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Abstract  

The combined approach of ex situ normothermic machine perfusion (NMP) and nanotechnology 

represents a strategy to mitigate ischemia/reperfusion injury in liver transplantation. We evaluated 

the uptake, distribution, and efficacy of antioxidant cerium oxide nanoparticles (nanoceria) during 

normothermic perfusion of discarded human livers. Nine discarded human liver grafts were 

randomized in two groups and underwent 4 h NMP: five grafts were treated with nanoceria 

conjugated with albumin (Alb-NC; 50 µmol/L) and compared with four untreated grafts. The 

intracellular uptake of nanoceria was analyzed by electron microscopy and inductively coupled 

plasma-mass spectrometry (ICP-MS). The antioxidant activity of Alb-NC was assayed in liver 

biopsies by glutathione, superoxide dismutase and catalase assay, telomere length, and 4977-bp 

common mitochondrial DNA deletion (mtDNA4977 deletion). Cytokine profile was evaluated in 

perfusate samples. Electron microscopy and ICP-MS confirmed Alb-NC internalization, rescue of 

mitochondrial phenotype, decrease of lipid droplet peroxidation, and lipofuscin granules in the treated 

grafts. Alb-NC exerted an antioxidant activity by increasing glutathione levels (%change: +94% ± 

25%; p = 0.01), superoxide dismutase (+17% ± 4%; p = 0.02), and catalase activity (51% ± 23%; p = 

0.03), reducing the occurrence of mtDNA4977 deletion (-67.2% ± 11%; p = 0.03), but did not affect 

cytokine release. Alb-NC during ex situ perfusion decreased oxidative stress, up-regulating graft  

antioxidant defense. They could be a tool to improve quality graft during NMP and represent an 

https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0003-3722-8861&authorId=6507417954&origin=AuthorProfile&orcId=0000-0003-3722-8861&category=orcidLink%22
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antioxidant strategy aimed at protecting the graft against reperfusion injury during liver 

transplantation. 

 

 

 

 

 

 

Introduction 

Liver transplantation (LT) is subject to ischemia/reperfusion injury (IRI) during graft procurement, 

storage, implant, and the perioperative period. Severe IRI is associated with primary graft 

nonfunction, delayed function, and higher incidence of biliary complications such as ischemic-type 

biliary lesions.1,2 Organ shortage in LT led to an increased use of extended criteria donors whose 

grafts are more vulnerable to IRI in comparison with standard grafts.3,4 IRI is a multifactorial process 

that affect allograft function involving multiple hepatic cell types and processes as oxidative stress, 

mitochondrial damage, inflammation, microvascular dysfunction, cellular death, and immune 

activation.5 Reactive oxygen species (ROS) are critical mediators in the early and late phases of 

hepatic IRI, and their excessive production results in an imbalance between oxidants and antioxidants 

that plays a role in cell death and liver damage.6  

The transplant community needs to develop new approaches able to minimize IRI, thus optimizing 

liver utilization and improving outcome in LT recipients . Machine perfusion (MP) is a technology 

designed to protect organs from the detrimental effects of ischemia that occur during conventional 

static cold storage (SCS) and has the potential to act as a platform for direct release of therapeutic 

agents to organ, avoiding many of the limitations associated with off-target and systemic effects of 

drug administration in recipients. Normothermic MP (NMP) maintains normal metabolic conditions 

perfusing liver with oxygenated blood or other oxygen carriers and allows recovery and functional 
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testing of graft before transplantation. Studies highlighted that NMP is associated with a significant  

reduction of organ discard rate7,8 and reduced histological evidence of IRI in older organs.5  

The combined approach of nanotechnology and MP represents a new era of therapeutic strategies 

designed to maximize long-term organ survival in LT. The use of appropriately modified 

nanoparticles (NPs) able to recognize the target organ and carry therapeutic agents gives advantages 

over systemic therapy, such as the use of lower dosages, localized and controlled drug delivery, and 

reduced systemic side effects.9,10 Cerium oxide NPs (nanoceria [NC]) have attracted great interest in 

different fields of medicine because of their regenerative, antioxidant, and anti-inflammatory  

properties. The coexistence of both Ce3+/Ce4+ ions in a stable form on their surface enables buffering 

of the ROS without being totally consumed, thus representing a long-term antioxidant if compared 

with the shorter half-life of classic antioxidants. The mixed valence state on the surface of NC is 

suggested to be responsible for mimicking the naturally  occurring antioxidant enzymes such as 

superoxide dismutase (SOD)11 and catalase (CAT)11,12 and to scavenge peroxynitrite-derived 

radicals.13 Many in vitro and in vivo studies demonstrated the hepatoprotective activity of NC.14–19  

