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Abstract. Minimal hepatic encephalopathy (MHE) is 
caused by dysbiosis of gut microbiota, particularly the 
ammonia‑producing bacteria. Given the efficacy of certain 
treatments on MHE and the connection between alcoholism 
and MHE, a thorough understanding of how these strategies 
affect the gut microbiota in patients (alcoholic or non‑alcoholic) 
will facilitate the assessment of their efficacy in the reshaping 
of gut microbiota. In the present study, a metagenomics 
approach was adopted to reveal alterations in gut microbiota 
of 14 MHE patients following treatment with rifaximin alone 
or rifaximin plus probiotics. Patients were grouped into the 
alcoholic and non‑alcoholic groups to examine differences in 
terms of their response to treatment. Treatment reduced the 
overall microbiota diversity and decreased the abundance of 
certain ammonia‑producing bacteria, such as Clostridium, 
with the treatment of rifaximin plus probiotics presenting a 
more apparent effect. Non‑alcoholic MHE patients responded 
better to the treatment, as they presented greater reduction in 
microbiota diversity and a more consistent decline in certain 
ammonia‑producing bacteria genera (such as Clostridium 
and Streptococcus) belonging to the Firmicutes phylum. In 
conclusion, treatment with rifaximin alone and rifaximin 
plus probiotics exhibited a different effect in different MHE 
patients, decreasing the overall gut microbiota diversity to 
various extents and reshaping microbiota in different ways. 
Furthermore, non‑alcoholic MHE patients responded better to 
treatment in microbiota alterations.

Introduction

Hepatic encephalopathy (HE), presenting as functional dysreg-
ulation in the central nervous system, is a cognitive syndrome 
induced by liver diseases and characterized by dysbiosis in the 
metabolism (1). The 1‑year survival rate of HE patients has 
been reported to be 42%, while the 3‑year survival rate declines 
to 23% (1). Approximately 30% of cirrhotic patients develop 
minimal HE (MHE), which displays no apparent symptoms, 
but results in a higher risk of developing overt HE and of 
mortality (2). Therefore, diagnosis and treatment at the MHE 
stage is of crucial significance in reducing the mortality rates 
in liver cirrhosis patients. A comprehensive understanding of 
MHE pathogenesis and associated biomarkers in its diagnosis 
and treatment is, thus, of increasing importance.

Several hypotheses have been proposed for the pathogen-
esis of HE, including toxicosis by ammonium, manganese, 
false neurotransmitters and imbalance in plasma insulin and 
amino acids  (1‑6). The patients in the present study were 
split into alcoholic and non‑alcoholic groups because liver 
cirrhosis may be induced by alcoholism, while certain liver 
cirrhotic patients develop MHE. MHE can also be caused by 
various pathological conditions, including an accumulation of 
mercaptans and short‑chain fatty acids (7). Numerous of these 
hypotheses are associated with dysbiosis in the ammonium 
metabolism; therefore, ammonium toxicosis is regarded as 
one of the most important inducing factor of HE (4). Certain 
urease‑producing gut microbes, including Klebsiella, Proteus 
and Helicobacter pylori, have been demonstrated to be associ-
ated with blood ammonium levels and are implicated in the 
pathogenesis of HE. Therefore, targeting these microbes for 
therapeutic purposes is of great potential for the treatment of 
HE. For instance, probiotics and prebiotics are used to lower 
the gut pH and prevent the growth of the urease‑producing 
bacteria (8). In addition, MHE has been reported to be a risk 
factor for motor vehicle accidents due to attention deficit 
caused by MHE patients (9), while a recent study suggested 
that yoghurt consumption was an independent negative risk 
factor for traffic accidents in patients with liver cirrhosis (10). 
Furthermore, antibiotics are also typically employed to control 
the proliferation of Helicobacter pylori  (11). However, no 
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reports currently exist on the effect of combined treatment 
with antibiotics (such as rifaximin, used in the present study) 
and probiotics on gut microbiota alterations. Besides, alcoholic 
and non‑alcoholic MHE patients may also respond differently 
to treatment in terms of gut microbiota alterations. Therefore, 
investigation into these aspects will reveal how gut microbiota 
are differentially regulated by different pathogenic causes and 
therapeutic regimens, and therefore provide guidance for the 
drugs used to target the specific pathogenic causes.

