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CONTRAST-INDUCED ACUTE KIDNEY INJURY: MECHANISM AND MARKERS OF RENAL
TISSUE DAMAGE (LITERATURE REVIEW)

Actuality. Transcatheter contrast interventional and diagnostic procedures are becoming increasingly common in use, given their
microinvasiveness, breadth of diagnostic capabilities, rapid recovery, and significant improvement in patients’ quality of life at a
relatively low cost. However, the use of contrast is associated with the occurrence of secondary acute kidney injury, which in turn
can lead to a decrease in the number of favorable prognoses and sometimes to fatalities. In their routine practice, doctors try to
take a careful approach to the choice of contrast examination methods, based on the presence of comorbid pathology and renal
functional capacity, however, in urgent cases, there is not always time and means for a complete analysis of the clinical situation.
Most procedures require intravascular administration of contrast media, which is associated with an increased incidence of contrast-
induced/contrast-associated acute kidney injury. Ongoing research continues to shed light on the pathological mechanisms by which
contrast agents affect renal tissue and numerous studies are now identifying the new biomarkers that may facilitate earlier diagnosis.
These developments are of particular interest to physicians across various specialties. A deeper understanding of these mechanisms
may lead to the development of more effective preventive strategies, while the integration of biomarker testing into clinical workflows
could enable prompt detection and management of emerging renal pathologies.

The aim of the research is to analyze the recent literature and relevant online sources, to determine the underlying mechanisms
and biomarkers of kidney injury associated with contrast agents used in interventional and diagnostic procedures.

Material and methods. This review is based on an analysis of recent peer interviewed publications focused on elucidating the
pathophysiological mechanisms, underlying contrast-induced kidney injury and identifying new biomarkers indicative of renal damage
caused by contrast media.

Results and their discussion. Contrast-induced acute kidney injury remains a complex multifaceted condition involving diverse
pathological mechanisms. Expanding knowledge about the renal effects of contrast agents provides opportunities for the development of
new therapeutic and preventive strategies. The creatinine level, currently used as the primary marker of kidney injury, unfortunately does
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not offer a comprehensive understanding of the extent and severity of renal damage. It is also influenced by numerous confounding factors,
including age, sex, body weight and muscle mass. The incorporation of new biomarkers of kidney injury holds promise for delivering
more detailed information regarding glomerular filtration status, the presence of inflammation, tubular function and compensatory renal
capacity. These advancements enable improved risk stratification for timely intervention and enhanced clinical prognosis.

Conclusion. Contrast-induced acute kidney injury is a known complication of intravascular contrast media administration. The underlying
mechanisms are strongly associated with the physiochemical properties and concentration of the contrast agents used. Despite many studies,
the full spectrum of renal alterations caused by contrast exposure has yet to be completely elucidated. The prognosis and prevention of
contrast-induced acute kidney injury are directly linked to ongoing research and the clinical implementation of new biomarkers for early
detection of renal tissue damage. Continued investigation into risk factors, pathophysiological mechanisms and the development of effective
diagnostic, preventive and therapeutic strategies should be a primary focus in modern medical practice. The doctors’action algorithm should
include risk assessment, use of validated biomarkers, preventive measures, and monitoring of the patient's condition.

Key words: contrast-induced acute kidney injury, nephropathy, pathogenesis, markers.
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KOHTPACT-IHAYKOBAHE 'OCTPE NOIKOJ’)KEHHA HUPOK: MEXAHI3M TA MAPKEPH
YPAXKEHHS HUPKOBOI TKAHUHMU (OIVIAJ JIITEPATYPH)

Axmyanvuicme. Tpanckamemepri Konmpacmui inmepeeHyilini ma diacHoCmu4Hi npoyedypu Habyeaioms yce OLibuioi nowupe-
HOCMI Y 6UKOPUCIAHHI, 36AXCAIOYU HA C80I0 MIKPOIHBA3USHICTIG, WUPOMY OIACHOCTNUYHUX MONCIUBOCTEN, WUBUOKICTb 8IOHOBTIEHHS
npaye30amuocmi ma 3HayHe NOKPAWeHHs AKOCMI JHCUMMs Nayicumie Ha mii 6IOHOCHO Hesenuxoi eapmocmi. Hessadcarouu na ye,
BUKOPUCMAHHS KOHMPACHY MO8 A3aHe 3 SUHUKHEHHAM 6MOPUHHO20, 20CHIPO20 NOWKOOICEHHS! HUPOK, WO, CBOEI0 Yep2olo, 30amHe
CHPUYUHAMU 3MEHULEeHHSL KITbKOCMI CRPUAMAUEUX NPOSHO318, d THOOT NPU3B00UMU 00 1eMAalbHUX 6UNAOKI8. Y ceoill pymunmiil npax-
muyi 1Kapi HAMA2aromvcsi 6UBANCEHO NIOXOOUMU 00 8UOOPY KOHMPACMHUX Memooi8 0OCmedicetb, CRUPAIOYUC, HA HASIBHICIb KOMOP-
010HOT namonoeii ma GYHKYIOHAIbHY 30AMHICMb HUPOK, NPOME 8 YPSeHMHUX SUNAOKAX He 3d6dcOU € 4ac ma 3acoou 071 NOBHO20
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auanizy Kainiunoi cumyayii. Binewicms npoyedyp sumazac 6HympiuiHboCyOUHHO20 86€0€HHs KOHMPACIHOL Peu0sUHU, WO NO8 SI3aHO 31
30i1bUWEHHAM SUHUKHENHS 8UNAOKIE 20CMPO20 YPAdICeHHs HUPOK, CHPUYUHEH020 KoHmpacmom. Pesynbmamu docniodicents mexamnizmy
namo2eHemuyHo20 6NAUBY KOHMPACHTY HA HUPKOGY MKAHUHY NOCMIUHO OHOBNIOIOMbCA, MAKOIC 3 SAGIAIOMbCA OAHI NPO HOGI MapKepu
Maxozo 6Nauy, Wo € NPeOMemom 3ayikasieHOCmI JiKapie pisHux cneyianvHocmetl. Po3yminus mexanizmie 0acms MONCIUBICIb PO3-
pobumu 0icgi Memoou npoGinaKmuxu ybo2o YCKIAOHEHH:, A BNPOBAONCEHH MAPKEPHUX NPOO —8UACHO BUABUMU NATNONO02IIO0, WO
PO36UBAEMbCAL.

