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Since the very early days of clinical liver transplantation 
(LT), transplant surgeons and professionals have been 
confronted with the increased risk of failure associated with 
the use of fatty liver grafts (1). Notwithstanding the wide 
variability in steatosis assessment across different centers 
and pathologists (2), utilization of livers with moderate 
(≥30%) or severe (≥60%) macrovesicular steatosis has been 
consistently associated with an increased risk of primary 
non-function, early allograft dysfunction, acute kidney 
injury, as well as inferior graft and patient survival (3). The 
mechanisms behind the increased susceptibility of steatotic 
livers to ischemia-reperfusion injury (IRI) are multiple, 
including disturbances to microcirculation due to sinusoidal 
narrowing, increased oxidative stress upon reperfusion 
and enhanced lipid peroxidation, leading to an increased 
release of inflammatory mediators like IL6, IL1β and so-
called damage associated molecular patterns (DAMP), like 
cell-free DNA and mitochondrial DNA. Histologically, 
this is reflected by hepatocyte death by necrosis rather 
than apoptosis, pseudopeliotic steatosis (i.e., the expulsion 
of lipid droplets into the extracellular space) and lately, by 

tissue remodelling and fibrosis (4,5). Consequently, steatosis 
represents one frequent reason for graft non-utilization. As 
the prevalence of metabolic associated steatotic liver disease 
is projected to rise in the population and in organ donors, 
developing mitigation strategies against IRI in fatty livers is 
one focus of basic science and clinical research in LT. 

Machine perfusion has been reappraised in LT to 
improve preservation of livers from extended-criteria 
donors, including those bearing significant macrosteatosis. 
In this setting, outcomes of hypothermic oxygenated 
machine perfusion (HOPE) have been controversial (6-8),  
also due to the lack of the possibility to properly assess their 
viability before transplant. Normothermic machine perfusion 
(NMP), by which the liver is maintained in a physiological 
environment and provided with oxygen and nutrients, could 
represent the ideal preservation technique for fatty livers, 
as a platform simultaneously allowing better preservation, 
viability testing, and administering organ therapeutics. 
However, especially when NMP is applied after a period of 
cold storage, steatotic livers frequently fail to meet criteria 
for transplantation and, even when they do, primary non-
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function is not ruled out (9).
Recently, Sousa da Silva et al. (10) published a paper 

reporting on the possibility of defatting livers during long-
term NMP. In this series, they used the arguably most 
advanced NMP device available nowadays—the Wyss 
machine (11)—incorporating several core technologies, 
namely a dialysis unit, an inflatable mat mimicking 
diaphragmatic movements, an artificial pancreas, and a close 
monitoring of nutrition and vasopressors requirements. 
Twenty steatotic livers were perfused for an average time 
of one week and up to 12 days, of which 14 were whole 
livers having been discarded for LT and 6 were specimen of 
hemihepatectomy performed for an oncological indication. 
During NMP, 10 livers (“responders”) displayed a significant 
loss of fat, which was almost complete in 5 cases, whereas  
10 livers (“non-responders”) did not. Authors claim that 
more efficient defatting was linked to the progressive 
adaptations that were made to their protocol, namely 
avoiding glucose supplementation to minimize lipogenesis, 
maintaining normoglycemia by continuous adjustment of 
glucagon and insulin infusions, administering nutrition 
according to circadian cycles, and supplementing the 
perfusate with L-carnitine (promoter of the transport of 
fatty acids into mitochondria) and fenofibrate (promoter of 
β-oxidation). Interestingly, Authors noticed a histological 
pattern similar to what is observed in-vivo: in responders, 
fat droplets were mostly intracellular, whereas non-
responders developed pseudopeliotic steatosis, which was 
associated with a more pronounced activation of Kupffer 
and stellate cells. Authors are to be congratulated for 
successfully achieving what appears to be a prohibitive task, 
i.e., developing a device allowing semi-automated long-
term NMP, which is the necessary prerequisite to study 
complex biological processes, including but not limited to 
liver defatting. 

At present, two philosophies drive the application of 
NMP in fatty livers. One approach is using NMP as a 
platform to cure the disease, i.e., steatosis, based on the 
assumption that clearing the liver from fat accumulation will 
result in improved outcomes after LT. The study by Sousa 
da Silva et al. (10) comes in the wake of previous attempts 
at achieving defatting of discarded human livers during 
shorter NMP by supplementing the perfusate with defatting 

agents (12) and/or by incorporating a lipid apheresis filter 
in the circuit (13), which were also marked by some success. 
However, while implementation of a defatting protocol 
has been generally associated with improved viability 
parameters on the machine, no data on livers treated by 
a defatting protocol and then transplanted are available. 
The Oxford group is currently recruiting patients for a 
randomized clinical trial on liver defatting, with preliminary 
results anticipated in 2025 (ISRCTN14957538). 

