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Abstract
Background Gut microbiota is considered as an important endocrine organ and has remarkable in�uence on the metabolic
phenotype of host, with extensive participation in the cometabolism with host. Signi�cant changes occurred in intestinal
microenvironment of cirrhotic patients under the in�uence of gut-liver axis. Hepatic encephalopathy is one of the common
complications of cirrhosis. Methods In this study, four patients of cirrhosis accompanied with hepatic encephalopathy (CHE)
were enrolled, with their healthy relatives as the controls, and paired comparison analysis was carried out. Fresh fecal samples
were collected from participants, and subjected to Illumina MiSeq high throughput sequencing of 16S rRNA regions, and
metabolome analysis was carried out using high-performance liquid phase chromatography and gas chromatography coupled
with tandem mass spectrometry (HPLC-GC/MS-MS). Results Both the intestinal microbiota community and metabolome
analysis showed distinct differences between CHE patients and the normal. CHE patients contained a remarkably decreased
abundance of Bacteroidetes, whereas increased abundances of Firmicutes and Proteobacteria compared with the normal.
Metabolome analysis revealed signi�cant changes in metabolites constituents for CHE patients, showing distinct higher
concentrations of amine, alanine, glutamic acid, ornithine, and tyrosine, with lower concentrations of cholesterol, myo-inositol,
serine, suggesting the metabolic balance of intestinal microbiota was disrupted. The initial equilibrium state of gut microbiota
community and metabolism was broken due to CHE. Conclusions Our study illustrated the intestinal microenvironment
dysbiosis and dysfunction characteristics, which will be expected to provide guiding signi�cance for intestinal microecological
therapy and improvement of patients prognosis clinically.

Background
Gut microbiota has been neglected in precision medicine for a long time [1], and its importance has become increasingly evident
with the advent of a large number of research, which continue to reveal the importance of intestinal microbiota in human health
and disease [2, 3]. Gut microbiota is considered as an important endocrine organ, which can be adjusted or self-regulated [1].
Intestinal microbiota has intimate relationship with human disease and health, and has remarkable in�uence on the metabolic
phenotype of host, with extensive participation in the cometabolism with host [3, 4]. The area of human gastrointestinal tract is
achieved to 200–400m2, and has important roles in promoting nutrient absorption, resisting infection, anti-aging, and
promoting the development of the immune system [1]. Liver is the important metabolic organ in human body, and has multiple
functions, sucn as detoxication, secretory protein synthesis, glycogen storage, and so on. Liver has intimate relationship with
the gut through physiological structure of gut-liver axis [5]. Previous studies had suggested cirrhosis-speci�c characteristics of
intestinal microbiota community and co-metabolome with the host[4, 6, 7]. Hepatic encephalopathy (HE) was the major
complication for cirrhosis, and the liver was functional disordered in CHE patients, directly affecting the intestinal
microenvironment, and further affecting gut microbiota community and metabolism.

In the normal human gut, amino acids from dietary intake are broken down by intestinal bacteria with the production of
nitrogen-containing compounds, among which the most important nitrogenous waste products is ammonia (NH3). The N-
containing compounds are transported through the portal vein to the liver, where more than 80% are metabolised through the
urea cycle pathway and/or excreted immediately. For cirrhotic patients, the liver cells are dysfunction and incapable of
metabolising the waste products effectively. The redundant ammonia enter the blood circulation, cross the blood-brain barrier,
and are further exploited by astrocyte to synthesise glutamine from glutamate. The surge in glutamine level causes brain
edema, further increases the risk in developing hepatic encephalopathy [7]. It is reported that the risk of developing HE is up to
20% per year in cirrhotic patients [7].

