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Highlights

e Metabolic and transcriptional phenotypes of leukocytes from pa-
tients with ACLF were assessed.

o Two break-points were discovered in the tricarboxylic cycle of leu-
kocytes in ACLF.

e Biomarkers of mitochondrial dysfunction correlated with inflam-
mation and gene sets related to leukocyte activation.

e Leukocyte mitochondrial dysfunction is a hallmark of ACLF.
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Lay summary

Patients at advanced stages of liver
disease have dismal prognosis due
to vital organ failures and the lack
of treatment options. In this study,
we report that the functioning of
mitochondria, which are known as
the cell powerhouse, is severely
impaired in leukocytes of these
patients, probably as a consequence
of intense inflammation. Mito-
chondrial dysfunction is therefore a
hallmark of advanced liver disease.
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Background & Aims: Patients with acute-on-chronic liver failure
(ACLF) present a systemic hyperinflammatory response associ-
ated with increased circulating levels of small-molecule metab-
olites. To investigate whether these alterations reflect inadequate
cell energy output, we assessed mitochondrial morphology and
central metabolic pathways with emphasis on the tricarboxylic
acid (TCA) cycle in peripheral leukocytes from patients with
acutely decompensated (AD) cirrhosis, with and without ACLF.
Methods: The study included samples from patients with AD
cirrhosis (108 without and 128 with ACLF) and 41 healthy in-
dividuals. Leukocyte mitochondrial ultrastructure was visualized
by transmission electron microscopy and cytosolic and mito-
chondrial metabolic fluxes were determined by assessing NADH/
FADH, production from various substrates. Plasma GDF15 and
FGF21 were determined by Luminex and acylcarnitines by LC-
MS/MS. Gene expression was analyzed by RNA-sequencing and
PCR-based glucose metabolism profiler array.

Results: Mitochondrial ultrastructure in patients with advanced
cirrhosis was distinguished by cristae rarefication and swelling.
The number of mitochondria per leukocyte was higher in pa-
tients, accompanied by a reduction in their size. Increased FGF21
and C6:0- and C8:0-carnitine predicted mortality whereas
GDF15 strongly correlated with a gene set signature related to
leukocyte activation. Metabolic flux analyses revealed increased
energy production in mononuclear leukocytes from patients
with preferential involvement of extra-mitochondrial pathways,
supported by upregulated expression of genes encoding en-
zymes of the glycolytic and pentose phosphate pathways. In
patients with ACLF, mitochondrial function analysis uncovered
break-points in the TCA cycle at the isocitrate dehydrogenase
and succinate dehydrogenase level, which were bridged by
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anaplerotic reactions involving glutaminolysis and nucleo-
side metabolism.

Conclusions: Our findings provide evidence at the cellular,
organelle and biochemical levels that severe mitochondrial
dysfunction governs immunometabolism in leukocytes from
patients with AD cirrhosis and ACLF.

Lay summary: Patients at advanced stages of liver disease have
dismal prognosis due to vital organ failures and the lack of
treatment options. In this study, we report that the functioning
of mitochondria, which are known as the cell powerhouse, is
severely impaired in leukocytes of these patients, probably as a
consequence of intense inflammation. Mitochondrial dysfunc-
tion is therefore a hallmark of advanced liver disease.

© 2021 The Authors. Published by Elsevier B.V. on behalf of European
Association for the Study of the Liver. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction

Acute-on-chronic liver failure (ACLF) is a syndrome which de-
velops in patients with acutely decompensated (AD) cirrhosis
and is characterized by different combinations of organ failures
resulting in high short-term mortality."? Accumulating evi-
dence has highlighted that ACLF is associated with intense
systemic inflammation and severe immune paralysis.>* During
acute inflammation, immune cells rewire their cellular meta-
bolism to meet the high energy demand, linking metabolic
processes to the regulation of immune cell responses, a phe-
nomenon that has been termed immunometabolism.® In this
context, mitochondria - as the organelles in which intracellular
biochemical pathways converge - are the cell energy power-
houses and their dysfunction is implicated in a variety of dis-
eases such as neurodegenerative disorders, sepsis and
heart failure.