Our aim is to evaluate if NC administered during NMP can counteract the oxidative stress that 

characterizes IRI, providing graft protection before transplantation. Herein, we report the results of a 

prospective, randomized study to determine uptake, distribution, and efficacy of NC during NMP on 

discarded human livers. 

 

Materials and Methods 

Study design 

Nine grafts deemed not suitable for clinical use were randomized into two groups: five were perfused 

in NMP in presence of NC conjugated with albumin (Alb-NC) (study group) and compared with four 

perfused untreated grafts (control group). All grafts underwent 4 h NMP. A bolus of Alb-NC was 

delivered into cardiotomy reservoir (final concentration of 50 µmol/L) immediately after NMP start. 

Liver and bile duct biopsies and perfusate samples were collected at the beginning (T0) and end (T1) 
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of NMP. Perfusate samples of study group for ICP-mass analysis were collected at T0, after 120 min, 

and at T1 and, in 2 livers, were also collected after 30 and 60 min. The primary end point of the study 

was to compare antioxidant defenses between two groups (glutathione [GSH] levels, SOD, and CAT 

activity). The secondary end point was to evaluate (a) uptake and distribution of NC, (b) IRI as shown 

by ultrastructural damages at electron microscopy (EM; lipid droplets [LD], lipofuscin granules, 

mitochondrial pool) and DNA damages (telomere length [TL] and mtDNA4977 deletion), and (c) 

changes in proinflammatory cytokine expression The protocol of this study conforms to the ethical 

guidelines of the 1975 Declaration of Helsinki and was approved by the local ethical committee 

(CEAVNO, protocol #13646). 

Human livers procurement and evaluation.  

Donors were evaluated as per our institutional clinical protocol. Organ procurements were performed 

using dual aortic and portal perfusion technique and liver biopsies performed based on surgeon’s 

assessment.20 Once deemed not suitable for clinical use at a national level, grafts were included in the 

study between December 2019 and January 2021, randomized by a third party with premade sealed 

envelopes, prepared at back table, and ex situ perfused at the facilities of the University of Pisa 

Medical School Hospital. 

NMP setup description 

The NMP setup and characteristics are described in the Supporting Information. 

Synthesis and characterization of Alb-NC preparation  

A detailed description of Alb-NC synthesis and characterization is provided in the Supporting 

Information.  

Sample collection and processing  

Liver biopsy samples were taken using a 14G Tru-cut and either stored in 

paraformaldehyde/glutaraldehyde solution for transmission EM (TEM) analysis or snap frozen in 

liquid nitrogen and stored at -80°C for further analysis. Frozen biopsies were cut in pieces, and liver 

tissue lysates were homogenized in tissue protein or DNA extraction buffer according to the protocols 
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of different assays and centrifuged at 5,000 × g for 10 min at 4°C, and supernatants were stored at -

80°C before use. The total protein content of liver homogenate supernatants was measured using 

bicinchoninic acid assay (Thermo Fisher Scientific). Perfusate samples (1.5 ml) were collected and 

centrifuged at 600g at 4°C for 10 min to remove cellular debris. The supernatant was frozen and 

stored at -80°C for subsequent analysis.  

Ultrastructural analysis: TEM 

Ultrastructural analysis was performed using TEM. Details of fixed and embedded samples 

sectioning, evaluation of LD peroxidation, and number and size of lipofuscin granules are reported 

in the Supporting Information.  

Histological analysis of liver and bile duct biopsies 

Histological analysis was performed as reported in Supporting Information.  

Inductively coupled plasma-mass spectrometry analyses 

To assess the liver uptake of Alb-NC during NMP, the amount of cerium (Ce), which is directly 

proportional to Alb-NC amount, was measured both in perfusate and in tissue biopsies, as described 

in the Supporting Information.  

