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Abstract

Background and Aims: Acute-on-chronic liver failure (ACLF) is a serious illness associ-
ated with altered metabolome, organ failure and high mortality. Need for therapies
to improve the metabolic milieu and support liver regeneration are urgently needed.
Methods: We investigated the ability of haemoperfusion adsorption (HA) and thera-
peutic plasma exchange (TPE) in improving the metabolic profile and survival in ACLF
patients. Altogether, 45 ACLF patients were randomized into three groups: standard
medical therapy (SMT), HA and TPE groups. Plasma metabolomics was performed
at baseline, post-HA and TPE sessions on days 7 and 14 using high-resolution mass
spectrometry.

Results: The baseline clinical/metabolic profiles of study groups were comparable.
We identified 477 metabolites. Of these, 256 metabolites were significantly altered
post 7days of HA therapy (p<.05, FC>1.5) and significantly reduced metabolites
linked to purine (12 metabolites), tryptophan (7 metabolites), primary bile acid (6
metabolites) and arginine-proline metabolism (6 metabolites) and microbial metab-
olism respectively (p<.05). Metabolites linked to taurine-hypotaurine and histidine
metabolism were reduced and temporal increase in metabolites linked to phenyla-
lanine and tryptophan metabolism was observed post-TPE therapy (p <.05). Finally,
weighted metabolite correlation network analysis (WMCNA) along with inter/in-
tragroup analysis confirmed significant reduction in inflammatory (tryptophan, ara-
chidonic acid and bile acid metabolism) and secondary energy metabolic pathways
post-HA therapy compared to TPE and SMT (p <.05). Higher baseline plasma level
of 11-deoxycorticosterone (C03205; AUROC >0.90, HR> 3.2) correlated with sever-
ity (> 0.5, p<.05) and mortality (log-rank-p<.05). Notably, 51 of the 64 metabolite

Abbreviations: ACLF, acute on chronic liver failure; ALSS, artificial liver support systems; AUC, area under curve; DAMPs, damage associated molecular patterns; DEMs, differentially
expressed metabolites; ELSs, extracorporeal liver support system; FFP, fresh frozen plasma; HA, haemoperfusion adsorption; HC, healthy control; PAMPs, Pathogen-Associated
Molecular Patterns; PLS-DA, partial least square discriminant analysis; PV, plasma volume; SMT, standard medical therapy; TPE, therapeutic plasma exchange.
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and SMT(p <.05).

ity in ACLF patients.
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1 | INTRODUCTION

Acute-on-chronic liver failure (ACLF) has high short-term mortality
and is seen in up to 40% of patients with cirrhosis requiring hospi-
talization.? Systemic inflammation associated with hepatic insult is
a key driver for ACLF progression.3'4 For ACLF patients, liver trans-
plant is the only definitive treatment; therefore, for the management
of such patients, extracorporeal liver support systems (ELSs) have
been an emerging area of interest.” During the last decades, many
types of ELSs, such as haemoperfusion adsorption, continuous hae-
modiafiltration, molecular absorbents recirculating system (MARS)
and fractionated plasma separation, absorption and dialysis system
(FPSA), have been used for the management of liver failure.® These
artificial liver support systems (ALSs) can serve as a bridge to liver
transplant by temporary removal of several toxic metabolites mak-
ing the internal milieu suitable for the diseased liver to recover and
regenerate.’

In the current study, we compared the efficacy in terms of plasma
purification and survival benefits or reversal in clinical indicators
of liver failure in patients treated with either therapeutic plasma
exchange (TPE) or haemadsorbtion therapy (HA). TPE is an extra-
corporeal procedure that involves the replacement of one or more
volumes of patient's plasma with an equivalent volume of FFP and
fluids.”® This procedure is aimed to achieve metabolic homeostasis
and improve deranged organ functions and hemodynamic parame-
ters by removing inflammatory proteins, abnormal proteins and their
breakdown products, DAMPs, soluble B7 (CD80/CD86) and others
from the circulation.? In the case of HA therapy, patient's plasma is
passed through the adsorbing membranes coated with resins and
specific binding molecules for the removal of toxic metabolites and
then re-circulated back into patient.’® It neither requires large vol-
umes of plasma nor bears the risk of plasma-associated allergic reac-
tion or disease transmission.?¢

