC levels
increase in parallel with the progression of renal damage
in DN. Jeon et al. demonstrated a positive correlation of
CysC with the albumin/creatinine ratio, particularly at
the stage of transition from normo- to microalbuminuria.
Similar results were obtained by Xu et al., who confirmed
the role of increased CysC in the progression of DN.

Unlike creatinine, CysC does not depend on age and
muscle mass, which is especially important in pediatric
practice. At the same time, its diagnostic specificity is
limited by the influence of concomitant inflammatory
processes, thyroid dysfunction, glucocorticoid therapy and
malignant neoplasms, which makes it impossible to use
CysC as an isolated marker of early DN [16].

Kidney injury molecule-1 (KIM-1)

KIM-1 is one of the most studied biomarkers of
proximal tubular damage. Elevated urinary and serum
concentrations reflect tubular damage associated with
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inflammation and early fibrosis and may precede an
increase in creatinine levels [17].

Large cohort studies have shown that elevated
KIM-1 levels are associated with an increased risk
of progression of DKD and early decline in eGFR,
independent of albuminuria, HbAlc, blood pressure, and
other traditional risk factors. Particularly, in a cohort of
patients with normo- and microalbuminuria, KIM-1 has
demonstrated the ability to predict the progression of
renal disease at preclinical stages. However, the available
results require further pediatric studies [18].

Neutrophil gelatinase-associated lipocalin (NGAL)

NGAL is considered a promising marker of early
tubular damage in diabetes. Cross-sectional studies have
shown that serum and urinary NGAL levels in patients
with diabetes significantly exceed those of healthy
individuals. Duan et al. identified the urinary NGAL/
creatinine ratio as an independent prognostic indicator of
DN with high specificity. Importantly, regardless of the
level of eGFR, NGAL correlates with markers of both
tubular and glomerular damage, indicating the involvement
of the tubulointerstitial component in the formation of
albuminuria already in the early stages of T1D [19].
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Low molecular weight (LMW) or non-albumin
proteinuria

Excretion of low molecular weight proteins (al-
and P2-microglobulin, immunoglobulin light chains,
retinol-binding protein, CysC, NGAL, N-acetyl-B-D-
glucosaminidase, KIM-1, hepatic fatty acid binding
protein (L-FABP), etc.) is a sensitive indicator of proximal
tubular dysfunction. Normally, these proteins are almost
completely reabsorbed in the proximal tubules, while in

children with T1D, their increased excretion is detected
already in the early stages of the disease, even in the
absence of albuminuria [20].

Thus, comparative studies indicate that biomarkers
of tubulointerstitial damage allow detecting early
manifestations of DN in children with TID even before
the development of MAU and a decrease in eGFR, which
makes them promising tools for preclinical diagnostics
(Table 1).

Table 1

Generalized Comparative Characteristics of the Diagnostic Efficacy of Tubular Biomarkers in DN

Biomarker Main clinical role Sensitivity | Specificity| AUC (ROC) Limitation

GFR assessment, early tubular o o Impact of inflammation,

CysC damage 65-80% 30-75% | 0.70-0.85 corticosteroids, thyroid dysfunction

KIM-1 Early marker of tpbu101nterst1tlal 70-85% 65-80% 0.75-0.88 Llrr'nte'd. availability, interlaboratory
damage, prognosis of DN variability

NGAL Early marker of AKI and DN 60-80% | Upto90% | 0.72-0.86 |Dependence on inflammation, infections

al-microglobulin | Tubular dysfunction 60-75% 70-85% 0.70-0.82 [Less specific

2-microglobulin | Proximal tubular injury 65-80% 70-85% 0.72-0.84 [Limited application

L-FABP Ma}rke.r i e T 65-80% 70-85% 0.70-0.85 |Dependence on metabolic factors
oxidative tubular damage

Note: The table

is based on a summary of data from cohort, cross-sectional and observational studies published in

2005-2025 [19-23]. The sensitivity, specificity, and area under the ROC (Receiver Operating Characteristic) curve (AUC — Area
Under the Curve) values are presented as indicative ranges summarized from various studies. These values vary depending on
populations, stages of DN, biological environments, and analytical methods; they do not reflect single threshold values for clinical

use and are given solely for comparison purposes.

