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Abstract 
 

The role of circulating mitochondrial DNA (cmtDNA) in transplantation remains to be elucidated. 

cmtDNA may be released into the circulation as a consequence of liver injury; yet recent work also 

suggests a causative role for cmtDNA leading to hepatocellular injury. We hypothesized that elevated 

cmtDNA would be associated with adverse events after liver transplantation (LT) and conducted an 

observational cohort study. Twenty-one patients were enrolled prospectively prior to LT. Postoperative 

complications were observed in 47.6 % (n=10). Seven patients (33.3%) had early allograft dysfunction 

(EAD) and six patients (28.5%) experienced acute cellular rejection within six months of LT. cmtDNA 

levels were significantly elevated in all recipients post-LT compared with healthy controls and pre-

operative samples (1,361,937 copies/ml [IQR 586,781 – 3,399,687] post-LT; 545,531 copies/ml [IQR 

238,562 - 1,381,015] pre-LT; 194,562 copies/ml [IQR 182,359 - 231,515] in healthy controls) and 

returned to normal levels by five days after transplantation. cmtDNA levels were particularly elevated 

in those who developed EAD in the early post-operative period (p < 0.001). In all patients there was 

initially a strong overall positive correlation between cmtDNA and plasma hepatocellular enzyme levels 

(p <0.05). However, the patients with EAD demonstrated a second peak in cmtDNA at post-operative 

day seven, which did not correlate with liver function tests. The early release of plasma cmtDNA is 

strongly associated with hepatocellular damage; however, the late surge in cmtDNA in patients with 

EAD appeared to be independent of hepatocellular injury as measured by conventional tests.  
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Introduction 

 

The analysis of circulating mitochondrial DNA (cmtDNA) has received attention due to its potential as 

a clinically useful indicator of tissue damage and disease burden in a number of conditions.1,2 More 

recent work has suggested a role for cmtDNA  as a potent immunomodulator associated with sepsis, 

myocardial ischemia, chronic inflammatory diseases, trauma, and organ transplantation.3 However, its 

role and potential as a biomarker in liver transplantation (LT) remains to be elucidated.  

 

Early allograft dysfunction (EAD) is a milder form of primary graft dysfunction and is associated with 

postoperative complications, higher mortality rates and decreased graft survival.4-6 Liver ischemia and 

reperfusion injury have been hypothesized to cause hepatocellular injury leading to EAD. A number of 

donor and graft factors (e.g. marginal grafts, long ischemic times) and recipient immune reactions are 

also associated with graft dysfunction and failure.7  

 

The roles and effects of cmtDNA after LT are not well understood. Early work has identified elevated 

levels of cmtDNA in blood samples from organ donors to be associated with higher complication and 

mortality rates following LT. 8 However, given that the graft often undergoes prolonged ischemia and 

subsequent reperfusion injury, we hypothesized that levels of cmtDNA will also be significantly 

elevated after liver transplantation, with the potential therefore to provoke a substantial inflammatory 

and immune reaction. The aim of this study was to provide the first description of longitudinally 

monitored cmtDNA levels in patients following LT, to interrogate any link between postoperative, 

recipient cmtDNA levels with measured donor cmtDNA and to investigate associated clinical outcomes 

in relation to post-operative levels of cmtDNA in LT recipients. 

 

Methodology 

 

This was a prospective, observational study conducted at Austin Hospital, Melbourne, Australia. Ethical 

approval was obtained from the Austin Health Human Research Ethics Committee 

(HREC/49951/Austin-2019). Consecutive adult patients undergoing LT between September 2019 and 

February 2020 were recruited. Cases where ex-vivo mechanical perfusion technology was utilized, were 

excluded. All clinically relevant data including donor and recipient information as well as laboratory 

values and clinical events, such as postoperative complications, were extracted from the institutional 
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electronic medical record. Following LT, patients were managed according to the local Victorian Liver 

Transplant Unit guidelines and were followed up for at least 6 months postoperatively. Informed 

consent for blood sampling from organ donors was waived after ethical approval from DonateLife, 

Victoria, Australia. Healthy volunteers were also recruited from our institution to establish control 

levels of cmtDNA. 

