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Graphical Abstract

Study Highlights
•	 It	was	challenging	to	balance	the	benefits	and	drawbacks	of	marginal	livers	in	liver	transplantation.	Functionally	
marginal	liver	grafts	were	associated	with	worse	prognosis	than	other	marginal	livers.	Ischemia-free	liver	transplan-
tation	can	significantly	alleviate	liver	injury	via	inhibiting	the	infiltration	of	NK	cells	and	pyroptosis	level,	which	
contributed	to	a	better	clinical	benefit.	This	provided	us	a	novel	direction	when	addressing	the	marginal	liver	issue.
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Background/Aims:	The	shortage	of	donor	liver	hinders	the	development	of	liver	transplantation.	This	study	aimed	
to	clarify	the	poor	outcomes	of	functionally	marginal	liver	grafts	(FMLs)	and	provide	evidence	for	the	improve-
ment	of	ischemia-free	liver	transplantation	(IFLT)	after	FML	transplantation.
Methods:	Propensity	score	matching	was	used	to	control	for	confounding	factors.	The	outcomes	of	the	control	
group	and	FML	group	were	compared	to	demonstrate	the	negative	impact	of	FMLs	on	liver	transplantation	pa-
tients.	We	compared	the	clinical	improvements	of	the	different	surgical	types.	To	elucidate	the	underlying	mecha-
nism,	we	conducted	bioinformatic	analysis	based	on	transcriptome	and	single-cell	profiles.
Results:	FMLs	had	a	significantly	greater	hazard	ratio	(HR:	1.969,	P=0.018)	than	did	other	marginal	livers.	A	
worse	90-day	survival	(Mortality:	12.3%	vs.	5.0%,	P=0.007)	was	observed	in	patients	who	underwent	FML	trans-
plantation.	Patients	who	received	FMLs	had	a	significant	improvement	in	overall	survival	after	IFLT	(Mortality:	
10.4%	vs	31.3%,	P=0.006).	Pyroptosis	and	inflammation	were	inhibited	in	patients	who	underwent	IFLT.	The	in-
filtration	of	natural	killer	cells	was	lower	in	liver	grafts	from	these	patients.	Bulk	transcriptome	profiles	revealed	a	
positive	relationship	between	IL-32	and	Caspase	1	(R=0.73,	P=0.01)	and	between	IL-32	and	Gasdermin	D	(R=0.84,	
P=0.0012).
Conclusions:	FML	is	a	more	important	negative	prognostic	parameter	than	other	marginal	liver	parameters.	
IFLT	might	ameliorate	liver	injury	in	FMLs	by	inhibiting	the	infiltration	of	NK	cells,	consequently	leading	to	the	
abortion	of	IL-32,	which	drives	pyroptosis	in	monocytes	and	macrophages.	(Clin Mol Hepatol 2024;30:421-435)
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INTRODUCTION

Liver transplantation is a life-saving treatment for patients 

with end-stage liver disease, such as cirrhosis, liver failure, 

and hepatocellular carcinoma (HCC). An elevated burden 

of liver disease leads to an increased demand for liver 

transplantation. In 2021, 34,944 liver transplantations were 

performed globally.1 However, organ shortage poses an 

obstacle to the development of liver transplantation. The 

mortality rate of patients on the waiting list has continued 

to increase since 2009.2 Therefore, surgeons and clinical 

researchers have attempted to extend this donor pool.

In the liver transplantation field, extended-criteria donors 

act as “double-edged swords.” According to a question-

naire survey from 35 different centers, extended criteria 

donors (ECDs) are defined as steatosis, age up to 80 

years, serum sodium >165 mmol/L, serum alanine ami-

notransferase (ALT) >105 U/L, intensive care unit (ICU) 

stay with ventilation >7 days, body mass index (BMI) >30, 

serum aspartate transaminase (AST) >90 U/L, and total 

bilirubin (Tbil) >3 mg/dL.3 With donations after cardiac 

death, advanced age, and hepatic B virus (HBV)-infected 

patients assumed to be eligible donors, the number of liver 

transplantations increases annually.4 However, recipients 

with ECD livers have a greater incidence of primary non-

function (PNF), early allograft dysfunction (EAD), and is-

chemic-type biliary lesions.5 Donors with hypernatremia, 

advanced age, or steatosis have been shown to have in-

creased mortality due to liver transplantation.6,7 However, 

the prognosis of donors with high serum ALT, AST, and Tbil 

levels has not yet been clarified. Accordingly, functionally 

marginal liver grafts (FMLs) are defined as those with ALT 

>105 U/L, AST >90 U/L, or Tbil >3 mg/dL. Therefore, two 

questions need to be answered: What are the consequenc-

es of FML usage, and how can we alleviate liver injury dur-

ing the FML transplantation process?

In 2018, a novel and promising technique called is-

chemia-free liver transplantation (IFLT) was introduced at 

the First Affiliated Hospital of Sun Yat-sen University.8 Re-

cently, a randomized controlled trial of IFLT demonstrated 

that patients could gain greater clinical benefits from IFLT 

than from conventional liver transplantation. More specifi-

cally, there were lower incidences of EAD, postreperfusion 

syndrome, and non-anastomotic biliary strictures.9 Moreo-

ver, several studies have widened the application of IFLT. 

