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Renal ischemia-reperfusion injury (IRI), which develops during organ-preserving kidney surgery and particularly
during kidney transplantation (KT), remains a major challenge in urology and transplantology, as it can lead to
progression of acute kidney injury and chronic graft dysfunction. Conservative strategies aimed at minimizing
oxidative stress are especially important in situations where surgical options are limited. In transplantology, IRI
is of particular relevance, as KT is the treatment of choice for patients with end-stage renal disease, significantly
improving both quality of life and survival compared with renal replacement therapy. A critical stage of the trans-
plantation procedure involves donor organ ischemia (warm and cold), followed by reperfusion after restoration
of blood flow in the recipient. The severity of IRI directly influences graft function and is a key risk factor for
delayed graft function and acute rejection [1, 2]. Therefore, the search for effective the search for to prevent and
correct IRI is critical to improving kidney transplant outcomes. Objective to systematize current knowledge
on the potential of conservative methods for correcting renal IRI caused by excessive reactive oxygen species
(ROS) during organ-preserving kidney surgery and KT under conditions of warm ischemia. Methods. A sys-
tematic analysis of literature published over the past 10 years was conducted using the PubMed search engine,
the Cochrane Library database of evidence-based medicine, and the Scopus unified bibliographic and abstract
database of peer-reviewed scientific literature. Particular emphasis was placed on randomized studies evaluating
drugs or newly synthesized compounds that suppress ROS formation and restore or enhance the body’s antioxidant
capacity. Conclusion. At the current stage of medical science, considerable attention is focused on substances
capable of blocking the molecular mechanisms involved in mitochondrial membrane pore opening, as well as on
agents that suppress ROS formation through inhibition of NADPH oxidase and xanthine oxidase. The therapeutic
potential of exogenous enzyme preparations (such as superoxide dismutase and catalase), low-molecular-weight
catalytic ROS scavengers, and non-enzymatic antioxidants — including supraphysiological doses of ascorbic acid
and mitochondria-targeted agents such as mitoquinone and elamipretide — is actively being investigated. In the
future, the results of these studies may form the basis for the development of effective antioxidant strategies for
the prevention and treatment of renal IRI during organ-preserving kidney surgery and transplantation.
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protection, kidney transplantation.

treatment of choice for patients with end-stage chronic
kidney disease, offering substantial improvements in
both quality of life and survival compared with long-term
renal replacement therapy [8, 9]. A critical phase of trans-
plantation involves ischemia of the donor organ — both
warm and cold — followed by reperfusion after restora-

1. INTRODUCTION

In urological surgery, acute renal ischemia—reperfu-
sion injury (IRI) is an anticipated consequence of organ-
preserving kidney procedures. Such injury may occur
during surgical management of benign renal tumors, se-

lected cystic kidney lesions, renal echinococcosis, neph-
rolithiasis refractory to conservative treatment, nephrotu-
berculosis, traumatic injury to the renal parenchyma, and,
most commonly, localized renal cell carcinoma [3—7].
The issue of renal IRI is equally significant in trans-
plantology. Kidney transplantation (KT) remains the

tion of blood flow in the recipient. The severity of renal
IRI has a direct impact on graft function and represents
a major risk factor for delayed graft function and acute
rejection [1, 2, 10].

Therefore, the search for effective strategies for pre-
vention and mitigation of renal IRI is critical to impro-
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ving outcomes in both kidney resection and transplan-
tation.

The immediate cause of IR is the restoration of renal
blood flow after a period of suspension. Temporary ces-
sation of perfusion is required during surgery to prevent
intraoperative parenchymal bleeding when resecting the
affected renal segment or constructing vascular anasto-
moses. Thus, reperfusion is preceded by warm ischemia
induced by clamping the renal artery. Although both
ischemia and subsequent reperfusion are essential steps
in the surgical procedure — first minimizing blood loss
and then restoring organ perfusion — they also initiate
a cascade of mechanisms leading to renal tissue injury.

During ischemia, the primary injurious factor is hypo-
xia (or anoxia), whereas reperfusion introduces normoxic
conditions that paradoxically exacerbate tissue injury.
The consequences of primary injury and the principal
mechanisms of secondary cellular alteration include:
1) Under hypoxic conditions — cellular hypoergia due to
impaired ATP production, dysfunction of ATP-dependent
ion pumps, and increased generation of reactive oxygen
species (ROS), activating free radical-mediated damage
to proteins, lipids, carbohydrates, nucleic acids, mito-
chondria, and cell membranes; 2) Upon reperfusion —an
even more pronounced, “avalanche-like” overproduction
of ROS.

Subsequent downstream injury mechanisms involve
increased permeability of cellular and organelle mem-
branes (including lysosomal membrane destabilization
with release of proteolytic enzymes), alterations in redox
balance, mitochondrial structural and functional impair-
ment, disturbances in ionic homeostasis (particularly
potassium and calcium), metabolic acidosis, and cellular
swelling. Edematous cells may compress adjacent mi-
crovessels, leading to microcirculatory disorders.

These changes represent a universal, nonspecific cel-
lular response to injury and occur in virtually all cell
types, including renal parenchymal cells (nephrocytes),
regardless of whether the initiating insult is ischemia or
reperfusion [11-13].

2. PATHOGENESIS OF RENAL
ISCHEMIC-REPERFUSION INJURY

Ischemia and subsequent reperfusion during organ-
preserving renal surgery and KT represents one of the
leading causes of acute kidney injury in the early post-
operative period [14—16]. The predominant structural
damage affects the nephron, particularly the tubular epi-
thelial cells [17]. Over time, this injury may contribute
to progression of chronic kidney disease and ultimately
chronic renal failure [18-22].

The principal mediators of tissue injury during ische-
mia and reperfusion are ROS — electrically unstable and
highly reactive molecules capable of damaging cellular
structures. The primary sources of ROS include the mi-

tochondrial electron transport chain (ETC), as well as
enzymatic reactions catalyzed by xanthine oxidase (XO),
nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase), myeloperoxidase (MPO), and others.

Under conditions of excessive ROS generation — par-
ticularly during reperfusion — the imbalance between
prooxidant production and antioxidant defense leads to
oxidative stress, which plays a central role in cellular
and tissue injury. Accordingly, two principal pharma-
cological strategies are distinguished in the prevention
and correction of IRI: 1) Reduction or suppression of
ROS production by targeting the mitochondrial ETC and
inhibiting ROS-generating oxidases; 2) Neutralization
and elimination of ROS by restoring or enhancing the
endogenous antioxidant defense system of the cell and
extracellular environment [23].

3. MAIN TARGETS FOR PHARMACOLOGICAL
CORRECTION OF OXIDATIVE STRESS
IN RENAL IRI

3.1. Suppression of the formation of reactive
oxygen species

3.1.1. Inhibition of mitochondrial permeability
fransition pore (mPTP) opening

Under physiological conditions, ETC is responsible
for generating up to 90% of all reactive oxygen species
(ROS) as metabolic by-products [23, 24]. During ische-
mia — and particularly upon reperfusion — ROS produc-
tion increases dramatically. This surge, combined with
ischemia—reperfusion—induced disorders in ATP biosyn-
thesis and intracellular calcium homeostasis, promotes
the formation of pores at contact sites between the inner
and outer mitochondrial membranes. These pores, known
as mitochondrial permeability transition pores (mPTP),
alter mitochondrial membrane permeability [25-30].

The formation of mPTP leads to further disruption of
ionic homeostasis, especially calcium balance, and im-
pairs the energy-synthesizing function of mitochondria.
At the same time, it sustains and amplifies ROS generati-
on, thereby perpetuating a vicious cycle of mitochondrial
dysfunction. Persistent and uncontrolled mPTP opening
can ultimately trigger mitochondrial-dependent apoptotic
pathways, contributing to irreversible cell injury.

As defined by Zhou et al. (2023), the opening of mPTP
“is a major determinant of mitochondrial dysfunction to
induce cellular damage or death” [31]. In light of current
evidence, pharmacological inhibition of mPTP opening
represents one of the most promising therapeutic stra-
tegies for the prevention and mitigation of IRI [32—-34].

MPTP is a multiprotein complex that includes the
voltage-dependent anion channel (VDAC, also known
as porin), the adenine nucleotide translocator (ANT),
the peripheral benzodiazepine receptor, and the chape-
rone protein cyclophilin-D (CypD), one of the 18 known
human cyclophilins. Among these components, CypD —
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also referred to as peptidyl-prolyl cis-trans isomerase
F — plays a central regulatory role in controlling mPTP
opening from the inner mitochondrial membrane [35].

Fayaz et al. (2015) metaphorically described cyclo-
philin-D as “the key to the death door” [36]. Accordingly,
pharmacological inhibition of CypD activity is a rational
strategy for preventing mPTP opening in pathological
conditions associated with mitochondrial dysfunction
[37], including renal IRI [38].

One of the earliest agents identified as a CypD inhibi-
tor was cyclosporin A (CsA), a calcineurin inhibitor. CsA
is a neutral, lipophilic cyclic undecapeptide composed of
11 amino acids, with a molecular weight of 1202.6 Da,
and exhibits high affinity for cyclophilins. Since the early
1980s, it has been widely used as an immunosuppressive
and immunomodulatory agent in immunology, transplan-
tology, and oncology [39, 40].

Preclinical studies are currently underway to inves-
tigate the potential role of CsA in the treatment of renal
IRI. In experimental models of renal IRI in small labo-
ratory animals — typically involving unilateral nephrec-
tomy followed by 30 minutes of occlusion of the renal
artery supplying the contralateral kidney and subsequent
reperfusion for 60-90 minutes — several protective ef-
fects of CsA have been reported. Postconditioning with
CsA has been shown to attenuate renal damage caused
by IRI [41]. Specifically, CsA administration enhances
the calcium retention capacity of renal mitochondria
and improves oxidative phosphorylation following re-
perfusion, although these effects appear to be dose- and
time-dependent [42]. In rat models, CsA treatment has
also been associated with reduced apoptotic cell counts,
decreased severity of microstructural alterations in renal
tissue, preservation of tubular epithelial cell viability, and
maintenance of overall renal function [43, 44].

