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Abstract

The increasing demand for an effective therapeutic modality in the form of organ transplantation leads
to the need to improve the long-term outcomes of the process. Ischemia/reperfusion injuries (IRI) are
an integral part of the kidney transplantation process, contributing to inflammation, oxidative stress and
activation of the immune system. Inflammasomes, as a component of the immune response, in the form
of inflammatory mediators during infection or tissue damage, initiate cell death called pyroptosis. In this
context, we have defined the process of inflammasome activation in response to IRI, which is a potential
cause of early kidney rejection due to increased susceptibility of the kidneys to ischemia. This review focuses
on analyzing the modulation of inflammasome activity in kidney transplants and the activation of the NLRP3
inflammasome as a crucial element of kidney injury during the transplantation procedure, which could be
a potential target for future preventive/therapeutic strategies.
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Introduction

Organ transplants, including kidney transplants, are
one of the greatest achievements of modern medicine.!
The etymology of the term “transplantation” comes from
the Latin word transplantare, meaning “to graft” or “trans-
fer”. The mentioned concept is defined as “the transplan-
tation of an entire organ or only a specific part, desig-
nated tissue, or cells from one body to another or within
the same body”.? This dictionary definition is consistent
with the one proposed by the World Health Organization
(WHO), which adds the therapeutic function of restor-
ing organ function.® Understanding the concept of trans-
plantation according to both mentioned sources is also
accepted in the literature.*®

The 1°* successful kidney transplant was performed
in 1954 on identical twins. Currently, there is an increased
demand for kidney transplants among patients, resulting
in a higher number of transplants performed in Poland
and worldwide.! According to the latest data from Pol-
transplant, 2,058 people were enrolled for a transplant
procedure in 2021, of whom 749 underwent the procedure.®

Types of kidney transplants

The literature divides kidney transplants into 3 main
groups: autologous, xenogeneic and allogeneic. Autolo-
gous transplantation, also known as autograft, involves
the removal of a kidney and its re-implantation.*” Xeno-
geneic transplantation is performed between 2 different
species. Challenges in xenotransplantation arise from
the differences between the 2 species, which are re-
lated to the distinct structures of coagulation proteins,
the occurrence of inflammatory reactions in the recipi-
ent’s body and the risk of virus transmission. The uti-
lization of this type of transplantation requires fur-
ther research before becoming an alternative to kidney
allograft.®

Allogeneic transplantation is antagonistic to xenogeneic
transplantation. This is the most widespread and involves
transplantation between a donor and recipient of the same
species.t

Another criterion for classification is the origin of the or-
gan. Transplantology allows for the transplantation
of akidney from either a living or deceased donor.? Kidneys
from living donors can come from related individuals and
anonymous individuals. An anonymous donor can donate
their organ to a specified recipient or the first recipient
on the waiting list for transplantation.!

A crossmatch transplant is used in cases of immuno-
logical mismatch between the donor and recipient. This
method involves the exchange of organs between 2 pairs.
A specific variation of crossmatch transplant is a chain
transplant, which involves more than 2 pairs in the trans-
plant process.!%!!
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Kidney transplantation
as a therapeutic method

Currently, the number of patients suffering from severe
kidney diseases is continuously increasing. Lifestyle dis-
eases such as type 2 diabetes (T2D), hypertension and obe-
sity are predisposing factors for the development of chronic
kidney disease (CKD). The diagnosis is established based
on an estimated glomerular filtration rate (eGFR) value
below 60 mL/min/1.73 m?, abnormalities detected in urine
tests, as well as kidney structure abnormalities observed
through imaging and/or histopathological examinations,
that persist for more than 3 months.!? The progressive
course of the disease may be associated with a steady de-
cline in glomerular filtration efficiency. Estimated glo-
merular filtration rate values below 15 mL/min/1.73 m?
qualify for the diagnosis of end-stage renal disease (ESRD).
This stage, with a range of complications such as metabolic
disorders, water-electrolyte disturbances, as well as car-
diovascular (CV) disorders, requires renal replacement
therapy (RRT). Despite the use of modern hemodialysis
techniques, mortality among such patients ranges from
20% to 50% within 24 months.!® A significantly longer
survival and improved quality of life compared to dialy-
sis therapy are achieved by transplanting a failing organ.
The greatest benefits are observed in patients with dia-
betes, especially young ones. Patients aged 20—39 years
and treated with dialysis have an average life expectancy
of 8 years, compared to 25 years after transplantation.!*1>
Preemptive organ transplantation significantly extends
the survival time of patients and transplant efficacy while
reducing the risks of adverse side effects of dialysis. It also
allows avoiding the need to create an arteriovenous fistula
(AVF) for hemodialysis or implanting a catheter for peri-
toneal dialysis.'

The conditions for achieving the expected results of RRT
are the appropriate qualification of the patient for trans-
plantation, done through health assessment and the iden-
tification of contraindications.!”

An essential clinical aspect in achieving therapeutic
benefits from a transplant is immunologic compatibil-
ity. Antibodies directed against human leukocyte antigen
(HLA) and red blood cells antigens (ABO) incompatibil-
ities between the donor and recipient initiate rejection
of the graft in approx. 30% of cases. For many years, ABO
incompatibility was an absolute contraindication for trans-
plantation. The reaction of iso-agglutinins with ABO blood
group antigens induces complement system activation.'8
The 2" important element in donor-recipient selection
based on immunological factors is minimal HLA mis-
match, absence of panel reactive antibodies (PRA) and
negative results in the donor lymphocyte crossmatch with
the recipient’s serum. These methods provide an opportu-
nity to detect donor-specific antibodies (DSA), allowing for
risk stratification of graft rejection.!® Removal of circulat-
ing antibodies or a reduction in their production are known
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as desensitization processes, making transplantation ac-
ceptable despite partial compatibility. This effect is mainly
achieved through plasmapheresis or immunoadsorption
(IA). An alternative for immunologically incompatible
pairs is the possibility of undergoing crossmatch/chain
transplant, as described above.!81°

Appropriate immunosuppression is a key element
in maintaining the function of the transplanted organ
while preventing rejection. Currently, a treatment regi-
men combining several medications is used, achieving
an appropriate level of immunosuppression while reducing
the risk of drug toxicities.?°

Transplantation efficacy and
complications

In recent years, the effectiveness of transplantation, par-
ticularly proper graft function, has improved. However,
improvements in long-term outcomes remain a challenge
in the field of transplantology.?! In Poland, according
to data from Poltransplant, the 5-year patient survival
rate (2001-2015) was 88%, while the 10-year survival rate
was 74%.° The most common factors that negatively affect
allografts in the 1% year after transplantation include CV
failure, infections and acute rejection (AR). After the 1%
year, chronic rejection contributes to the loss of proper
kidney function.?? Episodes of organ rejection can be
caused by cell-mediated responses involving T lympho-
cytes or the presence of antibodies, such as ABMR.?% De-
layed graft function (DGF), which lacks a precise defini-
tion, is associated with acute kidney injury (AKI) requiring
dialysis therapy.>* The incidence of DGF after deceased-
donor kidney transplants ranges from 5% to 50%, with
an increasing trend.?” Chronic kidney transplant rejection
(CKTR) is described by progressive deterioration of graft
function, usually emerging 1 year after transplant, along
with hypertension and proteinuria. Chronic kidney trans-
plant rejection typically occurs in patients with insufficient
immunosuppression; however, the main cause remains
the sustained allogeneic immune response.2¢

Technological advancements and the development
of surgical techniques have significantly reduced adverse
effects associated with the operation. These mainly involve
vascular complications and urological complications.?”28

Acute kidney injuries
in the transplant process

The transplanted organ is predisposed to multiple in-
juries related to the body’s immune response, toxicity
resulting from pharmacotherapy or ischemia/reperfu-
sion (I/R) injuries (IRI),?’ which will be further discussed
in the context of this study, given the subject of the re-
search conducted.
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Ischemia/reperfusion injuries are defined as a series
of cellular processes consisting of 2 distinct stages: isch-
emia — following the cessation of blood flow to the organ
—and the action of restoring the flow of blood to the organ,
otherwise known as reperfusion. Paradoxically, reperfu-
sion exacerbates the injury by activating various biochemi-
cal mechanisms. These processes lead to endothelial cell
damage, contributing, among other things, to the genera-
tion of reactive oxygen species (ROS) and activation of neu-
trophils and platelets, which are significant clinical prob-
lems during myocardial infarction (MI), ischemic stroke
and AKL.3%31 There is a higher frequency of IRI in donors
after cardiac death (DCDs) and expanted criteria donors
(ECDs), which correlates with a longer warm ischemia time
(WIT).32 Modern transplantology defines WIT as the pe-
riod counted from the time the organ is dissected free
from the donor until it is cooled (WIT I). Subsequently,
there is a cold ischemia time (CIT) during kidney preser-
vation in a hypothermic preservation solution, followed
by the 2"¢ episode of warm ischemia during organ im-
plantation in the recipient (WIT II).3334 A prolonged CIT
contributes to DGF and potentially shortens the long-term
survival of the graft. The DCDs are particularly susceptible
to the negative consequences of CIT; hence, this period
should be minimized.?®

Mechanism of injury

Ischemia/reperfusion injuries are associated with vas-
cular dysfunction, leading to increased vascular perme-
ability and recruitment of inflammatory cells, contribut-
ing to multiple injuries.?® Insufficient exposure of cells
to oxygen initiates a metabolic shift to anaerobic me-
tabolism, accompanied by tissue acidosis. The resulting
acidosis, associated with lactate-dependent adenosine
triphosphate (ATP) production, is due to the accumu-
lation of lactic acid that is not removed by the circula-
tion. The change in the direction of ATP synthase, with
a noticeable increased hydrolysis, results in a decrease
in intracellular ATP levels and the accumulation of ATP
metabolites, such as hypoxanthine. These processes lead
to negative consequences, including destabilization of ly-
sosomal membranes, leakage of lysosomal enzymes, and
subsequent cell structure breakdown.?"¥” To compensate
for the disturbed acid-base and water-mineral balances,
the activity of the Na*-K*-ATPase ion pump is inhibited,
with a simultaneous increase in the role of the Na*/H*
exchanger, contributing to an intracellular increase in so-
dium ions and water, leading to osmotic swelling. Dysfunc-
tion of the Na*/Ca%* pump leads to increased Ca?* levels,
resulting in the activation of calcium-dependent proteases,
such as calpains, upon reperfusion. The resulting calcium
overload initiates the synthesis of ROS (Fig. 1).5”% During
reperfusion, the mitochondrial burst of ROS is responsible
for adverse protein carbonylation and lipid peroxidation.
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Fig. 1. Simplified diagram of the effect of ischemia/reperfusion on the cell
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ROS - reactive oxygen species; NOS — nitric oxide synthase; NOX — NADPH oxidases; XOR — xanthine oxidoreductase; mPTP — mitochondrial mega-channel PTP3?

