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Untargeted lipidomics uncovers lipid signatures that
distinguish severe from moderate forms of acutely
decompensated cirrhosis
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Highlights

¢ The blood lipidome of patients with AD of cirrhosis with and
without ACLF was characterized by untargeted lipidomics.

e The characteristic lipid landscape of AD and ACLF was a
generalized suppression of all lipid families except fatty acids.

e Liver dysfunction was the principal net contributor to
this landscape.

e Sphingomyelins showed discriminating accuracy for AD,
while cholesteryl esters and lysophosphatidylcholines
discriminated ACLF.

o Restoration of lysophosphatidylcholine levels was observed
in patients receiving albumin therapy.
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Lay summary

Analysis of lipids in blood from patients
with advanced cirrhosis reveals a general
suppression of their levels in the circula-
tion of these patients. A specific group of
lipids known as sphingomyelins are useful
to distinguish between patients with
compensated and decompensated
cirrhosis. Another group of lipids desig-
nated cholesteryl esters further distin-
guishes patients with decompensated
cirrhosis who are at risk of developing
organ failures.
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Background & Aims: Acute decompensation (AD) of cirrhosis is
a heterogeneous clinical entity associated with moderate mor-
tality. In some patients, this condition develops quickly into the
more deadly acute-on-chronic liver failure (ACLF), in which other
organs such as the kidneys or brain fail. The aim of this study was
to characterize the blood lipidome in a large series of patients
with cirrhosis and identify specific signatures associated with AD
and ACLF development.

Methods: Serum untargeted lipidomics was performed in 561
patients with AD (518 without and 43 with ACLF) (discovery
cohort) and in 265 patients with AD (128 without and 137 with
ACLF) in whom serum samples were available to perform
repeated measurements during the 28-day follow-up (validation
cohort). Analyses were also performed in 78 patients with AD
included in a therapeutic albumin trial (43 patients with
compensated cirrhosis and 29 healthy individuals).

Results: The circulating lipid landscape associated with cirrhosis
was characterized by a generalized suppression, which was more
manifest during AD and in non-surviving patients. By computing
discriminating accuracy and the variable importance projection
score for each of the 223 annotated lipids, we identified a
sphingomyelin fingerprint specific for AD of cirrhosis and a
distinct cholesteryl ester and lysophosphatidylcholine finger-
print for ACLF. Liver dysfunction and infections were the prin-
cipal net contributors to these fingerprints, which were dynamic
and interchangeable between patients with AD whose condition
worsened to ACLF and those who improved. Notably, blood
lysophosphatidylcholine levels increased in these patients after
albumin therapy.
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Conclusions: Our findings provide insights into the lipid land-
scape associated with decompensation of cirrhosis and ACLF
progression and identify unique non-invasive diagnostic bio-
markers of advanced cirrhosis.

Lay summary: Analysis of lipids in blood from patients with
advanced cirrhosis reveals a general suppression of their levels in
the circulation of these patients. A specific group of lipids known
as sphingomyelins are useful to distinguish between patients
with compensated and decompensated cirrhosis. Another group
of lipids designated cholesteryl esters further distinguishes pa-
tients with decompensated cirrhosis who are at risk of devel-
oping organ failures.

© 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 license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Patients with acute decompensation (AD) of cirrhosis frequently
develop acute-on-chronic liver failure (ACLF), a syndrome associ-
ated with organ failures and dysfunctions across the 6 major organ
systems (liver, kidney, brain, coagulation, circulation, and respira-
tion) resulting in high short-term mortality.” Studies reporting
that systemic inflammation is a major driver of ACLF and that var-
iations in the blood non-lipid metabolome are associated with its
progression>* have advanced our understanding of this syndrome.
However, at present, little is known about the characteristics of the
blood lipidome in ACLF.

