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Alcohol-induced chronic liver disease (ALD) is becoming the most common liver disease

in the world. However, there are no effective, universally accepted therapies for ALD.

The etiology of ALD remains blurry so far. Historical evidence has demonstrated a link

between the liver and gut microbiota. But it is difficult to distinguish the effect of gut

microbiota changes caused by alcohol consumption in humans since the microbiota

change detected in humans is complicated by diet and environmental factors. Due

to the genetic, physiological, metabolic, and behavioral similarities to humans, the

rhesus monkey provides excellent translational validity in preclinical studies, and the

diet and environmental conditions can be controlled well in rhesus monkey. In our

study, we explored the relationship between ALD and the gut microbiome in the rhesus

monkeys with alcoholic liver steatosis. Our results showed that there was a change

of the bacterial community structure in monkeys with ALD. Differences of the relative

abundances of gut microbiota at phylum, order, family, genus, and species levels were

observed between control monkeys and monkeys with ALD, and different pathways

enriched in the monkeys with ALD were identified by metagenomic function analysis.

Firmicutes, Proteobacteria, Verrucomicrobia tended to increase whereas Bacteroidetes

and Actinobacteria decreased in the fecal microbiota of ALD group compared to the

control group. Lactobacillales and Lactobacillus significantly decreased in ALD monkeys

compared with normal monkeys, Streptococcus was lower in the ALD group compared

with the control group. The non-human primatemodel of ALDwill be useful for exploration

of the microbiome markers as diagnosis and potentially prognosis for ALD. The ALD

model will benefit the development of new therapeutic procedures for treating ALD and

provide safety and efficacy evaluation for clinical application.
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INTRODUCTION

Alcohol-induced chronic liver disease (ALD) has been one of the
leading causes of liver cirrhosis and liver cancer related deaths
world for decades, also causing severe medical and economic
burdens (Gao and Bataller, 2011). However, the etiology of
ALD remains blurry. Rapid advances in sequencing technology
have enabled to identify about 1,000 bacterial species and 7,000
bacterial strains, and there are probably 1013-1014 microbiota
exist in the intestinal track (Consortium HMP., 2012; Westfall
et al., 2017). Previous studies have shown a connection between
gut microbiota and the liver (Abushanab and Quigley, 2010). Gut
microbiota make up about 70% of the all microbiota community,
Firmicutes and Bacteroidetes are the two dominated phyla, where
Firmicutes is about 35–80% and Bacteroidetes comprises roughly
17–60% of the gut microbiota (Qin et al., 2010; Consortium
HMP., 2012). Actinobacteria, Proteobacteria, Verrucomicrobia
have correspondingly low abundance in the intestinal (Palmer
et al., 2007). Change in the proportion of Bacteroidetes to
Firmicutes in the gut microbiota has been revealed to be
related to many diseases, such as irritable bowel syndrome
(Carroll et al., 2011), cancer (Schwabe and Jobin, 2013), and
obesity (Lelouvier et al., 2016).

There are bidirectional links in the gut and liver through
the biliary tract, portal vein, and systemic circulation system
was termed as “gut-liver axis” (Quigley, 2017). In the intestine,
metabolic products of microorganisms (such as bile acids and
amino acids), which translocate to the liver through the portal
vein further influence liver functions (Stärkel and Schnabl,
2016). A healthy balanced gastrointestinal (GI) system ensures
microorganisms to co-exist with the host, which has many
functions, such as maintaining a supply of essential nutrients,
immune response, metabolism, and gut structure (Hooper and
Gordon, 2001). In a GI disordered state, the abundance of gut
bacterial species change, and the less abundance strains start to
dominate the microbial community. At same time, gut dysbiosis
will lead to increased intestinal permeability, which results in
the overgrowth of bacteria, translocation of microorganisms,
and microbial products including short chain fatty acids and
lipopolysaccharides (Segawa et al., 2008; Hartmann et al., 2015).
The intake of alcohol affects the diversity and composition
of gut microbiota in the GI system, and these changes in
the composition of gut microbiota will have negative on the
host. Furthermore, alcohol consumption also contributes to
neuroinflammation by gut dysbiosis, subsequently bringing
about the mental symptoms of alcoholism (Gorky and Schwaber,
2015). Studies have shown that Bacteroidetes abundance were
significantly lower compare with healthy controls in alcoholics,
while the abundances of Proteobacteria were significantly higher
in healthy control group to alcoholics (Mutlu et al., 2012).

