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Abstract

Dynamic changes in metabolites may affect liver disease progression, and provide
new methods for predicting liver damage. We used ultra-performance liquid
chromatography-mass spectroscopy to assess serum metabolites in healthy controls
(HC), and patients with acute hepatitis E (AHE) or hepatitis E virus acute liver failure
(HEV-ALF). The principal component analysis, partial least squares discriminant ana-
lysis, and discriminant analysis of orthogonal projections to latent structures models
illustrated significant differences in the metabolite components between AHE patients
and HCs, or between HEV-ALF and AHE patients. In pathway enrichment analysis, we
further identified two altered pathways, including linoleic acid metabolism and phe-
nylalanine, tyrosine, and tryptophan biosynthesis, when comparing AHE patients with
HCs. Linoleic acid metabolism and porphyrin and chlorophyll metabolism pathways
were significantly different in HEV-ALF when compared with AHE patients. The
discriminative performances of differential metabolites showed that taurocholic acid,
glycocholic acid, glycochenodeoxycholate-3-sulfate, and docosahexaenoic acid could
be used to distinguish HEV-ALF from AHE patients. The serum levels of glycocholic
acid, taurocholic acid, deoxycholic acid glycine conjugate, and docosahexaenoic acid

Abbreviations: ACLF, acute-on-chronic liver failure; AHE, acute hepatitis E; ALF, acute liver failure; ESI, electrospray ionization; GC-MS, gas chromatography-mass spectrometry; HC, healthy
controls; HEV, hepatitis E virus; INR, international normalized ratio; KEGG, Kyoto Encyclopedia of Gene and Genomes; MS, mass spectrometry; OPLS-DA, orthogonal projections to latent
structures discriminal analysis; PLS-DA, projections to latent structures-discriminal analysis; SD, standard deviation; SMPDB, small molecule pathway database; UPLC-MS, ultra performance
liquid chromatography mass spectroscopy; VIP, variable importance in the projection.
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1 | INTRODUCTION

Hepatitis E is an infectious disease of the digestive tract caused by the
hepatitis E virus (HEV), and occurs mainly as sporadic cases in developed
countries and epidemics in developing countries.™ Its epidemic char-
acteristics are similar to those of hepatitis A, which is mainly transmitted
through the fecal-oral route and has obvious seasonality. Water-type
epidemics are the most common, and a few are food-type outbreaks or
through daily contact transmission.>* The majority of acute hepatitis E
(AHE) patients are young and middle-aged; pregnant women are more
susceptible; and the condition is serious and the mortality rate is high,
which ultimately leads to 3000 stillbirths and 55 000 deaths each year.”

In the past decade, acute liver failure (ALF) caused by HEV in-
fection has become more common, although HEV infection usually
causes acute and self-limiting disease.®” Wang and Geng® showed that
6.5% of ALF cases in China had evidence of HEV infection. HEV also
causes acute or acute-on-chronic liver failure, and the mortality rate
can be as high as 67%.” Liver failure (LF) is often manifested as severe
impairment or decompensation of liver function. Clinical symptoms
usually include abnormal liver metabolism, coagulation dysfunction,
jaundice, hepatic encephalopathy, and hepatorenal syndrome.?*°
Routinely, the diagnosis of acute infection usually uses enzyme-linked
immunoassay to detect serum IgM antibodies; however, the antibody
reaction usually occurs after the week of infection, and the detectable
amount during the window is negligible.'**? Due to the insufficient
effectiveness and sensitivity of screening indicators, the participation
of HEV in ALF is often underestimated or ignored.

Metabolomics makes a considerable contribution to related changes
in metabolites in disease states, contributing to the development of drug
targets and identification of biomarkers.”>"*®> The main techniques cur-
rently used for metabolomics are gas chromatography-mass spectro-
metry and liquid chromatography-mass spectrometry (LC-MS).**” Due
to the deep coverage of metabolites and visual analysis, LC-MS meta-
bolomics has been widely used in biomarker screening research.'®'?
Several studies have reported the application of metabolomics technol-
ogy in the study of the pathogenesis of ALF.?°"?> However, the bio-
markers of severity in HEV-related ALF (HEV-ALF) and metabolic
changes that occur during progression have not been evaluated.