Blood sampling, collection and processing 

 

Blood samples were obtained from LT donors at the time of organ procurement and from recipients in 

the perioperative period. Recipient baseline blood samples were obtained prior to induction of 

anaesthesia for LT. Postoperative samples were collected daily for biochemical analyses including 

standard liver function tests (bilirubin, AST, ALT, GGT, ALP, INR) and cmtDNA quantification up to 

post-operative day 7 (POD7). Six healthy volunteers were recruited as a cmtDNA control group, 

providing a single blood sample. Blood samples were collected in EDTA-containing tubes, and the 

samples were centrifuged at 800 g for 10 minutes followed by 3,000 g for 10 minutes to obtain the 

plasma fraction. Plasma samples were then immediately stored at -80°C until analysis. To prepare 

plasma free of platelets and mitochondria, once thawed the plasma was further centrifuged at 15,000 g 

for 10 minutes before DNA extraction.  

 

Definition of clinical variables 

 

Donor risk index was calculated according to Feng’s criteria.9 If clinical suspicions of fatty infiltration 

of the graft were raised (through imaging or the operating surgeons), donor liver biopsy was performed 

and graded according to Brunt’s criteria.10 In situ split liver donation was done in all cases who received 

a right lobe. The definition of early allograft dysfunction (EAD) was based on the established proposal 

by Olthoff et al.6 Vascular complications including hepatic artery thrombosis and portal vein thrombosis 

were defined as the lack of flow in the hepatic artery or portal vein on doppler-ultrasound confirmed by  

CT angiogram or surgical exploration. Biliary anastomotic stricture was defined as a stricture at the 

anastomotic site that required dilatation or stenting. All suspected cases of acute rejection underwent 

graft biopsy. Rejection was defined according to the histological findings.11 The Third International 

Consensus definitions of sepsis and septic shock were used to define the sepsis and septic shock in the 

study.12 Postoperative complications were graded according to Clavien-Dindo classification.13 
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Droplet digital polymerase chain reaction (ddPCR) analysis 

 

Plasma samples were analyzed in batches. 4 mL of plasma from each sample was thawed to ambient 

temperature and plasma DNA was extracted using the QIAamp Circulating Nucleic Acid Kit (Qiagen) 

following the manufacturer’s instructions. All DNA samples were eluted in 100 µL of AVE buffer 

(Qiagen) and stored at 4°C.  

 

PCR Primers for the human mitochondrial cytochrome B gene (MT-CYB) (forward 5´-

CCGAAGTTTCATCATGCGGAGAT-3´ and reverse 5´-TTAATTAACCACTCATTCATCG-3´) 

were developed to target short sections of cmtDNA (cmtDNA fragments are noted to be generally 

shorter than nuclear-derived cfDNA fragments).14  The ddPCR set-up comprised a 22 μL reaction; 11 

µL of QX200 ddPCR EvaGreen Supermix (Bio-Rad), 100 nmol/L of each forward and reverse primer 

and 2 µL of plasma cmtDNA diluted to 1/100 with PCR-grade water. 20uL from each ddPCR reaction 

mixture was loaded onto a DG8 droplet generator cartridge (Bio-Rad) for droplet generation. After 

partitioning, the reactions were cycled on a C1000 Touch thermocycler (Bio-Rad) with the following 

conditions: one cycle of 95°C for 5 minutes; 40 cycles of 95°C for 30 seconds and 55.8°C for 60 

seconds; one cycle of 4°C for 5 minutes; one cycle of 90°C for 5 minutes and a brief hold at 4°C. After 

the end-point PCR, the 96-well plate was analyzed using the QX200 Droplet Reader (Bio-Rad). Using 

QuantaSoft software (Bio-Rad), the derived concentration was calculated to determine the number of 

DNA copies per mL of recipient plasma (denoted copies/mL). 