Compared with conventional liver transplantation, IFLT re-

duced postoperative peak AST, gamma-glutamyl transpep-

tidase, and creatine levels, and steatotic patients achieved 

better survival with a lower occurrence of EAD (IFLT: 0%, 

conventional liver transplantation: 60%).10 Based on tran-

scriptome and metabolome profiles, IFLT significantly abro-

gated graft ischemia-reperfusion injury and suppressed in-

flammation.11 In addition, the incidence of recurrence was 

low in patients with HCC who underwent IFLT.12 All these 

results suggested that IFLT could function as a novel and 

promising surgery for the transplantation of FMLs, but this 

needs to be further examined. Here, we investigated the 

impact of FMLs on liver transplantation outcomes and clar-

ified the effect of IFLT on the prognosis of FMLs from both 

clinical and molecular perspectives.

MATERIALS AND METHODS

Population

From January 1, 2015, to October 1, 2023, 1,309 patients 

underwent liver transplantation at the Organ Transplanta-

tion Center at the First Affiliated Hospital of Sun Yat-sen 

University. The grafts during machine perfusion were dis-

carded if the parameters of viability did not reach the VIT-

TAL criteria (lactate ≤2.5 mmol/L and two or more of bile 

production, pH ≥7.30, glucose metabolism, hepatic arterial 

flow ≥150 mL/min and portal vein flow ≥500 mL/min, or ho-

mogeneous perfusion).13 All adult liver transplants with both 

donor and recipient ages ≥18 years (n=1,093) were includ-

ed in this study. The data of 871 eligible participants were 

acquired by excluding donations after cardiac death; dona-

tion after brain death followed by circulatory death; and in-

dividuals with missing information about donor type, serum 

ALT, AST, and Tbil. We defined FMLs as ALT >105 U/L, 

AST >90 U/L, or Tbil >3 mg/dL, according to a previous re-

view.7 Ultimately, 353 FMLs were identified. More specifi-

cally, 279, 24, and 50 FML donors underwent surgery us-

ing different preservation techniques, such as static cold 

storage (SCS), normothermic machine perfusion (NMP), 

and IFLT, respectively.

This study involving humans was approved by the Institu-

tional Ethics Committee for Clinical Research and Animal 

Trials of the First Affiliated Hospital of Sun Yat-sen Univer-
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sity. The studies were conducted in accordance with local 

legislation and institutional requirements. The ethics com-

mittee/institutional review board waived the requirement for 

written informed consent for participation from the partici-

pants or their legal guardians/next of kin due to the retro-

spective, minimal-risk nature of the study.

Data collection

For the donors, the clinical parameters of sex, age, BMI, 

diabetes status, hypertension status, HBV infection status, 

and serum concentrations of sodium, potassium, haemo-

globin, Tbil, ALT, AST, creatinine, and steatosis status were 

collected before the operation. For recipients, clinical char-

acteristics, including sex, age, BMI, model for end-stage 

liver disease score, diagnosis (decompensated cirrhosis, 

liver failure, or liver tumor), operation time, blood loss, re-

spiratory support time, ICU stay time, reintubation ratio, du-

ration of resumed diet, PNF, EAD, acute kidney injury (AKI), 

thrombosis ratio (in the hepatic artery, portal vein, or post-

caval vein), biliary fistula, biliary stricture, wound infection, 

and pulmonary infection, were acquired from our hospital 

management system. In addition, overall and 90-day sur-

vival information was recorded through postoperative fol-

low-up. The ALT, AST, and Tbil levels of the recipients were 

measured daily, and the data were collected seven days 

after liver transplantation.

Bioinformatic analysis

Using gene set variation analysis (GSVA), we evaluated 

the activity of different cell death pathways (PANoptosis, 

ferroptosis, proptosis, pyroptosis, autophagy, necroptosis, 

and apoptosis) to determine the mechanism related to liver 

injury using previously published transcriptome data from 

six conventional liver transplantation (CLT) and six IFLT 

samples.11 The gene lists for PANoptosis and Cuproptosis 

were acquired from two published reviews,14,15 whereas 

other gene lists were downloaded from the Molecular Sig-

natures Database (MSigDB).16,17 Liver biopsy tissues were 

collected at the end of preservation (EP), and resting sam-

ples were acquired at post-graft revascularization (PR). To 

determine the gene pattern associated with liver injury, we 

extracted single nucleotide polymorphisms (SNPs) related 

to serum ALT, AST, and Tbil levels in both European and 

Asian populations. With the “twoSampleMR” package,18 we 

downloaded the corresponding genome-wide association 

studies (GWAS) data from the IEU Open GWAS project 

(https://gwas.mrcieu.ac.uk/).18 Detailed information regard-

ing these data were provided in Supplementary Table 6. 

SNPs with a P-value <1e-5 were identified as significant 

liver injury-related SNPs. We then used the g:Profiler tool 

to map the SNPs to gene names (https://biit.cs.ut.ee/gpro-

filer/snpense).19 The corresponding genes were defined as 

liver injury genes. We further conducted a differential gene 

expression analysis using previously described transcrip-

tome data. Liver injury-related genes with |logFC| >1 and 

false discovery rate <0.05 were identified, and the corre-

sponding expression patterns were shown in the heatmap. 

