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Abstract 

Background: Extended criteria donors and donation after cardiac death donors provide 

organs which tend to be more sensitive to the stress of preservation. There is a lack of 

evidence about the potential role of oxygen in preservation techniques, and literature 
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comparing oxygenated and non-oxygenated techniques is very limited. The aim of the study 

was to compare HMP with oxygen versus HMP without oxygen in a pig model of kidney 

auto-transplantation (KT) reproducing conditions of DCD. We have also set up miRNAs 

expression in preservation solution and kidney biopsies as useful biomarkers for allograft 

response to perfusion conditions. 

Methods: A randomized non blinded prospective cohorts study was established in an 

orthotopic auto-transplantation model mimicking Maastricht type III DCD under 

hypothermic machine perfusion (Life-port® kidney transporter). Real time PCR detection was 

performed using SYBR Green and specific commercially available probes for each miRNA of 

interest in preservation solution and kidney biopsies from non-oxygenated and oxygenated 

grafts. Sample size calculation was done attending to Mead's resource equation sample for 

two treatment groups. Data were expressed as median (IQA / Range) and assessed for 

statistical significance by Mann–Whitney U-test.  

Results: Somewhat better kidney function and survival results were reached in the 

oxygenated group. Furthermore, a selection set of miRNAs constituted by miR-29a, miR27a, 

miR-101, miR-126 and miR-10a, modified its expression most significantly. These miRNAs are 

related to cell adhesion, intracellular trafficking and kidney fibrosis, and showed a 

differentially expression between oxygenated and non-oxygenated HMP preservation 

solution of kidney grafts.  

Conclusions: miRNAs differential profile in preservation solution during HMP attending to 

oxygenation reflects a better metabolic state in oxygenated grafts. The descripted miRNAs 

signature could be a potential predictive biomarker of the cellular metabolic state and 

kidney function. 

Keywords 

Donation after cardiac death (DCD); pig auto-transplantation model; oxygenated 

hypothermic machine perfusion (HOPE); microRNAs; ischemia-reperfusion injury 

 

1. Introduction 

Kidney transplantation (KT) is the treatment of choice for patients with end-stage renal disease, 

providing long-term benefits in terms of patient survival and quality of life [1, 2]. However, the 

increasing shortage of organs has led to the acceptance of donors with higher risks, such as 

expanded criteria donors (ECD) and donation after circulatory death (DCD). The kidneys from high 

risk donors tend to be more sensitive to the stresses of preservation leading to increased rates of 

delayed graft function (DGF) and primary non-function (PNF) [3-5]. Hypothermic machine 

perfusion (HMP) improves the functional kidney graft results post-KT in the clinic [6] and is 

particularly efficient at decreasing both PNF and DGF in ECD grafts [7, 8], as well as DGF in DCD 

transplantation [9]. 

It has been suggested that stores of adenosine triphosphate (ATP) are depleted during 

hypothermic preservation, leading to accumulation of toxic substances and ultimately apoptosis 

and necrosis. Oxygen consumption by kidney tissue decreases with decreasing temperature but 
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does not completely stop under cold storage (4°C). Additional oxygen may support the 

mitochondrial synthesis of ATP and in turn, may delay the injury process. Some studies show that 

ATP can be restored to normal levels with the addition of oxygen during cold preservation, 

although the optimal level of oxygenation remains unclear [10, 11]. The mitochondrial respiration 

rate decreases substantially during the first hour of hypothermic oxygenated perfusion. Due to 

reduced mitochondrial electron transfer rates during hypothermic oxygenated perfusion, any 

exposure to oxygen after machine perfusion during normothermic reperfusion leads to low level 

mitochondrial electron leakage, resulting in the release of small amounts of reactive oxygen 

species (ROS) and nuclear danger-associated proteins (DAMPs) [12]. 

The principle of hypothermic preservation is to reduce the temperature below 10°C to decrease 

metabolism to approximately 10% and to reduce the oxygen requirement. However, the potential 

benefit of oxygen supplementation to support this low metabolic rate under these conditions is a 

subject for debate. Oxygenated preservation techniques might be particularly beneficial in kidneys 

that have suffered a period of warm or cold ischemia, such as ECD and DCD grafts. Oxygenated 

HMP combines active circulation of dissolved oxygen with fluid perfusion. 