Mitochondrial dysfunction is a constant feature in many
chronic liver diseases.® Untargeted metabolomics recently un-
covered profoundly altered metabolic pathways in patients with
AD cirrhosis and ACLF, including evidence that dysfunctional
mitochondria might participate in disease development.” In this
investigation performed within the frame of the prospective
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European-wide CANONIC study including 1,343 hospitalized
patients with AD cirrhosis, elevated serum levels of hexanoyl
(C6:0)- and octanoyl (C8:0)-carnitine, which are markers of
incomplete mitochondrial fatty acid 3-oxidation, were described
in patients with ACLF.” In addition, features of increased levels of
metabolites of the glucuronate pathway and intermediates of the
pentose phosphate pathway (PPP) were observed.” Furthermore,
patients with ACLF displayed higher abundance of proteinogenic
and ketogenic amino acids (AAs) and their derivatives in
the blood.”®

In view of these findings, we hypothesized that
mitochondria-based pathways are less efficiently used in pa-
tients with ACLF and that altered energy production dictates
immune cell responses and immunometabolism in these pa-
tients. This hypothesis was tested in peripheral blood leuko-
cytes considering 3 premises. First, mitochondrial dysfunction
in leukocytes is associated with exaggerated systemic inflam-
mation and oxidative stress.>'° Second, inflammation is ener-
getically expensive!! and requires a trade-off of nutrients and
energy between immune cells and organ function homeostasis,
which may lead to peripheral organ hypometabolism and organ
failures. And third, mitochondrial alterations in circulating
leukocytes have been correlated with mitochondrial dysfunc-
tion in peripheral tissues and organs such as the heart.'? We
assessed our hypothesis using two approaches. The first was of
a descriptive nature, comprising the examination of mito-
chondrial ultrastructure by transmission electron microscopy
(TEM) and evaluation of established biomarkers of mitochon-
drial dysfunction. The second approach was mechanistic and
aimed at the analysis of metabolic and transcriptomic pheno-
types of circulating leukocytes from patients with AD cirrhosis
and ACLF.

Patients and methods

Patients

The study used biobanked plasma and serum samples from 96
patients with AD cirrhosis without ACLF (a group hereafter
called “AD”) and 115 patients with AD cirrhosis with ACLF
(a group hereafter called “ACLF”) from the CANONIC study,
along with 28 healthy individuals (HIs). For TEM, metabolic
fluxes and gene expression analyses, peripheral blood mono-
nuclear cells (PBMCs) and polymorphonuclear leukocytes
(PMNs) were isolated from patients with AD and ACLF (n = 25)
and HIs (n = 13) recruited at the Liver Intensive Care Unit and
the Hospital Clinic of Barcelona Blood Bank, respectively. The
baseline clinical and laboratory data are shown in Tables S1-2.
Complete information is given in the supplementary patients
and methods.

Cell isolation and assessment of whole cell flux analysis and
mitochondrial function assays

PBMCs and PMNs were isolated by Ficoll-Hypaque. Whole cell
flux analysis and mitochondrial function assays were performed
using PM-M1 and MitoPlate S-1 assays, respectively. Indepen-
dent plates were used for each individual and samples were not
pooled. Both assays are based on the production of NADH and
FADH, from various substrates/intermediates, which feed elec-
trons to the electron transport chain (ETC) (see supplementary
patients and methods and Tables S3-4 for detailed lists of sub-
strates/intermediates).

Cirrhosis and Liver Failure

TEM

PBMCs were examined under JEOL J1010 TEM (Akishima, Japan),
and the morphometric analysis was performed as described in
the supplementary patients and methods.

Gene expression

Gene expression was assessed by Human Glucose Metabolism
RT? profiler array (Qjagen), RNA-sequencing (RNA-seq) and real-
time PCR (see supplementary patients and methods).

Detection of biomarkers of mitochondrial dysfunction

and inflammation

Plasma levels of fibroblast growth factor (FGF) 21, growth dif-
ferentiation factor (GDF) 15 and 13 cytokines/chemokines were
measured by Luminex technology (see supplementary patients
and methods). Serum levels of acylcarnitines and other labora-
tory parameters were acquired from the existing
CANONIC databases.’

Data analysis

Results are presented as mean + SEM or median with inter-
quartile range (IQR) as appropriate. For single comparisons,
Student’s unpaired t test for parametric and Mann-Whitney test
for nonparametric distribution were used. For multiple com-
parisons, Kruskal-Wallis test was used for nonparametric distri-
bution, followed by Dunn’s post hoc testing. Spearman
(Spearman’s rho, rs) was applied for not normally distributed
variables correlations. For more detailed information see
supplementary patients and methods.

