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Liver grafts from donors after brain death (DBD) and donors after circulatory 
death (DCD) are exposed to distinct mechanisms of injury. We evaluated the 
feasibility of multi-compartment profiling of liver injury-associated 
microRNAs (miRNAs) across serum, liver tissue, and preservation fluid in 
deceased donor liver grafts and explored compartment-specific expression 
patterns according to donor type. In this prospective single-centre 
exploratory study, miR-122, miR-148a, miR-22, miR-222, and miR-155 
were quantified by RT-qPCR in serum, liver tissue, and preservation fluid 
from 10 DBD and 10 DCD donors, including paired serum sampling before and 
during abdominal normothermic regional perfusion (aNRP). Three declined 
steatotic DBD grafts were analysed descriptively. A total of 79 samples were 
analysed. Baseline serum miRNA profiles and post-transplant outcomes were 
comparable between DBD and DCD grafts. Distinct compartment-specific 
expression patterns were observed, particularly in preservation fluid, where 
DCD grafts recovered following aNRP showed lower expression of miR-148a, 
miR-222, and miR-22 than DBD grafts. In DCD donors, serum during aNRP 
showed lower miR-148a expression. Exploratory descriptive analyses of 
declined steatotic grafts identified miRNA patterns consistent with 
hepatocellular injury. These findings demonstrate the feasibility of multi- 
compartment donor-derived miRNA profiling and provide a framework for 
future studies evaluating compartment-specific molecular markers for graft 
assessment.
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GRAPHICAL ABSTRACT 

Introduction

The main source of organs for transplantation continues to 
be deceased donors after brain death (DBD). However, due to 
the persistent shortage of organs for liver transplantation, 
donation after circulatory death (DCD) has expanded 
substantially over the past decade and currently accounts for 
more than 25% of deceased organ donation worldwide and over 
50% of liver transplants performed in countries where this 
donation pathway is established [1].

In its early implementation, liver transplantation from DCD 
donors was associated with inferior outcomes, largely driven by a 
higher incidence of biliary complications [2]. More recently, the 
introduction of in situ abdominal normothermic regional perfusion 
(aNRP) and ex situ machine perfusion techniques have significantly 
mitigated ischemic injury and hepatobiliary hypoxia during warm 
ischemia, resulting in transplant outcomes comparable to those 
achieved with DBD grafts [3, 4].

Although DBD donors, in contrast to DCD donors, are not 
exposed to warm ischemia, catastrophic brain injury leading to 
brain death triggers profound systemic pathophysiological 
changes. These include hemodynamic instability with 
hypotension and hypoperfusion, which may adversely affect 
distant organs [5]. In addition, brain death induces a marked 
pro-inflammatory state characterized by cytokine release and 
leukocyte activation, contributing to increased graft 
immunogenicity and higher rates of acute rejection when 
compared with living donation and DCD transplantation [6, 
7]. The relative contribution of these mechanisms to liver graft 
quality and post-transplant outcomes in DBD versus DCD 
donors remains incompletely understood.

MicroRNAs (miRNAs) have emerged as stable, tissue-enriched 
biomarkers that can be detected both intracellularly and in 
circulation, where they are protected from degradation through 
association with protein complexes, lipoproteins, and, to a lesser 
extent, extracellular vesicles. In the context of liver transplantation, 
altered miRNA expression has been associated with hepatobiliary 
injury, ischemia–reperfusion damage, and adverse postoperative 
outcomes [8–12]. However, data on liver-derived miRNA 
expression in donor samples and preservation fluids remain 
limited, despite their potential to provide objective, molecular- 
level information on graft condition prior to transplantation.

The primary aim of this study was to evaluate the feasibility of 
multi-compartment profiling of liver injury–associated miRNAs in 
deceased donor liver grafts and to explore compartment-specific 
expression patterns according to donor type.

