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ARTICLE INFO ABSTRACT

Keywords: Background: A better understanding of the evolution of cirrhosis after hepatitis C virus (HCV) clearance is
Chronic hepatitis C essential since the reversal of liver injury may not happen. We aimed to assess the evolution of plasma metab-
HIV

olites after direct-acting antivirals (DAAs) therapy and their association with liver disease scores in HIV/HCV-
coinfected patients with advanced HCV-related cirrhosis.

Methods: We performed a prospective study in 49 cirrhotic patients who started DAAs therapy. Data and samples
were collected at baseline and 36 weeks after SVR. Metabolomics analysis was carried out using gas
chromatography-mass spectrometry and liquid chromatography-mass spectrometry. Inflammation-related bio-
markers were analyzed using ProcartaPlex Immunoassays.

Results: At 36 weeks after SVR, patients experienced significant decrease in taurocholic acid, 2,3-butanediol, and
LPC(18:0); while several phosphatidylcholines (LPC(16:1), LPC(18:1), LPC(20:4), and PC(16:0/9:0(CHO))/PC
(16:0/9:0(COH)), 2-keto-n-caproic acid/2-keto-isocaproic acid and N-methyl alanine increased, compared to
baseline. The plasma decrease in taurocholic acid was associated with a reduction in Child-Turcotte-Pugh (CTP)
(AMR=3.39; g-value=0.006) and liver stiffness measurement (LSM) (AMR=1.06; g-value<0.001), the plasma
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Pugh score; AMR, Arithmetic mean ratio; LSM, Liver stiffness measurement; SVR, Sustained virological response; PCR, Polymerase chain reaction; cART, Combi-
nation antiretroviral therapy; INR, International normalized ratio; GC-MS, Gas chromatography-mass spectrometry; LC-MS, Liquid chromatography-mass spec-
trometry; QC, Quality control; MSD, Mass selective detector; ESI, Electrospray ionization; PLS-DA, Partial least squares discriminant analysis; LOOCV, Leave-one-out
cross-validation; VIP, Variable importance in projection; GLMM, Generalized linear mixed-effects model; MELD, Model for End-stage Liver Disease; FDR, False
discovery rate; PC, Phosphatidylcholine; LPS, Lysophosphatidylserine; IL, Interleukin; SRANKL, Soluble receptor activator of nuclear factor kappa-B ligand; OPG,
Osteoprotegerin; PD, Programmed cell death protein; siCAM, Soluble intercellular adhesion molecule; IFN, Interferon; svCAM, Soluble vascular cell adhesion
molecule; PAI, Plasminogen activator inhibitor; TNFRI, Tumor necrosis factor receptor 1; OxPL, Oxidized phospholipid; BCAA, Branched-chain amino acids; LPE,
Lysophosphatidyletanolamine.
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increase in LPC(20:4) was related to a reduction in LSM (AMR=0.98; gq-value=0.027), and the rise of plasma 2-
keto-n-caproic acid/2-keto-isocaproic acid was associated with a reduction in CTP (AMR=0.35; q-value=0.004).
Finally, plasma changes in taurocholic acid were directly associated with inflammation-related biomarkers,
while changes in LPC(20:4) were inversely associated.

Conclusions: Plasma metabolomic profile changed after HCV clearance with all oral-DAAs in HIV/HCV-coinfected
with advanced HCV-related cirrhosis. Changes in plasma levels of LPC (20: 4), 2-keto-n-caproic acid/2-keto-
isocaproic acid, and taurocholic acid were related to improvements in cirrhosis scores and inflammatory sta-

tus of patients.

1. Background

Hepatitis C virus (HCV) infection is one of the leading causes of
chronic liver disease, cirrhosis, and hepatocellular carcinoma [1].
Furthermore, HCV infection is present in approximately 10-30% of
HIV-infected patients, who have faster progression of cirrhosis,
decompensation, or even death [2,3].

Newer direct-acting antivirals (DAAs) have revolutionized the
prospects for HCV therapy by achieving success rates greater than 95%
with minimal adverse events, improving the quality of life, and reducing
cirrhosis-related morbidity [4]. Additionally, successful DAAs therapy in
cirrhotic patients reduces the risk of liver complications and death [5].
Several non-invasive markers of liver fibrosis, based on imaging elas-
tography or serum markers [6-8], also improve after the sustained
virologic response (SVR) with DAAs therapy in patients with
HCV-related cirrhosis [9-18]. However, it has been described that a
subgroup of patients remains at risk of liver disease progression and
hepatocellular carcinoma development [19]. Likewise, the persistence
of portal hypertension in patients is frequent despite successful antiviral
therapy, indicating a persistent risk of clinical progression or death [20].

