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Hepatitis C virus (HCV) infection induces a long-term inflammatory response and oxidative-stress in the liver
microenvironment, leading to hepatic fibrosis and metabolic alterations. Direct-acting-antiviral-agents (DAAs)
induce HCV-clearance, even though liver damage is only partially restored. In this context, understanding the
impact of viral-eradication on liver metabolic activities could allow optimizing the metabolic care of the patient.
The present prospective longitudinal study aims at characterizing the urinary metabolic profile of HCV-induced
severe liver fibrosis and the metabolic changes induced by DAAs and HCV-clearance by nuclear magnetic
resonance-based metabolomics. The urinary metabolic profile of 23 HCV males with severe liver fibrosis and 20
age-matched healthy-controls was analyzed by NMR-based-metabolomics before starting DAAs, at the end-of-
therapy, after one and three months of follow-up. The urinary metabolic profile of patients with severe liver
fibrosis was associated to pseudouridine, hypoxanthine, methylguanidine and dimethylamine, highlighting a
profile related to oxidative damage, and to tyrosine and glutamine, related to a decreased breakdown of aromatic
aminoacids and ammonia detoxification, respectively.

1-methylnicotinamide, a catabolic intermediate of nicotinamide-adenine-dinucleotide, was significantly
increased in HCV-patients and restored after HCV-clearance, probably due to the reduced hepatic inflammation.
3-hydroxy-3-methylbutyrate, an intermediate of leucine-catabolism which was permanently restored after HCV-
clearance, suggested an improvement of skeletal muscle protein synthesis. Finally, 3-hydroxyisobutyrate and 2,3-
dihydroxy-2-methylbutyrate, intermediates of valine-catabolism, glycine and choline increased temporarily
during therapy, resulting as potential biomarkers of DAAs systemic effects.

1. Introduction CHC is a leading cause of liver-related morbidity and mortality, ac-

counting for nearly 500.000 related deaths per year [2]. In addition,

Chronic hepatitis C (CHC) represents a public health problem,
affecting more than 71 million of individuals worldwide with an esti-
mated global prevalence of 1% [1]. Hepatitis C virus (HCV) infection
causes liver inflammation and progressive liver fibrosis, leading to
cirrhosis and its complications, such as portal hypertension, liver
decompensation and hepatocellular carcinoma (HCC). Consequently,

CHC is a systemic infection that can lead to extrahepatic manifestations,
including cryoglobulinaemia, kidney disease, non-Hodgkin lymphoma,
cardiovascular disease, insulin-resistance and diabetes [3].

For many years, the treatment for CHC involved the use of interferon,
whose antiviral action consisted in a progressive immune-mediated
elimination of infected hepatocytes [4]. Recently, direct-acting
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antiviral agents (DAAs), which inhibit critical steps in the HCV repli-
cation cycle, have revolutionized the treatment landscape with very
high cure rates (over 95%), short treatment duration (8-24 weeks),
excellent tolerability and low treatment failure [5,6]. It has been sug-
gested that DAAs induce not only hepatocyte elimination, but also a
progressive reduction of intracellular viral content down to its disap-
pearance (cell cure), leading to a fast improvement of liver homeostasis
[71.

Although patients with severe liver fibrosis, who achieve a sustained
virologic response (SVR) by means of DAAs, experience a reduction of
mortality and liver-related complications, the risk of HCC occurrence
persists over time [8] and the reversibility of some liver-related and
extrahepatic manifestations remains an unclarified issue. Therefore,
understanding the impact of DAA treatment and HCV clearance on the
metabolic liver activities may lead to the optimization of metabolic care
of subjects with severe liver fibrosis during treatment and follow-up.

Liver is a major organ with several metabolic activities, including
amino acid and glucose metabolism. Several conditions perturb regu-
lation of liver metabolism. From this point of view, the blood or urine
metabolic profiling should represent the final outcome of liver cellular
regulation at many different levels, and, for this reason, the phenotypic
response to a disease or its treatment [9].

Metabolomics provides a snapshot of a full set of metabolites (called
metabolome) detected in biofluids, as urine or plasma, at a given time,
allowing a systemic overview of the organism physiology both in health
and disease. Nuclear Magnetic Resonance (NMR) is one of the main
analytical platforms used in metabolomics: it is a specific, reproducible
and non-invasive technique. It allows the identification and quantifi-
cation of the more abundant compounds in a biological fluid without
time-consuming sample preparation and fractionation. NMR-based
metabolomics has been widely used in liver disease studies and uri-
nary NMR-based metabolomics has been applied as a tool to investigate
different hepatic diseases [9-15]. The application of metabolomics for
studying patients with HCV infection could be decisive in understanding
pathological processes.

This study represents the first investigation that monitors the meta-
bolic changes occurring in HCV patients with severe liver fibrosis before
and at the end of DAA therapy and during three months of follow-up by
urinary 'H NMR-based metabolomics. The aim of this work is to define
the characteristic metabolic profile of HCV-induced severe liver fibrosis,
to evaluate the metabolic changes due to DAA therapy and the metabolic
effects of HCV clearance.