 

Statistics  

 

Results are reported as median (interquartile range) for continuous variables and percentages for 

categorical variables. Demographic parameters between groups were compared with the Mann‐Whitney 

U test. The Kruskal-Wallis test, followed by the Mann-Whitney U test, was used to compare plasma 

cmtDNA levels between the study groups and the control group. Changes in plasma cmtDNA levels 

between measurement periods were compared with the Friedman test, followed by post hoc pairwise 

comparisons using Wilcoxon tests with Bonferroni correction. Pearson’s correlation coefficients were 

calculated to examine the association between recipient and donor plasma cmtDNA levels. After log 

transformation of plasma cmtDNA levels, linear mixed models were used to assess the correlations 

between plasma cmtDNA level and liver function test results.  

This article is protected by copyright. All rights reserved.



 7 

 

Receiver operating characteristic (ROC) curve analysis was performed to evaluate the diagnostic ability 

of cmtDNA in association with acute cellular rejection and EAD. The optimal sensitivity and specificity 

were obtained according to the Youden index.15 With the assumption that the incidence of EAD is 30%, 

positive predictive values (PPV) and negative predictive values (NPV) were calculated. Statistical 

analyses were performed in SPSS version 26 and STATA version 15, and p <0.05 was considered 

statistically significant.  

 

 

 

 

 

 

 

Results  

 

A total of 21 adult LT patients were recruited. In four donors (19.0%), blood samples either were not 

available or did not arrive within six hours after collection. The most common indication for LT was 

alcoholic liver disease (Table 1). Overall, 19 (90%) patients received grafts from brain-dead donors and 

two (10.0%) from donors after circulatory death. Whole liver grafts were used in 18 (86.0%) cases. 

Right lobe grafts obtained from in situ split liver donor procedures were used in three cases (14.2%). 

Macroscopic steatosis was observed in five donors; all of the subsequent biopsies showed a mild degree 

of steatosis. EAD was observed in 7 (33.0%) patients. There were two patients with clinical episodes 

of sepsis or septic shock among the 21 patients. There were no instances of hyper-acute rejection or 

rejection episodes in the seven days after LT (Table 1). Six (28.5%) patients developed biopsy-proven 

T-cell mediated rejection within six months after LT (median 2.5 months [IQR 1.25-4.5]). All episodes 

of rejection were treated successfully with steroids. Three (14.2%) patients required a return to theatre 

due to postoperative haemorrhage (n=1), suspected hepatic artery thrombosis (n=1) or suspected portal 

vein thrombosis (n=1). Six (28.5%) biliary anastomotic strictures occurred and were dilated 

endoscopically within six months after LT (median 1.0 months [IQR 0.7-2.6]). No hepatic artery 

thrombosis occurred. None of the patients developed primary graft non-function requiring re-

transplantation. There were no post-operative deaths within the six months following LT. 
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The median plasma cmtDNA level in the healthy control group was 194,562 copies/ml (IQR 182,359–

231,515 copies/ml). The overall level of plasma cmtDNA among the donors and recipients were 

significantly elevated in comparison (Table 2). None of the clinical donor variables were associated 

with donor cmtDNA levels. Recipient and procedural variables, likewise, were not associated with 

cmtDNA levels on POD1 or POD7 - except the presence of steatosis in donors’ liver (Table 3). On 

comparison of the patients with EAD (EAD group) and those without EAD (non-EAD group), we found 

no significant differences in demographics except the incidence of steatosis with four patients (57.1%) 

in the EAD group and one patient (7.1%) in the non-EAD group (p 0.006). There were no significant 

differences in rates of postoperative complications between groups (Table 4). 