In the past few years, more and more research were focused on the hepatopath related intestinal mcirobiota characteristics.
Some clinical cases have shown that lowering serum ammonia levels with rifaximin, lactulose, probiotics and prebiotics can
effectively reduce the severity of minimal hepatic encephalopathy (MHE), the principle of which is mainly to restore the normal
state by adjusting the intestinal microenvironment, thereby reversing MHE [8]. This change further demonstrates the importance
of intestinal micro�ora, ammonia, and in�ammation in the process of MHE [8]. In 2016, fecal samples were collected from 40
controls and 147 cirrhotic patients (87 with HE) to research on the relationship between fecal microbiota and brain MRI, with the
results shown negative linkages between autochthonous families and positive ones between Enterobacteriaceae to MR



Page 3/15

spectroscopy and hyperammonemia-associated astrocytic changes [9]. Bajaj JSet al. analyzed the gut microbial pro�le from
twenty-�ve patients (17 HE and 8 without HE) and ten controls, which suggested that speci�c bacterial families (Alcaligeneceae,
Porphyromonadaceae, Enterobacteriaceae) were strongly associated with cognition and in�ammation in HE patients [10]. 2013,
Tranah TH summarised the current evidence base which con�rmed the synergistic role of systemic in�ammation and
hyperammonemia in the pathogenesis of HE [11]. In 2012, sixty cirrhotic patients (36 HE and 24 no-HE) and 17 controls were
recruited and subjected to evaluation of fecal constituents, cognitive testing, cytokine and endotoxin analysis, which suggested
that cirrhotic patients, especially HE patients, had signi�cantly lower bene�cial autochthonous and higher pathogenic genera
compared with the normal, and HE patients had a lack of Roseburia and an overgrowth of Enterococcus, Veillonella,
Megasphaera, and Burkholderia compared with no-HE patients [12]. 2010, Gupta A et al. con�rmed high prevalence of small
intestinal bacterial overgrowth (SIBO) in cirrhotic patients with minimal HE based on glucose breath test for SIBO and lactulose
breath test from 102 cirrhotic patients (57 had HE) [13].

Given the above, the distribution of intestinal microbiota community can be learned by the changes of metabolites produced by
intestinal microbiota. Alteration of metabolism in human gut synchronizes with the maturity and evolution of gut microbiota.
Hepatopathy had a signi�cant impact on the component and function of gut microbiota via gut-liver axis. However, few
intensive studies have investigated the HE-related metabolic interactions between the gut and liver, as well as the correlation
between gut microbiota component and metabolism. The gut microbiota community and co-metabolism had dramatic changes
in CHE patients, which aroused our great interests. Our study highlighted the CHE speci�c gut microbiota community and
metabolism, and researched how the intestinal microbiota regulated systemic metabolic changes in CHE patients.

Methods
Study participants and fecal samples

Hepatic encephalopathy was diagnosed by the con�rmation of liver disease incorporated with encephalopathies. NCT-A
(number connection test A) combined with DST (digit symbol test) were used in this study to de�ne the presence of hepatic
encephalopathy in cirrhotic patients. NCT-A combined with DST test was a widely accepted method to score hepatic
encephalopathy among cirrhotic patients, meanwhile, this test had high reproducibility and diagnostic e�cacy as validated by
epidemiological survey[10]. The blood ammonia level in patients were detected using Blood ammonia analyzer (PA–4130). In
this study, a total of 4 cirrhotic patients complicated with HE were recruited as case group, their healthy relatives were screened
as the their controls, respectively. The paired comparison analysis was conducted. All healthy individuals had no evidence of
hepatic or other diseases. In the process of enrolling, people who ingested probiotics, prebiotics, antibiotics, hormones, steroids
within three monthes of sampling were excluded. The healthy family member of the patient was selected as the control because
it took into account that the normal individual and patient have similar diets and living habits, which could avoid the in�uence
of many confounding factors. In this study, we not only sample in pairs, but also pairwise comparison analysis to ensure more
accurate analysis and more reliable results. This study was approved by the Institutional Review Board of A�liated Hospital of
Academy of Military Medical Sciences. All participants in this study signed an informed consent form prior to entering the study.
This study conformed to the ethical guidelines of the 1975 Declaration of Helsinki.

16S rRNA gene sequencing

Participants in this study were asked to provide a fresh stool sample, and metagenomic DNA were extracted using the QIAamp
DNA stool Mini kit (Qiagen) following the manufacturer’s instructions[14]. Metagenomic sequencing of 16S rRNA gene V1-V3
region was performed with the MiSeq platform  (Illumina Inc., San Diego, CA) using version 3 (300 × 2) chemistry on the MiSeq
instrument (Illumina) according to manufacturer’s instructions [15]. Raw data preprocessing and analysis were performed using
QIIME (version 1.9) [16]. UCHIME was used for low-quality reads �ltering and chimeric sequences removing[17], and the high-
quality reads were clustered into operational taxonomic units (OTUs) with 97% of identity cutoff. Taxonomic a�liation of each
OTU was assigned to the genus level against the Greengenes database[18].