2. Materials and methods
2.1. Patients’ characteristics, enrollment and antiviral regimens

All consecutive patients who received DAA treatment for HCV
infection at the Liver Diseases Unit, Policlinico Umberto I in Rome, from
January to December 2015 were evaluated for participating in the study.
Inclusion criteria were: 1) age > 18 years 2) diagnosis of severe liver
fibrosis or cirrhosis. Exclusion criteria were: 1) female gender 2) evi-
dence of autoimmune hepatitis or alcoholic liver disease 3) malig-
nancies, 4) coinfection with HBV or HIV, 5) Child-Pugh classes B and C
cirrhosis 6) HCV genotype other than 1 7) diabetes 8) estimated
glomerular filtration rate (e-GFR) < 60 mL/min/1.73 m2.

The patient enrollment flow chart is reported in Fig. 1. One hundred
and thirty consecutive HCV patients were evaluated for participating in
the study. One hundred and seven patients were excluded because 50
were women and 57 had one or more exclusion criteria (HIV coinfection,
diabetes, e-GFR < 60 mL/min/1.73 m? HCV genotype other than 1,
Child-Pugh B or C cirrhosis). Finally, 23 male patients with severe liver
fibrosis were enrolled in the study.

Age, gender, body mass index (BMI), arterial pressure, severity of
liver fibrosis, complete blood count, liver function tests, Homeostasis
Model Assessment Insulin Resistance (HOMA-IR) and e-GFR were
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Fig. 1. Flow-chart of the enrollment of HCV patients.

assessed in all patients at baseline (BT0), end of treatment (EOT) and
three months after EOT (FU3). In addition, a hepato-splenic ultrasound
and a transient elastography (Fibroscan) were performed before the
enrollment in the study and six months after the end of the therapy (FU-
6).

The presence of advanced fibrosis and cirrhosis was defined as a liver
stiffness value higher than 9.5 KPa and 12.5 KPa, respectively [16].
E-GFR was evaluated using Chronic Kidney Disease Epidemiology
Collaboration Formula (CKD-EPI-2009 formula).

Treatment regimens were chosen according to the Italian guidelines
and to the availability of different regimens over time. Treatments
included: 1) sofosbuvir and ledipasvir with or without ribavirin 2)
paritaprevir/ritonavir, ombitasvir and dasabuvir with or without riba-
virin 3) sofosbuvir and simeprevir with or without ribavirin. The
treatment duration varied from 12 to 24 weeks according to the
infecting genotype and ribavirin use. Dose adjustments, treatment
interruption and adherence were recorded. SVR was defined as serum
HCV-RNA undetectability 12 weeks after EOT.

2.2. 'H NMR spectroscopy

The urinary metabolic profiles of 23 enrolled HCV patients were
evaluated at BTO, EOT, after one month from EOT (FU1) and after three
months from EOT (FU3). At each time point, the urinary metabolic
profile of HCV patients was compared to that of 20 age-matched male
healthy controls (CTRL).

2.2.1. Sample preparation

The first urines in the morning were collected from fasting subjects.
Urine samples were centrifuged at 11,000xg for 15 min at 4 °C. One
hundred microliters of a 3-trimethylsilyl-propionic-2,2,3,3-d4 acid
(TSP) in cold phosphate-buffered saline-D50 solution (2 mmol 17! final
concentration) were added, as internal standard, to 1000 pl of centri-
fuged urine. The pH of urine was measured and adjusted at pH 7 by
adding NaOH or HCI. Finally, 600 pl of each sample were transferred to
NMR tubes.
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2.2.2. NMR acquisition and processing

H NMR spectra were acquired at 298 K using a Bruker AVANCE III
400 spectrometer (Bruker BioSpin GmbH, Karlsruhe, Germany) equip-
ped with a magnet operating at 9.4 Tesla, corresponding to a frequency
of 400.13 MHz for 'H. All the acquisition and processing parameters are
reported elsewhere [17].

Signal assignments were achieved by standard two-dimensional (2D)
'H-'H Correlation Spectroscopy, Total Correlation Spectroscopy,
'H-'3C Heteronuclear Single Quantum Correlation and Heteronuclear
Multiple Bond Correlation on selected samples and confirmed by data
base and literature comparison [2,3]. One-dimensional NMR spectra
were processed by using the ACD Lab 'D NMR Manager ver. 12.0 soft-
ware (Advanced Chemistry Development, Inc., Toronto, ON, Canada),
whereas 2D NMR spectra were processed by using Bruker Top Spin ver.
3.1 (Bruker BioSpin GmbH). The NMR spectra were manually phased,
baseline corrected and referenced to the chemical shift of the TSP methyl
resonance at § 0.00. The quantification of metabolites was made by
comparing the specific signal integrals to the TSP integral. Metabolite
levels were expressed as pmol mmol ™~ ! creatinine, using the creatinine
methylene group signal at 4.05 p.p.m. as a reference.

The study protocol conformed to the ethical guidelines of the 1975
Declaration of Helsinki and it was approved by the Institutional Review
Board. All patients provided their written informed consent to partici-
pate in the study.

2.3. Statistical analysis

Multivariate and univariate analyses were applied in order to eval-
uate the metabolomic differences between HCV patients and healthy
controls and the effects of the antiviral treatment.