Both HCV and HIV infection, as well as advanced liver cirrhosis,
cause substantial metabolic alterations. Recently, it has been described
that metabolic processes such as biosynthesis of fatty acids and phos-
pholipids, cellular energy, oxidative stress, microbial metabolism, bile
acids, insulin metabolism, and amino acid accumulation are altered in
HIV/HCV-coinfected and HCV-monoinfected cirrhotic patients [21].
Besides, a set of lipid metabolites that allow earlier identification of
HIV/HCV-coinfected patients at risk of developing clinically significant
end-stage liver disease events has been recently described [22]. How-
ever, to our knowledge, there are no previous studies on the changes in
the metabolomic profile after DAA therapy and its relationship with
liver disease. A better understanding of the pathophysiology of cirrhosis
after HCV clearance is essential for patient management.

This study aimed to evaluate the evolution of plasma metabolites
after DAAs therapy and their association with liver disease scores in
HIV/HCV-coinfected patients with advanced HCV-related cirrhosis.

2. Methods
2.1. Study subjects

We performed a multicenter longitudinal study in 49 HIV/HCV
coinfected patients with advanced HCV-related cirrhosis who started
DAAs therapy (without interferon (IFN) from January 2015 to June
2016 at four hospitals in Madrid, Spain (ESCORIAL study; see Appen-
dix). This study was approved by the Research Ethics Committee of the
Institute of Health Carlos III (CEI42_2020/CEI41_2014) and was carried
out according to the Declaration of Helsinki. All participants gave their
written informed consent before enrollment.

The inclusion criteria were: 1) baseline HCV infection confirmed by
polymerase chain reaction (PCR); 2) advanced cirrhosis (liver stiffness
>25 kPa, CTP >7, or hepatic liver pressure gradient (HVPG) > 10
mmHg, or prior history of liver decompensation (ascites, bleeding
esophageal varices, hepatic encephalopathy)); 3) starting anti-HCV
therapy with all-oral DAAs and achieving an SVR (undetectable HCV-

RNA load 12 weeks after the finalization of anti-HCV treatment); 4)
stable combination antiretroviral therapy (cART) > 6 months and un-
detectable plasma HIV viral load (<50 copies/mL). 5) Available samples
of frozen plasma at the start of HCV treatment (baseline) and 36 weeks
after SVR (end of follow-up).

2.2. Clinical data and samples

Epidemiological and clinical data were prospectively collected, using
an online form that met the confidentiality requirements, and monitored
to verify its accordance with the patient’s medical records. Child-
Turcotte-Pugh (CTP) score was calculated based on the following fac-
tors: total bilirubin, serum albumin, international normalized ratio
(INR), ascites, and hepatic encephalopathy. CTP score can range from 5
to 15 points. As previously described, trained operators carried out the
transient elastography to obtain the liver stiffness measurement (LSM)
[23].

Peripheral blood samples were collected in EDTA tubes. Plasma
samples were separated by centrifugation and stored at — 80°C in the
Spanish HIV HGM Biobank until use.

2.3. Non-targeted metabolomics

2.3.1. Reagents and standards for metabolomics
The list of reagents and standards is available in Supplemental Data

2.3.2. Metabolite extraction and sample preparation

Firstly, viruses in samples were inactivated by mixing plasma with
methanol (3:1, v/v). Then, plasma samples were vortexed for 15 seg,
kept cold for 5 min, centrifuged at 16,000 g, 4 °C for 20 min, and stored
at — 80 °C until they were sent to the Center for Metabolomics and
Bioanalysis (San Pablo-CEU University, Madrid, Spain).

The samples were processed for their subsequent measurement on
the analysis day by gas chromatography-mass spectrometry (GC-MS)
and liquid chromatography-mass spectrometry (LC-MS). Quality con-
trols (QCs) samples were prepared independently for each analytical
platform by pooling and mixing equal volumes of each corresponding
sample (full description in Supplemental Data 1).