Lipids are recognized not only as a source of energy and as
essential cellular components involved in organelle homeostasis
and cell signaling and survival, but also in the regulation of inter-
organ communication and metabolism, and especially in govern-
ing immune responses.”’ Indeed, lipids and immune responses
are highly integrated, and altered lipid composition interferes
with immune regulation in multiple tissues leading to immune-
metabolic dysregulation and uncontrolled inflammation.” In
addition, lipids interact with Toll-like receptors triggering
inflammation and several lipid mediators are important inflam-
matory cues acting as intercellular signaling molecules.®°
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In the current study we performed a comprehensive untar-
geted lipidomic examination to capture concise blood lipid sig-
natures in patients with AD of cirrhosis, with and without ACLF,
prospectively enrolled in the CANONIC study. Changes in the
blood lipidome were also monitored in patients with AD of
cirrhosis receiving human serum albumin (HSA) as therapy. The
aims of this investigation were to: i) characterize the specific
lipidome profile associated with AD of cirrhosis; ii) assess how
the blood lipidome signature changes during ACLF development;
iii) ascertain whether there are distinct lipid fingerprints for each
type of organ failure in these patients; and iv) assess the dy-
namics of the lipid fingerprints during the clinical course and
their response to treatment. The overall goal of this study was to
describe the lipid landscape associated with decompensation of
cirrhosis and progression to ACLF in patients with AD of cirrhosis
and to identify useful non-invasive biomarkers of the entire
spectrum of end-stage liver disease.

Patients and methods

Study participants

The investigation used biobanked serum samples from 826 pa-
tients with AD of cirrhosis from the CANONIC study,! who were
split into a discovery cohort (n = 561, including 43 patients with
ACLF) and a validation cohort (n = 265, including 137 patients
with ACLF). The latter group was composed of patients in whom
serum samples were available to perform repeated measure-
ments during the 28-day follow-up. This strategy allowed cross-
sectional and longitudinal validation of the findings. The inves-
tigation also included samples from 29 healthy individuals (HIs),
43 patients with compensated cirrhosis (CC) and 78 patients
with AD of cirrhosis receiving HSA as therapy from the INFECIR-2
study.' For simplification purposes, the groups of patients with
AD of cirrhosis with and without ACLF were named AD-ACLF and
AD-no ACLF, respectively. Complete details are given in Box S1
and the supplementary information.

Analysis of lipids, non-lipid metabolites, gene expression and
LCAT levels

Lipidomic and metabolomic analyses were performed by liquid
chromatography coupled to high-resolution mass spectrometry
(LC-HRMS), mass spectrometry (LC-MS), and tandem mass
spectrometry (LC-MS/MS). For lipidomics, internal standards
representative of each lipid class were used to monitor the
extraction recovery and validate the data treatment process. Box
S2 defines the abbreviations of the most common lipid classes.
Gene expression was determined by real-time PCR and plasma
lecithin-cholesterol acyl transferase (LCAT) levels were deter-
mined by ELISA (see supplementary information).

Statistical analysis

We performed multivariate analyses, including age and sex and
computed the area under the receiver-operating-characteristic
curve (AUC) to estimate the value of each lipid to discriminate
the study groups. Then, AUC values were used for unsupervised
hierarchical cluster analysis.

The partial least squares discriminant analysis model was also
used to maximize inter-class variance and to compute the vari-
able importance projection (VIP) score for each lipid. See
supplementary information for full details.
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Results

Table 1 shows the baseline clinical and standard laboratory data
of the discovery cohort. C-reactive protein and cytokine levels
were significantly higher in patients with AD-no ACLF relative to
CC and much higher in AD-ACLF relative to AD-no ACLF, indi-
cating a full-blown state of systemic inflammation in patients
with AD-ACLF.

Suppression of blood lipid levels parallels disease severity
The untargeted lipidomics analysis unambiguously identified
223 lipid species in serum of patients with cirrhosis at any stage
and HIs (Table S1). To reduce the dimension of this dataset, we
performed unbiased principal component analysis (PCA). A
general clustering trend from HIs to patients with CC to those
with AD-ACLF was observed along a plot of PC1/PC2 scores,
gathering 74% of the total variance with the progression to AD-
ACLF being the major contributor to variation of circulating
lipids (Fig. S1A-B, Table S2). Next, we explored the relationship
between the study groups and the underlying patterns of blood
lipid levels by performing a supervised 2-way cluster analysis. As
shown in Fig. 1A and Fig. S1C, the levels of most lipid families
were similar in patients with CC and HIs and decreased, except
for fatty acids (FAs), in both the AD-no ACLF and AD-ACLF groups,
indicating that the variation in the blood lipidome associated
with decompensated cirrhosis is primarily characterized by a
generalized reduction in blood lipids. This pattern is further
illustrated in Fig. 1B, in which levels for each lipid were
compared in a pairwise fashion between CC, AD-no ACLF and
AD-ACLF with respect to HIs and their fold changes ranked in a
Cleveland plot. The zoomed-in plots revealed that the mono-
unsaturated FA (MUFA) palmitoleic acid (16:1) together with
phosphatidylcholines (PCs) containing MUFAs ranked in first
place as the more abundant lipids in patients with AD-no ACLF
and AD-ACLF (Fig. 1B, top right). On the other hand, cholesteryl
esters (CEs) and lysoPCs (LPCs) containing the omega-3-
polyunsaturated FAs (PUFAs) eicosapentaenoic acid (EPA, 20:5)
and docosahexaenoic acid (DHA, 22:6), respectively, ranked first
among the lipids with the greatest reductions (Fig. 1B, bottom
right). Of note, for each lipid species, the reduction in AD-ACLF
was greater than the corresponding reduction in the other
groups of patients. These results are also illustrated using vol-
cano plots with each lipid family coded with a different co-
lor (Fig. 1C).