Simultaneously, an inflammatory response is initiated,
activating cell adhesion receptors. Neutrophils migrate
through the endothelial wall into the tissue parenchyma,
releasing cytotoxic mediators such as tumor necrosis fac-
tor (TNF) and interleukins (ILs), and directly or indirectly
leading to the production of highly reactive species such
as superoxide anion (O,'"), hydrogen peroxide (H,O,)
and peroxynitrite (ONOO~). Normalization of pH affects
calpain activation along with the sustained high calcium
levels, contributing to the opening of the mitochondrial
permeability transition pore (mPTP) and the release of cy-
tochrome C enzymes, inducing cell death through apop-
tosis and necrosis.?>40

Mitochondria play a significant role in the cascade
of kidney injuries and other organ injuries resulting from
I/R. During ischemia, ATP hydrolysis leads to an increase
in free inorganic phosphate, which increases membrane
permeability. After 60 min of WIT, the electron trans-
port system complexes show reduced activity, resulting
in the reduction of iron-sulfur proteins associated with
complex I (NADH dehydrogenase) or complex II (succinate
dehydrogenase) of the electron transport chain, leading
to the release of iron ions (Fe?*), reduction of hydrogen
peroxide (H,O,) and ROS generation.*! Further confor-
mational changes in the complexes during acute ischemia
lead to their inhibition and arrest of electron flow. Dur-
ing reperfusion, the availability of oxygen and energetic
substrates fuels oxidative metabolism, leading to a sig-
nificant increase in electron leakage through the mito-
chondria compared to normal function levels.*>*3 Matrix

metalloproteinases (MMPs) demonstrate a significant im-
pact on kidney injury during transplantation by degrading
extracellular matrix (ECM) components, responsible for
disrupting the integrity of tissues and facilitating inflam-
matory cell infiltration. This enzymatic activity intensifies
tissue damage and promotes fibrosis, complicating the re-
covery process post-transplant.** Dendritic cells (DCs) act
as a link between innate and adaptive immune responses,
directly through antigen presentation to B and T cells
or indirectly through cytokine signaling. In the context
of kidney transplantation, CD4* T lymphocytes play a cru-
cial role in the pathophysiology. Normally, T cell activation
occurs through antigen binding, but the effects of ROS
and cytokines on this process were also demonstrated.
The required antigen presentation by DCs or B cells was
targeted in therapy, where the blockade of the costimula-
tory system inhibited T cell activation and alleviated IRI
in animal models.*®

Cellular damage as a result of I/R triggers various
types of cell death, including apoptosis, necrosis and
autophagy. Renal I/R initiate apoptosis in proximal tu-
bular cells.*® Caspases, which are serine proteases, act
as the main regulators and molecular effectors activated
by pro-apoptotic stimuli (dependent on either the intrin-
sic mitochondrial pathway or death receptors), leading
to the initiation of events that result in the release of mi-
tochondrial cytochrome c into the cytosol, chromosomal
DNA fragmentation, and morphological changes that are
typical of apoptosis.*’ Autophagy is a process involving
self-degradation and the rebuilding of damaged organelles
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and proteins, protecting the cell from apoptosis after AKI
and supporting regeneration. Autophagy, involving in-
tracellular lysosomal degradation, is a series of catabolic
processes, starting with a small membrane phagophore
in the cytoplasm, then elongating to become, at the final
stage, a double-membrane structure called an autophago-
some, which fuses with lysosomes to form an autopha-
golysosome. Activated mammalian target of rapamycin
(mTOR) signaling leads to the degradation of intracellular
components, transporting them back to the cytoplasm for
the reuse of macromolecules. Prolonged autophagy activa-
tion, however, can have adverse effects after an ischemic
incident, triggering pathways leading to kidney cell death
and exacerbating kidney injury (KI).*® The use of murine
models with deficiencies of autophagy-related (ATG) pro-
teins that play a crucial role in autophagosome formation
to study the effect of autophagy in I/R helped more defini-
tively demonstrate the protective function of this process
in the preservation of tubular integrity.’

Markers of kidney injury during
transplantation

There is a continuous need to define new markers used
in routine monitoring of patients to serve as warning
signals at different time points during transplantation.
Currently, the gold standard for assessing kidney function
is eGFR, which is calculated based on serum creatinine lev-
els. However, due to the influence of various additional fac-
tors, such as diet, muscle mass, metabolism, and sex, serum
creatinine measurements have limited utility. In addition,
creatinine levels will increase in 50% of renal failure and
AKI and may not reflect renal tubular damage.>! Cystatin
Cis another commonly used functional biomarker of glo-
merular filtration, with increased sensitivity in detecting
early renal dysfunction (within 24 h) compared to serum
creatinine.®? The most promising new biomarkers, as re-
flected in the literature, with the clinical application are
neutrophil gelatinase-associated lipocalin (NGAL) and
kidney injury molecule-1 (KIM-1).5

Neutrophil gelatinase-associated lipocalin is a protein
produced by cells of the gastrointestinal, respiratory and
immune systems, hepatocytes, and also by renal distal tu-
bular epithelial cells. Toxic KI and I/R lead to the increased
urinary excretion of NGAL, making it one of the earliest
markers of KI. During acute tubular injury, NGAL also
plays a protective role by enhancing autophagy in distal tu-
bular cells, inhibiting apoptosis and inducing regeneration.
Recently, attention has been drawn to the use of NGAL
as a marker for CKD, including diabetic nephropathy,
as well as a marker for CV risk. In kidney transplanta-
tion, NGAL, measured in the early post-transplant pe-
riod, is considered a predictor of DGF.>*%* Studies revealed
lower urine NGAL (uNGAL) levels in kidney transplant
recipients in the early days after transplantation, which,
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in combination with other parameters, serves as a help-
ful marker in the early assessment of kidney function.>¢
Moreover, both uNGAL levels and serum NGAL levels
were found to be useful in determining and predicting
early-stage KI.7>8 The lack of standardization of the mea-
surements, the excretion of a large amount of urine and its
dilution, as well as the induction of NGAL by some drugs
such as cephalosporins, cisplatin and bisphosphonates
limit its clinical application.>>

The 2™ widely documented marker is KIM-1, a trans-
membrane type I glycoprotein, a sensitive and reproducible
biomarker of AKI with nephrotoxic and ischemic origins.
It is expressed on the surface of the renal proximal tubular
epithelial cells (PTECs). Its extracellular domain is cleaved
by metalloproteinases and secreted into the urine in re-
sponse to hypoxia or damage to the renal tubules.>
The use of KIM-1 levels is currently being investigated
for monitoring kidney transplant recipients, contributing
to the early detection of organ rejection.>*¢°

Interleukin 18, a pro-inflammatory cytokine, is activated
by caspase-1. In healthy individuals, serum and urine levels
remain generally low; however, these levels significantly
increase in damaged kidney tissues. Interleukin-18 is often
measured as a mediator and biomarker of ischemic tissue
damage causing AKIL.5!

YKL-40 is a glycoprotein that plays an important role
in tissue damage, inflammation, tissue remodeling, and
protection against apoptosis. According to studies, YKL-
40 influences organ repair mechanisms after ischemic
injury in mice, making it a potentially useful marker for
injury in transplants and as a prognostic marker for assess-
ing the suitability of donor kidneys for transplantation.®-62

Fatty acid-binding protein (FABP) is a cytoplasmic
protein involved in fatty acid metabolism, contributing
to the reduction of oxidative stress during I/R. Its high-
est expression is found in the distal tubular cells, mak-
ing it a major marker of injury in the transplanted organ.
Its levels in perfusion solutions were found to correlate
with high vascular resistance and early graft dysfunction;
however, their sensitivity and specificity are insufficient
to make decisions about graft rejection.®®

In several experimental and clinical models, the util-
ity of urine biomarkers such as uNGAL, urinary KIM-1
(uKIM-1), urinary IL-18 (uIL-18), and urinary FABP (u-
FABP) was identified in AKI and/or IRL.%

A promising kidney-related biomarker is the Klotho pro-
tein. It exhibits diverse physiological actions, such as re-
ducing oxidative stress and inhibiting the apoptosis and
fibrotic processes. During I/R, Klotho is an early biomarker
of AKI and shows decreased levels in urine and blood, pre-
ceding the rise in creatinine levels. Furthermore, in studies
on its expression, Klotho correlated with eGFR 1 week after
transplantation. Albuminuria, certain medications and
local or systemic inflammation can reduce its expression.
However, the standardization of soluble Klotho measure-
ment methods remains an unresolved issue, necessitating
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further research on the potential use of Klotho as a marker
for AKI.6>66

A major challenge still lies in implementing discovered
biomarkers into clinical practice due to the lack of stan-
dardized guidelines for method validation and the com-
plexity and multifactorial nature of injuries. Larger,
multicenter validation studies are necessary before new
solutions can be widely used in practice.®’

Methods of injury prevention

Reducing the effect of IRI during the transplantation
process involves several approaches: proper preparation
of the donor and recipient, minimizing CIT and optimiz-
ing perfusion of the transplanted organ. Recommended
supplementation for the recipient includes Thymoglob-
ulin (Sanofi, Paris, France), whose short-term effective-
ness in preventing the risk of AR is widely documented
in the literature.31:68

Protein Klotho and its role in reducing the expression
of MMPs provide an alternative for kidney protection dur-
ing transplantation. Matrix metalloproteinases, as proteo-
lytic enzymes, can degrade extracellular proteins and play
a crucial role in the remodeling of the ECM.% Therefore,
the use of MMP inhibitors may demonstrate a protective
effect on kidney grafts, making it a subject for further
research.”%’! Klotho can protect against both AKI and
CKD through gene therapy or administration of its soluble
form, reducing unfavorable treatment outcomes regardless
of the etiology, as shown in preclinical studies. Research
findings support the protective protein concept; however,
its clinical application in humans remains uncertain and
clinical efficacy needs confirmation.®

Innovative techniques continue to be a challenge and
a focus for researchers in the field of graft protection.
In one of the latest studies, an electric field was used
to activate Na*/K* pumps, thus maintaining optimal ATP
levels. In murine AKI models during WIT and CIT, this
technique reduced KI, suggesting its potential usefulness
in minimizing allograft dysfunction.”