Biomarkers of glomerular injury in DN in children
with T1D: data from comparative studies

Podocyte injury markers

Comparative studies involving children with T1D
without albuminuria, with MAU and healthy individuals
have shown increased excretion of podocyte proteins
already in the preclinical stages of DN. In particular, the
levels of nephrin and podocin in the urine of affected
children exceed the values of the control group even with
normoalbuminuria, which indicates early podocytopathy.

Decreased expression of synaptopodin and impaired
adhesive function of integrin a3 are associated with
the progression of glomerular damage. Podocalyxin is
considered one of the earliest markers, since its increased
urinary excretion has been described in children with
short-term TI1D without clinical signs of DN. Some
studies indicate the potential of mindin as a marker of
stress and podocyte damage, however, its role in the
pediatric population requires further clarification.

Importantly, in children with T1D, a correlation
has been demonstrated between markers of podocyte
damage (nephrin), proximal tubule damage (KIM-I,
al-microglobulin), and VEGF even in the absence of
albuminuria, which emphasizes the systemic nature of
early nephron damage [15, 21].

Markers of glomerular basement membrane damage
Type 4 collagen and laminin — structural components

of the glomerular basement membrane — exhibit higher
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diagnostic sensitivity compared to albuminuria in children
with TID. Pediatric studies have shown that urinary
excretion of type 4 collagen increases with the progression
of MAU and allows distinguishing diabetic kidney
damage from non-diabetic nephropathies.

Similar results were obtained for laminin:
in children with TI1D, its levels in the urine were
significantly higher compared to healthy peers, even
with normoalbuminuria, which confirms early structural
changes in the basement membrane [22].

Markers of glomerular endothelial dysfunction

Comparative data suggest increased levels of von
Willebrand factor (vWF) and VEGF in children with T1D,
reflecting early glomerular endothelial damage. VEGEF,
in particular, demonstrates an association with both
podocyte and tubular markers, supporting its role in the
pathogenesis of early DN [15].

These findings are consistent with the results of
a clinical study in children with T1D, in which enzyme-
linked immunosorbent assay demonstrated a significant
increase in circulating markers of endothelial damage,
including sVCAM-1, sICAM-1, sE-selectin, PAI-1,
ADMA and RAGE, compared with healthy peers.
Increased concentrations of these markers were detected
already in childhood and positively correlated with
disease duration, age, and body mass index, indicating
early and progressive endothelial activation in TI1D.
Importantly, only PAI-1 and sE-selectin demonstrated
a linear relationship with estimated GFR, indicating
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their closer relationship with the functional state of the
glomerular endothelium and a potential role in early renal
hemodynamic disorders [15, 23].

Markers of increased glomerular permeability

Transferrinuria in children with T1D is detected
earlier than albuminuria and significantly exceeds
the indicators of healthy individuals even before the
development of microalbuminuria (MAU), although it
remains low-specific. Ceruloplasmin, despite limited
filtration due to the negative charge, together with
transferrin and immunoglobulin G, increases in the early
stages of DN, which has been confirmed in pediatric
cohort studies [24].

In addition, pediatric studies have shown that the
appearance of transferrinuria and the excretion of other
high-molecular-weight proteins reflects a violation of both
the size and charge selectivity of the glomerular filter.
Increased urinary excretion of IgG and ceruloplasmin in
normoalbuminuric children with T1D is associated with
early structural and functional changes in the glomerular
membrane and is considered a predictor of progression
of DN. Combined determination of transferrin, IgG,
and ceruloplasmin in urine increases the sensitivity of
detecting the preclinical stage of kidney damage compared
with the isolated assessment of microalbuminuria,
although their specificity remains limited.

Thus, the gradual appearance in the urine of proteins
of different molecular weight and electrical charge — from
transferrin and albumin to IgG, IgG4, a2-macroglobulin
and fibrinogen — reflects the progressive loss of charge
and size selectivity of the glomerular filter and allows us
to differentiate the severity of damage to the glomerular
barrier at different stages of DN [24, 25].

