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Abstract: Global organ shortages have intensiϐied interest in donation after circulatory death (DCD). However,
DCD kidneys are affected by warm ischemia, which ampliϐies ischemia‑reperfusion injury via a reactive oxygen
species‑damage‑associated molecular pattern‑cytokine‑endothelial cascade, increasing the risk of microvascular
dysfunction and delayed graft function. This study developed an objective postmortem ex vivo model to compare
asystolic early donors/rapid death (AED; warm ischemia≤30 min) and asystolic extended/delayed donors (ASED;
60–120 min) using integrated morphofunctional, biochemical, and immuno‑inϐlammatory indicators during hy‑
pothermic perfusion. In an ex vivo design, 145 DCD renal allografts (71 AED, 74 ASED) underwent standardized
hypothermic rehabilitation, with evaluations at 30, 60, and 120 min. Oxidative stress was quantiϐied by lipid per‑
oxidation and antioxidant capacity, in addition to histopathology (tubular, endothelial, podocyte, nuclear injury)
and composite indices for cytokine activation, endothelial injury, and immune activation. A multicriteria scoring
algorithm was used to categorize rehabilitation effectiveness, and group differences were assessed using compar‑
ative tests. These ϐindings support a dynamic, multicriteria viability framework, indicating that ASED kidneys are
at a higher risk yet potentially salvageable under comprehensive perfusion rehabilitation, warranting prospective
transplantation‑linked validation. Lipid peroxidation increased over time, rising more in the ASED group, whereas
glutathione showed limited compensatory change. The ASED kidneys demonstrated greater tubular degeneration,
endothelial swelling, podocyte injury, and nuclear alterations, with higher oxidative, inϐlammatory, and immune ac‑
tivation scores. Despite the higher biological burden, positive integrated outcomes remained frequent (AED 89.2%
vs. ASED 84.5%; RR: 0.982; OR: 1.07–1.16), andmorphology‑function correlations were strong (AED r= 1.0; ASED
r = 0.9). These ϐindings support a dynamic, multicriteria viability framework, indicating that ASED kidneys are
at a higher risk yet potentially salvageable under comprehensive perfusion rehabilitation, warranting prospective
transplantation‑linked validation.
Keywords: Donation after Circulatory Death; Ischemia‑Reperfusion Injury; Delayed Graft Function; Hypothermic
Machine Perfusion; Normothermic Machine Perfusion; Reactive Oxygen Species; Toll‑like Receptors
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1. Introduction
Worldwide, the need for organs suitable for transplantation exceeds the supply, leading to extended waiting

periods and deaths among patients awaiting transplantation. To address this disparity, donation after circulatory
death (DCD), or asystolic donation, has become key to increasing the number of deceased donors and reducing
waiting lists [1, 2]. This challenge is particularly signiϐicant in India, where the demand for transplants greatly
exceeds organ availability [1].

The main drawback of DCD organs is warm ischemia between circulation cessation and organ preservation.
This ischemic periodworsens ischemia‑reperfusion injury, makingDCD graftsmore susceptible than donation after
brain death, especially in kidney transplants [3,4]. This susceptibilitymanifests as increased delayed graft function,
which has been linked to poorer long‑term outcomes [5, 6]. Ischemic injury increases the risk of rejection and
decreases graft survival [5]. While DCD donation provides a vital solution to organ shortages, success depends on
minimizing ischemic injury and improving preservation techniques to enhance transplant outcomes [4,7].

Ischemia‑reperfusion injury (IRI) occurs when oxygen‑rich blood returns to oxygen‑deprived tissue, trans‑
forming an ischemic event into an oxidative and immune‑related injury. Reactive oxygen species (ROS) during
reperfusion trigger lipid peroxidation (LPO), destabilizemitochondrialmembranes, andworsenmitochondrial dys‑
function, leading to cell death and the release of damage‑associatedmolecular patterns (DAMPs), such asmitochon‑
drial products. These products activate innate immune sensors, including Toll‑like Receptors (TLRs)‑dependent
pathways and inϐlammasome signaling [8–10]. In kidney transplantation, early reperfusion causes local IL‑6 re‑
lease, whereas extended warm ischemia increases interleukin‑6 (IL‑6), tumor necrosis factor‑alpha (TNF‑α), com‑
plement component 5a (C5a) receptor expression, and neutrophil inϐiltration [11, 12]. The complement system
ampliϐies this response: C3, C3a, and C5a recruit leukocytes, cause microvascular injury, and spread inϐlamma‑
tion, whereas complement inhibition can improve graft perfusion [13,14]. Neutrophils worsen damage through
adhesion, transmigration, and extracellular trap formation, leading to increased renal injury [13,15]. Endothelial
dysfunction and capillary blockage impair microcirculatory ϐlow and create conditions for delayed graft function in
DCD kidneys [16]. Thus, IRI represents a coordinated ROS–DAMP– TLRs–complement–neutrophil axis that affects
graft outcomes [14,17].

Donation after circulatory death (DCD), also known as asystolic donation, involves the retrieval of organs fol‑
lowing an irreversible circulatory halt. Donors were categorized based on asystolic warm ischemia into asystolic
early donors/rapid death (AEDs) [≤30min] and asystolic extended/delayed donors (ASEDs) [60–120min]. The 30‑
min limit is applied because extended warm ischemia is linked to increased ischemia‑reperfusion injury, delayed
graft function, and damage to the endothelium/microvasculature in kidney transplantation [4,17,18]. However,
this threshold is not deϐinitive. Evidence shows that extended warm ischemia can impair early graft function while
allowing satisfactory long‑term outcomes when donor quality and preservation conditions are optimized [4,19].
The ASED remains contentious due to the heightened biological risk versus the potential clinical beneϐit. Centers
remain cautious, as extended ischemia requires greater expertise and advanced preservation techniques, such as
normothermic regional perfusion or hypothermic machine perfusion, to mitigate damage [20–23]. Regulatory dif‑
ferences affect practices in different countries. Italian DCD programs require a 20‑min no‑touch period, while other
systems have different criteria, showing how policies inϐluence donor utilization [20,24]. ASED kidneys may be vi‑
able when selection and preservation are optimized; thus, prolonged asystolic exposure indicates a higher risk but
does not preclude successful transplantation [4,22,23].