Currently, renal flow rate and vascular resistance are the only accepted indicators of kidney 

viability during HMP [13-15]. A number of biochemical parameters and ischemic injury markers 

have been quantified in the renal effluent; however, they are not fully established, and their role 

in predicting kidney function in vivo is still controversial [13, 16, 17]. 

MicroRNAs (miRNAs) are post-transcriptional regulators that form the basis of the 

pathophysiological mechanism of a wide range of disorders, including nephropathies. Recently, 

several miRNAs have been identified and characterized as key mediators of the proximal tubule 

response to ischemia-reperfusion (I/R) injury by our collaborators [18, 19]. Moreover, studies have 

noted the potential use of these miRNAs as diagnostic, prognostic and predisposition biomarkers 

of acute kidney injury (AKI) [18, 19]. 

The aim of this study was to compare HMP with and without oxygen in a pig model of kidney 

auto-transplantation that reproduces the conditions of DCD transplantation. We also evaluated 

miRNA expression in the kidney preservation solution and kidney biopsies and identified a select 

group as useful biomarkers of allograft responses to perfusion conditions. These markers can be 

used to improve the use of marginal donor kidneys and to reduce the current renal discard rate.  

2. Materials and Methods 

2.1 Animal Characteristics 

A total of 12 female pigs (age 3.5–6.5 months; weight 40–50 kg) were obtained from a 

commercial farm (Agropardal S.L.; Cuenca; Spain). Female pigs were selected to minimize 

androgenic influences and to facilitate easy bladder catheterization. Animals were subjected to 

pre-operative fasting (without solid food and free access to water) for 6–8 hours, which was 

sufficient to empty the upper gastrointestinal tract. 

The surgical protocols were performed in accordance with the Spanish Royal Decree 53/2013, 1 

February. The experimental protocol was approved by the local Ethics Committee for Animal 

Experimentation (Exp 14/2014. University Hospital Ramón y Cajal. Madrid. Spain). 
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2.2 Experimental Animal Model 

An orthotopic auto-transplantation model mimicking Maastricht type III DCD transplantation 

was developed. 

On day 1, general anesthesia consisting of opioids and muscle relaxants was delivered 

intravenously and left kidney exposure was then performed via a midline laparotomy. The kidney 

was retrieved after renal artery clamping for 30 min (warm ischemia). Subsequently, the organ 

was cold flushed under gravity at 4°C with Celsior® (Genzyme, Cambridge, MA, USA), which is the 

solution most commonly used in our clinical transplantation program. A wedge biopsy was taken 

for the histological and miRNA analyses. The kidneys were preserved for 22 h. 

Two randomized, open groups were generated by computerized random digits. In the non-

oxygenated group (HMPnoO2), the donor organ was perfused by the LifePort® kidney transporter 

device (ORS, Itasca, IL, USA), without active oxygenation at a constant pressure of 30 mmHg (n = 7). 

In the active oxygenation group (HMPO2), the donor organ was perfused by the same device with 

active oxygenation (100% oxygen) provided through a hollow-fiber membrane oxygenator (Dideco 

Kids D100 neonatal oxygenator, Sorin Group, CO, USA) built into the sterile disposable tubing set 

(n = 5). The perfusion solution used for HMP was KPS-1 (ORS, Itasca, IL, USA). The perfusion 

parameters were recorded at 1, 30 and 60 min after HMP was terminated. Serial preservation 

solution samples were collected at baseline, as well as after 1, 30, 60 and 120 min of perfusion, 

and at the end of HMP for gasometry and miRNA expression analyses. 

On day 2 after the end of HMP, a second wedge biopsy was taken. Subsequently, right 

nephrectomy and auto-transplantation with the perfused left kidney were performed (Figure 1). 

The animals were scheduled for sacrifice at day 15 by means of lethal injection (thiopental 

sodium and potassium chloride), and kidney grafts were obtained for histopathological evaluation. 