2.3.3. Data acquisition

According to a methodology previously used, the metabolomic
analysis was performed using two complementary analytical platforms
[24]. A GC system (Agilent Technologies 7890 A) was used consisting of
an autosampler (Agilent Technologies 7693) and an inert mass selective
detector (MSD) with quadrupole (Agilent Technologies 5975). The
derivatized samples were injected through a GC-Column DB5-MS (30 m
length, 0.25 mm internal diameter, 0.25 um film 95% dimethylpolysi-
loxane / 5% diphenyl-polysiloxane) with a pre-column (10 m J&W in-
tegrated with Agilent 122-5532G). An LC system consisting of a
degasser, a binary pump, and an autosampler (1290 infinity II, Agilent)
was also used to increase the metabolite coverage. The samples were
injected into a reversed-phase column (Zorbax Extend C18 50 x 2.1 mm,
1.8 um; Agilent). The mobile phases were solvent A (H,O containing
0.1% formic acid) and solvent B (acetonitrile containing 0.1% formic
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acid). Data were collected in positive and negative electrospray ioni-
zation (ESI) modes in separate runs using Q-TOF (Agilent 6550 iFunnel)
(full description in Supplemental Data 1).

2.3.4. Data treatment and quality assurance

In GC-MS, the deconvolution and identification were performed
using MassHunter Quantitative Unknowns Analysis (B.07.00, Agilent),
alignment with MassProfiler Professional software (version 13.0, Agi-
lent), and peak integration using MassHunter Quantitative Analysis
(version B.07.00, Agilent). In LC-MS, the Molecular Feature Extraction
and the Recursive Feature Extraction algorithms in the MassHunter
Profinder software (B.08.00, Agilent) were used for deconvolution and
alignment of the raw data. After data reprocessing, the metabolic fea-
tures were filtered (quality assurance details are available in Supple-
mental Data 1).

2.4. Inflammatory markers

ProcartaPlex multiplex immunoassay (Bender MedSystems GmbH,
Vienna, Austria) was used to measure the plasma concentrations of D-
Dimer, IFN-y, IL10, IL12p70, IL17A, IL18, IL1-B, IL1RA, IL2, IL4, IL6,
IL8, Insulin, IP10, Leptin, MCP1, OPG, PAIl, PD1, PDL1, sICAM1,
SRANKL, sVCAM1, TGF-B, TNF-a, TNFRI, VEGF-a and VEGFR1 (Sup-
plemental Data 2). The manufacturer’s specifications were followed
using a Luminex 200™ analyzer (Luminex Corporation, Austin, TX,
United States).

2.5. Statistical analysis

The statistical analysis was performed using MetaboAnalyst 4.0
software (http://www.metaboanalyst.ca/) and R statistical package (R
Foundation for Statistical Computing, Vienna, Austria).

For the multivariate analysis, firstly, variables from GC-MS and LC-
MS were log-transformed (logs) and auto-scaled. Next, we performed
a supervised multivariate analysis by partial least squares discriminant
analysis (PLS-DA), which models all features together. Cross-validation
with leave-one-out cross-validation (LOOCV) obtaining R? and Q2
values as performance measures were performed. Variable importance
in projection (VIP) score for each feature was obtained from the PLS-DA
model. A permutation test was used to confirm the model’s validity by
separation distance (B/W) with a permutation number set at 1000. A p
< 0.05 in the permutation test was considered significant to confirm the
validity of the PLS-DA models.

Differences between plasma feature levels in paired groups were
analyzed by Wilcoxon tests. For the association analysis, we used
Generalized Linear Mixed-effects Model (GLMM) with gamma distri-
bution (logs-transformed values with identity-link for variables from LC-
MS and raw values with log-link for variables from GC-MS; ‘glm func-
tion’ in R) to study the changes of features (dependent variable) from
baseline to 36 weeks after SVR (independent variable). This test pro-
vides the arithmetic means (AMR) ratio and the significance level.
Additionally, we performed GLMM with gamma distribution to study
the association between plasma features (dependent variable) with liver
disease markers (CTP and LSM, as independent variables).

For those features significantly associated with some liver disease
markers, their relationship with inflammatory biomarkers was also
analyzed using GLMM. In all cases, p-values were corrected for multiple
testing by the false discovery rate (FDR) with Benjamini and Hochberg
procedure (‘qvalue package’ in R).

2.6. Metabolite identification

The significant features were identified based on FiehnLib [25], NIST
14 libraries, and the CEU Mass Mediator search tool (http://ceumass.
eps.uspceu.es) [26]. The metabolites were reported in agreement with
the criteria of the Metabolomics Standards Initiative [27,28]. Further
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details are available in Supplemental Data 1.
3. Results
3.1. Patient characteristics

Clinical and epidemiological characteristics of 49 HIV/HCV-
coinfected patients are shown in Table 1. The median age was 52
years, 77.6% were male, 10.2% reported a high current alcohol intake,
75.5% were IVDU, 34.7% had prior AIDS diagnosis, and 46.9% had
previously failed anti-HCV IFN antiviral therapy.