The metabolome of patients with ACLF is quite unique. Systemic
inflammation is considered as key player in pathophysiology of the
disease and is depicted by the accumulation of several toxic metabo-
lites that derange the core energy generation and liver regeneration
pathways.® Overall, the plasma milieu in ACLF patients is inflamma-
tory and contains variable levels of DAMPs and PAMPs!! which if
removed could provide favourable environment for hepatic regen-
eration and survival of patients. Recently, Maiwall et al. showed that

signatures (ACLF non-survivor) were reversed post-HA treatment compared to TPE

Conclusion: HA more potentially (~80%) improves plasma milieu compared to TPE and

SMT. High baseline plasma 11-deoxycorticosterone level correlates with early mortal-

extracorporeal liver support system, haemoperfusion adsorption, metabolomic profile, safety
and efficacy, therapeutic plasma exchange

Key points

Acute-on-chronic liver failure (ACLF) has high short-term
mortality and is characterized by intense systemic inflam-
mation. Extracorporeal liver support systems help bridg-
ing patients to liver transplant by improving the plasma
milieu, increasing liver recovery and regeneration. The use
of ELSs as therapeutic option is expensive and thus evalu-
ation of the efficacy of various ELS systems (haemoper-
fusion and therapeutic plasma exchange) over standard
medical therapy in ACLF patients may benefit them. Based
on the dynamic evaluation of metabotypes over time, we
have shown that HA therapy is more efficient in revers-
ing the pathological metabolic phenotype. This is also
associated with improved survival. We also identified
11-deoxycorticosterone as an indicator of poor outcome in
plasma of ACLF patients at baseline. The small sample size,

however, remains the limitation.

TPE improves systemic inflammation and lowers the development of
MOF in patients with ACLF.}? Another group had shown that the de-
velopment of ACLF was associated with elevated amounts of chemi-
cals of microbial origin (aromatics, secondary or sulphated bile acids,
benzoate and oestrogen metabolites), as well as decreased levels of
phospholipids.*®

ACLF is characterized by the accumulation of metabotoxins pro-
duced by intense proteolysis and lipolysis, amino acid catabolism,
depressed mitochondrial ATP-producing fatty acid p-oxidation; and
extra-mitochondrial amino acid metabolism. However, it is not clear
which metabotoxins are removed by these modalities and how long
these changes persist. Therefore, our aim was to track the metabo-
toxins in ACLF post-SMT, HA and TPE.

The present study was undertaken to investigate the metabolic
profile of ACLF patients and the changes that follow after SMT, HA
and TPE. Metabotype of patients was assessed serially; at baseline,
day 7 and day 14. We also compared the metabotype of survivors
and non-survivors to determine the potential metabolic signatures
segregating patients likely to have worse outcomes.
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FIGURE 1 Baseline Metabolic Profile of ACLF patients. (A) The figure depicts the study design. Plasma metabolic profile of 45 ACLF
patients was compared with 54 decompensated cirrhotic patients and 50 healthy subjects. Forty-five ACLF patients were randomized into
three distinct groups: SMT, HA and TPE (15 in each). Patients were followed up till day 28 and the plasma samples were collected before the
start of therapy, that is, day O and at days 7 and 14 post-HA and TPE sessions. (B) Principal component analysis (PCA) plot shows variability
among the plasma metabolic profile of ACLF, DCC and healthy subjects at baseline. Red dots depict ACLF patients, green dots depict DCC
patients and blue represents healthy subjects. (C) Hierarchical clustering heatmap displays that ACLF and DCC have similar metabolic
profiles and large number of metabolites have higher expression when compared to healthy. (D): Volcano plot shows the differentially
expressed metabolites between ACLF and healthy controls. X-axis represents fold change and y-axis represents significance (p-value).
Metabolites highlighted by blue colour were downregulated in ACLF whereas red colour metabolites were upregulated. (E) The bar plot
represents the pathways up-regulated and down-regulated in ACLF patients compared to HC respectively (p <.05; FC> 1.5). The x-axis
represents the enrichment ratio and y-axis represents the pathways. (F) Partial least square-discriminant analysis (PLS-DA) represents the
overlapping metabolic profile of ACLF patients segregated into different groups: SMT, HA and TPE. Red dots depict patients in the HA
group, green dots depict the TPE group and purple dots depict patients in the SMT group. Day 0=DO.