Liver biopsy is a bench mark for characterizing liver histology
in liver disease patients. On the contrary, this procedure is
invasive and can lead to negative side effects like risk of infection
and post-operative pain, and requires prolonged care. Therefore,
there is a present need for the development of a novel biomarker-
based diagnostic strategy. Microbiome can be used markers to
diagnosis or potentially prognosis of disease and predict the
outcome of treatment strategy by analysis of patient microbiota.

On the other hand, animal models are important for treat ALD
by showing ALD pathology. Since the genetic, physiological,
metabolic, and behavioral similarities to humans, non-human
primates would as good animal models to accurately express
the metabolic and histological features of human ALD. In our
previous study, we generated a non-human primate model with
ALD, which cover the clinical progression of biochemistry,
pathology, and hepatic gene expression in humans with ALD
(Wang et al., 2015). Now we explored the relationship between
alcoholic liver disease and the gut microbiome in the rhesus
monkeys with alcoholic liver steatosis in an effort to understand
the etiology of ALD with deep insight, and attempted to find
difference strains between monkey of ALD and normal monkey,
there difference strains can be used as biomarker to diagnosis
or auxiliary diagnosis of ALD. Human gut microbiota are easily
affected by the environment, diet and drugs, and our study on
the rhesus monkeys has well-avoided the interference of these
aspects. More importantly our study can more accurately express
the intestinal microbial state of liver diseases, providing valuable
reference for the microbial therapy of human alcoholic liver in
the future.

MATERIALS AND METHODS

Animal
Sixteen adult rhesus monkeys individually caged and randomly
assigned to two groups (n = 8/group). All of animals were
maintained a 12 h light: 12 h darkness cycle, temperature was kept
at 18–26◦C and humidity from 40 to 70%. All procedures were
approved by the Institutional Animal Care and Use Committee
of Kunming University of Science and Technology (protocol
number: KUST-2016-18), and were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals (8th
edition). Eight rhesus monkeys (ID: 98386, 98380, 99824, 98335,
99353, 99352, 98333, 25) were given 24 h access to a solution of
sugared ethanol for about 3 years. The beginning concentration
of ethanol was 5% (v/v), and the ethanol concentration increased
by 5% per week until it finally reaches a 25% concentration
(Wang et al., 2015). The other eight control animals (ID: 3017,
30028, 4054, 7421, 4016, 3085, 30052, 2368) given free access to
water instead of alcohol were used as control group.

Serum Biochemical Measures
Rhesus monkeys were anesthetized by ketamine chloride (10
mg/kg; Shenyang Veterinary Pharmaceutical Inc., China), blood
samples were obtained from the femoral vein after fasting for
12 h. Plasma chemistry were measured by Roche Modular P800
automatic biochemical analyzer (Roche Diagnostics Ltd., Basel,
Switzerland): aspartate aminotransferase (AST, U/l), alanine
aminotransferase (ALT, U/l), γ-glutamyl transpeptidase (GGT,
U/l), lactate dehydrogenase (LDH, U/l), alkaline phosphatase
(ALP, U/l), globulin (GLOB, g/L), albumin (ALB, g/L), total
protein (TP, g/L).