Metabolites extraction and identi�cation
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Metabolites were extracted from fresh fecal samples taken from all subjects. A total of 1.2 ml of cold (–80ºC) high performance
liquid chromatography (HPLC)-grade methanol was added to the fecal samples, folloewed by vortex-mixing and sonicating for
30 seconds (Sonicator® 3000; Misonix) on liquid nitrogen. This protocol was repeated 5 times, with storage at –80°C for 60
min at the interval between each cycle. Samples were centrifuged at 1,3000 rpm at 4ºC for 20 min to remove the undissolved
pellets, and the supernatant was collected and analysed by high-performance liquid phase chromatography and gas
chromatography coupled with tandem mass spectrometry (HPLC-GC/MS-MS, Metabolon, Inc., North Carolina, USA) as
described previously[19].

Samples were analyzed in one randomized run, during which time they were kept in the liquid phase chromatography
autosampler at 4ºC. Molecular Feature Extraction (MFE) tool in the Mass Hunter Qualitative Analysis software (B.06.00, Agilent)
was used to remove background noise and unrelated ions from the resulting data �le. Mass Pro�ler Professional software
(version 13.0, Agilent) was used to �lter and align the primary data, which were then represented in a hierarchical condition tree
(HCT). The identities were analysed by comparing the fragments obtained with the structure of the proposed compound in the
MS/MS spectra provided in a public database (METLIN: https://metlin.scripps.edu/metabolites_list.php), as well as against
commercially available standards. Wilcoxon rank-sum test method was used to assess the abundance of metabolites with
signi�cant differences between HE patients and the controls.

Statistical analysis
Microbiota community and metabolome data were repeated three times. Differential microbiota and metabolites between CHE
patients and the normal were identi�ed by Wilcoxon rank-sum test using SPSS for Windows (version 19.0 SPSS Inc., Chicago,
IL, USA). The correlation analysis was performed by spearman rank correlation using R software. Statistic signi�cance was
denoted as P < 0.05.

Results

Methodology and study population
In this study, we recruited and investigated cirrhotic patients accompanied with HE. Their healthy relatives were screened as the
controls respectively. Paired comparison analysis was conducted in this study. The information and characteristics of all the
recruited subjects were reported in Table 1. The normal human blood ammonia level (BAL) was 64.8±10.89 umol/L. Abnormally
high BALs were detected in the four CHE patients, with the average values were 71.8 umol/L, 92.7 umol/L, 104.2 umol/L, 105.5
umol/L, respectively. A full description of the methods is available in the Materials and Methods section.

Intestinal microbiota community in CHE patients
The microbial community of fecal samples was analyzed by 16S rRNA gene sequencing using Illumina MiSeq instrument. The
raw data of high-throughput sequencing has been submitted to NCBI (SRA accession: PRJNA534155). The HE patients carried
less diverse gut microbiota compared with the normal. Bacterial abundance in each individual at the phylum, class, order,
family, genus level was deposited in Table S1. The fecal microbiota structure could be clearly separated as revealed by PCA
analysis (Fig. 1).. Heatmap analysis of bacteria abundance in each group was shown in Fig. 2. The differential bacteria were
revealed by wilcoxon rank-sum test using SPSS for Windows and statistic signi�cance was denoted as P < 0.05. In general, at
the phylum level, gut microbiota from patients contained higher abundance of Firmicutes, Proteobacteria, and lower abundance
of Bacteroidetes. At the family level, the proportion of Veillonellaceae, Erysipelotrichaceae, Enterobacteriaceae,
Streptococcaceae, and Pasteurellaceae were highly enriched in CHE patients. At the genus level, Veillonella, Streptococcus,
Haemophilus, Lachnoclostridium, Megasphaera, Lactobacillus, Erysipelotrichaceae, Escherichia-Shigella had a higher level in
CHE patients. Signi�cantly decreased bacteria in CHE patients were mostly from Prevotellaceae and Acidaminococcaceae, and
related genus including Ruminococcaceae, Phascolarctobacterium, Parasutterella, Subdoligranulum, Lachnospiraceae,
Prevotella.