As an increasing number of patients with chronic hepatitis 
is reported in the southwestern Yunnan in China, particularly 
patients infected with hepatitis C virus, the incidence of liver 
cirrhosis with or without HE is likely to increase. Given the 
correlation between the metabolic functions of gut microbiota 
and HE, the aim of various therapeutic regimens is to restore 
the gut microbiota towards the normal composition and func-
tions.

Therefore, the present study conducted the first comprehen-
sive metagenomics investigation into gut microbiota alterations 
subsequent to treatment with rifaximin, a well‑documented 
anti‑MHE drug, or a combination treatment consisting of 
rifaximin and probiotics  (12). The comparison of the two 
treatments investigated in the current study provides a deeper 
insight into the effect of different treatments on gut microbiota. 
Furthermore, the study subjects were grouped into alcoholic 
and non‑alcoholic MHE patients, reporting the different 
responses observed in these patients and therefore providing 
guidance for the design of more effective treatment regimens.

Patients and methods

Patients. A total of 14 MHE patients from the Affiliated 
Hospital of Kunming University of Science and Technology, 
(Kunming, China) were recruited into the present investigation. 
The characteristics of these patients are presented in Table I. 
Liver cirrhotic patients, induced by alcoholism, hepatitis B 
virus infection or other causes, were recruited initially. These 
patients were then diagnosed using multiple testing, including 
number connection test (NCT) and digit symbol test (DST). In 
the NCT, 25 numbers were distributed on a piece of paper, and 
patients were required to connect the same numbers within 
the shortest time possible. Mistakes were corrected in a timely 
manner and the test continued. The total time required to 
complete the assessment was recorded. In the DST, a matrix 
of nine symbols were provided to symbolize the numbers 1‑9, 
and patients were required to fill the corresponding symbols 
underneath the numbers in the shortest time possible. Scores 
were calculated according to the number of correct answers 
and adjusted according to the age range. Scores of ≤7 were 
considered to be abnormal. Patients with abnormal scores in 
both NCT and DST were diagnosed as MHE patients and 
recruited as study subjects. Patients that were diagnosed 
as alcoholic liver cirrhosis were grouped into the alcoholic 
category, whereas liver cirrhotic patients that were induced 
by other factors, including hepatitis B virus infection, were 
grouped into the non‑alcoholic category.

All procedures were conducted with informed consent 
from the patients and in consistency with ethical require-
ment of the ethics board of Affiliated Hospital of Kunming 
University of Science and Technology.

Treatment. Patients were treated with rifaximin or with rifax-
imin (Nanjing Pharmaceuticals Co., Ltd., Nanjing, China) and 
probiotics on a random basis. Rifaximin tablets (400 mg) were 
administered orally twice a day, and samples were collected 
4  weeks after the treatment. The probiotic (trade name, 
Meichangan) formula included live combined Bacillus subtilis 
and Enterococcus faecium enteric‑coated 250‑mg capsules 
(Hanmi Pharmaceutical Co., Ltd., Beijing, China) containing 
0.5 billion live bacteria each.

Sample collection. Samples were collected under sterile condi-
tions using sputum collection box. Faeces were flash frozen 
in liquid nitrogen 2 h after collection and preserved at ‑80˚C. 
DNA from the intestinal bacteria community of patients was 
isolated immediately prior to treatment and 4 weeks following 
treatment with rifaximin or rifaximin plus probiotics, using the 
CTAB (hexadecyltrimethylammonium bromide) approach (13). 
Agarose gel electrophoresis (0.8%) was performed to assess 
DNA concentration and purity, followed by dilution to 1 ng/µl. 
Next, DNA samples were subjected to metagenomic analysis in 
order to obtain information on the changes in the composition 
of bacterial species following treatment.