We next created a supervised clustered correlation matrix of
lipids within patients with cirrhosis at any disease stage,
including 8 non-lipid metabolites and 18 cytokines/chemo-
kines/macrophage markers in these analyses. In general, there
was a positive correlation among the lipids, except for FAs,
which showed a positive correlation with themselves but in-
verse relationships with the remaining lipids (Fig. 1D). In
contrast, lipids showed weak negative correlations with non-
lipid metabolites and inflammatory markers, except for very
modest positive correlations between triglycerides, FAs and
some PCs with interleukin-8, pentose phosphates and D-gal-
acturonic and D-glucuronic acids (Fig. 1D, Fig. S2A). We finally
transformed the lipid-lipid correlation matrix into a network
where nodes represented individual lipid species that had at
least 1 significant correlation (rho >0.8) with other lipids. As
shown in Fig. S2B, the correlation network of lipids in patients
with cirrhosis (at any stage of the disease) is displayed circu-
larly, similarly to that previously described in human and
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Table 1. Baseline characteristics and markers of systemic inflammation in patients with compensated cirrhosis and patients with AD without ACLF (AD-

no ACLF) and with ACLF (AD-ACLF) included in the discovery cohort.

Variable Compensated cirrhosis AD-no ACLF AD-ACLF
n=43 n =518 n=43
Age (years) 61 +£8.78 58.22 +12.09 60.70 £ 10.74
Sex (male) 15 (75%) 333 (64.29%) 30 (69.77%)
Cirrhosis etiology
Alcohol 9 (21.0%) 229 (44.21%)** 27 (62.79%)
HCV 19 (44.2%) 114 (22.01%)** 12 (27.91%)
Alcohol + HCV 0 (0%) 51 (9.85%)* 2(4.65%)
Other 15 (34.8%) 89 (17.18%)* 1(2.33)°
Decompensations at inclusion
Ascites or surrogates’ - 301 (58.11%) 24 (55.81%)
Encephalopathy - 137 (26.45%) 27 (62.79%)°
Bacterial infection - 101 (19.50%) 14 (32.56%)
Gl-bleeding - 86 (16.60%) 6 (13.95%)
Laboratory data
Serum bilirubin (mg/dl) 1.08 + 0.76 448 + 5.44** 11.96 + 12.89°¢
Serum creatinine (mg/dl) 0.86 + 0.28 0.96 + 0.37 2.44 + 1.58°
C-reactive protein (mg/L) 3.80 £ 4.18 24.52 + 28.01"** 35.88 + 33.12°
INR 1.2 £ 0.42 1.51 £ 0.39"** 1.89 £ 0.73¢
Serum albumin (g/dl) 4,01 £ 047 2.96 + 0.60*** 2.90 + 0.68
WBC count (x10° cells/L) 576 + 2.32 6.60 + 4.11 9.97 £ 6.32°
TNFo (pg/ml) 6.45 £ 4.69 23.27 £ 14.10"** 32.27 + 34.66%
IL-6 (pg/ml) 2.00 £ 3.11 45.84 + 105.51** 250.08 + 824.16°
IL-8 (pg/ml) 6.65 * 4.12 88.61 +136.91*** 112.48 + 107.39°

ACLF, acute-on-chronic liver failure; AD, acute decompensation; GI, gastrointestinal; IL, interleukin; INR, international normalized ratio; TNF, tumor necrosis factor; WBC,
white blood cell. Results are presented as frequency and percentage for categorical variables and mean * standard deviation (SD) for normally distributed continuous variables.
*p <0.05. **p <0.01 and ***p <0.001 for AD-no ACLF vs. compensated cirrhosis; °p <0.05. °p <0.01 and p <0.001 for AD-ACLF vs. AD-no ACLF.