In this study, we used ultra-performance liquid chromato-
graphy-mass spectroscopy (UPLC-MS) to evaluate the metabolic-related
changes in different disease states and identify biomarkers related to
patients with AHE, which may provide new clues for the development of
new biomarkers and treatment strategy for HEV-ALF.
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were associated with the prognosis of HEV-ALF patients. Dynamic changes in serum
metabolites were associated with AHE infection and severity. The identified meta-

bolites can be used to diagnose and predict the prognosis of HEV-ALF.

acute hepatitis E, acute liver failure, diagnose and prognosis, MS, serum metabolites, UPLC

2 | MATERIALS AND METHODS

2.1 | Patients

We enrolled 50 AHE patients, 48 HEV-ALF patients, and 49 healthy
controls (HC) who were admitted to the First Affiliated Hospital of
Zhejiang University School of Medicine, and the Second People's
Hospital of Yancheng City between October 20, 2018 and December
20, 2020. We obtained serum samples when HEV-ALF and AHE
patients were enrolled during the acute phase before receiving
treatment. We followed up with all the enrolled HEV-ALF patients
until February 28, 2021. As in our previous studies,”>?* diagnosis of
hepatitis E was based on positive serum anti-HEV IgM, and/or >2-
fold increase in anti-HEV IgG titer, and/or HEV RNA, in combination
with systemic manifestations of acute hepatitis.

The selection criteria for patients with HEV-ALF were based on the
King's College criteria,”> which were as follows: (1) evidence of abnormal
liver synthetic function (prothrombin activity <40% or international
normalized ratio [INR] >1.5), jaundice, and hepatic atrophy over a 2-week
period; (2) the presence of stage 2 or 3 encephalopathy complicating
end-stage disease manifestations; and (3) no chronic liver disease.

The following exclusion criteria were applied: co-infection with
hepatitis A virus, hepatitis B virus or other hepatitis viruses; alcoholic
liver, fatty liver, and other liver diseases caused by nonviral hepatitis; use
of antibiotics, probiotics, prebiotics, or symbiotics during the previous
month; active bacterial, fungal, chlamydial, or viral infection; irritable
bowel syndrome, inflammatory bowel disease, or other autoimmune
diseases; and patients with incomplete data. The present study was
endorsed by the Ethics Committee of the First Affiliated Hospital of
Zhejiang University School of Medicine (approval number: 2020454).

2.2 | Sample preparation

We collected patient blood samples according to the clinical re-
quirements of biochemical analysis. We collected an additional
2 ml blood sample in a container containing EDTA anticoagulant.
After centrifugation at 3000g for 20 min, the plasma samples were
aliquoted into fresh Eppendorf tubes and stored at -80°C for sub-
sequent metabolomics analysis. We added 150 ul acetonitrile to a
centrifuge tube containing 50 ul thawed serum, vortexed for 5 min,
ultrasonically extracted for 10 min, centrifuged at 10000 rpm for
10 min at 4°C, removed 130 ul supernatant, and added it to a sample
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bottle equipped with a liner, and stored for analysis. We also with-
drew 20 ul supernatant from each sample and mixed thoroughly for

quality control (QC) samples.

2.3 | UPLC-MS data analysis

The specific procedure for UPLC-MS has been described pre-
viously.? A 2-pl aliquot was applied to an Acquity UPLC BEH C18
analytical column (2.1 mm x 100 mm, 1.7 um, 130 A; Waters Corp.).
The mobile phases were water (A) and acetonitrile (B) with 0.1%
formic acid. The flow rate was maintained at 400 pl/min. The starting
composition was 3% B; linearly increased to 98% B, held for 5 min,
and then increased to 100% B within 3 min.

Mass spectrometry (MS) was run in both positive and negative
modes on a Waters MS equipped with an electrospray ionization
source (Waters Quadrupole Time-of-Flight Premier). The corre-
sponding settings of the instrument were: capillary voltage 3 kV and
cone voltage was 3.5 kV. The ion source temperature was 120°C, and
the dissolved temperature was 450°C. MS data were collected in
standard scan mode, ranging from 50 to 1000; the scan time was set
to 0.3s, and the delay between scans was 0.02s. Nitrogen was
principally used as desolvation gas (400 L/h) and cone gas (50 L/h).