Emerging preservation technologies are biologically active interventions that alter the inϐlammatory and im‑
munological states of grafts before implantation. Hypothermic machine perfusion (HMP) beneϐits kidney trans‑
plantation by decreasing the incidence of delayed graft function compared to static cold storage. Oxygenated end‑
hypothermic perfusion aids in ATP restoration and minimizes ischemic injury [25, 26]. In liver transplantation,
hypothermic oxygenated perfusion before implantation reduces reperfusion injury and perioperative metabolic
disturbances, indicating that oxygen delivery during cold preservation mitigates early graft injury [27].

Normothermic machine perfusion (NMP) enhances organ preservation by maintaining body‑like conditions
and allowing functional evaluation during preservation. In donor livers, NMP modiϐies graft immune characteris‑
tics, with changes in leukocyte populations and cytokines, suggesting altered inϐlammatory signaling [28]. Mecha‑
nistically, NMP reduces hepatic IRI by preventing Cold‑Inducible RNA‑binding Protein (CIRP)‑mediated oxidative
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stress, mitochondrial division, and cell death, linking perfusion to suppressed danger signal release and immune ac‑
tivation [29]. In kidney preservation, normothermic ex vivo perfusion serves to preserve and evaluate injury, with
initial human trials showing safety and potential for enhanced graft function [30,31].

These technologies can diminish cytokine storm‑like ampliϐication, adjust oxidative stress, and prevent im‑
mune priming before reperfusion. This is signiϐicant because IRI triggers complement activation, immune signal‑
ing, and endothelial inϐlammation, contributing to dysfunction and an increased risk of alloimmune response. In
discarded kidneys under NMP, complement activation products correlated with pro‑inϐlammatory cytokines such
as IL‑6, IL‑8, and TNF‑α, showing that the perfusion environment affects inϐlammatory signaling [32].

Adjunctive methods enhance the translational potential of machine perfusion. Combining hypothermic oxy‑
genatedperfusionwith normothermic perfusion showspromise, integratingmetabolic stabilizationwith functional
recovery and reducing oxidative damagemarkers comparedwith normothermic perfusion alone [33]. Machine per‑
fusion serves as a platform for pharmacological, genetic, and cell‑based interventions. Reviews have highlighted the
administration of therapeutic agents during perfusion, such as mesenchymal stem cells and anti‑inϐlammatory in‑
terventions, to enhance reconditioning while minimizing oxidative damage [34,35]. These strategies suggest that
preservation technologies could decrease cytokine ampliϐication, limit oxidative stress, inhibit complement activa‑
tion, and prevent immune priming, thereby enhancing graft immunologic quality before implantation.

Recentmultimodal toxicology studies show that combining structural, biochemical, and imaging endpoints im‑
proves injury assessment and supportsmore objective viability frameworks [36,37]. This gap is signiϐicant because
IRI involves endothelial damage, tubular injury, inϐlammatory signaling, and delayed graft dysfunction. Research
shows that IRI triggers immune pathways, including cytokine release and complement activation, linking early dam‑
age to outcomes. Current graft quality assessments rely on donor values, risk scores, inspection, biopsy, and perfu‑
sion parameters, which cannot fully capture the complexity of the injury. The relationship between morphological
changes, metabolic disturbances, and immune activation remains unclear. While extended warm ischemia corre‑
lates with early injury, it does not always preclude acceptable outcomes.

This study aimed to create a model to evaluate AED and ASED based on the morphofunctional and immuno‑
inϐlammatory potential of renal allografts postmortem renal allograft assessment. By integrating morphological,
biochemical, and risk‑based parameters, this study aimed to provide an objective assessment framework. This ap‑
proach reϐlects that renal viability can be evaluated using combined markers during machine perfusion. Studies
have shown that perfusion resistance, oxygenation status, andmitochondrial preservation are related to graft qual‑
ity. A combined morphofunctional‑immunologic model may improve viability prediction and promote the rational
use of asystolic donor kidneys.

2. Methods
This study involved an ex vivo postmortem examination of renal allografts sourced from donors after circula‑

tory death (DCD). This study aimed to assess the morphofunctional, biochemical, and immunoinϐlammatory prop‑
erties of kidneys exposed to varying periods of warm ischemia, followed by hypothermic perfusion‑based reha‑
bilitation. Animal testing, computational modeling, and transplantation into recipients were excluded. This study
followed the Declaration of Helsinki principles (2013)with the Bioethics Committee of the National Surgical Center
of the Ministry of Health of the Kyrgyz Republic approval (Protocol No. 3, dated June 13, 2025). All participants
respondents or guardians provided written informed consent.

The analysis included 145 renal allografts, with 71 grafts identiϐied as asystolic early donors (AED; warm is‑
chemia ≤30 min) and 74 grafts identiϐied as asystolic extended/delayed donors (ASED; warm ischemia 60–120
min). Each graft underwent standardized ex vivo rehabilitation and evaluation. Morphological, ultrastructural, bio‑
chemical, oxidative stress, endothelial damage, and integrated morphofunctional analyses were conducted accord‑
ing to a predeϐined multicriteria evaluation framework.

To clarify, the term “postmortem renal allograft” refers to kidneys retrieved after circulatory death and as‑
sessed during ex vivo preservation and rehabilitation. No grafts were transplanted in this study, and no clinical
outcome data related to the recipients were gathered.

Postmortem DCD renal allografts were included if they had recorded warm ischemia duration, anatomical in‑
tegrity, and suitability for perfusion‑based evaluations. Grafts with signiϐicant mechanical damage, irreversible
structural damage preventing evaluation, or incomplete morphologic or biochemical assessment data were ex‑
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cluded.
Renal allografts underwent ex vivo cold protective rehabilitation using hypothermic perfusion‑based preserva‑

tion to reduce IRI. Functional and biochemical evaluations were conducted at 30, 60, and 120 min. During rehabili‑
tation, oxidative stress markers, antioxidant capacity indicators, morphological features, and surrogate immunoin‑
ϐlammatory indices were assessed. The protocol evaluates graft viability, injury progression, and the links between
structural changes, metabolic disruptions, and combinedmorphofunctional outcomes. Morphological integrity and
metabolic condition were integrated into the multicriteria scoring system to assess overall rehabilitation effective‑
ness.