Sequencing strategy of bacterial samples. In order to determine 
the bacterial composition in the subjects' intestines, polymerase 
chain reaction was employed to amplify the highly variable 
V3, V4 and V5 regions of bacterial 16S rRNA using specifi-
cally designed primers (F515, 5'‑GTG​CCA​GCM​GCC​GCG​
GTA​A‑3' and R806, 5'‑GGA​CTA​CVS​GGG​TAT​CTA​AT‑3'; 
M stands for A/C, V stands for A/C/G, and S stands for C/G) 
as previously described (14). While in conventional testing 
only the V4 region of 16S rRNA is amplified, the present study 
investigated more regions, therefore greatly enhancing the 
sensitivity and specificity of the approach.

DNA was extracted from samples, followed by quality 
validation, as previously described (14). Qualified DNA was 
used as a template for the amplification of the V3‑V5 region of 
16S rRNA. Following purification, amplicons were subjected 
to analysis with MiSeq system according to the manufacturer's 
instructions (Illumina, Inc., San Diego, CA, USA) to obtain 
primary sequences. Adapters and low‑quality reads were 
removed from the primary sequences, followed by multiple 
bioinformatics analysis, including operational taxonomic unit 
(OTU), abundance, α and β diversity, and clustering analyses.

OTU analysis and statistics at various taxonomic levels. 
Original sequences were filtered, as previously described (14) 
to remove low‑quality reads. Valid reads were subjected to 
the UCLUST‑based clustering methodology in QIIME soft-
ware (version 2; Scikit‑Bio open source; http://qiime.org/). 
Sequences with >95% similarity were clustered as one 
OTU, denoting one bacterial species. The taxonomic levels 
included order, family, genus and species. All procedures were 
completed as previously described (14).

α diversity analysis. α diversity is used to describe the abun-
dance of various species in the sample. Based on OTU analysis, 
rarefaction curves were generated using R to demonstrate the 
observed number of OTUs and the estimated number of species 
(Chao1 index) with the increase of read numbers (15). Chao1 
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index is used to estimate the number of OTUs or species in the 
population, therefore symbolizing the diversity of the popula-
tion. Shannon diversity indices of various samples were also 
calculated to assess the diversity and distribution evenness of 
the species. This index differs from others in that it takes into 
account the distribution evenness of the species. Therefore, 
these indices can denote the diversity and distribution of the 
species in a given population. The detailed analytical method 
was performed as previously described (15).

β diversity analysis. β diversity, represented by the principal 
coordinate analysis (PcoA), reveals the magnitude of commu-
nity composition and describes the alterations in species 
distribution in various major coordinates. PcoA using weighted 
Unifrac from the 28 samples calculated the values in three 
principal components‑ PC1, PC2 and PC3. PcoA analysis then 
locates the samples in plots against three principal coordinates 
to showcase the relative similarities and abundances of the 
samples. The principal coordinates stand for a matrix of major 
components, which account for 39.67, 22.38 and 11.99% of the 
microbiota composition, respectively. The dot plot provided 
a direct image of differences in the intestinal microbiota of 
each subject post‑treatment compared with pre‑treatment by 
examining at the distance between these samples. The detailed 
analytical method was performed as previously described (15).

Clustering analysis. Based on the data of distribution at the 
phylum and genus level, clustering was conducted using the 
matrix of unweighted and weighted Unifrac, as previously 
described  (15). Fewer branches present between the two 
samples indicate that they are closer in species distribution.

Results

Study patients. A total of 14 MHE patients were recruited 
in the present investigation. Among these, 7 patients were 

treated with rifaximin alone, while the remaining 7 were 
treated with rifaximin in conjugation with probiotics. When 
grouping according to the alcohol consumption of patients, 
9  patients were defined as non‑alcoholic MHE patients, 
whereas the remaining 5 were categorized as alcoholic MHE 
patients. Table I gives the basic information of the patients and 
their treatment. Patients prior to treatment were denoted as 
numbers 1‑14 and after treatment, the patients were denoted as 
the number+treatment. For instance, 1+RP stands for sample 
from patient 1 after Rifaximin plus Probiotics treatment, 
whereas 2+R stands for sample from patient 2 after Rifaximin 
treatment.