https://metlin.scripps.edu/metabolites_list.php
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CHE speci�c changes in the predicted metabolites
Metabolites constituents analysis was performed by HPLC-GC/MS-MS to explore global metabolic alterations associated with
CHE. A total of 172, 188, 128, 186 metabolites were robustly identi�ed in group 1, group 2, group 3, group 4, respectively. The
differential metabolites were revealed by wilcoxon rank-sum test using SPSS for Windows and statistic signi�cance was
denoted as P < 0.05. The abundance of metabolites in each group was compared separately, which exhibited distinct
differences between CHE patients and the normal. Peak values of main metabolites detected from individuals in each group
were exhibited in Fig. 3A. Metabolites constituents were signi�cantly different between CHE patients and the normal as shown
in Fig. 3B. In group 1, there were signi�cantly enriched silanamine, butanediamine, hydroxylamine, butylamine, hexadecane,
oleic acid, pentasiloxane, octane, ornithine, tyrosine, glutamic acid, sebacic acid, benzene, dioxolane, octadecadienoic acid,
alanine, glycine were detected in CHE patient compared with the normal. In group 2, remarkably abundant of amine,
hydroxylamine, methoxytryptamine, alanine, benzene, butane, dioxolane, glutamic acid, norvaline, octadecadienoic acid, oleic
acid, ornithine, pentasiloxane, sebacic acid, tagatose, tyrosine were detected in CHE patient. In group 3, we detected signi�cantly
higher abundance of amine, alanine, butane, glycerol, glycine, hexadecane, octadecadienoic acid, octane, pentasiloxane, sebacic
acid, tagatose in CHE patient. In group 4, CHE patient contained signi�cantly higher level of alanine, benzene, dioxolane,
glutamic acid, glycerol, glycine, hexadecane, norvaline, octane, oleic acid, ornithine, sebacic acid, tagatose, and tyrosine.

In general, seventeen metabolites were detected enriched, and seven metabolites were decreased in CHE patients. Abundance of
differential metabolites in each individual were exhibited in Table S2. The multiple of difference of related metabolites was
deposited in Fig. 4. The yellow background area represented the elevated metabolites in the patients, including alanine, benzene,
butane, dioxolane, glutamic acid, glycerol, glycine, hexadecane, norvaline, octadecadienoic acid, octane, oleic acid, ornithine,
pentasiloxane, sebacic acid, tagatose, tyrosine. The blue background area represented the reduced metabolites in the patients,
including proline, cholesterol, myo-Inositol, acetic acid, serine, aspartic acid, valeric acid. The values represented the increased or
decreased multiple of metabolites in CHE patients compared with the normal.

CHE related correlations between microbiota and metabolites
In this study, the correlation between differential mcirobiota community and metabolites abundance was analysed by spearman
rank correlation and the heatmap was plotted using R software. As shown in Fig. 5, acetic acid, signi�cantly decreased in CHE
patients, had a strong and positive correlation with genera of Ruminococcaceae (R = 0.99) and Parasutterella (R = 0.99).
Norvaline, which had a higher abundance in CHE patients, was positively correlated with Megasphaera (R = 0.97), Veillonella (R
= 0.86), Erysipelotrichaceae (R = 0.79), and Haemophilus (R = 0.74). Tagatose was more abundant in CHE patients, and its
abundance was positively correlated with Streptococcus (R = 0.74), whereas negatively correlated with Phascolarctobacterium
(R = –0.70). Streptococcus was abundant in CHE patients and positively correlated with glycero (R = 0.78). Valeric acid showed
positive correlations with genera of Parasutterella (R = 0.77), Ruminococcaceae (R = 0.72), and Erysipelotrichaceae (R = 0.62).
In addition, positive correlations were detected between serine and Parasutterella (R = 0.70), octane and Prevotella (R = 0.66), as
well as proline and Ruminococcaceae_NK4A214 (R = 0.66).