Patients and methods

Study population

Between October 2019 and May 2021, liver tissue biopsies, 
preservation fluid, and serum samples were prospectively collected 
from adult deceased organ donors at a tertiary referral transplant 
centre. During the study period, samples were obtained from 
38 deceased donors. Three grafts were declined for transplantation 
based on intraoperative assessment of significant steatosis; moderate- 
to-severe steatosis was subsequently confirmed histologically, and these 
grafts were analysed separately as an exploratory cohort. Of the 
remaining 35 transplantable donors, seven were excluded because 
one or more samples did not fulfill predefined RNA quality-control 
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criteria for inclusion in the multi-compartment analysis, and eight 
donors were included in a parallel methodological study evaluating the 
effect of heparinase treatment on RT-qPCR analysis of heparinized 
donor samples [13]. The final analytical cohort therefore comprised 
20 transplantable donors (10 DBD and 10 DCD) and three declined 
steatotic DBD grafts, representing a total of 79 biological samples 
across all compartments.

Transplantable liver grafts obtained from donors after brain 
death (DBD) and controlled donors after circulatory death (DCD) 
were analysed to characterize liver injury–associated microRNA 
(miRNA) expression profiles. This study was designed as a 
prospective exploratory study. Donors for retransplantation, 
paediatric donors (<18 years), and split-liver grafts were excluded.

Because moderate-to-severe hepatic steatosis is associated with 
increased susceptibility to ischemia–reperfusion injury and inferior 
early graft outcomes [14], an exploratory analysis was performed in 
the three declined steatotic DBD grafts to assess whether miRNA 
expression patterns differed from those of transplantable grafts. 
These grafts were analysed descriptively and were not included in 
recipient outcome analyses. Although these grafts were declined due 
to macroscopically significant steatosis, they were recovered and 
perfused following the same protocol as transplantable grafts, and 
biopsy-proven steatosis was subsequently confirmed histologically.

Steatosis evaluation

The degree of hepatic steatosis was assessed histologically in liver 
biopsy specimens obtained after abdominal inspection in DBD 
donors and after initiation of abdominal normothermic regional 
perfusion (aNRP) in DCD donors. Steatosis was graded according to 
the percentage of hepatocytes containing fat droplets as absent to 
mild (<30%) or moderate to severe (≥30%), in accordance with 
established criteria [15].

Sample collection and processing

The sample collection timeline is summarized in Figure 1. In DBD 
donors, a 10-mL blood sample was collected before laparotomy and 

before systemic heparin administration (300 IU/kg) and aortic 
cannulation (DBD_T0). In DCD donors, paired blood samples 
were obtained: the first prior to withdrawal of life-sustaining 
therapy (DCD_T0), followed by systemic heparinization at the 
onset of donor hypotension (systolic blood pressure <60 mmHg). 
After 5 min of asystole, abdominal normothermic regional perfusion 
(aNRP) was initiated via post-mortem cannulation, and a second blood 
sample was collected from the extracorporeal circuit (DCD_T1). The 
aNRP circuit was maintained for 90–120 min to allow assessment of 
graft viability.

This sampling strategy enabled partially paired, multi- 
compartment analysis within the same donor. The number of 
biological samples available for each analysis differed according 
to donor group and compartment, and the corresponding sample 
size is reported in each figure legend and supplementary table.

Liver wedge biopsies were obtained after abdominal inspection 
in both transplantable and discarded DBD donors and after 
initiation of aNRP in DCD donors. During organ procurement, 
abdominal organs were flushed with 8 L of IGL-1 preservation 
solution. At the back table, 30 mL of preservation fluid was collected 
from the hepatic veins following portal vein flushing with 100 mL of 
IGL-1.

Blood samples were collected into serum-separation tubes 
and centrifuged within 4 h of collection to isolate serum. Liver 
tissue, serum, and preservation-fluid samples were frozen 
at −80 °C at the end of the procurement procedure and stored 
until RNA extraction.

Sample processing and RNA isolation were adapted to each 
biological compartment, whereas downstream RT-qPCR and data 
analysis followed a standardized workflow, as previously described 
[13]. Heparinase I treatment was not applied, as no evidence of 
heparin-related RT-qPCR inhibition was observed in this cohort, in 
contrast to prior reports in other transplant settings [16].

Individual miRNA measurements that failed predefined assay 
quality-control criteria or were not consistently detectable were 
excluded from the corresponding analyses. Consequently, the 
effective sample size varies slightly according to the individual 
miRNA analysed.