3.2. Changes in plasma metabolites from baseline to 36 weeks after SVR

PLS-DA analysis was performed for features detected in GC-MS, LC-
MS ESI(+), and LC-MS ESI(-) (Fig. 1A) and validated by permutation (p
< 0.001) (Fig. 1B). The PLS-DA score graphs showed the two sets of
samples, baseline and final (36 weeks after SVR), clearly separated. A

Table 1
Clinical and epidemiological characteristics of HIV-HCV coinfected patients.

HIV-HCV coinfected patients

No. 49

Age (years) 52 (49-54)
Gender (male) 38 (77.6%)

BMI (kg/mz) 24.0 (22.0-25.5)
Smoker (n = 48)

Never 6 (12.5%)
Previous (> 6 months) 12 (25.0%)
Current 30 (62.5%)
Alcohol intake (>50 g/day)
Never 21 (42.9%)
Previous (> 6 months) 23 (46.9%)
Current 5 (10.2%)
IVDU 37 (75.5%)
Previous anti-HCV therapy 23 (46.9%)
Treatment with statins 8 (16.3%)
Other liver markers
MELD 9 (8-10)
LSM 31.5 (22.0-39.3)
HVPG (n = 23) 15.0(11.5-17.0)
Ascites 14 (28.6%)

Bleeding esophageal varices
Hepatic encephalopathy
Carcinoma hepatocellular
HCV markers
HCV genotype (n = 48)
1

2
3
4

Log1o HCV-RNA (IU/mL) (n = 89)

HCV-RNA > 850,000 IU/mL
HIV markers

Previous AIDS (n = 49)

Nadir CD4™" T cells (n = 45)

Nadir CD4™ T cells< 200 cells/mm?® (n = 45)

Baseline CD4™ T cells (n = 49)

Baseline CD4" T cells< 500 cells/mm? (n = 49)

Antiretroviral therapy (n = 48)
NRTI+NNRTI
NRTI+II
NRTI+PI
PI+II+NNRTI/MVC
Others

20 (40.8%)
5 (10.2%)
0 (0%)

32 (66.7%)
0 (0%)

6 (12.5%)
10 (20.8%)
6.2 (5.7-6.7)
32 (65.3%)

17 (34.7%)
119 (70-182)
34 (75.6%)
444 (241-721)
29 (59.2%)

7 (14.6%)
23 (47.9%)
5 (10.4%)
4 (8.3%)

9 (18.8%)

Values are expressed as absolute number (percentage) and median (interquartile
range). Abbreviations: BMI, body mass index; IVDU, intravenous drug user;
HCV, hepatitis C virus; HCV-RNA, HCV plasma viral load; HIV, human immu-
nodeficiency; MELD, model for end-stage liver disease; LSM, liver stiffness
measurement; AIDS, acquired immune deficiency syndrome; NNRTI, non-
nucleoside analogue HIV reverse transcriptase inhibitor; NRTI, nucleoside
analogue HIV reverse transcriptase inhibitor; PI, protease inhibitor; II, integrase
inhibitor, MVC, maraviroc.
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Fig. 1. Multivariate analysis of plasma metabolites comparing baseline (before DAA therapy; circles in green) and final (36 weeks after SVR; circles in red) time
points in HIV/HCV-coinfected patients (n = 49). (A) partial least squares discriminant analysis (PLS-DA) plots resulting from GC-MS, LC-MS ESI(+), and LC-MS ESI(-)
data. (B) Permutation by separation distance (B/W) with a permutation number of 1000 was used to confirm the validity of the PLS-DA models. P < 0.001 was
obtained for GC-MS, LC-MS ESI+ and ESI-, validating the PLS-DA models. Abbreviations: GC-MS, gas chromatography-mass spectrometry; LC-MS, and liquid

chromatography-mass spectrometry; ESI, electrospray ionization.