However, these findings are not universally suppor-
ted. For example, Lee et al. (2015) reported evidence of
CsA-associated nephrotoxicity, including cytoplasmic
vacuolization in glomerular endothelial cells, reduced
glomerular size, and a marked decrease in renal blood
flow during reperfusion [45]. Similarly, Oliveira et al.
(2019), assessing serum creatinine, urea, sodium levels,
and histopathological changes in a rat model of 30-minu-
te renal ischemia followed by reperfusion, concluded that
“CsA was incapable of preventing the deleterious effects
of ischemia-reperfusion injury in rat kidneys” [46].

Briston et al. (2019) attributed the inconsistent and
often negative outcomes of preclinical evaluations of
CsA to its narrow therapeutic window and the challenges
associated with precise dosing, in addition to its inherent
nephrotoxic and immunosuppressive properties. This
limitation was also highlighted in studies investigating
the cardioprotective activity of CsA in myocardial IRI,
where the difference between concentrations yielding
beneficial effects and those producing adverse outcomes
did not exceed 0.2 uM.

Furthermore, it was found that inactivation of CypD
does not completely prevent the opening of mPTP but
rather delays it until more severe disturbances in intra-
cellular calcium homeostasis develop.

Despite these limitations, inhibition of mPTP ope-
ning remains a therapeutically relevant and promising
strategy, necessitating the development of alternative
approaches [47]. Current research in this area is pro-
gressing along two main directions. The first involves
the development of novel CypD inhibitors, including
derivatives of CsA and sanglifehrin A, as well as small-
molecule, non-peptide, low-molecular-weight cyclo-
philin inhibitors. The second focuses on identification
and development of compounds capable of inactivating
mPTP through CypD-independent mechanisms [47, 48].

As noted by Briston et al. (2019), advances in these
areas could significantly reshape therapeutic strategies
not only for IRI but also for a broad spectrum of diseases
in which mPTP opening plays a central role in patho-
genesis [47].

3.1.2. Inhibition of NADPH oxidases (NOX)

NOX are a family of enzymes that catalyze the forma-
tion of the coenzyme NADP+ from NADPH (the reduced
form of nicotinamide adenine dinucleotide phosphate)
in the reaction of NADPH with molecular oxygen. The
products of the reaction, in addition to NADP+, are ato-
mic hydrogen and the superoxide anion radical O, . The
generated superoxide in turn, induces the formation of
other ROS.

NOX are expressed and localized in all cells capable
of phagocytosis (monocytes and macrophages, neutro-
phils, eosinophils, labrocytes), their biological role is
associated with the ability to generate O, ™ and consists
in the implementation of phagocytic defense as such.

In addition, these enzymes may be present in non-
phagocytic cells — the so-called non-phagocytic cons-
titutively active NOX, which are always present in the
cell, constantly forming O, and, thereby participating
in the regulation of cell proliferation and differentiation,
as well as the processes of expression of certain genes
at the transcription stage.

NOX exist in the form of several isoforms, among
which there are 5 multiprotein NOX complexes (NOX-1—
NOX-5) and 2 DUOX dual oxidase complexes (DUOX
1 and 2). NOX consists of four cytosolic and two mem-
brane subunits. Phagocytic NOX are activated through
the fusion of membrane and cytosolic components after
the latter are translocated to the plasma membrane. The
membrane subunits (gp91phox and p22phox) determine
the catalytic properties of the activated enzyme, where-
as the cytosolic subunits (p47phox, p67phox, p40phox,
Rac) perform mainly regulatory functions [49-55].

In the ischemic region, phagocytosis of molecular and
cellular structures altered and/or destroyed as a result of
oxygen deprivation naturally triggers the activation of
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phagocytic NOX, leading to the formation of O, ™ and
other ROS. Under conditions of subsequent reperfusi-
on, the generation of ROS increases exponentially, ac-
companied by intensified free radical damage to nucleic
acids, proteins, and lipids, formation of new phlogogens,
recruitment of additional phagocytic cells, and further
amplification of ROS production. These processes ul-
timately result in the establishment of a vicious cycle
underlying the mechanisms of IRI [56, 57].

Consequently, suppression of ROS formation through
NOX inhibition may be a relevant strategy for the pre-
vention and treatment of diseases associated with oxi-
dative stress, including various forms of IRI [58-61].

Apocynin (acetovanillin, 4-hydroxy-3-methoxyace-
tophenone), an aromatic compound of plant origin, first
described in 1883 by German pharmacologist Oswald
Schmiedeberg, and diphenylenedione chloride, an aro-
matic halogen-containing compound, were among the
first substances for which NOX inhibitory properties
were confirmed. The mechanism of action of apocynin
is associated with its ability to inhibit NOX activation
by blocking the translocation of the cytosolic subunits
p47phox and p67phox to the membrane, whereas diphe-
nylenedione chloride limits the electron transfer function
of NOX enzymes.

However, as noted in the review by Wu et al. (2018),
both substances possess additional biological activities,
including antioxidant effects and can inhibit nitric oxide
synthesis, xanthine oxidase, cytochrome P450 reductase,
and mitochondrial enzymes. Consequently, it is difficult
to unequivocally attribute the protective effects of apo-
cynin and diphenylenedione chloride against IRI solely
to inhibition of the NOX enzyme [62].

According to Chokri et al. (2020), over the past de-
cade, several thousand molecules with presumed NOX-
inhibitory activity have been screened. From these
studies, a number of compounds demonstrating actual
inhibitory effects have been identified and classified ac-
cording to their degree of specificity toward individual
NOX isoforms, ranging from low to highly selective
[63]. Examples include APX-115 (3-phenyl-1-(pyridin-
2-yl)-4-propyl-1-5-hydroxypyrazole HCI), an orally
administered compound that has shown nephroprotec-
tive activity in experimental models of diabetic kidney
injury in mice [64]; NOS31, produced by Streptomyces
sp., which selectively inhibits NOX-1 activity [65]; and
GLX7013114, a selective NOX-4 inhibitor [66], among
others. Among the compounds currently investigated
for potential clinical use as NOX inhibitors, only one —
GKT137831, a direct inhibitor of NOX-1 and NOX-4 —
has advanced to clinical trials [67], but the results have
not yet been published.

3.1.3. Inhibition of xanthine oxidase

During ischemia and reperfusion, ROS are generated
through the xanthine oxidase reaction involved in pu-

rine nucleotide catabolism. Under hypoxic conditions,
suppression of ATP biosynthesis occurs alongside an
increase in intracellular calcium levels. This rise in Ca**
activates Ca’"-dependent proteases, which induce parti-
al proteolysis of xanthine dehydrogenase — an enzyme
that normally catalyzes the formation of uric acid from
xanthine under physiological conditions. As a result of
this proteolytic modification, xanthine dehydrogenase
is irreversibly converted into xanthine oxidase (XO).
The XO enzyme subsequently catalyzes the conversion
of xanthine to uric acid with simultaneous formation of
the superoxide anion radical (O,").

At present, the xanthine oxidase reaction is conside-
red one of the principal sources of superoxide generation
during oxygen deprivation and subsequent reoxygena-
tion [68]. Consequently, the XO enzyme is a promising
pharmacological target for the prevention and mitigation
of IRI through the use of XO inhibitors.

Currently available inhibitors of xanthine oxidase
include Allopurinol, Oxypurinol (alloxanthine), Febu-
xostat, and Topiroxostat [69]. These drugs are widely
used in clinical practice for the treatment and prevention
of hyperuricemia of various origins and gout. However,
the feasibility, efficacy, and safety of their use for the
prevention and treatment of IRI remain under study.

Allopurinol (a structural isomer of hypoxanthine, a
natural endogenous purine) and oxypurinol (a primary
metabolite of allopurinol), as pharmacological agents
capable of limiting ROS formation through inhibition
of xanthine oxidase during renal ischemia—reperfusion,
have been investigated in experimental studies by Ere-
mina et al. (2024), Choi et al. (2015), Prieto-Moure et
al. (2017), Kang et al. (2023), and Soliman et al. (2023),
among others. In these preclinical randomized controlled
studies, renal IRI in small laboratory animals (rats or
mice) was modeled by subjecting one kidney to appro-
ximately 30 minutes of total ischemia while performing
nephrectomy of the contralateral kidney. The efficacy of
the investigated drugs was evaluated using histological
analyses aimed at identifying structural changes in renal
tubules and apoptotic cells, together with assessments of
renal function, severity of oxidative stress and inflamm-
atory responses, and immunological parameters. The fin-
dings of these studies demonstrated the clear therapeutic
potential of allopurinol and oxypurinol in reducing renal
IRI [70-74].

The nephroprotective properties of febuxostat under
conditions of renal ischemia and subsequent reperfusion
were investigated by Tsuda et al., with the results pub-
lished in 2012. The study was conducted on Sprague—
Dawley rats and included a control group, a placebo
group, and a group treated with febuxostat. According
to the findings, animals receiving febuxostat showed
significantly lower levels of xanthine oxidase activity
and oxidative stress compared with those in the control
and placebo groups. Oxidative stress was assessed by
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measuring urinary levels of nitrotyrosine, thiobarbituric
acid, and 8-isoprostane. In addition, febuxostat-treated
animals exhibited improved renal function — evidenced
by lower serum creatinine and urea levels — together with
reduced tubular damage, a weaker monocyte—macropha-
ge inflammatory response, and fewer apoptotic tubular
epithelial cells based on histological examination. As no-
ted by Tsuda et al., these findings collectively indicate
the protective potential of febuxostat and support further
investigation of this agent as a potential drug for renal
protection during IRI [75].