Results

Altered mitochondrial ultrastructure of circulating
leukocytes in patients with AD and ACLF

TEM images taken at different magnifications of leukocytes from
HIls and patients are shown in Fig. 1A. Abnormally shaped
mitochondria with cristae rarefication were seen in PBMCs from
patients with AD, compared to the normal conformation seen in
HIs. PBMCs from patients with AD displayed autophagic vacuoles
with signs of mitophagy, i.e. cytoplasmic inclusions engulfed by
double-membranes containing mitochondria (Fig. 1A, red ar-
row). Mitochondria from patients with ACLF showed more
apparent cristae rarefication, swelling and lack of connection
than those from patients with AD (Fig. 1A). These alterations
peaked in ACLF-3, wherein mitochondrial ultrastructure was
severely disorganized, suggesting extensive degradation of these
organelles (Fig. 1A). These findings indicate that leukocytes from
patients with AD and ACLF display typical features of primary
mitochondrial disorders.”> Of interest, the number of mito-
chondria per cell was significantly higher in patients with AD
and ACLF than in HIs (Fig. 1B), whereas the length/width ratio,
area and perimeter of each mitochondrion were smaller in pa-
tients than in HIs (Fig. 1C). The number of mitochondria and their
area were not associated with survival (Fig. S1A) and did not
correlate with the MELD (model for end-stage liver disease) or
the CLIF-C OF (Chronic Liver Failure Consortium organ failure)
scores (Fig. S1B). Consistent with previous reports,'*'> these al-
terations were not seen in liver tissue from patients with AD, in
whom mitochondria were of average appearance albeit with
frequent electron-dense granules in the mitochondrial ma-
trix (Fig. S1C).
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Elevated circulating biomarkers of mitochondrial
dysfunction in patients with AD and ACLF

GDF15 and FGF21 are mitokines induced by mitochondrial
dysfunction in an activating transcription factor 4 (ATF4)-
dependent manner and are regarded as circulating markers for
inherited mitochondrial disorders.!>!” As shown in Fig. 2A-B,
plasma GDF15 and FGF21 levels increased in a staggered fashion
from HIs to patients with AD and then to those with ACLF. GDF15
was able to discern ACLF-1 from AD (Fig. 2A), whereas FGF21 was
able to distinguish between AD and ACLF-3 as well as between
ACLF-2 and ACLF-3 (Fig. 2B). We also calculated the acylcarnitine
to free carnitine ratio, an indicator of mitochondrial fatty acid B-
oxidation.'® Patients with ACLF exhibited an increased acylcar-
nitine/free carnitine ratio in comparison to HIs and those with
AD (Fig. 2C), which was mainly attributed to increased short-
chain acylcarnitines (Fig. S2A). Medium-chain C6:0- and C8:0-
carnitine, which are part of the blood metabolite fingerprint
discriminating ACLF from AD,” showed the highest significant
correlation with FGF21 (Fig. S2B). In contrast, long-chain C16:0-
and C18:2-carnitine negatively correlated with mitokines
(Fig. S2B), probably reflecting the first peroxisomal passage in
the metabolism of long-chain fatty acids.'® The predictive value
of these biomarkers was assessed by conducting a multivariate
risk analysis, which revealed that FGF21, C6:0- and C8:0-
carnitine predict mortality in ACLF taking into account the
competing risk of liver transplantation (Fig. 2D). Higher levels of
these biomarkers were observed at study inclusion in patients
with ACLF who did not survive during the 28-day follow-up
(Fig. S2C). C6:0- and (8:0-carnitine also predicted outcome in
AD (Fig. 2D). Moreover, they positively correlated with classical
markers of inflammation (i.e. C-reactive protein and white blood
cell count) (Fig. S2D). Levels of C6:0-carnitine were higher in
patients with bacterial infection (Fig. S3A) whereas FGF21 levels
were lower in patients with HCV-etiology in comparison to
alcohol-associated cirrhosis (Fig. S3B). Stratification according to
the type of organ failures revealed higher levels of biomarkers of
mitochondrial dysfunction in patients with kidney fail-
ure (Fig. S4).