Discussion
Hepatic encephalopathy was regarded as a typical model of gut-liver-brain axis diseases [11]. Gut microbiota had extensive
participation in human metabolism [4]. In cirrhotic patients, changes of intestinal microbial community and the metabolic
byproducts, local and systemic in�ammation, and intestinal barrier dysfunction will drive the development of hepatic
encephalopathy [11].

In this study, we found that bacteria signi�cantly increased in CHE patients were mostly from opportunistic pathogen, whereas
the remarkably decreased bacteria were from autochthonous bacteria, suggesting the imbalance of intestinal microbiota
community in CHE patients. Abnormally increased BALs were detected in CHE patients, accordingly, amino acid metabolism
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was enhanced and the abundance of ammonia was riched in fecal microbiota from CHE patients, which were presumed to be a
potential factor to induce hepatic encephalopathy.

In addition, compared with their respective control, fecal samples from CHE patients contained a remarkable enrichment of
alanine, glycine, norvaline, ornithine, and tyrosine. The concentration of norvaline was strongly correlated with genera of
Megasphaera, Veillonella, Erysipelotrichaceae, and Haemophilus. Polar micelle was synthesized when bile salts in human gut
aggregated into a certain concentration, followed by being carried to intestinal mucosa surface and absorbed [14]. Polymerized
bile salts can be hydrolyzed by Veillonella, and the polar micelle formation was hindered, resulting in bile retention, biliary tract
block, thus aggravating cirrhosis[14]. Haemophilus was the most notorious pathogen for human, and associated with various
in�ammatory diseases, such as bacteremia, meningitis, pneumonia, enteritis, and so on. Erysipelotrichaceae, belonging to
phylum Firmicutes, were determined as opportunistic pathogens affecting various parts of human body, and related with
metabolic disorders and intestinal infectious diseases [20]. Previous study had clearly suggested the positive correlations
between Erysipelotrichaceae and metabolites from protein digestion[20].

Fecal samples from CHE patients were characterised by enhanced amino acids metabolism. Amino acids are catabolized
mainly through urea cycle pathway, in which the amino group is removed, with nontoxic urea as the excreting formation, as well
as uric acid or ammonia as the additional products[21]. In brief, the degradation of amino acids releases amines. In this study,
some kinds of amine were detected enriched in CHE patients, including silanamine, butanediamine, hydroxylamine, butylamine,
methoxytryptamine. In 2018, research from Wei mapped the cirrhosis-speci�c metabolic network of intestinal microbiota [22].
For cirrhotic patients, the liver is dysfunction and incapable of clearing away excessive ammonia and related nitrogenous
substrates from the blood effectively, which can cross blood-cerebral barrier and are carried to brain, further affecting the
normal operation of brain and facilitating the formation of hepatic encephalopathy [22]. The core of the metabolic network was
the excessive production of amines, indicating that the abnormal metabolism of the intestinal microbiota and accumulation of
amines were the potential risk of inducing hepatic encephalopathy. In this study, the characteristics of intestinal microbiota
from CHE patients emphasized the enhanced amino acid metabolism and accumulation of amines, which was consistent with
the research conclusion from Wei [22].

A remarkable increase in the abundance of glutamic acid was detected in CHE patients. Glutamic acid was synthesized through
the pathway of aerobic fermentation of sugars and ammonia[22], with the predominant intestinal organism Corynebacterium
glutamicum (also known as Brevibacterium �avum) being broadly used for production[23]. Glutamate was degraded into
ammonium ion under the action of glutamate dehydrogenase in liver mitochondria, and further enter urea cycle to produce urea.

Tyrosine was detected in signi�cantly higher amount in CHE patients. Tyrosine could be metabolised by intestinal
decarboxylase with the production of tyramine, which will form octopamine under the action of β-hydraxylase, following by
entering the nervous system [11]. Octopamine was in high concentration in CHE patients because of incomplete removal by
liver, in addition, octopamine had the similar chemical construction with norepinephrine and replaced normal neurotransmitter,
arising abnormal inhibition, consciousness disorder, and coma, and so on [11].