Some limitations of the Sousa da Silva et al. (10) paper 
have to be acknowledged, namely the study design and 
the high heterogeneity of the included livers, possibly 
representing a source of confounding. Furthermore, it 
is not possible to establish a causal relationship between 
successful defatting and the protocol modifications that 
were progressively implemented. More substantially, the 
protocol applied by the Authors appears to be labour and 
technology intensive, which limits its wide applicability 
in clinical settings that are usually already strained by 
workforce shortage. A further issue is represented by 
how the viability of these long-perfused livers should be 
assessed. Authors stated that all livers were viable during 
long-term NMP, so arguably (and provocatively) all these 
livers could have been transplanted despite not achieving 
successful defatting. In our experience, viability assessment 
of livers with ≥30% macrovesicular steatosis has proven to 
be problematic in some cases (9). While some degree of 
deviance from most widely adopted viability criteria can 
be accepted in particular scenarios (i.e., standard grafts 
undergoing NMP for logistical reasons), signs of impending 
poor function after LT can be very subtle in fatty grafts, 
suggesting extreme caution. 

A second approach is represented by trying to minimize 
IRI enabling transplantation of these grafts which, most 
frequently, exhibit perfectly normal function in the 
donor. As the main issue with steatotic grafts is initial 
poor function (3), improving functional recovery after LT 
would allow steatosis to be cleared in-vivo in the recipient, 
similarly to what Sousa da Silva et al. have shown to 
happen on their long-term NMP device (Figure 1) (10).  
An appealing approach to improve preservation of 
steatotic livers is represented by upfront NMP, or so-
called normothermic machine preservation, which 
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Figure 1 Temporal resolution of steatosis and pseudopeliotic steatosis in serial biopsies (HE staining). (A-C) Progressive resolution of 
steatosis observed in serial biopsies from donor organ retrieval (A) to 15 days (B) and 100 days (C) after transplant. (D-F) Donor liver biopsy 
obtained at the time of organ retrieval (D) showed mild large droplet macrovesicular steatosis that evolved in focal hepatocellular necrosis 
and accumulation of large fat globules mimicking sinusoids dilatation, namely pseudopeliotic steatosis (E, black arrowheads; 7 days after 
transplant). Eventually, both steatosis and pseudopeliotic steatosis resolved without fibrotic progression (F, 180 days after transplant).

incorporates the concept of minimization of initial cold 
ischemia time. The rationale for this approach is based 
on the fact that preclinical models have shown that even a 
short period of cold preservation is detrimental in severely 
damaged grafts undergoing NMP and that, due to their 
high content in fat, steatotic livers are particularly prone 
to damage when they are cooled down. This prompted our 
group to implement upfront NMP when significant graft 
steatosis is expected based on donor data. In a proof-of-
concept case, we have shown that even grafts with severe 
macrovesicular steatosis can be successfully transplanted 
after assessment and preservation by upfront NMP (14). 
A message drawn from our experience is that minimizing 
pre- and post-NMP ischemia time and avoiding graft 
cooling are key elements in allowing successful recovery 
of these extremely marginal grafts (Figure 2). Pushing 
this concept further, the Guangzhou group developed a 
protocol for ischemia-free LT, in which NMP is initiated 
in the donor and continued until implantation into the 
recipient (15). Interestingly, this protocol was first applied 
to a liver with 50% macrovesicular steatosis. Although 
interesting, ischemia-free LT is rather complex, and its 
application has remained limited to the developing center. 

More importantly, any upfront approach relies on the 
correct identification of those graft that might benefit from 
these expensive and logistically demanding procedures. 
Unfortunately, prediction of liver steatosis based on donor 
data is highly inaccurate and, unless a pre-procurement 
biopsy is available, establishing the indication for upfront 
NMP or ischemia-free LT remains difficult. 

In conclusion, despite recent advances in organ 
procurement and preservation, achieving successful 
transplantation of fatty liver grafts appears to remain 
an unresolved issue. Although the Sousa da Silva et al.’s 
paper (10) sheds some new light on this complex topic, 
further studies are necessary to confirm that successful 
defatting translates into good graft function after LT. If 
successful, application of such a strategy will likely require 
concentrating the necessary expertise in organ perfusion 
hubs, with dedicated surgeons, perfusionists and engineers. 
At present, the possibilities offered by long-term NMP 
appear appealing mainly for basic science and pre-clinical 
research, as a platform to study IRI, liver metabolism and 
other biological processes, similar to what has been done for 
more than a century with different isolated-perfused liver 
models. 
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