Oxidative stress biomarkers as predictors of DN in
children with T1D

8-hydroxy-2’-deoxyguanosine (8-OHAG) is
a marker of oxidative DNA damage and is detected in
plasma and urine. In patients with T1D, elevated levels
of 8-OHdG are associated with a higher risk of DN and
progression of micro- and macrovascular complications.
However, data on its prognostic value remain
controversial. Serdar et al. showed that urinary excretion
of 8-OHdG is inferior to the albumin/creatinine ratio in
predicting DN progression.

Pentosidine, an advanced glycation end product, is
elevated in diabetes and can be detected in serum and urine.
Its elevated levels are associated with early decline in eGFR
and are considered potential risk markers for both micro-
and macrovascular complications in patients with T1D [25].

Acylcarnitines reflect impaired mitochondrial
oxidation of FA. In the early stages of DN, an increase
in the levels of long-chain acylcarnitines is interpreted
as a compensatory reaction, while in the later stages
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their accumulation indicates incomplete oxidation of FA.
Studies involving children with T1D have shown that the
profile of acylcarnitines and free amino acids may have
prognostic significance for the risk of developing DN.

Uric acid is an indirect marker of oxidative stress
and endothelial dysfunction. In a cohort study involving
277 patients with T1D, an increased level of SCr was an
independent predictor of the development of persistent
severe albuminuria.

Urinary lactate correlates with markers of tubular
damage and epithelial stress and is considered a potential
indicator of the risk of DN progression, which emphasizes
the role of metabolic imbalance in the formation of early
tubulointerstitial damage [26].

Inflammatory biomarkers as mediators and
predictors of DN progression
Monocyte  chemoattractant  protein-1 ~ (MCP-1)

is one of the most studied markers of inflammation in
DN. Fufaa et al. demonstrated a significant association
between elevated MCP-1 levels and increased renal
interstitial volume, as well as progression of nephropathy in
normotensive patients with T1D and albuminuria. In a large
randomized cohort study of 894 patients with T1D, elevated
MCP-1 concentrations were associated with a higher risk of
DN progression, supporting its prognostic value.

TNF-a and its soluble receptors (STNFR1, sTNFR2)
are key mediators of inflammatory damage to renal tissue.
In nested case-control and prospective cohort studies
(Coca SG, Nadkarni GN, Huang Y) it has been shown
that elevated plasma levels of STNFR1 and sTNFR2 are
associated with progression of DN regardless of age, eGFR
and albuminuria. Moreover, circulating levels of sSTNFR are
considered as independent predictors of progressive decline
in renal function and the risk of developing end-stage
chronic kidney disease in patients with T1D [27].

Epidermal growth factor (EGF) reflects the
regenerative potential of the tubular epithelium.
Decreased urinary EGF concentrations are associated
with increased interstitial fibrosis and tubular atrophy,
while higher levels are associated with better response to
therapy and a greater likelihood of remission of DN. The
uEGF/MCP-1 ratio has been found to be an independent
predictor of rapid progression of renal dysfunction,
highlighting the diagnostic value of a combined
approach. Other inflammatory markers, including IL-1,
IL-18, interferon-y-induced protein IP-10, YKL-40,
FGF, adiponectin, and orosomucoid, have also been
shown to be associated with inflammatory activity and
DN progression, but their clinical use requires further
standardization and validation in pediatric cohorts [28].

Early diabetic kidney damage in T1D mellitus is
formed as a result of a complex interaction of metabolic,
hemodynamic, inflammatory and oxidative mechanisms,
leading to structural and functional changes in various
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components of the nephron. The glomerular apparatus,
podocytes, tubular epithelium and interstitium are involved
in the pathological process, which reflects the multifactorial
nature of the formation of diabetic nephropathy and
explains the heterogeneity of its clinical course.

At the same time, traditional indicators of kidney
damage, in particular albuminuria and eGFR, reflect
mainly the already formed stages of nephropathy.
Modern studies demonstrate that different groups
of urine and blood biomarkers — markers of tubular

Pathophysiclogy and
changes in kidneys

Traditional and
diagnostic markers

damage, glomerular dysfunction, oxidative stress
and inflammation — allow us to more fully reflect
early pathophysiological processes in renal tissue
and potentially identify preclinical stages of diabetic
nephropathy in children with type 1 diabetes (Figure 2).
Further development of this concept is associated with
the use of high-throughput molecular technologies that
allow the analysis of genomic, transcriptomic, proteomic,
and metabolomic changes associated with early diabetic
kidney damage (Figure 2).