ISurrogates of ascites: paracentesis. spontaneous bacterial peritonitis. diuretic treatment or transjugular intrahepatic portosystemic shunt for ascites prior to enrolment.

murine cells.!' We also compared the appearance of the circular
networks between AD-no ACLF and CC and between AD-no
ACLF and AD-ACLF and color-coded each node in the network
according to the fold change (red: increase, blue: decrease)
(Fig. S2C). This analysis confirmed that the most common
feature observed in AD-no ACLF and AD-ACLF was a generalized
suppression of blood lipid levels, these changes being more
evident during transition from CC to AD-no ACLF than during
the development of ACLF.

Identification of a lipid fingerprint specific for AD-no ACLF

We next explored whether any combination or combinations of
lipids could serve as a fingerprint to discriminate AD-no ACLF
from CC. To address this, we computed the AUC for each of the
223 lipids to assess its discriminating accuracy between AD-no
ACLF and CC. This analysis identified 3 clusters: cluster 1
composed of 55 lipids which had significant associations with
AD-no ACLF (AUCs between 0.65-0.89) and clusters 2 and 3,
which included 68 and 100 lipids, respectively, which were less
associated with AD-no ACLF (Fig. 2A). The lipids included in
cluster 1 ranked by AUCs and p values are listed in Table S3 and
also shown in Fig. 2A. The lipid fingerprint was practically
identical when the AUCs were computed considering only the
group of patients without any organ dysfunction (“mere AD-no
ACLF”) (see definitions in Box S1), indicating it is intrinsic and
specific for AD-no ACLF cirrhosis (Fig. 2A). Importantly, the levels
of all the lipids included in this fingerprint were, without
exception, markedly reduced in the AD-no ACLF group compared
to the CC and HI groups (Fig. S3). Consistent with this, the cor-
responding eigenlipid (a value representative of the levels of the
55 lipids composing the fingerprint) was reduced in AD-no ACLF
(Fig. 2B). Of note, among the 10 lipids that attained the highest
AUCs and lowest p values, there were 6 members of the
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sphingomyelin (SM) family (SM(d18:1/21:1), SM(d18:1/23:0),
SM(d18:1/20:1), SM(d18:1/22:1), SM(d18:1/22:0) and SM(d18:1/
21:0)) (Table S3).

The lipid fingerprint of AD-no ACLF is associated with

liver dysfunction

Since the liver plays a central role in lipid metabolism, we next
wondered how the lipid fingerprint would appear in patients
from the AD-no ACLF group with single liver dysfunction. The
AD-no ACLF fingerprint was remarkably more intense in patients
with liver dysfunction than in those without and the changes
affected all the lipids independently of whether they were part
or not part of the fingerprint (Fig. 2C). Furthermore, the heat-
maps were similar in patients from the AD-no ACLF group with
either single liver dysfunction, liver failure or single coagulation
failure (which highly depends on altered liver function)
(Fig. 2C). The eigenlipid of the AD-no ACLF fingerprint was
significantly lower in patients with single liver dysfunction and
liver failure vs. mere AD-no ACLF (Fig. 2D), corroborating that
normal liver function is a prerequisite for maintaining blood
lipid homeostasis. Furthermore, the intensity of the lipid
fingerprint (Fig. 2C) and the eigenlipid (Fig. 2E) differed be-
tween patients with and without bacterial infections. The
eigenlipid was also lower in patients with no infection at in-
clusion who later developed infection during hospitalization
(Fig. S4), suggesting an interplay between infection, immune
responses and lipid homeostasis.