2 | PATIENTS AND METHODS

In this pilot study, metabotype of ACLF patients defined as per
APASL ACLF Research Consortium (AARC)' criteria and admit-
ted to the Department of Hepatology were screened. The primary
aim of the study was to compare metabotype of ACLF with DCC
and healthy controls (HC) and ACLF patients undergoing SMT, HA
and TPE at baseline, day 3 and day 7. Of the 101 screened patients,
45 patients were enrolled based on inclusion and exclusion criteria
(Supplementary Methods), 54 DCC and 50 HC were enrolled in the
study. These 45 patients underwent block randomization and were
divided into three groups: SMT, HA and TPE groups. A complete his-
tory of the cause of acute and chronic insult with clinical and physi-
cal examination, demographic profile, standard of care biochemical
investigations and a detailed record of organ dysfunction/failure
were recorded. Three sessions of HA and TPE were performed
on alternate days (details in Supplementary Methods). Written in-
formed consent was obtained from the patients or relatives. The in-
stitutional ethics committee (ILBS ethical committee (IEC/2020/70/
NAG6) approved the study).

2.1 | Untargeted plasma metabolomics

Untargeted metabolomics of the plasma was performed
as per previous publication15 and is further detailed in the
Supplementary Methods. In brief, metabolites were isolated from
100-pL plasma using organic phase separation method and were
analysed using LC-MS. Identified metabolites were annotated using

compound discoverer.

2.2 | Statistical analyses

Standard statistical analysis was performed including unpaired (two-
tailed) Student's t-test, Mann-Whitney U test and ANOVA-Kruskal-
Wallis test respectively. Spearman correlation (R2>0.5, p<.05) was
used. Annotated metabolites were subjected to WMCNA as detailed
in Supplementary Methods. Correlation, AUROC and Kaplan-Meier
(KM) curve analysis for the significant metabolites were performed

using SPSS 20 (USA). For the KM curve, log rank p <.05 was consid-

ered significant.

3 | RESULTS
3.1 | Demographic profile

In this pilot study, a total of 45 patients were randomized in either
SMT, HA+SMT or TPE+SMT groups respectively (15 in each). The
baseline clinical profile of ACLF patients in three groups was com-
parable (Table 1).

3.2 | Baseline metabolic profile of ACLF patients

Baseline plasma samples of ACLF patients, decompensated cir-
rhotic patients and healthy individuals were subjected to metabo-
lomic analysis and clinical characterization (Figure 1A). Based on the
chemical structure, metabolites were segregated into super-classes,
main classes and sub-classes. Annotated 477 metabolites (Table S1)
in our data belonged to organic acids, nucleic acids, carbohydrates
and other super-classes. These metabolites were linked to amino
acids, hippuric acid, indoles, indole-3 acetic acid derivatives and
other sub-classes as detailed in Figure S1 (Table S5).

ACLF metabotype was compared with decompensated cirrho-
sis (DC) and healthy subjects. PCA plot showed variability among
the three subsets of patients (Figure 1B). Hierarchical clustering
heatmap showed that the metabolic profile of ACLF is similar to
DC (Figure 1C). ACLF and DC have metabolic load as the major-
ity of metabolites in their plasma are up-regulated compared to
healthy (Figure 1C). ACLF showed 93 differentially up-regulated
metabolites when compared to DC and were linked to amino
acid metabolism, butanoate metabolism and others shown in
Figure S2. A large number of metabolites (184 metabolites) were
significantly up-regulated (p <.05, FC> 1.5, Figure S1D, Table S7)
and were linked to tryptophan metabolism, arginine biosynthe-
sis, histidine metabolism, aromatic amino acid synthesis, nitrogen
metabolism, butyrate metabolism and others (Figure 1E) whereas
74 metabolites were down-regulated (p-value<.05, FC>1.5,
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FIGURE 2 Temporal change in the metabotype of ACLF patients post SMT, HA and TPE. (A) Paradigm for temporal analysis of SMT, HA
and TPE therapy. Inter-group analysis among SMT, HA and TPE was performed at baseline, day 7 and day 14. Intra-group analysis, that is,
the temporal change in metabolic profile within the group pre- and post-therapy was also studied. (B) Weighted metabolome correlation
network analysis heatmap showing 12 identified modules (cluster of metabolites). Each module is represented by a distinct colour. (C) Dot
plot showing number of metabolites present in each module. X-axis represents the identified modules and y-axis represents the number