Mema docnioicenns — na niocmagi ananizy AimepamypHux OaHUx OCMAaHHix poKie ma OOCMynHux iHmepHem-pecypcie 6UHauumu
Mexamizmu ma mMapkepu ypascers HUpoK AK HACKIO0K Oii KOHMPACMHUX PedOGUH NICA iIHMEPEEeHYILIHUX 6MPYUalb Ma 0iaeHOCTNUYHUX
npoyeoyp.

Mamepianu ma memoou. Asmopamu nposedenuil aHaniz HOGIMHIX TIMePAMyPHUX Odlcepen 3 NpobaeM BUCBIMIEHHS NaAmo2eHe-
MUYHUX MEXAHIZMI6 NAMOoN02i4H020 6NIUEY KOHMPACHHUX PeHOBUH HA HUPKOGY MKAHUHY MA GUABIEHHS HOBUX MAPKEPIE YUKOOICCHH
HUPOK NiO IX 6NIAUGOM.

Pezynomamu docniocenns ma ix 062060pennsn. Konmpacm-inoykosane cocmpe nOUKOOMCEHHS HUPOK 3ANUUAENGCS CKAAOHOIO
bazamopisnesoio npobnemoio 3 pisnumu namonoiunumu mexanizmamu. Iloenubnenns 3nans npo 6NAUE KOHMPACHTY OAE MONCIUBOCIIT
Q0CNIOMNHCEHHST HOBUX MemOoOié mepanii ma npoinaKmuxu yboeo yckiaonenHs. Pieeny kpeamuniny, sikuti domenep 6UKOPUCTOBYEMbCS 1K
MapKep YUWIKOOJCeHHS, HA JCalb, He Od€ UHEePNHO20 POYMIHHA NPO PiGeHb MA MUOUHY YPAICEHHS, a MAKOIC 3aNeACUms 8i0 6azamvox
cynymuix ¢pakmopie, maxux sk ik, cmams, mMaca mina ma in. IMniemenmayis HOBUX 3HAHb NPO MAPKePU NOUWKOONCEHHS HUPOK 30amia
Haoamu éenudesHy KiIbKicmb 000amKosol inghopmayii npo cmar Kiyooukogoi (hinempayii, Has6HICMb 3aNalbHO20 KOMHOHEHMA, (yHK-
YIOHY8aHHs MYOYIAPHO2O anapamy, KOMNeHcamopHi 30i6Hocmi opeanizmy. Taxkodic 3 'A61A€mbCs MONCIUBICMbG CIMPAMU@IKayii pusuxky
XpoHuizayii npoyecy ma po3gumky J1emanbHux GUNAoKie, wjo 003601UMb GUACHO NPOBECU NPOYINAKMUKY Ma NOKPAWUINU NPOSHO3.

Bucnoexu. Konmpacm-indykosane 20cmpe NOUKOOAICEHHS HUPOK € YCKAAOHEHHAM GHYMPIUHbOCYOUHHO20 66€0€H S KOHMPAC-
Hux peuosun. Mexanizm enaugy xonmpacmy 0e3n0cepeonbo o8 a3anuil 3 Qi3uKo-XiMiuHuMu ocoOnUBOCMAMU MA KOHYEHMPAYicio
posuuny. IIpogedeni yucnenti ocnioxcenHa 0oci He 0aromv NOGHOI 8i0N06I0I HA 6ecb cneKmp 3MiH, AKI 8i00Y8arOMvcsa Ni0 6nU-
60M KoHmpacmuux peuosun. IIpoenoz ma npo@inakmuka yckaaoHenb SUKOPUCTANHA KOHMPACHLy Oe3nocepeoHbo 3anexcams 6io
00CIONCEHHA MA IMNIEeMEeHmMayii 8 NPAKMUYHy OIATbHICMb TIKAPIE HOBUX MAPKePi YULKOONCEH S, HUPKOBOI mMKaHuHU. /Jocniodcents
Gakmopis pusuxy, namoeenesy ma po3pobKa ephekmugHux OiaeHOCMUYHUX, NPOPIIAKMUUHUX | TIKYBAIbHUX 3AX00I8 NOBUHHI cmamu
NPOGIOHUMU 8 YMOBAX CYUACHOT MeOUUHOI npakmuku. Aneopumm Oitl TIKApIé NOGUHEH BKIIOUAMY OYIHKY PUSUKY UKOPUCTAHHS 8ATI00-

8aHUX Oiomapkepis, NPoPIIaKmuyHi 3ax00u Ma MOHIMOPUHe CMAHY NAYIEHMA.
Kniouogi cnosa: konmpacm-indykosare 2ocmpe nowKoodiceHHs HUPOK, Heghponamis, namozenes, MapKkepu.