FIGURE 1 
Sample collection timeline in donors after brain death (DBD) and controlled donors after circulatory death (DCD). In DCD donors, paired serum 
samples were obtained before withdrawal of life-sustaining therapy (T0) and during abdominal normothermic regional perfusion (aNRP, T1). 
Abbreviations: aNRP, abdominal normothermic regional perfusion; CIT, cold ischemia time; SCS, static cold storage; WLST, withdrawal of life- 
sustaining therapy.
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miRNA selection

Five miRNAs associated with liver injury and post- 
transplant complications (miR-122, miR-148a, miR-155, miR- 
22, miR-222) and the miR-122/miR-222 ratio were selected 
based on prior literature [10–12, 17–19]. Five endogenous 
miRNAs (miR-103a, miR-191, miR-30c, miR-16, and let-7a) 
were evaluated as candidate reference genes according to 
reported stability in liver disease–related studies [11, 20, 21] 
(Table 1).

Post-transplant clinical outcomes

Clinical outcomes were analysed as secondary exploratory 
endpoints. Associations between miRNA levels and early allograft 
dysfunction within the first postoperative week were assessed [22], 
along with correlations with peak AST/ALT levels within the first 
24 h after transplantation.

Early liver injury was defined as peak alanine or aspartate 
aminotransferase levels >1000 IU/L within the first 24 h after 
transplantation [23]. Additional outcomes included biliary 
complications (leak or stricture), biopsy-proven acute cellular 
rejection, and the Comprehensive Complication Index (CCI) within 
90 days after transplantation.

The study was not powered to detect differences in clinical 
outcomes, and these analyses were considered exploratory.

Statistical analysis

Descriptive statistics were used to summarize demographic and 
clinical variables. Categorical variables were compared using the chi- 
square or Fisher’s exact test. Continuous variables were analysed 
using Student’s t-test for normally distributed data or the Mann– 
Whitney U test for non-normally distributed data.

RT-qPCR data quality control excluded Ct values < 11 or >39. 
Mean Ct values were calculated from technical triplicates, and 
replicates with a standard deviation > 0.3 were refined by 
removing the outlier furthest from the mean, retaining at least 
two values per miRNA per sample. Samples with fewer than two 
valid replicates were excluded.

Ct values were normalized using the mean Ct of five endogenous 
reference miRNAs to account for differences in RNA input and 

reverse transcription efficiency. Normalized miRNA expression 
levels were represented as 2̂-ΔCt values, where ΔCt was defined 
as the Ct of the target miRNA minus the mean Ct of the selected 
reference genes.

Relative differences between groups (fold changes) were calculated 
using the 2̂-ΔΔCt method as described by Livak and Schmittgen [24]. 
Statistical comparisons were performed using normalized ΔCt values. 
Group comparisons were analysed using Student’s t-test or the Mann– 
Whitney U test, as appropriate. Paired serum samples from DCD 
donors (T0 versus T1) were analysed using a paired Student’s t-test. 
Associations between miRNA expression and peak transaminase levels 
were assessed using Spearman’s rank correlation. Because the declined 
steatotic graft subgroups comprised only three donors, these data were 
analysed descriptively, and no formal statistical inference was 
performed for this subgroup.

For visualization purposes, relative expression is presented as 2̂- 
ΔCt in Figures 2, 3, whereas Figure 4 and Supplementary Figure S1
display normalized -ΔCt values corresponding to those used in the 
statistical analyses.

A p value < 0.05 was considered statistically significant. Given 
the exploratory nature of the study, the absence of adjustment for 
multiple testing, and the limited sample size, statistical analyses were 
intended to identify potential biological patterns rather than to 
provide confirmatory evidence. Statistical analyses were performed 
using R software (version 4.2.0).

Normalization strategy assessment

Reference gene stability was evaluated using geNorm and 
NormFinder algorithms. geNorm ranked candidate genes according 
to stability (M values ≤ 1.5 indicating stable expression) and calculated 
pairwise variation (Vn/n+1) to determine the optimal number of 
reference genes [25]. NormFinder assessed stability based on intra- 
and intergroup variation [26]. Four normalization strategies were 
tested (Table 2), and performance was evaluated by calculating the 
coefficient of variation of 2̂−ΔCt values across all sample types. The 
synthetic spike-in cel-miR-39, absent in mammals, was included as an 
external control for RT-qPCR efficiency.