Biochemical assay of GSH levels, SOD and CAT activity 

Reduced GSH levels were estimated by GSH colorimetric assay kit (BioVision Milpitas) following 

the manufacturer’s protocol. Total activity of SOD (tot-SOD) isoenzymes, including copper/zinc 

SOD, manganese SOD, and extracellular SOD and CAT activity , were determined using a 

colorimetric kit following the manufacturer’s protocol (Elabscience). GSH levels and SOD and CAT 

activity were normalized to total content protein, and the results were expressed as mean of percentage 

change as described in the statistical analysis. 

Multiplex inflammatory cytokine array  

Cytokines were measured in perfusate samples using Luminex xMAP Technology (Luminex 

Corporation). The target list included interferon-gamma, interleukin (IL)-1β, IL-6, IL-10, monocyte 

chemoattractant protein 1 (MCP1), and tumor necrosis factor alpha (TNF-α). Raw data were analyzed 
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using MILLIPLEX Analyst 5.1 software (Millipore).  

TL, mtDNA4977 deletion and flavin mononucleotide FMN measurement  

Relative TL, mtDNA4977 deletion content and FMN measurement were assayed as described in the 

Supporting Information.  

In vitro study 

Human WRL-68 normal hepatocyte cell line was used to evaluate Alb-NC uptake and its effects in 

the presence of oxidative stress. Cell culture, TEM analysis, cell viability, and ROS generation assay 

are described in the Supporting Information. 

Statistical analysis it’s impossible  

 to evaluate 

A sample size of four liver grafts per group was required in order to evaluate a significant increase 

(from T = 0 to T = 1) between the study and control groups of the GSH levels equal to 5 (µg/mg total 

protein) (power 80%, α-error 5%, standard deviation equal to 2 µg/mg total protein). According to 

type of variables and level of distribution, descriptive statistics were reported as medians and 

interquartile ranges or as means ± SEM as appropriate unless otherwise indicated. The percentage 

change was calculated according to the following formula: ratio of (final value at T1 - initial value at 

T0)/(initial value at T0) × 100. We first evaluated the normality of each data distribution with 

Kolmogorov-Smirnov normality test, and then we used unpaired t test or Mann-Whitney 

nonparametric test to check the difference between control and study group. Paired t test or Wilcoxon 

nonparametric test was used to check the difference between T1 and T0 in each group. Agreement 

analysis between pre- and post-perfusion histology was performed by Cohen’s test and comparisons 

between groups was carried out by chi square test or Fisher’s exact test when appropriate.  The data 

were analyzed using SPSS 21.0 (SPSS). A p value < 0.05 was considered significant. 

 

Results  

Donor demographics and perfusion parameters during NMP 



10 
 

Nine livers (eight donations after brain death, one donation after circulatory death grafts) were 

discarded based on histology evaluation. Reasons for discard were necrosis >10% (2 in each group), 

macrosteatosis >30% (1 in each group), or stage 3 fibrosis as per Ishak’s classification (2 in the study 

group, 1 in the control). All grafts were successfully perfused with stable blood flows. Donors’ 

characteristics stratified by group are shown in Table 1. Aspartate aminotransferase and alanine 

aminotransferase, lactate clearance, pH, and vascular flows variation during perfusion are shown in 

the Supporting Information (Figure S2A-F). There were no significant differences among 

perfusion parameter, pH, or lactate clearance between the two groups. A lower transaminases trend 

was noted in the control groups.  

Characterization of Alb-NC 

The combination of NC and albumin results in irregular conjugates in terms of size and morphology 

(Figure S3A,B). Aggregation of NC in neutral conditions (Dulbecco’s phosphate-buffered saline pH 

7.4) results in stable conjugates (average size of 196 ± 5.8 nm, stable up to more than 25 days) as 

shown from the dynamic light scattering data (Figure S3C). The acquired XPS spectrum is consistent 

with a Ce(III) concentration of 69% ± 2% and a Ce(IV) concentration of 31% ± 2%, corresponding 

to a Ce(III)/Ce(IV) ratio of ~2.2 showing the antioxidant properties of the NC conjugates (Figure  

S3D). 