In addition, we performed enrichment analysis for both up-

regulated and downregulated genes using the online en-

richment tool Metascape (https://metascape.org/gp/index.

html#/main/step1).20

To further investigate the relationship between liver injury 

and the immune system, we reanalyzed single-cell 

RNA-sequencing (scRNA-seq) data that included liver tis-

sue samples at pre-procurement (PP), EP, and PR. We ex-

tracted EP and PR samples for further analysis to ensure 

consistency with the transcriptome data. The “Single R” 

package21 and the online tool CellMaker (http://xteam.xbio.

top/CellMarker/)22 were utilized to define cell types. The ex-

pression of the previously described significant liver inju-

ry-related genes was detected in different cell types. Using 

single-sample gene set enrichment analysis (ssGSEA), we 

used the top 10 DEGs to estimate the proportions of differ-

ent immune cells in the transcriptome data. The Wilcoxon 

test was used to compare cell proportions between the 

SCS and IFLT groups. In addition, we carried out correla-

tion analysis among different immune cells with the pack-

age “corrplot.”

Statistical analysis

All analyses were performed using R version 4.2.0. 

Graphs were drawn using both R 4.2.0 and GraphPad 

Prism software. The package ‘gtsummary’ was used to 

compare different groups. We evaluated the outcomes of 

these groups using a K‒M plot. Propensity score matching 

(PSM) analyses were performed to control for bias. Cate-

gorical variables were presented as the frequencies (per-

https://gwas.mrcieu.ac.uk/
https://biit.cs.ut.ee/gprofiler/snpense
https://biit.cs.ut.ee/gprofiler/snpense
https://metascape.org/gp/index.html#/main/step1
https://metascape.org/gp/index.html#/main/step1
http://xteam.xbio.top/CellMarker/
http://xteam.xbio.top/CellMarker/
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centages) and were compared using Pearson’s chi-square 

test and Fisher’s exact test. Continuous variables with a 

normal distribution were presented as the means (standard 

deviation, SD) and were analysed using a t test and re-

peated measures analysis of variance. Continuous vari-

ables with a non-normal distribution were presented as the 

medians (interquartile ranges, IQRs) and were analysed 

using the Wilcoxon test. Statistical significance was set at 

P<0.05.

RESULTS

FMLs contribute to poor prognosis for LT 
patients

In total, 871 participants were enrolled in this study. The 

parameters used to define the extended criteria for donor 

livers were presented in Supplementary Table 1. Multivari-

ate Cox regression analysis was used to compare the im-

pact of different ECD parameters (FMLs, donor liver stea-

tosis, donor BMI, donor serum sodium levels, and donor 

age) on postoperative 90-day survival. Compared with the 

other factors, FMLs had a significantly greater hazard ratio 

(HR: 1.969, P=0.018) (Fig. 1A). The baseline characteristics 

of the normal and FML groups before and after PSM were 

shown in Supplementary Table 2. The age and BMI of the 

FML group were lower than those of the control group. 

There were 32.8% steatotic livers in the FML donors. FML 

donors had higher serum levels of sodium, ALT, AST, and 

Tbil. Considering the differences at baseline, we performed 

PSM analysis to control for confounders: age, BMI, serum 

sodium level, serum creatine level, liver steatosis status of 

donors, and primary diagnosis of cirrhosis (Supplementary 

Table 2). Recipients who received FMLs exhibited a longer 

ICU stay (40.8 hours vs. 35.8 hours, P=0.294); resumed 

diet time (114 hours vs. 108 hours, P=0.277); and had a 

greater probability of reintubation (11.4% vs. 5.1%, 

P=0.076), PNF (6.6% vs. 3.7%, P=0.174), and pulmonary 

infection (14.6% vs. 7.8%, P=0.023) (Table 1). The percent-

age of deceased patients within 90 days increased from 

5.0% to 12.3% (P=0.007), and the overall death ratio in-

creased from 23.3% to 30.1% (P=0.105). Similarly, a poor 

survival plot was generated for both overall and 90-day 

Figure 1. FMLs lead to poor outcomes in liver transplantation patients. (A) The forest plot for multivariate Cox regression analysis including 
ECD factors, FMLs, steatosis, BMI, serum sodium, and age. K-M plot of overall survival (B) and postoperative 90-day survival (C) between nor-
mal controls and FML patients. The serum AST (D), ALT (E), and Tbil (F) levels of patients who received normal livers and FMLs seven days after 
the operation. FMLs, functionally marginal liver grafts; ECDs, extended criteria donors; BMI, body mass index; AST, aspartate aminotransferase; 
ALT, alanine aminotransferase; Tbil, total bilirubin. *P<0.05, **P<0.01.
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survival (Fig. 1B and C). The serum levels of ALT, AST, and 

Tbil of the recipients after the operation were significantly 

greater in the FML group (Fig. 1D–F).

NMP is insufficient for improving the outcome 
of FML patients

The baseline parameters of FMLs who underwent NMP 

and SCS were compared in Supplementary Table 3. There 

were clear increases in donor age, BMI, ratio of liver de-

compensated cirrhosis, and liver failure in the NMP group. 