Relationship between mitochondrial dysfunction and
leukocyte activation at the cytokinome and

transcriptome level

To determine whether mitochondrial dysfunction is associated
with activation/functionality of circulating leukocytes, we
correlated plasma levels of GDF15 and FGF21 with those of cy-
tokines/chemokines in 5 HIs and 13 prospectively recruited pa-
tients with AD (of whom 8 had ACLF). GDF15 showed a strong
positive correlation with macrophage inflammatory protein-1a
and -B and a moderate correlation with interleukin (IL)-1B,
whereas FGF21 positively correlated with monocyte chemo-
attractant protein-1, IL-1ra and IL-6 (Fig. 2E). We also collected
PBMCs from these patients to perform RNA-seq. Gene set
enrichment analysis of the most significantly regulated gene sets
showed that most of the upregulated pathways were predomi-
nantly related to the activation of immune cells (i.e. granule
formation, phagocytosis, cytokine production/secretion and an-
tigen processing) in both AD and ACLF (Fig. 2F). Importantly, the
ATP synthesis-coupled electron transport gene set was signifi-
cantly upregulated in AD but not in ACLF, probably reflecting
mitochondrial failure (Fig. 2F). This ATP synthesis-related gene
set was the most representative amid a cluster of 5 gene sets
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related to mitochondrial function, including respiration and ETC
(Fig. S5A). We also calculated the correlation between GDF15 and
FGF21 and the normalized enrichment score of each of the top 50
upregulated gene sets and identified positive correlations be-
tween these biomarkers and activation of immune cells (Fig. 2G).
For instance, GDF15 strongly correlated with cytokine and che-
mokine production and macrophage activation and FGF21
correlated with antigen processing. We further browsed the
RNA-seq database for ATF4, the hepatic expression of which has
been associated with mitochondrial dysfunction in patients with
alcohol-related liver disease.? As shown in Fig. S5B, no changes
in ATF4 expression were seen in peripheral leukocytes from
patients with AD and ACLF in comparison to HIs. Moreover, we
did not detect changes in hepatic ATF4 expression in patients
with AD, except in 1 patient who presented with liver fail-
ure (Fig. S5C).

PBMCs from patients with AD and ACLF undergo rewiring of
cellular metabolism: boosting extra-mitochondrial pathways
We next wondered whether mitochondrial dysfunction in pa-
tients with AD and ACLF was accompanied by changes in
leukocyte metabolism. To explore this, we performed whole
cell flux analysis in PBMCs using PM-M1 plates and observed
that D-glucose was the most preferred substrate, although
PBMCs from AD and ACLF used a wider range of carbon and
nitrogen sources to generate energy than HIs (Fig. 3A). In ab-
solute amounts, PBMCs from AD and ACLF generated more
energy than those from Hls (Fig. 3A, Fig. S6-7), probably to
satisfy the high-energy demand of activated leukocytes. PBMCs
from ACLF showed a higher utilization of sugars and sugar
derivatives than those from AD (Fig. S8), although the overall
energy output was similar (Fig. S9A). The increased energy
turnover was also evident when the substrates were grouped
according to the different categories of macro- and micro-
molecules (Fig. 3B). The higher utilization of substrates was
further illustrated in a supervised clustergram of the row-wise
scaled values of the different substrates according to their
biochemical family (Fig. 3C). Calculation of the relative amount
of energy produced from substrates strictly metabolized in
mitochondria with respect to the total energy produced by the
cell revealed that PBMCs from AD and ACLF utilized extra-
mitochondrial pathways for much more of their energy pro-
duction (Fig. 3D). This is consistent with the reduced blood
lactate/pyruvate ratio, a surrogate marker of the cytosolic
NADH/NAD" ratio (Fig. 3E, Fig. S9B), suggesting an increased
glycolytic flux in detriment to mitochondrial TCA cy-
cle activity.?!