2.4 | Data processing

The metabolites were separated by UPLC-MS, and the characteristic
peaks obtained by quadrupole time-of-flight MS contained the qualitative
information of corresponding substances (retention time, accurate mass,
secondary fragment ion, and isotope distribution) and relative quantifi-
cation information (peak height or peak area). These were the basis for
metabolite identification and comparison of differences between differ-
ent samples or groups. We imported the UPLC-MS raw data into Me-
taboScape 3.0 software (Bruker Scientific Technology Co. Ltd.) for peak
correction, peak extraction, deconvolution, peak alignment, and other
processing. The processed data were further imported into SIMCA-
P+ 14.1 (Umerics AB, Umea, Sweden) for multivariable statistical analysis.
We performed unsupervised principal component analysis (PCA) to
evaluate the stability and reconstruction of UPLC-MS data. Discriminant
analysis of orthogonal projections to latent structures (OPLS-DA) was
performed to identify more sample categories and a predictive model
metabolomics model. The selection of differential metabolites was based
on the variable importance in projection (VIP) of the first principal com-
ponent of the partial least squares discriminant analysis (PLS-DA) model
and the S plot. VIP >1 meant that the identified substances were
meaningful for grouping.

2.5 | Identification of metabolites

Using first-level accurate mass, retention time, isotope peak in-

formation, and MS/MS fragment ions as the qualitative basis, the

extracted characteristic peaks were compared with the Human Me-
tabolome Database (HMDB, http://hmdb.ca/) to identify metabolites.
We used network metabolic pathway databases such as Kyoto En-
cyclopedia of Genes and Genomes (KEGG) and the Small Molecule
Pathway Database (SMPDB) to analyze specific metabolic enrich-
ment pathways and explain the physiological significance and pa-

thological mechanisms of potential markers.

2.6 | HEV-specific antibody detection

All serum samples were tested for the presence of anti-HEV IgM and
IgG antibodies using a commercially available HEV ELISA Kit (Wan-
tai). Samples with optical density (OD) > 1.1 were considered positive.

Samples with OD < 1.1 were considered negative.

2.7 | HEV RNA detection

HEV RNA was tested by means of internally controlled quantitative
real-time reverse transcription polymerase chain reaction (RT-PCR) as
described previously.>* Total RNA was extracted from serum using
the QlAamp Viral RNA Mini Kit (Qiagen). A 137-nucleotide fragment
of the HEV open reading frame 2/3 (overlapping area) was amplified
using a nested polymerase chain reaction (PCR) and sequenced to
identify the genotype.?” The viral infection of each sample was es-
timated using quantitative PCR according to cycle threshold value
using a diagnostic Kit for HEV RNA.

2.8 | Treatment of HEV-ALF patients

Since there is no effective treatment for HEV-ALF, management in-
cludes intensive care support after the start of antiviral treatment for
HEV infection, which mainly includes: (1) bed rest, light diet, reduce
physical consumption and reduce burden on the liver; (2) monitoring
vital signs, including blood pressure, pulse, respiratory rate, blood
oxygen saturation, urine volume, and so forth; (3) monitoring mental
state, including changes in computational power, orientation, verbal
dialog, and consciousness; (4) use of liver protecting, enzyme redu-
cing, and yellow removing drugs; (5) use of adrenocortical hormone
should be cautious; (6) protection of gastric mucosa and prevention
of gastrointestinal bleeding; (7) regularly rechecking liver and kidney
function, electrolyte levels, routine blood analysis, coagulation func-
tion, arterial blood gas, and inflammatory indexes; (8) paying atten-
tion to disinfection and isolation to prevent cross-infection; and (9)

strengthening nursing to prevent nosocomial infection.

2.9 | Statistical analysis

The specific data involved in the experiment were analyzed using
SPSS 22.0. Data with normal distribution were statistically analyzed
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with the mean +* standard deviation. The independent sample t test
was used for comparison between two groups; the nonparametric
Mann-Whitney U test was used for non-normally distributed data.

p <0.05 was deemed statistically significant.