3.2. Nevutralization of reactive oxygen
species and enhancement of antioxidant
protection

Among pharmacological agents capable of neutra-
lizing or removing ROS from the body’s internal envi-
ronment, two major groups are distinguished: enzymatic
and non-enzymatic antioxidant drugs [76].

3.2.1. Use of enzymatic anfioxidants
(SOD, catalase) and their mimetics

Enzymatic antioxidant agents include exogenously
administered synthetic analogues of endogenous en-
zymes that constitute the cellular antioxidant defense
system. These enzymes — such as superoxide dismutase,
catalase, glutathione peroxidase, glutathione S-trans-
ferases, thioredoxins, and peroxiredoxins — play a key
role in regulating free radical oxidation processes under
physiological conditions [77].

Superoxide dismutase (SOD) catalyzes the conversi-
on of the superoxide anion radical into molecular oxy-
gen and hydrogen peroxide according to the reaction:
2H"+20, — O, + H,0,. Subsequently, catalase (CAT)
decomposes hydrogen peroxide into water and molecular
oxygen: 2H,0, — 2H,0 + O,. Both enzymes are highly
specific.

Based on the metal cofactors present in their active
sites, SOD isoforms in the human body are classified
into copper/zinc-containing SOD (Cu/Zn-SOD) and
manganese-containing SOD (Mn-SOD). The enzymatic
antioxidant activity of SOD was first described in 1968
by Irwin Fridovich and Joe McCord. Shortly thereafter,
research into SOD-based therapeutics began, with their
clinical potential being actively explored from the late
1980s.

Initial sources of SOD-based preparations were ani-
mal tissues and organs. Subsequently, alternative produc-
tion methods were developed, including microbiological
synthesis [78] using specific strains of yeast, yeast-like
fungi, and bacteria, as well as genetic engineering tech-
niques [79, 80]. These methods enabled the isolation of
SOD from microbial cells followed by purification using
chromatographic techniques [81].

Certain plants also serve as SOD sources, including
some melon varieties [82], Rauvolfia serpentina [83],
and Scots pine seedlings [84], among others. However,
native SOD preparations exhibit limited stability and low
resistance to proteolysis, with a circulating half-life of
no more than 6 minutes. This limitation was recognized
soon after methods for isolating SOD from animal and
plant tissues were developed. It was precisely this cir-
cumstance at that time (the late 1980s and 1990s) that
was linked to the highly inconsistent results observed in
experimental studies evaluating the therapeutic potential
of native (natural) SOD in animal models of IRI affec-
ting various tissues and organs, including the kidneys.
Subsequently, more stable and long-acting formulations
were developed, including modified forms created by
conjugating native SOD with polyethylene glycol (PEG).
In addition, low-molecular-weight compounds that mi-
mic the antioxidant activity of SOD — so-called SOD
mimetics, which are synthetic metal complexes capable
of selectively catalyzing the in vivo neutralization of
superoxide anion (O, ) to form hydrogen peroxide and
molecular oxygen — were introduced [85].

As noted by R.G. Goncharov et al. (2023), evidence
from specialized medical journals supports the effica-
cy of exogenous PEG-modified Cu/Zn-SOD in experi-
mental models of IRI affecting skeletal muscle, heart,
brain, and liver [86]. Investigations into the effects of
native and conjugated SOD preparations in renal IRI
began in the late 1980s, with findings reported in studies
published between 1985 and 1996 (identified through
PubMed database searches). All of these studies were
experimental, and most concluded that SOD preparations
exert a protective effect, significantly reducing the risk
and severity of acute kidney injury associated with renal
ischemia—reperfusion.

Despite these encouraging findings from the final
decades of the 20th century, this line of research has
seen limited advancement since the early 2000s. In this
regard, Veronese et al. (2002) observed that both native
and PEG-conjugated SOD reduce reperfusion injury in
renal and hepatic ischemia. Notably, they highlighted the
paradox that, despite a substantial body of positive ex-
perimental evidence supporting PEG-SOD, no clinically
approved therapeutic applications for humans had been
developed at the time [87]. Meanwhile, SOD represents
the principal enzymatic defense against the damaging
effects of the superoxide anion (O, ") in living organisms
[88]. As noted in the literature, “...despite limitations,
the SOD enzyme has proved as a powerful tool against
diseases, and various forms of conjugates and mimetics
have been developed and reported to make it more ef-
ficient. Extensive studies are needed in this direction for
use of natural SOD-based therapeutics for the prevention
and cure of diseases...” (P. Saxena et al., 2022) [89].

During the 1980s and 1990s, and into the early 2000s,
several classes of catalytic ROS scavengers were develo-
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ped. These compounds, designed as functional mimetics
of SOD and CAT, include manganese-based comple-
xes with selenium, porphyrins, corrole derivatives, and
non-aromatic macrocycles. Many of these agents are
capable of simultaneously neutralizing both superoxide
anion radicals and hydrogen peroxide. While they exhibit
broadly comparable SOD-like activity, their catalase-like
activity varies depending on structural modifications;
for example, the EUK-8 derivative (manganese N,N-
bis(salicylidene)ethylenediamine chloride) demonstrates
notably enhanced catalase activity [90-96].

The therapeutic potential of several of these com-
pounds in renal IRI has been demonstrated in experi-
mental studies by Gianello et al. (1996), Chatterjee et al.
(2004), and others [97, 98]. More recent research has fo-
cused on improving existing compounds and developing
new manganese-based complexes with novel ligands
that function as highly efficient catalytic ROS scaven-
gers and dual SOD/CAT mimetics. Numerous studies
have described their biosynthesis, molecular structure,
physicochemical properties, and antioxidant activity,
supporting their potential for preclinical evaluation as
pharmacological agents for the prevention and treatment
of IRI in various organs, including the kidneys [99—109].

3.2.2. Use of non-enzymatic antioxidants
(ascorbic acid, a-tocopherol, N-acetylcysteine)

As part of ongoing efforts to prevent and treat the
consequences of IRI, including in the kidneys, increasing
attention is being given to the therapeutic potential of
non-enzymatic antioxidant agents. These include ascor-
bic acid, a-tocopherol, and N-acetylcysteine, as well as
mitochondria-targeted compounds such as mitoquinone
and elamipretide.

According to Spoelstra-de Man et al. (2018), recent
years have seen growing interest in the potential use of
ascorbic acid for the pharmacological management of
IRI. Its antioxidant efficacy is attributed to its ability to
scavenge peroxynitrites (ONOO), hypochlorous acid
(HOCI), and superoxide anion radicals. In addition, as-
corbic acid inhibits the activity of xanthine oxidase and
NADPH oxidases, and facilitates the regeneration of key
molecules such as a-tocopherol and tetrahydrobiopterin
from dihydrobiopterin. It also supports endothelial nitric
oxide synthase function, thereby enhancing nitric oxide
bioavailability in the vascular endothelium, among other
protective effects [110].

According to studies by Fowler et al. (2014), Zabet
et al. (2016), Marik et al. (2016), and others, parenteral
administration of high (supraphysiological) doses of vit-
amin C has been associated with accelerated recovery in
both experimental animals and patients in randomized
preclinical and clinical studies. Beneficial effects have
been reported in conditions such as severe sepsis and
septic shock [111-113], post—cardiac arrest states [114],
myocardial infarction [115], reperfusion arrhythmias
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[116, 117], and ischemia—reperfusion brain injury [118].
Several studies have also reported a significant thera-
peutic effect of high-dose parenteral ascorbic acid in
experimental models of IRI[119—121]. However, despite
accumulating evidence supporting its potential efficacy,
a number of important issues remain unresolved. These
include optimal dosing strategies, timing and duration
of administration, and the role of combination therapy
with other agents, all of which continue to be subjects
of ongoing debate [122].

The antioxidant activity of a-tocopherol has been
demonstrated in numerous studies. /n vivo, it regulates
the intensity of lipid peroxidation by scavenging lipid
and lipid peroxyl radicals, effectively acting as a “chain-
breaking” antioxidant. In addition, a-tocopherol contri-
butes to the regeneration of coenzyme Q and modulates
the activity of phospholipase A,, thereby indirectly in-
fluencing arachidonic acid metabolism and the synthesis
of prostaglandins and leukotrienes. Under conditions of
increased oxidative stress, it helps preserve the biological
activity of vitamin A by interrupting peroxidation chains
involving polyunsaturated fatty acids. Furthermore, as
a synergist of selenium — a cofactor of glutathione per-
oxidase — it plays an indirect role in the detoxification
of lipid hydroperoxides.

Due to its pronounced lipophilicity and hydropho-
bicity, endogenous a-tocopherol is predominantly loca-
lized within the lipid bilayer of biological membranes,
contributing to their structural stability. However, these
same physicochemical properties limit its clinical use:
a-tocopherol cannot be readily incorporated into intra-
venous perfusion solutions, and when administered pa-
renterally by other routes, its antioxidant effects typically
become evident only after 17-24 hours [123].

N-acetylcysteine (NAC) is a cysteine derivative con-
taining a sulthydryl group and has been used in clinical
practice for over 60 years, initially as a mucolytic agent.
Subsequently, its antioxidant properties were identified
and extensively studied. NAC exerts its antioxidant
effects through multiple mechanisms. First, it directly
neutralizes ROS via its free sulthydryl group. Second,
it serves as a precursor for glutathione synthesis, contri-
buting cysteine following its deacetylation. Glutathione,
synthesized from glutamate, cysteine, and glycine, is a
central component of the cellular defense system against
oxidative stress [124].