To obtain deeper insight into the TCA cycle, we performed
metabolic flux analysis using MitoPlate S-1, hereafter referred to
as mitochondrial function assays. Succinate was the most favored
mitochondrial substrate in PBMCs from HIs and AD, whereas this
position was ceded to malate in ACLF (Fig. 4A). Sn-Glycerol 3-
phosphate (G3P), which participates in energy generation
through the G3P shuttle, was the second most preferred sub-
strate in AD (Fig. 4A). Fig. 4B shows the unsupervised hierar-
chical cluster analysis of the row-wise scaled values of the
different substrates metabolized through mitochondrial path-
ways, in which G3P together with L-leucine and its derivative o-
ketoisocaproic acid were utilized more in patients with AD than
in HIs and those with ACLF. Fig. 4B also shows that PBMCs from
patients with ACLF preferentially utilized TCA cycle
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Fig. 1. Patients with AD and ACLF are characterized by altered mitochondrial morphology in leukocytes. (A) Representative electron microscopy images of
leukocytes from HIs (n = 3), and patients with AD (n = 3), ACLF-1 (n = 1), ACLF-2 (n = 2) and ACLF-3 (n = 1). Green arrows indicate mitochondria; the red arrow
indicates a mitophagic vacuole. (B) Number of mitochondria per cell and (C) length/width ratio, area and perimeter of each mitochondrion. Statistical analysis was
performed with Kruskal-Wallis test followed by Dunn’s multiple comparisons test. ACLF, acute-on-chronic liver failure; AD, acutely decompensated cirrhosis; HIs,
healthy individuals.
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intermediates (i.e. malate, a-ketoglutarate [0-KG] and fumarate),
acylcarnitines and AAs. The sum of the signals of all substrates/
intermediates strictly metabolized in mitochondria revealed that
the absolute energy output in AD and ACLF was similar to that of
HIs (Fig. S9C). This finding further supports the critical contri-
bution of extra-mitochondrial pathways to the increased energy
production needed by PBMCs to satisfy the high energy demand
of patients.

Analysis of the TCA cycle reveals two break-points in PBMCs
from patients with ACLF

We next ranked the fold regulation obtained by the pairwise
comparison of the energy generated from each mitochondrial
substrate/intermediate in PBMCs from patients with AD (Fig. 5A)
and ACLF (Fig. 5B) with respect to Hls. a-ketoisocaproic acid, L-
leucine, G3P, fumarate, L-serine and palmitoylcarnitine were the
preferred mitochondrial substrates/intermediates of PBMCs in
AD, whereas the rest were less utilized than in HIs (Fig. 5A). In
ACLF, acetylcarnitine, C8:0-carnitine, fumarate, L-glutamine, -
hydroxybutyrate and L-glutamate were the 6 most preferred
mitochondrial substrates/intermediates, whereas L-ornithine, o-
ketoisocaproic acid, citrate, cis-aconitate, L-leucine and isocitrate
were the 6 less preferred energy sources (Fig. 5B). Considering
only TCA cycle intermediates in the comparison between ACLF
and HIs, we were able to identify two break-points: one in the
first semicircle of the TCA cycle between isocitrate and o-KG
leading to less utilization of upstream intermediates including
isocitrate, cis-aconitate and citrate; and the other, in the second
semicircle, between succinate and fumarate leading to less

utilization of succinate (Fig. 5C). These two break-points were
not observed in patients with AD, in whom only fumarate was
more utilized (Fig. 5A), and were less noticeable when
comparing ACLF and AD (Fig. S9D). The existence of these two
break-points in ACLF suggests that anaplerotic reactions are
necessary to replenish the TCA cycle.

PBMCs of patients with AD and ACLF use alternative carbon
and nitrogen sources for energy generation

Using volcano plots, we identified that malate, L-glutamine and
its derivative L-glutamate were the 3 most relevant metabolites
for distinguishing ACLF from AD (Fig. 5D). L-glutamine can be
channeled into the TCA cycle via oxidative deamination of L-
glutamate to o-KG by glutamate dehydrogenase; a-KG is one of
the entry points to the TCA cycle for AA catabolism and also a
step in the anaplerotic arginosuccinate shunt.’>?* The finding
that PBMCs from patients with ACLF engaged more in L-gluta-
mine metabolism was confirmed by testing the energy produc-
tion from alanyl-glutamine (Ala-GlIn), a stabilized delivery form
of L-glutamine (Fig. SOE). These data indicate that, in ACLF,
PBMCs increasingly used glutaminolysis for anaplerosis of the
TCA cycle. In addition, PBMCs from patients with ACLF, and even
more so from those with AD, utilized adenosine as an alternative
carbon source (Fig. S6-7). Adenosine together with 2,3-
butanediol and acetoacetate formed a common signature of
substrate utilization by PBMCs in AD and ACLF (Fig. 5E). These
data are consistent with recent publications indicating that these
patients more actively engage in purine metabolism.®
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Fig. 5. Analysis by mitochondrial function assays reveals two break-points in the TCA cycle of PBMCs from patients with ACLF. (A) Bar plot of the 22
substrates/intermediates analyzed in the mitochondrial function assay ranked according to their fold regulation between patients with AD and HIs. (B) Ranking of
the 22 substrates/intermediates analyzed in the mitochondrial function assay in patients with ACLF compared to HIs. (C) Schematic diagram of the TCA cycle.
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Gene expression analysis of enzymes involved in

glucose metabolism

We next performed targeted transcriptomic analysis of genes
involved in glucose metabolism in PBMCs from Hls, and patients
with AD and ACLF using a Human Glucose Metabolism RT?
profiler array. Unsupervised hierarchical cluster analysis identi-
fied a cluster (cluster 1) composed of 13 genes encoding cytosolic