Principal Component Analysis (PCA) was used for exploratory
analysis to evidence possible clusters and outliers and was performed by
using Unscrambler 10.5 software (CAMO, Oslo, Norway). The data were
autoscaled before further data processing.

For the classification stage, different models were built using the
Partial Least Square-Discriminant Analysis (PLS-DA) algorithm, and
validated according to the strategy proposed by Szymariska et al. [18].
This approach, based on repeated double cross-validation (rDCV)
coupled to permutation tests, allows estimating confidence intervals for
the model predictions and assessing the stability/consistence of candi-
date biomarkers.

Each permutation test was performed based on 1000 randomiza-
tions. The area under the receiver operating characteristic (AUROC)
curve was used to evaluate the quality and the predictive ability of the
classification models. AUROC is a figure of merit borrowed from signal
processing and is particularly useful to characterize binary classifiers. Its
values range between 1 (perfect classification) and 0 (no discrimina-
tion). The accuracy, specificity and sensitivity of the models were also
calculated, as additional figures of merit. Identification of the most
relevant metabolites for the discrimination among the investigated
classes was carried out by inspecting the values of their associated
Variable Importance in Projection (VIP) indexes (VIP>1). Additionally,
exploiting the advantage of having paired measurements on the same
patients at BTO and EOT stages, a multilevel PLS-DA approach was also
adopted to evaluate the metabolic differences between the two condi-
tions, after filtering out the inter-individual variability (by centering the
metabolite levels measured at BT0 and EOT for any individual patient
around their respective averages). PLS-DA models were calculated and
validated by means of in-house written function running under MATLAB
environment (R2015b; The MathWorks, Natick, MA) or by software.

Univariate evaluation of the variables identified as significant based
on PLS-DA analysis was conducted performing Kruskal-Wallis test fol-
lowed by Pairwise Multiple Comparison with Dunn’s proposed Bonfer-
roni correction. The metabolite levels measured on HCV patients at BTO,
EOT, FU1, FU3 were compared to those of the corresponding metabo-
lites in the urine of Ctrl. Univariate analysis was carried out by Sigma
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plot 14 (Systat Software, Palo Alto, CA).
3. Results

Twenty-three consecutive HCV male patients were enrolled in the
study, 78.3% (18/23) of them had a compensated cirrhosis (Child-Pugh
A5 or 6), while 21.7% (5/23) had advanced liver fibrosis. The baseline
characteristics of the study population are shown in Supplementary
Table 1. Mean age was 57.6 + 9.0 years, mean BMI was 24.9 + 3.3 kg/
m? and the prevalence of arterial hypertension was 30.4% (7/23). Mean
e-GFR was 96.9 + 8.8 mL/min/1.73 m?. All patients were HCV geno-
type 1 infected patients (69.6% genotype 1a, 30.4% genotype 1b).

Patients were treated with different interferon free regimens, 73.8%
(17/23) of which including ribavirin (Supplementary Table 2). SVR was
achieved in all patients.

Overall, a significant improvement of liver function tests occurred
during DAA treatment, with a significant decrease of aspartate amino-
transferase (AST), alanine aminotransferase (ALT) and gamma glutamyl
transferase (yGT) values. Albumin values remained stable from baseline
to EOT. A significant decrease of HOMA-IR was observed during therapy
(4.6 vs. 3.3, p = 0.004), and remained stable during follow-up (Sup-
plementary Table 3). The HOMA-IR values were positively correlated
(Spearman correlation analysis) with the liver stiffness (r = 0.63,
p = 0.003) measured on BTO patients by Fibroscan. Fibroscan mea-
surements were only performed at BTO and FU-6, follow-up time which
was not considered in this study because of the lack of the corresponding
urinary metabolomic analysis. Therefore, it was not possible to assert
whether this correlation was also maintained at EOT or not. Neverthe-
less, an associated trend of HOMA-IR and fibrosis improvement could
still be inferred comparing Fibroscan data at BT0 and FU-6 (17.5 vs. 9.7,
p < 0.001), indicating a percent decrease of 40% due to DAA treatment
and SVR.

A representative urinary 'H NMR spectrum of a patient is shown in
Supplementary Fig. 1. Forty-four urinary metabolites were quantified
from 'H NMR spectra of 20 healthy controls (mean age 56.45+8.11
years) and 23 HCV patients at BT0O, EOT, FU1 and FU3. The list of the
identified and unassigned metabolites with the relative chemical shifts
of the resonances is reported in Supplementary Table 4.

The data matrix included, as variables (columns), 44 urinary me-
tabolites and, in the case of PLS-DA, three additional blood variables,
namely AST, ALT and yGT. The resonances assigned to the compounds
and metabolites of antiviral drugs were not included in the analysis.
Firstly, we performed an explorative time trajectory PCA for patients at
BTO, EOT, FU1 and FU3. The first two components explain a relatively
low percentage of the total variance (around 25%) and a large con-
founding variability did not allow to observe a different spatial distri-
bution of samples according to time course (Supplementary Fig. 2).

Based on these results, we decided to separately analyze the data
matrix by PLS-DA in order to identify the urinary metabolic profiles of
HCV patients with severe liver fibrosis in comparison to Ctrl (BTO vs
Ctrl) and the variation of urinary metabolic profile influenced by DAA
treatment on HCV patients ( EOT vs. BTO; EOT vs Ctrl).