Inflammasome

In response to molecular patterns, a protein complex
called the inflammasome coordinates the body’s immune
response to engage protective mechanisms against infec-
tious agents and initiates them during physiological dis-
turbances. Inflammasome activation is part of the innate
immune process, leading to the secretion of pro-inflam-
matory cytokines such as IL-1p and IL-18, thus participat-
ing in the inflammatory process.”> Mature IL-1f is a po-
tent mediator in various immune reactions, recruiting
and shaping immune system cells to the site of infection,
while IL-18 is responsible for producing interferon gamma
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(IFN-y) and enhancing the cytolytic activity of NK cells
and T lymphocytes. Active caspase, which is a product
of inflammasome assembly, contributes to the secretion
of interleukins and cell death, known as pyroptosis, ex-
erting a significant effect on the defense against bacteria
and viruses.”

Various stimuli, including pathogen-associated molecu-
lar patterns (PAMPs) and damage-associated molecular
patterns (DAMPs), activate inflammasome formation pro-
cesses through pattern recognition receptors (PRRs), which
are regarded as sensors. In most cases, each inflammasome
contains an adaptor protein called an apoptosis-associated
speck-like protein containinga CARD (ASC) and a procas-
pase enzyme that acts as an effector. Currently, 5 main rep-
resentatives of PRRs have been identified: NLRP1, NOD-
like receptor family pyrin domain-containing 3 (NLRP3),
NLRC4 (belonging to the nucleotide oligomerization do-
main (NOD)-like receptor family — NLR), pyrin, and ab-
sent in melanoma 2 (AIM2), which serve as the basis for
inflammasome assembly.”>”® Inflammasomes represented
by these 5 sensors, known as canonical inflammasomes,
can directly activate caspase-1 and are found in many tis-
sues. Their presence is increased in bone marrow, lymphoid
tissues and immune cells such as neutrophils, monocytes
and macrophages. Furthermore, NLRP3 inflammasomes
are activated in endothelial, epithelial and mesenchymal
cells. Non-canonical inflammasomes participate in the ac-
tivation of caspase-4/5 (in humans) and -11 (in mice) in re-
sponse to lipopolysaccharides (LPSs) of Gram-negative
bacteria. Recently, several new intracellular complexes
have been discovered: NLRP6, NLRP7, NLRP12, and inter-
feron gamma-inducible protein 16 (IF116), whose activation
mechanisms require further research.”””8

Structurally, members of the NLR family consist of an N-
terminal pyrin domain — PYD (for NLRPs) or a caspase
recruitment domain — CARD (for NLRCs), a central nu-
cleotide-binding oligomerization domain called NACHT,
and C-terminal leucine-rich-repeats (LRRs). The NLR ac-
tivation triggers a rapid oligomerization process, leading
to the recruitment and binding of inactive pro-caspase-1,
directly (NLRC4) or via the adaptor protein ASC, which
is typical of NLRP3.” Different inflammasomes may exhibit
differences in overall structure. Unlike NLRP3 and AIM?2,
NLRC4 representatives may contain only a CARD domain,
not requiring the ASC domain for procaspase recruitment.
On the other hand, AIM2 belongs to the AIM2-like recep-
tor family (ALR) possessing 2 main components — HIN200
and PYD.8°

A peptidoglycan fragment derived from both Gram-pos-
itive and Gram-negative bacteria directly binds to human
NLRP1, causing its structural change. It plays a significant
role in human keratinocytes, where UVB radiation induces
activation, contributing to skin inflammation and increas-
ing susceptibility to cancer development.®! The NLRC4
inflammasome responds to bacterial infections, during
which, after ligand binding by the NAIP part, it initiates
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the assembly of the NAIP/NLRC4 inflammasome. Due
to its ability to recognize host DNA, AIM2 is crucial for
protecting the body against DNA viruses, other pathogens
and the abnormal accumulation of self-DNA in the cyto-
sol. Its involvement in the pathogenesis of systemic lupus
erythematosus (SLE) and tumors was also found.$%83

The NLRP3 inflammasome is the most widely described
in the literature and serves as a key focus of research.
It consists of 3 essential components typical of the NLR
group: NLRP3 receptor, ASC adaptor and pro-caspase-1.
The receptor has a NACHT domain (named after NAIP,
CIITA, HET-E, and TEP-1 components) that is capable
of oligomerization and functions as an ATPase; a PYD
domain that enables interaction with ASC (forming pro-
tein-protein interactions); and leucine-rich repeat domains
(LRRs) at the C-terminal end, recognizing microbial sig-
nals and microbial ligands (Fig. 2). In the ASC protein,
there is also a distinguishable part responsible for the bind-
ing of procaspase — the CARD domain.?*% The molecu-
lar signal associated with danger is received by the LRR
domain, leading to the oligomerization of NLRP3 mono-
mers through their NACHT domains. This is followed
by interaction between the NLRP3 PYD and ASC domains,
resulting in the assembly of many ASC filaments into
a single aggregate of macromolecules, forming a “speck”
within the activated cell. Finally, pro-caspase-1 is recruited
to the complex through interactions between the CARD
domains (CARD-CARD interactions), facilitated by ASC.
Full-length pro-caspase-1 has an N-terminal CARD, a cen-
tral large catalytic domain (p20) and a C-terminal small
catalytic subunit domain (p10). This unit is subsequently
cleaved at the p20—p10 junction, and further processed
between the CARD and p20, ultimately releasing the ac-
tive form, the p20-pl0 heterotetramer, from the inflam-
masome.?*8687 NEK?7, a serine/threonine kinase, is often
cited as a key NLRP3-specific component required for
activation. However, recent research shows that in vari-
ous cell systems, the polymerization of the ASC domain
is independent of NEK?7.88:8°

Activation of the NLRP3 inflammasome is crucial for
host defenses against pathogen invasion and maintain-
ing homeostasis. However, excessive response additionally

Fig. 2. The general structure of the NLRP3 inflammasome.
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contributes to the progression of various inflammatory
diseases, such as arthritis, atherosclerosis, T2D, and can-
cers. Many studies imply that neuroinflammatory and
neurodegenerative diseases, such as Alzheimer’s disease
and Parkinson’s disease, are also linked to the NLRP3 in-
flammasome. Dysregulation of the activation of this multi-
dimensional complex can also lead to several autoimmune
diseases, including multiple sclerosis; thus, activation must
be tightly regulated, and the molecular mechanisms of this
process and their connection to disease pathogenesis are
becoming an increasingly popular subject for researchers.”

Inflammasome activation

Inflammasome activation, with particular emphasis
on NLRP3, in response to the release of molecules (from
infected cells and damaged tissues), through PRR, is tightly
regulated in resting cells. Canonical activation follows
a standard 2-step model in which 2 signals are required
for optimal activation of the NLRP3 inflammasome. Cy-
tokine receptors, toll-like receptors (TLRs) and tumor
necrosis factor receptors (TNFR) are stimulated by mol-
ecules such as IL-1B, LPS and TNEF. This leads to the ini-
tiation of a cell pathway involving nuclear factor kappa
B (NF-kB), triggering the transcription of NLRP3 compo-
nents.”! This stage, referred to as the priming or initiating
signal, is 1 of 2 necessary factors for initiating the complex
process of inflammasome activation and assembly. Some
studies indicate that the transcription process is unneces-
sary during priming, as evidenced by time observations
between NLRP3 inflammasome activation and the in-
crease in its expression. Furthermore, while TLR-related
signaling is essential for rapid NLRP3 activation, current
attention is primarily focused on the dependence of this
receptor on the MyD88 adaptor protein and IL-1 receptor-
associated kinases, IRAK-1 and IRAK-4.”7 Increasing evi-
dence implies that the initiating signal, additionally serving
as an inducer of posttranslational modifications (PTMs),
enables NLRP3 activation.”!

However, to initiate functional inflammasome assembly,
a 2" stimulus is required, such as ATP, ROS, viral proteins,

NLRP3 — NOD-like receptor 3, containing the pyrin domain; ASC — adaptor protein; LRRs — leucine-rich repeats; NACHT - oligomerization domain
(components: NAIP, CIITA, HET-E, and TEP1); PYD — pyrin domain; CARD - caspase activation and recruitment domain.
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toxins, or uric acid released by neighboring necrotic cells
or damaged tissues.”!

An essential element in the activation pathways is ion flow
within the cell, particularly involving potassium, calcium,
sodium, and chloride ions. A decrease in intracellular po-
tassium concentration occurs, in part, through the P2X7R
receptor and TWEAK?2 in response to the accumulated
extracellular reservoir of ATP, indirectly triggering inflam-
masome activation. Nigericin, a commonly used NLRP3
inflammasome agonist, correlates with potassium efflux.”
Consequently, high cytoplasmic K* levels inhibit inflamma-
somes. However, it has not been determined how K* efflux
is detected by NLRP3 and enables the assembly and activa-
tion of the inflammasome. The role of potassium ion flow
from the cytosol to the extracellular compartment seems
to be associated with other types of triggers, such as lyso-
somal destabilization and the action of its enzymes. Despite
its significant role in NLRP3 activation, the exact nature
underlying potassium flow remains to be fully understood.?®

Signaling associated with calcium flow is often empha-
sized as critical for the activation of the NLRP3 inflam-
masome. It is hypothesized that calcium influx into mi-
tochondria enhances mitochondrial stress and intensifies
its activation. However, contrary to earlier data, recent
systematic studies have revealed that calcium flux does not
occur in response to most NLRP3 activators. Moreover,
itis neither necessary nor sufficient for its activation; thus,
the interconnections in the cell pathway remain a subject
of ongoing research. The flow of chloride ions and the as-
sociated intracellular channel proteins, such as chloride
intracellular channel 1 (CLIC1) and 4 (CLIC4), are required
for NLRP3 activation.”**®

The release of both mitochondrial DNA (mtDNA) and
mitochondrial ROS (mtROS) from damaged mitochondria
is a process also associated with the NLRP3 activation path-
way. Reactive oxygen species generation, especially from
mitochondria, was one of the first identified factors that
could contribute to inflammasome activation. However, re-
cent studies imply that mtROS might be released by NLRP3
activators but is not the cause of its activation. In another
study concerning mitochondria, it was found that mtDNA
must first be oxidized (ox-mtDNA) to activate NLRP3. Fur-
thermore, many scientific reports suggest a hypothesis that
preventing the removal of damaged mitochondria initi-
ates NLRP3 activity, implying that these organelles play
an important role in the activation pathway.”>% Cardiolipin
is a highly negatively charged lipid located on the inner
side of the mitochondrial membrane. In response to cel-
lular stress, its externalization occurs, which is necessary
for autophagy and cell death. It was found that mitochon-
drial dysfunction allows direct interaction between car-
diolipin and NLRP3 through the LRR domain, activating
the inflammasome. In another study, the effect of LPS
on the binding of cardiolipin with caspase-1 was identi-
fied, leading to inflammasome activation.?**” Adenosine
triphosphate is a central product of the mitochondria and
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a known activator of NLRP3 through the involvement
of the P2X7R receptor. Adenosine triphosphate can also
enhance the inflammasome-induced production of IL-1p
and IL-18 in innate immune cells.®® It should be noted
that NLRP3 has a motif that binds and hydrolyzes ATP
in the NACHT domain, called Walker B, which is required
for inflammasome activity. Recent studies have identified
that MCC950 — a common inhibitor — binds to this motif,
preventing NLRP3 from attaining an active conformation.”®

NLRP3 activation in response to lysosome destabiliza-
tion correlates with lysosomal membrane permeabilization
(LMP) and the release of lysosomal hydrolases, such as ca-
thepsins, into the cytosol. Lysosomal membrane permea-
bilization is induced by a wide range of pro-inflammatory
stimuli, e.g., monosodium urate (MSU) and crystalline
cholesterol. This leads to a potassium efflux, consequently
increasing mtROS and cardiolipin externalization.’