Sphingolipids, in particular SMs, are the best indicators of AD-
no ACLF

We next computed the VIP score for each lipid of the fingerprint.
This analysis revealed that sphingolipids had the best discrimi-
nating accuracy between AD-no ACLF and CC (Fig. S5A). Indeed,

Journal of Hepatology 2021 vol. 75 1 1116-1127
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Fig. 1. Changes in blood lipids parallel disease severity. (A) Supervised 2-way clustering analysis of the lipid species across the 4 study groups. (B) Cleveland
plot of the whole set of 223 annotated lipids ranked according to their fold changes between CC, AD-no ACLF and AD-ACLF vs. HI. Upper right inset: zooming in on
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patients with respect to HIs. Color coding on the left represents the different lipid families. (D) Supervised correlation matrix of blood lipid, non-lipid metabolites
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abbreviation list at the end of manuscript.

by ranking the 20 lipid species with the highest VIP scores, 4 out
of the top 5 positions were assigned to SM(d18:1/23:0),
SM(d18:1/20:1), SM(d18:1/22:1) and SM(d18:1/21:1) (Fig. S5B).
Moreover, the 5 lipids with the highest VIP scores matched the 5
lipids with the highest AUCs and p values (Table S3). The finding
that 2 different unbiased bioinformatic strategies yielded con-
current results reinforces the view that sphingolipids, and
particularly members of the SM family, are the best discrimi-
nating factors of AD-no ACLF.

Mechanistic aspects of the SM landscape in AD-no ACLF

To gain a deeper understanding of these findings, we explored
sphingolipid metabolism in patients with cirrhosis. Sphingoli-
pids are ubiquitous constituents of cellular membranes, and
besides their structural role, play a major role in regulating
innate and adaptive immune responses and cell survival.'?
Fig. 3A shows a schematic diagram of the sphingolipid
pathway. De novo sphingolipid biosynthesis involves the

Journal of Hepatology 2021 vol. 75 1 1116-1127

condensation of L-serine with palmitoyl-CoA, the activated form
of palmitate, mediated by serine palmitoyltransferases in the
endoplasmic reticulum to produce ceramide, which is then
transported to the Golgi for the synthesis of SMs. Alternatively,
SMs can be synthesized from PC and ceramide in the Golgi by
SM synthases. In our study, the serum concentrations of
SM(d18:1/21:1), SM(d18:1/23:0) and PC(37:3), which were
the 3 lipids with highest discriminating accuracy for AD-no
ACLF (Table S3), were significantly reduced in parallel with
the severity of the disease (Fig. 3B-C). In addition, patients with
AD-no ACLF had reduced levels of serine and palmitate (the
starting point of de novo biosynthesis) and choline (biosynthesis
via PC) (Fig. 3D-F). Moreover, ceramides, which are both in-
termediates and derivatives of SMs, were markedly suppressed
in patients with AD-no ACLF (Fig. 3G). Since SM and ceramide
pathways commonly terminate into the formation of the
bioactive lipid mediator sphingosine-1-phosphate,’®> we next
measured serum sphingosine-1-phosphate levels in a subgroup
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ACLF patients with and without bacterial infection relative to “mere AD-no ACLF” are also shown. (D) Eigenlipid of the 55-lipid cluster across 4 groups: AD-no ACLF
without any organ failure/dysfunction, single liver dysfunction, liver failure or coagulation failure. (E) Eigenlipid of the 55-lipid fingerprint in AD-no ACLF patients
with bacterial infection and in those without. ACLF, acute-on-chronic liver failure; AD, acute decompensation; CC, compensated cirrhosis; GM, ganglioside; HI,
healthy individual; LPI, lysophosphatidylinositol; for definitions of other lipid species please consult abbreviation list at the end of manuscript.
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Fig. 3. The sphingomyelin landscape in AD-no ACLF. (A) Schematic diagram of the sphingolipid pathway. De novo sphingolipid biosynthesis in the endoplasmic
reticulum involves the condensation of L-serine with palmitoyl-CoA mediated by the enzyme SPTLC1 to produce ceramide, which is then transported to the Golgi
for the synthesis of SM. Alternatively, SM can be synthesized in the Golgi from PC and ceramide by SGMS1. SM breakdown to ceramide is catalyzed by SMPD1.
Ceramide can be converted into sphingosine-1-phosphate, which is catabolically converted into trans-2-hexadecenal and phosphoethanolamine though the
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of 80 patients with AD-no ACLF and AD-ACLF. As shown in
Fig. 3H, circulating sphingosine-1-phosphate concentrations
were significantly reduced in these patients. We finally moni-
tored the expression of key enzymes of the SM pathway in pe-
ripheral blood mononuclear cells from these patients. The
expression of genes coding for enzymes involved in SM
biosynthesis (SPLTC1, SGMS1 and SGMS2) and breakdown
(SMPD1, SMPD3 and SGPL1) were downregulated in patients
with AD of cirrhosis (Fig. 3I, Fig. S6). Together, these data
demonstrate a generalized suppression of the sphingolipid
pathway in cirrhosis.