2.3 MiRNA Quantification Assays of the Preservation Solution and Animal Biopsies 

The renal perfusion solution was centrifuged at 1,000 g for 5 min at 4°C and stored at -80°C 

prior to the analysis. Total RNA was extracted from a sample of 200 µl using the miRNeasy mini kit 

(Qiagen; Hilden. Germany). A sample of the eluted RNA (4 µL) was used as a template for 

generation of cDNA by reverse-transcription using the Universal RT miRNA PCR System (Exiqon; 

Vedbaek. Denmark). The cDNA was diluted 1/11 with nuclease-free sterile water, and 4 µl was 

used as template for the PCR reactions performed using SYBR Green and specific commercially 

available probes (Exiqon) for each miRNA of interest. Quantitative real-time PCR (qRT-PCR) was 

performed using the Light Cycler 480 system (Roche; Basilea. Switzerland) according to the 

manufacturer`s instructions. Exogenous UniSP2 added prior to RNA extraction was used as a 

technical housekeeping gene. All reactions were carried out in triplicate and miRNA expression 

was expressed as fold-induction, calculated using the 2-ΔΔCT formula = (miRNA test – technical 

housekeeping gene miRNA) – (miRNA basal – technical housekeeping gene miRNA). 

Total RNA was extracted from renal paraffin-embedded biopsies using the miRNeasy FFPE Kit 

(Qiagen), and miRNAs were quantified as described in section 2.3 using 5s and RNU6b as 

housekeeping genes. 
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A combination of miRNAs with high diagnostic value in ischemic AKI damage was previously 

described by our group [20]. The panel comprised the following miRNAs: miR-210, miR-126, miR-

127, miR146, miR-10a, miR-101 miR-93, miR-27a, miR-26b and miR-29a. 

 

 

Figure 1 Experimental study algorithm. The different determinations and protocols used in 

this study are shown. 
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2.4 Renal Function Evaluation 

For each animal, serum urea and creatinine were measured in blood samples obtained via the 

jugular catheter from the first postoperative day to the last day of survival. Serum creatinine and 

urea were estimated by colorimetry assays (Architect Analyzer c16000. Abbott Diagnostics) and 

were expressed as median (IQA) values in mg/dl. 

2.5 Histopathology Studies of Animal Biopsies 

Histopathology studies and biopsy sample gradation were performed by a single pathologist 

specialized in renal pathology and blinded to the treatment group allocation and results post-KT. 

The renal tissue structure in embedded-paraffin pre- and post-perfusion biopsies was evaluated 

for possible alterations associated with perfusion and oxygen supply. Biopsy collection was 

undertaken at two time-points: immediately after kidney harvesting and cold flushing before the 

graft was connected to the LifePort® (pre-perfusion) and immediately after finishing the HMP 

preservation (post-perfusion). At the time of sacrifice, kidney grafts were obtained for 

histopathological studies. The specimens were fixed in 4% buffered formalin, dehydrated, 

embedded in paraffin and stained with hematoxylin-eosin (H&E, Sigma) for light microscopic 

evaluation. Renal injury was scored by an experienced pathologist who was blinded to the groups. 

Three morphologic parameters indicating renal parenchymal injury (inflammation, ischemic 

necrosis and acute tubular necrosis) were assessed. A four-point scale was applied for each 

parameter based on the percentage of the visual field affected by lesions: 0 = no damage; 1 = 

25%; 2 = 25%–50%; 3= >50%. 

2.6 Statistical Analysis 

Sample sizes were calculated according to Mead’s resource equation for the two treatment 

groups (E = N-B-T where N = 14-1; B = 0; T = 2-1). All statistical analysis was performed using SPSS 

(IBM Corporation) version 15.0. Data were expressed as medians and interquartile distance and 

range (IQA/IQR) and were assessed for statistical significance by unpaired Student’s t-tests in 

cases of normally distributed data and equality of variance or Mann–Whitney U-tests in cases 

where these parameters were not met. P < 0.05 was considered to indicate statistical significance. 

Missing values were deleted. 

3. Results 

The experimental model was established in 12 animals using a Life-Port® kidney transporter 

device and a pediatric hollow-fiber membrane oxygenator. In each group, there was a significant 

increase in flow and a decrease in resistance between the beginning and the end of preservation 

(Table 1) that did not reach a stable state until after four hours of perfusion (Figure 2). There were 

no significant differences between groups in terms of flow or resistance. 