Histological Analysis
Before the liver biopsy procedure, all of the monkeys were
anesthetized with ketamine chloride (10 mg/kg) and morphine
hydrochloride (0.2 mg/kg, Northeast Pharmaceutical Group,
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China) by intramuscular injection. With the assistance of
guidance of an ultrasound system (Dynamic Imaging Ltd.,
Livingston, Scotland, UK) equipped with a 5–10 MHz linear-
array transducer, liver biopsies were performed using a Bard
Monopty biopsy gun (Bard Biopsy Systems, Tempe, AZ, USA)
loaded with a 16-gauge and echogenic-coated tip disposable
biopsy needles (Bard Peripheral Vascular, Inc. USA) with a single
pass by the percutaneous route in the right lower intercostal
space as our previous report (Wang et al., 2015). The liver tissue
specimen from each monkey was fixed in 10% neutral buffered
formalin and embedded in paraffin. Then the paraffin-embedded
tissues were sectioned and stained with haematoxylin and eosin
(H&E) for subsequent histopathological analysis.

Sample Collection and DNA Extraction
Fresh fecal samples were collected from control and ALD
groups were placed in sterile tubes and transferred to the
laboratory immediately in an ice bath after the confirmation
of the success of modeling evaluated by serum biochemical
measures and histological analysis. All of the fecal samples

FIGURE 1 | Histological features in rhesus monkeys with control rhesus

monkey liver (A) and alcohol induced liver steatosis. (B) Obvious

hepatocellular vacuolization and macro- and micro-vesicular lipid accumulation

can be observed in the liver hepatocytes.

were stored at −80◦C. Isolation of purified microbial genomic
DNA was performed from each fecal sample using MoBio
PowerSoil R© DNA Extraction Kit (arlsbad, CA, USA) according
to the manufacturer’s recommendation. DNA concentration
was measured using Qubit R© DNA Assay Kit in Qubit R© 2.0
Flurometer (Life Technologies, CA, USA) in 1 month.

Library Preparation for Sequencing
Each sample need a total amount of 700 ng DNA, these
DNA was used as input material for the DNA sample
preparations. According to manufacturer’s recommendation,
sequencing libraries were generated using NEB Next R© Ultra
DNA Library Prep Kit for Illumina R© (NEB, USA), and index
codes were added to attribute sequences for each sample.

Clustering and Sequencing
In the cBot Cluster Generation System, the clustering of the
index-coded samples was performed by HiSeq 4,000 PE Cluster
Kit (Illumia) according to the manufacturer’s instructions. After

TABLE 1 | Information about control monkeys and monkeys with alcohol induced

liver steatosis.

Animal Group Gender Bodyweight (Kg)

98386 ALD female 9.2

98380 ALD female 5.8

99824 ALD female 3.7

99352 ALD female 6

99353 ALD male 7.7

99335 ALD male 12

98333 ALD male 7.5

25 ALD male 6.3

2386 Control female 7.2

30028 Control female 6.3

4054 Control female 7.4

30052 Control female 6.1

4016 Control female 8.6

3085 Control male 7.9

7421 Control male 7.5

3017 Control male 5.8

TABLE 2 | The serum plasma chemistry parameters in control rhesus monkeys

and rhesus monkeys with alcohol induced liver steatosis.

Variables Control (mean ± SE) ALD (mean ± SE)

GGT (U/L)* 53 ± 5.6 77.4 ± 10.3

AST (U/L)* 24 ± 4.6 41.8 ± 6.8

ALT (U/L) 25.6 ± 3.4 33.6 ± 6.1

AST/ALT* 0.1 ± 0.1 1.3 ± 0.1

LDH (U/L)* 251.6 ± 27.9 371.8 ± 48.8

ALP (U/L) 197.9 ± 29.2 250.9 ± 52.5

TP (g/L) 67.5 ± 4.6 66.6 ± 4.7

GLOB (g/L) 28.8 ± 2.9 29.7 ± 2.2

ALB (g/L) 38.8 ± 3.5 36.9 ± 2.9

A/G 1.4 ± 0.2 1.3 ± 0.1

Serum plasma chemistry parameter with an asterisk indicates a significant difference (p

< 0.05) between control rhesus monkeys and rhesus monkeys with alcohol induced liver

steatosis.

Frontiers in Microbiology | www.frontiersin.org 3 February 2019 | Volume 10 | Article 165

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Wang et al. Gut Microbiota of ALD Monkeys

cluster generation, the library preparations were sequenced on
an Illumina Hiseq 4,000 platform and 150 bp paired-end reads
were generated.