Basic data set collection and analysis. In total, 28 samples from 
the 14 study subjects prior to and following treatment yielded 
a data set consisting of 1,585,825 high‑quality classifiable 16S 
rRNA gene sequences, with a mean of 56,637 sequences per 
sample. Using the conventional criterion of 95% sequence simi-
larity (corresponding to taxonomically valid species), a total 
of 4,456 OTUs were identified, with a mean of 159 OTUs per 
sample. These OTUs were divided into 10 genera. The top four 
genera included Lactobacillus and Bacteroides, which were the 
two dominant genera, as well as Streptococcus and Clostridium.

Clinical treatment generally reduced gut microbiota diversity 
in patients. The number of observed species in each sample 
with the increment in sequence numbers is shown in Fig. 1A. 
An overall reduction in the actual numbers of observed species 
was observed post‑treatment. For instance, the species number 
in patient 5 was decreased following treatment with rifaximin. 
In contrast, certain patients presented the opposite trend, such 
as patient 8 who had slightly higher species number post rifax-
imin treatment. The marginal difference in estimated species 
numbers prior to and following treatment with rifaximin 
plus probiotics appeared to be smaller compared with that in 
patients treated with rifaximin alone.

Table I. Patient characteristics and treatment.

Patient	 Sex	 Age, years	 Cause of cirrhosis	 Year of diagnosis	 DST, min	 Treatment

  1	 Male	 65	 Autoimmune hepatitis	 2011	 46	 RP
  2	 Male	 57	 Hepatitis B cirrhosis	 2011	 34	 R
  3	 Female	 48	 Primary biliary cirrhosis	 2012	 10	 R
  4	 Female	 55	 Autoimmune hepatitis	 2011	 13	 RP
  5	 Female	 46	 Hepatitis B cirrhosis	 2010	 35	 RP
  6	 Male	 48	 Hepatitis B/alcoholic	 2011	 31	 RP
  7	 Male	 41	 Autoimmune hepatitis	 2006	 50	 RP
  8	 Female	 43	 Autoimmune hepatitis	 2008	 50	 R
  9	 Male	 39	 Hepatitis B cirrhosis	 2009	 21	 R
10a	 Male	 57	 Alcoholic cirrhosis	 2012	 26	 RP
11a	 Male	 47	 Alcoholic cirrhosis	 2011	 26	 R
12a	 Male	 60	 Alcoholic cirrhosis	 2011	 48	 RP
13a	 Male	 68	 Alcoholic cirrhosis	 2007	 35	 R
14a	 Male	 63	 Alcoholic cirrhosis	 2009	 43	 R

aDenotes patients with liver cirrhosis due to alcoholism. R, Rifaximin; RP, Rifaximin plus probiotics; DST, digit symbol test.
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The Chao1 index was calculated to estimate the total 
number of OTUs based on the actual observed species number. 
An overall decrease in Chao1 index was detected subsequent 
to treatment, although certain exceptions were observed 
(Fig. 1B). Changes in Chao1 index before and after treatment 
and the differences in Chao1 index between the two treatments 
are presented in Fig. 1B and roughly corresponded to the trend 
detected for species numbers (Fig. 1A).

Shannon index is shown in Fig. 1C. By comparing the 
Shannon index of each patient prior to and following treatment, 
a general decline in the index was observed following treat-
ment, with a few exceptions, such as patient 10. Upon taking 
a closer look, a predominant reduction in the index can be 
observed following treatment with rifaximin plus probiotics, 
whereas the group with rifaximin only treatment presented a 
more diversified response. Furthermore, certain patients, such 
as patient 3, presented a reduced Shannon index following 
rifaximin treatment, while others presented the opposite effect, 
such as patient 8. In addition, patient 2 did not have an evident 
response to rifaximin treatment in terms of microbiota diver-
sity, as Shannon index remained almost the same subsequent 
to treatment.