As mentioned at the beginning of the chapter, post-
translational processes of NLRP3 are likely to play an im-
portant role in its assembly. Ubiquitination contributes
to inflammasome activation through deubiquitinating
enzymes (DUBs). Phosphorylation events, in turn, control
the assembly and activation of inflammasomes.?

During activation, as a result of the previously described
structural changes in NLRP3, activated caspase-1 trans-
forms pro-IL-1p and pro-IL-18 into their mature forms.
Another critical and direct substrate of caspase-1 is gas-
dermin D (GSDMD) - the principal executor of pyrop-
tosis. Caspase-1 processes cytosolic GSDMD to release
its N-terminal domain with a high affinity for the cell
membrane, where it inserts and forms pore-like struc-
tures on the membrane. This particular structure allows
the release of IL-1p and IL-18 into the extracellular space
(Fig. 3). Besides releasing pro-inflammatory cytokines and
other contents, the pores in the membrane lead to patho-
logical ion flows, ultimately resulting in cell death, known
as pyroptosis.'? Pyroptosis is characterized by nuclear
shrinkage and nuclear DNA fragmentation. The genetic
material damage during pyroptosis is limited, and the over-
all nuclear structure remains intact. Inflammatory me-
diators that are released during the process recruit and
activate immune cells, enhancing the body’s immune re-
sponse. Unbalanced activation of this form of cell death
can lead to an inflammatory response that disrupts host
homeostasis.'?*

The apoptotic effectors BAX and BAK induce NLRP3
inflammasome activation and IL-1p secretion. It is worth
noting that a large number of cell death effectors, such
as caspase-8, MLKL and GPX4, directly or indirectly
regulate NLRP3 inflammasome activation in response
to various PAMPs and DAMPs.1%2 NLRP3 activation may
affect the induction of autophagy, and, on the other hand,
autophagy may modulate the inflammasome, reducing
its activity. According to researchers, this bidirectional
regulation ensures a balance between the required host
defenses and the prevention of excessive inflammation.1%?
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Fig. 3. Simplified scheme of NLRP3 inflammasome activation
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NF-kB — nuclear factor kB; TLR - toll-like receptor; TNFR — tumor necrosis factor receptor; IL-1R — interleukin 1 receptor; GSDM - gasdermin D;
GSDM-N - N-terminal fragment of gasdermin D; PTMs — posttranslational modifications; ROS - reactive oxygen species; ox-mtDNA - oxidized

mitochondrial DNA.7

There are also inhibitory factors related to these protein
complexes. An example is the cytokine IFN-y, which af-
fects the immunopathologic response by regulating nitric
oxide production and inhibiting NLRP3 inflammasome
formation through its nitrosylation. Moreover, carbon
monoxide (CO) acts as an inhibitor of caspase-1 activa-
tion and the secretion of IL-1f and IL-18.13

The cytosolic response pathway to LPS, involving cas-
pase-4/5 in humans and caspase-11 in mice, was termed
non-canonical due to the signal received by TLR4-TRIF.
Lipopolysaccharides from Gram-negative bacteria, which
is delivered into the cytosol via outer membrane vesicles
(OMVs), are taken up by cells, with the simultaneous
initiation of interferon type I, which affects caspase-11
expression and generates specific guanylate-binding pro-
teins (GBPs) and immunity-related GTPase family member
b10 proteins (IRGB10) that directly target the cell mem-
brane of the engulfed bacteria in a GBP-dependent man-
ner, disrupting the microorganism’s structural integrity
and releasing LPS and lipid A into the cytoplasm. Part
of the lipid A molecule directly interacts with the proper
caspase-4/5/11 recruitment domain, leading to their

oligomerization and activation. The subsequent steps
of the process resemble the canonical pathway.*®

Alternative NLRP3 inflammasome activation requires
only 1 signal. Toll-like receptors ligands are sufficient
to initiate NLRP3 inflammasome activation in human
monocytes. The main differences between alternative
and classical inflammasome activation (canonical and
non-canonical) involve a lack of dependence on the flow
of potassium and pyroptosis.°

Functions of the inflammasome
in the body

The inflammasome plays a crucial role in regulat-
ing the inflammatory state and protecting the body.
The NLRP3 inflammasome can be activated by bacterial
and viral components, as well as intracellular signals such
as mitochondrial damage, protein aggregates or abnormal
ion levels. Cell death following inflammasome activation,
known as pyroptosis, also serves as an important protec-
tive mechanism against bacterial infections. It inhibits
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pathogen replication within cells, promotes the phago-
cytosis of remaining bacteria, and induces the release
of pro-inflammatory proteins involved in the pathogenesis
of various chronic inflammatory diseases.'®* The NLRP3
inflammasome is activated in the presence of bacte-
rial infections, including Staphylococcus aureus, group
B Streptococcus, Listeria monocytogenes, and Neisseria
gonorrhoeae. Meanwhile, the AIM2 inflammasome plays
a critical role in alerting the innate immune system during
invasion by certain extracellular and intracellular bacteria,
as exemplified by Streptococcus pneumoniae.31%° Viral
nucleic acids are typically detected by AIM2 (ALR) inflam-
masomes; however, several viruses and their components,
including the influenza virus, poliovirus and enterovirus,
are sufficient to stimulate the NLRP3 inflammasome.
Consequently, NLRP3 inflammasome activation inhibits
virus replication, reducing mortality in murine models.1%

Dysregulation of NLRP3 inflammasome complex for-
mation may promote chronic inflammation by increasing
IL-1p release. However, improper activation of the complex
may also lead to severe pathological damage.®* The re-
sponse to DAMPs in the absence of a microbial factor
is termed sterile inflammation, occurring in conditions
such as atherosclerosis, T2D, neurodegenerative disorders,
and cancer.”®

The inflammasome coordinates the body’s immune re-
sponse to engage protective mechanisms during distur-
bances in physiological processes. There is evidence linking
the NLRP3 inflammasome to organ injury, neurologic dis-
eases and CV diseases.1?41% Increased NLRP3 expression
was documented in atherosclerotic plaques, correlating
with the severity of coronary artery disease (CAD). Inflam-
masome activation in endothelial cells is associated with
impaired coronary flow, while IL-1p and IL-18 may lead
to improper vasodilation. Activation of the NLRP3 inflam-
masome was identified as a potent mediator of the inflam-
matory response, releasing pro-inflammatory mediators
IL-1p and IL-18 that enhance lipid deposition and foam cell
accumulation, ultimately contributing to the progression
of atherosclerosis.!?”1% Furthermore, there was NLRP3
inflammasome activation in cardiomyocytes during acute
myocardial infarction (AMI). This results in inflammation
and cell death in the form of pyroptosis. In neutrophils,
interleukins promote the release of ROS and enzymes,
causing damage to cardiomyocytes.1%

Chronic inflammation is a significant aspect
of the pathogenesis of T2D. Activation of the NLRP3 in-
flammasome occurs in response to glucose, free fatty acids
and mtROS.M? The production of IL-1f also plays a crucial
role, leading to the induction of insulin resistance and
impaired pancreatic B-cell function.!!

In many studies investigating inflammasome activation
during cerebral I/R events in rodents, there was an in-
creased expression of inflammasome components such
as NLRP3, caspase-1, IL-1P, and IL-18 already in the ini-
tial hours, which is consistent with the hyperacute and
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acute phases of strokes in humans.!!?-1* Therefore, there
were harmful inflammatory effects of complex activation.
The use of an inflammasome inhibitor reduces the expres-
sion of inflammatory mediators. Franke et al. induced
ischemic strokes in mice through a 60-min middle cerebral
artery occlusion followed by 3-h, 7-h and 23-h reperfusion
periods. Besides confirming the effectiveness of the inhibi-
tor, they observed reduced infiltration of immune system
cells in the ischemic hemisphere, along with preserved
blood-brain barrier (BBB) integrity.''®> Furthermore,
in a more recent study, it was proved that the addition
of the MCC950 inhibitor resulted in a reduction in brain
injury caused by oxidative stress in rats.!*

Inflammasome in the kidney
transplant process

Improving the effectiveness of RRT in the form of trans-
plantation involves, among other things, reducing IRI,
which is also the underlying pathophysiology of dysfunction
in many organs. Increased production of ROS, cell damage
and cell death can mobilize DAMPs that are necessary for
initiating the inflammasome activation pathway, thus lead-
ing to an intensified cascade of the inflammatory process.!'?