Ethics

Ethical approval for this study was provided by the local 
institutional ethics committee (PR[AG]46/2019). All research was 
conducted in accordance with the ethical principles of the 
Declaration of Helsinki and the Declaration of Istanbul. Written 
informed consent was obtained from transplant recipients and 
donor relatives prior to inclusion. The study was registered at 
ClinicalTrials.gov (NCT06611046). Samples and clinical data 
were provided by an institutional Biobank (PT20/00107) and 
processed according to standard operating procedures.

Results

Donor and recipient characteristics

The final analytical cohort comprised 20 transplantable donors 
(10 DBD and 10 DCD) and three declined steatotic DBD grafts, 

TABLE 1 Endogenous miRNA PCR primer sets.

Primer sets from miRNA PCR assay Qiagen (Germany)

miRNA target genes hsa-miR-122-5p ref.#YP00205664 

hsa-miR-148a-3p ref.#YP00205867 

hsa-miR-155-5p ref.#YP00204308 

hsa-miR-22-3p ref.#YP00204606 

hsa-miR-222-3p ref.#YP00204551

miRNA reference genes hsa-miR-103a-3p ref.#YP00204063 

hsa-miR-191-5p ref.#YP00204306 

hsa-miR-30c-5p ref.#YP00204783 

hsa-miR-16-5p ref.#YP00205702 

hsa-let-7a-5p ref.#YP00205727
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representing a total of 79 biological samples (23 liver tissue, 
23 preservation fluid, and 33 serum samples).

Donor and recipient characteristics are summarized in 
Table 3. No statistically significant differences were observed 
between DBD and DCD donors with transplantable grafts, or 
between recipient demographics, except for higher serum 
sodium levels in DBD donors. All transplantable grafts 
showed absent or mild steatosis on histological assessment. 
Post-transplant clinical outcomes, including early allograft 
dysfunction, biliary complications, acute rejection, and length 
of hospital stay, were comparable between groups.

miRNA expression in transplantable liver 
grafts

Liver tissue

Among all miRNAs analysed, miR-122 showed the highest 
expression in liver tissue, with levels approximately 48-fold 
higher than reference genes. Expression levels were similar 
between donor types (DBD vs. DCD: 1.19-fold difference; p = 
0.14; Figure 2A; Supplementary Table S1).

Preservation fluid

In preservation fluid, miR-122 was also the most abundantly 
expressed miRNA, with levels approximately 17-fold higher than 
reference genes. Expression tended to be higher in DBD compared 
with DCD grafts (2.76-fold difference; p = 0.08).

In contrast, miR-222, miR-22, and miR-148a showed lower 
expression in DCD preservation fluid compared with DBD grafts 
(fold changes 0.36, 0.45, and 0.33, respectively; p values 0.02–0.04), 
indicating a consistent pattern across these miRNAs (Figure 2B; 
Supplementary Table S2).

Serum

In DCD donors, serum obtained from the aNRP circuit after 
warm ischemia showed a reduction in miR-148a expression (0.45- 
fold; p = 0.04) compared with DBD serum. A non-significant 
increase in miR-122 expression was also observed (2.7-fold; p = 
0.19). Pre-procurement serum miRNA levels did not differ between 
DBD and DCD donors. (Figure 2C; Supplementary Table S3).

The miR-122/miR-222 ratio was higher in DCD samples 
compared with DBD samples both before and after warm 

FIGURE 2 
Relative miRNA expression in transplantable liver grafts. Relative miRNA expression (2−ΔCt) in (A) liver tissue (DBD, n = 10; DCD, n = 10), (B) preservation 
fluid (DBD, n = 10; DCD, n = 10), and (C) serum from DBD donors (DBD, n = 10) and paired serum samples from DCD donors collected before withdrawal 
of life-sustaining therapy (DCD-T0, n = 10) and during aNRP (DCD-T1, n = 10). Panels (D–F) show the miR-122/miR-222 ratio of the corresponding 
compartments. Boxplots represent the median and interquartile range, with whiskers indicating minimum and maximum values. Statistical 
significance is indicated by the corresponding p-values. The number of evaluable RT-qPCR measurements for each miRNA is provided in Supplementary 
Tables S1–S3.
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ischemia (2.8-fold and 7.8-fold, respectively), although these 
differences did not reach statistical significance (Figures 2D–F).