Relevance. Contrast-induced nephropathy (CIN)
or contrast-induced acute kidney injury (CI-AKI) is an
iatrogenic acute injury to renal tissue, the development
of which is observed after intravascular, mostly intraar-
terial, administration of contrast agents (CAs) for diag-
nostic procedures or therapeutic angiographic interven-
tions (Kusirisin et al., 2020). This pathology is defined
as impaired renal function, manifested by either an
increase in serum creatinine (SCr) of 25% from baseline
or an increase in absolute SCr of 0.5 mg/dL (44 umol/L)
within 48—72 hours after intravenous contrast adminis-
tration (Moro et al., 2021; Davenport et al., 2020).

CIN is becoming a significant problem due to the
increase in the number of coronary angiographies and
interventional procedures using contrast agents in high-
risk patients with chronic kidney disease, diabetes mel-
litus, hypertension, and renal failure, due to the devel-
opment of contrast-induced damage to renal structures.
Rapid deterioration of renal function may result from
coronary angiography or percutaneous coronary inter-
vention (Modi et al., 2025).

To describe the nature of the relationship between
contrast administration and the development of AKI, the
American College of Radiology has proposed the fol-
lowing terms: post-contrast kidney injury, contrast-in-
duced, and contrast-associated acute kidney injury
(Davenport et al., 2020). The term “post-contrast renal
injury” describes a decrease in renal function within 48

®dirtotepanis. Yaconuc

hours after intravascular administration of a contrast
agent. Contrast-associated acute kidney injury is any
AKI that occurs within 48 hours of contrast medium
administration. These terms are synonymous and rep-
resent a correlative diagnosis. None of them suggests a
causal relationship between contrast administration and
the development of AKI. The term “contrast-induced
acute kidney injury” refers to the development of pathol-
ogy resulting from the administration of contrast media.
If it is clear that there is a causal relationship between
the administration of contrast media and the appear-
ance of signs of AKI, it is recommended to use the term
“contrast-induced acute kidney injury” (Li, Wang, 2024;
Jones et al., 2025). In healthy people, the incidence of
CIN is less than 1%, but in people with pre-existing
renal failure or additional risk factors such as diabetes,
hypertension, advanced age, and cardiovascular dis-
ease, the incidence of this complication can reach 15%
(Wang, et al., 2024). Since patients with existing comor-
bid conditions always have the potential to develop con-
trast-related renal tissue damage, physicians are usually
quite cautious in choosing these examination methods
(Bobyryov et al., 2017). At the same time, in the devel-
opment of urgent, life-threatening emergencies, the use
of contrast diagnostic methods is of great importance
and is performed according to vital indications, outlin-
ing the scope of endovascular intervention. Although
CIN often manifests as transient acute kidney injury, in
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some cases chronic renal decompensation or even death
can develop.

The aim of the study is to analyze the recent litera-
ture and relevant online sources, to determine the under-
lying mechanisms and biomarkers of kidney injury asso-
ciated with contrast agents used in interventional and
diagnostic procedures.

Materials and methods. This review is based on an
analysis of recent peer interviewed publications focused
on elucidating the pathophysiological mechanisms,
underlying contrast-induced kidney injury and identify-
ing new biomarkers indicative of renal damage caused
by contrast media.

Results and discussion. Currently, there are four types
of contrast agents. High-osmolar ionic monomers, low-os-
molar: ionic dimers and non-ionic monomers, as well as
isoosmolar non-ionic dimers. lonic CAs have a tri-iodi-
nated benzene ring with a carboxyl group in the form of a
salt with sodium or methylglucamine, they have an osmo-
larity approximately five times higher than the osmolarity
of human blood plasma, causing excessive hemodilution,
endothelial damage, and have a pronounced nephrotoxic
effect. Nonionics CAs do not dissociate in solution and
contain three iodine atoms per molecule, which implies
a lower osmolarity. Nonionic CAs with low osmolarity
are better tolerated and are associated with a lower risk of
adverse reactions (Najjar, 2024).

Among nonionic CAs, iodixanol is a dimer with six
iodine atoms and has an osmolarity similar to that of
plasma with a lower incidence of adverse effects than
monomer molecules (Jenerowicz et al., 2022; McDon-
ald & McDonald., 2023). The only ionic CAs with low
osmolarity is the dimer ioxaglate, which has an osmolal-
ity similar to nonionic monomers but does not provide a
low incidence of adverse reactions due to the chemotoxic
effect of electrical charges (Brillantino et al., 2020).