Ischemia/reperfusion is a potential cause of early kid-
ney rejection due to increased susceptibility of the kidneys
to ischemia. A complex sequence of biochemical events
resulting in renal cell death due to reduced oxygen lev-
els and subsequent reperfusion determines the severity
of the damage and initiation of the inflammatory response,
leading to renal dysfunction.?'~%> Currently, there are few
scientific studies related to NLRP3 inflammasome activa-
tion during the kidney transplant process. In 1 publication,
there was a decline in transplant efficacy due to the inten-
sified effects of WIT, which was associated with increased
NLRP3 expression resulting from prolonged organ storage
in hypothermia.lt®

Tissue ischemia, which is a main cause of AKI, serves
as a potential source of ligands for NLRP3 activation.
Inflammasome-related studies were conducted on both
murine and human renal tissues subjected to I/R, where
effectors in the form of caspase-1, IL-1p and IL-18 were
also measured. High levels of NLRP3 and its effectors
in human and murine renal tubular epithelial (RTE) cells
indicate a crucial role in initiating inflammatory responses
during tissue damage. Lack of NLRP3 provides protec-
tion against renal cell death during IRI and loss of kid-
ney function; however, silencing the ASC domain alone
or effectors (caspase-1, IL-1p and IL-18) did not yield
such positive effects.!’®!1” Confirmation of these obser-
vations was obtained in another study, where various re-
nal tubular cell lines, primary mouse renal tubular cells
lacking NLRP3 (knockout, KO) and a unilateral ureteral
obstruction (UUO) model were used in vitro. Cellular hy-
poxia induced a significant increase in NLRP3 regardless
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of ASC, caspase-1 and IL-1P. During oxygen deprivation,
NLRP3 in renal tubular cells was relocated from the cyto-
sol to the mitochondria and was bound to mitochondrial
antiviral signaling protein (MAVS). Deletion of NLRP3
or MAVS weakened mtROS production and depolariza-
tion of mitochondrial membrane potentials under hypoxic
conditions. In response to unilateral ureteral obstruction,
mice with silenced NLRP3 exhibited less fibrosis and apop-
tosis compared to wild-type mice.!'® Findings from a more
recent study on the acute and chronic phases of ischemic
AKlindicated persistent overexpression of NLRP3, which
is associated with abnormal renal tubular repair and cor-
related with infiltrating macrophages and fibrosis. The hy-
pothesis was raised that elevated NLRP3 levels after AKI
could serve as a new biomarker for chronic kidney lesions,
predicting the transition from AKI to CKD, and a marker
for monitoring long-term effects, similar to KIM-1 and
NGAL. However, this requires confirmation in further
clinical studies.!*® One promising therapeutic strategy for
renal IRI is to prevent NLRP3 activation through the use
of inhibitors. An example is a study using H,S, which acts
to inhibit cell pyroptosis via the NLRP3/caspase-1 path-
way and reduce I/R-induced AKI. The exact mechanism
of action remains subject to further research.!?® An al-
ternative approach involves using endothelial progenitor
cells (EPCs), which play an important role in maintaining
vascular integrity and endothelial repair. The EPCs were
cultured from human peripheral blood and administered
to mice 5 min before reperfusion. This resulted in a reduc-
tion in NLRP3 expression levels and cleaved caspase-1
compared to the control group. Inflammasome-induced
inflammation is a potential target of EPCs to treat I/R-
induced AKI and prevent progression to CKD.121:122

Conclusions

Kidney transplants are one of the greatest achievements
of modern medicine, since the number of patients suffering
from severe kidney diseases is continuously increasing.
However, improvements in long-term outcomes remain
a challenge in the field of transplantology. The trans-
planted organ is predisposed to multiple injuries related
to the body’s immune response, toxicity resulting from
pharmacotherapy, and IRI. This review proved that the ac-
tivation of NLRP3 inflammasomes is a crucial element
of kidney injury during transplant procedures. We have
described the pathways of inflammasome activation in-
dicating the NLPR3 inflammasome as a potential target
for future preventive/therapeutic strategies.

ORCID iDs

Karolina Tadel
Iwona Bil-Lula

https://orcid.org/0000-0002-0978-8274
https://orcid.org/0000-0002-2769-0166

1233

References

1. Sher NM, Nazli R, Zafar H, Fatima S. Effects of lipid based Multiple
Micronutrients Supplement on the birth outcome of underweight
pre-eclamptic women: A randomized clinical trial. Pak J Med Sci. 2021;
38(1):219-226. d0i:10.12669/pjms.38.1.4396

2. Transplantacja. In: Encyklopedia PWN. Warsaw, Poland: Wydawnictwa
Naukowe PWN; 2022. https://encyklopedia.pwn.pl/haslo/transplan-
tacja;3988774.html. Accessed November 10, 2022.

3. World Health Organization (WHO). Global Glossary of Terms and
Definitions on Donation and Transplantation. Geneva, Switzer-
land: World Health Organization (WHO);2009. https://iris.who.int/
bitstream/handle/10665/341813/WHO-HTP-EHT-CPR-2009.01-eng.
pdf?sequence=1. Accessed November 21, 2022.

4. Kimszal E. Zespét transplantacyjny - rola pielegniarki anestezjolo-
gicznej. Piel Pol. 2020;76(2):122-126. doi:10.20883/pielpol.2020.14

5. Darlington D, Anitha FS, Joseph C. Study of knowledge, attitude,
and practice of organ donation among medical studentsin a tertia-
ry care centre in south India. Cureus. 2019;11(6):e4896. d0i:10.7759/
cureus.4896

6. CzerwinskiR, Malanowski P, Grzywacz. Poltransplant Biuletyn Infor-
macyjny. Centrum Organizacyjno-Koordynacyjne ds. Transplanta-
¢ji Poltransplant. 2022. https://files.poltransplant.org.pl/Biuletyn_
2022_www.pdf. Accessed November 11, 2022.

7. Azhar B, Patel S, Chadha P, Hakim N. Indications for renal auto-
transplant: An overview. Exp Clin Transplant. 2015;13(2):109-114.
PMID:25871361.

8. Surna$, Adamczak M. Ksenotransplantacja nerki. Forum Nefrol. 2019;
12(2):114-124. https://journals.viamedica.pl/forum_nefrologiczne/
article/view/65101/48813. Accessed November 21, 2023.

9. Voora S, Adey DB. Management of kidney transplant recipients
by general nephrologists: Core Curriculum 2019. Am J Kidney Dis.
2019;73(6):866-879. doi:10.1053/j.ajkd.2019.01.031

10. RaoPS, Ojo A.The alphabet soup of kidney transplantation: SCD, DCD,
ECD.Fundamentals for the practicing nephrologist. ClinJAm Soc Nephrol.
2009;4(11):1827-1831. d0i:10.2215/CJN.02270409

11. Davis CL, Delmonico FL. Living-donor kidney transplantation: A review
of the current practices for the live donor. J Am Soc Nephrol. 2005;
16(7):2098-2110. d0i:10.1681/ASN.2004100824

12. Kanda H, Hirasaki Y, lida T, et al. Perioperative management of
patients with end-stage renal disease. J Cardiothorac Vasc Anesth.
2017;31(6):2251-2267. d0i:10.1053/j.jvca.2017.04.019

13. Gusev E, Solomatina L, Zhuravleva Y, Sarapultsev A. The pathogen-
esis of end-stage renal disease from the standpoint of the theory
of general pathological processes of inflammation. Int J Mol Sci. 2021;
22(21):11453. d0i:10.3390/ijms222111453

14. Woderska-Jasiriska A, Hermanowicz M, Wtodarczyk Z. Transplanta-
cja nerki jako metoda leczenia nerkozastepczego pacjenta z prze-
wlektg choroba nerek. Innow Piel. 2021;6(1):73-83. d0i:10.21784/IwP.
2021.006

15. Augustine J. Kidney transplant: New opportunities and challenges.
Cleve Clin J Med. 2018;85(2):138-144. doi:10.3949/ccjm.85gr.18001

16. Abramowicz D, Hazzan M, Maggiore U, et al. Does pre-emptive trans-
plantation versus post start of dialysis transplantation with a kid-
ney from a living donor improve outcomes after transplantation?
A systematic literature review and position statement by the Des-
cartes Working Group and ERBP. Nephrol Dial Transplant. 2016;31(5):
691-697. doi:10.1093/ndt/gfv378

17. Chadban SJ, Ahn C, Axelrod DA, et al. KDIGO Clinical Practice Guideline
on the Evaluation and Management of Candidates for Kidney Trans-
plantation. Transplantation. 2020;104(4 Suppl 1):511-S103. doi:10.1097
/TP.0000000000003136

18. Salvadori M, Tsalouchos A. Current protocols and outcomes of ABO-
incompatible kidney transplantation. World J Transplant. 2020;10(7):
191-205. doi:10.5500/wjt.v10.i7.191

19. ParkY, Ko EJ, Chung BH, Yang CW. Kidney transplantation in high-
ly sensitized recipients. Kidney Res Clin Pract. 2021;40(3):355-370.
doi:10.23876/j.krcp.21.012

20. Lim MA, KohliJ, Bloom RD.Immunosuppression for kidney transplan-
tation: Where are we now and where are we going? Transplant Rev
(Orlando). 2017;31(1):10-17. d0i:10.1016/j.trre.2016.10.006


https://www.doi.org/10.12669/pjms.38.1.4396
https://encyklopedia.pwn.pl/haslo/transplantacja;3988774.html
https://encyklopedia.pwn.pl/haslo/transplantacja;3988774.html
https://iris.who.int/bitstream/handle/10665/341813/WHO-HTP-EHT-CPR-2009.01-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/341813/WHO-HTP-EHT-CPR-2009.01-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/341813/WHO-HTP-EHT-CPR-2009.01-eng.pdf?sequence=1
https://www.doi.org/10.20883/pielpol.2020.14
https://www.doi.org/10.7759/cureus.4896
https://www.doi.org/10.7759/cureus.4896
https://files.poltransplant.org.pl/Biuletyn_2022_www.pdf
https://files.poltransplant.org.pl/Biuletyn_2022_www.pdf
https://pubmed.ncbi.nlm.nih.gov/25871361
https://journals.viamedica.pl/forum_nefrologiczne/article/view/65101/48813
https://journals.viamedica.pl/forum_nefrologiczne/article/view/65101/48813
https://www.doi.org/10.1053/j.ajkd.2019.01.031
https://www.doi.org/10.2215/CJN.02270409
https://www.doi.org/10.1681/ASN.2004100824
https://www.doi.org/10.1053/j.jvca.2017.04.019
https://www.doi.org/10.3390/ijms222111453
https://www.doi.org/10.21784/IwP.2021.006
https://www.doi.org/10.21784/IwP.2021.006
https://www.doi.org/10.3949/ccjm.85gr.18001
https://www.doi.org/10.1093/ndt/gfv378
https://www.doi.org/10.1097/TP.0000000000003136
https://www.doi.org/10.1097/TP.0000000000003136
https://www.doi.org/10.5500/wjt.v10.i7.191
https://www.doi.org/10.23876/j.krcp.21.012
https://www.doi.org/10.1016/j.trre.2016.10.006

1234

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Montenovo M, Perkins JD, Kling CE, Sibulesky L, Dick AA, Reyes JD.
Machine perfusion decreases delayed graft function in donor grafts
with high kidney donor profile index. Exp Clin Transplant. 2021;19(1):
8-13.doi:10.6002/ect.2019.0139

Hariharan S, Israni AK, Danovitch G. Long-term survival after kid-
ney transplantation. N EnglJ Med. 2021;385(8):729-743. doi:10.1056/
NEJMra2014530

Senev A, Coemans M, Lerut E, et al. Eplet mismatch load and de
novo occurrence of donor-specific anti-HLA antibodies, rejection,
and graft failure after kidney transplantation: An observational
cohort study. J Am Soc Nephrol. 2020;31(9):2193-2204. doi:10.1681/
ASN.2020010019