Alb-NC uptake and distribution in human liver 

After 4 h NMP, liver biopsies showed internalization of Alb-NC at different levels (Figure 1): in the 

vascular system (Figure 1a), in the endothelial cells surrounding single vessel, and in the hepatocytes 

(Figure 1b). We observed that Alb-NC cross endothelial cells by transcytosis (Figure 1b) without 

any side effects on these cells. Small cytosolic aggregates and isolated NPs were visible inside 

hepatocytes (Figure 1b). Alb-NC were stored inside mitochondria (Figure 1c) and in the endosomal 

compartment (Figure 1e–g). The presence of isolated NPs is shown in forming endosomes (Figure  

1e) and early endosomes (Figure 1f), and the presence of aggregated and isolated NPs is observed in 

late endosomes (Figure 1g). Alb-NC were also stored in lipofuscin granules (Figure 1d) that might  
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constitute both a degradation pathway for Alb-NC excretion and a site of detoxification of 

nondegradable oxidized products by Alb-NC.  

Liver internalization of Alb-NC during NMP was confirmed by the increased content of Ce in liver 

tissues after 2 h perfusion evaluated by inductively coupled plasma-mass spectrometry (Figure 2A) 

At the same time, Ce content in perfusates decreased during NMP, and an 81-fold decrease of Ce was 

noted at 2 h (Figure 2B). Perfusate of the two study group livers with additional samples analyses 

showed a 56, 74, 86, and 89-fold decrease at 30, 60, 120, and 240 min, respectively. 

LD. Figure 3A shows representative EM images of liver biopsies both of control (Figure 3Aa,b) and 

study group (Figure 3Ac,d) at T0 and T1. In the control group, the percentage of peroxidized LD 

(pLD) increased from T0 to T1 (T0: 68.2% ± 27.7% vs. T1: 81.2% ± 18.1%; p = 0.12), whereas pLD 

decreased significantly at T1 in the study group (T0: 38.2% ± 24.3% vs. T1: 112% ± 8.4%; p < 0.001) 

(Figure 3B).  

Lipofuscin granules. Figure 4A shows EM images of liver biopsies both of control (Figure 4Aa,b) 

and study group (Figure 4Ac,d) at T0 and T1. Lipofuscin granules are outlined in black boxes. The 

morphometric evaluation of lipofuscin granules area in the control group showed a significant  

increase of averaged area (T0: 2.9± 2.5 vs. T1: 4.2 ± 5.1; p = 0.048), whereas their number did not 

change at T1 respect to T0 (T0: 0.009 ± 0.0045 vs. T1: 0.008 ± 0.003; p = 0.23) (Figure 4B,C). 

Conversely, in the study group, we observed a comparable reduction of number (T0: 0.007 ± 0.0015 

vs. T1: 0.0045 ± 0.002; p = 0.01) and mean area of granules at T1 (T0: 2.8 ± 3 vs. T1: 1.2 ± 1.4; p < 

0.001) (Figure 4B,C). Baseline values of the number and average area of granules did not differ 

between two groups at T0 (p = 0.06 and p = 0.05, respectively), whereas they are lower in the study 

group than the control group at T1 (p = 0.01 and p < 0.001, respectively).  

Mitochondrial pool. We observed morphological alterations of mitochondrial pool as swelling, 

alteration of matrix (Figure S4a,d,g, white boxes) and cristae (Figure S4d,g), and the presence of 

giant mitochondria (GM) (Figure S4d) in each analyzed sample at T0. In the control group, we 

observed the presence of GM and variation of mitochondrial matrix after NMP (Figure S4b,c), 
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whereas size and cristae organization of mitochondria did not differ from T0. In the study group 

instead, we observed a rescue of mitochondrial morphology compared with T0 with a better cristae 

organization (Figure S4e,f,h,i) and a reduced presence of GM compared with T0. For the evaluation 

of this morphological baseline, we also compared mitochondrial pool of the hepatocytes in liver 

biopsies with those observed in an in vitro model of oxidative stress induced by H2O2 in WRL-68 

human hepatocyte line. Alb-NC did not affect cell viability, reduced oxidative stress in WRL-68, and 

rescued mitochondrial phenotype in WRL-68 cell line (Figure S5A,B,C). 