of metabolites clustered together in each module. Colour of the dot represents the corresponding module. (D) Bar plot representing mean
cluster intensity of modules in study groups at different time points. (E) Heatmap showing module trait (HA, TPE and SMT different time
points) relationship. (F) Table represents the metabolic pathways associated with metabolites present in each module. (** implies metabolites

enrichment =/>2).

Table S7) and were linked to one carbon pool of folate, folate,
porphyrin and other metabolic pathways in ACLF compared to HC
(Figure 1E). Metabotype of randomized ACLF patients into HA,
TPE and SMT groups was similar at baseline as depicted by the
PLS-DA analysis (Figure 1F).

These results suggest that ACLF plasma has a radical increase
in metabolites linked to inflammation and immune activation such
as tryptophan and aromatic amino acid and decrease in vitamin
metabolism and energy metabolism. Enhanced tryptophan metab-
olism in the blood of ACLF patients is due to impaired activation
of Kynurenine pathway which could result in perturbed peripheral
organ functions.*

Hypothalamic-pituitary-adrenal axis and sympathetic nervous
system arms are activated in ACLF due to systemic inflammation
which results in intense activation of glycogenolysis, proteolysis and
lipolysis which fuels the immune cells. This metabolic reprogram-

ming further contributes to organ dysfunction and failure.*’

3.3 | Temporal change in the metabotype of ACLF
patients post-SMT, HA and TPE treatments

Weighted metabolome correlation network analysis (WMCNA:
global analysis) and inter-intragroup investigation were performed
to determine the changes in the metabotype of ACLF patients pre-
and post-HA and TPE treatments as detailed in Figure 2A.

Weighted (metabolome) co-expression analysis (WMCNA)
performs unsupervised hierarchical clustering of metabolites and
groups metabolites with similar expression patterns into modules
(clusters of metabolites) which are represented by different colour
labels.

WMCNA: A total of 477 metabolites were grouped into 12 mod-
ules (soft-threshold >10, scale-free topology fit index >0.85; p<.05,
Figure 2B). The number of metabolites enriched in each module
(represented by a specific colour) is shown in Figure 2C. Analysis of
the mean cluster intensity (Figure 2D) and the module trait relation-
ship heatmap (Figure 2E) showed that HA treatment significantly
reduced the expression of ‘Red, Yellow, Pink, Turquoise, Brown,
Magenta, Blue and Black’ module in ACLF patients by day 7. These
changes persisted till day 14 (shift from red to green in Figure 2E).

These modules were linked to inflammatory pathways (tryp-
tophan, cysteine and methionine metabolism, arachidonic acid

metabolism and others), secondary energy metabolism (pentose

phosphate pathways, purine metabolism) and others (Figure 2F). We
also observed significant reduction in primary bile acid biosynthesis
post 7days of HA therapy compared to other therapies. Together
these results highlight a beneficial change in the plasma metabotype
post-HA treatment which was not so evident when ACLF patients
were treated with TPE or SMT.

3.4 | Inter-group HA versus TPE metabotype
comparison on day 7

Inter-group analysis of post 7days of treatment showed that ACLF
patients treated with different therapies responded differently and
had distinct metabotype by day 7 (Figure S3). Differentially ex-
pressed metabolites with significant fold change in HA versus SMT
and TPE versus SMT at day 7 are mentioned in Table $S3. We found
HA-specific clusters (clusters ‘i’ and ‘iii’) consisting of metabolites
associated with glutamine, glutamate, thiamine and tryptophan
metabolism decreased post-HA at day 7 (Figure S4). On the other
hand, TPE-specific cluster (Cluster-‘iv’) consisting of metabolites of
taurine and hypo-taurine metabolism decreased post-TPE at day 7
(Figure S4).