Mannon RB. Delayed graft function: The AKI of kidney transplanta-
tion. Nephron. 2018;140(2):94-98. d0i:10.1159/000491558

Morath C, Dohler B, Kélble F, et al. Pre-transplant HLA antibodies and
delayed graft function in the current era of kidney transplantation.
Front Immunol. 2020;11:1886. doi:10.3389/fimmu.2020.01886

Lai X, Zheng X, Mathew JM, Gallon L, Leventhal JR, Zhang ZJ. Tack-
ling chronic kidney transplant rejection: Challenges and promises.
Front Immunol. 2021;12:661643. doi:10.3389/fimmu.2021.661643
Salamin P, Deslarzes-Dubuis C, Longchamp A, et al. Predictive factors
of surgical complications in the first year following kidney transplan-
tation. Ann Vasc Surg. 2022;83:142-151. doi:10.1016/j.avsg.2021.08.031
Dos Santos Mantovani M, Coelho De Carvalho N, Archangelo TE, et al.
Frailty predicts surgical complications after kidney transplantation:
A propensity score matched study. PLoS One. 2020;15(2):e0229531.
doi:10.1371/journal.pone.0229531

Cooper JE, Wiseman AC. Acute kidney injury in kidney transplanta-
tion. Curr Opin Nephrol Hypertens. 2013;22(6):698-703. doi:10.1097/
MNH.0b013e328365b388

Panah F, Ghorbanihaghjo A, Argani H, Asadi Zarmehri M, Nazari Soltan
Ahmad S. Ischemic acute kidney injury and Klotho in renal transplan-
tation. Clin Biochem. 2018;55:3-8. doi:10.1016/j.clinbiochem.2018.
03.022

Salvadori M, Rosso G, Bertoni E. Update on ischemia-reperfusion
injury in kidney transplantation: Pathogenesis and treatment.
World J Transplant. 2015;5(2):52. d0i:10.5500/wjt.v5.i2.52

Saat TC, Van Den Akker EK, 1Jzermans JNM, Dor FJMF, De Bruin RWF.
Improving the outcome of kidney transplantation by ameliorating
renal ischemia reperfusion injury: Lost in translation? J Transl Med.
2016;14(1):20. doi:10.1186/512967-016-0767-2

Marzouk K, Lawen J, Alwayn |, Kiberd BA. The impact of vascular anas-
tomosis time on early kidney transplant outcomes. Transplant Res.
2013;2(1):8. doi:10.1186/2047-1440-2-8

Khan TFT, Ahmad N, Serageldeen AS, Fourtounas K. Implantation
warm ischemia time in kidney transplant recipients: Defining its limits
and impact on early graft function. Ann Transplant. 2019;24:432-438.
doi:10.12659/A0T.916012

Summers DM, Watson CJE, Pettigrew GJ, et al. Kidney donation after
circulatory death (DCD): State of the art. Kidney Int. 2015;88(2):241-249.
doi:10.1038/ki.2015.88

Philipponnet C, Aniort J, Garrouste C, Kemeny JL, Heng AE. Ischemia
reperfusion injury in kidney transplantation: A case report. Medicine
(Baltimore). 2018;97(52):€13650. doi:10.1097/MD.0000000000013650
ChatauretN, Badet L, Barrou B, Hauet T. Ischemia-reperfusion: From
cell biology to acute kidney injury. Prog Urol. 2014;24(24 Suppl 1):
S4-512. doi:10.1016/51166-7087(14)70057-0

Bellini MI, Tortorici F, Amabile MI, D’Andrea V. Assessing kidney graft
viability and its cells metabolism during machine perfusion. IntJMol Sci.
2021;22(3):1121. d0i:10.3390/ijms22031121

Nieuwenhuijs-Moeke GJ, Pischke SE, Berger SP, et al. Ischemia and
reperfusion injury in kidney transplantation: Relevant mechanisms
ininjury and repair.J Clin Med. 2020;9(1):253. d0i:10.3390/jcm9010253
Soares ROS, Losada DM, Jordani MC, Evora P, Castro-e-Silva O. Isch-
emia/reperfusion injury revisited: An overview of the latest phar-
macological strategies. Int J Mol Sci. 2019;20(20):5034. d0i:10.3390/
ijms20205034

Jassem W, Fuggle SV, Rela M,. Koo DDH, Heaton ND. The role of mito-
chondriain ischemia/reperfusion injury. Transplantation. 2002;73(4):
493-499. doi:10.1097/00007890-200202270-00001

Webster KA. Mitochondrial membrane permeabilization and cell
death during myocardial infarction: Roles of calcium and reactive oxy-
gen species. Future Cardiol. 2012;8(6):863-884. doi:10.2217/fca.12.58

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

K. Szymanek, K. Tadel, I. Bil-Lula. Inflammasome and kidney transplant injury

Bi J, Zhang J, Ren Y, et al. Irisin alleviates liver ischemia-reperfusion
injury by inhibiting excessive mitochondrial fission, promoting mito-
chondrial biogenesis and decreasing oxidative stress. Redox Biol.
2019;20:296-306. d0i:10.1016/j.redox.2018.10.019

Wang X, Khalil RA. Matrix metalloproteinases, vascular remodeling,
and vascular disease. Adv Pharmacol. 2018;81:241-330. doi:10.1016/
bs.apha.2017.08.002

Tejchman K, Kotfis K, Sierko J. Biomarkers and mechanisms of oxi-
dative stress: Last 20 years of research with an emphasis on kidney
damage and renal transplantation. Int J Mol Sci. 2021;22(15):8010.
doi:10.3390/ijms22158010

Priante G, Gianesello L, Ceol M, Del Prete D, Anglani F. Cell death in
the kidney. Int J Mol Sci. 2019;20(14):3598. d0i:10.3390/ijms20143598
Castaneda MP, Swiatecka-Urban A, Mitsnefes MM, et al. Activation
of mitochondrial apoptotic pathways in human renal allografts
afterischemia/reperfusion injury. Transplantation. 2003;76(1):50-54.
doi:10.1097/01.TP.0000069835.95442.9F

Lin TA, Wu VCC, Wang CY. Autophagy in chronic kidney diseases.
Cells. 2019;8(1):61. doi:10.3390/cells8010061

Pallet N, Livingston M, Dong Z. Emerging functions of autophagy
in kidney transplantation. AmJ Transplant. 2014;14(1):13-20. doi:10.1111
/ajt.12533

Halawa A. The early diagnosis of acute renal graft dysfunction:
A challenge we face. The role of novel biomarkers. Ann Transplant.
2011;16(1):90-98.

Malyszko J, Lukaszyk E, Glowinska I, Durlik M. Biomarkers of delayed
graft function as a form of acute kidney injury in kidney transplan-
tation. Sci Rep. 2015;5(1):11684. doi:10.1038/srep11684
Rimes-Stigare C, Ravn B, Awad A, et al. Creatinine- and cystatin
C-based incidence of chronic kidney disease and acute kidney disease
in AKI survivors. Crit Care Res Pract. 2018;2018:7698090. doi:10.1155
/2018/7698090

Kielar M, Dumnicka P, Gala-Btadziriska A, et al. Urinary NGAL mea-
sured after the first year post kidney transplantation predicts chang-
es in glomerular filtration over one-year follow-up. J Clin Med. 2020;
10(1):43. doi:10.3390/jcm10010043

Ozbilgin S, Ozkardesler S, Akan M, et al. Renal ischemia/reperfusion
injury in diabetic rats: The role of local ischemic preconditioning.
Biomed Res Int. 2016;2016:8580475. doi:10.1155/2016/8580475
Kanter J, Beltran S, Molina D, et al. Urinary neutrophil gelatinase-
associated lipocalin after kidney transplantation: Is it a good bio-
marker to assess delayed graft function? Transplant Proc. 2013;45(4):
1368-1370. doi:10.1016/j.transproceed.2013.01.019

Capellil, Baraldi O, Comai G, et al. Urinary neutrophil gelatinase-asso-
ciated lipocalin is a biomarker of delayed graft function after kidney
transplantation. Transplant Res Risk Manag. 2017;9:15-21. d0i:10.2147/
TRRM.S122090

Lacquaniti A, Caccamo C, Salis P, et al. Delayed graft function and
chronic allograft nephropathy: Diagnostic and prognostic role
of neutrophil gelatinase-associated lipocalin. Biomarkers. 2016;21(4):
371-378. d0i:10.3109/1354750X.2016.1141991

Rostami Z, Nikpoor M, Einollahi B. Urinary neutrophil gelatinase
associated lipocalin (NGAL) for early diagnosis of acute kidney inju-
ry in renal transplant recipients. Nephro Urol Mon. 2013;5(2):745-752.
doi:10.5812/numonthly.9385

Rogulska K, Wojciechowska-Koszko |, Dotegowska B, et al. The most
promising biomarkers of allogeneic kidney transplant rejection.
JImmunol Res. 2022,;2022:6572338. doi:10.1155/2022/6572338
Shahbaz SK, Pourrezagholi F, Barabadi M, et al. High expression
of TIM-3 and KIM-1 in blood and urine of renal allograft rejection
patients. Transplant Inmunol. 2017;43-44:11-20. doi:10.1016/j.trim.
2017.07.002

Aldea PL, Rachisan AL, Stanciu BI, et al. The perspectives of bio-
markers in predicting the survival of the renal graft. Front Pediatr.
2022;10:869628. doi:10.3389/fped.2022.869628

Puthumana J, Hall IE, Reese PP, et al. YKL-40 associates with renal
recovery in deceased donor kidney transplantation.JAm Soc Nephrol.
2017;28(2):661-670. d0i:10.1681/ASN.2016010091