Oxidative stress and LPO were quantiϐied using biochemical markers, such as malondialdehyde (MDA) and
diene conjugates (DC). Antioxidant capacity was assessed by measuring the levels of reduced glutathione (GSH).
These markers were analyzed at 30, 60, and 120 min and expressed in relative units or nmol·mL⁻¹. The balance
between pro‑oxidant (MDA, DC, and ROS proxies) and antioxidant (GSH) systems characterizes oxidative injury
and compensatory responses. Surrogate markers of immune activation, including cytokine activation indices (IL‑6
proxy) and endothelial injury scores, reϐlect immunoinϐlammatory involvement.

Histopathological analysis was used to evaluate structural damage in nephron components, including tubular
degeneration, endothelial swelling, podocyte injury, and nuclear alterations. Tissue samples were examined using
light microscopy and ultrastructural examination to identify changes. Morphological integrity was graded using a
standardized scoring system: optimal (preserved structure), suboptimal (mild alterations), and poor (severe dam‑
age), with scores of 5, 3, and 1, respectively.

The multicriteria assessment framework included distinct analytical areas, such as morphological integrity,
metabolic dysfunction, rehabilitationeffectiveness, andmorphofunctional compliance. The resultswill showunique
outcomes based on various scoring criteria, not repeated datasets. Morphology, metabolism, and rehabilitation pa‑
rameters were examined independently to delineate the aspects of graft injury and rehabilitation potential.

This study used both quantitative (IN, RR, FR, FF, OR, points, and%) and qualitative criteria related tomorphol‑
ogy and metabolism to evaluate the rehabilitation potential of various technologies. We believe that the proposed
evaluation algorithm, along with the relevant criteria and indicators (both optimal and suboptimal) for assessing
the effectiveness of various postmortem renal allograft assessment rehabilitation technologies, with their standard‑
ized gradation in both qualitative and quantitative terms, enables us to comprehensively assess the resource poten‑
tial of the ASED (Table 1). The outcome of the postmortem renal allograft assessment rehabilitation effectiveness
evaluation was categorized as follows: 1) Satisfactory (4–5 points); 2) Weak (2–3 points); and 3) Negative (0–
1 point). Therefore, this evaluation method assumes a standardized gradation for each criterion in quantitative
terms. The assessment results, expressed in points, were totaled (Σ). In the ϐinal phase, the degree of alignment
of the ASED and AED potentials was determined as follows: 1) potentials fully aligned—5 points; 2) potentials
partially aligned—3 points; 3) potentials did not align—0–1 point.

Table 1. Criteria for assessing the effectiveness of cold protective rehabilitation of postmortem renal allograft as‑
sessment.

Domain Criteria Description Score

Morphological integrity Optimal Preserved morpho‑ and ultrastructure 5
Suboptimal Mild structural alterations 3

Poor Severe structural damage 1
Metabolic status Optimal Minimal metabolic disturbances 5

Moderate Moderate metabolic alterations 3
Severe Pronounced metabolic dysfunction 1

This study introduces the ASED category to create a new group of potential ex‑mortuary cadaveric donors. It is
important to note that this multicriteria approach was developed under the assumption of limited information re‑
garding the nature ofmorphofunctional abnormalities in the ex‑mortuary cadaveric parenchyma and their changes
when rehabilitation technologies are applied. Wepioneered the use of amulti‑criteria approach to identify asystolic
donor types, such as AED and ASED, enhancing our understanding of the constraints and opportunities in balanc‑
ing theoretical precision with the practical application of simulated reality. To assess the efϐicacy of rehabilitation,
the results were arranged in a four‑ϐield contingency table (Table 2). Grafts were categorized by donor type into
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the AED group (asystolic early donors; warm ischemia≤ 30min) and the ASED group (asystolic extended/delayed
donors; warm ischemia 60–120 min). Rehabilitation outcomes were compared between the groups. After calculat‑
ing the totals, the incidence (IN), relative risk (RR), attributable risk (AR), attributable fraction (AF), and odds ratio
(OR) were computed to assess the differences in effectiveness and morphofunctional outcomes between AED and
ASED allografts.

Table 2. Correlation between outcomes of rehabilitation efϐicacy and morphofunctional compliance scores in AED
and ASED kidney transplants based on multicriteria assessment.

Group Positive Outcome (+) Negative Outcome (−) Total

AED group a b a + b
ASED group c d c + d

Total a + c b + d A + b + c + d = n
Note: AEDs = Asystolic early donors/rapid death; ASEDs = Asystolic extended/delayed donors; Incidence (IN) = a/(a + b), c/(c + d); RR = Relative Risk; AR =
Attributable Risk; AF = Attributable Fraction; OR = Odds Ratio.

To deϐine the immuno‑inϐlammatory characteristics of kidney transplants, surrogate and integrated markers
of innate immune activationwere analyzed post‑mortem. Recognizing IRI as a key factor in immune responses, this
study focused on the ROS–DAMP–cytokine–endothelial axis as a graft immunogenicity indicator.

ROS production was indirectly evaluated using LPO markers, such as malondialdehyde (MDA) and diene con‑
jugates (DC), indicating oxidative membrane damage and triggering of DAMPs. Antioxidant capacity, measured
by GSH, determines the redox balance that affects immune activation. These biochemical markers, analyzed with
inϐlammatory indices, illustrate the connection between oxidative stress and immune response.

To assess inϐlammatory activity, an inϐlammatory index linked to cytokines was incorporated into the frame‑
work. This index does not directly measure cytokines; instead, it estimates the inϐlammatory load from oxidative
stress and endothelial damage indicators. Therefore, these indices should be viewed as indirect indicators, not
measures of cytokine expression or signaling activity. High scores indicate increased inϐlammatory signaling and
potential graft immune priming.