Therefore, we conducted PSM analysis based on these 

factors, and the corresponding results were presented in 

Supplementary Table 4. Patients in the NMP group had a 

lower AKI ratio (0.0% vs. 4.7%, P=0.533) and better overall 

and 90-day survival rates. The percentage of deceased 

patients within 90 days decreased from 14.6% to 12.5% 

(P>0.999), whereas the overall percentage of deceased 

patients decreased from 22.9% to 12.5% (P=0.359). How-

ever, the respiratory support time (19.5 hours vs. 16.0 

hours, P=0.388), ICU stay time (57.5 hours vs. 53.5 hours, 

P=0.400), resumed diet time (232 hours vs. 114 hours, 

P=0.076), reintubation ratio (33.3% vs. 23.8%, P=0.633), 

pulmonary infection rate (12.5% vs. 10.4%, P>0.999), and 

EAD rate (69.6% vs. 39.1%, P=0.017) were greater in the 

NMP group. In addition, there was no significant difference 

in the K‒M plot between the NMP and SCS groups (Sup-

plementary Fig. 1A and B). The improvements in ALT and 

AST levels after surgery were not significant (Supplemen-

tary Fig. 1C and D). The serum Tbil levels were greater in 

the NMP group (Supplementary Fig. 1E).

IFLT significantly improves the prognosis of 
FML patients

After conducting PSM analysis to adjust for confounders, 

creatine, and steatosis status (Supplementary Table 5), we 

compared the effects of SCS and IFLT on the survival of LT 

patients (Table 2). There were no differences in the base-

line characteristics between the two groups. There was a 

shorter ICU stay (35.3 hours vs. 38.8 hours, P=0.151); 

shorter resumed diet time (86.0 hours vs. 102.1 hours, 

P=0.143); and lower prevalence of PNF (0.0% vs. 6.7%, 

P=0.092), EAD (29.2% vs. 40.6%, P=0.179), AKI (5.4% vs. 

5.8%, P>0.999), reintubation (6.9% vs. 15.8%, P=0.320), 

and pulmonary infection (6.3% vs. 15.6%, P=0.109) in IFLT 

patients. IFLT significantly increased the 90-day survival 

rate from 88.5% to 95.8% (P=0.220) and reduced the over-

all mortality rate from 31.3% to 10.4% (P=0.006). Similarly, 

the K‒M plot revealed a better prognosis for patients who 

received IFLT (Fig. 2A and B). Postoperative serum ALT, 

AST, and Tbil levels were distinctly lower in the IFLT group 

than in the SCS group (Fig. 2C–E).

IFLT alleviates liver injury through anti-cell 
death and anti-inflammatory effects

Using GSVA, we investigated the effect of IFLT on liver 

injury from a microscopic perspective. Pyroptosis, autoph-

agy, and necroptosis were inhibited in IFLT patients (Fig. 

3A). Pyroptosis was the most significantly altered pathway 

in the IFLT and SCS groups. The expression patterns of 

liver injury-related genes were presented in Figure 3B and 

C. Most of these genes, including the inflammatory factors 

interleukin 27 (IL-27) and IL-32, were immune-associated 

and were significantly downregulated in patients who un-

derwent IFLT. Through enrichment analysis, we demon-

strated that most inflammation-related pathways, including 

cytokine signalling in the immune system, signalling by in-

terleukins, and the Fc gamma R-mediated phagocytosis 

pathway, were downregulated in patients who received 

IFLT (Fig. 3E).

IFLT constructs a microenvironment 
characterized by low NK cell infiltration

The strong correlation between IFLT and immune reac-

tions led us to investigate the microenvironmental charac-

teristics of patients undergoing IFLT and SCS. The immune 

cell types of patients with SCS in the ER and PR stages 

were annotated into nine clusters: hepatocytes, smooth 

muscle cells, endothelial cells, monocytes, macrophages, 

NK cells, T cells, B cells, and erythroblasts (Fig. 4A). Using 

the ssGSEA method, we estimated cell types in patients 

with IFLT and SCS. NK cells, T cells, and monocytes tend-

ed to infiltrate together (Fig. 4B). There was a significantly 

lower infiltration of NK cells in IFLT patients than in SCS 

patients, whereas the change in other cell types did not 

reach significance (Fig. 4C). In addition, the expression of 

four classical pyroptosis-related genes (CASP1, GSDMD, 
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IL1B, and IL-18) in different cells was determined from the 

scRNA-seq data. IL-32 was significantly upregulated in NK 

and T cells, whereas CASP1, IL1B, and IL-18 levels were 

elevated in monocytes and macrophages (Fig. 4D). Fur-

thermore, the correlations between the expression of IL-32 

and genes in the classical pyroptosis pathway (CASP1, 

GSDMD, IL1B, and IL-18) were evaluated using bulk RNA-

seq data. A significant positive relationship was observed 

between the expression of CASP1, GSDMD, and IL-32 (Fig. 

4E).