In addition, the provisional or persistent nature of the discriminating
metabolites has been evaluated by univariate analysis of the changes
comparing metabolite levels of Ctrl and patients at BT0, EOT, FU1 and
FU3.

3.1. Baseline metabolic profile of HCV patients compared to controls

A first PLS-DA was performed on the data matrix comparing Ctrl and
HCV patient at BT0. The metabolic profiles of Ctrl and patients were well
separated by inspecting the PLS-DA scores plot (Fig. 2A). The PLS-DA
model showed 1 significant Latent Variable (LV). The validation re-
sults through rDCV and permutation test indicated an overall accuracy
of 85.0 + 3.2% (p < 0.001), and sensitivity and specificity values for the
BTO patients as compared to Ctrl of 78.9 + 5.4% (p < 0.001) and
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Fig. 2. PLS-DA analysis. A) Score plot for the paired metabolomics analysis of HCV patients at BTO (red) and CTRL (blue); B) VIP values are reported in horizontal
histograms and values of VIP upper to 1 are statistically significant. In red is indicated the metabolite that is higher in BTO, in blue the metabolite that is higher in
Ctrl. Abbreviations: 1-MNA: 1-Methylnicotinamide; 2,3-DH-2-MB: 2,3-dihydroxy-2methylbutyrate; 2-HIB: 2-Hydroxyisobutyrate; 2PY: N-methyl-2-pyridone-5-car-
boxamide; 3-HIB: 3-hydroxyisobutyrate; 3-HMB: 3-Hydroxy-3-methylbutyrate; Ala: Alanine; ALT: Alanine aminotranferase; AST: Aspartate aminotranferase; DMA:
Dimethylamine; Gln: Glutamine; Gly: Glycine; LA+Thr: Lactate+Threonine; Lys: Lysine; MG: Methylguanidine; N-acetylGln: N-acetylglutamine; PAG: Phenyl-
acetylglycine; PSI: Pseudouridine; Threo-2,3-DHB: Threo-2,3-dihydroxybutyrate; TMAO: Trimethylamine-N-oxide; Tyr: Tyrosine; Val: Valine; yGT: Gamma glutamyl
tranferase. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

91.4 + 4.6% (p=0.003), respectively. The AUROC value was
0.892 £ 0.029 (Supplementary Fig. 3A).

On the basis of the VIP values, nine metabolites were identified as
significantly relevant for the discrimination. In particular, the levels of
3-hydroxy-3-methylbutyrate (3-HMB) were lower, while the levels of
2,3-dihydroxy-2-methylbutyrate (2,3-DH-2-MB), glutamine (Gln),
dimethylamine (DMA), methylguanidine (MG), tyrosine (Tyr), pseu-
douridine (PSI), hypoxanthine, 1-methylnicotinamide (1-MNA) were
higher in urine of HCV patients than in those of controls (Fig. 2B). These
variations of urinary metabolites were associated with higher levels of
AST, ALT and yGT.

The differences of 3-HMB, PSI, MG, 1-MNA and hypoxanthine levels
observed between BTO0 and Ctrl resulted to be also significant (p < 0.05)
by Kruskal-Wallis analysis after Bonferroni correction (Dunn’s method).

3.2. Metabolic profile of HCV patients at the end of DAA treatment
compared to baseline

In order to evaluate the metabolic effect of DAA therapy, multi-level
PLS-DA analysis was carried out comparing the metabolic profiles of
HCV patients at EOT and BTO.

The multi-level PLS-DA model resulted in 1 significant Latent Vari-
able (LV). The validation strategy conducted through rDCV and per-
mutation test resulted in an overall accuracy of 99.3 +1.7%
(p <0.001), and in sensitivity and specificity values for EOT as
compared to BTO of, 99.8 +1.5% (p < 0.001) and 99.4 &+ 1.6%
(p < 0.001), respectively. The AUROC value was 0.999 + 0.002

(Supplementary Fig. 3B).

VIP values showed fourteen significant variables characterizing the
EOT metabolic profile of patients compared to BTO. Specifically, the
levels of threo-2,3-dihydroxybutyrate (threo-2,3-DHB), 3-HMB, 3-HIB,
2,3-DH-2-MB, 2-HIBA, lactate+threonine (LA+Thr), glycine (Gly), 2,2-
dimethylmalonic acid, choline and Tyr were higher in patients at EOT,
while 1-MNA levels, serum AST, ALT and yGT were lower (Fig. 3A).

The differences of serum AST, ALT, yGT levels (Supplementary
Table 3) and urinary 3-HMB, Tyr, 2,2-dimethylmalonic acid, and Gly
levels observed between EOT and BTO resulted to be also significant
(p < 0.05) by Kruskal-Wallis analysis followed by Bonferroni correction
(Dunn’s method).

3.3. Metabolic profile of HCV patients at the end of DAA treatment
compared to controls

In order to discriminate the metabolic effect of DAA therapy and
HCV clearance, a further PLS-DA analysis was carried out comparing
patients at EOT vs Ctrl.