Identification of a distinct lipid fingerprint specific for AD-
ACLF. Identification of CEs as the best indicators

Having established the AD-no ACLF fingerprint, we then
wondered whether any combination of lipids could serve as an
ACLF-specific lipid fingerprint. Fig. 4A shows the unsupervised
hierarchical cluster analysis of the AUCs discriminating patients
with AD-ACLF of any grade from patients with mere AD-no
ACLE. This analysis identified a subcluster (subcluster A)
comprising 17 lipids with a high association with ACLF (AUCs
from 0.61 to 0.76 and p values up to 2x10°8) (Table S4). Two
members of the CE family showed the highest AUC values in
this subcluster, which was also enriched in lysophospholipids,
mainly LPCs (Fig. 4A and Table S4). Importantly, the VIP score
analysis confirmed that CEs had the highest discriminant ca-
pacity to distinguish AD patients with ACLF from those without
(Fig. S7A). Specifically, among the top 5 positions, 4 were
assigned to CEs containing omega-3 (o-linolenic (18:3)) and
omega-6 (linoleic acid (18:2)) PUFAs and the MUFAs oleic (18:1)
and heptadecenoic (17:1) acids (Fig. S7B). Of note, the intensity
of subcluster A increased in parallel with the number of organ
failures, peaking at ACLF-3, at which AUCs reached maximum
values between 0.93-0.98 (Fig. 4A). The eigenlipid representa-
tive of the serum levels of the 17 lipids composing subcluster A
progressively decreased from the HI group to the AD-ACLF group
via CC and AD-no ACLF and across ACLF grades (Fig. 4B-C). Taken
together, these findings indicate that subcluster A can be seen as
a lipid fingerprint that characteristically discriminates AD-ACLF
from AD-no ACLF.

Liver failure and infection are major determinants of the AD-
ACLF lipid fingerprint

We next wondered whether the AD-ACLF lipid fingerprint
would be the same for each category of organ failure. To
address this, we compared the lipid fingerprint of patients
with AD-ACLF of any grade to that of patients with single
kidney failure or dysfunction, patients with single liver failure
associated with kidney and/or brain dysfunction and patients
with liver failure combined with either kidney, brain or coag-
ulation failures (other types or organ failures within the ACLF
spectrum were not scrutinized because of the low number of
patients). Liver failure, either alone or in combination with
other organ failures, was the most important net contributor to
define the specific ACLF lipid fingerprint (Fig. 4D). The com-
bination of liver and coagulation failures resulted in wide-
spread alteration of lipid homeostasis (Fig. 4D). In addition,
bacterial infections significantly contributed to the assembly of
the ACLF fingerprint (Fig. 4E), reinforcing the view that the
circulating lipid profile is also associated with immune
response against pathogens.
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Pathophysiological aspects related to the CE and LPC
landscape in AD-ACLF

To gain a deeper understanding of the ACLF lipid fingerprint, we
focused on CEs, which had the highest discriminating accuracy
between AD-ACLF and AD-no ACLF (Fig. S7A). Fig. 5A shows
reduced levels of the 2 CEs with the highest discriminating po-
wer. CEs are produced by transfer of a FA from the phospholipid
PC to cholesterol on the surface of high-density lipoproteins
(HDL), a process that is mediated by LCAT, an enzyme predom-
inantly synthesized in the liver (Fig. 5B). Consistent with the
suppressed levels of CEs, LCAT concentrations followed a
downward trend that reached statistical significance in patients
with AD-ACLF (Fig. 5C), accompanied by the accumulation of
mevalonate, the intermediate in cholesterol biosynthesis
(Fig. S8). Of note, CE and LPC biosynthetic pathways are intri-
cately connected since the removal of a FA from PC by LCAT to
feed CE biosynthesis results in the formation of LPC (Fig. 5B).
Accordingly, an increase in the PC to LPC ratio, and consequently,
reduced conversion of PC to LPC was observed (Fig. 5D). Finally,
since serum CEs contain relatively high proportions of PUFA, we
calculated the ratio between CEs containing the omega-6-PUFA
arachidonic acid (20:4) and CEs containing the omega-3-PUFA
EPA (20:5). As shown in Fig. S9, this ratio had a positive rela-
tionship with the severity of the disease. This is in agreement
with the finding that CE(20:5) was the lipid with the highest fold
change reduction in patients with AD-ACLF (Fig. 1B).