The pharmacokinetic properties of a contrast agent
are determined by several factors: the side chains of the
aromatic rings affect solubility, osmolarity, protein bind-
ing, and toxicity profile. Lipophilic side chains reduce
water solubility and provide a level of binding to plasma
proteins, while the carboxyl group can form salts and
increase both solubility and osmolarity. Hydrophilic side
chains, such as acetamide groups and polyhydroxylated
groups, further improve water solubility, tolerability,
and the ability to reduce binding to blood plasma pro-
teins. The last property is important for ensuring rapid
glomerular filtration. Nonionic CAs are typically very
hydrophilic and are characterized not only by low osmo-
larity, the absence of electrical charges, but also by the
presence of a larger number of hydrophilic side chains
that increase the solubility of molecules.

.12
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A more uniform distribution of hydroxyl groups in
nonionic contrast agents limits the interaction of lipo-
philic regions of the molecule with plasma proteins and
cell membranes and improves contrast tolerability (Bril-
lantino et al., 2020; Hawthorne et al., 2022).

The next main characteristic of a contrast agent solu-
tion is the iodine concentration, i.e. the number of iodine
atoms contained in a unit volume, expressed in mgl/ml.
The higher the iodine concentration in the contrast, the
greater the enhancement. Computed tomography (CT)
uses non-ionic contrast agents with iodine concentra-
tions of 300 to 400 mgl/ml.

Finally, an important property of contrast media
is viscosity, i.e. its ability to fill vessels, needles and
injection catheters. High viscosity prevents the rapid
administration of large volumes of contrast, especially
in angio-CT studies, and also prolongs the transit time
of the contrast media in the microcirculation and in the
renal tubules with subsequent damage to the endothe-
lium and kidneys (Brillantino et al., 2020). The viscosity
of the solution increases with increasing molecular size
and iodine concentration and decreases with increasing
temperature.

Specific properties of CAs solutions, such as high
osmolarity, can increase the intrinsic cytotoxicity of
the solution: the higher the osmolarity of the media, the
higher the toxicity of iodine at a given concentration
(Metrard, et al., 2024). Elevated blood glucose concen-
tration also enhances the oxidative response induced by
CAs in renal mesangial cells (Wang et al., 2024).

Despite numerous studies, the pathophysiological
mechanisms of CIN development are not fully under-
stood. The pathogenesis is multicomponent and includes
a variety of molecular and biochemical changes. It
should be noted that the presence of risk factors such as
diabetes mellitus, coronary heart disease, existing kid-
ney disease and hypertension, and old age contribute to
the severity and frequency of renal complications. Cur-
rently, several explanations for the mechanisms of kid-
ney damage have been proposed, including direct dam-
aging effects, indirect damaging effects, and production
of reactive oxygen species (ROS).

Endothelial cells play a key role in maintaining vas-
cular homeostasis. Their function includes controlling
vascular tone, inflammation activity, and thrombogenesis
(Wang, He, 2024). Vasculopathy with impaired vascular
endothelial function is a typical feature of CIN (Kumar
et al., 2023). Under the influence of CAs, the production
of vasodilators such nitric oxide (NO) and prostaglan-
din 12 (PGI2) is suppressed, against the background of
increased formation of endothelin-1 in endothelial cells,
which leads to vasoconstriction and ischemia of renal
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tissue. Endothelial dysfunction reduces the anti-inflam-
matory and antithrombotic properties of vessels and
contributes to the development of systemic organ-spe-
cific complications due to the administration of CAs
(Pustovoyt et al., 2025; Wang, He, 2024; Sarychev et al.,
2022; Skrypnyk et al., 2017). As a result of CAs using,
there is an increase in the production of reactive oxygen
species (ROS) and the expression of adhesion molecules
with the secretion of inflammatory factors (Kusirisin,
et al., 2020), renal tubular epithelial cells also undergo
damage and apoptosis, causing significant tubular dys-
function (Li, Wang, 2024; Chmielewski et al., 2024).

Almost all CRs have a direct cytotoxic effect on vas-
cular endothelial cells and renal tubular epithelial cells,
which ultimately manifests itself in a violation of cellu-
lar integrity (Theofilis, Kalaitzidis, 2024; Moisieieva et
al., 2024). Damage to the vascular endothelium reduces
blood flow velocity in the renal capillaries and leads to
renal medullary hypoxia and tubular insufficiency (Li,
Wang, 2024).

The shedding of necrotic epithelial cells into the tubu-
lar lumen disrupts the integrity of the barrier between the
peritubular interstitium and the filtrate, increases intra-
luminal pressure and permeability, and causes backflow
into the interstitium. In response to epithelial destruc-
tion, an immune response is initiated, provoking the
secretion of inflammatory mediators and vasopressors.
The main source of inflammation-associated molecules
and pro-inflammatory factors is epithelial barrier dys-
function, thus this process contributes to the develop-
ment of refractory inflammation with worsening renal
tubular dysfunction (Kellum et al., 2021).