In the HMPnoO2 group, the pO2 of the preservation solution during HMP steadily decreased 

from 165.5 mmHg (152.0; 185.0) to 94.5 mmHg (90.0; 131.0) by 22 h. In the HMPO2 group, an 

initial increase from 170.0 mmHg (152.0; 171.0) to 283.0 mmHg (186.0; 345.0) was detected, 

followed by a decrease to 174 mmHg (132.0; 799.0) (Table 2). 
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Table 1 Perfusion parameters during preservation. Data represent the mean of all 

measurements (CI 95%) 

Perfusion parameters during preservation 

 Flow (ml/min) Renal resistive index (RI) 

Start End P Start End P 

HMPO2 32 (28; 50) 72 (55; 78) 0.043 0.9 (0.5; 1.1) 0.4 (0.3; 0.4) 0.042 

HMPnoO2 29 (26; 68) 57 (37; 132) 0.028 0.9 (0.3; 1.0) 0.4 (0.2;0.7) 0.051 

p 0.755 0.268  0.100 0.755  

 

 

Figure 2 Hypothermic machine perfusion (HMP) flow and renal resistive index (RI) 

evaluation. Flow (A) and RI (B) were estimated directly by the perfusion machine and 

absolutes values average along perfusion are represented, in oxygenated (HMPO2) and non-

oxygenated (HMPnoO2) animals. 

Table 2 The pO2 levels in preservation solution at three different time-points. 

Group pO2 Basal (mmHg) Md (IQA) pO2 15 min (mmHg) 

Md (IQA) 

pO2 At the End (mmHg) 

Md (IQA) 

HMPnoO2 165.5 (28) 134.5 (45) 94.5 (33) 

HMPO2 170.0 (19) 283.0 (33) 174.0 (54) 

P 0.48 0.016* 0.057 

*Only pO2 at 15 min was significantly different 

The release of lactate dehydrogenase (LDH) into the perfusion solution indicating cell injury 

during HMP was similar in both groups: HMPnoO2 19.0 U/L (10.0; 94.0) and HMPO2 24.5 U/L (10.0; 

93.0) (P = 0.92). 



OBM Transplantation 2018; 2(2), doi:10.21926/obm.transplant.1802012 

 

Page 8/17 

The contralateral nephrectomy on the day of the transplant permitted the use of post-KT 

serum creatinine levels to measure the ability of the graft to resume its function. A trend toward 

lower serum creatinine at day 3 post-KT was shown in the HMPO2 group compared to its 

HMPnoO2 counterpart: (9.5 mg/dl (IQR 4.3) vs. 12.2 (IQR 2.9) P = 0.088), respectively (Figure 3B). 

Survival was longer in the HMPO2 group (7 days [IQR 12] vs. HMPnoO2 3 days [IQR 4]: P = 0.462) 

(Figure 3A). 

 

 

Figure 3 The presence of oxygen in preservation solution leads to longer animal survival and 

improved renal function A) Days of survival in HMPnoO2 and HMPO2 groups. B) Creatinine 

evolution in the HMPnoO2 and HMPO2 groups. Serum creatinine was estimated by 

colorimetric assay (Architect Analyzer c16000. Abbott Diagnostics. Illinois. USA). Data are 

expressed as median values in mg/dl in each animal in the HMPnoO2 and HMPO2 groups. 

Paraffin-embedded biopsies from renal tissues taken pre- and post-perfusion all appeared 

normal on visual inspection (Figure 4). The histological findings of the pathologic specimens at 

sacrifice are summarized in Table 3. Cases exhibiting ischemic necrosis (IN) as an expression of 

maximal damage were observed only in the HMPO2 group, and 3 of 5 (60.0%) of animals in this 

group showed normal histology. In contrast, 3 of 7 (42.9%) animals in the HMPnoO2 group 

presented IN findings and two more showed severe grade (G3) ATN. Animal 8 presented early and 

extensive interstitial fibrosis, giant cells and calcium deposits and animal 12 was sacrificed intra-

operatively. 