To date, the efficacy of NAC in renal IRI has been
primarily investigated in experimental models involving
30-45 minutes of ischemia followed by 1-24 hours of
reperfusion. These studies have evaluated parameters
such as renal function, mitochondrial activity, mitochon-
drial homeostasis, and histological changes. Overall,
the findings support the protective role of NAC in this
context and underscore the need for further investigation
in clinical settings [125-128].
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3.2.3. Mitochondria-targeted therapy
(mitoquinone, elamipretide)

In experimental models of renal IRI in small laborato-
ry animals, Liu et al. (2021), Mao et al. (2022), and others
observed pronounced nephroprotective effects following
intravenous administration of the mitochondria-targeted
antioxidant mitoquinone (MitoQ). This compound con-
sists of ubiquinone (coenzyme Q10) conjugated to a tri-
phenylphosphonium cation, which facilitates its targeted
delivery to mitochondria.

Under IRI conditions, MitoQ effectively protected
the kidneys from the negative effects of free radicals,
maintained adequate renal function, reduced mitochon-
drial damage and the formation of ROS. In addition, it
reduced apoptosis in proximal tubular epithelial cells,
and contributed to the restoration of mitochondrial mem-
brane potential and ATP synthesis [129-132].

Elamipretide, also known as peptide SS-31, is a
mitochondria-targeted tetrapeptide synthesized in 2000
by Hazel Szeto and Peter Schiller (reflected in the ab-
breviation “SS”). Structurally, it is D-Arg-dimethylTyr-
Lys-Phe-NH, and is capable of selectively accumulating
within mitochondria, where it exerts antioxidant effects
by neutralizing mitochondrial ROS [133].

According to studies by Szeto et al. (2017) and Huang
(2024), administration of SS-31 for six weeks following
experimentally induced renal ischemia in rats prima-
rily preserves mitochondrial integrity, demonstrating
a pronounced mitoprotective effect. This is accompa-
nied by reduced expression of inflammatory markers,
preservation or restoration of the structure of tubular
epithelial cells, glomerular endothelial cells, and po-
docytes, decreased rates of apoptosis and necrosis in
tubular epithelium, and inhibition of glomerulosclerosis
and interstitial fibrosis.

These findings support the concept that mitochondrial
protection with SS-31 represents a promising therapeutic
strategy. As highlighted by Szeto et al. (2017), targeting
mitochondrial dysfunction in IRI may offer a novel ap-
proach to preventing the progression to chronic kidney
disease following renal IRI [134—136].

4. CURRENT CLINICAL AND EXPERIMENTAL
APPROACHES TO MINIMIZING RENAL IRI

In addition to pharmacological strategies aimed at
correcting oxidative stress, hypothermia plays a funda-
mental role in the prevention of renal IRI, particularly
in the context of transplantation. Topical cooling of the
isolated kidney using saline or preservation solutions
supplemented with pharmacological cryoprotectants
remains the gold standard for extending the organ’s
tolerance to ischemia and reducing the severity of re-
perfusion injury [137, 138]. This approach is designed
to decrease tissue metabolic activity, thereby limiting
the production of ROS and the development of lactic

acidosis during the ischemic phase. Russian research in
cryobiology and organ preservation have also contribut-
ed significantly to the development of effective perfusion
and storage solutions for transplant organs [139, 140].

Among pharmacological interventions used in clini-
cal practice, N-acetylcysteine (NAC) has attracted con-
siderable attention. Owing to its antioxidant properties
and its ability to enhance intracellular glutathione levels,
NAC has been evaluated in multiple studies as a potential
agent for prevention of contrast-induced nephropathy
and for mitigating renal IRI [141, 142]. However, its
routine clinical application for prevention of renal IRI
in kidney transplantation still requires validation through
large-scale, well-designed clinical trials.

Thus, the most promising strategy appears to be a
combined approach that integrates mechanical methods
of organ protection (such as hypothermia) with adjunct
pharmacotherapy targeting key links in oxidative stress
pathogenesis.

5. CONCLUSION

During organ-preserving renal surgeries and, in par-
ticular, kidney transplantation under conditions of warm
ischemia, the risk of renal IRI is present in all patients.
Therefore, such procedures should ideally incorporate
preventive and corrective strategies aimed at minimizing
IRI-induced structural and functional impairments to
the kidney.

The first kidney resection in the history of organ-
preserving surgery was performed in 1887 by the surgeon
Vincenz Czerny (German Bohemia). Since that time, and
up to the present day (the end of the first quarter of the
21st century), clinically validated and effective methods
for protecting organs and tissues — including the kidney —
from IRI have not yet been fully developed. However,
the active search for such technologies has never ceased
and continues today.

Given the central role of ROS in the free-radical me-
chanisms underlying IRI, numerous studies have focused
on developing pharmacological strategies for organ pro-
tection that target ROS generation, neutralization, and
clearance. At the current stage of medical science, par-
ticular attention is given to agents capable of inhibiting
the molecular mechanisms of mitochondrial membrane
permeability transition pore opening, as well as sup-
pressing ROS production through inhibition of NADPH
oxidase and xanthine oxidase.

The therapeutic potential of exogenous enzymatic
preparations (e.g., superoxide dismutase, catalase),
low-molecular-weight catalytic ROS scavengers, and
non-enzymatic antioxidants such as supraphysiological
doses of ascorbic acid, as well as mitochondria-targeted
agents like mitoquinone and elamipretide, are being in-
vestigated. It is anticipated that the outcomes of these
studies will contribute to the development of effective
antioxidant-based strategies for the prevention and treat-
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ment of renal IRI during organ-preserving kidney surgery
and transplantation.

The authors declare no conflict of interest.

REFERENCES

1.

10.

I1.

12.

13.

14.

Shevchenko SYu, Moiseev SV, Shilov EM et al. Delayed
graft function: pathogenesis, prognosis, prevention. Ne-
phrology. 2018; 22 (2): 23-34.

Gautier SV, Khomyakov VM, Shestakova MV. Current
issues of kidney transplantation in the Russian Federa-
tion. Russian Journal of Transplantology and Artificial
Organs. 2020; XXII (1): 6-17.

Yagafarova RK. Modern aspects of surgical treatment of
tuberculosis of the urinary system. Medical Bulletin of
Bashkortostan. 2015; 10 (3): 75-78.

Filimonov VB, Vasin RV, Snegur SV, Panchenko VN.
Echinococcosis of kindneys. Research and Practi-
cal Medicine Journal. 2019; 6(4): 151-157. doi:
10.17709/2409-2231-2019-6-4-15.

Escudier B, Porta C, Schmidinger M, Rioux-Leclercq N,
Bex A, Khoo V et al. Renal cell carcinoma: ESMO cli-
nical practice guidelines for diagnosis, treatment and
follow-up. Ann Oncol. 2019; 30 (5): 706—720.
Ljunberg B, Albiges L, Abu-Ghanem Y, Bensalah K, Da-
bestani S, Ferndndez-Pello S et al. European associati-
on of urology guidelines on renal cell carcinoma: The
2019 update. Eur Urol. 2019; 75: 799-810.

Campbell SC, Clark PE, Chang SS, Karam JA, Sou-
ter L, Uzzo RG. Renal mass and localized renal cancer:
evaluation, management anf follow-up: AUA guideline:
Part I. J Urol. 2021; 206 (2): 199-208.

Sukhikh GT, Shilov EM, Bobkov IV et al. National cli-
nical guidelines for kidney transplantation. Nephrology.
2017; 21 (4): 9-42.

Hart A, Lentine KL, Smith JM, Miller JM, Skeans MA,
Prentice M et al. OPTN/SRTR 2019 Annual Data Re-
port: Kidney. Am J Transplant. 2021; 21 Suppl 2: 21—
137.

Siedlecki A, Irish W, Brennan DC. Delayed graft func-
tion in the kidney transplant. Am J Transplant. 2011; 11
(11): 2279-2296.
Lukyanova LD. Hypoxia
Moscow: RAS, 2019; 215.
He L, He T, Farrar S, Ji L, Liu T, Ma K. Antioxidants
support cellular redox homeostasis by eliminating re-
active oxygen species. Cell Physiol Biochem. 2017; 44
(2): 532-553. doi: 10.1159/000485089.

Lushchak VI, Story KB. An updated concept of oxida-
tive stress: definitions, classifications, and regulatory
pathways involved. EXCLI J. 2021; 20: 956-967. doi:
10.17179/excli2021-3596.

Melo Ferreira R, Szabo AR, Winfrey S, Collins KS, Ja-
nosevic D, Gulbronson KJ et al. Integration of spatial
and single-cell transcriptomics reveals the interaction
of epithelial cells and the immune system in kidney da-
mage. JCI Insight. 2021 Jun 22; 6 (12): e147703. doi:
10.1172/jci.insight.147703.

signaling mechanisms.

163

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Li Z, Ludwig N, Thomas K, Mersmann S, Lehmann M,
Westweber D et al. The pathogenesis of acute kidney
injury caused by ischemia-reperfusion depends on the
involvement of neutrophils in the kidneys, while the pa-
thogenesis acute kidney injury caused by sepsis does not
require this. Front Immunol. 2022 Apr 21; 13: 843782.
doi: 10.3389/fimmu.2022.843782.

Wang V, Sai VL, Yang B. [Role of macrophage polari-
zation and their interaction with renal tubule epithelial
cells in acute kidney injury caused by ischemia-reper-
fusion]. Sheng Li Xue Bao. 2022 Feb 25; 74 (1): 28-38.
Chinese. PMID: 35199123.

Han SJ, Lee HT. Mechanisms and therapeutic tar-
gets in acute ischemic kidney injury. Kidney Res Clin
Pract. 2019 Dec 31; 38 (4): 427-440. doi: 10.23876/].
krep.19.062.

Venkatachalam MA, Weinberg JM, Kriz W, Bidani AK.
Failed tubule recovery, AKI-CKD transition, and kid-
ney disease progression. J Am Soc Nephrol. 2015; 26
(8): 1765-1776. doi: 10.1681/ASN.2015010006.
Zhang Z, Haimovich B, Kwon YS, Lu T, Fyfe-Kirsch-
ner B, Olweny EO. Unilateral Partial Nephrectomy
with Warm Ischemia Resultsin Acute Hypoxia Induci-
ble Factor 1-Alpha (HIF-1a) and Toll-Like Receptor 4
(TLR4) Overe xpressionina Porcine Model. PLoS Orne.
2016; 11 (5): 154.