Similarly, if subjects are divided into the alcoholic and 
non‑alcoholic MHE groups, a predominant decrease in Shannon 
index is observed in non‑alcoholic patients following treatment. 
By contrast, alcoholic liver cirrhosis patients demonstrated 
divergent responses, with patient 11 presenting a higher index, 
and patients 12 and 13 exhibiting lower values post treatment.

Rank abundance of the samples also revealed reduced diver-
sity following treatment. Rank abundance, presented in Fig. 2, 
visualizes the species richness and evenness in the sample. 
The total number of species is demonstrated by the maximum 
reading of each curve on the x‑axis. In general, these maximal 
x values in Fig. 2 are higher in samples with higher observed 
species numbers (Fig. 1A) and higher Chao1 index (Fig. 1B). 
Species evenness, as deduced from the slope of the curves, was 
generally higher in samples with a higher number and more 
homogeneous distribution of species.

Alcohol addiction compromises treatment efficacy. Fig. 3A pres-
ents a heatmap of the results of β diversity analysis with all the 
weighted (top value in each box) and unweighted (bottom value 
in each box) Unifrac values between two patients according to 
pairwise comparison, prior to or following treatment. Comparing 
the values for each patient prior to and following treatment, the 
magnitude of response to the treatment for that specific patient 
is obtained. For instance, the weighted Unifrac for patient 
11 pre‑ and post‑rifaximin treatment was 0.133, demonstrating 
the least response to the treatment. By contrast, a large differ-
ence in microbiota was observed in patient 9, with a weighted 
UniFrac value of 0.602. Furthermore, no notable difference was 
observed between the two groups receiving different treatment. 
However, non‑alcoholic MHE patients displayed generally 
higher Unifrac values as compared with alcoholic MHE patients.

Weighted PcoA analysis calculates the values in three 
principal components‑PC1, PC2 and PC3. It then locates 

Figure 1. Clinical treatment generally reduced gut microbiota diversity in patients. (A) Observed species number alterations in each sample with the increment 
in sequence numbers. (B) Chao1 index was calculated to estimate the total number of operational taxonomic units based on the actual observed species number. 
(C) Shannon index alterations in each sample with the increase of sequence numbers. 
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the samples in plots against the three principal coordinates 
to showcase the relative similarities and abundances of the 
samples. The principal coordinates stand for a matrix of major 
components, which account for 39.67, 22.38 and 11.99% of the 
microbiota composition, respectively (Fig. 3B‑D). It was also 
observed that non‑alcoholic MHE patients presented better 
clustering in these principal coordinates (PC1, PC2 and PC3; 
with only a few distant exceptions), in contrast to the more 
scattered pattern observed for alcoholic patients.

Treatment leads to altered abundance in certain major 
phyla and genera. Bar charts in Fig. 4A and B display the 
relative abundance of gut microbiota at the phylum level, 
while samples are clustered according to unweighted and 
weighted Unifrac. The results demonstrated that Firmicutes 
and Proteobacteria constitute the majority of the gut micro-
biota. In general, a decrease in the abundance of Firmicutes 
was observed in the patients following treatment. The trend 
was more apparent in non‑alcoholic patients, with alcoholic 
patients demonstrating unaltered or even increased numbers, 
such as patients 12 and 14. In contrast, Proteobacteria, which 
constituted the second largest phylum in the gut microbiota, 
exhibited a divergent trend, with its abundance increasing 
post‑treatment in 7 out of the 14 patients. The remaining half 
of the patients demonstrated unaltered or decreased abundance 
of Proteobacteria. No correlation was detected between the 
two different treatment groups.

A clustering tree is a method that clusters the samples based 
on the unweighted and weighted Unifracs. In the clustering 
tree, the closer two samples are located, the more similar their 
microbiota compositions are. By examining the clustering 
trees using unweighted and weighted Unifracs to showcase the 
microbiota similarities between the patients prior to and after 
the treatment, a much shorter distance was observed in each 

patient prior to and following treatment in the weighted tree as 
represented by the number of connection lines between bars 
in Fig. 4A and B. This indicates reduced pairwise disparity 
pre‑ and post‑treatment due to the relative abundances of 
bacterial species considered as weights. When these weights 
(relative species abundances) are taken into account, the 
calculated weighted Unifracs are closer to each other, leading 
to shortened distances. For instance, patient 13 presented a 
greater unweighted UniFrac distance in comparison with the 
weighted distance.