New biomarkers
(urine and blood)

Glomerular damage

Tubular damage markers

+ Basement membrane v MAU + NGAL
thickening v ACR + KIM-1

- Mesangial proliferation ¥ GFR/Creatinine » CysC
(Kimmelstiel Wilson v Kidney biopsy Inflammatory markers
nodules) + TNFR %

- Podocyte loss * MCP-1

Tubular-interstitial damage - IL6

+ Metabolic stress and + YKL-40
hypoxia Others

Inflammation and oxidative + 8-Ohdg

stress = EIBC;O RMNA 21
Increasing TNF-a, IL-6 Diabetic nephropathy . NAG

and other pro-

inflammatory factors
Vascular changes

Figure 2. Advanced diagnostic scheme for early diabetic nephropathy.

Molecular and «-omic» approaches to early diagnosis

The rapid development of genetic and high-
throughput molecular technologies can significantly
change approaches to early diagnosis of DN, especially in
children with T1D.

Genomic biomarkers allow for early stratification
of the risk of developing DN. Sarwar et al. identified
the genes Cyp2d22, Slcla4 and Ddahl, involved in the
regulation of signaling and metabolic cascades associated
with renal function and diabetic kidney damage. Their
advantage lies in the possibility of predicting the
predisposition to DN even before the appearance of
functional changes [29].

Transcriptomic, proteomic and metabolomic
approaches form a comprehensive picture of the
molecular landscape of DN. mRNA expression profiles
reflecting the transcriptional activity of genes, proteomic
signatures associated with specific proteins and their post-
translational modifications, and metabolomic changes
(amino acids, lipids, sugars, oxidative stress products) are
considered as potential diagnostic and prognostic tools
capable of representing early disorders at the cellular and
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subcellular levels. MicroRNAs attract particular attention,
in particular, microRNA-21 is considered a potential
marker of chronic renal inflammation in children
with T1D: a positive correlation has been established
between its levels in urine and the concentration of
C-reactive protein. Taking into account the data on
early endothelial dysfunction in childhood diabetes,
dysregulation of microRNA-21 may indicate the start of
fibrotic remodeling of renal tissue. In addition, there is
growing evidence regarding the role of microRNA-377
in the development of diabetic endothelial dysfunction.
Its activation is associated with increased expression
of fibronectin in mesangial cells under conditions of
hyperglycemia and oxidative stress, which indicates its
participation in early fibrotic changes in DN. In children
with T1D, data on the use of microRNAs as early
biomarkers of DN remain extremely limited and are
represented mainly by single experimental studies [30].

DN is predominantly a tubulointerstitial and
podocytic disease, in which albuminuria is a rather late and
unstable marker. Pathogenetically based multi-biomarker
assessment allows for the identification of DN at preclinical
stages, especially in children with T1D (Table 2).
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Table 2
Assessment of Biomarkers of Diabetic Nephropathy in Children with T1D
Biomarker Type / origin Performance indicator Features

MAU Classic marker Outdated, low sensitivity Classlc standard, but transient a}nd not always

for early stage specific for early changes in children

i il rem s Reinforced by data on elevated NGAL in
uNGAL (urokinetic Tubulointerstitial marker T1D. even with children with T1D compared to controls
NGAL) i (SMD); early studies show elevation in

normoalbuminuria

a subset of normoalbuminuric patients

KIM-1 (urinary) Marker of tubular damage

1 in normoalbuminuric
children

uKIM-1 is elevated in children with reduced
eGFR or severe albuminuria

Cystatin C (serum / urine) |Glomerular function marker

Correlates with eGFR, but
mixed data

Possibly useful in addition, not yet confirmed
as a standalone marker of early DN

Other enzyme markers
(L-alanine amino-
peptidase, o-glucosidase)