Liver biopsies and bile duct histology analysis are reported in Table S1 and Table S2. No substantial 

differences at the end of perfusion were noted in both groups, as demonstrated by an acceptable 

agreement measured with Cohen's kappa/percentages  (Table S1-S2). Moreover, no differences were 

noted between two groups at T1 (Table S3). 

ROS scavenging activity of Alb-NC  

Figure 5 shows the variation of GSH concentration and SOD and CAT activity in liver biopsies of 

control and study group. Our results demonstrated that livers of the study group showed increased 

levels of GSH and SOD and CAT activity compared the control group (GSH% change: 94% ± 25% 

vs. -13.4 ± 4.2, p = 0.01; SOD% change: 17% ± 3.9%, vs. -17% ± 7.2%, p = 0.02; CAT% change: 

51% ± 23% vs. -37% ± 20%, p = 0.03). 

Cytokine profiling  

In both groups, we observed an increase of all cytokines and MCP1 after NMP. No significant  

differences in fold change of cytokines were noted between groups. Interestingly, the fold change of 

cytokines in the study group tends to be lower compared with those in the control group. A greater 

fold change increase of anti-inflammatory IL-10 has been observed in the perfusate of study group 

compared with control group (Figure S6). 

Detection of the relative mtDNA4977 and TL in liver biopsies and FMN measurement in perfusates 

The relative quantification of mtDNA4977 deletion expression decreased significantly after NMP in 

study group compared with control group (%change: -67.2% ± 11% vs. 83.5% ± 73%; respectively, 
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p = 0.03) (Figure 6A). Conversely, TL (expressed as T/S ratio) was not significantly different  

between two groups (19.2% ± 13.6% vs. 6.6% ± 14%; respectively, p = 0.57) (Figure 6B).  

FMN-related fluorescence increased both in control and study group after 4 h of perfusion, but no 

differences in FMN increase were detected between study and control group after reperfusion 

(%change: 223±114 (n=3) vs. 119±40; respectively p=0.45). 

 

Discussion  

The present randomized study proves that NMP can be used as platform to deliver NPs to human 

livers. Alb-NC administered during NMP exert an antioxidant activity and increase antioxidant  

defenses in human livers, thus suggesting a potential for IRI minimization. 

IRI following LT remains a major problem in clinical practice because of its association with 

increased risk of organ failure and post-LT complications.2 Several approaches to mitigate IRI have 

been the subject of intense investigation. NMP is a dynamic preservation approach that offers the 

opportunity to resuscitate grafts by repairing cell injury, assess organ viability before 

implantation,5,8,21,22 and test new pharmacological approaches by direct delivery to a functioning 

organ, reducing adverse effects related to systemic therapy .10,23–25 The antioxidant therapy in LT 

could be a potentially attractive strategy to counteract IRI-induced oxidative stress.26 One of the 

advantages of NC application is the permanent activity due to their 

regenerative/autocatalytic properties that allows them to work at lower doses and does not require a 

continuous application like other antioxidant therapies.27 

Our study demonstrates hepatic internalization of Alb-NC, confirming that NMP is an optimal 

platform for organ treatment. Moreover, hepatocytes positive for Alb-NC internalization showed a 

rescued architecture at TEM analysis, suggesting that cell vitality was not affected. EM showed that 

Alb-NC crossed the endothelium into hepatocytes and are stored in mitochondria, early and late 

endosomes, and lipofuscin granules. The increase of Ce in liver grafts parallel a decrease of Ce in the 

perfusate and suggests an efficient uptake of NPs. The uptake of Alb-NC would start within the initial 
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30 min and peak at 2 h, remaining fairly constant during NMP, suggesting that an ex situ perfusion 

limited to 2 h might be enough for drug delivery purposes. The demonstration that transcytosis is 

responsible for Alb-NC uptake is of great importance, as this mechanism is not affected by anoxia or 

temperature but influenced by hydrostatic pressures,28 suggesting that even hypothermic-MP could 

have the potential to deliver NPs29 and provide the hepatocytes of antioxidant agents before 

revascularization.  

We analyzed three different cellular compartments that may be affected by hepatic IRI: 1) LD, 2) 

lipofuscin granules, and 3) mitochondrial pool. LD’s main function is storing and providing energy  

and preventing lipotoxicity and oxidative stress.30,31 In pathological conditions, LD are both a target  

of oxidative stress-mediated peroxidation and the substrate of phagosomes-mediated lipolysis as 

well.30 Our findings demonstrated a decreased number of pLD after perfusion in presence of NC 

compared with perfusion alone.  