 

Donor cmtDNA levels did not statistically differ between the EAD group and the non-EAD group 

(622,187 (313,465-1,358,328) copies/ml vs 851,812 (763,125-1,249,875) copies/ml, p 0.143). However, 

there was a positive correlation between donor cmtDNA concentrations and recipient POD1 cmtDNA 

level (r = 0.458, p <0.05). Overall, levels of cmtDNA were elevated after the LT, and more significant 

postoperative elevations in cmtDNA were observed in both the EAD group when compared to the non-

EAD group between POD1 and POD 3 (see Figure 1). 

 

We also observed that cmtDNA concentrations in the EAD group began to rise again at POD 7 (p < 

0.005 vs. control group; p  0.004 vs. non-EAD). A substantial positive correlation was observed between 

cmtDNA concentrations and AST/ALT among patients in the non-EAD group in both early and late 

postoperative days. However, the correlation was not found in the late EAD group (Table 5).   

 

The results of the cmtDNA ROC analysis to determine the association of EAD and the predictability of 

rejection are shown in Table 6. cmtDNA levels >4,812,500 copies/ml in POD1 were associated with 

EAD, with a sensitivity of 100%, specificity of 61.5% and NPV of 100% (AUC 0.769; 95% CI 0.508 - 

1.000). ROC analysis of cmtDNA levels on POD3 and POD 7 yielded similar results (Table 6).  

 
Discussion   

 

Liver tissues are a rich in mitochondria and hence have the potential to form a significant source of 

cmtDNA. This renders cmtDNA quantification an attractive target as a biomarker for liver injury. 

Approximately 4000 mitochondria are present in each hepatocyte; these mitochondria or their 
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constituent parts (including the mitochondrial genome) may be released during cellular apoptosis and 

necrosis secondary to injury e.g. ischemic/reperfusion injury16 or to hepatic parenchymal  necrosis (e.g. 

acetaminophen overdose).17 In contrast, cmtDNA can be released in an active manner, such as through 

the formation of neutrophil-extracellular traps (NETs), exosomes release and cell death-related 

autophagy through inflammation. NETs formation is observed in the liver sinusoids and potentially 

play a pivotal role in liver-intrinsic infections as well as liver dysfunction.18 

 

We quantified cmtDNA from liver transplant recipients and their donors using ddPCR.19 ddPCR is an 

exquisitely sensitive technology that does not require the use of external standards for calibration. 

Absolute quantification of a DNA target can be achieved by counting the positive fluorescence droplets 

in each of the 20,000 reaction partitions and applying Poisson statistics.19 The size of cmtDNA 

fragments remains controversial; their length may be as short as 30 base pairs (bp) and as long as 170 

bp. A recent study has demonstrated that the peak size of cmtDNA is 42 bp14. Therefore, we optimized 

the primer set to accommodate the shorter lengths of cmtDNA, to as little as 42 bp.  

 

Plasma cmtDNA was significantly elevated in all liver transplant recipients.  The quantity of cmtDNA 

after liver transplantation was extremely high, reaching 20 million copies/mL, approximately 100 times 

the plasma level in the control group and these values are similar to those reported in ICU patients with  

sepsis from various sources including severe intra-abdominal sepsis, necrotizing soft tissue infection, 

and pneumonia.20 The cmtDNA assay employed quantified the total number of cmtDNA fragments in 

patients’ blood post-transplantation and is not specific to donor or recipient-derived cmtDNA. Total 

levels of cmtDNA measured post-transplantation in this study will hence include contributions of 

cmtDNA released from a) the graft and b) as a consequence of surgical trauma and the immune sequelae 

of transplantation in the recipient’s tissues.  

 

This is an important strength of the study; cmtDNA released from both recipient tissues and the graft 

has the potential to act as a powerful immune modulator and influence patient outcomes. The interplay 

of these contributors of cmtDNA is likely to be important, neglect of graft or recipient-derived cmtDNA 

would provide an incomplete picture of the immune-modulatory activity of cmtDNA in the post-

transplantation setting. At this stage there is no evidence to suggest that graft-derived or recipient-

derived cmtDNA fragments have a more potent role in invoking post-operative pathological 

inflammatory responses, however this should form an area of further study.  