3 | RESULTS

3.1 | Characteristics of the enrolled population

The characteristics of the study population are shown in Table 1.
There was no obvious difference in baseline characteristics in-
cluding age, gender, and body mass index between the three
groups (p > 0.05). There were no pregnant women. The results of
genotype sequencing of AHE and HEV-ALF patients focused on
type 4 and type 3, which were shown in Table S1. The mean
follow-up time of HEV-ALF patients was 4.2 months (range,
1.8-8.6 months). Among all the HEV-ALF patients, 93.8% ex-
hibited only failure in the liver, followed by 10.4% with failure in
two organs, and 6.3% with failure in three or more organs. Forty-

one HEV-ALF patients recovered after treatment and seven died.

3.2 | Multivariate analysis of the UPLC-MS data

After all human samples were analyzed in the positive and ne-
gative ion modes of UPLC-MS, a base peak chromatogram was
generated (Figure 1). The chromatograms of AHE and HEV-ALF
patients and HCs in positive (Figure 1A,B) and negative

(Figure 1C,D) ion modes are shown. It can be seen directly on the

TABLE 1 Baseline characteristics of the study population
Variables HC group (n =49) AHE group (n = 50)
Age (years) 50.94 +15.96 54.26 +13.60
Gender (M/F) 27/22 31/19

BMI 22.08 (20.98-23.44) 21.96 (20.20-23.59)
WBC (107/L) 6.3 (5.0-7.9) 5.9 (4.6-8.0)

ALB (g/L) 45.47 £5.43 36.52+4.87

ALT (U/L) 32 (17-43) 251 (96-724)

AST (U/L) 30 (18-38) 124 (63-213)

PLT (x10°/L) 197 (155-232) 201 (166-266)

TBIL (umol/L) 8.9 (5.2-13.6) 25.0 (19.0-95.6)

DBIL (umol/L) 4.4 (3.4-5.6) 16.6 (12.4-83.6)

UREA (mmol/L) 5.25 (3.92-6.52) 4.78 (3.69-6.38)

PT (s) 12.40 (11.65-12.75) 17.15 (13.52-18.70)

MEDICAL VIROLOGY

graph that there were obvious differences in the number and
intensity of these three groups of peaks. Throughout the test, the
stability of the machine was judged by observing the chromato-
gram of the QC sample. Before starting the test, we continued to
inject samples until the chromatograms overlapped, and then
started the formal testing of the samples. Through PCA, QC
samples were clustered together (Figure 1E,F), and there was no
QC deviation out of bounds in the whole process. It could be
judged that the stability and repeatability of the instrument were

good, and the data of this batch of samples were reliable.

3.3 | Metabolomics profiles and multivariate data
analyses between HC and AHE groups

After the raw data were pre-processed, the UPLC-MS data were
used for multivariate statistical analysis using SIMCA-P +14.1
software. To establish the influence of HEV on the body's me-
tabolism, both HC and AHE serum metabolomics were measured.
Through comparison with the HMDB database, 33 different
metabolites were identified in the two groups (Table S2). The
metabolomic profiles in two groups were evaluated with PCA
and PLS-DA score plots in both positive and negative ion modes
(Figure 2). PCA was established for all samples except the QC
group in positive (Figure 2A) and negative (Figure 2B) ion modes.
The HC and AHE samples could be clearly distinguished, in-
dicating that there was an apparent difference in the metabolic
spectrum between the two groups and liver injury may have been
accompanied by changes in metabolism. At the same time, we
established the PLS-DA model of the two groups of samples. The

HEV-ALF group (n=48) p (HC vs. AHE) p (AHE vs. HEV-ALF)

53.67+12.82 0.268 0.825
25/23 0.486 0.321
22.02 (19.36-23.43) 0.649 0.765
6.6 (4.7-9.4) 0.312 0.313
30.06+5.24 <0.001 <0.001
66 (37-150) <0.001 <0.001
98 (44-178) <0.001 0.328
64 (37-109) 0.320 <0.001
227.3 (58.8-424.0) <0.001 <0.001
163.2 (35.8-296.2) <0.001 <0.001
9.66 (5.40-15.51) 0.526 <0.001
21.25 (16.42-26.58) <0.001 <0.001