Moser MAJ, Sawicka K, Arcand S, et al. Proteomic analysis of perfus-
ate from machine cold perfusion of transplant kidneys: Insights into
protection from injury. Ann Transplant. 2017;22:730-739. doi:10.12659/
AOT.905347


https://www.doi.org/10.6002/ect.2019.0139
https://www.doi.org/10.1056/NEJMra2014530
https://www.doi.org/10.1056/NEJMra2014530
https://www.doi.org/10.1681/ASN.2020010019
https://www.doi.org/10.1681/ASN.2020010019
https://www.doi.org/10.1159/000491558
https://www.doi.org/10.3389/fimmu.2020.01886
https://www.doi.org/10.3389/fimmu.2021.661643
https://www.doi.org/10.1016/j.avsg.2021.08.031
https://www.doi.org/10.1371/journal.pone.0229531
https://www.doi.org/10.1097/MNH.0b013e328365b388
https://www.doi.org/10.1097/MNH.0b013e328365b388
https://www.doi.org/10.1016/j.clinbiochem.2018.03.022
https://www.doi.org/10.1016/j.clinbiochem.2018.03.022
https://www.doi.org/10.5500/wjt.v5.i2.52
https://www.doi.org/10.1186/s12967-016-0767-2
https://www.doi.org/10.1186/2047-1440-2-8
https://www.doi.org/10.12659/AOT.916012
https://www.doi.org/10.1038/ki.2015.88
https://www.doi.org/10.1097/MD.0000000000013650
https://www.doi.org/10.1016/S1166-7087(14)70057-0
https://www.doi.org/10.3390/ijms22031121
https://www.doi.org/10.3390/jcm9010253
https://www.doi.org/10.3390/ijms20205034
https://www.doi.org/10.3390/ijms20205034
https://www.doi.org/10.1097/00007890-200202270-00001
https://www.doi.org/10.2217/fca.12.58
https://www.doi.org/10.1016/j.redox.2018.10.019
https://www.doi.org/10.1016/bs.apha.2017.08.002
https://www.doi.org/10.1016/bs.apha.2017.08.002
https://www.doi.org/10.3390/ijms22158010
https://www.doi.org/10.3390/ijms20143598
https://www.doi.org/10.1097/01.TP.0000069835.95442.9F
https://www.doi.org/10.3390/cells8010061
https://www.doi.org/10.1111/ajt.12533
https://www.doi.org/10.1111/ajt.12533
https://www.doi.org/10.1038/srep11684
https://www.doi.org/10.1155/2018/7698090
https://www.doi.org/10.1155/2018/7698090
https://www.doi.org/10.3390/jcm10010043
https://www.doi.org/10.1155/2016/8580475
https://www.doi.org/10.1016/j.transproceed.2013.01.019
https://www.doi.org/10.2147/TRRM.S122090
https://www.doi.org/10.2147/TRRM.S122090
https://www.doi.org/10.3109/1354750X.2016.1141991
https://www.doi.org/10.5812/numonthly.9385
https://www.doi.org/10.1155/2022/6572338
https://www.doi.org/10.1016/j.trim.2017.07.002
https://www.doi.org/10.1016/j.trim.2017.07.002
https://www.doi.org/10.3389/fped.2022.869628
https://www.doi.org/10.1681/ASN.2016010091
https://www.doi.org/10.12659/AOT.905347
https://www.doi.org/10.12659/AOT.905347

Adv Clin Exp Med. 2025;34(7):1223-1236

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

75.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Salvadori M, Tsalouchos A. Biomarkers in renal transplantation:
An updated review. World J Transplant. 2017;7(3):161. doi:10.5500/
wijt.v7.i3.161

Donate-Correa J, Matos-Perdomo E, Gonzalez-Luis A, et al. The value
of Klotho in kidney transplantation. Transplantation. 2023;107(3):
616-627. doi:10.1097/TP.0000000000004331

Thongprayoon C, Neyra JA, Hansrivijit P, et al. Serum Klotho in liv-
ing kidney donors and kidney transplant recipients: A meta-analysis.
J Clin Med. 2020;9(6):1834. d0i:10.3390/jcm9061834

Warmuziriska N, tuczykowski K, Bojko B. A review of current and emerg-
ing trends in donor graft-quality assessment techniques. J Clin Med.
2022;11(3):487. d0i:10.3390/jcm11030487

Chen G, Gu J, QiuJ, et al. Efficacy and safety of thymoglobulin and basi-
liximab in kidney transplant patients at high risk for acute rejection
and delayed graft function. Exp Clin Transplant. 2013;11(4):310-314.
doi:10.6002/ect.2012.0103

Nagase H, Visse R, Murphy G. Structure and function of matrix
metalloproteinases and TIMPs. Cardiovasc Res. 2006;69(3):562-573.
doi:10.1016/j.cardiores.2005.12.002

Hatucha K, Banaszkiewicz M, Rak-Pasikowska A, Bil-Lula |. MMP-2
inhibition prevents platelet activation in ischemia/reoxygenation
conditions. Adv Clin Exp Med. 2022;31(12):1375-1384. d0i:10.17219/
acem/152286

Krzywonos-Zawadzka A, Franczak A, Moser MAJ, Olejnik A, Sawicki G,
Bil-Lula I. Pharmacological protection of kidney grafts from cold per-
fusion-induced injury. Biomed Res Int. 2019;2019:9617087. d0i:10.1155
/2019/9617087

Chen W, Wang L, Liang P, et al. Reducing ischemic kidney injury
through application of a synchronization modulation electric field
to maintain Na*/K*-ATPase functions. Sci Transl Med. 2022;14(635):
eabj4906. doi:10.1126/scitransImed.abj4906

Man SM, Kanneganti T. Regulation of inflammasome activation.
Immunol Rev. 2015;265(1):6-21. doi:10.1111/imr.12296

He Y, Hara H, NUinez G. Mechanism and regulation of NLRP3 inflamma-
some activation. Trends Biochem Sci. 2016;41(12):1012-1021. doi:10.1016
/j.tibs.2016.09.002

Rathinam VAK, Fitzgerald KA. Inflammasome complexes: Emerg-
ing mechanisms and effector functions. Cell. 2016;165(4):792-800.
doi:10.1016/j.cell.2016.03.046

Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: An over-
view of mechanisms of activation and regulation. Int J Mol Sci. 2019;
20(13):3328. d0i:10.3390/ijms20133328

Chen C, Xu P. Activation and pharmacological regulation of inflam-
masomes. Biomolecules. 2022;12(7):1005. doi:10.3390/biom12071005
Li Y, Huang H, Liu B, et al. Inflammasomes as therapeutic targets
in human diseases. Sig Transduct Target Ther. 2021;6(1):247. d0i:10.1038
/s41392-021-00650-z

Alatshan A, Benkd S. Nuclear receptors as multiple regulators of NLRP3
inflammasome function. FrontImmunol. 2021;12:630569. doi:10.3389
/fimmu.2021.630569

Yang Y, Wang H, Kouadir M, Song H, Shi F. Recent advances in
the mechanisms of NLRP3 inflammasome activation and its inhibitors.
Cell Death Dis. 2019;10(2):128. d0i:10.1038/541419-019-1413-8

Fenini G, Karakaya T, Hennig P, Di Filippo M, Beer HD. The NLRP1 inflam-
masome in human skin and beyond. Int J Mol Sci. 2020;21(13):4788.
doi:10.3390/ijms21134788

Vance RE. The NAIP/NLRC4 inflammasomes. Curr Opin Immunol. 2015;
32:84-89. doi:10.1016/j.c0i.2015.01.010

Kumari P, Russo AJ, Shivcharan S, Rathinam VA. AIM2 in health and
disease: Inflammasome and beyond. /mmunol Rev.2020;297(1):83-95.
doi:10.1111/imr.12903

Swanson KV, Deng M, Ting JPY. The NLRP3 inflammasome: Molecu-
lar activation and regulation to therapeutics. Nat Revimmunol. 2019;
19(8):477-489. doi:10.1038/541577-019-0165-0

Ohto U, Kamitsukasa Y, Ishida H, et al. Structural basis for the oligo-
merization-mediated regulation of NLRP3 inflammasome activation.
Proc Natl Acad Sci U S A. 2022;119(11):e2121353119. d0i:10.1073/pnas.
2121353119

Zahid A, Li B, Kombe AJK, Jin T, Tao J. Pharmacological inhibitors
of the NLRP3 inflammasome. FrontImmunol. 2019;10:2538. d0i:10.3389
/fimmu.2019.02538

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1235

Biasizzo M, Kopitar-Jerala N. Interplay between NLRP3 inflamma-
some and autophagy. Front Immunol. 2020;11:591803. d0i:10.3389/
fimmu.2020.591803

Sharif H, Wang L, Wang WL, et al. Structural mechanism for NEK7-
licensed activation of NLRP3 inflammasome. Nature. 2019;570(7761):
338-343. d0i:10.1038/541586-019-1295-z

Machtens DA, Bresch IP, Eberhage J, Reubold TF, Eschenburg S.
The inflammasome activity of NLRP3 is independent of NEK7
in HEK293 cells co-expressing ASC. IntJ Mol Sci. 2022;23(18):10269.
doi:10.3390/ijms231810269

Huang Y, Xu W, Zhou R. NLRP3 inflammasome activation and cell
death. Cell Mol Immunol. 2021;18(9):2114-2127. d0i:10.1038/541423-
021-00740-6

DingY,Ding X, ZhangH, Li S, Yang P, Tan Q. Relevance of NLRP3 inflam-
masome-related pathways in the pathology of diabetic wound
healing and possible therapeutic targets. Oxid Med Cell Longev. 2022;
2022:9687925. doi:10.1155/2022/9687925

DiA, Xiong S, Ye Z, etal. The TWIK2 potassium efflux channel in mac-
rophages mediates NLRP3 inflammasome-induced inflammation.
Immunity. 2018;49(1):56-65.e4. doi:10.1016/j.immuni.2018.04.032
Moretti J, Blander JM. Increasing complexity of NLRP3 inflamma-
some regulation. J Leukoc Biol. 2021;109(3):561-571. d0i:10.1002/
JLB.3MR0520-104RR

Katsnelson MA, Rucker LG, Russo HM, Dubyak GR. K* efflux ago-
nists induce NLRP3 inflammasome activation independently of Ca?*
signaling. J Immunol. 2015;194(8):3937-3952. d0i:10.4049/jimmu-
nol.1402658

Akbal A, Dernst A, Lovotti M, Mangan MSJ, McManus RM, Latz E.
How location and cellular signaling combine to activate the NLRP3
inflammasome. Cell Mol Immunol. 2022;19(11):1201-1214. d0i:10.1038
/s41423-022-00922-w

Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in
NLRP3 inflammasome activation. Nature. 2011;469(7329):221-225.
doi:10.1038/nature09663

Elliott El, Miller AN, Banoth B, et al. Cutting edge: Mitochondrial
assembly of the NLRP3 inflammasome complexis initiated at priming.
JImmunol. 2018;200(9):3047-3052. doi:10.4049/jimmunol.1701723
Tiwari-Heckler S, Robson SC, Longhi MS. Mitochondria drive immune
responses in critical disease. Cells. 2022;11(24):4113. doi:10.3390
/cells11244113

Shim DW, Lee KH. Posttranslational regulation of the NLR family
pyrin domain-containing 3 inflammasome. Front Immunol. 2018;
9:1054. doi:10.3389/fimmu.2018.01054

Santa Cruz Garcia AB, Schnur KP, Malik AB, Mo GCH. Gasdermin D
pores are dynamically regulated by local phosphoinositide circuitry.
Nat Commun. 2022;13(1):52. doi:10.1038/541467-021-27692-9
Zhang J, Wirtz S. Does pyroptosis play a role in inflammasome-
related disorders? Int J Mol Sci. 2022;23(18):10453. d0i:10.3390/
ijms231810453