Validation and dynamics of the AD-no ACLF and AD-ACLF
lipid fingerprints

We next confirmed the lipid fingerprints identified in the dis-
covery cohort in a group of 265 patients (128 AD-no ACLF and
137 AD-ACLF) from the CANONIC study in whom samples were
available to perform repeated measurements during the 28-day
follow-up (Table S5-S7, Figs S10-S11). This validation cohort
was also useful to investigate the dynamics of the lipid finger-
prints during the clinical course (Table S8). The lipid levels par-
alleled the clinical course, with a decrease in patients with AD-
no ACLF at enrollment whose condition worsened (from mostly
reddish to more bluish color) (Fig. S12A) accompanied by a lower
eigenlipid (Fig. S12B). The AD-no ACLF fingerprint was also
intensified in these patients (Fig. 6A), and SMs were displaced by
lipids belonging to the AD-ACLF fingerprint (i.e. CEs and LPCs)
from the top ranking AUC positions (Table S9). On the other
hand, patients with AD-ACLF at enrollment whose clinical status
improved to AD-no ACLF or to a lower ACLF grade showed an
increase in serum lipid levels (from bluish to more reddish color,
Fig. S12C) without changes in the eigenlipid (Fig. S12D). In these
patients, the AD-ACLF fingerprint was attenuated (Fig. 6B) and
the AUC values of the lipids composing this fingerprint lost their
statistical significance to differentiate them from patients
without ACLF (Table S10). Of interest, the eigenlipids of the AD-
no ACLF and AD-ACLF fingerprints were significantly lower in
patients not surviving the 28-day follow-up (Fig. 6C-D), rein-
forcing previous observations indicating that reduced blood lipid
levels are associated with higher mortality.'4~

Response of blood lipids to HSA therapy

We finally wondered how the lipid profile would be affected by
HSA infusions, which is an effective therapy in the management of
patients with AD of cirrhosis."” For this purpose, we performed
untargeted LC-MS analysis of plasma samples from patients
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included in the INFECIR-2 trial, a randomized, controlled, multi-
center trial assessing the effect of HSA therapy.!® Preprocessing of
the data collected from 3 different LC-MS ionization modes
resulted in the initial detection of 6,862 putative features (2,062 in
electrospray ionization (ESI)-, 2,583 in ESI+, and 2,217 in ESI+ pH
9), of which 964 (315 in ESI-, 367 in ESI+ and 282 in ESI+ pH 9) were
selected for further MS/MS confirmation. After confirmation
analysis, we identified 27 metabolites with differential abundance
after HSA treatment, of which 4 showed statistical significance (p
<0.05) in the paired comparison before and after treatment
(Fig. 6E). Two out of these 4 distinct metabolites were lipids,
namely LPC(0-16:0) and LPC(18:3), the levels of which signifi-
cantly increased in patients receiving HSA therapy (Fig. 6F and
Fig. S13). For comparison purposes, LPC(0-16:0) levels were also
increased in patients of the validation cohort whose condition
improved and who survived the 28-day follow-up (Fig. 6G). Since
reduced LPC levels predict survival,'* their specific rise after HSA
infusion indicates that they could be used to monitor the response
to therapy in advanced cirrhosis.

Discussion

This study describes the characteristic blood lipid landscape of
patients with AD of cirrhosis and those progressing to ACLF. This
study also demonstrates an association between the lipid land-
scape and the clinical outcomes of these patients. The main
findings of our study are the following: first, we describe a

1124

generalized suppression of blood lipids as a characteristic feature
of patients with AD of cirrhosis and ACLF, in whom a decay of
plasma lipid levels parallels disease severity. Second, we identify
a lipid fingerprint, mainly comprising SMs, specific for AD of
cirrhosis without ACLF. Third, we demonstrate that AD patients
who developed ACLF present a distinct and unique lipid finger-
print mainly comprising CEs. Fourth, we describe that these lipid
fingerprints are dynamic and interchangeable depending on the
clinical course of the disease. Finally, we provide evidence that
the composition of circulating lipids is readjusted in response to
HSA therapy.