Venn analysis of the clusters which got reduced post-HA (clus-
ters i, ii and iii) and TPE (clusters ‘i’ and ‘iv’) (SMT normalized) showed
that 256 metabolites linked to purine metabolism (12 metabolites),
steroid hormone biosynthesis (8 metabolites), tryptophan metabo-
lism (7 metabolites; L-tryptophan, 5-hydroxy indole acetic acid, hy-
droxyl L tryptophan, kynurenine, indole pyruvate, indole acetic acid),
primary bile acid biosynthesis (6 metabolites; 7a, 12a-dihydroxy-5b-
cholestan-3-one, chenodeoxycholic acid, cholic acid, taurocholic
acid and others), arginine and proline metabolism (6 metabolites)
and arachidonic acid metabolism (5 metabolites; eicosatrienoic acid,
arachidonic acid, prostaglandin, leukotriene and THETA) specifically
reduced post day 7 of HA (Figure S5). Further, only 21 metabolites
linked to taurine and hypotaurine, phenylalanine and others were
reduced post 7 days of TPE (Figure S5). This reduction in metabolites
associated with tryptophan metabolism, and arachidonic acid me-
tabolism post 7 days of HA therapy suggests that HA more efficiently
remove metabolites associated with inflammation and bile acids and
helps in establishing normal metabolic plasma milieu. Taurine and
hypotaurine metabolites are known to exhibit anti-oxidative prop-
erties. A reduction in this pathway was observed post 7 days of TPE

indicating suppressed anti-oxidative system in TPE patients.
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FIGURE 3 Baseline plasma metabolic profile can identify non-survivors: (A) PLS-DA showing distinct metabotype of non-survivor and
survivor at baseline. Red dots represent non-survivors and green dots represent survivors. Heatmap also shows that the expression of
metabolites in non-survivors was different compared to survivors. Red bar represents profile of non-survivors and green bar represents
metabolic profile of survivors. (B) Area under the curve (AUC) of top 15 putative metabolite indicators of poor outcome in ACLF patients
identified based on the significant differential expression. Univariate and multivariate analysis; 11-deoxycorticosterone (C03205) augmented
highest AUC value (0.909) with a hazard ratio of 3.26. (C) Mirror spectral image of 11-deoxycorticosterone identified in the pool and
annotated by mzCloud library and the ddMS2 spectra of the parent ion and all the daughter ion of 11-deoxycorticosterone identified in the
pool. (D) Correlation of putatively identified indicators of poor outcome in ACLF patients with clinical parameters such as PT, INR, creatinine,
bilirubin and others at baseline. 11-deoxycorticosterone (C03205) showed significant correlation with mortality. (E) Kaplan-Meier curve
showing clear distinction between patients with C03205 levels >9 log-FC (non-survivors) as compared to patients with C03205 levels <log

9-FC (survivors). Whisker dot plot showing relative expression of 11-deoxycorticosterone in the validation group (Survivor-42 and non-
survivor-16) (p <.0001). (F) Mechanism depicting mechanism by which 11-deoxycorticosterone level increases in the circulation.

3.5 | Inter-group HA versus TPE metabotype
comparison on day 14

PLS-DA followed by hierarchal clustering analysis showed clear seg-
regation of the study groups by day 14 (Figure Sé). Differentially ex-
pressed metabolites with significant fold change in HA versus SMT
and TPE versus SMT at day 14 are mentioned in Table S4. K-means
clustering identified five clusters. HA-specific clusters: cluster ‘iv’
(linked with tryptophan, cysteine and methionine and histidine me-
tabolism) reduced whereas cluster ‘v’ (linked to caffeine, nicotinate
and nicotinamide metabolism) increased (Figure S7). We observed
metabolites linked to cysteine and methionine, histidine metabolism
and tyrosine metabolism pathways were specifically increased in
TPE groups versus others (p <.05, Figure S8). A significant decrease
in glutamate and glutamine metabolism, arginine biosynthesis and
others was observed post day14 of HA (p<.05, Figure S9) whereas
caffeine, nicotinate and nicotinamide, phenylalanine metabolism and
other pathways decreased post-TPE (p<.05, Figure S9). These re-
sults suggest that even after 14 days of HA, the internal environment
of HA patients has less concentration of metabolites associated with
inflammatory signalling (tryptophan pathway) and oxidative radi-
cles (cysteine, methionine and histidine), whereas in the TPE group,
concentration of aromatic amino acids and non-aromatic amino acid
strikingly increased, suggesting an increase in proteolysis and cata-

bolic processes known to fuel immune system.