Dagenais J, Bertolo R, Garisto J, Chavali J, Kaouk J.
“At-risk” kidney: How surgical factors influence re-
nal functional preservation after partial nephrectomy.
Int J Urol. 2019 May; 26 (5): 565-570. doi: 10.1111/
1ju.13930.

Gonsalez SR, Cortés AL, Silva RCD, Lowe J, Prieto MC,
Silva Lara LD. Acute kidney injury overview: From ba-
sic findings to new prevention and therapy strategies.
Pharmacol Ther. 2019; 200: 1-12. doi: 10.1016/.
pharmthera.2019.04.001.

Kormann R, Kavvadas P. Placier S, Vandermeersch S,
Dorison A, Dussaule JC et al. Periostin promotes cell
proliferation and macrophage polarization to drive re-
pair after AKI. J Am Soc Nephrol. 2020; 31 (1): 85-100.
doi: 10.1681/ASN.2019020113.

Shih-Ping Hsu. Oxidative Stress Targeting Thera-
py-from Bench to Clinical Application. 4m J Bio-
med Sci Res. 2020; 7 (5): 412-416. doi: 10.34297/
AJBSR.2020.07.001188.

Dan Dunn J, Alvarez LA, Zhang K, Soldati T. Reactive
oxygen species and mitochondria: relationship with cel-
lular homeostasis. Redox Biol. 2015 Dec; 6: 472-485.
doi: 10.1016/j.redox.2015.09.005.

Halestrap AP, Richardson AP. Transition of mitochon-
dria to a state of increased permeability: modern con-
cepts of its nature and role in ischemic/reperfusion in-
jury. J Mol Cell Cardiol. 2015 Jan; 78: 129-141. doi:
10.1016/j.yjmcc.2014.08.018.

Morciano G, Bonora M, Campo G, Aquila G, Rizzo P,
Georgi K et al. The mechanical role of mPTP in ische-
mic-reperfusion injury. Adv Exp Med Biol. 2017; 982:
169-189. doi: 10.1007/978-3-319-55330-6 9.

Panel M, Ruiz I, Brillet R, Lafdil F, Teixeira-Clerc F,
Nguyen KT et al. Low-molecular-weight cyclophilin in-



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVIII - N2 1-2026

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

hibitors block the opening of the mitochondrial perme-
ability transition pore and protect mice from ischemic/
reperfusion liver damage. Gastroenterology. 2019 Nov;
157 (5): 1368-1382. doi: 10.1053/j.gastro.2019.07.026.
Yang H, Li R, Zhang L, Zhang S, Dong V, Chen Y et al.
pS3-cyclophilin D mediates renal tubule cell apop-
tosis in acute renal failure. kidney damage caused by
ischemia-reperfusion. Am J Physiol Renal Physiol.
2019 Nov 1; 317 (5): F1311-F1317. doi: 10.1152/ajpre-
nal.00072.2019.

Hurst S, Gonno F, Dia M, Crola Da Silva K, Gomez L,
Scheu SS. Cyclophilin D phosphorylation at serine 191
regulates the opening of mitochondrial permeability
transition pores and cell death after ischemia-reperfu-
sion. Cell Death Dis. 2020 Aug 19; 11 (8): 661. doi:
10.1038/s41419-020-02864-5.

Robichaud DJ, Harata M, Murphy E, Karch J. Necrosis
that depends on the mitochondrial permeability transiti-
on pore. J Mol Cell Cardiol. 2023 Jan; 174: 47-55. doi:
10.1016/j.yjmec.2022.11.003.

Zhou S, Yu C, Zhang L, Jiang Z. Cyclophilin D-medi-
ated transition of mitochondrial permeability regulates
mitochondrial function. Curr Pharm Des. 2023; 29 (8):
620-629. doi: 10.2174/1381612829666230313111314.

Bhosale G, Duchene MR. Investigation of mitochondri-
al transitional pore channel permeability in disease phe-
notypes and drug screening. Curr Protoc Pharmacol.
2019 Jun; 85 (1): €59. doi: 10.1002/cpph.59.

Sileikyte' J, Devereaux J, de Jong J, Schiavone M,
Jones K, Nilsen A et al. Second-generation mitochondri-
al pore permeability transition inhibitors with improved
plasma stability. ChemMedChem. 2019 Oct 17; 14 (20):
1771-1782. doi: 10.1002/cmdc.201900376.

Boyenle ID, Oyedele AK, Ogunlana AT, Adeyemo AF,
Opyelere F'S, Akinola OB et al. Targeting the mitochond-
rial permeability transition pore for drug development:
Challenges and opportunities. Mitochondria. 2022 Mar;
63: 57-71. doi: 10.1016/j.mit0.2022.01.006.

Amanakis G, Murphy E. Cyclophilin D: integrator of
mitochondrial functions. Front Physiol. 2020 Jun 17;
11: 595. doi: 10.3389/fphys.2020.00595.

Fayaz SM, Raj YV, Krishnamurti RG. CypD: the key
to the door of death. CNS Neurol Disord Drug Targets.
2015; 14 (5): 654-663. doi: 10.2174/187152731466615
0429113239.

Nesi S. Mitochondrial permeability transition pores in
cell death: a promising bioarchitecture for drug binding.
Med Res Rev. 2020 Mar; 40 (2): 811-817. doi: 10.1002/
med.21635.

Hu V, Chen Z, Ye Z, Xia D, Xia Z, Ma J et al. Suppres-
sion of cyclophilin D gene expression by RNA inter-
ference protects rats from ischemic/reperfusion injury
to the kidneys. Study of renal blood flow. 2010; 33 (3):
193-199. doi: 10.1159/000316704.

Garanyan LG, Avagyan DV. Cyclosporine A in derma-
tology. Russian Journal of Skin and Venereal Disea-
ses. URL: https://cyberleninka.ru/article/n/tsiklospo-
rin-a-v-dermatologii. 2014; 5: 8-16. (Date of access:
07.06.2025).

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

164

Flores K, Fouquet G, Mura IS, Maciel TT, Ermin O.
Lessons to be learned from low-dose cyclosporine-A:
a novel approach for unexpected clinical applications.
Front Immunol. 2019; 10: 588. doi: 10.3389/fim-
mu.2019.00588.

Lemoine S, Pillot B, Ronjean N, Auger L, Raiberen M,
Varenne A et al. Postconditioning with cyclosporin A
reduces early renal dysfunction by suppressing the tran-
sition of mitochondria to a state of increased permeabi-
lity. Transplantation. 2015 Apr; 99 (4): 717-723. doi:
10.1097/TP.0000000000000530.

Lemoine S, Pillot B, Oj L, Rabeiren M, Varenne A, Nor-
man G et al. Cyclosporin A dose and time of administra-
tion for effective pretreatment before kidney reperfusion
in mice. PLoS One. 2017 Aug 10; 12 (8): e0182358. doi:
10.1371/journal.pone.0182358.

Lemos SV Neto, Vianna IG, Castiglia YM, Golim MA,
Souza AV, Carvalho LR et al. Cyclosporin A attenuates
apoptosis and necrosis after ischemic-reperfusion kid-
ney injury in rats with temporary hyperglycemia. Acta
Cir Bras. 2017 Mar; 32 (3): 203-210. doi: 10.1590/
S0102-86502017003000004.

Ozgen ZE, Erdinge M, Kaya MS, Aktar F, Ozekindzhi SO,
Erdinge L, Uyar E. Involvement of necroptosis and
apoptosis in the protective effect of cyclosporin A in rat
ischemic-reperfusion kidney injury. J Mol Histol. 2024
Dec 4; 56 (1): 30. doi: 10.1007/s10735-024-10281-7.
Lee J, Hosgood SA, Patel MS, Nicholson ML. Hydro-
gen sulfide as a new treatment for cyclosporine nephro-
toxicity. J Surg Res. 2015 Aug; 197 (2): 419-426. doi:
10.1016/j.jss.2015.02.061.

Oliveira AKS, Modulo NSP, Dominguez MAK, Schwin-
gel PA. Effect of cyclosporine on ischemic-reperfusion
injury of rat kidneys. Experimental model. Acta Cir
Bras. 2019 Oct 14; 34 (8): €201900806. doi: 10.1590/
$0102-865020190080000006.

Briston T, Selwood DL, Sabadkai G, Duchene MR.
Transition of mitochondria to a state of increased per-
meability: molecular damage with multiple drug targets.
Trends Pharmacol Sci. 2019 Jan; 40 (1): 50-70. doi:
10.1016/j.tips.2018.11.004.

Stauffer VI, Goodman AZ, Halley PA. Cyclophilin inhi-
bition as a treatment strategy for human diseases. Front
Pharmacol. 2024 Jul 8; 15: 1417945. doi: 10.3389/
fphar.2024.1417945.

Chuong Nguyen MV, Lardy B, Pakle MH, Rousse F, Bert-
hier S, Bayeux A et al. NADPH oxidases, Nox — a new
family of isoenzymes. Med Sci (Paris). 2015 Jan; 31 (1):
43-52. In French. doi: 10.1051/medsci/20153101012.
Filip-Ciubotaru F, Manchiuk K, Stoleriu G, Foya L.
NADPH oxidase: structure and activation mechanisms
(review). Note 1. Rev Med Chir Soc Med Nat lasi. 2016
Jan—Mar; 120 (1): 29-33. PMID: 27125069.

Rastogi R, Geng S, Li F, Ding Y. NOX activation
through subunit interaction and underlying mechanisms
in diseases. Front Cell Neurosci. 2017 Jan 10; 10: 301.
doi: 10.3389/fncel.2016.00301.