Our data indicate that a generalized suppression of circulating
lipids in patients with AD of cirrhosis, with and without ACLF, is
mainly dictated by liver dysfunction. It is widely known that the
liver is a key organ in the production of endogenous lipids,
apolipoproteins and lipoproteins and that liver dysfunction is
linked to a disturbed serum lipid profile.'”® For instance, serum
concentrations of total, HDL, low-density lipoprotein and very-
low-density lipoprotein cholesterol closely reflect hepatic
biosynthetic function.'® However, changes in lipid patterns as
well as remodeling of the lipid profile also take place in blood
leukocytes in response to differential stimuli, such as patho-
gens.’’ Therefore, our finding that the serum lipid profile
differed between patients with bacterial infections and those
without, suggests that the circulating lipidome is also influenced,
at least in part, by the immune response against pathogens.
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The lipid fingerprint in patients with AD of cirrhosis without
signs of ACLF was primarily characterized by a remarkable sup-
pression in SMs, which are sphingolipids containing a FA, a
sphingosine and a phosphocholine or phosphoethanolamine
group. Earlier observations demonstrated that lower levels of
sphingolipids are associated with poor survival in patients with
alcohol-related cirrhosis!® and that dysregulated formation of
complex sphingolipids is a characteristic feature of malnutrition
in hospitalized patients with AD of cirrhosis.?! In addition,
circulating extracellular vesicles carrying sphingolipid cargo
have been shown to predict survival in decompensated alcohol-
related cirrhosis.?? Of interest, SM is an abundant sphingolipid
species in HDL,>® and therefore the presence of very low levels of
HDL particles in patients with AD of cirrhosis®* likely contributes
to the presence of reduced levels of these sphingolipids in these
patients. On the other hand, the lipid fingerprint in patients with
ACLF was primarily characterized by a remarkable suppression in
the serum levels of CEs and LPCs. Paradoxically, HDL is also
involved in the biosynthesis of CEs in the circulation, and
therefore this lipoparticle appears to be instrumental in defining
the lipid fingerprints of both AD of cirrhosis and ACLF. An
interesting aspect to consider is that CEs accumulate in the cells
of the adrenal cortex where they are used for the synthesis of
steroid hormones.”® Therefore, reduced CE levels could lead to
adrenal failure in patients with AD-ACLF, being associated with
poor liver function, renal failure, refractory shock, and high
mortality in these patients.® Finally, in our study, LPC levels
systematically decreased in patients with cirrhosis in parallel
with disease severity. In these patients, LPCs have been reported
to predict survival.'* LPCs are lipids with potent immunomodu-
latory properties that have the ability to reduce tissue and organ
injury, ameliorate cytokine secretion and enhance bacterial
clearance.?”?® Furthermore, LPC administration has been shown
to inhibit lipopolysaccharide- or peptidoglycan/lipoteichoic acid-
induced multiple organ damage in rats.?° Therefore, our finding
that LPC levels rose after the infusion of HSA in patients with AD
of cirrhosis indicates that these lipids are suitable for sensing not
only the severity of the disease but also the response to
HSA therapy.

Our study has some limitations. For instance, its observational
nature prevents mechanistic interpretation or determination of
causality of the general suppression of blood lipids in AD of
cirrhosis. In addition, no single lipid but rather a cluster of lipids
was identified as an ideal biomarker for the different stages of
decompensated cirrhosis. Finally, our study does not provide any
information on the interaction of lipids with gene variants
associated with liver disease. This is of interest because associ-
ations between a single nucleotide polymorphism in lysophos-
pholipid acyltransferase and decreased serum triglycerides and
between a variant in mitochondrial amidoxime-reducing
component 1 and higher levels of SMs have been reported in
patients with chronic liver disease.>*!

In conclusion, by characterizing the blood lipid landscape in a
large number of patients (n = 971 in total), this study provides a
comprehensive view of the blood lipid landscape associated with
AD of cirrhosis and progression to ACLF. Lipids are too often
neglected in clinical practice, but our study raises awareness on
the importance of the lipid composition of enteral or parenteral
diets as disease-modifying factors in critically ill patients. Finally,
the identification of distinct and specific lipid fingerprints for
patients with AD of cirrhosis and for those with ACLF offers
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unique non-invasive diagnostic opportunities to characterize the
entire spectrum of end-stage liver disease.
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