3.6 | Intra-group (SMT, HA and TPE) comparison;
from baseline to day 14

To document the temporal association of metabolites in ACLF pa-
tients, a comparative analysis of baseline to day-14 metabotype
was performed in SMT, HA and TPE groups (Figure S10). Temporal
analysis showed that plasma metabotype changed distinctly in the
SMT, HA and TPE groups over time (Figure S11). Metabolites linked
to phenylalanine, glutamine and glutamate metabolism, alanine and
aspartate and others decreased in the SMT group (Figure S13). We
observed a significant increase in caffeine metabolism, folate bio-
synthesis and others in the SMT group and purine metabolism, folate
biosynthesis and others in the HA group respectively (Figure S12).
Interestingly, metabolites linked to inflammatory signalling and

microbial metabolism such as phenylalanine, tyrosine, tryptophan
biosynthesis, tryptophan metabolism and others were specifically
increased post-TPE therapy (Figure $12). Metabolites linked to glu-
tamine and glutamate metabolism, phenylalanine metabolism, histi-
dine and others decreased in the HA group, and metabolites linked
to drug metabolism, glycosaminoglycan, arginine and proline me-
tabolism decreased over time (baseline to day 14) in the TPE group
(Figure S13). These results suggest that HA treatment more promi-
nently eliminates pro-inflammatory metabolites produced by intes-
tinal microbes, which influences overall outcome in ACLF patients,
thus improving 30-day survival in HA-treated patients.

3.7 | Baseline plasma metabolic profile can
identify non-survivors

Eight of the 45 patients died (3/15 in SMT, 2/15 in HA and 3/15 in
TPE groups) by 28days. Early mortality was observed in SMT and
TPE groups (two in each group by days 14 and O in HA). PLS-DA
showed distinct profile of survivors and non-survivors at baseline
(Figure 3A, Figure S14). The differentially expressed metabolites be-
tween non-survivors and survivors are highlighted in volcano plot
(Figure S15).

Based on significant fold change (>+1.5) and AUC-value, a panel
of 15 putative indicators capable of segregating non-survivors
from survivors was identified (Figure 3B). On performing univar-
iate and multivariate analysis, 11-deoxycorticosterone (C03205)
showed highest diagnostic efficiency (AUC=0.909) with hazard
ratio of 3.26 (Figure 3B). The mirror plot in Figure 3C shows the
peak of identified biomarker, that is, 11-deoxycorticosterone in the
pooled samples (quality control). ddMS2 spectra were observed for
11-deoxycorticosterone and the parent and daughter ions of cap-
tured as shown in Figure 3C. 11-deoxycorticosterone (C03205) also
showed strong positive correlation with bilirubin levels, bile acids
and mortality in non-survivor patients (Figure 3D). Based on the
AUROC, a cut-off of log9FC of 11-deoxycorticosterone (C03205)
identified patients to have high mortality (log rank <0.05, Figure 3E).

Taken together, these results identified 11-deoxycorticosterone
(C03205) as an independent predictor of early mortality in ACLF
patients. C03205 was then validated in an external cohort of 58
ACLF patients (42 survivors and 16 non-survivors) (Figure 3E).
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FIGURE 4 Effectiveness of HA, TPE over SMT: (A): Heatmap showing relative expression (green to red=low to high) of DEMs segregating
survivors and non-survivors at baseline and post day 7 of TPE, SMT and HA. (B) Circos showing altered metabolic pathways associated

with DEMs signature between non-survivors and survivors at baseline. (C) Bar plot showing % change in expression of metabolite-based
signatures of poor outcome post 7 days of SMT (~60%), TPE (~48%) and HA (~80%) respectively. (D) Alluvial plot showing metabolite-based
signatures and associated pathways which got down-regulated (panel a), unchanged (panel b) and up-regulated (panel c) post 7 days of HA
treatment compared to SMT and TPE. (E) Bar plot showing percentage of infection and organ failure occurrence after HA and TPE therapy

post 7days and 14 days respectively.