A) GC-MS
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Fig. 2. Metabolites with the highest VIP score (>1) in discriminating before and 36 weeks after SVR from PLS-DA models (n = 49). VIP score measures the variable’s
importance and allows metabolites to be ranked according to their importance. VIP> 1 was considered significant. Abbreviations: GC-MS, gas chromatography-mass
spectrometry; LC-MS, and liquid chromatography-mass spectrometry; ESI, electrospray ionization; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; LPE,
lysophosphatidylethanolamine; LPS, lysophosphatidylserine; LPI, lysophosphatidylinositol; PA, phosphatidic acid; PC(16:0/9:0(CHO)), PC(16:0/9:0(CHO))/PC

(16:0/9:0(COH)); 2-keto-n-caproic acid, 2-keto-n-caproic acid/2-keto-isocaproic acid.
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VIP value for each detected feature was obtained from PLS-DA analysis.
The VIP score is a quantitative estimation of the discriminatory power of
each feature, allowing metabolites to be ranked according to their
importance in discriminating the groups analyzed. Features with VIP> 1
were considered significant, but only 26 of 32 in GC-MS, 10 of 67 in LC-
MS ESI (+), and 13 of 56 in LC-MS ESI (-) could be identified (Supple-
mental Data 3). The highest VIP scores were observed for PC(16:0/9:0
(CHO))/PC(16:0/9:0(COH)), LPC(20:4), LPC(18:0), LPC(18:1) and LPC
(16:1) in LC-MS ESI(+) (VIP= 4.22, 2.85, 2.64, 2.41, and 2.16, respec-
tively) and 2-keto-n-caproic acid/2-keto-isocaproic acid, taurocholic
acid, LPS(20:2) and LPE(16:0) in LC-MS ESI(-) (VIP= 3.94, 3.79, 2.45,
and 2.25, respectively) (Fig. 2; full description in Supplemental Data 3).

By GLMM analysis, 28 significant features were found, of which nine
features could be identified. At 36 weeks after SVR, patients experienced
a significant increase in plasma levels of N-methylalanine (AMR(95%
confidence interval (CI)= 2.85(1.72-4.74); q= 0.004), LPC (16:1) (AMR
(95%CD= 1.39(1.14-1.70); q= 0.022), LPC (18:1) (AMR(95%CD=
1.34(1.13-1.59); q=0.015), LPC (20:4) (AMR(95%CI)=1.53
(1.26-1.86); q< 0.001), PC 16:0/9:0(CHO)/PC(16:0/9:0(COH)) (AMR
(95%CI)= 1.50(1.33-1.69); q< 0.001), and 2-keto-n-caproic acid/2-
keto-isocaproic acid (AMR(95%CI)= 2.32(1.41-3.82), q= 0.048),
compared to baseline. However, 2,3-butanediol (AMR(95%CI)= 0.44
(0.27-0.67); q= 0.005), LPC (18:0) (AMR(95%CI)= 0.70(0.58-0.84);
q=0.004) and taurocholic acid (AMR(95%CI)= 0.29(0.18-0.45);
q< 0.001) significantly decreased during follow-up (Table 2; Supple-
mental Data 4). These metabolites that remained significant after
adjustment for multiple comparisons in the association analysis were
consistent with those metabolites that had a higher VIP score in the
multivariate analysis.

3.3. Association between changes in plasma metabolites and cirrhosis
scores

We found a significant association of 25 and 35 metabolic features
with CTP and LSM scores, respectively. Two metabolic features for each
liver score had a q-value< 0.05 and could be identified. Increased
plasma level of LPC(20:4) was associated with a decrease in LSM (AMR
(95%CI)= 0.98(0.97-0.99); g-value= 0.027), increased plasma level of
2-keto-n-caproic acid/2-keto-isocaproic acid was related to the reduc-
tion of CTP score (AMR(95%CI)= 0.35(0.22-0.57) (1.87-6.14); q-val-
ue= 0.004), and decreased plasma level of taurocholic acid was
associated with the reduction of CTP (AMR(95%CI)= 3.39; g-val-
ue= 0.006) and LSM (AMR(95%CI)= 1.06(1.04-1.09); q-value< 0.001)

Table 2
Changes in blood metabolome from baseline to 48 weeks after completion of
DAA therapy.