Endothelial damage was assessed using a composite index of endothelial dysfunction, representing microvas‑
cular damage, leukocyte adhesion potential and complement‑mediated injury. This index correlates with comple‑
ment activation (C3a/C5a axis) and neutrophil recruitment, which are key in IRI‑induced inϐlammation. Higher
scores indicate increased microcirculatory impairment and immune‑mediated graft dysfunction. The integrated
immune activation score combined oxidative stress parameters, cytokine activation indices, and endothelial injury
markers. This composite measure quantiϐied the overall immunological burden of the graft and compared immune
activation between the AED and ASED groups.

Statistical evaluations were used to assess differences in morphologic, biochemical, and integrated rehabilita‑
tion outcomes between the AED and ASED groups. Continuous data are presented as mean ± standard deviation
(SD), and categorical data are presented as frequencies and percentages. Group comparisons were performed us‑
ing Student’s t‑test orMann–Whitney U test for continuous data and chi‑square or Fisher’s exact test for categorical
data. Relative risk (RR), odds ratio (OR), attributable risk (AR), and attributable fraction (AF) were computed with
95% conϐidence intervals (CI). Pearson’s correlation coefϐicient was used to explore the relationships betweenmor‑
phological and functional abnormalities, with coefϐicients (r) ranging from −1 to +1. A strong positive correlation
indicates a direct link between structural damage and functional impairment. A two‑sided p‑value of less than 0.05
was considered signiϐicant.

All procedures involving postmortem renal allografts adhered to institutional and national guidelines for do‑
nation after circulatory death and the scientiϐic use of donor organs. This study met the ethical standards for post‑
mortem tissue research. As it focused solely on ex vivo organ evaluation, it did not involve any living human partic‑
ipants, recipient interventions, or clinical follow‑up activities.

3. Results
Figure 1 shows the progression of oxidative stressmarkers andmorphological and functional outcomes in the

AEDandASEDgroups. LPOmarkers, such asMDAandDC, increased in both groups from30 to 120min, with amore
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signiϐicant rise in the ASED group. Meanwhile, GSH levels slightly increased, indicating a compensatory, antioxidant
response. Morphological and functional scores also increased, with the ASED group consistently scoring higher. A
temporary dip in ASED functional parameters at 60 min suggests acute oxidative ϐluctuations before recovery and
an increase at 120 min.

Figure 1. Temporal changes in oxidative stress biomarkers and functional outcomes in AED and ASED groups.

Figure2 shows the histopathological damage in key renal parameters. TheASEDgroup exhibitedmore tubular
degeneration, endothelial swelling, podocyte damage, and nuclear changes than the AED group. Nuclear changes
were the most severe, followed by podocyte damage and endothelial swelling. The increase from AED to ASED
indicates worsening cellular and subcellular damage under oxidative stress. These results highlight the structural
manifestations of biochemical and immunological injuries.

Figure 2. Histopathological alterations in renal structures.

Figure 3 shows the percentages of positive and negative results in the two study groups. The AED group had
a higher rate of positive results (89.2%) than the ASED group (84.5%). Negative results were more common in
the ASED group (15.5%) than in the AED group (10.8%). These ϐindings suggest that AED has a better clinical or
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experimental outcome proϐile. The increased negative outcomes in the ASED group align with its higher oxidative
stress and inϐlammatory burden, supporting the link between biochemical imbalances and negative outcomes.

Figure 3. Distribution of positive and negative outcome percentages.

Figure4 compares essential biochemical and immunologicalmarkers betweenAEDandASEDgroups. TheASED
group exhibited elevated levels of ROS, MDA, and cytokine activation (IL‑6), indicating increased oxidative stress and
inϐlammation. The markers of endothelial damage were signiϐicantly elevated, suggesting more severe vascular dys‑
function. Immune activation scores were also higher, indicating a stronger systemic inϐlammatory response. In sum‑
mary, ASED is associated with a more pronounced oxidative and immunopathological proϐile than AED.

Figure 4. Comparative analysis of oxidative stress and immune‑inϐlammatory markers.

Figure 5 shows the normalizedMDA, diene conjugates (DC), and GSHmeasurements compared to the baseline
at 30, 60, and 120 min. Both the AED and ASED groups exhibited a time‑dependent increase in MDA and DC, with
ASED showing greater changes, indicating increased LPO. GSH levels increased less, indicating limited antioxidant
compensation. The pro‑oxidant and antioxidant trend gap was more pronounced in ASED, suggesting an oxidative
imbalance. These patterns underscore the progressive oxidative damage and inadequate antioxidant defense under
stress.
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Figure 5. Normalized changes in LPO and antioxidant markers over time.

MDA changes: 2.2 times decrease at 30 min, 3.7 times at 60 min, and 1.4 times increase from 60 min. The
30‑min MDA drop was due to the protective effect of hypothermia. Continued intermediate product decrease is
related to hypothermia and waste removal from perfusion. The limit of hypothermia was 60 min, after which LPO
in membranes increased by 120 min. Morphological and biochemical data showed destructive dystrophic changes
dependent on LPO, peaking with 120‑min hypothermic perfusion. Nephron analysis post‑120‑min rehabilitation
showed reversible convoluted tubule changes and less glomerular ϐiltration impact, manifested as epithelial degen‑
eration and glomerular swelling. Electron microscopy conϐirmed glomerular endothelium edema and organelle
changes. Podocytes exhibited similar changes, including pedicle thickening and organelle transformation, particu‑
larly in the mitochondria.

DC LPO levels showed that after 120 min of rehabilitation, the average was 0.54 relative units, 3.5 times lower
than that at 30min. At 60min, the glutathione peroxidase level was 1.5 times lower than that at 30min. MDA levels
were 1.6 times higher (1.45–0.87 nmol/ml), while GSH levels were 2.2 times lower (0.014–0.031 relative units).
The increase in MDA levels is likely due to LPO catalyzed by free oxygen.