100

enzymes involved in the PPP, glycolysis and glycogen meta-
bolism that were upregulated in PBMCs from patients with AD
and ACLF compared to HIs (Fig. 6A). Using volcano plots, we
identified that isocitrate dehydrogenase 1 (IDH1) was the gene
most significantly upregulated in patients with AD compared to
HIs (Fig. 6B). IDH1 produces NADPH which is utilized by cells to
counteract oxidative stress.”* Hexokinase 3 (HK3), which is the
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Fig. 7. Identification of metabolites best suited to discriminate metabolism in PBMCs of patients with ACLF. (A) Discriminating accuracy of each chemical
family between ACLF and AD (left panel) and metabolites ranked by their VIP score (right panel) as assessed by whole cell flux assays. (B) Discriminating accuracy
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function assay. *Malate in a concentration of 100 ptM was added to these substrates. ACLF, acute-on-chronic liver failure; AD, acutely decompensated cirrhosis;

PBMCs, peripheral blood mononuclear cells; VIP, variable importance in projection.

most abundant hexokinase in monocytes and catalyzes the first
committed step in glycolysis, was the second most significantly
upregulated gene in AD compared to HIs (Fig. 6B), underlining
the preponderance of glycolysis in AD leukocytes. Comparing
patients with ACLF to HIs identified upregulation of genes

102

involved in glycolysis and PPP (PGK1, ENO1 and TALDO1),
gluconeogenesis (FBP1) and glycogenolysis (PYGL) (Fig. 6C).
Cluster analysis also identified another cluster (cluster 2)
including a subcluster (subcluster A) composed by 59 genes,
including SDHA (Fig. 6A), that were significantly downregulated
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Fig. 8. Analysis of whole cell and mitochondrial fluxes in PMNs from patients with AD and ACLF. (A) Unsupervised hierarchical clustergram of substrate/
intermediate utilization in the whole cell flux analysis in neutrophils from HIs (n = 2) and patients with AD/ACLF (n = 4). Color coding on the left represents the
chemical family of each metabolite. (B-C) Volcano plot analysis of the whole cell flux analysis comparing AD vs. HIs (B) and ACLF vs. HIs (C). (D) Metabolites
discriminating HIs and ACLF as assessed by the whole cell flux analysis, ranked according to their VIP score. (E) Supervised analysis of the substrate/intermediate
utilization in mitochondrial function assay in neutrophils from Hls (n = 3) and patients with AD/ACLF (n = 5). Color coding on the left indicates the affiliation of
each metabolite to the corresponding biochemical family. (F) Metabolites from the mitochondrial function assay with discriminating power of ACLF, ranked
according to their VIP score. *Malate in a concentration of 100 uM was added to these substrates. ACLF, acute-on-chronic liver failure; AD, acutely decompensated
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in ACLF (Fig. 6C). SDHA encodes for the major catalytic unit of ETC
complex II (succinate dehydrogenase) that oxidizes succinate to
fumarate (Fig. S10), and its downregulation is consistent with the
break-point in the second TCA semicircle (Fig. 5C). DLAT and
PDP2, which encode for components of the pyruvate dehydro-
genase complex (PDC) were also downregulated in ACLF
(Fig. 6C). PDC is critical for the decarboxylation of pyruvate into
acetyl-CoA, and its downregulation is compatible with the
reduction in the lactate/pyruvate ratio observed in these patients
(Fig. 3E). The repressed expression of genes involved in pyruvate
decarboxylation was also seen in the volcano plot comparing
changes between ACLF and AD (Fig. 6D).