Exploratory descriptive analysis of declined 
steatotic grafts

Donor characteristics

Three DBD liver grafts were declined for transplantation 
based on intraoperative subjective assessment of significant 
steatosis, which was subsequently confirmed as moderate-to- 
severe macrovesicular steatosis on histology (30%, 45%, and 
60%). Donor characteristics are summarized in Table 4. 
Declined grafts had higher donor BMI compared with 
transplantable DBD grafts.

miRNA expression

Exploratory analysis of the three declined steatotic DBD grafts 
revealed distinct miRNA expression patterns compared with 
transplantable DBD grafts (Figure 3; Table 4). In liver tissue, 
declined steatotic grafts showed lower miR-122 expression (0.48- 
fold relative to transplantable DBD grafts). In preservation fluid, 
miR-222 expression was lower (0.36-fold), resulting in a threefold 
higher miR-122/miR-222 ratio.

Serum miRNA expression was broadly comparable between 
groups, although declined grafts showed higher circulating miR- 
122 levels (12.9-fold) and an approximately 25-fold serum miR-122/ 
miR-222 ratio. Given the limited numbers of declined grafts (n = 3), 
these findings are presented descriptively and should be considered 
hypothesis-generating.

FIGURE 3 
Relative miRNA expression in declined steatotic liver grafts (exploratory analysis). Relative miRNA expression (2−ΔCt) in (A) liver tissue (DBD, n = 10; 
declined DBD [DBDd], n = 3), (B) preservation fluid (DBD, n = 10; DBDd, n = 3), and (C) serum (DBD, n = 10; DBDd, n = 3). Panel (D) shows the serum miR- 
122/miR-222 ratio in the same donor groups. Because the declined steatotic cohort comprised only three grafts, this comparison is descriptive and no 
formal statistical inference was performed. Boxplots represent the median and interquartile range, with whiskers indicating minimum and 
maximum values.
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FIGURE 4 
Association between donor miRNA expression and early post-transplant liver injury. Normalized miRNA expression represented as −ΔCt values in 
liver tissue (A), preservation fluid (B), and serum (C) from 20 transplantable grafts (10 DBD and 10 DCD), grouped according to peak AST and/or ALT 
levels >1000 IU/L within the first 24 h after transplantation. Panels (D–F) show Spearman correlations (r) between donor-derived miRNA expression and 
peak post-transplant transaminase levels. The number of evaluable RT-qPCR measurements for each miRNA is provided in Supplementary Tables 
S1–S3.
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Donor miRNAs and early post-transplant 
liver injury

Among the 20 transplanted recipients, six developed peak AST 
and/or ALT levels >1000 IU/L within the first postoperative day, and 
four developed early allograft dysfunction.

miR-155 expression in preservation fluid showed an inverse 
correlation with peak transaminase levels (r = −0.63; p = 0.024), with 
a similar trend observed in liver tissue (r = −0.44, p = 0.055; Figure 4).

No significant associations were identified for other miRNAs.
In serum, grafts associated with higher transaminase levels 

(>1000 IU/L) showed higher miR-122 expression (3.7-fold; p = 

TABLE 2 Normalization strategies and corresponding reference miRNAs.

Normalization methods Reference miRNA genes

Normalization with 1 endogenous gene (norm1end) miR-191

Normalization with 2 endogenous genes (norm2end) miR-191, miR-103

Normalization with 5 endogenous genes (norm5end) miR-191, miR-103, miR-30c, miR-16, miR-let7a

Normalization with Cel-miR-39 (normir39) Cel-miR-39

TABLE 3 Donor and recipient characteristics and clinical outcome.