This article is protected by copyright. All rights reserved.
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This study is, to our knowledge, the first to describe the pattern of intense elevation of cmtDNA levels 

followed by subsequent normalisation over a number of days following LT. This mirrors observations 

in other periprocedural settings, including following trauma surgery, which are not complicated by the 

interplay of graft-host response. 21 Importantly, we found that cmtDNA levels in those patients who 

went on to develop EAD were significantly higher than those in the non-EAD group. This observation 

is consistent with the hypothesis that a greater degree of ischemia/reperfusion injury to graft leads more 

intense release of cmtDNA, the more significant injury leading to EAD. Overall, cmtDNA, AST, and 

ALT continued to decline in the non-EAD group after liver transplantation reflecting a positive 

correlation between cmtDNA and plasma liver enzymes and a lesser degree of ischaemic-reperfusion 

injury to graft.  

 

In the EAD group, cmtDNA concentrations showed a resurgence at POD 7 despite the continued decline 

of AST and ALT. This is an intriguing observation. When the post-operative time points were divided 

into early (from POD1 to POD4) and late (POD5 to POD7) periods, there was little correlation between 

cmtDNA and AST/ALT in the EAD group in the late postoperative period. These results were not 

related to analysis batch effects. We hypothesise that this lack of correlation may relate to alternative, 

non-hepatic, sources of cmtDNA in the later post-operative period. Inflammation secondary to other 

causes, rather than direct, surgical tissue damage or necrosis or ischaemic/reperfusion injury, may be a 

potential source for cmtDNA elevation. In another setting, orthopaedic trauma, it has been shown that 

tissue necrosis markers (AST, LDH, creatinine kinase) were independent of cmtDNA levels21. 

 

We considered whether this late surge (POD7) in cmtDNA might be related to those patients who 

received a split liver graft. However, our results did not show any association between split liver 

transplantation using the right lobe (three cases in this series) and postoperative elevation in the plasma 

cmtDNA. Indeed, we did not observe any difference in post-operative cmtDNA levels in patients who 

received a technically modified graft, in terms of initial elevation peaks or subsequent rates cmtDNA 

reduction. The effect of the ischemic segment 4 as a passive source of cmtDNA or the liver regeneration 

process as an active one is yet to be determined. Further studies are needed to elucidate the mechanisms 

and factors associated with the late increase in cmtDNA seen on POD7 in the EAD subset of patients.  
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A number of studies, outside of the transplantation setting, have implicated cmtDNA as having an 

important immunomodulatory role as a ‘danger/damage associated molecular pattern’ (DAMP).22,23 

cmtDNA release may be mediated by passive “leaking” from damaged cells or through active secretion, 

particularly via the formation of NETs. It is plausible that active release of cmtDNA as DAMP may 

have been observed in our cohort of liver transplant patients; this is indicated by the later elevation of 

cmtDNA post-operatively which was not associated with elevation in LFTs as would be expected in 

passive release from hepatic cellular injury. This late surge in cmtDNA also may represent the first 

signs of the immunological reaction or inflammation leading to EAD. Emerging evidence indicates that 

neutrophilia plays a pivotal role in the innate immune system together with cmtDNA leading to the 

formation of NETs.24,25 Interestingly mtDNA can trigger NETs formation which further release mtDNA 

in the process of their formation, leading to self-perpetuating inflammation.26,27 Toll-like receptor 9 

(TLR9) recognizes specific cytosine-proceeding-guanine (CpG) motifs which are commonly found in 

bacterial DNA as well as cmtDNA. These CpG motifs therefore may be recognized in cmtDNA, thus 

stimulating the same inflammatory pathway as occurs in response to bacterial infections.22 NETs 

formation via activated TLR9 by cmtDNA may be an important inflammatory pathway in graft damage 

or failure in liver transplantation.28  

  