By 60 min, the antioxidant capacity was exhausted and had returned to baseline. By 120 min, LPO stabilized
as free radical formation ceased. The data showed destructive dystrophic changes linked to LPO, peaking during
120 min of hypothermic perfusion. Nephron changes after 120 min of rehabilitation showed reversible convo‑
luted tubule changes and less glomerular impact, as evidenced by epithelial degeneration and glomerular swelling.
Electron microscopy conϐirmed endothelial edema and organelle alterations. Podocytes exhibited similar changes,
including pedicle thickening and organelle transformation, particularly in mitochondria.

Returning to the conceptual aspect of the issue, it is crucial to recognize that the primary problem with post‑
mortem renal allograft donation from asystolic donors is warm ischemia, which develops and damages the post‑
mortem renal allograft after asystole. This is evidenced by the pathogenesis of structural and functional disorders
in postmortem renal allograft assessment.

Theuse of donor postmortemrenal allograft assessment is permitted in certain cases. InAED, absolute thermal
ischemia should not exceed 30 min, and relative thermal ischemia should stay under 120 min (ASED). Russian
and Kyrgyz laws differ: Russia’s approach is optimal (postmortem renal allograft sampling 30 min post‑asystole),
whereas Kyrgyzstan’s is less ideal (120 min post‑asystole).

Table 3 shows that the ASED group had a postmortem renal allograft rehabilitation score of 232 points versus
154 in the AED group. The ASED group had slightly more positive outcomes than the AED group (95.9% vs. 92.9%).
The risk of negative outcomes was lower in the AED group, with an RR of 0.977. AR (−0.02) and AF (0.002%)
indicate favourable rehabilitation results in both groups, which are linked to morphological abnormalities in the
postmortem renal allograft parenchyma with hypoxic factors (RF +). The OR of 2.51 suggests a higher likelihood
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of negative outcomes in the AED group.

Table 3. Morphological integrity assessment outcomes based exclusively on structural and ultrastructural injury
scoring criteria.
Parameters ASED AED Total

Positive (+) 66 (92.9%); 232 points 71 (95.9%); 154 points 137
Negative (−) 5 (7.1%); 5 points 3 (4.1%); 3 points 8
Comparative Indicators
Metric Value
IN (ASED) 0.978
IN (AED) 0.980
RR 0.997
AR −0.020
AF 0.002%
OR 2.51

Note: Data presented as n (%); points. AEDs= Asystolic early donors/rapid death; ASEDs= Asystolic extended/delayed donors; IN= Incidence; RR= Relative Risk;
AR = Attributable Risk; AF = Attributable Fraction; OR = Odds Ratio.

According to Table 4, the ASED group achieved a positive postmortem renal allograft rehabilitation score of
419points, whereas theAEDgroupachieved410points. TheASEDgrouphad an8.7%higher proportionof negative
outcomes than the AED group. The likelihood of a negative outcome was lower in the AED group than in the ASED
group (RR= 0.987). The AR (−0.012) and AF (0.0013%) values suggest that favorable rehabilitation results in both
groups are strongly linked to the degree of metabolic disturbances in the postmortem renal allograft parenchyma
caused by hypoxic factors (RF+). Additionally, the OR (1.3) indicates that the odds of a negative outcome were
greater in the AED group than in the ASED group.

Table 4. Metabolic dysfunction assessment outcomes based on oxidative stress and biochemical disturbance pa‑
rameters.
Parameters ASED AED Total

Positive (+) 52 (73.2%); 419 points 60 (81.1%); 430 points 112
Negative (−) 19 (26.8%); 19 points 14 (18.9%); 14 points 33
Comparative Indicators
Metric Value
IN (ASED) 0.956
IN (AED) 0.968
RR 0.987
AR −0.012
AF 0.0013%
OR 1.30

Note: Data presented as n (%); points. AEDs= Asystolic early donors/rapid death; ASEDs= Asystolic extended/delayed donors; IN= Incidence; RR= Relative Risk;
AR = Attributable Risk; AF = Attributable Fraction; OR = Odds Ratio.

As shown in Table 5, the AED group had a 4.7% higher proportion of positive outcomes than the ASED group.
This is supported by the positive postmortem renal allograft rehabilitation score of 232 points in the AED group
compared to 298 points in the ASED group. The RIs were 0.954 and 0.973, respectively. The risk of a negative
outcome was lower in the AED group than in the ASED group (RR = 0.982). The negative AR (−0.01) and minimal
AF (0.0013%) suggest that successful rehabilitation outcomes in both groups are reliant on the efϐicacy of the reha‑
bilitation technologies employed. The OR (1.07) revealed that the likelihood of a negative outcome was nearly the
same for both groups.

Table 5. Integrated rehabilitation effectiveness outcomes derived from combined morphologic and metabolic re‑
habilitation scoring criteria.
Parameters ASED AED Total

Positive (+) 60 (84.5%); 232 points 66 (89.2%); 298 points 243
Negative (−) 11 (15.5%); 11 points 8 (10.8%); 8 points 306
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Table 5. Cont.

Parameters ASED AED Total

Comparative Indicators
Metric Value
IN (ASED) 0.954
IN (AED) 0.973
RR 0.982
AR −0.01
AF 0.005%
OR 1.07

Note: Data presented as n (%); points. AEDs= Asystolic early donors/rapid death; ASEDs= Asystolic extended/delayed donors; IN= Incidence; RR= Relative Risk;
AR = Attributable Risk; AF = Attributable Fraction; OR = Odds Ratio.

Table 6 shows that the intervention group had a higher percentage of positive postmortem renal allograft re‑
habilitation outcomes than the ASED group (89.2% vs. 84.5%). The ASED group achieved 232 points, whereas
the AED group reached 298 points. The IN values were 0.954 and 0.973, respectively. The AED group had a lower
likelihood of negative results (RR = 0.984). The negative AR (−0.015) and minimal AF (0.003%) indicate that re‑
habilitation success depends on technology efϐicacy. The OR (1.16) suggests similar odds of negative outcomes in
both groups. The selection of ASED criteria is crucial for the national pool of potential cadaveric donors. We believe
that using criteria based on numerical characteristics from morpho‑, ultrastructural, and functional‑physiological
studies of postmortem renal allograft assessment is feasible and essential. This should occur dynamically within
acceptable (up to 30 min) and conditionally acceptable (60–120 min) timeframes. Within acceptable timeframes,
postmortemmorphofunctional changes in the postmortem renal allograft offer hope for adequate restoration after
reperfusion injury. However, within conditionally acceptable timeframes, this is only possible using comprehensive
rehabilitation technologies.