Abbreviations: AHE, acute hepatitis E; ALB, albumin; ALF, acute liver failure; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body
mass index; DBIL, direct bilirubin; HC, healthy controls; HEV, hepatitis E virus; PLT, platelets; PT, prothrombin; TBIL, total bilirubin; UREA, urea nitrogen;

WBC, white blood cell.
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FIGURE 1  Metabolomic profiling by ultra-performance liquid chromatography-mass spectroscopy (UPLC-MS). UPLC-MS total ion

chromatograms chromatogram generated by three injections in (A) positive ion spectrum (ES*) mode and (C) negative ion spectrum (ES”) mode.
Three groups of representative base peak chromatogram (BPC) were obtained in (B) ES* mode and (D) ES™ mode. Unsupervised principal
component analysis score plots in positive (E) and negative (F) ion mode. The quality control (QC) samples (blue) showed tight clusters, indicating
that the UPLC-MS method existed in high stability and repeatability. AHE, acute hepatitis E; HC, healthy controls; HEV-ALF, hepatitis E

virus acute liver failure
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FIGURE 2 Metabolomics diverse data analysis of HC and AHE groups in positive and negative ion modes. principal component
analysis model diagrams based on metabolites identified by ultra-performance liquid chromatography-mass spectroscopy (UPLC-MS) in
ES* mode (A) and ES™ mode (B) in healthy controls (HC) and acute hepatitis E (AHE) groups. Partial least squares discriminant analysis
(PLS-DA) model diagrams based on metabolites identified by UPLC-MS in ES* mode (C) and ES™ mode (D). (E) Perform 200 permutation
tests on the PLS-DA positive ion model, indicating that the model was not over-fitting (R% = [0.0, 0.337], Q2 = [0.0, -0.145]). (F) Perform
200 permutation tests on the PLS-DA negative ion model, indicating that the model was not over-fitting (R? = [0.0, 0.53], Q?=1[0.0,

-0.21]). N=50 per group

samples of the two groups could be distinguished in both positive
(Figure 2C) and negative (Figure 2D) ion modes, indicating that
there was a difference in the metabolic spectrum between the
two groups. The PLS-DA model was subjected to 200 replace-
ment tests, Q% = -0.145 in the positive ion mode (Figure 2E), and
Q?=-0.21 in the negative ion mode (Figure 2F), Q%< 0.05, in-
dicating that the model was not overfitting.

3.4 | Metabolomics profiles and multivariate data
analyses between AHE and HEV-ALF groups

Through comparison with the HMDB database, 32 different
metabolites were identified in the AHE and HEV-ALF groups
(Table S3). The metabolomic profiles in the two groups were
evaluated with PLS-DA and OPLS-DA score plots in positive
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FIGURE 3 Metabolomics diverse data analysis of acute hepatitis E (AHE) and hepatitis E virus acute liver failure (HEV-ALF) groups in

positive and negative ion modes. Partial least squares discriminant analysis (PLS-DA) model diagrams based on metabolites identified by ultra-
performance liquid chromatography-mass spectroscopy (UPLC-MS) in ES* mode (A) and ES™ mode (B) in AHE and HEV-ALF groups. Orthogonal
projections to latent structures discriminant analysis model diagrams based on metabolites identified by UPLC-MS in ES* mode (C) and ES™ mode
(D). (E) Perform 200 permutation tests on the PLS-DA positive ion model, indicating that the model was not over-fitting (R? = [0.0, 0.68],
Q?=10.0, -0.347]). (F) Perform 200 permutation tests on the PLS-DA negative ion model, indicating that the model was not over-fitting