Markers of tubular function

1 higher in children
with diabetes to
microalbuminuria*

Evidence suggests early impairment of
tubular function, but weak validation in large
studies

Vitamin D-binding protein

(VDBP) New marker Previous data increase Still at the research publication stage
- Glycation/oxidative stress 1 in children Wlt}.’ Indicates the role of oxidative damage in the
Pentosidine T1D and even with
marker . early stages of DN
normoalbuminuria
This table is based on an analysis of published 3. A comprehensive approach to assessing

contemporary cohort, cross-sectional pediatric, and
observational studies, and summarizes and compares
markers in terms of efficacy, validation in the pediatric
population and benefit for early diagnosis [20-25].

Currently, there is no evidence to recommend universal
screening of all children with T1D using new and additional
biomarkers of kidney function outside of scientific research.
The optimal frequency of marker assessment remains
uncertain. Given the dynamic nature of tubular dysfunction
and the impact of glycemic control, single measurements
may have limited informativeness. Serial measurements may
be more informative than single screening. Conceptually,
this may not be earlier than 2-5 years after the onset of T1D,
also in high-risk groups with prolonged decompensation,
concomitant arterial hypertension, and a family history of
nephropathy. Currently, the «number needed to screen»
indicator to prevent one case of end-stage DKD in children
with T1D cannot be determined due to the lack of long-
term prospective studies linking the use of biomarkers with
a reduction in the risk of ESKD (rare in pediatric age).

Therefore, the current value of biomarkers lies
in risk stratification and the study of early, potentially
reversible stages of nephropathy.

CONCLUSIONS

1. Early diabetic kidney damage in children is
formed at the preclinical stage and can develop in the
absence of microalbuminuria, which necessitates the
revision of traditional approaches to DN screening.

2. The use of modern biomarkers of early kidney
damage (in particular, markers of tubular damage and
oxidative stress) has practical value for early diagnosis,
risk stratification and monitoring of nephropathy
progression in children with type 1 diabetes.
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the condition of the kidneys in children with type 1
diabetes, combining traditional indicators with new
biomarkers, promotes early diagnosis and can increase the
effectiveness of preventing DN progression.

Perspectives for further research. Further research
should be aimed at comprehensive validation and
standardization of multiple biomarkers of diabetic kidney
damage in children with T1D in prospective, multicenter
cohort studies to increase prognostic accuracy and clinical
applicability. Also, studying the combination of biomarker
panels with molecular profiles and clinical data to create
personalized diagnostic and prognostic algorithms is of
high importance.
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Pe3rome

HOBI NEPCMNEKTUBWU PAHHbOI O IIABETUMHOI O YPAXXEHHA HUPOK Y [ITEW: MATOTEHE3 TA [IATHOCTUYHI
OOCArHEHHA

€sreHin A. Bypnaka, Irop B. KoBanbuyk, Apocnasa C. [lemupenko, Ceprin 1. Kpusonycros,

OnekcaHgp 1. BonocoBeub

HaujoHanbHuin MeguuHuia yHiBepeuTeT imeHi O. O. Boromonbug, M. Kuis, Ykpaita

Bceryn. [laToreHe3 [JiabeTUYHOTO ypaKeHHs HUPOK NPH IYKPOBOMY AiabeTi 1 TUMy TpaAuLidHO pO3IJsAaBCs
SIK HacJiJoOK KJIy60YKOBUX MNopylieHb. OZHAaK HaKOMHUYeHi eKCIepuMeHTasbHI Ta KJIHIYHI JAaHi cBiA4aTh mpo
HabaraTo CKJaAHILIMH, 6araTopiBHEBUH XapaKTep LbOro MPOLecy 3 PaHHIM 3aJy4eHHSIM KaHa/bleBHX, 3alla/IbHHUX,
OKCUJATUBHUX Ta QiGPOreHHUX MeXaHi3MiB, 10 MOXKYTb IepeAyBaTH MOsIBi anbOyMiHypil Ta 3HIKEHHIO IBUAKOCTI
KJIy604K0BOI dinbTpauii.