The PLS-DA model showed 2 significant Latent Variable (LV). The
validation strategy through rDCV and permutation test resulted in an
overall accuracy of 87.7 + 3.5% (p < 0.001), and sensitivity and spec-
ificity values for EOT as compared to Ctrl: of 82.6 + 6.4% (p < 0.001)
and 93.3 £ 3.3% (p < 0.001), respectively. The AUROC value was
0.928 + 0.015 (Supplementary Fig. 3C).

In particular, HCV patients at EOT had significantly higher urinary
levels of Tyr, U4, hypoxanthine, Gln, 2,3-DH-2-MB, PSI, choline, 3-HIB,
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MG, U3, DMA, 4-hydroxyphenylacetate, PAG, U5 as compared to CTRL
(Fig. 3B), while acetate was lower in EOT patients. Furthermore, Tyr,
hypoxanthine, Gln, 2,3-DH-2-MB, PSI, choline, 3-HIB, MG, DMA, 4-
hydroxyphenylacetate, U3, U4 were significantly higher in EOT pa-
tients than in Ctrl, according to Kruskal-Wallis analysis with Bonferroni
correction (Dunn’s method).

3.4. Urinary biomarkers correlated to severe liver fibrosis, SVR and DAA
administration

In order to highlight the drug metabolic effects, the evolution of the
changes of the significant metabolic variables by PLS-DA were investi-
gated at FU1 and FU3. Furthermore, these selected variables were
compared to the levels observed in the Ctrl to evaluate a possible
restoration to the normal range. Three groups of urinary metabolites
were identified according to the results of univariate statistical analysis
and of the similarity among their time evolution: i) urinary biomarkers
related to severe liver fibrosis and not influenced by the DAA treatment
or HCV clearance: PSI, hypoxanthine, MG, DMA, Tyr, Gln (Fig. 4). Tyr
and Gln showed a peculiar behavior, since their levels were significantly
higher in HCV patients at BTO and EOT compared to Ctrl, increased
significantly during the DAA treatment and remained stable during
follow-up; ii) urinary biomarkers associated with HCV clearance and
SVR which responded to DAA treatment and returned to Ctrl levels at
EOT without further changes during follow-up: 1-MNA and 3-HMB

(Fig. 5); iii) urinary biomarkers related to DAA treatment which var-
ied during antiviral therapy and returned to BTO levels at follow-up: 3-
HIB, 2,3-DH-2-MB and Gly (Fig. 6). The changes of these metabolites
were not influenced by the type of DAA regimen. Specifically, patients
treated with an antiviral regimen including a protease inhibitor (PI)
(simeprevir or paritaprevir/ritonavir) experienced similar changes of
these metabolites compared to those treated with regimen not including
PI (data not shown).

4. Discussion

Several metabolomic studies have been conducted in patients with
HCV infection aimed at finding serum biomarkers of liver fibrosis pro-
gression and HCC development [14,15,19,20]. To the best of our
knowledge, the present prospective longitudinal study is the first to
comprehensively investigate, by NMR-based metabolomics, the urinary
metabolic changes in HCV patients with advanced severe liver fibrosis
during DAAs treatment and follow-up.

In this study, metabolic profiling allowed us to characterize the
urinary metabotype of CHC patients and to monitor the changes during
the course of the therapy, disentangling the metabolic effects due to
severe liver fibrosis from those depending on viral clearance and on the
systemic effects induced by DAA therapy.
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4.1. Urinary biomarkers correlated to severe liver fibrosis

The levels of PSI, hypoxanthine, MG, DMA, Gln and Tyr were sys-
tematically elevated in patients at BTO and at EOT compared to Ctrl and
remained unchanged through FU1 and FU3 (Fig. 4), suggesting that
these metabolites could define the urinary profile of severe liver fibrosis,
in spite of viral clearance induced by DAA treatment.

PSI is a post-transcriptionally modified nucleoside derived from ri-
bosomal RNA and transfer RNA degradation and excreted in the urine
without further modifications as an end product of RNA catabolism
[Kegg map00240]. Its higher urinary levels reflect a high RNA turnover
and hence a high protein turnover [21]. A study conducted in the era of
interferon treatment for CHC showed that the levels of serum PSI were
higher in CHC patients compared to healthy subjects and decreased
significantly in subjects who achieved SVR [22]. However, our results
show that PSI levels did not change with SVR, probably due to the
different stage of liver disease, suggesting that the presence of an
advanced liver disease could impair the recovery of this metabolic
alteration. In addition, the increased levels of urinary PSI observed in
NAFLD and obese children have been suggested to be related to the
oxidative stress that increases protein turnover [23]. Therefore, we
could speculate that the persistence of elevated PSI levels could be
induced by a persistent state of oxidative stress in our patients despite
SVR.

The increase of hypoxanthine levels suggests an alteration of purine
metabolic pathway [Kegg map00230]. It has already been demonstrated
that, in the context of severe liver disease, several reactive oxygen
species (ROS) may be involved. Superoxide anion (027) which is pro-
duced by different metabolic processes in vivo can be reduced by the
enzyme superoxide dismutase (SOD) to hydrogen peroxide. Viral
infection does not allow cells to handle pro-oxidant species, particularly
in the liver, which have a detoxifying function from harmful substances
[24]. The increased levels of hypoxanthine could be related to an
increased serum activity of hypoxanthine oxygen-oxidoreductase (EC.:
[1.17.3.2]1) which catalyzes the reaction from xanthine and H3O3 to
hypoxanthine, O, and H0, suggesting a compensatory mechanism for
scavenging the hydrogen peroxide [25,26]. As for PSI levels, hypoxan-
thine concentrations remained persistently high during the study period
and therefore it could be suggested as a potential biomarker of the
chronic hepatic injury related to the oxidative stress.