DISCUSSION

The large imbalance between the waiting list and organ 

pool presents an urgent need to expand the donor pool.2 

ECDs are considered promising donor resources. Based 

on the definition of ECDs in 35 organ transplant centers,3 

we innovatively summarized a novel type of ECD called 

FMLs (a detailed definition is provided in the Methods sec-

tion). In this cross-sectional study, we clarified the negative 

effect of FMLs on the prognosis of LT patients, which was 

not influenced by the primary disease of the recipients. The 

impact of FMLs on postoperative 90-day survival was 

greater than that of other ECD parameters, including stea-

tosis, BMI, serum sodium, and age. In contrast to normal 

donors, patients who received FMLs were more likely to 

develop PNF and pulmonary infections. This led to more 

frequent medical interventions during the postoperative pe-

riod, including longer ICU stays, resumption of diet, and a 

greater risk of reintubation. These patients spent more time 

recovering and had poorer long-term outcomes. Therefore, 

more care should be given to the utilization of FMLs to ex-

pand the liver donor pool. It is also important to find a 

method to alleviate liver injury caused by FMLs.

The results showed that both SCS and NMP preservation 

were insufficient to improve liver function in FMLs, and 

comparable outcomes were observed in recipients. Al-

though conventional SCS can significantly reduce metabo-

lism, ROS accumulation leads to severe reperfusion inju-

ry.23 In recent years, clinical research has focused on a 

new organ preservation method, NMP, which is character-

istic of livers perfused with oxygenated blood. Although 

NMP avoids the cooling process and reduces graft injury 

by 50%,24 there is still an ischemia-reperfusion (I/R) pro-

cess during the operation. Another kind of machine perfu-

Figure 2. IFLT significantly improves the outcome of patients who receive FMLs. K-M plot of overall survival (A) and postoperative 90-day sur-
vival (B) of FML patients. The serum AST (C), ALT (D), and Tbil (E) levels of patients who received normal livers and FMLs seven days after the 
operation. IFLT, ischemia-free liver transplantation; FMLs, functionally marginal liver grafts; AST, aspartate aminotransferase; ALT, alanine ami-
notransferase; Tbil, total bilirubin. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. IFLT alleviates liver injury by suppressing cell death and inflammation. (A) GSVA scores of different cell death pathways between the 
CLT (underwent SCS) and IFLT groups. For both the European (B) and Asian (C) populations, the expression patterns of genes significantly re-
lated to liver injury among tissues from CLT and IFLT patients are depicted. The enrichment analysis for upregulated (D) and downregulated (E) 
liver injury-related genes in IFLT subjects. IFLT, ischemia-free liver transplantation; GSVA, gene set variation analysis; CLT, conventional liver 
transplantation; SCS, static cold storage.
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Figure 4. IFLTs induce an immune microenvironment with low infiltration of NK cells. (A) The annotation of cell types in the scRNA-seq pro-
files. (B) The co-infiltration of immune cells among patients who underwent liver transplantation. (C) The proportions of different immune cells 
measured by ssGSEA between the CLT (underwent SCS) and IFLT groups. (D) The expression patterns of four classical pyroptosis genes (CASP1, 
GSDMD, IL1B, and IL-18) and IL-32 are shown among different immune cells. (E) The correlation between the expression of IL-32 and that of four 
classical pyroptosis genes according to bulk RNA-seq profiles from the CLT and IFLT groups. IFLT, ischemia-free liver transplantation; scRNA-
seq, single-cell RNA-sequencing; ssGSEA, single-sample gene set enrichment analysis; CLT, conventional liver transplantation; SCS, static cold 
storage; CASP1, caspase 1; IL1B, interleukin 1 beta; GSDMD, gasdermin D; IL1B, interleukin 1 beta; IL18, interleukin 18. *P<0.05, **P<0.01.
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sion, HMP (hypothermic machine perfusion), combines 

static cold storage and machine perfusion. Preclinical re-

search revealed that HMP could restore mitochondrial 

function, inhibit the immune response, and alleviate liver 

injury.25-27 Several single- or multicenter clinical trials have 

demonstrated that HMP reduces the incidence of hepato-

biliary preservation injury, nonanastomotic biliary strictures 

and EAD.28-31 However, these preservation methods cannot 

address the interruption of blood flow. Recently, a novel 

type of liver transplantation surgery, IFLT, has shown sig-

nificant clinical benefits. In contrast to traditional surgery 

(SCS and NMP), IFLT can reduce I/R injury without disrupt-

ing the blood cycle during organ procurement, preserva-

tion, and implantation.9 In this cohort study, different organ 

preservation methods were compared among recipients 

with FMLs. The protective effect of NMP on the short- and 

long-term outcomes of FMLs could not be verified in our 

study. The incidence of EAD was significantly greater in 

the NMP group than in the SCS group. Surprisingly, pa-

tients with FMLs who underwent IFLT had a shorter ICU 

stay, resumed diet, and were less likely to be reintubated, 

which indicated a lower cost of IFLT than SCS. In addition, 

the liver function factors ALT, AST, and Tbil decreased rap-

idly, which was consistent with the lower incidence of com-

plications during the early postoperative period, including 

PNF, EAD, AKI, and pulmonary infection. Therefore, IFLT 

can significantly reduce the mortality rate in patients under-

going liver transplantation. The results indicate that IFLT 

can assist with the utilization of FMLs and reduce the risk 

to an acceptable level.