Lipofuscin granules are lysosomes-derived structures present in cells with a high lipid metabolism 

and represent a storage of nondegradable oxidation products arising from aging and oxidative 

damage. We found decreased number and mean area of granules in the study group after NMP, as 

morphological expression of NC-protective activity on oxidative-induced cellular damage. The 

increased mean area of lipofuscin granules in the control group could be attributed to the enlargement 

of granules due to the accumulation of peroxidized material induced by the fusion of small granules  

observed at T0 in the large structures measured at T1. It might be postulated that the presence of Alb-

NC in lipofuscin granules could constitute both a degradation pathway for Alb-NC excretion or a site 

of detoxification of nondegradable oxidized products of Alb-NC.  

Restoration and maintenance of mitochondrial function after SCS should be considered a main 

strategy for graft preservation.32 Mitochondria are the main source of ROS and are particularly 

vulnerable to oxidative injury.33,34 Mitochondrial damage may impair the electron flow and promote 

the mitochondrial Ca2+ flux and ROS production that damage mitochondrial membrane lipids, 

increasing mitochondrial membrane permeability along with Ca2+-induced mitochondrial swelling.32 

https://www.nature.com/articles/s41580-018-0085-z#Glos1
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EM-based ultrastructural analysis demonstrated mitochondrial swelling with alterations of 

mitochondrial matrix and cristae and the presence of GM in SCS-preserved livers. GM are peculiarly 

shaped, extremely large mitochondria in hepatic parenchymal cells, whose presence is linked with 

the oxidative stress following the IRI.35 After NMP, control group livers did not show changes in 

mitochondrial phenotype. In the study group instead, we observed a rescue of mitochondrial 

morphology after NMP, a better cristae organization and reduced GM number. Because 

mitochondrial function is intrinsically linked to normal ultrastructure,36,37 we may also speculate that 

a better organization of cristae is associated with a rescue of mitochondrial functionality. The ability 

of NC to preserve mitochondrial morphology and function under powerful oxidative insults has been 

already demonstrated in skin fibroblasts exposed to pro-oxidative insults.38 Our in vitro results on 

WRL-68 cells support this evidence. In fact, Alb-NC were able to improve mitochondrial morphology 

in oxidative-induced damage, reducing ROS generation.  

ROS in cells are neutralized by antioxidant defense system including SOD, CAT, and GSH.39 Under 

homeostatic conditions, liver has high levels of antioxidants effective at combating the damaging 

effects of ROS.39 However, upon reperfusion of ischemic livers, elevated levels of ROS overwhelm 

the hepatic antioxidant system leading to oxidative stress.40 Agents that enhance or mimic the activity 

of these defenses are the principal strategies underlying antioxidant therapy. It has been well 

established that NC counteract ROS accumulation and increase antioxidant defenses exhibiting SOD 

and CAT mimetic activity11,12 and hydroxyl radical scavenging activity41 in conditions of oxidative 

stress. In the present work, we found increased levels of GSH in the study group after NMP. GSH is 

the main intracellular redox scavenger of the liver, whose depletion causes oxidative stress. GSH also 

serve as a cofactor in many enzymatic reactions that involve GSH-dependent enzyme.42 We 

demonstrated that NC replaced SOD and CAT activity in liver biopsies, increasing the antioxidant 

defenses during NMP. Moreover, NC already present in the liver, thanks to intrinsic antioxidant 

enzyme mimetic activity, would also ensure ROS scavenging activity during the later reperfusion 

phase of LT.  
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Increasing levels of inflammatory cytokines in perfusate have been shown during liver NMP, which 

may reflect IRI-mediated inflammation.5,43,44 The cytokine profile showed increased fold change of 

cytokine release in perfusate of both groups, but the anti-inflammatory IL-10, involved in the 

reduction of damage-associated IRI inflammation,45 tended to be higher in the study group than the 

control group. The mechanisms among which ROS may favor cytokine release include the control of 

release mechanisms from cytosol or gene expression.46 Enhanced liver antioxidant defenses, as after 

liver uptake of Alb-NC, might affect cytokine release from cytosol and, at the same time, their tissue 

gene expression. However, effects of Alb-NC on tissue gene expression of cytokines is not evaluable, 

measuring the cytokine release after 4 h NMP.  