Donor variables DBD (n = 10) DCD (n = 10) P value

Age (years) 65.5 (±11.7) 62.6 (±7.4) 0.24

Gender male/female (%) 4 (40)/6 (60) 4 (40)/6 (60) 1

BMI (kg/m2) 25.4 (±3.0) 27.8 (±4.7) 0.27

ICU length of stay (days) 3.70 (±3.1) 7.10 (±6.6) 0.13

Donor maintenance† (hours) 9.21 (±3.3) NA NA

Sodium (mEq/L) 147.7 (±7.2) 141.4 (±4.1) 0.02

AST (IU/L) 33.9 (±36.8) 37.1 (±33.9) 0.84

ALT (IU/L) 19.4 (±10.9) 25.7 (±14.4) 0.28

Bilirubin ≥1.2 mg/dL 2 (20) 0 (0) 0.21

WIT (min) NA 27.00 (±8.9) NA

f-WIT (min) NA 22.60 (±6.5) NA

Recipient variables

Age (years) 59.70 (±8.3) 55.10 (±11.4) 0.32

Gender male/female (%) 6 (60)/4 (40) 8 (80)/2 (20) 0.63

BMI (kg/m2) 25.30 (±3.2) 26.81 (±4.57) 0.43

MELD 14.10 (±5.9) 18.00 (±10.0) 0.30

Total ischemic time (min) 349.5 (±54.9) 339.33 (±56.9) 0.70

Peak AST IU/L (7days) 1,016 (±996) 639 (±738) 0.35

Bilirubin mg/dL (7th POD) 4.02 (±4.24) 2.90 (±3.32) 0.52

INR (7th POD) 1.20 (±0.44) 1.00 (±0.04) 0.18

EAD 2 (20) 2 (20) 1

Length of stay (days) 12 (±5) 19 (±18) 0.34

Biliary complications 1 (10) 1 (10) 1

Acute rejection 4 (40) 4 (40) 1

CCI 10.59 (±5.97) 23.86 (±23.5) 0.11

Data are presented as n (%) or mean ± standard deviation (SD). †Donor maintenance refers to the time from brain death diagnosis to organ procurement. Abbreviations: BMI, body mass index; 
ICU, intensive care unit; WIT, warm ischaemic time; f-WIT, functional warm ischaemic time; AST, aspartate aminotransferase; ALT, alanine aminotransferase; INR, international normalised 
ratio; EAD, early allograft dysfunction; CCI, Comprehensive Complication Index. Bold values indicate statistically significant differences (p < 0.05).
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0.13) and miR-122/miR-222 ratios (4.0-fold; p = 0.21), although 
these differences did not reach statistical significance. Similarly, 
donors of grafts that developed early allograft dysfunction 
showed higher serum miR-122 (6.4-fold; p = 0.09) and miR-122/ 
miR-222 ratio (9.1-fold, p = 0.12; Supplementary Figure S1).

Normalization strategy

All candidate reference miRNAs demonstrated acceptable stability, 
with geNorm M values below 1.5. In liver tissue, all pairwise variation 
values were below the recommended threshold, whereas greater 
variability was observed in serum and preservation fluid.

Normalization using the mean expression of five endogenous 
reference miRNAs provided the lowest variability across all sample 
types and was therefore used throughout the study (Supplementary 
Figures S2, S3).

Discussion

The principal finding of this prospective study is that multi- 
compartment profiling of donor-derived miRNAs is feasible during 
contemporary liver graft procurement and provides compartment- 
specific expression patterns that vary by donor type. The main 
observations were that (i) transplantable DBD and DCD grafts 
showed comparable miRNA profiles in serum prior to 
procurement, (ii) distinct differences emerged in preservation 
fluid according to donor type, and (iii) exploratory analyses of 
three declined steatotic grafts revealed miRNA expression 
patterns consistent with hepatocellular stress.

A key strength of this study lies in its prospective multi- 
compartment sampling strategy, which allowed repeated 
measurements within the same donor across different biological 
matrices and reduced interindividual variability. In particular, the 
inclusion of aNRP circuit paired serum sampling in DCD donors 

before and during aNRP allowed assessment of intra-donor changes. 
Together, these features support the feasibility of using donor- 
derived miRNAs to capture dynamic aspects of graft biology.

In transplantable grafts, pre-procurement serum miRNA 
profiles were similar between DBD and DCD donors suggesting 
that, in carefully selected grafts, the systemic inflammatory and 
hemodynamic changes associated with brain death may not 
translate into major differences in circulating liver-specific 
miRNAs. This is notable given that brain death induces a 
systemic pro-inflammatory response involving cytokine release, 
complement activation, endothelial dysfunction, and leukocyte 
recruitment, and has been associated with higher circulating 
inflammatory mediators and immunogenic extracellular vesicles 
compared with DCD and living donation [6, 7, 27].