Mechanistically, pyroptosis was significantly inhibited in 

IFLT. Pyroptosis is originally called caspase-1-dependent 

programmed cell death and induces the secretion of IL-1b 

and IL-8.32-34 Many studies have revealed that pyropto-

sis-induced inflammation accounts for I/R injury in liver 

transplantation.33,35-37 Therefore, considering the proinflam-

matory role of pyroptosis, we investigated the effect of IFLT 

on FML inflammation. Most of the downregulated liver inju-

ry-related genes were proinflammatory genes, such as IL-

32, IL-27, and interleukin 2 receptor subunit beta (IL-2RB). 

Specifically, IFLT significantly reduced NK cell infiltration. 

The function of NK cells in liver transplantation remains 

controversial owing to conflicting clinical and experimental 

results.38 However, accumulating evidence suggests that 

NK cells are involved in the development of I/R injury dur-

ing conventional liver transplantation.39 The depletion of NK 

cells can protect the liver from I/R injury, as evidenced by 

decreased ALT and AST levels.40 The presence of NK cells 

in the liver perfusate is strongly associated with acute cel-

lular rejection.41 Therefore, we concluded that IFLT allevi-

ates liver injury by reversing pyroptosis-induced inflamma-

tion and inhibiting NK cell infiltration.

Additionally, IL-32 was significantly upregulated in the NK 

cells of SCS patients who underwent I/R injury. IL-32 is 

originally cloned in human NK cells and is a proinflamma-

tory factor that contains three isoforms: IL-32a, IL-32b, and 

IL-32g.42 IL-32g is a proinflammatory mediator that pro-

motes the expression of IL-1b, IL-18, and tumor necrosis 

factor-alpha (TNF-a).43,44 The immune cell patterns of 

CASP1, IL-1b, and IL-18 were remarkable in monocytes and 

macrophages. There was a positive relationship between 

IL-32, CASP1, and GSDMD in both SCS and IFLT patients. 

Thus, we can infer that IFLT alleviates liver injury in FMLs 

by inhibiting the infiltration of NK cells, thereby leading to 

the abortion of IL-32-induced pyroptosis and decreased 

secretion of downstream inflammatory factors (IL-1b and IL-

18) in monocytes and macrophages.

In summary, clinical data analysis reveals that FMLs lead 

to poorer outcomes in LT patients than other ECDs (steato-

sis, advanced age, advanced BMI, and hypernatremia) in 

terms of postoperative complications and median survival. 

Transplant surgeons should be prudent regarding the utili-

zation of this type of marginal liver. Surprisingly, we demon-

strate that IFLT significantly improves the survival of pa-

tients who underwent FMLs. Furthermore, IFLT ameliorates 

liver injury in FMLs by inhibiting the infiltration of NK cells, 

leading to the abortion of IL-32-driven pyroptosis and the 

release of downstream inflammatory factors (IL-1β and IL-

18) in monocytes and macrophages (Fig. 1B).

Limitations

Our study has three main limitations. First, the small 

number of patients in the NMP and IFLT groups weakened 

the statistical results. Larger population studies are re-

quired to address this issue (Supplementary Table 7). Sec-

ond, the mechanism underlying the improvement of IFLT 

was revealed using bioinformatic analysis. Although a py-

roptosis-immune network was constructed, more detailed 

experiments should be conducted to elucidate the mecha-
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nism of liver injury in the SCS and NMP groups as com-

pared with IFLT. Third, some low-quality grafts tended to 

be evaluated under machine perfusion, which could have 

led to an underestimation of the protective effect of NMP in 

our study.

Authors’ contribution
Conceptualization: S.W., M.C., and W.J; Writing the origi-

nal draft: S.W., X.L., and Y.T; Date collection: Y.L., M.Z., 

Z.X., Y.G., and Y.D; Statistical analyses: S.W. and X.L; Bio-

informatics: S.W; Review & editing: Q.Z., Z.G., D.W., and 

X.H. Founding: X.H., W.J., and M.C.

Acknowledgements
This work was supported by the National Natural Science 

Foundation of China (81770410), Guangdong Basic and 

Applied Basic Research Foundation (2020A1515011557, 

2020A1515010903), Guangdong Provincial Key Laboratory 

of Organ Donation and Transplant Immunology (2020B12 

12060026), Guangdong Provincial International Coopera-

tion Base of Science and Technology (Organ Transplanta-

tion) (2020A0505020003), “Elite program” especially sup-

ported by China organ transplantation development 

foundation (2019JYJH12), China.

Conflicts of Interest
The authors have no conflicts to disclose.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Clinical and Mo-

lecular Hepatology website (http://www.e-cmh.org).

REFERENCES 

  1. Terrault NA, Francoz C, Berenguer M, Charlton M, Heimbach 

J. Liver transplantation 2023: Status report, current and future 

challenges. Clin Gastroenterol Hepatol 2023;21:2150-2166.

  2. Kim WR, Lake JR, Smith JM, Skeans MA, Schladt DP, Ed-

wards EB, et al. Liver. Am J Transplant 2016;16 Suppl 2:69-98.