Metabolite Technology AMR (95%CI) p-value g-value

2,3-Butanediol GC-MS 0.44 (0.27-0.67) < 0.001 0.005
N-Methylalanine GC-MS 2.85 (1.72-4.74) < 0.001 0.004
LPC(16:1) LC-MSESI +  1.39 (1.14-1.70) 0.001 0.022
LPC(18:0) LC-MSESI +  0.70 (0.58-0.84) < 0.001 0.004
LPC(18:1) LC-MSESI +  1.34(1.13-1.59) < 0.001 0.015
LPC(20:4) LC-MSESI + 1.53(1.26-1.86) < 0.001 < 0.001
PC(16:0/9:0(CHO))* LC-MSESI +  1.50(1.33-1.69) <0.001 < 0.001
2-keto-n-caproic acid* LC-MS ESI - 2.32 (1.41-3.82) < 0.001 0.048
Taurocholic acid LC-MS ESI - 0.29 (0.18-0.45) < 0.001 < 0.001

Statistics: Associations were calculated by Generalized Linear Mixed-effects
Model (GLMM) with a gamma distribution (identity-link to variables from LC-
MS and log-link to variables from GC-MS); g-values represent p-values cor-
rected for multiple testing using the False Discovery Rate (FDR). Significant
differences are shown in bold. Abbreviations: AMR, arithmetic mean ratio; 95%
CI, 95% of confidence interval; p-value, level of significance; q-value, corrected
level of significance; HIV, Human immunodeficiency virus; HCV, Hepatitis C
virus; LPC, lysophosphatidylcholine; PC, phosphatidylcholine; PC(16:0/9:0
(CHO))*, PC(16:0/9:0(CHO))/PC(16:0/9:0(COH)); 2-keto-n-caproic acid*, 2-
keto-n-caproic acid/2-keto-isocaproic acid.
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(Table 3).

3.4. Association between changes in cirrhosis-related metabolites and
inflammation

The increase in LPC (20:4) was associated with a reduction in plasma
levels of IL6, IL8, IL10, IL12p70, IL18, SRANKL, OPG, siCAM1, PD1, and
IFN-y (inverse association). The reduction in taurocholic acid was
related to decreased levels of IL1RA, IL6, IL8, IL10, IL12p70, IL18, IP10,
OPG, svCAM1, siCAM1, PAI1, and TNFRI (direct association) (Fig. 3; the
full description in Supplemental Data 5). No significant results were
found for 2-keto-n-caproic acid/2-keto-isocaproic acid.

4. Discussion

This study describes how metabolomics profile changes after SVR
with DAAs therapy in HCV/HIV coinfected patients with advanced liver
cirrhosis. A decreased taurocholic acid and increased LPC(20:4) and 2-
keto-n-caproic acid/2-keto-isocaproic acid levels in plasma were asso-
ciated with reductions in liver disease scores (CTP and LSM). Addi-
tionally, plasma levels of taurocholic acid and LPC(20:4) were related to
the inflammatory state. To date, there is scarce information in the
literature about metabolic changes after HCV eradication with DAAs.
Only Meoni et al. [29] studied the metabolomic profile in
HCV-monoinfected patients before and after successful viral eradication
with DAAs therapy, describing several dysregulated pathways. Howev-
er, to our knowledge, our study assesses for the first time the metab-
olomic changes after HCV eradication among HIV/HCV-coinfected
patients.

In this study, several lysophosphatidylcholines such as LPC (16:1),
LPC (18:1), and LPC (20:4) significantly increased at 36 weeks after SVR.
Our results are consistent with an improvement in liver disease since
reduced levels of plasma LPC have been described in advanced stages of
HCV-related cirrhosis [21] and other inflammatory diseases, such as
obesity [30], type 2 diabetes [31], and chronic ischemic stroke [32]. For
LPC (20:4), this hypothesis was confirmed when we found the rela-
tionship between an increase in LPC (20:4) levels and an improvement
in liver disease scores (CTP and LSM). This finding is also in accordance
with previous studies, in which LPC (20:4) was downregulated in pa-
tients with hepatocellular carcinoma versus healthy volunteers [33].
Additionally, diminished levels of LPC were associated with inflamma-
tion status [34], which is in agreement with the inverse association
found in our study between increased levels of LPC (20:4) after SVR and
decreased levels of inflammation-related biomarkers (IL6, IL8, IFN-y,
IL12p70, IL18, IL-10, sICAM1, sRANKL, OPG, and PD-1). Therefore,
increased LPC levels after SVR were linked to lower cirrhosis severity
and inflammation.