(R2=10.0, 0.606], Q% =[0.0, -0.158]). N = 50 per group

(Figure 3A,C) and negative (Figure 3B,D) ion modes. The OPLS-
DA two-dimensional diagram shows sample separation between
AHE and HEV-ALF groups in positive (Figure 3C) and negative
(Figure 3D) ion modes. Metabolites were derived from the OPLS-
DA model according to VIP>1 and a significant difference
(p < 0.05) between any two groups, which showed that liver da-

mage may be accompanied by metabolic changes. Furthermore,

the R?Y-intercept of serum metabolites was 0.68 and 0.606 in the
positive (Figure 3E) and negative (Figure 3F) ion modes, respec-
tively. Q%=-0.347 in positive ion mode and -0.158 in negative
ion mode suggested that the PLS-DA model had no risk of
overfitting. These results indicated a significant difference
(p < 0.05) between AHE and HEV-ALF groups. Those metabolites
with VIP > 1 were selected as candidate biomarkers of HEV-ALF.
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3.5 | Metabolomics profiles and multivariate data
analyses of all groups

PCA is often used for dimensionality reduction of high-dimensional
data, and can be used to extract the main feature components of
data. PCA diagrams of all tested specimens (QC, AHE, HEV-ALF, and
HC) are shown in positive (Figure 4A) and negative (Figure 4B) ion
modes. The QC group was gathered together in the two ion modes to
prove the reliability of metabolome data in this experiment. In the
PCA scoring chart, no obvious separation trend was observed in the
AHE and HEV-ALF groups, but the separation trend of the HC group
from these two groups in the positive ion mode was obvious
(Figure 4A). PLS-DA and OPLS-DA diagrams characterized the
metabolic profile characteristics of different groups in positive
(Figure 4C,E) and negative (Figure 4D,F) ion mode. The HC group was
clearly distinguished from the other two groups (Figure 4E,F).

3.6 | Correlation and pathway analysis of
differential metabolites

Through pathway enrichment analysis, we preliminarily analyzed the
biological processes or signaling pathways in which different meta-
bolites may participate. Thirteen pathways were relevant to the
crucial metabolites between HC and AHE groups (Figure 5A) and 12
pathways were relevant to the crucial metabolites between AHE and
HEV-ALF groups (Figure 5B). In the pathway analysis diagram, the
horizontal axis represents the pathway influence value of the path-
way analysis, and the vertical axis is the -logio(p) value of the
pathway enrichment analysis. These pathways were related to the
metabolism of linoleic acid, phenylalanine, tyrosine and tryptophan
biosynthesis, arachidonic acid, unsaturated fatty acids, glyceropho-
spholipid, taurine and hypotaurine, primary bile acid, and ether lipid.
Linoleic acid metabolism (p =0.00001) and phenylalanine, tyrosine,
and tryptophan biosynthesis (p=0.043) pathways enabled dis-
crimination of HC and AHE groups (Figure 5A). Linoleic acid meta-
bolism (p=0.00124) and porphyrin and chlorophyll metabolism
(p =0.045) pathways enabled discrimination of AHE and HEV-ALF
groups (Figure 5B).

Correlation between serums crucial metabolite levels and liver
phenotypes was determined (Figure 6). The darker color of the circle
in the figure indicated that there was a clear correlation between
these biomarkers. Aspartate transaminase (AST) and alanine transa-
minase (ALT) assumed a negative correlation with most metabolites,
although there was a positive correlation between AST and ALT in
both positive and negative ion modes, suggesting liver damage
caused by high levels of ALT and AST suppressed the expression of
other metabolites. Palmitic amide and octadecanamide promoted
each other strongly and had the highest correlation. On the contrary,
another metabolite, lecithin, demonstrated a negative correlation
with lysoplasmenylcholine, C18:1 sphingomyelin, and phenylalanyl-

phenylalanine (Figure 6A). In negative ion mode, glycocholic acid
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showed a positive correlation with bilirubin, deoxycholic acid glycine

conjugate, and taurocholic acid (Figure 6B).

3.7 | Discriminative and prognostic performances
of differential metabolites in patients with hepatitis E
infection

To assess the discriminative performances of differential metabolites
between AHE and HEV-ALF groups, receiver operating characteristic
analysis was performed, and the area under the curve (AUC) of the
important difference metabolites in the positive and negative ion
modes was calculated. Metabolites with AUC > 0.80 were selected as
key biomarkers. We observed that taurocholic acid, glycocholic acid,
glycochenodeoxycholate-3-sulfate, and docosahexaenoic acid could
be used to differentiate patients with HEV-ALF from those with AHE
with an AUC of 0.84, 0.85, 0.82, and 0.81, respectively (Figures S1
and S2).