The expression levels of miRNAs miR29a, miR101, miR27a, miR-126 and miR-10a were the most 

significantly modified. The expression of most of the miRNAs was higher in the presence of oxygen 

(Figure 5A). As shown in Figure 5B, miRNA secretion was initially higher in the HMPnoO2 group 

than that in the HMPO2 group. However, the total amount of miRNA detected in the preservation 

solution at the end of perfusion was higher in the HMPO2 allografts. As shown in Figure 5A and 5B, 

significantly increased levels of the miRNAs relative to the basal levels was detected only after 20 

h of perfusion (P ≤ 0.05). 
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Figure 4 Paraffin-embedded biopsies from renal tissue taken pre- (A) and post- (B) 

perfusion appeared normal on visual inspection. Renal structure was evaluated by 

hematoxylin-eosin staining. Representative images obtained by phase-contrast microscopy 

are shown. Magnification: 40 

Table 3 Histologic evaluation at sacrifice. HMPO2 group data are shown in gray. Animal 8 

presented early and extensive interstitial fibrosis, giant cells and calcium deposits. Animals 

9 and 12 were sacrificed intra-operatively. AII: Acute interstitial inflammation; ATN: Acute 

tubular necrosis; IN: Ischemic necrosis. * Extensive interstitial fibrosis, giant cells and 

calcium deposits. ** Intraoperative sacrifice 

 1 2 3 4 5 6 7 8* 9** 10 11 12** 

Normal x    x     x   

AII G1  x x x         

AII G2      x       

AII G3             

ATN G1      x       

ATN G2             

ATN G3   x x         

IN G1             

IN G2             

IN G3  x     x    x  

 

To establish whether these differences in the miRNA expression detected in the perfusion fluids 

was the result of expression induction or was due to an increase in secretion, we analyzed the 

expression of the miRNAs in paraffin biopsies of renal tissue taken pre- and post-perfusion. The 
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grafts show no significant differences in the expression of miRNAs in renal biopsies taken pre- and 

post-perfusion in either the HMPnoO2 or HMPO2 groups. These results indicated that oxygen 

supply predominantly promotes miRNA secretion into the perfusion solution rather than inducing 

the expression of miRNA in the renal tissue. 

 

Figure 5 MiRNA levels detected in the preservation solution are affected by the presence of 

oxygen. MiRNA levels were determined by qRT-PCR after total RNA extraction from 

preservation solution. (A) MiRNA levels in preservation solution at the end of perfusion in 

comparison with basal levels. *P ≤ 0.05. (B) MiRNA levels in preservation solution during 

the period of perfusion.*P ≤ 0.05. 
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4. Discussion 

The aim of this study was to determine the effect of oxygen on HMP in a pig model of kidney 

auto-transplantation (KT) to reproduce the conditions of DCD. MiRNA expression was measured in 

preservation solution and kidney biopsies as biomarkers of I/R injury. The data presented in this 

study confirm our previous demonstration that miRNAs can be extracted and measured in HMP 

fluid samples [20]. Moreover, oxygen supply was shown to translate to a different miRNA 

expression profile in perfusate samples compared with that in HMPO2 grafts. The beneficial effect 

of this outcome on I/R-associated injury has also been shown in several other experimental 

models indicated a [11, 12]. 

HMP has been shown to reduce the incidence of DGF compared with the use of static cold 

storage [6, 7, 9]. Although the mechanisms underlying the benefits of HMP are not completely 

understood, these could include the maintenance of energetic homeostasis during ischemic 

preservation, the reduction in the shear stress in the vessels and the control of acidosis [21]. 

The surgical conditions adopted in our study are similar to those used for human patients in our 

clinical DCD type III program, allowing a high degree of translatability of our results. The warm 

ischemia time was set at 30 min through exclusive arterial clamping, in an attempt to mimic 

arterial hypotension. In fact, according to the Spanish Transplant National Organization, the 

median total warm ischemia time in DCD was 28 min, which is similar to the time used in our 

experimental model [22]. In the present study, the oxygen content of the perfusion µ ≤solution 

was the only parameter varied between the two experimental groups; therefore, we assumed that 

the effects observed are linked to oxygen availability. 

In this study, we hypothesized that HMPO2 has a favorable influence on the function and 

cellular structure of the transplanted organ. In contrast to the findings of other studies [23, 24], no 

differential cellular damage was detected during HMP by measuring the preservation solution 

levels of LDH, a commonly used biomarker [13, 16, 17]. A possible disadvantage of our study is a 

low pO2 level reached during HMP. A steady decrease in pO2 in the preservation solution was 

observed during HMP in the HMPnoO2 group while, in the HMPO2 group, the initial increase in pO2 

was followed by a decrease. Some studies suggest that pO2 must be kept at 100 kPa 

(approximately 750 mmHg) to facilitate adenosine triphosphate (ATP) production [25, 26]; 

however, the pO2 levels reached in these studies were not reported, and the optimum level of 

oxygen required for beneficial effects in HMP is unclear. 

