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In acute-on-chronic liver failure (ACLF), there is an unmet need
for biomarkers to assess prognosis, treatment response and for
the identification of leads for targeted therapy. In order to meet
these needs, understanding the pathophysiology and sequence
of events is required. In particular, the causal and temporal re-
lationships between inflammation and organ dysfunctions need
to be elucidated.

In this issue of Journal of Hepatology, Zaccherini and Aguilar
et al.1 present a comprehensive study, aiming to address the role
of amino acids (AAs) in systemic inflammation and organ failures
in ACLF. These researchers recently showed that patients with
ACLF have a distinctive metabolic fingerprint, characterized by
proteolysis, lipolysis and extramitochondrial glucose meta-
bolism, with enhanced aerobic glycolysis and increased levels of
blood metabolites related to the pentose phosphate pathway,
with subsequent depressed mitochondrial energy production.2

In parallel, they reported enhanced extramitochondrial AA
catabolism2,3 and hypothesized that the observed altered glucose
metabolism may be associated with changes in AA metabolism.
Overall, the altered metabolism of both glucose and AA could
contribute to immune activation and organ failure in ACLF.

The authors are to be congratulated for their comprehensive
and original study and for providing the background information
on key metabolic processes, to put into context the physiological
consequences of observed metabolic alterations. The authors
used a recently proposed and original approach – weighted gene
co-expression network analysis – to analyse the whole metab-
olomic data set. This data mining method allowed them to study
biological networks by defining modules in high-dimensional
data sets, based on correlations between molecules. All metab-
olites captured in the same module are therefore considered to
be driven by the same metabolic purpose.

The authors reported aprofoundmetabolic reprogrammingwith
a significant metabolite accumulation in patients with ACLF. They
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hypothesized, based on what is observed in septic non-cirrhotic
patients, that AAs fuel anabolic programs, including protein and
nucleotide synthesis, required for the intense systemic inflamma-
tory response and for energy supply to peripheral organs. Interest-
ingly, the observed metabolic reprogramming of AAs may
functionally impact on components of the inflammatory response.
To illustrate this, Korf et al.4 showed that monocytes from patients
with ACLF show an immunosuppressive signature with defective
phagocytic and inflammatory functions. Monocyte dysfunction
could be restored by metabolic rewiring, e.g. by feeding glutamine
into the tricarboxylic acid cycle within monocytes using a pharma-
cological inhibitor of glutamine synthetase. In this context, the new
metabolomics data provided by Zaccherini and Aguilar et al. may
provide new insights onmetabolite use andmay aid in tracking the
consequences of therapeutic interventions. The authors have
confirmed with dedicated analyses that blood metabolite accumu-
lation in ACLF was not solely the result of defective renal excretion.
Indeed, only 2 eigenmetabolites were upregulated in patients with
single kidney failure compared to those without kidney failure.

The impact of other potentially relevant factors, such as
bacterial origin of metabolic products and the interaction with
the host, nutritional status or the circadian rhythm could not be
assessed. The human gut microbiome, including the interplay
between the host and the gut, reflected by changes in the
metabolome, will be extensively studied in patients with
decompensated cirrhosis and ACLF in the Horizon 2020-funded
MICROB-PREDICT project (https://microb-predict.eu/).
Regarding circadian rhythm, samples were collected at time of
enrolment in the CANONIC study, while time of sampling was
not standardized. Under highly controlled conditions, healthy
individuals show significant 24 h variations in several metabo-
lites, including the amino acids methionine, tyrosine, proline,
lysine, phenylalanine and leucine, with a mean ratio of oscilla-
tion range relative to the MESOR of 65%, with the highest level of
variation from mid- to late afternoon.5 The relevance of time-of-
day variations, in the context of multiple other factors impacting
on metabolic derangements, cannot be determined from the
present study. In future metabolite-based studies, recognition of
potential 24 h variation is warranted for correct interpretation of
study results. In the present study, the lack of a control cohort of
patients with conditions known to be associated with intense
systemic inflammatory features (e.g. critically ill patients, septic
patients) makes it difficult to assess the disease specificity of the
21 vol. 74 j 1015–1017
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authors’ observation. Particularly because the authors rely on a
hypothesis validated in sepsis under non-cirrhotic conditions,
that the observed changes in blood metabolites aim to fuel the
intense innate immune response. Some similarities in the ana-
lyses of blood metabolomics in the 2 groups may confirm this
assumption (increased pyruvate, lactate, a-ketoglutarate, oxalo-
acetate and acylcarnitines in patients with worst prognosis).
Other common features are shared between patients with ACLF
and critically ill and/or septic patients, e.g. mitochondrial
dysfunction6 which was recently reported to reduce ATP-
producing fatty acid b-oxidation and subsequently oxidative
phosphorylation in ACLF.2 Interestingly, a defect in autophagy, an
anti-inflammatory process that may help preserve mitochondrial
function, has been suggested by decreased blood levels of sper-
midine in the present paper. Defective autophagy is known to be
associated with outcome in sepsis and critical illness.7,8