Clustering analysis at the genus level for each sample was 
also performed (Fig. 4C). By comparing the abundance prior to 
and following treatment for each patient, a predominant reduc-
tion in Clostridium abundance was observed post‑treatment, 
with a concurrent increase in Lactobacillus and decrease 
in Streptococcus and Faecalibacterium abundances in a 
small fraction of the patients. Particularly, reduction in one 
Streptococcus species was detected in only 2 patients post‑treat-
ment, which belonged to the non‑alcoholic and combinatorial 
treatment with rifaximin plus probiotics groups. Bacteroides 
demonstrated a divergent trend, with certain patients presenting 
higher abundance of Bacteroides post‑treatment, such as 
patient 1, and certain others having decreased abundance, such 
as patient 2. However, no correlation was observed between the 
change patterns and grouping criteria.

Discussion

The present study provided an insight into the varying response 
of alcoholic and non‑alcoholic MHE patients to different treat-
ments, including rifaximin alone or rifaximin plus probiotics, 
in terms of the gut microbiota composition. The current 
results demonstrated an overall decline in gut microbiota 
diversity following treatment, which was more apparent in 
MHE patients treated with rifaximin and probiotics. In addi-
tion, non‑alcoholic MHE patients responded better, presenting 
a decreased microbiota diversity and ammonia‑producing 
bacteria abundance, compared with alcoholic patients.

Gut microbiota is critical in maintaining normal intestinal 
functions, including digestion, absorption, nutrition supply 
and immune activation  (16‑19). Distinctive gut microbiota 
alterations are connected with the cognitive and inflam-
matory status in HE patients with liver cirrhosis (20,21). A 
thorough understanding of their roles in the pathogenesis of 
HE, particularly in MHE, is critical in the identification of 
appropriate strategies targeting the microbial species in order 
to restore the normal microbiota composition and functions. 
Given that gut microbiota is diverse in different populations, 
studies targeting a specific population are required in order 
to more precisely decipher the pathogenesis and identify 
therapeutic strategies. The southwestern Yunnan Province in 
China hosts a large population of hepatitis B and C patients, 
giving rise to increased number of MHE patients. Therefore, 
investigation into gut microbiota alterations in these patients 
may reveal distinct mechanisms of the disease pathogenesis 
and facilitate treatment strategy development specifically for 
this population.

Certain treatment regimens have been designed for the 
therapy of MHE, including administration of rifaximin (a 
semisynthetic antibiotic), probiotics, lactulose, prebiotics 

Figure 2. Rank abundance, demonstrating the species richness and evenness 
in the sample, also revealed reduced microbiota diversity after treatment. The 
total number of species is shown in the maximum reading of each curve on 
the x‑axis, while values on the y‑axis demonstrate the relative abundance of 
each ranked species. 
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and synbiotics  (22). The study by Bajaj et al  (22) demon-
strated no significant microbiota alteration subsequent to 
rifaximin treatment, with the exception of a modest decrease 
in Veillonellaceae and increase in Eubacteriaceae. However, 
rifaximin administration contributed to cognitive functions 
by shifting the networks centered on Enterobacteriaceae, 
Porphyromonadaceae and Bacteroidaceae from pathogenic 
to beneficial metabolite linkages. Despite all these advances, 
there is a lack of mechanistic investigations on combina-
tion treatments in terms of their impact on gut microbiota. 
Therefore, the present study aimed to reveal the gut microbiota 
alterations in MHE patients treated with rifaximin plus probi-
otics, as compared with rifaximin alone. Further insight into 
how alcoholic and non‑alcoholic MHE patients may respond 
to these two regimens was also examined.