MG was systematically higher in HCV patients compared to controls
during the study period. In fact, MG is produced by the hepatic

catabolism of creatinine and is regulated by active oxygen as a response
to oxidative stress [27,28]. Furthermore, it has been shown that the
synthesis of MG is co-occurrent with the synthesis of hydrogen peroxide
in hepatic peroxisomes [29]. Since the function of peroxisomes is the
scavenging of reactive oxygen species (ROS), an increase of MG could
confirm the hypothesis of an altered oxidative state in fibrotic liver.

Finally, DMA is an intermediate of the catabolism of asymmetric
dimethylarginine (ADMA), an endogenously produced amino acid that
is a competitive inhibitor of nitric oxide synthase (NOS). ADMA is
excreted unchanged into the urine (10%) and is metabolized by dime-
thylarginine dimethyl-amino-hydrolase (DDAH) to yield citrulline and
DMA (90%), indeed the serum concentration of ADMA is negatively
associated with hepatic DDAH activity [30,31]. ADMA is a mediator of
endothelial dysfunction in animal models and in human cardiovascular
and renal diseases [32]. High serum levels of ADMA have been reported
in patients with cirrhosis and other severe liver diseases [33], and the
increasing of ADMA levels could be involved in hepatic endothelial
damage in liver inflammation and could be associated with portal hy-
pertension in HCV cirrhosis [34,35].

PSI, hypoxanthine, MG and DMA seemed to characterize the urinary
metabotype of chronic liver disease. Indeed, these changes were not
restored by DAA therapy or viral clearance, and were persistently higher
in patients with severe liver fibrosis after SVR. These metabolites are
intermediates of different metabolic pathways, but all seem to be
involved in mechanisms of response to ROS generated in the liver during
the oxidative damages. ROS generated by chronic inflammation in HBV
and HCV cirrhosis contribute to human hepatocarcinogenesis [36],
therefore, it is very important to investigate more in depth the meaning
of the observed variation in the levels of the metabolites in relation to
the oxidative damage to define possible predictive and prognostic roles
for the evolution of the liver disease.

The lack of targeted measurements of recognized oxidative stress
biomarkers in urine or in serum could be a limitation of the present
study to assess the persistence of an oxidative damage process during
SVR. Nevertheless, our results suggest that treatment with antioxidant as
an adjuvant intervention could be administered during or after DAA
therapy.

Different considerations have to be made for the observed alterations
of the amino acid metabolism such as Tyr and Gln. Chronic liver diseases
is usually associated to an altered amino acid pattern, consisting of
increased aromatic amino acids (AAA) and decreased branched amino
acids (BCAA) concentrations, with a decreased Fisher’s ratio (BCAA/
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AAA) [37,38]. These changes are caused by increased BCAA catabolism
in muscles and decreased AAA breakdown in the diseased liver [39]. In
our study, the observed high urinary Tyr levels and low valine to Tyr
ratio in cirrhotic patients at baseline were in agreement with results
previously obtained in blood [40]. Intriguingly, the baseline urinary
levels of valine did not significantly differ between healthy controls and
HCV-patients and only the Tyr and Gln levels were higher in HCV pa-
tients compared to the control group. Furthermore, the DAA treatment
caused a further increase in Tyr levels that remained constant until FU3,
while valine levels remained unchanged. Tyr levels are positively asso-
ciated with HCC risk [41]; in addition, fluctuations of serum BCAA to
Tyr ratio (BTR) are predicting prognosis in liver cirrhosis patients
(death, worsening of esophageal and/or gastric varices, hepatocellular
carcinoma and liver failure) [42,43], decreasing with increasing severity
of hepatic damage [44]. Unfortunately, we were not able to determine
the urinary concentration of leucine and isoleucine, and therefore we
can only infer that a decrease of BTR ratio, due to an increase of Tyr
levels, may occur after viral clearance in patients with advanced liver
disease. If this is the case, BCAA supplementation therapy could be
beneficial in HCV patients after viral clearance.

Finally, the higher Gln levels observed in patients compared to
controls with a significant further increase during DAA treatment. In the

context of severe liver fibrosis, ammonia accumulates through reduction
of the hepatocyte functionality due to a reduction in liver cell mass [45];
therefore, the increased levels of GIn observed could be due to a
persistent increased activity of Gln synthase (GS), which catalyzes the
condensation of ammonia with glutamate (Glu) to produce Gln,
contributing to both enteral and systemic ammonia detoxification [46].