We also observed that levels of an oxidized phospholipid (OxPL), PC
(16:0/9:0(CHO))/PC(16:0/9:0(COH)), increased after SVR. Although
OxPLs have been widely associated with oxidative stress, OxPLs have
also demonstrated tissue-protective and anti-inflammatory activities,
contributing to the resolution of inflammation [35,36]. Thus, the in-
crease of this metabolite during follow-up could be involved in this
protective effect. It has been described that OxPLs can exert
anti-inflammatory activity by induction of drug metabolism phase II
genes, leading to protection from oxidant stress [35]. However, further
research would be needed to corroborate the effect of OxPL after DAAs
therapy.

We also found that levels of 2-keto-n-caproic acid/2-keto-isocaproic
acid increased at 36 weeks after SVR and were inversely correlated with
the CTP score. This finding agrees with previous studies, which have
shown that branched-chain amino acid (BCAA) supplementation was
related to an improved prognosis of cirrhotic patients [37,38]. However,
although leucine and other BCAAs have many positive repercussions on
metabolism in multiple tissues, elevated levels of leucine and their
metabolites, such as the keto-isocaproic acid, have also been associated
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Table 3
Association between plasma metabolites and liver disease markers from baseline to 48 weeks after completion of DAA therapy.
CTP score LSM (kPa)
Metabolite Technology AMR (95%CI) p-value q-value AMR (95%CI) p-value g-value
LPC(20:4) LC-MS ESI+ 0.69 (0.56-0.87) 0.001 0.091 0.98 (0.97-0.99) < 0.001 0.027
2-keto-n-caproic acid* LC-MS ESI- 0.35 (0.22-0.57) < 0.001 0.004 0.99 (0.96-1.01) 0.254 0.724
Taurocholic acid LC-MS ESI- 3.39 (1.87-6.14) < 0.001 0.006 1.06 (1.04-1.09) < 0.001 < 0.001

Statistics: Associations were calculated by Generalized Linear Mixed-effects Model (GLMM) with a gamma distribution; q-values represent p-values corrected for
multiple testing using the False Discovery Rate (FDR). Significant differences are shown in bold.

Abbreviations: AMR, the ratio of the arithmetic means; 95%CI, 95% of confidence interval; p, level of significance; q, corrected level of significance; CTP, Child-
Turcotte-Pugh score; MELD, model of end-stage liver dysfunction; LSM, liver stiffness measure; LPC, lysophosphatidylcholine; 2-keto-n-caproic acid* : 2-keto-n-cap-

roic acid/2-keto-isocaproic acid.
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Fig. 3. Association between metabolites related to cirrhosis scores and inflammation-related biomarkers throughout the follow-up (from baseline to 36 weeks after
SVR) (n = 49). Data were calculated by Generalized Linear Mixed-effects Model (GLMM), correcting for multiple testing by using the false discovery rate (FDR) with
Benjamini and Hochberg procedure. Biomarkers that were associated with taurocholic acid: IL10 (p = 0.017; q=0.039), IL12p70 (p = 0.013; q=0.036), IL-18
(p = 0.004; q=0.015), ILIRA (p = 0.004; q=0.015), IL6 (p = 0.003; q=0.012), IL8 (p < 0.001; q<0.001), IP10 (p < 0.001; g<0.001), OPG (p = 0.010; q=0.033),
PAI1 (p = 0.014; q=0.036), sSICAM1 (p < 0.001; q<0.001), sVGCAM1 (p < 0.001; q<0.001), TNFR1 (p < 0.001; g=0.003). Biomarkers that were associated with LPC
(20:4): IFN gamma (p = 0.004; q=0.014), IL10 (p = 0.001; q=0.013), IL12p70 (p = 0.008; q=0.022), IL18 (p = 0.003; q=0.014), IL6 (p < 0.001; q=0.014), IL8
(p = 0.003; g=0.014), OPG (p = 0.003; g=0.014), PD1 (p = 0.006; g=0.018), sSICAM1 (p < 0.001; q=0.005), sSRANKL(p = 0.004; g=0.014). Abbreviations: q-value,
p-value adjusted by for the false discovery rate (FDR); AMR, arithmetic mean ratio; LPC, lysophosphatidylcholine; IL, interleukin; SRANKL, soluble receptor activator
of nuclear factor kappa-B ligand (also known as tumor necrosis factor ligand superfamily member 11 (TNFSF11)); OPG, osteoprotegerin (also known tumor necrosis
factor receptor superfamily member 11b (TNFRSF11B)); svCAM1, soluble vascular cell adhesion molecule 1; siCAM1, soluble intercellular adhesion molecule-1; PD1;
programmed cell death protein 1; IFN, interferon; IP10, C-X-C motif chemokine ligand 10 (also known as CXCL10); PAIl, plasminogen activator inhibitor type 1;