In the current study, a general decline in gut microbiota 
diversity was observed when the MHE patients were treated 
with rifaximin alone or rifaximin plus probiotics. The difference 

in microbiota composition was also signified by the paired 
UniFrac of each MHE patient prior and subsequent to treatment 
in β diversity analysis. This can be explained by the nature 
of rifaximin, which is an antibiotic intended to kill certain 
microbes, such as E. coli, thereby reducing diversity. MHE 
patients treated with rifaximin plus probiotics yielded an overall 
lower magnitude of decrease in the estimated species number 
following the treatment as compared with the pre‑treatment 
value. Probiotics, which are microorganisms considered to be 
beneficial for a more balanced microorganism distribution in 
the gut when consumed, may account for this disparity (23). 
However, these patients demonstrated a more significant 
reduction in Shannon index following treatment. As Shannon 
index considers the relative abundance of bacterial species, this 
phenomenon suggests that the combined treatment of rifaximin 
plus probiotics may more significantly distort the relatively 
balanced distribution of microbial species abundance rather 
than reduce the number of bacterial species. Furthermore, the 

Figure 3. Alcohol addiction compromises treatment efficacy. (A) Heatmap demonstrating the weighted (top value in each box) and unweighted (bottom value 
in each box) Unifrac values between two patients in a pairwise comparison, prior to or following treatment, as determined by β diversity analysis. (B) PcoA 
analysis of non‑alcoholic and alcoholic patients in two principal coordinates (PC1 and PC2) using weighted Unifrac values. (C) PcoA analysis of non‑alcoholic 
and alcoholic patients in two principal coordinates (PC1 and PC3) using weighted Unifrac values. (D) PcoA analysis of non‑alcoholic and alcoholic patients 
in two principal coordinates (PC3 and PC2) using weighted Unifrac values.
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presence of probiotics improves the symptoms by shifting the 
microbiota composition from pathological to beneficial distri-
bution, thereby creating a more favorable gut environment to 
restore the beneficial species and microbiota functions that may 
be partially compromised by rifaximin. However, β analysis 
did not reveal a considerable difference in the unweighted or 
weighted Unifrac value of each MHE patient between the two 
treatment groups. The Unifrac values were calculated based on 
the phylogenetic tree, or the relative position of each bacterial 
species in the evolutionary tree. This suggests that, despite the 
impact of probiotics on microbiota diversity, this impact may be 
negligible when considering the entire phylogenetic tree.

Upon comparison of alcoholic and non‑alcoholic 
MHE patients in the present study, non‑alcoholic subjects 

presented a predominant reduction in Shannon diversity 
index and higher pairwise Unifrac values post treatment 
vs. pre‑treatment values, when compared to alcoholic MHE 
patients. Non‑alcoholic patients also presented a more consis-
tent trend in the abundance of certain major bacterial phyla 
post‑treatment, such as decline in Firmicutes. Given the 
much lower abundance of Firmicutes in healthy individuals 
in Yunnan (24), it was suggested that alcoholic MHE patients 
possess lower capability in the restoration of gut microbiota and 
have a reduced response to the treatment regimen. Similarly, 
alcoholic MHE patients presented more scattered weighted 
PcoA results, suggesting that their response to treatment may 
be more unpredictable. Furthermore, certain non‑alcoholic 
MHE patients demonstrated a decrease post‑treatment in 

Figure 4. Treatment leads to altered abundance in certain major phyla and genera. The relative abundances of gut microbiota at the phylum level and clus-
tering of the samples are presented, using (A) unweighted (amplified sample list to the left) and (B) weighted Unifrac values (amplified sample to the right). 
(C) Clustering analysis at the genus level for each sample [amplified sample list to the left, with sample names transposed (top name denotes the left most 
sample, whereas the bottom name denotes the right most sample)].
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Streptococcus, a urease‑producing bacteria genus, while 
alcoholic patients did not exhibit this change. The decrease in 
Streptococcus may consequently lower ammonia levels and 
improve patient conditions.