4.2. Urinary metabolic biomarkers correlated to SVR

The levels of 1-MNA were significantly higher in HCV patients before
DAA therapy compared to Ctrl and returned to normal levels at EOT
(Fig. 5a), corresponding to viral clearance and normalization of serum
liver enzymes. Increased plasma and urine concentrations of 1-MNA
have been detected in HCV cirrhotic patients, due to an enhanced he-
patic activity of nicotinamide-N-methyltransferase (NNMT) [47]. NNMT
is a cytosolic enzyme localized mainly in the liver, which catalyzes the
N-methylation of nicotinamide resulting in the synthesis of 1-MNA [48,
49]. In the liver, the levels of 1-MNA mediated the metabolic effects of
NNMT expression, which is positively correlated with hepatic inflam-
mation parameters, Sirtl activity and gluconeogenesis in primary he-
patocytes, and negatively correlated with serum LDL [50]. The
restoration of 1-MNA levels observed at EOT stage, and thus at HCV
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clearance, occurred along with a significant reduction of transaminases
levels, indirect markers of liver inflammation, and yGT levels, indirect
marker of hepatic TNFa expression. A positive correlation between
serum pro-inflammatory cytokine TNFa, severity of liver fibrosis and
cirrhosis and HCV onset has also been found [51-54]. Therefore, our
results confirmed the positive relation between 1-MNA levels and he-
patic inflammation.

Intriguingly, the levels of 3-HMB, an intermediate of muscle catab-
olism of leucine [Kegg map00280], were lower before DAA treatment in
HCV patients compared to Ctrl and their normal levels were restored at
EOT without further changes during follow-up (Fig. 5b). 3-HMB is
synthesized from leucine in a two-step process occurring in muscle and
liver cells. The first step occurs through the reversible transfer of the
leucine amino group to a-ketoglutarate (a-KG) to form glutamate and
a-ketoisocaproate (a-KIC), catalyzed by muscle branched-chain-amino-
acid aminotransferase (BCAT). The second step occurs through an irre-
versible oxidative decarboxylation of o-KIC, catalyzed by liver mitho-
condrial branched chain a-keto acid dehydrogenase (BCKDH) [55,56],
leading to the formation of acetoacetate and acetyl-CoA, or by a cyto-
solic a-KIC dioxygenase leading to 3-HMB, then excreted by the kidneys
(Fig. 7). 3-HMB has been demonstrated to stabilize the muscle cell
membrane, to downregulate protein degradation and to upregulate
protein synthesis, thus improving muscle mass, strength, function and
physical performance in sarcopenic patients [57]. Although we could
not determine the concentration of urinary leucine, this data could
suggest that HCV clearance induces a normalization of muscle leucine
catabolism and, consequently, an improvement of skeletal muscle pro-
tein synthesis.

4.3. Urinary metabolic biomarkers correlated to DAA therapy

The urinary levels of 3-HIB, 2,3-DH-2-MB, Gly and choline increased
during the DAA treatment (Fig. 6).

In the skeletal muscle of cirrhotic patients, the reduced consumption
of glucose leads to a compensatory energetic production through the
utilization of BCAA [58]. Interestingly, the branched short chain acids
(BSCA), such as 3-HIB and 2,3-DH-2-MB, are catabolic direct and indi-
rect intermediates of valine metabolism, respectively. The catabolic
pathway of valine is unique because mitochondrial methacrylyl-CoA
(MC-CoA), a toxic compound, is produced in the middle part of the
pathway and is detoxified in two steps by MC-CoA hydratase and
3-hydroxyisobutirril-CoA (HIBCH) hydrolases (Fig. 7). Therefore, the
formation of 3-HIB is suggested to be physiologically important for
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protection of cells against the toxic effects of MC-CoA [59,60]. Inter-
estingly, both enzymatic activities are very high in the healthy liver and
significantly decreased in the cirrhotic liver, probably through a
post-transcriptional regulation [61]. Furthermore, previous evidences
indicated that 2,3-DH-2-MB could be formed from acryloyl CoA, pro-
duced from 3-HIB catabolism, through a mechanism yet not well clari-
fied [59,62]. The increase in 2,3-DH-2-MB could be speculatively
explained as an indirect effect of DAA on the control of the toxic acryloyl
CoA levels in conditions of high valine muscle and liver catabolism and
low flow through short-chain enoyl-CoA hydratase (ECHS1) or HIBCH
[59] (Fig. 7). Unfortunately, we were unable to state if the increase of
the toxic metabolite acryoyl CoA could be due to an alteration of the
liver catabolic pathway of BSCA induced by DAAs, since microbiota
contribution to the increase of valine intermediates cannot be excluded.
If this hypothesis is correct, the administration of valine should be
avoided during DAA treatment and should be administered, in associa-
tion with other BCAAs, only after EOT.

Gly is a nonessential amino acid synthetized by several precursors
and is the substrate of Glycine N-Methyl Transferase (GNMT) which
catabolizes S-Adenosyl Methionine (SAM), the main methyl donor of the
body. In order to maintain the homeostasis of SAM, sarcosine, the
product of GNMT, can be transformed to Gly by sarcosine dehydroge-
nase (SDH) via oxidative demethylation [63]. It has been shown that
patients with chronic liver disease often have reduced SAM biosynthesis
[64]. On the contrary, our results showed that Gly levels significantly
increased at EOT stage. This could be related to an increased activity of
SDH to restore methionine and thus SAM balance, since it occurred
along with a significant improvement of liver function tests during DAA
treatment, with a significant decrease of transaminases values and with
a restoration of 1-MNA levels (Fig. 8).