Given the strict correlation between oxidative stress and DNA damage, we evaluated the potential of 

NC to counteract two of the main events associated with genomic and mitochondrial DNA (mtDNA) 

damage: telomere attrition and mtDNA4977 deletion. In normal livers, telomere shortening is a natural 

process associated with hepatocytes aging. However, in pathological conditions, marked telomere 

attrition induced by external factors, such as oxidative stress or repeated antigen exposure, is 

recognized as DNA damage and cellular protective mechanisms driving to cell cycle arrest and 

apoptosis.47 Among mtDNA deletions, the mtDNA4977 deletion provokes a relevant destruction of one 

third of mitochondrial genome and has been reported in several forms of diseases and in aging. In 

particular, it causes an important failure of adenosine triphosphate production and subsequently 

impairs mitochondrial oxidative phosphorylation, the main cellular energy-productive process. The 

mtDNA4977 deletion and marked increase of ROS have been reported in patients with hepatocellular 

carcinoma, and may play a pivotal role in the pathogenesis of the disease.48 Our results demonstrated 

that mtDNA4977 deletion content decreased significantly after NMP in the study group, suggesting 

that the presence of Alb-NC in mitochondria, as evidenced by TEM analysis, counteracts 

mitochondrial oxidative stress and decreases mtDNA damage. Conversely to results previously 

obtained in human endothelial cells, where NC were able to counteract the oxidative-induced 

telomere shortening,49 we did not observe a significative reduction of telomere shortening in the study 
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group.  

The reperfusion of ischemic tissue leads to FMN dissociation from complex I, resulting in a decline 

of mitochondrial C-1 activity, and to ROS generation at multiple sites in the mitochondria. FMN has 

been proposed as a marker of mitochondrial dysfunction and predictive marker for early allograft 

dysfunction when measured during hypothermic oxygenated liver perfusion.50 On the other hand, no 

data exist about FMN release during NMP of human livers. Here, we demonstrated not differences in 

FMN-related fluorescence in perfusates of study and control group after reperfusion, suggesting that 

normothermic perfusion may induce FMN release from discarded human livers independently from 

NC administration.  

Our study presents some obvious limitations. First, the reduced number of discarded human livers in 

clinical practice do not allow for the enrollment of large series of grafts and influence the 

heterogeneity of liver characteristics in the two groups, which can only be minimized by 

randomization. Second, the mandatory offer of the grafts to all Italian transplant centers before being 

deemed unsuitable for transplant had a relevant impact on the prolonged cold ischemia time (CIT) 

before NMP can be commenced.  The possibility of using good quality graft with limited CIT would 

have increased the rate of bile producing grafts, thus allowing a better evaluation of Alb-NC efficacy  

and excretion. Third, we do not have information on NC uptake and efficacy when different Alb-NC 

concentrations or different types of ex situ perfusion (hypothermic or subnormothermic) are used. In 

addition, the long-term effects and final fate of Alb-NC after NMP are not still known and need to be 

explored in future works. 

Although the reported limitations must be kept in consideration for a critical evaluation of this work, 

we believe the results obtained by this pilot study are encouraging to provide valuable insights for 

future experimental studies and to lay the foundation for the use of nanotechnologies in transplant 

clinical practice. 

Supporting Information 

Additional supporting information may be found online in the Supporting Information. 
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Legends to Figures 

Figure 1. Uptake and distribution of Alb-NC in human liver after 4 h of NMP. EM micrograph of the 

vessel structure with Alb-NC (a). Alb-NC moving from the vessel lumen, trough endothelial cell (EC) 

by transcytosis, to neighboring hepatocytes (HP) (b). Aggregates (§) or isolated (arrowheads) Alb-

NC stored inside hepatocyte mitochondria (c), forming endosome (e), early endosome (f), and late 

endosome (g). Lipofuscin granules positive to Alb-NC (d). 