Belambri SA, Rolas L, Raad H, Hurtado-Nedelek M,
Dang PM, El-Benna J. Activation of NADPH oxidase
in neutrophils: the role of phosphorylation of its subu-



TRANSPLANTOMICS

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

nits. Eur J Clin Invest. 2018 Nov; 48 Suppl 2: e12951.
doi: 10.1111/eci.12951.

Costa TJ, Barros PR, Arce K, Santos JD, da Silva-Ne-
to J, Egea G et al. The homeostatic role of hydrogen
peroxide, superoxide anion and nitric oxide in the vas-
cular system. Free radicals. Biol Med. 2021; 162: 615—
635. doi: 10.1016/j.freeradbiomed.2020.11.021.

Vermot A, Petit-Hartlein I, Smith SME, Fieshi F.
NADPH oxidases (NOX): a review from discovery, mo-
lecular mechanisms to physiology and pathology. Anti-
oxidants (Basel). 2021, Jun; 10 (6): 890. doi: 10.3390/
antiox10060890.

Begum R, Tota S, Abdulkadir A, Kaur G, Baham P,
Batra S. Proteins of the NADPH oxidase family: dy-
namics of signaling for the treatment of diseases. Cell
Mol Immunol. 2022 Jun; 19 (6): 660—686. doi: 10.1038/
s41423-022-00858-1.

Gulieva SV, Khalilov VG. Pathobiochemical changes in
tissues during ischemia. Problems of modern science
and education. 2016; 26 (68): 16-25. URL: https://cy-
berleninka.ru/article/n/patobiohimicheskie-izmeneniya-
v-tkanyah-pri-ishemii. (Date of access: 04.06.2025).
Vaghela BN, Vaidya FU, Agrawal Y, Santra MK, Mish-
ra V, Pathak S. Molecular aspects of NADPH oxi-
dases and their pathological consequences. Cell Bio-
chem Funct. 2021 Mar; 39 (2): 218-234. doi: 10.1002/
cbf.3589.

Brandes RP, Weissmann N, Schroeder K. NADPH oxi-
dases of the Nox family: molecular mechanisms of ac-
tivation. Free Radic Biol Med. 2014 Nov; 76: 208-226.
doi: 10.1016/j.freeradbiomed.2014.07.046.

Elbatrik MH, Muke H, Schmidt HHHH. NOX inhibi-
tors: from laboratory studies to clinical trials. Handbook
of experimental pharmacology. 2021; 264: 145-168.
doi: 10.1007/164 2020 387.

Cipriano A, Viviano M, Feoli A, Milite K, Sarno G, Cas-
tellano S, Sbardella G. NADPH oxidases: from mole-
cular mechanisms to current inhibitors. J Med Chem.
2023 Sep 14; 66 (17): 11632—11655. doi: 10.1021/acs.
jmedchem.3c00770.

Upadhyay RK, Kumar K, Vishwakarma VK, Singh N,
Narang R, Parah N et al. Promising NOX-based thera-
peutic strategies for treating various cardiovascular di-
seases: a comprehensive review. Curr Vasc Pharmacol.
2025; 23 (1): 12-30. doi: 10.2174/01157016113088702
40910115023.

Wu MYu, Yang GT, Liao VT, Tsai AP, Cheng YL, Cheng PV
et al. Current understanding of the mechanisms of ische-
mic and reperfusion injury. Cell Physiol Biochem. 2018;
46 (4): 1650-1667. doi: 10.1159/000489241.

Chokri M, Lelup L. Family of NADPH oxidases and
their inhibitors. Antioxid Redox Signal. 2020 Aug 10;
33 (5): 332-353. doi: 10.1089/ars.2019.7915.

Kwon G, Uddin MJ, Lee G, Jiang S, Cho A, Lee JH
et al. A new pan-Nox inhibitor, APX-115, protects the
kidneys of mice with streptozotocin-induced diabetes:
a possible role for peroxisomal and mitochondrial bio-
genesis. Oncotarget. 2017 Jun 16; 8 (43): 74217-74232.
doi: 10.18632/oncotarget.18540.

165

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Yamamoto T, Nakano H, Shiomi K, Vanibuchi KH, Taka-
hashi T, Urano Y, Kamata T. Identification and characte-
rization of a novel NADPH oxidase 1 (Nox1) inhibitor
that promotes the proliferation of colon and breast can-
cer cells. Biol Pharm Bull. 2018 Mar 1; 41 (3): 419-426.
doi: 10.1248/bpb.b17-00804.

Dionysopoulou S, Vikstrom P, Bucolo K, Roma-
no GL, Mikale V, Svensson R et al. NOX4 inhibitor
GLX7013114, applied topically, is effective in the treat-
ment of early pathological manifestations of diabetic re-
tinopathy. Diabetes. 2023 May 1; 72 (5): 638-652. doi:
10.2337/db22-0515.

De Livera AM, Roitens A, Cooper M, Thomas M, Yande-
leit-Dam K, Shaw JE, Salim A. Evaluating the efficacy
and safety of GKT137831 in adults with type 1 diabetes
and persistently elevated urinary albumin: a statistical
analysis plan. Researches. 2020 Jun 3; 21 (1): 459. doi:
10.1186/s13063-020-04404-0.

Shibuya S, Watanabe K, Ozawa Y, Shimizu T. Xanthine
oxidase-mediated superoxide production is not associa-
ted with age-related pathologies in deficient mice with a
Sodl deficit. Int J Mol Sci. 2021 Mar 29; 22 (7): 3542.
doi: 10.3390/ijms22073542.

Bredmayer M, Lopez LM, Eisenreich MA, Hickmann S,
Bongiorno GK, d’Avila R et al. Xanthine oxidase in-
hibitors for the prevention of cardiovascular diseases:
a systematic review and meta-analysis of randomized
controlled trials. BMC Cardiovasc Disord. 2018 Feb 7;
18 (1): 24. doi: 10.1186/s12872-018-0757-9.

Yeremina Al, Inchina VI, Korobkov DM, Klochkova AA,
Neskina DI, Vasina AP et al. An evaluation of allopuri-
nol use in ischaemia reperfusion kidney injury in rats in
an experiment. International research journal. 2024; 6
(144). URL: https://research-journal.org/archive/6-144-
2024-june/10.60797/IRJ.2024.144.60. (Date of access:
28.05.2025). doi: 10.60797/1RJ.2024.144.60.

Choi EK, Jung H, Kwak KH, Yeo J, Yi SJ, Park CY
et al. Effect of allopurinol and apocinin on ischemic-
reperfusion kidney injury in rats. Transplant Proc. 2015
Jul-Aug; 47 (6): 1633-1638. doi: 10.1016/j.transpro-
ceed.2015.06.007.

Prieto-Mure B, Lloris-Carsi HM, Belda-Antoli M, To-
ledo-Pereira LH, Segalvo-Lapegna D. Allopurinol pro-
tects the kidneys from ischemia by suppressing the reac-
tion of TNF-a, IL-1pB and IL-6. J Invest Surg. 2017 Jun;
30(3): 143-151. doi: 10.1080/08941939.2016.1230658.
Kang HB, Lim KK, Kim J, Han SJ. Oxypurinol protects
the kidneys from ischemia/reperfusion injury by indu-
cing hemoxygenase-1. Front Med. 2023; 10: 1030577.
doi: 10.3389/fmed.2023.1030577.

Soliman E, Elshazli SM, Shevayh SM, El Shaarawy F.
Protective effect of allopurinol on the kidneys and liver
after ischemia/reperfusion injury of the kidneys: inter-
action between xanthine oxidase and the gamma-signa-
ling pathway of the peroxisome proliferator-activated
receptor. Food Chem Toxicol. 2023 Aug; 178: 113868.
doi: 10.1016/j.fct.2023.113868.

Tsuda H, Kawada N, Kaimori JY, Kitamura H, Moriya-
ma T, Rakugi H et al. Febuxostat suppressed ischemic-
reperfusion kidney damage by reducing oxidative stress.



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVIII - N2 1-2026

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Biochem Biophys Res Commun. 2012 Oct 19; 427 (2):
266-272. doi: 10.1016/j.bbrc.2012.09.032.
Shakhmardanova SA, Gulevskaya ON, Seletskya V'V, Ze-
lenskaya AV, Khananashvili YaA, Nefedov DA, Galenko-
Yaroshevsky PA. Antioxidants: classification, pharma-
cological properties the use in the practice of medicine
antioxidants: classification, pharmacological properties
the use in the practice of medicine. Journal of funda-
mental medicine and biology. 2016; (3): 4—15.

Blagov AV, Summerhill VI, Sukhorukov VN, Zhigmito-
va EB, Postnov AYu, Orekhov AN. Potential use of an-
tioxidants for the treatment of chronic inflammatory
diseases. Front Pharmacol. 2024 May 16; 15: 1378335.
doi: 10.3389/fphar.2024.1378335.

Kolodyaznaya VA, Yakovleva EP. New source for ob-
taining the enzyme superoxide dismutase. Pharmacy.
2015; (8): 26-29.

Shustov AV, Eskendirova SZ, Manat E, Unysheva GB,
Sarina NI. Production of recombinant Brucella anti-
gen — Cu/Zn-dependent superoxide dismutase (SOD).
Biotechnology. Theory and Practice. 2013; (3): 65-70.
doi: 10.11134/btp.3.2013.11.

Dong S, Wang V, Li S, Han H, Lev P, Yang K. Ther-
moacidophilic Alicyclobacillus superoxide dismutase:
a good candidate for the role of additive in food and
medicine. Front Microbiol. 2021 Mar 18; 12: 577001.
doi: 10.3389/fmicb.2021.577001.

Development of a method for the biosynthesis of re-
combinant proteins and peptides in the form of active
inclusion bodies in Escherichia coli cells: Dis. ... Cand.
Biol. Sci. Moscow, 2025; 103.