Differences in miRNA expression between donor types became 
more evident in preservation fluid, where DCD grafts recovered 
with aNRP showed lower expression of miR-148a, miR-222, and 
miR-22. Previous studies have identified a preservation-fluid injury 
signature characterized by increased miR-122 expression and higher 
miR-122/222 ratios. This signature has been reported in 
conventionally recovered DCD grafts (without aNRP) compared 
with DBD grafts, as well as in grafts that subsequently develop early 
allograft dysfunction or ischemic-type biliary lesions, irrespective of 
donor type [10, 12]. These findings support preservation fluid as a 
promising source of graft-derived biomarkers.

Importantly, all DCD grafts included in the present study 
underwent abdominal normothermic regional perfusion before 
organ retrieval and preservation-fluid collection. Unlike 
conventionally recovered DCD grafts, these organs are exposed 
to a period of oxygenated reperfusion and metabolic recovery 
before preservation, allowing restoration of oxygen delivery, 
mitochondrial function, and ATP stores, together with partial 
recovery from warm ischemic injury [28]. Consequently, 
preservation-fluid miRNA profiles obtained after aNRP should 
not be expected to mirror those reported in conventionally 
recovered DCD grafts without regional perfusion. Therefore, the 
present findings should not be interpreted as contradicting previous 
reports in conventionally recovered DCD grafts but rather as 
reflecting the distinct biological environment created by regional 
reperfusion before organ preservation.

Against this background, the lower expression of miR-148a, miR- 
222, and miR-22 observed in DCD grafts recovered with aNRP in the 
present study may initially appear counterintuitive if interpreted solely 
in the context of warm ischemic injury. However, unlike serum or liver 
tissue, preservation fluid represents a procedure-derived compartment. 
Consequently, miRNA concentrations in preservation fluid are likely 
to reflect the combined effects of intracellular miRNA abundance, 
active extracellular secretion, passive release from injured cells, 
reperfusion during aNRP and vascular washout during graft 
flushing, rather than the magnitude of hepatocellular injury alone. 
Preservation fluid miRNA profiles should therefore not be interpreted 
as direct surrogates of injury severity, but rather as molecular readouts 
influenced by both biological responses and procurement- 
related processes.

Notably, the direction of change observed for miR-148a and 
miR-222 was internally consistent across preservation fluid and 
DCD serum collected after warm ischemia during aNRP, suggesting 
that these findings are unlikely to reflect technical variation. 

TABLE 4 Donor characteristics of transplantable and declined DBD donors 
with moderate-to-severe steatosis. Values are presented descriptively. 
Because the declined steatotic cohort comprised only three grafts, no 
formal statistical comparisons were performed.

Donor variables DBD (n = 10) DBDd (n = 3)

Age (years) 65.5 (±11.7) 55 (±3.6)

Gender male/female (%) 4 (40)/6 (60) 2 (66.6)/1 (33.3)

BMI (kg/m2) 25.4 (±3.0) 30.5 (±3.2)

ICU length of stay (days) 3.7 (±3.1) 1.7 (±1.2)

Donor maintenance (h) 9.2 (±3.3) 10.9 (±5.1)

Na (mEq/L) 147.7 (±7.2) 143.5 (±5.6)

AST (IU/L) 33.9 (±36.8) 118.0 (±152.4)

ALT (IU/L) 19.4 (±10.9) 136.7 (±82.5)

GGT (IU/L) 52.0 (±56.3) 21.0 (±16.2)

Bilirubin (mg/dL) 0.97 (±0.58) 0.53 (±0.35)

Data are presented as n (%) or mean ± standard deviation (SD). Abbreviations: BMI, body 
mass index; ICU, intensive care unit; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; GGT, gamma-glutamyl transferase.
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Experimental and clinical studies have suggested reduced tissue 
miR-148a following prolonged warm ischemia [17] and decreased 
perfusate miR-222 expression in grafts developing ischemic-type 
biliary lesions [12], supporting the biological plausibility of these 
observations. Nevertheless, the precise mechanisms underlying 
these compartment-specific expression patterns remain uncertain. 
Future studies incorporating signal sampling during regional 
perfusion and machine perfusion will be required to distinguish 
changes related to intracellular regulation, selective extracellular 
release, and passive leakage following cellular injury.