As observed for Gly, choline was significantly increased at EOT stage
(Fig. 6d). Choline is involved in methyl group metabolism and its dietary
deficiency has been shown to decrease S-adenosyl-L-methionine (SAM)
levels and generate DNA hypomethylation, hepatic steatosis, cirrhosis,
and HCC in rodents [65]. The higher urinary excretion of this metabolite
at EOT stage further supports the hypothesis that DAAs could re-balance
methionine metabolism acting on the methylation process (Fig. 8).

The increase of 3-HIB, 2,3-DH-2-MB and Gly levels appeared to be
temporally related to DAA administration, as their levels returned to
baseline at FU1 and FU3.

Fig. 7. Catabolic pathway of valine, isoleucine
and leucine from muscles and liver to urinary
excretion, proposed initially by Miyazaki et al.
[55] and Fitzsimons et al. [61]. In red are
indicated the pathways modifications induced
by HCV and in green by DAA treatment. Val,
Valine; Ile, Isoleucine; Leu, Leucine; BCAA,

{ ) == NAD* { 0, Branched-Chain Aminoacids; BCAT,

CoASH KICDO . .
‘ BCKDH complex ‘ \\CCOZ Branched-Chain ~ Aminotransferase;  o-KG,
= \NADH+H o-Ketoglutarate;  Glu, Glutamate; BCKA,
IB- CoA @ branched-chain a-keto acids; KIV, a-Ketoiso-

valerate; KMV, a-Keto-p-methylvalerate; KIC,
a-Ketoisocaproate; KICDO, KIC dioxygenase;
Ac-CoA, Acetyl-CoA; Succ-CoA, Succynil-CoA;
BCKDH complex, BCKA dehydrogenase com-
plex; IB-CoA, Isobutyryl-CoA; 3-HIB-CoA,
3-Hydroxyisobutyryl-CoA; MB-CoA, o-methyl-
butyryl-CoA; HIBCH, 3-HIB-CoA Hydrolase;
ECHS1, Short-chain enoyl-CoA hydratase. For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.
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5. Limitation of the study

The present study has some limitations. Firstly, the number of
enrolled patients is small. Nevertheless, the PLS-DA models were
extensively validated, and the observed differences were characterizing
the metabotypes generated by HCV infection, severe fibrosis, SVR and
DAA treatment. Secondly, in this study only male patients were
considered, in order to limit the inter-individual variability and to have
a more homogeneous sample. For these reasons, our results cannot be
extended to females. Thirdly, the stage of liver fibrosis has not been
assessed by liver biopsy, which is the gold standard. However, transient
elastography has been demonstrated to be an accurate non-invasive
technique to diagnose the presence of severe liver fibrosis or cirrhosis
in HCV patients. Finally, regarding BCAA metabolism, we quantified
valine but not leucine and isoleucine due to low concentration and
overlapping of resonances, this limits the complete understanding of
amino acids metabolism modifications occurring with DAAs adminis-
tration and viral clearance.

6. Conclusions

This study represents the first investigation that monitors the meta-
bolic changes occurring in HCV patients with severe liver fibrosis during
DAA therapy and SVR by urinary 'H NMR-based metabolomics and
intriguing findings have been highlighted. Alterations in PSI, hypoxan-
thine, MG and DMA levels seem to be associated to oxidative stress in the
context of advanced liver disease and, therefore, further studies could
evaluate the potential benefit of an antioxidant treatment during or after
DAA therapy. HCV clearance induces a normalization of muscle leucine
catabolism and, possibly, an improvement of skeletal muscle protein
synthesis. The restoration of 1-MNA levels observed at EOT stage could
be related to the reduced hepatic inflammation. The type of amino acid
supplementation in patients with severe liver fibrosis should be tailored
to the changes of amino acid metabolism occurring during DAA therapy.
The observed increase of Gly and choline could be related to a
compensative mechanism involving in the SAM/SAH balance during
DAA treatment.

Our preliminary results need to be confirmed by larger prospective
study and should be correlated with clinical outcomes.
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Fig. 8. Schematic representation of the trans-
methylation in the methionine and NAD meta-
bolic pathways, based on the metabolite
changes in urine of patients. In particular, green
arrows indicates metabolite increased or
decreased levels due to DAA treatment, while
red arrow indicates 1-MNA increased levels due
to HCV. 1-MNA, 1-methylnicotinamide; BHMT,
betaine-homocysteine methyltransferase; Gly,
glycine; GNMT, glycine N-methyltransferase;
MN, methyl nicotinate; N, nicotinate; NA,
nicotinamide; NAD, nicotinamide adenine
dinucleotide; NAPRT, NA phosphoribosyl-
transferase; NMN: nicotinamide acid mono-
nucleotide; NNMT, nicotinamide N-
methyltransferase; PARP, poly (ADP-ribose)
polymerases; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; SAH, S-adeno-
sylhomocysteine; SAM, S-adenosylmethionine;
SDH, sarcosine dehydrogenase; THF, tetrahy-
drofolate; THF-CH2, tetrahydrofolate methy-
lene. For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.
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