Malate and L-glutamine are the best suited mitochondrial
metabolites to discriminate ACLF from AD

To reduce the dimension of our dataset and to estimate the
discriminatory power of each individual metabolite, we applied
partial least square discriminant analysis (PLS-DA) to calculate
the variable importance in projection (VIP) scores. We
computed the values of whole cell and mitochondrial flux as-
says separately. In the whole cell flux assay, the best suited
metabolites were acetoacetate and adenosine, which attained
the highest VIP scores (Fig. 7A). These metabolites were less
utilized in ACLF compared to AD (Fig. S8). In the mitochondrial
function assay, the best suited metabolites to discriminate ACLF
from AD were malate and L-glutamine (and its derivative L-
glutamate) (Fig. 7B), which were utilized more in patients with
ACLF than in HIs (Fig. 5B) or those with AD (Fig. S9D).
Furthermore, they were among the mitochondrial metabolites
with the highest fold changes and statistical significance in the
volcano plot (Fig. 5D).

Mono- and oligosaccharides are the preferred substrates of
PMNs from patients with AD and ACLF

We next performed whole cell flux analysis in PMNs, which are
primarily glycolytic cells, with little energy production by
mitochondria.”® Indeed, PMNs from HIs showed lower mito-
chondrial energy production than PBMCs (Fig. S11). Impor-
tantly, as opposed to PBMCs, PMNs from the same patients
with AD and ACLF produced less energy compared to PMNs
from HIs (see the dominant bluish tones in the clustergram in
Fig. 8A compared to the reddish tones in Fig. 3C). In addition,
PMNs from patients with AD and ACLF used a narrower range
of carbon and nitrogen sources to generate energy than those
from HIs (Fig. S12A), a finding opposed to that observed in
PBMCs (Fig. 3A). Using volcano plots, inosine, the breakdown
product of adenosine formed by adenosine deaminase, was
identified as the least metabolized substrate by PMNs from
patients with AD and ACLF compared to HIs (Fig. 8B,C).
Furthermore, inosine was the metabolite with the highest VIP
score for ACLF (Fig. 8D). Dextrin was second to this VIP score
and its higher utilization in PMNs from patients with ACLF
reached statistical significance in the volcano plot (Fig. 8C).

The TCA cycle in PMNs from patients with AD and ACLF is
characterized by altered isocitrate catabolism

We next used the mitochondrial function assays and observed
that PMNs from AD and ACLF had higher use of intermediates of
the second TCA semicircle (i.e. a-KG, fumarate and malate) par-
alleled by less utilization of intermediates of the first TCA
semicircle (ie. citrate, cis-aconitate and isocitrate) (Fig. 8E,
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Fig. S12B). This observation indicates the existence in these cells
of one of the two TCA cycle break-points (between isocitrate and
a-KG) described above for PBMCs (Fig. 5C). Isocitrate was, in fact,
the metabolite that achieved the highest VIP score in patients
with ACLF (Fig. 8F).

Discussion

The current investigation characterizes mitochondrial dysfunc-
tion at the cellular and organelle level in patients with AD and
ACLF. Specifically, we report increased plasma levels of typical
biomarkers of primary mitochondrial disorders in these patients.
We also provide direct evidence of altered mitochondrial ultra-
structure in mononuclear leukocytes, with the most noticeable
features being cristae rarefication and swelling. In addition, we
demonstrate the existence of a remarkable metabolic derange-
ment and the association between mitochondrial dysfunction
and activation of these immune cells at the transcriptional level.
Moreover, we were able to identify a unique signature of mito-
chondrial alterations specific to ACLF. Altogether, our data
leverage the appreciation for the role of mitochondrial
dysfunction in advanced cirrhosis to the level of recognition that
it has in other critical illnesses, such as sepsis.?® An advantage of
our study is that data were obtained in peripheral leukocytes, in
which mitochondrial dysfunction is less susceptible to any con-
founding effect produced by potentially existing hypoxia
in tissue.'!