Microbial Bioinformatic Analysis
Raw paired-end reads were processed for quality control by
removing: (1) reads with adaptors, (2) low-quality reads that
have more than 40% of bases with a quality score value <5,
(3) reads containing more than 10% unknown bases, and (4)
reads that mapped to host genome. Then, SOAP de novo (http://
soap.genomics.org.cn/soapdenovo.html) was used to assemble
the high-quality reads by testing different k-mer. The Scaffolds
with the biggest N50 were selected and cut into contigs (termed
Scaftigs) at ambiguous Ns and the contigs longer than 500 bp
were saved. USEARCH software was then applied to remove
redundant Scaftigs, and all high-quality reads were aligned to
these non-redundant Scaftigs by SoapAligner. The depth of each
Scaftigs was calculated as the sum of all mapped reads.

Furthermore, these Scaftigs were used for Taxonomic
annotation by aligning them with Bacteria, Fungi, Archaea,
and Viruses sequences from NT (Version: 2014) database of
NCBI by BLAST algorithm (evalue ≤1e-5). Then, a lowest
common ancestor (LCA) classification was performed on
DIAMOND results using MEGAN with default parameters.
Relative abundance of each taxonomy is generated based on LCA
annotation and depth of Scaftigs. Alpha diversity analysis was
displayed with R software (v2.15.3). The difference tests of Alpha
diversity for different groups were performed using Wilcoxon
Rank Sum Test. Beta diversity on unweighted UniFrac were
calculated by QIIME software (v1.7.0).

All these contigs were applied for gene prediction using
MetaGeneMark (Noguchi et al., 2006) for each sample using
a length threshold of 300 bp. Then the non-redundant gene
catalog was constructed by pairwise comparison of all the
predicted ORFs with CD-HIT (Li and Godzik, 2006) and the
redundant genes were removed using a sequence identity cut-
off of 0.95. Additionally, the functional annotation of the non-
redundant genes were performed at different levels of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (Ref).

Metastats analysis was conducted to investigate the difference
of the relative abundance for each species and gene between the
two groups (White et al., 2009). A multi-comparison adjusted Q
< 0.05 was used to define significant differences.

A metagenomic biomarker discovery approach called Linear
discriminant analysis effect size (LEfSe) was used to identify the
genomic features which were different between various classes.
Kruskal-Wallis and pairwise Wilcoxon tests were implemented,
followed by a Linear discriminant analysis (LDA) to evaluate the
effect size determined by LEfSe of each differentially abundant
taxon. Bacteria with considerably increased values were defined
as those with an LDA score (log10) of over 2. Less than 0.01% of
the total bacterial reads, corresponding with ≤107 CFU/g feces,
were omitted from further analysis due to low and inaccurate
read counts, although significant LDA scores were observed.

Statistical Analysis
All of the plasma chemistry parameters were expressed as the
mean ± SEM. Plasma chemistry parameters (GGT, AST, ALT,
AST/ALT ratio, LDH, ALP, TP, GLOB, ALB, and A/G) were
analyzed by Student t-test to observe differences between the
levels of serum plasma makers of control and experimental
groups. A p < 0.05 was considered to be significant for
all analyses.

RESULTS

Plasma Chemistry Features of Alcohol-Fed
Rhesus Monkeys
The number of control monkeys and monkeys with alcohol
induced liver steatosis were 8 and 8, respectively. Animal
information including gender, bodyweight were summarized
in Table 1. The liver function and blood serum lipids from
each group were summarized in Table 2. Blood plasma GGT
concentrations were significantly elevated in monkeys with ALD
compared to the control group (p < 0.05). AST concentrations
of monkey with ALD were increased (p < 0.05). The ratio
of AST/ALT as independent predictor of ALD was exceeded
one, which reflects the presence of ALD in those monkeys. The

FIGURE 2 | (A) Simpson index based on the OTU counts. (B) PCA analysis based on unweighted Unifrac distance.
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elevated level of serum plasma LDH of liver steatosis group
indicated liver damage in these animals (p < 0.05).