Figure 2. Inductively coupled plasma-mass spectrometry (ICP-MS) analysis of Ce content in 

perfusate (A) and liver biopsies (B). Data are expressed as mean ± SD. *p = 0.01; **p = 0.02; ***p 

= 0.02; ****p < 0.001vs. 0 min. 

Figure 3. (A) Representative low magnification (LM) TEM images of human liver biopsies before 

(T0) and after (T1) 4 h of NMP in the control (a,b) and study groups (c,d). White boxed regions are 

characterized by normal LD, whereas black boxed regions are characterized by peroxidized ones. The 

pLD are characterized by a pale halo between membrane and lipid content as described in the 

Materials and Methods. (B) Quantitative analysis of the percentage of peroxidized LD observed in 

each LM image analyzed. *p < 0.001 vs. control group at T1; **p < 0.001 vs. T0. 

Figure 4. (A) Representative low mag (LM) TEM images of human liver biopsies before (T0) and 

after (T1) 4 h of NMP in the control (a,b) and study groups (c,d). Boxed areas in all images represent 

example lipofuscin granules. (B) Quantitative analysis of the number of lipofuscin granules  

normalized for the area of hepatocytes. Data are shown as mean ± SD. *p = 0.011 vs. T0; **p = 

0.0098 vs. control group. (C) Quantitative analysis of the average area of lipofuscin granules. Data 

are shown as mean ± SD. ***p = 0.048 vs. T0; ****p < 0.001 vs. control group at T1. 

Figure 5. The percentage change of GSH levels and tot-SOD and CAT activity in tissue homogenates 

of control and study group compared with T0. Data are shown as the mean value of percentage change 

± SEM. *p = 0.01; **p = 0.02; ***p = 0.03 vs. control group.  
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Figure 6. The percentage change of relative fluorescence of mtDNA4977 and T/S ratio in liver biopsies 

of both groups compared with T0. Data are shown as the mean value of percentage change ± SEM. 

Number of observations: mtDNA4977 = 4, T/S = 5 in the study group; mtDNA4977 = 3, T/S = 3 in the 

control groups. *p = 0.03 vs. control group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

Table 1. Donors’ characteristics 

 Study Group (n = 5) Control Group (n = 4) p 

Age (years) 75 (63-77) 86 (79-88) 0.207 

Sex (M/F) 1/4 (20/80) 0/4 (0/100) 0.343 

BMI (n) 25 (24-28) 26 (23-29) 0.621 

ICU stay (days) 2 (1-5) 1 (1-7) 0.547 

Last AST (IU/L) 62 (18-82) 29 (24-33) 0.341 

Last ALT (IU/L) 49 (13-103) 12 (8-29) 0.401 

Last bilirubin (mg/dl) 1.0 (0.6-1.0) 0.8 (0.8-0.9) 0.346 

Anti-HB core positive 1/4 (20/80) 2/2 (50/50) 0.343 

Comorbidities (Y/N) 

-Dyslipidemias n (%) 

-Hypertension n (%) 

-Diabetes n (%) 

 

2/3 (40/60) 

3/2 (60/40) 

0/5 (0/100) 

 

1/3 (25/75) 

3/1 (75/25) 

1/3 (25/75) 

 

0.635 

0.740 

0.236 

Cause of death 

-CVA 

-Cardiac arrest 

-Anoxia 

-Trauma 

 

3 (60) 

1 (20) 

1 (20) 

0 (0) 

 

3 (75) 

0 (0) 

0 (0) 

1 (25) 

 

0.635 

0.151 

0.151 

0.236 

DCD type 2 (n) 

No-flow time (min) 

Low-flow time (min) 

1/4 

20 

126 

0/4 

- 

- 

0.343 

Reasons for discard n (%) 

-Necrosis >10% 

-Macrosteatosis >30% 

-Stage 3 fibrosis 

 

2 (40) 

1 (20) 

2 (40) 

 

2 (50) 

1 (25) 

1 (25) 

 

0.764 

0.858 

0.635 

CIT (min) 850 (634-951) 595 (445-799) 0.145 

Bile production (>2 ml) 2 (40) 1 (25) 0.635 

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; 

CVA, cerebrovascular accident; DCD, donation after circulatory death; F, female; HB, hepatitis B ICU, 

intensive care unit; M, male; n, number. Data are expressed as median (interquartile range) or n (%). 

 