Table 6. Final morphofunctional compliance analysis integrating structural, metabolic, and rehabilitation effective‑
ness domains.
Parameters ASED AED Total

Positive (+) 60 (84.5%); 252 points 66 (89.2%); 298 points 263
Negative (−) 11 (15.5%); 11 points 8 (10.8%); 8 points 306
Comparative Indicators
Metric Value
IN (ASED) 0.958
IN (AED) 0.973
RR 0.984
AR −0.015
AF 0.003%
OR 1.16

Note: Data presented as n (%); points. AEDs= Asystolic early donors/rapid death; ASEDs= Asystolic extended/delayed donors; IN= Incidence; RR= Relative Risk;
AR = Attributable Risk; AF = Attributable Fraction; OR = Odds Ratio.

It is essential to elucidate the relationship between morphological and functional abnormalities in the post‑
mortem renal allograft when modeling the AED and ASED. Functional abnormalities in the postmortem renal al‑
lograft correspond to morphological abnormalities. Earlier, we detailed the nature and extent of morphological
abnormalities in the postmortem renal allograft under AED and ASED conditions. How closely do these abnormali‑
ties correlate with AED and ASED? We performed a correlation analysis of the correspondence.

Let X represent themathematical expectation at the level (A, i= 57.7%+ 70.4%/n= 59.7%) of morphological
disorders, and at the level (B, i= 67.5%+ 83.7%/n= 68.6%): X = 1/nx (Σ A × B). Note that r in the overall series
of measurements (n) can take any value from −1 to +1, as −1 ≤ r ≤ +1. When r > 0, there is a positive correlation
in the assessment results, and when r < 0, there is a negative relationship (Table 7). Our calculations indicated
that in A, r = 1.0, and in B, r = 0.9. Therefore, both AED and ASED exhibit a strong positive correlation between
morphological and functional disorders and the timing of postmortem renal allograft removal.

Thus, maximizing the quantitative characteristics of morphological and metabolic studies enables the identiϐi‑
cation of the pathophysiological mechanisms of both disorders and their sanogenesis. The qualitative and quantita‑
tive criteria presented in this study, both effective and subeffective, allow for amore precise and reliable evaluation
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of the effectiveness of perfusion and cryoprotective rehabilitation of postmortem renal allograft. Overall, the devel‑
oped criteria can be used to determine ASED’s status.

Table 7. Correlation between morphological and functional disorders.
Model Morphological Functional r

AED (n–71) 41 (57.7%) 50 (70.4%) 1.0
ASED (n–74) 50 (67.5%) 62 (83.7%) 0.9

Note: Correlation coefϐicients are presented together with sample size (n), 95% conϐidence intervals, and corresponding p‑values. Correlation strength interpreted
according to standard statistical criteria. AEDs = Asystolic early donors/rapid death; ASEDs= Asystolic extended/delayed donors; r= Correlation.

4. Discussion
This study highlights the link between oxidative stress, structural damage, and immune activation in kidney

transplantation from asystolic donors. The ASED group experienced extendedwarm ischemia, leading to increased
LPOmarkers (MDA and diene conjugates) and insufϐicient antioxidant compensation (GSH), indicating an oxidative
imbalance.

Extended warm ischemia before transplantation sensitizes the immune response: longer bloodlessness de‑
pletes ATP, impairs mitochondrial function, and disrupts redox balance, making reperfusion immunologically
charged. This supports research showing that IRI is driven by DAMP release, PRR/TLR detection, and inϐlam‑
matory signaling, especially via the TLR–NF‑κB pathway [38,39]. ElevatedMDA, an IL‑6 indicator, and endothelial
damage support this hypothesis. MDA, a measure of LPO, indicates oxidative membrane damage before graft use.
Reviews on hepatic IRI highlight hepatocyte damage, triggering redox loops, DAMP release, TLR signaling, and
cytokine production [40].

In liver ischemia‑reperfusion, extended ischemia induces ER stress in Kupffer cells, increasing TLR stimula‑
tion response, raising pro‑inϐlammatory cytokines, and decreasing anti‑inϐlammatory signaling [41]. In renal IRI,
prolonged ischemia raises labile heme levels, which are linked to increased IL‑6, TNF‑α, complement receptor ex‑
pression and neutrophil inϐiltration. Heme enhances IL‑6 levels in LPS‑stimulated macrophages, linking oxidative
damage to cytokine ampliϐication. In human kidney transplantation, early reperfusion showed signiϐicant local IL‑6
release from the graft, indicating immediate and localized cytokine activation [12].

This study supports that oxidative stress transforms ischemic tissue into an immunogenic substrate. In‑
creased ROS levels cause cell membrane damage, mitochondrial injury, endogenous danger signal release, im‑
mune receptor activation, and changes in vascular endothelial activation and permeability. This aligns with the
TLR‑focused IRI literature. Endothelial damage is signiϐicant as it marks and drives injury; the activated endothe‑
lium expresses adhesion molecules, facilitates leukocyte adhesion, and increases vascular leakage, worsening
reperfusion damage [42]. The complement ϐits into this cascade. Oxidative damage and DAMP release promote
complement activation by exposing altered self‑structures and increasing inϐlammatory signaling. Studies on
renal and cardiac IRI have associated complement activation with severe injury, neutrophil accumulation, and
reduced graft function [12]. In intestinal IRI, complement initiation varies by sex, reinforcing complement as a
major effector of sterile inϐlammatory injury [43].

ROS during ischemia, especially upon reperfusion, harm the endothelial glycocalyx, increase permeability, and
trigger adhesion molecules like ICAM‑1, VCAM‑1, P‑selectin, and E‑selectin, transforming the vascular lining from
a barrier to an inϐlammatory platform [44]. Endothelial activation facilitates leukocyte tethering, rolling, adhesion,
and transmigration, worsening microvascular inϐlammation and tissue damage.