A higher abundance of ornithine was detected in fecal samples from CHE patients. Ornithine, as the substrate of the internal
ornithine cycle, almost involved in the whole process of urea cycle and ammonia detoxi�cation [11]. Liver was dysfunctional
and urea cycle was impaired in CHE patients, resulting in excessive ammonia produced by intestinal microbiota which couldn’t
be cleaned away effectively, as a compensatory mechanism, enriched ornithine was produced in intestine to transform the toxic
ammonia to urea.

Cholesterol showed a remarkable number of decrease in CHE patients. Cholesterol originates from the diet, bile, as well as
desquamated intestinal cells, and can be metabolized by the intestinal microbiota. Cholesterol is oxidized by the liver to produce
multiple bile acids [24], which are in turn conjugated with glycine, taurine, glucuronic acid, or sulfate. Cholesterol is excreted into
the bile from the liver, along with a mixture of conjugated and nonconjugated bile acids. Approximate 95% of the bile acids are
reabsorbed in the intestines, and the remainder are excreted in the feces. CHE patients had decreased serum cholesterol level,
the same was true of cholesterol level in fecal metabolites.
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Conclusions
Gut microbiota was regarded as an organ which can be adjusted or self-regulated, con�rming that the correlation between gut
microbiota and the human body is not just coexistence, but mutually bene�cial relationships. Our data demonstrated that the
abnormal metabolism of the intestinal microbiota leads to excessive production of amines in CHE patients. The liver function is
metabolically incapable and can’t effectively eliminating the amines in the body, leading to the accumulation of amines, which
is considered to be an important factor in cirrhotic patients suffering from hepatic encephalopathy. Data in this study will
provide theoretical guidance for active regulating the balance of structure and metabolism of intestinal microbiota, in order to
further prevent the deterioration and improve the prognosis of the disease clinically in the future.
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Characteristics Group 1   Group 2   Group 3   Group 4
HE1 NM1   HE2 NM2   HE3 NM3   HE4 NM4

Age 52 53   59 57   41 42   42 44
BMIindex
(kg/m2)

27.71 26.9   28.4 26.61   29.86 27.73   28.14 24.36

Ascites None -   None -   None -   None -
Prothrombin
time (seconds)

14.9 -   12.8 -   14.9 -   16.8 -

Albumin (g/dL) 29 -   24 -   28 -   31 -
Total bilirubin
(μmol/L)

31.2 -   35.7 -   55.1 -   39.6 -

Blood
ammonia
(umol/L)

71.8±16.9 -   92.7±21.1 -   104.2±25.3 -   105.5±31.9 -

Complication hepatic
encephalopathy

-   hepatic
encephalopathy

-   hepatic
encephalopathy

-   hepatic
encephalopathy

-

Child-Pugh
score

6 -   8 -   9 -   7 -

 

Figures
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Figure 1

PCA analysis demonstrated the signi�cant difference of fecal microbiota community between HE patients and the normal.
Green circle represents the normal, red circle represents the HE patients.
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Figure 2

Heat-map analysis of intestinal microbiota community at the family level in each group. The color scale represented the scaled
abundance of the bacteria at the family level, denoted as Z-score, with red and blue indicating increased and decreased
abundances, respectively.
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Figure 3

Peak value (A) and color-coded heat-map (B) analysis of CHE-related differential metabolites in group 1, group 2, group 3, and
group 4. Hierarchical clustering of the metabolic pro�ling for HE patients and the normal in each group. The color scale
represented the scaled abundance of each metabolite, denoted as Z-score, with red and blue indicating increased and decreased
concentrations, respectively.
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Figure 4

Multiple of difference of related metabolites The green background area represented the reduced metabolites in the patients, the
values represented the ratio of the peak value of the metabolite in the normal divided by the peak value in the patient's body.
The yellow background area represented the elevated metabolites in the patients, the values represented the ratio of the peak
value of the metabolites in the patient's body divided by the peak value in the normal.
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Figure 5

Correlation analysis between intestinal microbiota and metabolites differentiated in CHE patients compared with the normal
The color scale represented the Spearman’s rank correlation coe�cient, with red and blue indicating positive and negative
correlation, respectively.
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