  3. Bruzzone P, Giannarelli D, Adam R; European Liver and Intes-

tine Transplant Association; European Liver Transplant Reg-

istry. A preliminary European Liver and Intestine Transplant 

Association-European Liver Transplant Registry study on in-

formed recipient consent and extended criteria liver donation. 

Transplant Proc 2013;45:2613-2615.

  4. Vodkin I, Kuo A. Extended criteria donors in liver transplanta-

tion. Clin Liver Dis 2017;21:289-301.

  5. Lin Y, Huang H, Chen L, Chen R, Liu J, Zheng S, et al. Assess-

ing donor liver quality and restoring graft function in the era of 

extended criteria donors. J Clin Transl Hepatol 2023;11:219-

230.

  6. Figueras J, Busquets J, Grande L, Jaurrieta E, Perez-Ferreiroa 

J, Mir J, et al. The deleterious effect of donor high plasma 

sodium and extended preservation in liver transplantation. A 

multivariate analysis. Transplantation 1996;61:410-413.

  7. Nemes B, Gámán G, Polak WG, Gelley F, Hara T, Ono S, et al. 

Extended criteria donors in liver transplantation Part I: review-

ing the impact of determining factors. Expert Rev Gastroen-

terol Hepatol 2016;10:827-839.

  8. He X, Guo Z, Zhao Q, Ju W, Wang D, Wu L, et al. The first 

case of ischemia-free organ transplantation in humans: A 

proof of concept. Am J Transplant 2018;18:737-744.

  9. Guo Z, Zhao Q, Jia Z, Huang C, Wang D, Ju W, et al. A ran-

domized-controlled trial of ischemia-free liver transplantation 

for end-stage liver disease. J Hepatol 2023;79:394-402.

10. Chen M, Chen Z, Lin X, Hong X, Ma Y, Huang C, et al. Applica-

tion of ischaemia-free liver transplantation improves prognosis 

of patients with steatotic donor livers - a retrospective study. 

Transpl Int 2021;34:1261-1270.

11. Guo Z, Xu J, Huang S, Yin M, Zhao Q, Ju W, et al. Abrogation 

of graft ischemia-reperfusion injury in ischemia-free liver trans-

plantation. Clin Transl Med 2022;12:e546.

12. Tang Y, Wang T, Ju W, Li F, Zhang Q, Chen Z, et al. Ischemic-

free liver transplantation reduces the recurrence of hepa-

tocellular carcinoma after liver transplantation. Front Oncol 

2021;11:773535.

13. Laing RW, Mergental H, Yap C, Kirkham A, Whilku M, Barton 

D, et al. Viability testing and transplantation of marginal livers 

(VITTAL) using normothermic machine perfusion: study pro-

tocol for an open-label, non-randomised, prospective, single-

arm trial. BMJ Open 2017;7:e017733.

14. Chen L, Min J, Wang F. Copper homeostasis and cupro-

ptosis in health and disease. Signal Transduct Target Ther 

2022;7:378.

15. Sun X, Yang Y, Meng X, Li J, Liu X, Liu H. PANoptosis: 

Mechanisms, biology, and role in disease. Immunol Rev 

2024;321:246-262.



https://doi.org/10.3350/cmh.2024.0139434

Clinical and Molecular Hepatology
Volume_30 Number_3 July 2024

http://www.e-cmh.org

16. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert 

BL, Gillette MA, et al. Gene set enrichment analysis: a knowl-

edge-based approach for interpreting genome-wide expres-

sion profiles. Proc Natl Acad Sci U S A 2005;102:15545-15550.

17. Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M, Mesirov 

JP, Tamayo P. The Molecular Signatures Database (MSigDB) 

hallmark gene set collection. Cell Syst 2015;1:417-425.

18. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird 

D, et al. The MR-Base platform supports systematic causal 

inference across the human phenome. Elife 2018;7:e34408.

19. Kolberg L, Raudvere U, Kuzmin I, Adler P, Vilo J, Peterson H. 

g:Profiler-interoperable web service for functional enrichment 

analysis and gene identifier mapping (2023 update). Nucleic 

Acids Res 2023;51:W207-W212.

20. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tana-

seichuk O, et al. Metascape provides a biologist-oriented 

resource for the analysis of systems-level datasets. Nat Com-

mun 2019;10:1523.

21. Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, et al. Refer-

ence-based analysis of lung single-cell sequencing reveals a 

transitional profibrotic macrophage. Nat Immunol 2019;20:163-

172.

22. Zhang X, Lan Y, Xu J, Quan F, Zhao E, Deng C, et al. Cell-

Marker: a manually curated resource of cell markers in human 

and mouse. Nucleic Acids Res 2019;47:D721-D728.

23. Chouchani ET, Pell VR, Gaude E, Aksentijević D, Sundier SY, 

Robb EL, et al. Ischaemic accumulation of succinate con-

trols reperfusion injury through mitochondrial ROS. Nature 

2014;515:431-435.

24. Nasralla D, Coussios CC, Mergental H, Akhtar MZ, Butler AJ, 

Ceresa CDL, et al. A randomized trial of normothermic preser-

vation in liver transplantation. Nature 2018;557:50-56.