By contrast, the exploratory analysis of the three declined 
steatotic grafts identified miRNA expression patterns that were 
biologically compatible with increased hepatocellular injury. 
Compared with transplantable DBD grafts, these grafts showed 
lower miR-122 expression in liver tissue together with higher 
circulating miR-122 and miR-122/miR-222 ratios, findings that 
align with the known vulnerability of steatotic livers to ischemia- 
reperfusion injury [14] and with previously reported miRNA 
expression patterns in hepatic injury [12, 29, 30]. Because donor 
serum samples were obtained before procurement, the increased 
circulating miR-122 observed in discarded steatotic grafts may 
reflect either greater susceptibility to the inflammatory and 
hemodynamic changes associated with brain death [5–7], resulting 
in enhanced hepatocellular injury before organ retrieval, or intrinsic 
alterations in miR-122 regulation associated with hepatic steatosis, as 
both reduced hepatic miR-122 expression and increased circulating 
miR-122 have previously been described in steatotic liver disease [29, 
30]. The present study cannot distinguish between these 
complementary mechanisms. Nevertheless, the observation that 
these differences were already present in donor serum before graft 
procurement raises the possibility that circulating miRNAs may 
provide biologically relevant information regarding graft quality. If 
confirmed in larger cohorts, these observations may support further 
investigation of donor-derived circulating miRNAs as complementary 
molecular biomarkers for pre-procurement graft assessment. 
However, given the limited number of declined grafts and the 
absence of transplantation outcomes, these observations should be 
interpreted cautiously and considered hypothesis-generating. Future 
studies including larger cohorts of marginal donor livers will be 
required to validate these findings and define their potential role in 
assessment of graft quality.

The observed differences in miRNA expression across 
compartments are biologically plausible. miR-122, the most 
abundant liver-specific miRNA, is a well-established marker of 
hepatocellular injury [17, 31], whereas miR-222 has been linked 
to cholangiocyte and endothelial function [9, 32], and miR-155 to 
inflammatory and immune signaling pathways [11, 33, 34]. The 
inverse association between preservation-fluid miR-155 and early 
transaminase release is consistent with the recognized role of miR- 
155 in inflammatory and immune-related pathways. However, 
because this observation emerged from an exploratory analysis 
without adjustment for multiple testing, it should be interpreted 
cautiously and requires independent validation. Importantly, 
associations between donor-derived miRNAs and early post- 
transplant injury were limited, with only preservation-fluid miR- 
155 showing a statistically significant correlation with transaminase 
peaks. While other miRNAs showed directional trends, no 
consistent predictive pattern emerged.

Notably, all grafts in this study were preserved using the same 
solution (IGL-1), allowing for a standardized assessment of miRNA 
expression across samples and minimizing variability related to 
preservation-associated redox effects [35]. The use of IGL-1, 
which has been shown to attenuate ischemia–reperfusion injury, 
may partly explain the modest magnitude of these associations [36].

The present study should be interpreted within the context of its 
design. Although the overall donor cohort was limited, the 
exploratory analysis of declined steatotic grafts was based on only 
three cases and should therefore be interpreted with particular 
caution. Nevertheless, several methodological aspects strengthen 
the robustness of the observations. First, the use of standardized 
RT-qPCR techniques with validated normalization strategies 
resulted in low technical variability. Second, multi-compartment 
analysis increased the amount of information obtained per donor. 
Finally, the inclusion of partially paired samples, particularly in 
DCD donors before and during aNRP, allowed assessment of intra- 
donor changes, reducing the impact of interindividual variability.

At the same time, this study was designed as an exploratory 
analysis, and the findings should be interpreted accordingly. The 
targeted miRNA panel was based on prior literature and may not 
capture the full spectrum of relevant molecular signals. Sampling 
was performed at defined time points, which may not fully reflect the 
temporal dynamics of injury and recovery. Furthermore, 
mechanistic interpretation of the observed compartment-specific 
miRNA expression patterns was limited by the absence of 
correlations with established biochemical, inflammatory, and 
tissue injury biomarkers. Future studies should integrate these 
complementary biomarkers to improve biological interpretation 
and validate the clinical relevance of donor-derived miRNA 
profiling. In addition, the absence of an external validation 
cohort limits the generalizability of the findings.

In conclusion, this study demonstrates the feasibility of multi- 
compartment miRNA profiling in deceased liver donors and 
highlights the value of integrating tissue-, fluid-, and serum- 
derived molecular information to characterize graft biology. The 
compartment-specific patterns observed here provide a framework 
for future studies investigating molecular graft assessment.
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