Following endothelial injury, leukocyte adhesion increases as endothelial cells display selectins and adhesion
molecules, supporting neutrophil recruitment [44, 45]. Platelet adhesion and leukocyte‑platelet interactions in‑
tensify local inϐlammation and thrombosis‑like obstruction. Capillary plugging and stasis occur when leukocytes,
platelets, and damaged cells impede microvascular ϐlow, leading to uneven perfusion. Glycocalyx loss enhances
adhesion receptor access, making adhesion more likely under reperfusion [46].

In transplantation, this explains the delayed graft function: the graft is present, but its microcirculation is
impaired, so reperfusion does not restore organ performance [47].

The experimental C1 inhibitor preserved endothelial integrity, showing that complement is an active partici‑
pant in vascular injury. In kidney transplantation, elevated soluble terminal complement complex and tissue com‑

147



Trends in Immunotherapy | Volume 10 | Issue 02

plement deposition correlate with the severity of delayed graft function [48].
Your correlation of r ≈ 0.8–1.0 between morphological damage and functional impairment aligns with this

understanding. In ischemia‑reperfusion, endothelial disruption, leukocyte inϐiltration, and microvascular collapse
diminish perfusion, oxygen delivery, and ϐiltration capacity. Thus, worsening histology is a determinant of declining
organ performance [49].

This ϐinding suggests a shared causal cascade rather than separate endpoints. More extensive endothelial and
parenchymal injuries lead to severe microcirculatory failure and poorer graft function. Interventions that preserve
endothelial integrity can enhance morphology and function [49].

Immune activation mediates the transition from structural injury to functional loss. Oxidative stress damages
the endothelium; the injured endothelium promotes leukocyte adhesion, cytokine ampliϐication, and complement
activation; these processes worsen microvascular ϐlow and propagate tissue injury, manifesting as delayed graft
function [44,50].

The pattern from 30 to 120 min shifts from temporary redox control to antioxidant failure and increased in‑
ϐlammation. At 30 min, reduced MDA levels suggested the initial protective effect of hypothermia. Early cooling
delays antioxidant depletion and inhibits LPO, reducing MDA levels and maintaining GSH defenses. By 60 min, the
system enters a compensatory phase, but the antioxidant response is insufϐicient against ROS. Early enzyme alter‑
ations are observed, but tissue damage continues as the oxidative demand exceeds the response. Increased LPO
indicates membrane damage that surpasses the buffering capacity. At 120 min, the injury pattern was maladap‑
tive. Prolonged ischemia leads to GSH collapse and oxidative damage, overwhelming the antioxidants. Studies on
warm ischemia have shown that longer periods cause severe necrosis, suppressed signaling, and stronger injury,
reϐlecting lost resilience. Antioxidant failure results from systemic breakdown: ATP depletion limits regeneration
(GSH recycling and synthesis require energy, and energy failure reduces the restoration of reduced antioxidants).
Despite cooling, ROS generation persists (mitochondrial dysfunction and reperfusion‑associated ROS drive LPO).
Membrane peroxidation generates danger signals (lipid damage promotes DAMP release, triggering immune activa‑
tion; oxidative injury and inϐlammatory signaling are linked through NF‑κB pathways and redox‑sensitive immune
loops).

Endothelial injuryworsens the response (damaged endothelium encourages leukocyte adhesion, capillary dys‑
function, and microcirculatory collapse, turning stress into organ dysfunction). The ASED category is considered
high‑risk; however, it is not irreversibly poor. Prolonged warm ischemia increases the oxidative damage. Antioxi‑
dant reserves are depleted. This implies that the graft is damaged but not beyond recovery. Evidence shows that
hypothermia, GSH supplementation, and antioxidant/anti‑inϐlammatory strategies can reduce LPO, maintain ϐlow,
and decrease leukocyte adhesion, supporting the therapeutic modiϐication of some injuries.

Hypothermic andnormothermicmachineperfusionmitigates IRI bydisrupting theROS–cytokine–endothelium
cascade. This supports the ϐindings that hypothermic oxygenated perfusion decreases oxidative damage and main‑
tains graft function in marginal livers; combined HOPE–NMP protocols lower oxidative injury and inϐlammation
compared to normothermic perfusion [35]. Normothermic perfusion facilitates aerobic metabolism and functional
reassessment, reducing CIRP‑mediated oxidative stress and inϐlammation in DCD livermodels, with CIRP levels cor‑
relatingwith postoperative IL‑6 and liver function [29]. Perfusion limits cytokine ampliϐication, as IRI involves TNF‑
α and IL‑6 reinforcement. Machine perfusion studies have shown reduced inϐlammatory mediators and enhanced
graft recovery, including intestinal HMP, which decreases IL‑1, IL‑6, IFN‑γ, and TNF‑α levels while increasing IL‑10
levels and preserving epithelial barrier proteins [51]. Both perfusion types steer the graft from a proinϐlammatory
state to a regulated phenotype. Preserving endothelial integrity is crucial because endothelial injury links oxida‑
tive stress and immunedysfunction. In kidneyperfusion, complement activation and inϐlammatory signaling during
normothermic perfusion support the endothelium as the primary immunologic interface [32].

Perfusion biomarkers differentiate salvageable grafts from non‑salvageable grafts. For example, real‑time hy‑
pothermic perfusion lactate at 120 min predicts early allograft dysfunction and correlates with post‑transplant
injury and extended hospitalization [52]. This supports the notion that ongoing metabolic failure during perfusion
indicates immunometabolic vulnerability.

The literature supports the comparison that IRI is linked with elevated IL‑6 and TNF‑α levels, complement
activation is common in DCD and marginal grafts, and machine perfusion reduces inϐlammation. NMP mitigated
hepatic IRI by inhibiting CIRP‑associated oxidative stress and mitochondrial ϐission, with CIRP connected to IL‑
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6 and its function [29]. Complement activation during normothermic machine perfusion has been observed in
discarded kidneys and is linked to inϐlammatory cytokines and tissue damage [32]. Hypothermic and combined
machine perfusion strategies decrease inϐlammatory activation and enhance functional recovery in liver, kidney,
and intestinal models.