Histological Features of Alcohol-Fed
Rhesus Monkeys
HE staining was performed on the liver sections. Rhesusmonkeys
from the experimental group demonstrated noticeable steatosis,
including macro lipid or micro-vesicular lipid accumulation
in liver hepatocytes as well as hepatocellular vacuolization. At
same time, inflammation and ballooning degeneration were also
observed (Figure 1).

Gut Microbiota Composition Between
Control and ALD Monkeys
The monkey fecal microbiota was characterized by
metagenomics sequencing. Alpha diversity analysis showed that
the stool microbiota of ALD monkeys was less diverse compared
to controls (Simpson’s Index), but no statistical difference was
observed (Figure 2A). By examining the unweighted UniFrac
distance, ALD monkeys, and healthy controls were separated on
the PCoA plot (Figure 2B).

With regards to the analysis of bacteria differential abundance.
A PCoA analysis on the relative abundance indicated a
considerable separation between these two groups, suggesting

a change of bacterial community structure in monkeys with
ALD (Figure 3A). The gut microbiota in the control group and
ALD group are both dominated by four phyla: Bacteroidetes,
Firmicutes, Protebacteria, Actinobacteria at the phylum level
(Figure 3B). The value of Firmicutes vs. Bacteroidetes (F/B
value) decreased in the ALD group (Figure 3C). The median
relative abundance decreased in Bacteroidetes and increased in
Proteobacteria in the ALD group compared to the control group.
Interestingly, a high level of Verrucomicrobia was found in the
ALD group (p= 0.0209; Figure 3D).

At the order level (Figure S1), higher abundance of

Cytophagales (p = 0.046), Flavobacteriales (p = 0.0011),

Sphingobacteriales (p < 0.0001), Lactobacillales (p = 0.0117),
Nitrosomonadales (p = 0.0274), Opitutales (p = 0.0274),
Helotiales (p = 0.0274), Ophiostomatales (p = 0.0357) were
observed in the population of healthy controls compared to
ALD monkeys.

At the genus level, significant differences between ALD group
and control group were observed in 30 genera (Figure S2).
According to linear discriminant analysis LEfSe analysis, our
results reflected a significant difference in gutmicrobiota between
the ALD and control groups. Here, we particularly considered
differences at the genus level of gut microbiota. The relative
abundances of Optitutus (p = 0.0274), Botrytis (p = 0.0274),

FIGURE 3 | (A) A PCoA analysis between ALD group and control group. (B) Relative abundance at the phyla. (C)The value of Firmicutes vs. Bacteroidetes of control

and ALD monkeys. (D) The relative abundance of five main phyla of control and ALD monkeys.
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Sporothrix (p= 0.0357) were higher in the ALD group than in the
control group at the genus level, whereas there are 22 genera that
were more dominant in the control group, such as Lactobacillus
(p= 0.0157), Streptococcus (p= 0.0274), Brenneria (p= 0.0082),
Tannerella (p= 0.0117), and so on (Figures 4, 5).

At the species level, 50 species showed significant differences
between the ALD group and the control group (Figure S3),
and 44 species showed a higher prevalence in the control
group. ALD monkeys showed higher abundance of Clostridium
cellulolyticum (p = 0.0357), Acidaminococcus fermentans
(p = 0.046), Escherichia coli (p = 0.046), Opitutus terrae
(p = 0.0357), Botrytis cinerea (p = 0.0274), and Sporothrix
schenckii (p= 0.0357).

Predictive Function Analysis
The metagenome data allowed us to identify an updated gene
catalog that contains 1,713,579 non-redundant genes in total,
with an average of 258,256 non-redundant genes for each sample.
This gene catalog can be classified into 4,788 KOs and 249
pathways. A PCA analysis on the relative abundance of the
KO profile showed a considerable separation between the ALD
groups and control group (Figure 6A). Based on these KOs, we
identified that 20 KOs were significantly different in the ALD
and control group (Figure 6B). Furthermore, 23 significantly
different pathways were enriched in the ALD and control
groups (Figure 6C).