Carillon J, Rugale C, Rouanet JM, Cristol JP, Lacan D,
Jover B. Endogenous antioxidant defense induction by
melon superoxide dismutase reduces cardiac hypertro-
phy in spontaneously hypertensive rats. Int J Food Sci
Nutr. 2014; 65 (5): 602—609.

Kirillova NV, Spasenkova OM, Pivovarova NS, Ivanov
AG. Isolation and purification of superoxide dismutase
from cultivated plant cells. Butlerov Communications.
2018; 55 (7): 126-134

Ivanov YuV, Savochkin YuV. Isozymes composition of
scots pine seedling’s (Pinus sylverstris L.) superoxide
dismutase under chronic effect of zinc. Tomsk State Uni-
versity Journal of Biology. 2013; 2 (22): 150-159. URL:
https://cyberleninka.ru/article/n/izofermentnyy-sostav-
superoksiddismutaz-seyantsev-sosny-obyknovennoy-
pinus-sylverstris-l-pri-hronicheskom-deystvii-ionov-
tsinka. (Date of access: 16.06.2025).

Gorbatsevich GI, Faletrov YaV, Loginova NV, Koval-
chuk TV, Osipovich NP, Ksendzova GA, Azarko II. Zinc
complexes with derivatives of ortho- and meta-dihydro-
xybenzene as superoxide dismutase mimetics. Bulletin
of BSU. Series 2, Chemistry. Biology. Geography. 2015;
(3): 3-7.

Goncharov RG, Sharapov MG. Ischemia-reperfusion
injury: molecular mechanisms of pathogenesis and me-
thods of their correction. Molecular biology. 2023; 57
(6): 1150-1174. doi: 10.31857/S0026898423060071.
Veronese FM, Caliceti P, Schiavon O, Sergi M. Poly-
ethylene Glycol superoxide dismutase conjugate in

166

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

search of application. Adv Drug Deliv Rev. 2002 Jun 17,
54 (4): 587-606. doi: 10.1016/s0169-409x(02)00029-7.
McCord JM, Edeas MA. SOD, oxidative stress and hu-
man pathology: a brief history and a look into the future.
Biomed Pharmacother. 2005 May; 59 (4): 139-142.
doi: 10.1016/j.biopha.2005.03.005.

Saxena P, Selvaray K, Khare SK, Chaudhary N. Super-
oxide dismutase as a multifunctional therapeutic anti-
oxidant enzyme: a role in human diseases. Biotechnol
Lett. 2022 Jan; 44 (1): 1-22. doi: 10.1007/s10529-021-
03200-3.

Doctrow SR, Huffman K, Marcus SB, Tokko G, Mal-

foy E, Adinolfi KA et al. Salena complexes with man-

ganese as catalytic hydrogen peroxide scavengers and
cytoprotective agents: studies of the dependence of
structure on activity. J Med Chem. 2002 Sep 26; 45 (20):
4549-4558. doi: 10.1021/jm020207y.

Eckstein M, Silbermann I, Mahammad A, Salzman 1,
Okun Z, Maimon E et al. The activity of superoxide
dismutase in metal complexes with corrosion. Dalton
Trans. 2009; 14: 7879-7882. doi: 10.1039/b911278b.
Batinich-Haberle I, Rebuchas JS, Spasoevich 1. Mime-
tics of superoxide dismutase: chemistry, pharmacology
and therapeutic potential. Antioxid Redox Signal. 2010
Sep 15; 13 (6): 877-918. doi: 10.1089/ars.2009.2876.
Kuperschmidt L, Okun Z, Amit T, Mandel S, Salzman I,
Mahammad A et al. Metallocorroles as cytoprotec-
tive agents against oxidative and nitrative stress in
cellular models of neurodegeneration. J Neurochem.
2010 Apr; 113 (2): 363-373. doi: 10.1111/5.1471-
4159.2010.06619.x.

Tovmasyan A, Maya KG, Weitner T, Karbalal S, Sam-
paio RS, Lieb D et al. Comprehensive assessment of
catalase-like activity of various classes of oxidative-
restorative drugs. Free Radic Biol Med. 2015 Sep; 86:
308-321. doi: 10.1016/j.freeradbiomed.2015.09.018.
Weekley KM, Kenkel I, Lippert R, Wei S, Lieb D, Cran-
well T et al. Cellular fate of superoxide dismutase (SOD)
imitators based on pentaazamacrocyclic manganese
(IT): fluorescently labeled MnSOD imitators, studies
using X-ray absorption spectroscopy and X-ray fluore-
scence microscopy. Inorg Chem. 2017; 56: 6076—6093.
doi: 10.1021/acs.inorgchem.6b03073.

Signorella S, Palopoli K, Ledesma G. Rationally desi-
gned analogues of antioxidant manganoenzymes: the
role of structural features in the search for catalysts with
catalase and superoxide dismutase activity. Coord Chem
Rev.2018;365:75-102. doi: 10.1016/j.ccr.2018.03.005.
Gianello P, Saliez A, Bufkens K, Pettinger R, Misse-
lein D, Hori S, Malfoy B. EUK-134, a synthetic ana-
logue of superoxide dismutase and catalase, protects rat
kidneys from damage caused by ischemia-reperfusion.
Transplantation. 1996 Dec 15; 62 (11): 1664—1666. doi:
10.1097/00007890-199612150-00022.

Chatterjee PK, Patel NS, Quale EO, Brown PA, Ste-
wart KN, Mota-Filipe H et al. EUK-134 reduces kid-
ney dysfunction and damage caused by oxidative and
nitrosive stress. Am J Nephrol. 2004 Mar-Apr; 24 (2):
165-177. doi: 10.1159/000076547.



TRANSPLANTOMICS

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Ledesma GN, Euri H, Ensolabeer-Mallard E, Juro K,
Signorella SR. A new mononuclear complex of
manganese(IIl) with an asymmetric hexadentate ligand
N303 exhibiting superoxide dismutase and catalase ac-
tivity: synthesis, characterization, properties and kinetic
studies. J Inorg Biochem. 2015 May; 146: 69-76. doi:
10.1016/j.jinorgbio.2015.02.012.

Costa RO, Ferreira SS, Pereira KA, Harmer JR, Nob-
le SJ, Schenk G et al. A new Mn(II) compoundMn(I1I)
with mixed valence, possessing catalase and superoxide
dismutase activity. Front Chem. 2018 Nov 5; 6: 491.
doi: 10.3389/fchem.2018.00491.

Ma V, Mao J, Yang S, Pan S, Chen V, Wang M et al.
A monatomic Fe-N4 catalytic center that mimics bi-
functional antioxidant enzymes to protect against oxi-
dative stress. Chem Commun (Cambridge). 2018 Dec
20; 55 (2): 159-162. doi: 10.1039/c8cc08116f.
Palopoli K, Ferreira J, Conte-Daban A, Richezzi M,
Foy A, Doktorovich F et al. Influence of the second
sphere on redox potentials, spectroscopic properties,
and superoxide dismutase activity of manganese com-
plexes with Schiff ligands. ACS Omega. 2019 Jan 2; 4
(1): 48-57. doi: 10.1021/acsomega.8b03018.

Ruko L, Gonzalez-Noya AM, Pedrido R, Maneiro M.
In search of the elixir of life: the antioxidant effect of
manganosalene complexes in vivo. Antioxidants (Basel).
2020 Aug 10; 9 (8): 727. doi: 10.3390/antiox9080727.
Wu C, Zhang S, Wang S, Cai S, Chen G, Ma L. Nitroxi-
de-modified protein nanoflowers with dual enzyme-like
activity. Int J Nanomedicine. 2020 Jan 15; 15: 263-273.
doi: 10.2147/1JN.S220718.

Lu Z, Lightcap 1V, Tennyson AG. Organometallic cata-
lase simulator with exceptional activity, H202 stabili-
ty, and catalase/peroxidase selectivity. Dalton Trans.
2021 Nov 9; 50 (43): 15493-15501. doi: 10.1039/d1d-
t02002a.

Senft L, Moore JL, Franke A, Fischer KR, Scheitler A,
Hall A et al. Quinole-containing ligands provide high
superoxide dismutase activity by modulating the coor-
dination number, charge, oxidation state and stability
of manganese complexes in the process of redox cyc-
les. Chem Sci. 2021 Jul 13; 12 (31): 10483-10500. doi:
10.1039/d1sc02465¢.

Richezzi M, Palopoli K, Pellegri N, Juro K, Signorel-
la SR. Synthesis, characterization and superoxide dis-
mutase activity of the Mn(III) biomimetic complex
covalently bound to mesoporous silica. J Inorg Bio-
chem. 2022 Dec; 237: 112026. doi: 10.1016/j.jinorg-
bi10.2022.112026.

Lanza V, Vecchio G. New complexes of glycosalene
with manganese(IlI) and hybrid RCA120 systems as
mimetics of superoxide dismutase/catalase. Biomime-
tics (Basel). 2023 Sep 21; 8 (5): 447. doi: 10.3390/bio-
mimetics8050447.

Segat BB, Menezes LB, Servo R, Cargnelutti R, Tolen-
tino H, Latini A et al. Elimination of reactive particles
by EPR and nanomolar reduction of manganese com-
plexes during lipid peroxidation ex vivo. J Inorg Bio-
chem. 2023 Feb; 239: 112060. doi: 10.1016/j.jinorg-
bi10.2022.112060.

167

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Spoelstra-de Man AME, Elbers PVG, Audemans-van
Straaten HM. The importance of early intravenous
administration of high doses of vitamin C in ische-
mic/reperfusion injury. Crit Care. 2018; 22: 70. doi.
org/10.1186/s13054-018-1996-y.

Fowler AA 3rd, Syed AA, Knowlson S, Sculthorpe R,
Farthing D, Dewild K et al. Phase 1 study safety of in-
travenous ascorbic acid administration in patients with
severe sepsis. J Transl Med. 2014 Jan 31; 12: 32. doi:
10.1186/1479-5876-12-32.