Kaplan-Meier analysis was used to evaluate whether altered
metabolites were related to the prognosis of HEV-ALF. We invented
that serum levels of glycocholic acid, taurocholic acid, and deoxy-
cholic acid glycine conjugate were more abundant in dead patients,
while docosahexaenoic acid was more abundant in surviving patients
(all p <0.05; Figure S3).

4 | DISCUSSION

In recent years, there have been more reports of HEV-ALF, but the
identification of related metabolites has not been performed, and
diagnostic markers for HEV-ALF are still rare. The central goal of
clinical treatment of patients with LF is to screen for important bio-
markers for diagnosis, treatment, and prognosis of the disease based
on the causes and clinical manifestations of various complications.”®
In our study, we used UPLC-MS, which is used for non-volatile fatty
acids, phospholipids, and bile acids, to assess the serum metabolites
of patients with AHE. UPLC-MS data showed the corresponding
separation between groups and tight clusters within each group,
highlighting the high sensitivity and strong coverage of this method.

In this study, the PCA, PLS-DA, and OPLS-DA models illustrated
significant differences in the detected serum metabolites between
AHE patients and HCs, and between HEV-ALF and AHE patients.
Comparison among the three groups revealed dynamic changes ac-
companied with the occurrence and development of the disease.
Among the 33 identified metabolites, 14 in positive ion mode were
observed when comparing between AHE and HC groups. Similarly,
among the 32 identified metabolites, 17 in positive ion mode were
observed when comparing between AHE and HEV-ALF groups. On
the whole, amino acids, and bile acids were the two most abundant
metabolites. Bilirubin, taurocholic acid, glycocholic acid, lecithin, and
deoxycholic acid glycine conjugate showed different results in the

two groups (highly expressed levels in the HEV-ALF groups and less
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FIGURE 4  Metabolomics profiles and multivariate data analyses in positive and negative ion modes. Principal component analysis model diagrams

with quality control (QC) samples of serum metabolites by ultra-performance liquid chromatography-mass spectroscopy (UPLC-MS) in ES* mode (A) and
ES™ (B) mode. Partial least squares discriminant analysis (PLS-DA) score plots without QC samples of serum metabolites in ES* mode (C) and ES™ mode
(D). Orthogonal projections to latent structures discriminant analysis model diagrams without QC samples of serum metabolites in ES* mode (E) and ES™
mode (F). In healthy controls (HC), acute hepatitis E (AHE), and hepatitis E virus acute liver failure (HEV-ALF) groups, n =50 in each group

expression in the AHE group), so it was of importance for studying

the mechanism of disease progression.

Necrotic liver cells can release amino acids into peripheral blood
during liver injury, causing a significant increase in amino acidemia. In

this way, elevated amino acid levels in ALF are due to impaired liver
function, decreased protein synthesis, and activated protein de-
gradation.”” The levels of combined bile acids such as taurocholic
acid, deoxycholic acid glycine conjugate increased after ALF, which
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Linoleic acid metabolism

Phenylalanine, tyrosine and tryptophan biosynthesis
Biosynthesis of unsaturated fatty acids

Arachidonic acid metabolism

Glycerophospholipid metabolism

Taurine and hypotaurine metabolism

Primary bile acid biosynthesis

Phenylalanine metabolism

Ether lipid metabolism

Linoleic acid metabolism
Porphyrinand chlorophyll metabolism
Biosynthesis of unsaturated fatty acids
Glycerophospholipid metabolism
Taurine and hypotaurine metabolism
Primary bile acid biosynthesis