Merta. [IpoaHasnisyBaTH cy4yacHi ysIBJeHHsI NpO NaTOreHe3 PaHHBOTO AiaGeTHYHOrO0 ypa)KeHHS HUPOK y JiTel
3 [IyKPOBUM JiiabeToM 1 TUMNY Ta OLiHUTHU JiaTHOCTUYHI JJOCATHEHHS], 30KpeMa NoTeH1iaJ 6ioMapKepiB AOKJIiHIYHOTO
yPa)KeHHS] HUPOK.

Marepiasu Ta MeToAHU. Bys10 NpoBejleHO HAPAaTUBHUM OIJIAJ JIiTEPATYpH 3 eJleMEHTaMHU OIJIsAAy 06CATy J0CTiPKeHb.
Byso nmpoananizoBaHo my6uiikanii 3 6a3 ganux PubMed/MEDLINE, Scopus, Web of Science Ta Embase 3a mepioz
2005-2025 pokiB, a Takoxk Mi>kHapoHi KJiHiYHI pekoMenganii (ISPAD, KDIGO, ADA, IDF).

Pe3ysibTaTU. AHaJ/i3 Cy4aCHUX eKCIIEpUMEHTaJbHUX Ta KJIHIYHUX JOCHipkeHb I[OKa3ye, L0 MaToreHes
JliabeTUYHOI'0 YpaXKeHHsI HUPOK MPU LYKPOBOMY JiabeTi 1 TUIy 3a/JMIIAETbCS He 0 KiHLSg BUBYeHUM. [lopsj i3
KJACUYHUMHU MeTabo/iYHUMU Ta reMOAMHAMiYHMMU MeXaHi3MaM{, HOBI MOJIEKYJISPHI Ta iMyHHI WIJISXU CTalOTh
Jefani BaxauBimKMMU. IH posriszfaeTbcs K 6araTOBEKTOPDHHUH MpOILEC, L0 BKJ/IOYAE aHOMAJIbHY aKTHBALiIO
BHYTPIIIHBOKJITUHHUX CHUTHAJIBHUX KacKaJiB, emireHeTH4Hi Moaudikauii, mopymeHHs ayrtodarii, auc6amaHc
JIMIZHOTO rOMeocTa3dy, CTpeC eHJOIJIa3MaTUYHOTO PeTUKYJIyMy Ta CTapiHHA KJiTUH. [lopymeHHsa JjinigHoro
MeTaboJi3My crpHsi€ JiMOTOKCUYHOMY MOIIKO/KEHHIO MPOKCUMAaIbHUX KaHA/bLIB Ta MiZIBUILEHHIO OKCUAATUBHOTO
cTpecy. BaxxiiuBy poJsib Bifirpae ¢eponTtos, popma 3anporpaMoBaHOi KJIITUHHOI CMepTi, OB’A3aHa 3 NEPEKUCHUM
OKMCJIEHHSIM JIiMiJiB Ta MOPYLIEHHSIM MeTa60J1i3My 3aji3a. KiliTuHHe cTapiHHA 3HWXKYE pereHepaTUBHUM NOTeHIial
HUPKOBOI TKaHMHHU Ta CIpusde nporpecyBaHHio /IH. Y3araibHeHHA LMX AAaHUX NPU3BeJO A0 3MiHU AiarHOCTUYHOIL
napajurmu B 6iK NOUIYKY YyTJIMBUX MapKepiB paHHbOTO, JOK/JIIHIYHOTO NOLUIKO/PKEHHS HUPOK, a He opieHTawii Jinire
Ha aJlbOyMiHypilo.

BUCHOBKHU. PaHHE JliabeTHYHe NMOIIKO/KEHHSI HUPOK y JiTeN € CKJIaAHUM 6araTopakTOPHUM MPOLECOM i MOXKe OYTH
BUSIBJIEHO /10 PO3BUTKY KJACMYHUX KJIIHIYHUX NpOosABIB. lle 06IpyHTOBYE MOLIYK MapKepiB paHHbOI'O MOMIKOXKEHHS
HUPOK.

Kawouosi cnoea: nykpoBuu paiabetr 1 Tumy, Aia6eTnyHi Hedpomarii, 6ioMapkepH, OKCUAATUBHUM CTpeC,
MiKpoabGyMiHypis
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