Zabet MH, Mohammadi M, Ramezani M, Khalili H. The
effect of high doses of ascorbic acid on the need for vaso-
pressors in septic shock. J Res Pharm Pract. 2016 Apr—
Jun; 5 (2): 94-100. doi: 10.4103/2279-042X.179569.
Marik PE, Hangura V, Rivera R, Hooper MH, Katra-
vas J. Hydrocortisone, vitamin C, and thiamine for the
treatment of severe sepsis and septic shock: a before-
and-after retrospective study. Chest. 2017 Jun; 151 (6):
1229-1238. doi: 10.1016/j.chest.2016.11.036.

Tsai MS, Huang CH, Tsai SY, Chen HV, Li HS, Cheng HJ
et al. Ascorbic acid reduces myocardial damage after
cardiac arrest and electric shock. Intensive Care Med.
2011 Dec; 37 (12): 2033-2040. doi: 10.1007/s00134-
011-2362-6.

Wang ZJ, Hu WK, Liu YY, Shi DM, Cheng WJ, Guo YH
et al. The effect of intravenous vitamin C on periproce-
dural myocardial injury in patients undergoing elective
percutaneous coronary intervention. CanJ Cardiol. 2014
Jan; 30 (1): 96-101. doi: 10.1016/j.cjca.2013.08.018.
Tsai MS, Huang CH, Tsai SY, Chen HV, Cheng HJ,
Xu SY et al. The combination of intravenous ascorbic
acid and hypothermia after resuscitation improves myo-
cardial function and survival in a model of cardiac arrest
in ventricular fibrillation in rats. Acad Emerg Med. 2014
Mar; 21 (3): 257-265. doi: 10.1111/acem.12335.

Hu S, Yuan L, Wang H, Li S, Cai J, Hu Y, Ma S. Efficacy
and safety of vitamin C in atrial fibrillation after cardi-
ac surgery: a meta-analysis with sequential analysis of
randomized controlled trials. Int J Surg. 2017 Jan; 37:
58-64. doi: 10.1016/.ijsu.2016.12.009.

Song J, Park J, Kim JH, Choi JY, Kim JY, Lee KM,
Lee JE. Dehydroascorbic acid reduces cerebral ische-
mic edema and neurotoxicity in cerebral ischemia: an
in vivo study. Exp Neurobiol. 2015 Mar; 24 (1): 41-54.
doi: 10.5607/en.2015.24.1.41.

Lee JI, Kim MJ, Park SS, Kim MK. The effect of as-
corbic acid on blood urea nitrogen, creatinine, and re-
sistive index in ischemic-reperfusion kidney injury in
dogs. J Vet Sci. 2006 Mar; 7 (1): 79-81. doi: 10.4142/
jvs.2006.7.1.79.

Korkmaz A, Kolankaya D. Protective effect of as-
corbic acid in ischemic-reperfusion kidney inju-
ry in male rats. Ren Fail. 2009; 31 (1): 36-43. doi:
10.1080/08860220802546271.

Zografos KG, Chrysokos D, Pittaras T, Karmelias V,
Charakakis A, Galanos A et al. The effect of ascorbic
acid and U-74389G on ischemic reperfusion injury of
the kidneys in a rat model. /n Vivo. 2020 Sep.-Oct; 34
(5): 2475-2484. doi: 10.21873/invivo.12063.



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVIII - N2 1-2026

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Gori F, Fumagalli J, Lonati K, Caccialanza R, Zanel-
la A, Grasselli G. Ascorbic acid in solid organ trans-
plantation: a literature review. Clin Nutr. 2022 Jun; 41
(6): 1244-1255. doi: 10.1016/j.cInu.2022.04.004.
Grebenchikov OA, Likhvantsev VYV, Plotnikov EYu, Sila-
chev DN, Pevzner IB, Zorova LD, Zorov DB. Molecular
mechanisms of ischemic-reperfusion syndrome and its
therapy. Current issues in anesthesiology and resuscita-
tion. 2014; (3): 59-67.

Borisenok OA, Bushma MI, Basalai ON, Radkovec AY.
Glutathione biological role. Medical news. 2019; (7):
3-8.

Peerapanyasut W, Kobroob A, Palee S, Chattipakorn N,
Wongmekiat O. Bisphenol A exacerbates ischemic re-
perfusion injury to the kidneys, disrupting mitochon-
drial homeostasis, and N-acetylcysteine mitigates the
effects. [UBMB Life. 2020 Apr; 72 (4): 758-770. doi:
10.1002/iub.2175.

Said Zeid AS, Said SS. Comparative study of the use
of dexamethasone, N-acetylcysteine and theophylline
to reduce ischemic reperfusion injury to the kidneys in
experimental rat models: a biochemical and immuno-
histochemical approach. Saudi J Kidney Dis Transpl.
2020 Sep.-Oct; 31 (5): 982-997. doi: 10.4103/1319-
2442.301203.

Watanabe M, Borges FT, Pessoa EA, Fonseca KD,
Fernandez SM, Drew RS et al. The renoprotective effect
of N-acetylcysteine depends on the severity of ischemic
reperfusion injury. Braz J Med Biol Res. 2021 Sep 3; 54
(11): €9941. doi: 10.1590/1414-431X2021e9941.
Huang HL, Cheng N, Zhou SH, Liang J. The polymer
prodrug acetylcysteine, targeting megalin, reduces acute
kidney damage caused by ischemia-reperfusion. Heliy-
on. 2024 May 9; 10 (10): €30947. doi: 10.1016/j.heliy-
on.2024.e30947.

Dare AJ, Bolton EA, Pettigrew GJ, Bradley JA, Saeb-
Parsi K, Murphy MP. Protection against ischemic reper-
fusion injury of the kidneys in vivo using mitochondrial
antioxidant MitoQ. Redox Biol. 2015 Aug; 5: 163—168.
doi: 10.1016/j.redox.2015.04.008.

Liu S, Murphy MP, Xing V, Wu H, Zhang R, San H. Mi-
toQ antioxidant, which acts on mitochondria, reduces
kidney damage caused by ischemic reperfusion injury
in rodents: longitudinal observations using T2-weighted
imaging and dynamic contrast-enhanced MRI. Magn
Reson Med. 2018 Mar; 79 (3): 1559-1567. doi: 10.1002/
mrm.26772.

LiuZ Li Y, Li S, Yu L, Chang Y, Ku M. Delivery of co-
enzyme Q10 using a nanocarrier targeting mitochondria
attenuates ischemic reperfusion injury to the kidneys in
mice. Mater Sci Eng C Mater Biol Appl. 2021 Dec; 131:
112536. doi: 10.1016/j.msec.2021.112536.

168

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Mao H, Zhang Yu, Xiong Yu, Zhu S, Wang L, Liu S. The
mitochondria-oriented antioxidant mitoquinone sup-
ports mitochondrial homeostasis through the Sirt3-de-
pendent pathway, reducing oxidative damage caused by
renal ischemia/reperfusion. Oxid Med Cell Longev. 2022
Sep 20; 2022: 2213503. doi: 10.1155/2022/2213503.
SS-31 (also known as Elamipretide®, Bendavia®, and
MTP-131). 2021; Available from: https://www.alzdis-
covery.org/uploads/cognitive vitality _media/SS-31-
Cognitive-Vitality-For-Researchers.pdf.

Szeto HH, Liu S, Sung Y, Seshan SV, Cohen-Gould L,
Manichev V et al. Protection of mitochondria after acute
ischemia prevents prolonged hyperregulation of IL-1b
and IL-18 and stops the development of CKD. J Am Soc
Nephrol. 2017 May; 28 (5): 1437-1449. doi: 10.1681/
ASN.2016070761.

Liu D, Jin F, Shu G, Xu S, Qi J, Kang S et al. Incre-
asing the effectiveness of the mitochondria-oriented
SS-31 peptide in acute kidney injury using pH-sensitive
and kidney-targeted nanopolyplexes in AKI. Biomate-
rials. 2019 Aug; 211: 57-67. doi: 10.1016/j.biomateri-
als.2019.04.034.

Huang HL, Cheng N, Zhou SH. Polymer prodrug tar-
geting megalin and reacting to ROS with elamipretide
as a conjugate for the treatment of acute kidney injury.
Biomed Pharmacother. 2024 Jul; 4: 176: 116804. doi:
10.1016/j.biopha.2024.116804.

Borisov AE, Kaabak MM, Moisyuk YaG. Modern me-
thods of preserving donor organs in transplantology.
Russian Journal of Transplantology and Artificial Or-
gans. 2019; XXI (3): 124-135.

Niemann CU, Feiner J, Swain S, Bunting S, Fried-
man M, Crivellari M et al. Therapeutic hypothermia
in deceased organ donors and kidney-graft function.
N Engl J Med. 2015; 373 (5): 405-414.

Petrovsky AV, Zatevakhin I1, Tsitsiashvili GS. New solu-
tions in organ preservation for transplantation. Annals of
Surgery. 2020; 25 (2): 100-108.

Moisyuk YaG, Shevchenko SYu, Borisov AE. Domestic
solutions for organ perfusion and storage: from experi-
ment to clinical practice. Bulletin of the Russian Acade-
my of Medical Sciences. 2022; 77 (1): 45-53.

Fishbane S, Durham JH, Marzo K, Rudnick M. N-ace-
tylcysteine in the prevention of radiocontrast-induced
nephropathy. J Am Soc Nephrol. 2004; 15 (2): 251-260.
Marenzi G, Assanelli E, Marana I, Lauri G, Campo-
donico J, Grazi M et al. N-acetylcysteine and contrast-
induced nephropathy in primary angioplasty. N Engl J
Med. 2006; 354 (26): 2773-2782.

The article was submitted to the journal on 8.07.2025