Our results confirm that mitochondrial dysfunction is a
hallmark of AD and ACLF through the use of easy-to-measure
biomarkers. FGF21, which is secreted upon mitochondrial
damage,'® was significantly increased in AD and even more so
in ACLF. FGF21 predicted mortality in the latter, a finding that
extends those previously described in a Mexican cohort.?’
Moreover, our study is the first to show that C6:0- and C8:0-
carnitine predict mortality in both AD and ACLF. Therefore,
our results encourage the addition of markers of mitochondrial
dysfunction to available scoring systems to optimize the pre-
diction of clinical events in patients with ACLF. Notably, GDF15,
a useful clinical marker of inborn mitochondrial diseases,'”
strongly correlated with the upregulation of cytokine/chemo-
kine production and the activation of peripheral leukocytes at
the transcriptional level, linking mitochondrial damage with
immunity. This is an important finding, as leukocytes are the
key players in systemic inflammation, which perpetuates tissue
injury in advanced cirrhosis.> However, we could not find a
clear correlation between these markers of mitochondrial
dysfunction and organ failures. This might be attributed to the
fact that distinct cell types with well-described differences in
glycolytic activity and capacity for oxidative phosphorylation
are represented within a PBMC preparation.?® Studying cell
subsets might reveal if certain leukocyte populations are better
suited to reflect organ failures. Furthermore, our study was not
designed to elucidate whether mitochondrial dysfunction is the
underlying cause or the consequence of immune activation, but
there is enough evidence supporting that mitochondrial
dysfunction at least reinforces and aggravates exaggerated in-
flammatory responses.”® Mitochondria in turn act as one of the
main arbitrators of innate immunity, leading to an over-
stimulation of the inflammatory system and eventually im-
mune exhaustion.*’

Consistent with the well-described high-energy demand of
activated immune cells,®! mononuclear leukocytes from patients
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with AD and ACLF utilize extra-mitochondrial pathways, such as
glycolysis, glycogenolysis and PPP, to a much greater extent. In
addition, these cells utilized a wider range of carbon and nitro-
gen sources and a greater diversity of substrates. Another
metabolic feature of patients with AD and ACLF is that mono-
nuclear leukocytes exhibit impaired pyruvate decarboxylation to
acetyl-CoA. Since this process is mediated by the PDC, which
operates at the interface between glycolysis and the TCA cycle,
this complex might represent a bottleneck of mitochondrial
glucose oxidation in patients with AD and ACLF.

The most relevant finding of our study was that there was not
a general “shutdown” of mitochondrial function in mononuclear
leukocytes from patients with ACLF but rather selective impair-
ments (break-points) in the TCA cycle. Particularly, by applying
mitochondrial function assays, we identified two break-points,
one at the isocitrate and the other at the succinate level,
resulting in lower turnover of these TCA intermediates in ACLF.
This finding is consistent with the elevation of blood citrate/
isocitrate and succinate/methylmalonate levels as previously
reported.” Similar break-points have been described in M1
macrophages incubated with lipopolysaccharide and interferon-
y as a model of acute inflammation.*? Interestingly, the first
isocitrate break-point may lead to the accumulation of upstream
TCA intermediates such as cis-aconitate, which is then available
for the formation of itaconate, a paradigmatic metabolite con-
necting cell metabolism with immune responses.®* In contrast to
mononuclear leukocytes, we only found evidence for the first
break-point in PMNs from patients with ACLF.

The presence of the above-described break-points in the TCA
cycle also revealed the need for anaplerotic pathways to feed the
interrupted TCA cycle in mononuclear leukocytes from patients
with ACLF. Specifically, we identified increased glutaminolysis
and adenosine metabolism as the two most relevant anaplerotic
pathways in these patients (Fig. 5C). On one hand, L-glutamine is
the most abundant extracellular AA, representing an alternative
carbon source to support T cell proliferation, phagocytosis and
cytokine production.?® This 5-carbon backbone AA is utilized at
high-rates by immune cells, which are equipped with high
mitochondrial glutaminase activity.”® Favoring glutaminolysis
restores the phagocytic and inflammatory capacities of mono-
cytes from patients with ACLF>* suggesting that it might serve
the dual-purpose of energy supply and restoration of phagocytic
capacity. On the other hand, adenosine, which was more readily
used by mononuclear leukocytes from patients, might be phos-
phorylated to AMP and enter the cytosolic purine nucleotide
cycle (PNC), providing fumarate to bridge the second break-point
(Fig. 5C). Indeed, the PNC is recognized as an important
player at the cytoplasmic-mitochondrial redox interface
in macrophages.*

In summary, our findings provide direct mechanistic evidence
of impaired mitochondrial function in peripheral leukocytes
from patients with AD and ACLF, underscoring bioenergetic
failure as an emerging factor in the pathophysiology of these
disease entities. Our study also lays the foundation for the
development of useful clinical biomarkers. For instance, based on
metabolic flux analysis, we propose that L-glutamine and malate
metabolism by mononuclear leukocytes are traits that enable
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discrimination between AD and ACLF (Fig. S13). Therefore, future
therapeutic strategies aimed at mitochondrial metabolic
reprogramming should be encouraged.
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