In the present study, clustering analysis by weighted and 
unweighted Unifrac distances produced two distinct clusters, 
with shorter weighted Unifrac distances observed in the 
majority of the MHE patients pre‑ and post‑treatment. As 
weighted Unifrac values take into consideration the relative 
abundance of each phylum, these shorter distances suggest a 
relatively small change in the abundances of major phyla. By 
contrast, as unweighted Unifrac values consider all existing 
phyla regardless of their abundance, the longer distances of 
each patient pre‑ and post‑treatment in the clusters indicate 
a marked change in the composition or the number of micro-
organisms at the phylum level. Nevertheless, this does not 
exclude the differences in the abundances of major phyla, 
however subtle they are. Certain patients even demonstrated 
considerable alterations in the composition of these bacteria, 
such as patient ZFY3. In general, the abundance of Firmicutes 
declined following treatment, particularly in non‑alcoholic 
MHE patients.

Ammonia produced by gut microbes is regarded as an 
important inducing agent of MHE, and its level is highly 
correlated with MHE pathogenesis  (25). Specific bacterial 
species carry urease‑encoding genes and have been found to be 
associated with ammonia metabolism, including Clostridium, 
Klebsiella, Proteus, Veillonella and Helicobacter  (8,11). 
Zhang  et  al  (26) identified that Streptococcaceae and 
Veillonellaceae are enriched in liver cirrhotic patients with 
or without MHE, and MHE‑unique interplay pattern of 
gut microbiota is greatly influenced by these two bacte-
rial families. Bajaj et al (22) also noted no significant gut 
microbiota alteration following rifaximin treatment, with 
an exception of a modest decrease in Veillonellaceae and an 
increase in Eubacteriaceae. However, the present study did 
not demonstrate any evident alterations in the two genera of 
Streptococcus and Veillonella post‑treatment, with the excep-
tion of two non‑alcoholic MHE patients treated with rifaximin 
plus probiotics, who presented decreased Streptococcus levels. 
The discrepancy may lie in the different taxonomic levels at 
which statistical analysis was performed, since the present 
study conducted analysis at the genus level, whereas the afore-
mentioned analysis (22) was performed at the family level. 
Another explanation may be that the Veillonellaceae family is 
enriched in MHE, but its abundance is not significantly altered 
by rifaximin treatment.

The current investigation also detected a robust decline 
in the genus of Clostridium, which belongs to the Firmicutes 
phylum. Specific Clostridium species are considered to be 
hyper‑ammonia producing, such as Clostridium aminophilum 
and Clostridium histolyticum. The proteases secreted by 
Clostridium histolyticum can digest native and denatured 
proteins into amino acids with the production of ammonia (27). 
Although Clostridium was not identified to be highly enriched 
in MHE patients in the present study its reduction post‑treat-
ment may lead to declined ammonia levels in the blood and 
thereby reduced severe ammonia toxicosis, thus contributing 
to improved cognitive conditions in the MHE patients. Besides, 
Clostridium, Streptococcus and Veillonella, which belong to 

the Firmicutes phylum and are ammonia‑producing bacteria, 
contributed to the decline in Firmicutes at the phylum level, as 
observed in the current study. The decline in these bacterial 
genera post‑treatment leads to partial restoration of the micro-
biota composition as compared with healthy individuals, and 
therefore improvement in clinical conditions (4).

Lactobacillus, which also belongs to the Firmicutes 
phylum, demonstrated an increase in certain patients following 
treatment in the present study. This may also beneficial for the 
treatment of MHE, since its metabolic product (lactic acid) 
decreases gut pH and thereby kills the bacterial species that 
have urease to convert nutrition into ammonia. Lactobacillus 
not only reduces ammonia levels in the gut, but also creates 
a favorable environment for the growth of probiotics, such 
as Lactobacillus and Bifidobacterium. Jointly, these changes 
contribute to the modulation of gut microbiota dysbiosis asso-
ciated with MHE (8).

In conclusion, the present study investigated the effect 
of different treatment strategies, including rifaximin alone 
or rifaximin plus probiotics, on gut microbiota in MHE 
patients. The addition of probiotics in the treatment regimen 
distorted the distribution of bacteria in the gut and reduced 
Streptococcus abundance. In addition, non‑alcoholic MHE 
patients presented a higher magnitude of gut microbiota 
alterations subsequent to treatment, particularly reduction in 
the abundance of Firmicutes.
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