Lv S, Liu H, Wang H. The interplay between autophagy and NLRP3
inflammasome in ischemia/reperfusion injury. Int J Mol Sci. 2021;
22(16):8773. d0i:10.3390/ijms22168773

Kim JK, Jin HS, Suh H, Jo E. Negative regulators and their mechanisms
in NLRP3 inflammasome activation and signaling. Immunol Cell Biol.
2017;95(7):584-592. d0i:10.1038/icb.2017.23

Fusco R, Siracusa R, Genovese T, Cuzzocrea S, Di Paola R. Focus
on the role of NLRP3 inflammasome in diseases. Int J Mol Sci. 2020;
21(12):4223. d0i:10.3390/ijms21124223

Jo EK, Kim JK, Shin DM, Sasakawa C. Molecular mechanisms regulat-
ing NLRP3 inflammasome activation. Cell Mol Immunol. 2016;13(2):
148-159. d0i:10.1038/cmi.2015.95

Zhao C, Zhao W. NLRP3 inflammasome: A key player in antiviral
responses. FrontImmunol. 2020;11:211. doi:10.3389/fimmu.2020.00211
Abbate A, Toldo S, Marchetti C, Kron J, Van Tassell BW, Dinarello CA.
Interleukin-1 and the inflammasome as therapeutic targets in car-
diovascular disease. Circ Res. 2020;126(9):1260-1280. doi:10.1161/
CIRCRESAHA.120.315937

Burger F, Baptista D, Roth A, et al. NLRP3 inflammasome activation
controls vascular smooth muscle cells phenotypic switch in athero-
sclerosis. Int J Mol Sci. 2021;23(1):340. d0i:10.3390/ijms23010340


https://www.doi.org/10.5500/wjt.v7.i3.161
https://www.doi.org/10.5500/wjt.v7.i3.161
https://www.doi.org/10.1097/TP.0000000000004331
https://www.doi.org/10.3390/jcm9061834
https://www.doi.org/10.3390/jcm11030487
https://www.doi.org/10.6002/ect.2012.0103
https://www.doi.org/10.1016/j.cardiores.2005.12.002
https://www.doi.org/10.17219/acem/152286
https://www.doi.org/10.17219/acem/152286
https://www.doi.org/10.1155/2019/9617087
https://www.doi.org/10.1155/2019/9617087
https://www.doi.org/10.1126/scitranslmed.abj4906
https://www.doi.org/10.1111/imr.12296
https://www.doi.org/10.1016/j.tibs.2016.09.002
https://www.doi.org/10.1016/j.tibs.2016.09.002
https://www.doi.org/10.1016/j.cell.2016.03.046
https://www.doi.org/10.3390/ijms20133328
https://www.doi.org/10.3390/biom12071005
https://www.doi.org/10.1038/s41392-021-00650-z
https://www.doi.org/10.1038/s41392-021-00650-z
https://www.doi.org/10.3389/fimmu.2021.630569
https://www.doi.org/10.3389/fimmu.2021.630569
https://www.doi.org/10.1038/s41419-019-1413-8
https://www.doi.org/10.3390/ijms21134788
https://www.doi.org/10.1016/j.coi.2015.01.010
https://www.doi.org/10.1111/imr.12903
https://www.doi.org/10.1038/s41577-019-0165-0
https://www.doi.org/10.1073/pnas.2121353119
https://www.doi.org/10.1073/pnas.2121353119
https://www.doi.org/10.3389/fimmu.2019.02538
https://www.doi.org/10.3389/fimmu.2019.02538
https://www.doi.org/10.3389/fimmu.2020.591803
https://www.doi.org/10.3389/fimmu.2020.591803
https://www.doi.org/10.1038/s41586-019-1295-z
https://www.doi.org/10.3390/ijms231810269
https://www.doi.org/10.1038/s41423-021-00740-6
https://www.doi.org/10.1038/s41423-021-00740-6
https://www.doi.org/10.1155/2022/9687925
https://www.doi.org/10.1016/j.immuni.2018.04.032
https://www.doi.org/10.1002/JLB.3MR0520-104RR
https://www.doi.org/10.1002/JLB.3MR0520-104RR
https://www.doi.org/10.4049/jimmunol.1402658
https://www.doi.org/10.4049/jimmunol.1402658
https://www.doi.org/10.1038/s41423-022-00922-w
https://www.doi.org/10.1038/s41423-022-00922-w
https://www.doi.org/10.1038/nature09663
https://www.doi.org/10.4049/jimmunol.1701723
https://www.doi.org/10.3390/cells11244113
https://www.doi.org/10.3390/cells11244113
https://www.doi.org/10.3389/fimmu.2018.01054
https://www.doi.org/10.1038/s41467-021-27692-9
https://www.doi.org/10.3390/ijms231810453
https://www.doi.org/10.3390/ijms231810453
https://www.doi.org/10.3390/ijms22168773
https://www.doi.org/10.1038/icb.2017.23
https://www.doi.org/10.3390/ijms21124223
https://www.doi.org/10.1038/cmi.2015.95
https://www.doi.org/10.3389/fimmu.2020.00211
https://www.doi.org/10.1161/CIRCRESAHA.120.315937
https://www.doi.org/10.1161/CIRCRESAHA.120.315937
https://www.doi.org/10.3390/ijms23010340

1236

109.

110.

11,

112.

113.

114.

115.

Buckley LF, Libby P. Inhibiting NLRP3 inflammasome activity in
acute myocardial infarction: A review of pharmacologic agents
and clinical outcomes. J Cardiovasc Pharmacol. 2019;74(4):297-305.
doi:10.1097/FJC.0000000000000701

Zhang H, Fu Q, Liu J, et al. Risk factors and outcomes of prolonged
recovery from delayed graft function after deceased kidney trans-
plantation. Ren Fail. 2020;42(1):792-798. doi:10.1080/0886022X.
2020.1803084

Ambati J, Magagnoli J, Leung H, et al. Repurposing anti-inflamma-
some NRTIs for improving insulin sensitivity and reducing type 2
diabetes development. Nat Commun. 2020;11(1):4737. d0i:10.1038/
s41467-020-18528-z

Mohamadi Y, Mousavi M, Khanbabaei H, et al. The role of inflam-
masome complex in ischemia-reperfusion injury. J Cell Biochem.
2023;124(6):755-764. doi:10.1002/jcb.27368

Franke M, Bieber M, Kraft P, Weber ANR, Stoll G, Schuhmann MK.
The NLRP3 inflammasome drives inflammation in ischemia/reperfu-
sion injury after transient middle cerebral artery occlusion in mice.
Brain BehavImmun. 2021;92:221-231. doi:10.1016/j.bbi.2020.12.009
Joaquim LS, Danielski LG, Bonfante S, et al. NLRP3 inflammasome
activation increases brain oxidative stress after transient global cere-
bralischemia in rats. IntJ Neurosci. 2023;133(4):375-388. d0i:10.1080
/00207454.2021.1922402

Wang XW, Guo RD, Ma JG, Wang YW, Zou XF. Effects of prolonged
cold ischemia on the DCD kidney function and Inflammasome
expression in rat kidney transplants. Transplant Inmunol. 2022;74:
101511. doi:10.1016/j.trim.2021.101511

116.

17.

118.

119.

120.

121.

122.

K. Szymanek, K. Tadel, I. Bil-Lula. Inflammasome and kidney transplant injury

lyer SS, Pulskens WP, Sadler JJ, et al. Necrotic cells trigger a ster-
ile inflammatory response through the Nirp3 inflammasome.
Proc Natl Acad Sci U S A. 2009;106(48):20388-20393. doi:10.1073/
pnas.0908698106

Shigeoka AA, Mueller JL, Kambo A, et al. An inflammasome-inde-
pendent role for epithelial-expressed NIrp3 in renal ischemia-reper-
fusion injury. JImmunol. 2010;185(10):6277-6285. doi:10.4049/jim-
munol.1002330

Kim SM, Kim YG, Kim DJ, et al. Inflammasome-independent role
of NLRP3 mediates mitochondrial regulation in renal injury.
Front Immunol. 2018;9:2563. doi:10.3389/fimmu.2018.02563
Zheng Z, Xu K, Li C, et al. NLRP3 associated with chronic kidney dis-
ease progression after ischemia/reperfusion-induced acute kid-
ney injury. Cell Death Discov. 2021;7(1):324. doi:10.1038/541420-021-
00719-2

Ni J, Jiang L, Shen G, et al. Hydrogen sulfide reduces pyroptosis
and alleviates ischemia-reperfusion-induced acute kidney inju-
ry by inhibiting NLRP3 inflammasome. Life Sci. 2021;284:119466.
doi:10.1016/.1fs.2021.119466

Jang HN, Kim JH, Jung MH, et al. Human endothelial progenitor
cells protect the kidney against ischemia-reperfusion injury via
the NLRP3 inflammasome in mice. Int J Mol Sci. 2022;23(3):1546.
doi:10.3390/ijms23031546

Komada T, Muruve DA. The role of inflammasomes in kidney dis-
ease. Nat Rev Nephrol. 2019;15(8):501-520. doi:10.1038/541581-019-
0158-z


https://www.doi.org/10.1097/FJC.0000000000000701
https://www.doi.org/10.1080/0886022X.2020.1803084
https://www.doi.org/10.1080/0886022X.2020.1803084
https://www.doi.org/10.1038/s41467-020-18528-z
https://www.doi.org/10.1038/s41467-020-18528-z
https://www.doi.org/10.1002/jcb.27368
https://www.doi.org/10.1016/j.bbi.2020.12.009
https://www.doi.org/10.1080/00207454.2021.1922402
https://www.doi.org/10.1080/00207454.2021.1922402
https://www.doi.org/10.1016/j.trim.2021.101511
https://www.doi.org/10.1073/pnas.0908698106
https://www.doi.org/10.1073/pnas.0908698106
https://www.doi.org/10.4049/jimmunol.1002330
https://www.doi.org/10.4049/jimmunol.1002330
https://www.doi.org/10.3389/fimmu.2018.02563
https://www.doi.org/10.1038/s41420-021-00719-2
https://www.doi.org/10.1038/s41420-021-00719-2
https://www.doi.org/10.1016/j.lfs.2021.119466
https://www.doi.org/10.3390/ijms23031546
https://www.doi.org/10.1038/s41581-019-0158-z
https://www.doi.org/10.1038/s41581-019-0158-z

	Acute kidney injury during transplantation and the role of inflammasomes: A brief review