The application of oxygen should foster the ability of cells to generate ATP. However, an 

accepted limitation of hypothermic tissue oxygenation is the potential for generation of oxygen 

free radicals. Nevertheless, several recent studies have confirmed that there is no increase in ROS 

during hypothermic oxygenated perfusion. Schlegel et al. developed a rodent model of DCD KT in 

which the organs were treated with HOPE for 1 h after 18 h in cold storage [11]. The kidneys 

showed a minimal release of DAMPs or ROS during cold perfusion despite high oxygen saturation 

in the perfusate, while ATP levels increased significantly with HOPE treatment. After implantation, 

all the HOPE-treated kidneys presented with significantly less injury compared with those 

associated with the cold storage and normothermic perfusion conditions in terms of the following 

factors: ROS oxidized nuclear DNA (8-OHdG) and high mobility group box-1 protein (HMGB-1) 

release; Toll-like receptor activation (TRL-4); endothelial activation by von Willebrand factor (vWF) 

and endothelin 1 (Edn-1) determination; and tubular injury visualized by H&E staining. Kron et al. 
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summarized the changes in mitochondrial respiration and I/R injury markers. The observation of 

decreased metabolism of nicotinamide adenine dinucleotide (NADH) and decreased production of 

CO2 indicated that mitochondrial respiration rates decreased substantially during the first hour of 

hypothermic oxygenated perfusion. Due to reduced mitochondrial electron transfer rates during 

hypothermic oxygenated perfusion, any exposure to oxygen during normothermic reperfusion 

leads to small amounts of mitochondrial electron leakage. Therefore, our results also indicate a 

minor release of ROS and nuclear DAMPs and provide evidence that oxygen supplied under cold 

conditions is a key strategy to decrease early reperfusion injury [12]. 

Several studies have identified a number of possible markers of ischemic injury in preservation 

solution during HMP, including perfusion parameters, although their utility in predicting outcomes 

has been limited [13, 16, 17]. The data presented here are in accordance with those of other 

studies showing a constant decrease in RI and an increase in flow in both the HMPO2 and 

HMPnoO2 groups, with no significant difference between the two groups [23, 24]. As we have 

reported previously, the perfusion parameters were not correlated with renal function [14-16]. 

MiRNAs represent small non-coding RNA transcripts that function in the repression of genes 

and protein expression and/or the translational inhibition of protein synthesis [27]. We previously 

identified a panel of miRNAs consisting of miR-210, miR-126, miR-127, miR-146, miR-10a, miR-101 

miR-93, miR-27a, miR-26b and miR-29a as AKI biomarkers in clinical practice [19]. A sub-set of 

these miRNAs comprising miR-29a, miR27a, miR-101, miR-126 and miR-10a showed the most 

significantly modified expression in our model. The miRNAs expression in the preservation 

solution was increased in HMPO2 animals. To the best of our knowledge, this is the first report of a 

set of allograft-related miRNAs that exhibit differential expression in response to preservation 

conditions. Although the statistical analysis of is limited by the sample size, these miRNAs are 

implicated as potentially useful biomarkers for allograft evaluation during preservation since these 

miRNAs appear to have biological involvement in the clinical context of our study. 

Genome-wide profiling studies have demonstrated that some of these miRNAs (miR-10a, miR-

27a, miR-29a, miR-101 and miR-210) are highly expressed in human kidney tissue [28]; remarkably, 

the secretion of 4 out of 5 (miR-29a, miR-10a, miR-27a and miR101) was significantly modulated 

during HMP in our study. Complementary sequence analysis allows identification of the putative 

targets of different miRNAs, some of which have already been validated in several cellular systems 

systems as mitarbase demonstrated (http://miRTarBase.mbc.nctu.edu.tw/). Functional analysis of 

cellular pathways integrating these targets revealed that miR-101 is associated with kidney 

development, cell adhesion and endocytosis; miR-10a is linked to adherent junction, focal 

adhesion and endocytosis; and similar to miR-101, miR-126 is linked to kidney development, as 

well as microtubule-based transport and cell-cell adherent junctions [29]. The integrity of the renal 

peritubular capillary network is an important limiting factor in the recovery from renal I/R injury. 