A group of immunostimulatory molecules that par-
ticipate in the inflammatory response after tissue dam-
age is defined as damage-associated molecular patterns
(DAMPs). Uromodulin, or Tamm-Horsfall glycopro-
tein, is a kidney-specific DAPMs. Its release is observed
when the integrity of the tubular apparatus is disrupted,
and it is expressed exclusively by epithelial cells of
the ascending limb of the loop of Henle and the distal
convoluted tubule (Karagiannidis et al., 2024). Physi-
ological functions of this molecule are extremely var-
ied. Among them are the regulation of the renal outer
medullary potassium channel, calcium and magnesium
homeostasis, and blood pressure control (LaFavers
et al., 2022; Kipp, Olinger, 2020), formation of casts
in urine, protection against kidney stone formation by
reducing calcium crystal aggregation, inhibition of uri-
nary tract infections (Thielemans et al., 2023) and many
others. The immunomodulatory function of uromodulin
consists in direct activation of TLR4 and promotion of
maturation of competent cells (Nourie et al., 2024). Both
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in the kidneys and in the body as a whole, under its influ-
ence, the production of ROS is suppressed (Nanamatsu
et al., 2024), and in the kidney interstitium, pro-inflam-
matory signaling is inhibited.

Serum uromodulin concentrations are inversely cor-
related with C-reactive protein (CRP) and IL-1p levels,
regardless of renal function (Li et al., 2024). Its high
serum concentration is associated with a favorable met-
abolic profile, a reduced likelihood of developing acute
kidney injury (You et al., 2021). Acting as a marker of
tubular secretion, uromodulin reflects, residual nephrons
mass. A decrease in the mass of tubular cells leads to
a reduce in the release of this glycoprotein. In condi-
tions of uromodulin deficiency, activation of urate trans-
porters occurs, which is manifested by hyperuricemia
(Micanovic et al., 2020). A decrease in uromodulin level
indicates kidney damage or loss of function and is asso-
ciated with adverse outcomes (Melchinger et al., 2022).

Tubular necrosis is manifested by acute kidney
injury, which releases nonspecific DAMPs (histones
and amphoterin), increases vascular permeability,
which potentiates and deepens shock and hypoperfusion
through Toll-like receptors activation. Cellular damage
increases oxidative stress and free radical formation.
This process consumes nitric oxide, neutralizing its pro-
tective effect as a vasodilator (Kozlov et al., 2024).

Under conditions of prolonged vasoconstriction,
glomerular filtration rate (GFR) decreases, medullary
hypoperfusion develops, and blood viscosity increases
in the nephron vessels (Theofilis, Kalaitzidis, 2024).

One of the main mechanisms of hypoxia in the
medullary area is a decrease in regional microcircula-
tion against the background of an increase in the oxy-
gen demand of tubular cells. The deep part of the renal
medulla, containing the metabolically active thick
ascending parts of Henle’s loop, is the most vulnerable
to hypoxic damage. Here, an osmotic gradient is created
by active sodium reabsorption, which requires a large
amount of oxygen. Due to the osmotic load and the
effect of endothelin release under the influence of CAs,
sodium reabsorption by distal tubular cells increases,
which leads to increased oxygen consumption. Contrast
administration transiently increases renal plasma flow,
glomerular filtration, and urine output, followed by a
sustained decrease to about a quarter below baseline.
The higher the osmolality of the substance, the stronger
these effects are manifested (Somkereki et al., 2024).

Contrast agents shift the balance between vasodilator
and vasoconstrictor factors toward vasoconstriction and
lead to medullary hypoperfusion primarily through con-
striction of the descending medullary vessels, which are
lined with pericytes (Durante et al., 2024). The bioavail-
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ability of nitric oxide in the descending vasa vasorum,
whose average size is close to the diameter of erythro-
cytes, decreases, and the concentration of superoxide
increases (Theofilis, Kalaitzidis, 2024). lodixanol has
a more pronounced vasoconstrictive effect on affer-
ent than on efferent arterioles. Decreased NO availa-
bility and increased superoxide concentration explain
the increased tone and reactivity of afferent arterioles
(Fountain et al., 2025). Medullary hypoperfusion inter-
feres with oxygen transport, causing ischemic tubular
damage and maintaining a vicious cycle. All types of
CAs cause similar degrees of renal medullary vasocon-
striction (Modi et al., 2025).

Water-soluble CAs can damage the kidneys due to
differences in osmolarity relative to surrounding tissues.
The higher the osmolarity of the solution, the greater its
cytotoxic effect. It should be noted that the osmolarity of
the renal medulla is higher than in other tissues. Contrast
agents are significantly diluted in the lumen of the ves-
sel before they reach the kidneys, which reduces their
osmolality. In the kidneys, they are freely filtered in the
glomeruli, but cannot be reabsorbed by the tubules. As
water is reabsorbed along the length of the tubule, the
CAs becomes increasingly concentrated, increasing its
osmolarity and viscosity in the tubule. The high viscosity
of the tubular fluid causes an increase in resistance, which
increases tubular pressure and interferes with glomeru-
lar filtration. The increase in resistance markedly slows
tubular flow, (Shams, Mayrovitz, 2021) and the intrare-
nal residence time of CAs becomes much longer. Highly
viscous CAs have a longer contact time with tubular epi-
thelial cells, which deepens tubular damage (Kusirisin et
al., 2023). Increased pressure in the tubules stretches them
and increases renal interstitial pressure due to the strong
renal capsule. As a result, the renal vessels, including the
narrow descending vessels, are compressed. This increase
in vascular resistance further exacerbates medullary
hypoperfusion. The decrease in urine flow rate increases
the duration of action of the contrast agent, thus enhanc-
ing its cytotoxic effect (Ehmann et al., 2023).