Another common feature between patients with ACLF and other
groups of critically ill patients is the presence of skeletal muscle
loss or sarcopenia, a condition commonly associated with poor
outcome in different conditions.9–11 In cirrhotic patients, sarcope-
nia has been associated with development of ACLF.12 One of the
main sources of AAs in intense anabolic and/or catabolic conditions
is muscle proteolysis. In the present study, 43% of the metab-
olomics data set was AA-derived and the yellowmodule (gathering
coregulated metabolites) was exclusively composed of AAs,
underlining the magnitude of this process during ACLF. While in
the 3 different conditions (critically ill, sepsis, cirrhosis), muscle
proteolysis shares common pathways, e.g. systemic inflammation
and myostatin-induced inhibition of muscle growth via the
ubiquitin–proteasome pathway,13,14 the pivotal place of hyper-
ammonemia as a mediator of the liver-muscle axis seems to be
specific to patients with cirrhosis. In cirrhosis, hyperammonemia
induces a cellular response that resembles some features of AA
starvation15 and is responsible for the increased expression of
myostatin, leading to skeletal muscle loss.16,17 While ammonia-
lowering therapy has been suggested to reverse sarcopenia by
restoring proteostasis in hyperammonemic animal models,18 it is
interesting to notice that supplementation with L-leucine, a
branched chain amino acid, allowed the loss of inhibition in protein
synthesis. In the paper by Zaccherini and Aguilar et al., the authors
suggest that the urea cycle, usually enabling ammonia detoxifica-
tion, could be deregulated while its key molecules are being
diverted to fuel nucleotide synthesis. These data suggest that tar-
geted nutritional support is of potential benefit to patients with
cirrhosis and ACLF. Surprisingly, the authors also reported a prob-
able defect or inhibition of ketone body production from AAs, with
the absence of the canonical ketone body b-hydroxybutyrate in
their metabolomic data set. Indeed, ketogenesis is observed in
sepsis and its intensity is associated with outcome in animal
models and humans.19,20 Moreover, increased availability of ketone
bodies has recently been suggested to protect against sepsis-
induced muscle wasting, that could be linked with the increase
in sarcopenia observed in ACLF.19 The absence of ketogenesis could
therefore be a key feature of ACLF that should be studied.

This multicentre study has multiple strengths: the overall
cohort of patients is large and well described, with detailed
characteristics at admission and during follow-up and uniform
sample collection at hospital admission. Nevertheless, the study
is descriptive and associative, and does not contain any mecha-
nistic investigations, as properly discussed in the manuscript.
Conclusions should therefore be interpreted cautiously.
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The present study provides new evidence regarding
massive metabolic reprogramming in ACLF, and as such, it may
serve as a valuable resource paper for future basic in-
vestigations aimed at increased understanding of pathophys-
iological mechanisms of ACLF and biomarker research. It would
be interesting to study the temporal resolution of observed
metabolic derangements in relation to the disease trajectory
by serial sampling in patients in order to elucidate the ante-
cedence of metabolic reprogramming before development of
ACLF or death. In fact, the CANONIC study provides a unique
opportunity to evaluate intra-individual sequential changes in
AA metabolism from patients with AD progressing to ACLF,
providing the ultimate proof of ACLF-specific AA metabolic
pathways. In addition, studies are warranted to challenge the
mechanisms proposed by the authors, such as the competition
which may occur if metabolic costs of acute systemic inflam-
matory activation exceed the supply, inducing an energy-
conserving hypometabolic state (dormancy program) in pe-
ripheral organs, and the tissue specificity of the observed
metabolic derangements. Studying tissue specificity is
complicated because of ethical constraints on taking tissue
samples from different organs in humans. As an alternative,
representative animal models or cell models could be applied,
although they may not recapitulate all relevant aspects of the
disease. In conclusion, the observed metabolic reprogramming
in ACLF warrants future mechanistic study.
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