TNFRI, tumor necrosis factor receptor 1.

with metabolic disturbances [39] and correlated positively with body fat
percentage [40]. This particular finding could be related to the weight
gain experienced in patients after HCV cure with DAA therapy [41]. In
contrast, little information is available on the role of N-methylalanine in
liver disease. In our study, we observed an increase in N-methylalanine
levels after SVR. This metabolite has been described as a urine metab-
olite implicated in the development of hepatic encephalopathy [42].
However, further studies are needed for more specific information about
its role in the evolution of liver disease among HIV/HCV-coinfected
patients. Regarding 2,3-butanediol, a bacterial fermentation product,
its increased level has been directly associated with advanced cirrhosis
among HCV-infected patients with or without HIV infection in previous
studies [21]. This metabolite has been linked to dynamic shifts in
microbiota diversity [43]. Thus, the decrease in 2,3-butanediol observed
in our study could be related to normalization changes in microbiome
diversity and improved liver disease after DAA therapy.

Bile acids have been widely associated with the progression of liver
cirrhosis, with taurocholic acid being the most increased metabolite in

cirrhotic patients compared to healthy controls [44]. Besides, taur-
ocholic acid has also been positively associated with CTP classification
[21,44]. However, to our knowledge, no previous report has described
its evolution after HCV elimination. In this regard, we found that levels
of taurocholic acid decreased after SVR. Moreover, we observed that
changes in taurocholic acid levels were directly associated with liver
disease scores (CTP and LSM). It demonstrated that taurocholic acid
decrease is related to an improvement in liver disease after SVR in
HIV/HCV-coinfected patients. Additionally, we have also observed that
the reduction in plasma levels of taurocholic acid after SVR is directly
associated with a decrease in levels of inflammation-related biomarkers
(IL1RA, IL6, IL8, IL10, IL12p70, IL18, TNFRI, IP10, svCAM1, siCAM1,
OPG, and PAI1). Thus, taurocholic acid could be a crucial marker of liver
disease, both of cirrhosis progression and remission after HCV elimi-
nation with DAA therapy.

In addition, many amino acids increased at 36 weeks after SVR, such
as asparagine, tryptophan, glycine, lysine, ornithine, valine, threonine,
isoleucine, leucine, methionine, phenylalanine, serine, and proline.
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Amino acids are involved in various biological processes and have even
been proposed as therapeutical agents in liver diseases [45]. Many of
them can improve the immune response and decrease inflammation,
improving liver disease [45]. Besides, uric acid, urea, and ornithine, an
amino acid that plays a role in the urea cycle, increased after SVR. The
increase of these metabolites is in line with previous studies, in which
elevated serum uric acid was observed as an adverse effect of DAA
therapy [46]. Increased alpha-ketoglutaric acid levels in the blood have
been reported in liver diseases [47], so the reduced levels found in our
study after DAA therapy could be linked to cirrhosis remission. How-
ever, it should be noted that the change in these metabolite levels could
not be validated in the association analysis by GLMM. Thus, further
investigation should be carried out to corroborate our findings.

Our study has several strengths and limitations. Firstly, only HIV/
HCV-coinfected patients with advanced cirrhosis were included, which
provided high homogeneity to the analysis. Secondly, the repeated
measure design (each patient is its control) gave robustness to our
findings. Thirdly, this study provides novel and valuable information, as
no metabolomic analysis investigating changes after DAAs therapy and
their association with liver disease scores and inflammation has been
previously published. As a limitation, the sample size was small,
reducing the statistical power to detect significant associations. Addi-
tionally, we analyzed the metabolic changes from baseline to 36 weeks
after SVR; however, performing a metabolomic analysis after longer
follow-up would be of great interest.

5. Conclusions

In summary, plasma metabolomic profile changed after HCV clear-
ance with all oral-DAAs in HIV/HCV-coinfected with advanced HCV-
related cirrhosis. The decrease in taurocholic acid and increases in
LPC(20:4) and 2-keto-n-caproic acid/2-keto-isocaproic acid were linked
to improvements in cirrhosis scores. Besides, plasma level changes in
LPC (20:4) and taurocholic acid could alleviate the inflammatory state.
Further work should be done to assess the long-term clinical implica-
tions of these changes (liver decompensation, hepatocellular carcinoma,
and death) and the potential utility of metabolomic profile for the non-
invasive surveillance of cirrhotic patients at risk.
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