Intrarenal vasoconstriction, mediated by increases in
vasoconstrictor mediators, including renin, angiotensin
11, and endothelin, together with decreases in vasodila-
tory mediators, including nitric oxide and PGI2, exacer-
bates medullary hypoxia (Leisman, 2020).

Oxidative stress plays a significant role in the pro-
gression of CIN. Hypoxia can lead to decreased oxida-
tive phosphorylation and increased production of free
radicals in mitochondria (Zhang et al., 2020).

Impaired kidney function under the influence of CR
also occurs due to excessive production of ROS against
the background of a decrease in the activity of antiox-
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idant mechanisms. Once the ability of cells to absorb
ROS is exceeded, they lead to so-called ischemia-rep-
erfusion injury: cell damage caused by the combined
effects of hypoxia and ROS-mediated oxidative dam-
age. The latter affects mitochondrial and nuclear DNA,
membrane lipids, and cellular proteins. Oxidative stress
of the endoplasmic reticulum of kidney cells can lead to
plasma membrane damage and mitochondrial dysfunc-
tion (Ricciardi, Gnudi, 2020), which potentiates ROS
production by catalytically releasing iron with subse-
quent activation of the Haber-Weiss and Fenton reac-
tions (Cheng, Li, 2023), damaged mitochondria release
cytochrome C, which is closely linked to the activation
of apoptosis (Luo et al., 2023). During oxidative stress
of the endoplasmic reticulum, cytosolic Ca2+ overload
develops due to the generation of ROS, which causes
irreversible cell death. Under conditions of medullary
hypoxia, ROS are also increased, which stimulates mito-
chondrial oxidative stress and mitochondrial dysfunc-
tion (Mahapatro et al., 2024).

In general, ROS play an important role in altered
renal microcirculation. They induce and enhance vaso-
constriction caused by angiotensin-II and endothelin-I,
an important vasoconstrictor associated with oxidative
damage to endothelial cells. Its high level increases the
risk of CIN. In addition, they reduce the bioavailability
of vasodilator NO (Davenport et al., 2020).

Nicotinamide adenine dinucleotide phosphate oxidase
(NOX), which is a source of reactive oxygen species, can
serve as a marker of epithelial and endothelial cell damage
(Hongetal., 2024). The highest ratio of hydrogen peroxide
to superoxide is provided by NOX4, the upregulation of
whose protein expression is associated with increased oxi-
dative stress. lodixanol enhances the expression of NOX4
and increases the generation of ROS in renal tubular cells,
causing their apoptosis and necrosis (Guo et al., 2021).
Endothelial nitric oxide synthase (eNOS) is a homodimer
that binds many different cofactors, converting L-arginine
and oxygen into L-citrulline and nitric oxide (Momot et
al., 2024). Dysregulation and uncoupling of eNOS may
be facilitated by aberrant activation of NOX, leading to
reduced nitric oxide bioavailability, formation of superox-
ide and endogenous peroxynitrite, creating a toxic cycle
of oxidative stress and, exacerbated endothelial dysfunc-
tion (Deng et al., 2024). Under the influence of iodixanol,
abnormal phosphorylation of eNOS occurs, further reduc-
ing nitric oxide production and increases the formation of
peroxynitrite in endothelial cells (Buria et al., 2024; Guo
etal., 2021; Yelins’ka et al., 2019).

Ferroptosis, or iron-dependent programmed cell
death, is gaining an increasingly recognized role in the
development of CIN due to the accumulation of ROS
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in lipids with their subsequent fatal peroxidation. Clas-
sical ferroptosis inhibitors effectively increase cell via-
bility and significantly reduce ROS production in CIN,
and also inhibit the development of renal dysfunction,
prevent ROS production, and reduce iron accumulation.
These data may in the future help to better understand
the molecular mechanisms of CIN and develop new
therapeutic and preventive strategies (Zhu et al., 2024).

Cellular damage provokes an inflammatory response,
which later leads to changes in homeostasis in the renal
systems and in the circulation. The immune response
caused by CAs toxicity can significantly increase the
migration of immune cells and the accumulation of
cytokines, such as tumor necrosis factor-alpha (TNF-a)
and interleukin-1 beta (IL-1p) (Cobley, Husi, 2020). An
early sign of CIN is an inflammatory response induced
by various cell types. Upregulation of cytokines such
as TNF-q, interleukin-1 (IL-1), interleukin-18 (IL-18),
tumor growth factor-beta (TGF-), interferon gamma
(IFN-y), interleukin-6 (IL-6), and interleukin-33 (IL-33)
positively correlates with increased proteinuria, espe-
cially in diabetes mellitus (Li, Ren, 2020). Endothelial
cell dysfunction caused by cytotoxic CAs activates rele-
vant signaling pathways and leads to the development of
systemic inflammation (Hojjat, Wiwit, 2024).