High levels of cmtDNA are associated with the onset of chronic graft-versus-host disease after stem 

cell transplantation and levels of cmtDNA positively correlate with B cell responsiveness to CpG-

DNA.29 In addition, mtDNA stimulation through TLR9 leads to B cell activation and appears to be 

associated with primary graft dysfunction in lung transplantation.28 The association between elevated 

cmtDNA at POD7 and EAD in our study is consistent with recently published data indicating that 

mtDNA may have a major role in host immune reactions and graft dysfunction.28,30  
The abundance of cmtDNA in comparison to nuclear-derived cfDNA makes cmtDNA an attractive 

prospect for use as a biomarker, however its analysis is complicated by a wider variety of potential 

sources than nuclear cfDNA. Platelets, for example, whilst anuclear could also be a significant source 

of measured cmtDNA.31However, we found little correlation between plasma cmtDNA levels and 

variation in postoperative platelet counts in this study. In this study we have quantified total circulating 

concentrations of mitochondrial-derived DNA (cmtDNA), further future study into the analysis of the 

variable contributors of measured cmtDNA is warranted.  
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Moderate to severe steatosis is a well-known risk factor for EAD.32 In our cohort, the degree of steatosis 

in all patients was mild (< 30%) due to a strict institutional graft selection protocol. Regardless, in those 

patients receiving a mildly steatotic graft, plasma cmtDNA levels were higher on POD7. This is in 

accordance with another study showing that subjects with non-alcoholic steatosis had higher plasma 

levels of cmtDNA.26 Other potential risk factors (donor age, donation after circulatory death, cold and 

warm ischemic time) were not associated with recipient cmtDNA levels in our study. In addition to the 

donor’s liver condition, the development of EAD will likely involve a multifactorial process influenced 

by levels of ischemia, the quality of the liver (fat content, prolonged ischemic time, donor age) and 

recipient factors (MELD score, sarcopenia, immunosuppression).6,33-35  

 

This study was designed primarily to provide an initial description of cmtDNA dynamics post LT, to 

act as a foundation on which to build further investigations into this emerging field of translational 

research.  However, we must acknowledge some of the study limitations, the most significant of which 

is the sample size. Secondly, to enhance feasibility, the study was designed to monitor levels of 

cmtDNA in participants during the first seven post-operative days. Although we clearly demonstrated 

plasma cmtDNA elevation in the setting of liver transplantation, subsequent inflammatory and 

immunological events were not investigated; further longitudinal studies with longer monitoring 

periods might add to the understanding of graft dysfunction and outcome.  

 

Conclusion 

 

This study is the first, to our knowledge to describe, the dynamics of cmtDNA release in patients 

following liver transplantation, examining cmtDNA levels against with subsequent clinical outcomes. 

In this study we have demonstrated a late surge of cmtDNA in the plasma of patients with EAD, which 

appears to be independent of direct liver injury as measured by conventional liver function tests. These 

novel findings warrant further research into the significance and roles of plasma cmtDNA in the 

pathophysiology and as a biomarker in liver transplantation. 
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Figure Legend 

Figure 1. Box plots showing changes in cmtDNA levels in three groups: 1. (PATTERN) non-EAD 
group (N=14); 2. (BLANK) EAD group (N=7); and 3. (RED) healthy control group (N=6). Time points 
(x axis) are as follows: 0, during anaesthetic induction; 1–7, post-operative days 1–7. The cmtDNA 
level in the non-EAD group was elevated from day 1 to day 3 when compared to their baseline levels 
(# p < 0.05). The EAD group showed significantly elevated plasma mtDNA levels at days 1, 2, 3, and 
7 when compared with the preoperative base line level and the non-EAD group levels (## p  < .05).  
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