DISCUSSION

Non-human primates are very suitable and useful animal models
for studying the pathogenesis of ALD. In our study, we generated
an ALD rhesus model by feeding them a 25% ethanol solution
for about 3 years, with 8 of the rhesus monkeys showing
steatosis by histological evaluation and serological test, and we
demonstrated that alcohol intake had a significant impact on
rhesus monkey gut microbial diversity. The fecal microbiota of
ALD monkeys was less diverse compared to controls but with
no significant differences observed, which may be due to the
fact that a limited number of monkeys were involved in this
study since ALD monkeys are valuable and rare. However, the
unweighted UniFrac distance analysis indicated a clear difference
in the gut microbial composition of ALD monkeys compared
to controls. In the present study, the monkey (98386) was
separated from the ALD groups from the PCoA analysis, and
the abundance of Escherichia and Helicobacter in this monkey
significantly increased compared to other ALDmonkeys, though
the histological examination of this monkey also showed obvious
steatosis. In a previous study, the abundance of Escherichia and
Helicobacter was significantly increased in diarrhea predominant
irritable bowel syndrome and ulcerative colitis compared to
healthy man (Zhong et al., 2017). According to the veterinarian
care record at the point of sampling, this monkey had unknown
cause of mild intermittent diarrhea, which might be the reason
of the separation in the PCoA analysis. These findings suggest
that alcohol intake is the pivotal factor affecting the entire
composition of the gut microbiota.

FIGURE 4 | Linear discriminant analysis (LDA) effect size (LEfSe) analysis

revealed significant bacterial differences in fecal microbiota between the ALD

(positive score) and control groups (negative score).
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FIGURE 5 | Cladogram using LEfSe method indicating the phylogenetic distribution of fecal microbiota associated with ALD and control subjects.

In the present study, PCoA analysis at the phyla level
demonstrated a clear separation of gut microbiota between
control and ALD monkeys. Bacteroidetes, Firmicutes,
Proteobacteria, and Actinobacteria dominated the fecal microbial
communities in ALD and control groups, a lower abundance of
Bacteroidetes and a higher abundance of Proteobacteria were
exhibited in the ALD monkeys compared with those of normal
rhesus monkeys. Our results are consistent with the findings
in humans that ALD patients also exhibited a dysbiosis with
lower abundances of Bacteroidetes and higher abundances
of Proteobacteria (Keshavarzian et al., 2001). A previous
study also has shown that overpropagation of gram-negative
bacteria from the Proteobacteria phylum due to chronic ethanol
consumption leads to increase plasma endotoxin levels and
hepatic inflammation (Bullotterson et al., 2013). The increase of
the Firmicutes/Bacteroidetes ratio has been suggested as one of
the hallmarks of human gut microbiota that has been observed
in obese individuals in previous studies (Compare et al., 2015).
In contrast, a decreased Firmicutes/Bacteroidetes ratio has
been observed in gut microbiota of non-obese patients with
non-alcoholic fatty liver disease (NAFLD) (Wang et al., 2016).
Similar to non-obese NAFLD, the Firmicutes/Bacteroidetes ratio
decreased in ALD monkeys in our study, which suggests that
Firmicutes/Bacteroidetes ratio may be a potential indicator for
the risk of liver disease, and also indicates that the change of the
F/B ratio may be connected to various diseases. In the present
study, the abundance of Verrucomicrobia significantly increased
in monkeys with ALD. In a previous report, the abundance of
Verrucomicrobia was also observed as remarkably increased
in high-fat diet fed mice (Xiao et al., 2017). In contrast, the

abundance of Verrucomicrobiaceae significantly decreased
in obese mice and non-alcoholic fatty liver cirrhotic patients
(Kulecka et al., 2016; Ponziani et al., 2018). The results may
indicate a difference between the intestinal microbiota of ALD
and NAFLD.