25. Dutkowski P, Furrer K, Tian Y, Graf R, Clavien PA. Novel short-

term hypothermic oxygenated perfusion (HOPE) system pre-

vents injury in rat liver graft from non-heart beating donor. Ann 

Surg 2006;244:968-976; discussion 976-977.

26. de Rougemont O, Breitenstein S, Leskosek B, Weber A, Graf 

R, Clavien PA, et al. One hour hypothermic oxygenated perfu-

sion (HOPE) protects nonviable liver allografts donated after 

cardiac death. Ann Surg 2009;250:674-683.

27. Schlegel A, Kron P, Graf R, Clavien PA, Dutkowski P. Hypo-

thermic Oxygenated Perfusion (HOPE) downregulates the 

immune response in a rat model of liver transplantation. Ann 

Surg 2014;260:931-937; discussion 937-938.

28. Guarrera JV, Henry SD, Samstein B, Odeh-Ramadan R, 

Kinkhabwala M, Goldstein MJ, et al. Hypothermic machine 

preservation in human liver transplantation: the first clinical 

series. Am J Transplant 2010;10:372-381.

29. van Rijn R, Karimian N, Matton APM, Burlage LC, Westerkamp 

AC, van den Berg AP, et al. Dual hypothermic oxygenated 

machine perfusion in liver transplants donated after circulatory 

death. Br J Surg 2017;104:907-917.

30. van Rijn R, van Leeuwen OB, Matton APM, Burlage LC, 

Wiersema-Buist J, van den Heuvel MC, et al. Hypothermic 

oxygenated machine perfusion reduces bile duct reperfusion 

injury after transplantation of donation after circulatory death 

livers. Liver Transpl 2018;24:655-664.

31. van Rijn R, Schurink IJ, de Vries Y, van den Berg AP, Cortes 

Cerisuelo M, Darwish Murad S, et al. Hypothermic machine 

perfusion in liver transplantation - A randomized trial. N Engl J 

Med 2021;384:1391-1401.

32. Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell 

death and inflammation. Nat Rev Microbiol 2009;7:99-109.

33. Kadono K, Kageyama S, Nakamura K, Hirao H, Ito T, Kojima 

H, et al. Myeloid Ikaros-SIRT1 signaling axis regulates hepatic 

inflammation and pyroptosis in ischemia-stressed mouse and 

human liver. J Hepatol 2022;76:896-909.

34. He WT, Wan H, Hu L, Chen P, Wang X, Huang Z, et al. 

Gasdermin D is an executor of pyroptosis and required for 

interleukin-1β secretion. Cell Res 2015;25:1285-1298.

35. Lucas-Ruiz F, Peñín-Franch A, Pons JA, Ramírez P, Pelegrín P, 

Cuevas S, et al. Emerging role of NLRP3 inflammasome and 

pyroptosis in liver transplantation. Int J Mol Sci 2022;23:14396.

36. Liu H, Man K. New insights in mechanisms and therapeu-

tics for short- and long-term impacts of hepatic ischemia 

reperfusion injury post liver transplantation. Int J Mol Sci 

2021;22:8210.

37. Kadono K, Kojima H, Yao S, Kageyama S, Nakamura K, Hirao 

H, et al. SIRT1 regulates hepatocyte programmed cell death 

via GSDME - IL18 axis in human and mouse liver transplanta-

tion. Cell Death Dis 2023;14:762.

38. Harmon C, Sanchez-Fueyo A, O’Farrelly C, Houlihan DD. 

Natural killer cells and liver transplantation: Orchestrators of 

rejection or tolerance? Am J Transplant 2016;16:751-757.

39. Huang M, Cai H, Han B, Xia Y, Kong X, Gu J. Natural killer 

cells in hepatic ischemia-reperfusion injury. Front Immunol 

2022;13:870038.

40. Lu D, Yang X, Pan L, Lian Z, Tan W, Zhuo J, et al. Dynamic im-

mune cell profiling identified natural killer cell shift as the key 

event in early allograft dysfunction after liver transplantation. 



 Shuai Wang, et al. 
 Spears and shields for liver transplantation

https://doi.org/10.3350/cmh.2024.0139 435http://www.e-cmh.org

Cell Prolif 2024;57:e13568.

41. Pagano D, Badami E, Conaldi PG, Seidita A, Tuzzolino F, Bar-

bàra M, et al. Liver perfusate natural killer cells from deceased 

brain donors and association with acute cellular rejection after 

liver transplantation: A time-to-rejection analysis. Transplanta-

tion 2019;103:371-380.

42. Kim SH, Han SY, Azam T, Yoon DY, Dinarello CA. Inter-

leukin-32: a cytokine and inducer of TNFalpha. Immunity 

2005;22:131-142.

43. Gorvel L, Korenfeld D, Tung T, Klechevsky E. Dendritic cell-

derived IL-32α: A novel inhibitory cytokine of NK cell function. 

J Immunol 2017;199:1290-1300.

44. Schenk M, Krutzik SR, Sieling PA, Lee DJ, Teles RM, Ochoa 

MT, et al. NOD2 triggers an interleukin-32-dependent human 

dendritic cell program in leprosy. Nat Med 2012;18:555-563.