Total cortisol level is known to be lower in ACLF patients,18

which results in persistent stimulation of ACTH, thus increasing
11-deoxycorticosterone levels in these patients. Cirrhotic patients
also have deficiency of 11-p-hydroxylase enzyme responsible for
converting 11-deoxycorticosterone/11-deoxycortisol to cortisol.
Thus, again leading to accumulation of 11-deoxycorticosterone in

the plasma (Figure 3F, Figure S16).

3.8 | Effectiveness of HA and TPE in improving
metabolic milieu

To evaluate the efficacy and effectiveness of HA and TPE over SMT,
the 64 differentially expressed metabolites between non-survivors
and survivors at baseline were compared with their expression post
7 days of therapy (Figure 4A). These signature metabolites belonged
to biosynthesis of secondary metabolites, cysteine and methionine
metabolism, drug metabolism, steroid hormone biosynthesis, tryp-
tophan metabolism, etc. (Figure 4B). Modulation in metabolite ex-
pression was found to be lowest (43%) post-TPE, 60% post-SMT and
highest (80%) post-HA (Figure 4C).

Detailed analysis showed that HA therapy reduces the metabo-
lites associated with microbial metabolism (biosynthesis of secondary
metabolites; urobilinogen and five other metabolites, glycerophos-
pholipid and butanoate metabolism), inflammatory metabolites
(tryptophan metabolism, tyrosine metabolism, cysteine and methi-
onine and primary bile acid biosynthesis) and steroid biosynthesis
linked metabolites. In addition, metabolites associated with amino
acid, histidine metabolism, drug metabolism and glutathione metab-
olism were higher post 7 days in the HA therapy group (Figure 4D).
Also, the percentage of occurrence of infection and organ failure was
low post-HA therapy as depicted in Figure 4E. Additionally, HA and
TPE therapy improved bilirubin and INR, whereas MELD, CTP and
AARC scores were reduced in the HA group as shown in Figure S17.
These results portray beneficial metabolic changes and outline the
efficacy of HA therapy over SMT or TPE therapy in ACLF patients.

4 | DISCUSSION

In this pilot study, we assessed the potency of HA and TPE over SMT
in improving transplant-free survival in Asian-ACLF patients by ex-
amining the metabotype using high-throughput untargeted metabo-
lomics. The aim of our study was to assess the temporal change in
ACLF metabolome post 7 and 14 days of HA and TPE. Further, we

evaluated the potency of HA and TPE over SMT in removing toxic
metabolites and improving ACLF milieu. Finally, we identified meta-
bolic signatures predicting poor outcome in ACLF patients.

ACLF metabolic profile showed significant increase in concen-
tration of ~60% metabolites linked to inflammation and fatty acid
metabolism such as tryptophan metabolism and aromatic amino acid
metabolism similar to the results shown by other groups.13’16'19 We
observed a decrease in energy production in the diseased state sim-
ilar to earlier observations.?°