Steroid hormone biosynthesis

FIGURE 5 Metabolic pathway analysis of healthy controls (HC), acute hepatitis E (AHE), and hepatitis E virus acute liver failure (HEV-ALF)
groups. (A) Analysis of metabolic pathways with significant differences between the HC and AHE groups. (B) Analysis of metabolic pathways
with significant differences between AHE and HEV-ALF groups. Generally, the higher the pathway impact value and the -log (p) value, the larger
the circle and the darker color in the figure, indicating that this approach had a large influence

were consistent with the changes in AST and ALT levels. In normal
conditions, the level of bile acids in the peripheral blood is low due to
the intestinal-hepatic circulation. Nevertheless, liver cell damage
disrupts the absorption and excretion of the liver, leading to an in-
crease in combined bile acids in serum.>° This leads to apoptosis and
necrosis of liver cells and might cause further damage.®***

In the pathway enrichment analysis, we identified two altered
pathways of linoleic acid metabolism and phenylalanine, tyrosine, and
tryptophan biosynthesis when comparing AHE patients with HCs.
Linoleic acid metabolism and porphyrin and chlorophyll metabolism
pathways were significantly different in HEV-ALF and AHE patients.
Two of the important pathways were related to amino acid meta-
bolism, indicating that there was a corresponding connection

between amino acid metabolism and AHE. Some previous studies
have revealed that there is an association between amino acid me-
tabolic disorders and liver disease.®® In our study, amino acids were
expressed diversely in the serum, and they were the most abundant
differential metabolites. Linoleic acid is one of the essential fatty
acids, which can maintain lower expression of plasma low-density
lipoprotein cholesterol.>* Khosla and Fungwe®> provided information
that increasing the intake of linoleic acid has a significant beneficial
effect on the progression of atherosclerosis. Phenylalanine is one of
the essential amino acids, and the activity level of the phenylalanine
metabolism pathway may reflect the synthesis and breakdown state
of the systematic protein, and together with tyrosine, it synthesizes
important biomolecules and takes part in carbohydrate and fat
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metabolism.>® Porphyrin and its derivative compounds are widely
present in vital organelles related to energy transfer, and play a key
role in blood cells carrying oxygen for respiration.”

In the past few years, researchers have found that acetic acid,
sorbitol, p-lactic acid, hexanoic acid, L-naphthalenamine, butanoic
acid, phosphoric acid, p-glucitol, and glucose concentration in the
serum samples of patients with HBV were the strongest segregation
between cirrhosis group and non-cirrhosis group.® Another study
has revealed that hepatitis C is consistent with impaired glucose
uptake, glycolysis, and pentose phosphate pathway metabolism, with
the tricarboxylic acid pathway fueled by branched-chain amino acids
feeding gluconeogenesis and the hepatocellular loss of glucose,
which most probably contributes to hyperglycemia.>’

An accurate understanding of the activity of HEV helps us to
improve the treatment plan for patients with LF. Nevertheless, there
is currently a lack of convenient and sensitive laboratory markers to
assess the activity of AHE. The discriminative performances of dif-
ferential metabolites showed that taurocholic acid, glycocholic acid,
glycochenodeoxycholate-3-sulfate, and docosahexaenoic acid could
be used to distinguish patients with HEV-ALF from those with AHE.
The serum levels of glycocholic acid, taurocholic acid, deoxycholic
acid glycine conjugate, and docosahexaenoic acid were associated
with the prognosis of HEV-ALF patients.

As far as we know, this is the first study reporting serum
metabolomics in patients with HEV infection. The investigation of
diagnostic and disease-active biomarkers may help diagnose and
determine the clinical stage of the disease. Many liver-related
metabolomics studies only recognized the different metabolites
between each group. The levels of linoleic acid and bile acid were
significantly increased in the liver injury group. We could consider
reducing the levels of these metabolites. However, our research
had several limitations. The number of samples used was small,
especially owing to the problem of collecting samples from pa-
tients with progressive HEV-ALF. Our study did not investigate
the serum metabolomics in different stages of HEV infection
(such as chronicity). HEVs with different genotypes were not
studied. It is necessary to conduct further longitudinal studies on
a large sample of patients to study the differential metabolites at

different phases of the disease.

5 | CONCLUSION

The dynamic changes in serum metabolites were associated with
AHE infection and severity. The identified changes in serum meta-
bolite levels can be used to diagnose and predict the prognosis of
HEV-ALF, which may provide new clues for the development of new
biomarkers and treatment strategies for HEV-ALF.
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