MiR-126 has been shown to improve vascular regeneration by mobilizing hematopoietic 

stem/progenitor cells, while miR-27a plays an important role in the maintenance of epithelial 

characteristics by regulating EFGR, among other important epithelial genes [29]. In summary, this 

set of miRNAs is associated with tubular epithelium cell adhesion and intracellular trafficking, 

which are the two of the main mechanisms related to acute tubular necrosis, as well as with 

epithelial phenotype maintenance and repair. Finally, miR-29a is associated with the regulation of 

kidney fibrosis and chronic kidney disease (CKD) progression. MiR-29a expression prevents fibrosis 

by repressing the expression of collagens I and IV at both the mRNA and protein levels, which 

http://mirtarbase.mbc.nctu.edu.tw/
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inhibits extracellular matrix deposition in the renal parenchyma [29]. Thus, it can be speculated 

that the increased miR-29a levels in the HMPO2 preservation solution inhibit graft fibrosis post-KT. 

It has recently been reported [30] that miR21 expression estimated by qRT-PCR in HMP 

perfusates correlates with long-term GFR. MiR-21 is not included in the selected miRNA set since it 

does not exhibit significant changes in the serum from AKI patients; however, miR-21 is related to 

ischemic lesions in a mouse model of I/R [31]. 

Compared with the HMnoPO2 group, HMPO2 grafts exhibited smaller differences in miRNA 

expression in renal biopsies taken post- and pre-perfusion. Tissue miRNAs and those secreted in 

different body fluids, or in this case in preservation solution, could have different biological 

significance and functions. Secretion of miRNA into extracellular fluids is a selective process; 

therefore, secreted miRNA profiles do not reflect those of the parental cells. It can be 

hypothesized that it is the differences in the profile of miRNAs expression resulting from 

oxygenation during HMP that are important in the beneficial effects of this process. 

In terms of morphologic alterations, paraffin-embedded biopsies taken from renal tissue pre- 

and post-perfusion were visually normal, and we were unable to identify any structural differences; 

in contrast, other studies have identified some degree of morphological change, predominantly in 

the form of tubular dilatation [23], which is a mild sign of acute tubular necrosis. 

The increased use of ECD and DCD organs has increased the risk of poor outcomes due to 

extensive damage and has increased the discard rate. A reliable method for objective assessment 

of organ viability is therefore needed prior to transplantation. Identification of a non-invasive 

biomarker of damage, such as I/R injury, may enable the selection of effective management 

strategies for recipients. Such biomarkers may also facilitate testing of potential treatments to 

attenuate I/R injury and to reduce the risk of DGF and PNF. MiRNAs are becoming increasingly 

important biomarkers of multiple disease or damage processes, including kidney injury and KT. 

The main limitations of the study were the small sample size and the short-term follow-up, 

which restrict the conclusions that can be drawn about long-term outcomes for HOPE. Additionally, 

limited animal survival could jeopardize the accuracy of the results. Although the optimal levels of 

oxygenation remain unclear, different studies have shown better results in terms of both 

improved viability and transplantation outcomes with higher O2 levels than those reached in our 

study. Conceivably, O2 pressure determination by means of gasometry was not sufficiently 

accurate, and could be improved by the use of a microfiber optic oxygen transmitter. 

5. Conclusions 

The present study showed that differential miRNA secretion profiles between HMPO2 and 

HMPnoO2 kidney grafts. Furthermore, the detected levels of these miRNAs may be predictive of 

cellular metabolism, representing cell adhesion and intracellular trafficking modifications and, in 

certain cases, kidney fibrosis regulation and CKD progression. Although the differences were not 

significant, there was a trend toward longer survival of HMPO2 grafts. As a measure of post-KT 

function, creatinine levels exhibited a tendency toward lower levels in animals transplanted with 

HMPO2 perfused grafts. 

There is a need for further investigation of the mechanism underlying the use of oxygen during 

HMP and the influence in IRI. This information is important for the development of new tools to 
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improve organ preservation quality and allograft monitoring, therefore allowing the use of more 

marginal organs. 
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