The current results indicate that renal allografts undergoing extended warm ischemia sustain greater struc‑
tural damage, oxidative stress, and immunoinϐlammatory challenges than those with shorter ischemic periods.
Despite this, many ASED grafts achieved positive scores in the ex vivo rehabilitation setting. These ϐindings sug‑
gest the potential for preservation and rehabilitation under experimental perfusion conditions; however, they do
not prove post‑transplant graft function, reduced delayed graft function, or long‑term graft survival. Therefore,
transplantation‑focused studies are needed.

Immunocompromiseddonor or recipient conditionsmay affect inϐlammatory responses to ischemia‑reperfusion
andgraft outcomes. Although themodel did not assess immunocompromised status, altered immune function could
affect oxidative stress, cytokine signaling, endothelial activation, and tissue repair during graft preservation and
reperfusion. Reduced inϐlammatory activation might lessen IRI, but decreased repair abilities, altered antioxidant
defenses, and increased risk of endothelial dysfunction or infection could harm graft recovery and viability. Im‑
munosuppressive treatmentsmay inϐluenceROS‑DAMP‑cytokine interactions and the balance betweendamage and
remodeling.

This study impacts kidney transplantation by increasing the use of DCD. Despite increased oxidative stress
and immune activation, ASED grafts show potential for recovery, suggesting they are high‑risk but salvageable with
better preservation. Integrating oxidative, morphological, and immunological parameters into one model provides
a comprehensive framework for assessing viability compared with traditional criteria. Clinically, this approach
could improve donor selection, reduce organ discards, and enhance availability, especially in regionswith shortages.
Machine perfusion technologies, particularly hypothermic and normothermic ones, are crucial for preservation, ex
vivo immunomodulation, real‑time assessment, and targeted interventions.

These ϐindings should be interpreted with awareness of the limitations. This study focused on graft rehabil‑
itation in an ex vivo postmortem context. Thus, morphofunctional outcomes indicate preservation potential, not
direct evaluations of post‑transplant function, delayed graft function, rejection, or long‑term survival. However,
transplantation studies are required to conϐirm the clinical signiϐicance of these ϐindings. This study used a histor‑
ical ex vivo dataset, and certain donor variables, perfusate parameters, and procedural details were inconsistently
available. Therefore, these elements were excluded and should be considered when evaluating the results.

Experimental, model‑based designs require caution when applying the results to clinical transplantation out‑
comes. The absence of long‑term graft survival data and post‑transplant clinical follow‑up limits the association of
pre‑implantation ϐindings with outcomes such as delayed graft function or rejection. Although comprehensive, the
multicriteria scoring system involves semi‑quantitative grading, risking observer variability and requiring valida‑
tion in independent cohorts. Sample size limitations and lack of stratiϐication for donor‑speciϐic factors (age and co‑
morbidities) might affect generalizability. While addressing key aspects of IRI, this study did not include advanced
molecular analyses (e.g., transcriptomics and proteomics), which could provide detailed insights into immunologi‑
cal mechanisms. Because of the retrospective multicriteria assessment framework, some historical datasets lacked
the information needed to reconstruct variance measures and inferential statistical parameters. Thus, the ϐindings
should be viewed as comparative evaluations of graft rehabilitation potential, not as conclusive hypothesis‑testing
results.

Future research should validate the morphofunctional‑immunological model in clinical transplantation and
link it to graft outcomes. Including immunological biomarkers, such as IL‑6, TNF‑α, High Mobility Group Box 1,
C3a, and C5a, through enzyme‑linked immunosorbent assay and ϐlow cytometry would enhance the model’s in‑
sights and predictive accuracy. Protocols for graft assessment using biomarkers, integrating real‑time perfusion
data with immunological proϐiling, are needed for precision donor selection. Studies should explore ex vivo thera‑
peutic strategies during machine perfusion, such as antioxidants, complement inhibitors, anti‑inϐlammatory drugs,
and cell‑based therapies, such as mesenchymal stem cells, to adjust graft immunogenicity. This need for validated
multimodal readouts parallels recent preclinical work integrating imaging, histology, and biomarker endpoints to
quantify glucocorticoid induced tissue remodeling disruption, as well as a recent review of emerging toxicity tech‑
nologies, both of which support combining structural and functional endpoints when evaluating organ injury and
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recovery [36,37]. Future studies should explore how donor and recipient immune statuses, including immunosup‑
pressive therapy and baseline dysfunction, affect rehabilitation, signaling, and post‑transplant outcomes in kidney
transplantation after circulatory death. Large‑scalemulticenter studies are required to standardize scoring systems
and deϐine graft viability thresholds. Advanced technologies, including Artiϐicial Intelligence and predictive mod‑
eling, can reϐine decision‑making in transplant medicine. The goal is to move from static evaluation to a dynamic,
precision immunology‑based approach to organ transplantation.

5. Conclusions
This study shows that IRI in kidney transplants is an immuno‑oxidative process driven by the ROS–DAMP–

cytokine–endothelial pathway. ASEDgrafts exhibit a stronger oxidative and inϐlammatory response thanAEDgrafts,
yet retain some functional recovery, indicating that the damage is not entirely irreversible and can be altered. Pat‑
terns of oxidative stress, endothelial damage, and morphofunctional decline align with the mechanisms outlined
in IRI, such as inϐlammatory signaling linked to ROS–DAMP. Nonetheless, directly assessing these pathways was
outside the scope of this study and requires conϐirmation in future mechanistic research.

Combining biochemical, morphological, and immunological metrics into a single evaluation model provides
a clinically signiϐicant method for assessing graft viability. These results suggest a shift in transplantation views,
recognizing graft quality as a dynamic and adaptable condition that can be improved through interventions. By re‑
deϐining marginal donor evaluation and emphasizing immunomodulation, this study advances precision transplan‑
tation medicine, potentially increasing the donor pool, improving graft success, and alleviating the organ shortage
crisis.
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