The role of cytokines in the development of CIN is
well established. For example, IL-6, which is involved in
the regulation of an extremely large number of biologi-
cal processes such as the acute phase response of inflam-
mation and the immune response, is mainly produced in
podocytes. Depending on the dose and time, its concen-
tration increases under the influence of pro-inflamma-
tory mediators (Shankland et al., 2023). Podocytes are
one of the few kidney cells that can express the 1L-6
receptor. At the same time, IL-6 induces autocrine podo-
cyte proliferation (Shahzad et al., 2022). IL-6 secretion
and signal transduction in podocytes is increased and
initiated by high glucose levels (Reddy et al., 2024).

Mesangial cells are also capable of secreting IL-6.
Among other things, due to this, they are activators of
cellular inflammation, participate in the regulation of the
immune response and in metabolically mediated kidney
damage (Fu et al., 2024).

Common stimulators of endothelial cells to generate
IL-6 are inflammatory mediators such as IL-1, TNFa,
and IL-4. The interaction between IL-6 and endothelial
cells is mediated by trans-signaling and involves leuko-
cyte recruitment and chemokine secretion. The gener-
ation process promotes the expression of the angioten-
sin II receptor type 1 gene, which is accompanied by
vasoconstriction and ROS production, and, as a result,
endothelial dysfunction (Tona et al., 2024).
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Damage to the renal glomeruli is an inducer of I1L-6
production in tubulointerstitial cells (Hao et al., 2024).
There is a close relationship between its expression and
AKI. IL-6 signaling is enhanced after bilateral renal tis-
sue ischemia, linking local and systemic inflammation
and can be used as a biomarker for AKI (Katkenov et
al., 2024).

In toxic AKI, IL-6 expression is significantly
increased mainly in renal tubulointerstitial cells and
strongly correlates with renal injury. In contrast, 1L-6
deficiency attenuates neutrophil recruitment to the lesion
site and causes relative renal tissue resistance. One of the
central mechanisms of AKI is IL-6-mediated activation
of neutrophils, which can be induced after activation by
triggering the netosis system with damage including to
the endothelium within the renal microcirculation (Wu
et al.; 2022, Wang et al., 2023). Stimulation of IL-6
trans-signaling reduces the extent of renal tissue dam-
age and preserves function by reducing the activity of
the main oxidative stress mechanism (Yan et al., 2023;
Lutsenko et al., 2017).

Toll-like receptors (TLRs) play a leading role in the
implementation of immune responses. In diabetes, oxi-
dative stress promotes the expression of TLR2 and TLR4
in monocytes, increasing the expression of cytokines,
including IL-1 beta, IL-6, etc. (Li, Ren, 2020). This pro-
cess is of great importance in enhancing the pro-inflam-
matory response in diabetes, which may contribute to
the development of CIN (Shayan, Elyasi, 2020).

TLR4 plays an indispensable role in the pathogen-
esis of acute kidney injury and is the receptor primar-
ily responsible for the inflammatory response (Jha et
al., 2021; Yang et al., 2020). TLR4 expression occurs
in mesangial cells, podocytes, endothelial cells, and
tubular epithelial cells, where the transcriptional reg-
ulation of numerous pro-inflammatory cytokines and
chemokines is localized, leading to renal inflammation
(Cheng, Li, 2023). Increased renal damage may occur
through the generation of inflammatory cytokines due
to contrast-induced activation of Toll-like receptor 4
(TLR4), resulting in the induction of the downstream
nucleotide-binding domain, leucine-rich repeat, and
pyrin domain-containing protein 3 (Nlrp3) inflammas-
ome and the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) signaling pathway (Holze
et al., 2024).

Ca-binding proteins have shown potential ability to
activate the TLR4 signaling axis (Weifeng et al., 2024).
The Ca-binding protein S1I00A8/A9 is the most abun-
dant structure associated with molecular damage. It is an
endogenous ligand for TLR4 in the development of CIN.
TLR4 binds to these proteins and activates the TLR4/

115 ==

Ne 1,2026



MeguuuHa. Papmauin

Nlrp3 pathway to induce the inflammatory cascade of
kidney damage (Cheng, Li, 2023).

There is currently no specific biomarker that can
accurately diagnose ACI in the early stages. Serum cre-
atinine is widely used, but has significant limitations, as
it depends, among other things, on gender, age, and mus-
cle mass. Its serum level may not increase until the kid-
neys have suffered significant, and sometimes critical,
damage. New studies are currently being conducted to
find modern markers of kidney tissue damage that would
help to timely detect and predict complications during
contrast administration. In the PRESERVE cohort study,
the following biomarkers were measured in plasma and
urine of patients with chronic kidney disease one to two
hours before angiography: monocyte chemotactic pro-
tein-1 (MCP-1), kidney injury molecule 1 (KIM-1), neu-
trophil gelatinase-associated lipocalin (NGAL), IL-18,
uromodulin (UMOD), and chitinase-3-like protein 1
(YKL-40). Patients with high plasma levels of KIM-1,
lipocalin, and YKL-40 before contrast administration
were found to be at increased risk of developing sig-
nificant renal adverse events and death within 90 days.
The markers IL-18, MCP-1, and YKL-40 were also cor-
related with higher mortality. Plasma KIM-1 was sig-
nificantly higher in patients with contrast-induced AKI
(Parikh et al., 2020).