Global analysis (WMCNA) showed that HA treatment signifi-
cantly reduced the expression of more than 90% of the modules
after 7days of treatment and the changes persisted till 14days.
These modules were specifically linked to canonical inflammatory
pathways (tryptophan, cysteine and methionine metabolism, ara-
chidonic acid metabolism and others'®) and secondary energy me-
tabolism (pentose phosphate pathways, purine metabolism), primary
bile acid biosynthesis and others. Inter- and intra-group analysis
also revealed similar results and explicated that after 7days of HA
treatment, the concentration of seven metabolites of tryptophan
pathway was reduced. Treatment with HA specifically reduces ar-
achidonic acid (unsaturated fatty acid) pathway and associated me-
tabolites known to be pro-inflammatory in nature and associated
with downstream activation of various ROS species and systemic in-
flammation.?! Remarkable reduction in concentration of six primary
bile acids post-HA therapy validates improvement in hepatocytes
overall health and 28-day morta\lity.22 These results were concordant
with reduction in CTP, MELD and the AARC score in ACLF patients
post-HA treatment (Table 1). On the contrary, a down-regulation of
taurine and hypo-taurine pathway involved in providing antioxidant
defence mechanism was observed post 7 days of TPE treatment re-
flecting reduced anti-oxidative environment in the TPE group. Post
14 days of TPE, a significant increase in circulating amino acids such
as cysteine, methionine,?® histidine and tyrosine?® was observed in-
dicating high proteolysis which is known to be linked with systemic
inflammation.?* Further elevated methionine and homocysteine lev-
els are associated with liver injury progression.?® Similar results were
documented upon temporal analysis. These results indicate that by
day 14, the toxic metabolites linked to liver injury remained accumu-
lated in the plasma of ACLF patients and could be a potential reason
for higher severity, organ failure and infection observed in the TPE
group. The 14-day profile of the TPE group summons for require-
ment of additional sessions of TPE therapy which could be lifesaving
in such patients.

In order to evaluate the potency of therapies, along with the
reduction in the clinical severity scores such as MELD and AARC;
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DEMs in non-survivors at baseline were compared with their ex-
pression post 7days of therapies. HA therapy effectively reversed
the expression of ~51 metabolites (~80%) compared to 60% in SMT
and 40% in TPE treatment of 64 DEMs. A favourable response was
observed post-HA, as it reduced the concentration of metabolites
associated with biosynthesis of secondary metabolites (urobilino-
gen), glycerophospholipid, butanoate, aromatic amino acid metab-
olism and steroid biosynthesis. Increase in the secondary metabolic
product and butanoate metabolism clearly suggests that HA therapy
could neutralize gut-derived bacterial by-products which are con-
sidered to be inflammatory and harmful.?4?’ It also improved CTP,
MELD and AARC scores.

Comparison of survivors and non-survivors resulted in iden-
tification of panel of signature metabolites that could pre-
dict poor outcomes in ACLF patients at baseline. Of these,
11-deoxycorticosterone (C03205) documented maximum diagnos-
tic efficacy and hazards for the poor outcome prediction. Increased
level of 11-deoxycorticosterone in plasma results in activation of
mineralocorticoid signalling and mineralocorticoid-based hyperten-
sion.?” Mineralocorticoids are known to activate pro-inflammatory
immune system, involved in production of oxidative radicles and fi-
brosis.?® Increased 11-deoxycorticosterone further increases basal
steroid level inducing feedback inhibition loop (particularly seen in
steroid non-responders). We, therefore, hypothesizes that increase
in 11-deoxycorticosterone could be one of the plausible reasons for
higher inflammatory state and high basal steroid level seen particu-
larly in non-responders/non-survivors SAH patients. Thus, the hy-
pothesized feedback inhibition due to baseline increase in steroid
warrants further elucidation in SAH patients.

Our study provided robust results and showed that HA is more
potent in removing toxic metabolite, improves plasma milieu over
SMT and TPE and reduces the risk of infection and organ failure in
ACLF. However, a similar study with a larger sample size is needed.
In this pilot and first of its kind study, the metabotype of ACLF
patient's pre- and post-therapeutic interventions are analysed
using metabolomics. Since HA and TPE are very expensive treat-
ments, investigating the effects of these therapies would be highly
beneficial.

Our study has a few limitations. Since this was a pilot
study to determine the effects of TPE and HA on the plasma
metabolome, the sample size was small and hence the ade-
quacy of therapies to improve clinical outcomes could not be
assessed. This would require a larger patient cohort. Secondly,
11-deoxycorticosterone as a marker of poor prognosis in ACLF
needs to be validated in a larger cohort before recommendation
as a reliable biomarker.

In conclusion, our study presents the potential of ELSs in ACLF
patients. Our data provide a metabolomic overview that HA therapy
is more efficient than therapeutic plasma exchange and should be
the therapy of choice in sick ACLF patients. The circulating level of
11-deoxycorticosterone (C03205) in plasma could be used to predict
mortality in ACLF patients at baseline and for evaluating effective-
ness of ELSs.
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