KIM-1 is a glycoprotein that is activated in the prox-
imal renal tubules following injury. The presence of a
soluble, released form of KIM-1 in urine is associated
with acute tubular necrosis, giving it the status of a
marker of proximal tubular injury (Nourie et al., 2024).

The concentration of YKL-40 in blood plasma is lin-
early correlated with the severity of ACI and the level of
pro-inflammatory markers, its borderline concentrations
are a predictor of adverse outcomes and high mortality
(Albeltagy et al., 2020). YKL-40 is probably closely
related to immune-mediated, infectious, or mechanically
induced endothelial dysfunction, which provides valua-
ble information about the state of the renal vasculature
and its changes in various pathologies (Amatruda et al.,
2022; Knyazkova et al., 2023; Gutiérrez et al., 2022;
Blazevic et al., 2024).

Considering the protective function of uromodulin,
a decrease in its level in urine is associated with more
pronounced lesions, such as interstitial fibrosis, tubular
atrophy and glomerulosclerosis, and is negatively corre-
lated with the level of inflammatory biomarkers: IL-6,
TNFa and lipocalin 2 (Melchinger et al., 2022), which is
the earliest biomarker detected in urine in kidney dam-
age. Detection of urinary lipocalin 2 of plasma origin is
possible only in case of the proximal renal tubules dam-
age, or when its synthesis exceeds the tubular reabsorp-
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tion capacity, as it is completely reabsorbed by the prox-
imal tubules after free filtration (Puthumana et al. 2024).

One of the pro-inflammatory cytokines considered as
a possible marker of acute kidney injury is IL-18, which
is synthesized by renal macrophages. Its presence has
been detected in various parts of the tubular system of
the nephron. IL-18 levels are significantly elevated in the
urine of patients with acute tubular necrosis compared
with patients with urinary tract infections, prerenal acute
renal failure, chronic kidney disease, and nephrotic syn-
drome (Luan et al., 2022).

Cystatin C, produced by all nucleated cells, is a well-
known indicator of renal filtration and reabsorption func-
tion. Its plasma levels are independent of age, sex, muscle
mass, and dietary habits, which is a significant difference
from creatinine levels. Cystatin C is freely filtered in
the kidneys without being secreted or taken up by cells.
Almost all of it is normally reabsorbed and metabolized
in the proximal tubule, resulting in its absence in the urine
under normal conditions (Pottel et al., 2023).

The prognostic value of tissue inhibitor of metal-
loprotease-2 (TIMP-2) and insulin-like growth factor
binding protein 7 (IGFBP7) cannot be overestimated.
They are constantly expressed in tubular cells and are
detected in the urine as early as 4 hours after kidney
injury (Esmeijer et al., 2021).

In recent years, increasing attention has been paid
to the study of extracellular signaling molecules and
mRNAs in the development of CIN. They may become
promising therapeutic targets for the treatment and pre-
vention of this complication in the future (Piedrafita et
al., 2022; Grange, Bussolati, 2022; Aktas et al., 2025).

Thus, in summary, the most clinically ready markers
of kidney damage are NGAL, KIM-1, Cystatin C, and
TIMP-2/IGFBP7, while YKL-40, IL-18, MCP-1, and
UMOD remain promising but require additional validation.

Conclusions. Contrast-induced acute kidney
injury is a known complication of intravascular con-
trast media administration. The underlying mecha-
nisms are strongly associated with the physiochemical
properties and concentration of the contrast agents
used. Despite many studies, the full spectrum of renal
alterations caused by contrast exposure has yet to be
completely elucidated. The prognosis and prevention
of contrast-induced acute kidney injury are directly
linked to ongoing research and the clinical imple-
mentation of new biomarkers for early detection of
renal tissue damage. Continued investigation into
risk factors, pathophysiological mechanisms and the
development of effective diagnostic, preventive and
therapeutic strategies should be a primary focus in
modern medical practice.
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To prevent and timely detect contrast-induced
kidney injury in clinical practice, it is necessary to
follow a certain algorithm of actions, which includes
assessing the presence of risk factors (chronic kid-
ney disease, diabetes, cardiovascular pathologies,
advanced age, hypertension), assessing basic indica-
tors of kidney function (creatinine, Cystatin C, glo-
merular filtration rate), type and dose of contrast
agent, its osmolarity and viscosity at the stage before
using the contrast. For timely detection of damage,
it is recommended to use NGAL, KIM-1 and Cysta-
tin C as primary markers. In high-risk patients, it

is advisable to use TIMP-2/IGFBP7 to predict the
development of AKI. Additional markers (IL-18,
MCP-1, YKL-40, UMOD) can be used in research or
specialized centers to clarify the pathogenesis. It is
necessary to ensure adequate hydration before and
after the procedure, use the minimum effective dose
of contrast, and prefer less nephrotoxic agents (non-
ionic low-osmolar). Repeated contrast studies within
a short period of time should be avoided. Renal func-
tion should be reassessed after 24—48 hours. The use
of biomarkers allows the detection of subclinical
damage even before creatinine increases.
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