In particular, we found that Lactobacillales and Lactobacillus
significantly decreased in ALD monkeys compared with normal
monkeys. Previous studies indicate that Lactobacillus can
potentially affect the composition of intestinal microbiota and
inhibit the expansion of harmful bacteria, protect the intestinal
barrier through anti-inflammatory effects, therefore reducing
liver pathologies (Ritze et al., 2014). In many clinical studies,
Lactobacillus led to substantial reductions in the levels of ALT
in 10 patients with non-alcoholic steatohepatitis (NASH) (Wong
et al., 2013). Lactobacillus also can reduce features of NAFLD
in humans (Li et al., 2010; Aller et al., 2011; Wong et al.,
2013) and liver injury in mouse models (Li et al., 2010). In
the present study, Lactobacillales and Lactobacillus significantly
decreased in ALD monkeys. The reason may be that chronic
alcohol administration reduced the capacity of the intestinal
bacteria and indicates that Lactobacillus appears to have the
potential for future therapies for ALD diseases. Streptococcus
was found to be enriched in high-fat diet fed mice (He et al.,
2018) and human cirrhotic patients with NAFLD (Ponziani et al.,
2018). According to previous report, the development of obesity
and atherosclerotic cardiovascular disease metabolic diseases are
associated with these bacteria. Streptococcus enrichment in the
stomach may be harmful (Karlsson et al., 2013; Jie et al., 2017;
Korpela et al., 2017). However, the effect of alcohol intake on
the abundance of streptococcus was not reported in human ALD
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FIGURE 6 | (A) PCoA analysis of all the samples based on gene profiles. The different colors designate samples from different groups, The PCoA demonstrates a

separation at the gene level. (B) 20 KOs were significantly different in the ALD and control group. (C) 23 significantly different pathways were enriched in the ALD and

control group.
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patients or other animal models. In our case, the abundance of
streptococcus tended to decrease in the monkeys of ALD, which
indicates that the change of gut microbiota may be different
between ALD, NAFLD, and obesity patients.

This intestinal microbiota plays a major role by helping to
create the hosts’ immune response and establishing the integrity
of the gut mucosa (Xie et al., 2013). In vitro studies have shown
that the effects on the growth of bacteria in the GI tract are
directly and selectively caused by alcohol and overgrowth of this
bacteria can produce ethanol which, in turn, can affect intestinal
permeability (Baraona et al., 1986). Our study also demonstrates
an important role of composition and diversity of the gut
microbiota in the individuals with ALD and the compositional
changes of gut microbiota by alcohol feeding might be linked to
the progression of ALD. There is a clear separation at the gene
level in the ALD and control groups, and the functional analysis
of metagenomic data demonstrated that modulation of pathways
involved in metabolism, biosynthesis, and enzyme families are
associated with the ALD group. Energy metabolism decreased
in monkeys with ALD. Our results are consistent to a previous
study that showed energy metabolism is lower in patients with
liver cirrhosis compared to healthy men (Qin et al., 2014).

Currently, there are no effective and universally accepted
therapies for ALD (Diehl, 2002; Arteel, 2010). Chronic alcohol
consumption can affect the composition and diversity of
gut microbiota, which in turn affects liver function through
gut microbiota changes and shifts. However, because social
and environmental factors, including the place of residence
(home, nursing home, or hospital), habitual diet, lifestyle, and
medications taken are difficult to distinguish the effect of gut
microbiota on the human body (Langille et al., 2014; Kim
et al., 2016). Suitable animal models that accurately express
the histological and metabolic features of human ALD will
be of great benefit to the development of ALD drugs and
therapies such as FMT. Control of the diet and environmental
conditions can be homogeneous as well as easily maintained
in non-human primate. Clinical progression of biochemistry,
the composition of intestinal microbiota, and hepatic pathology
are all presented accurately in this rhesus monkey model of
alcohol-induced liver steatosis. Therapies including various diets,
prebiotics, and probiotics might have the potential to impact
and correct disturbances and act as potential future therapies for
ALD. In addition, it has been reported that FMT is the most
effective therapy for recurrence of Clostridium difficile infection

(van Nood et al., 2013). FMT also has been proved to play
an important role in therapy positive HBeAg in human (Ren
et al., 2017). Base on these studies, it is speculate that FMT may

modulate the severity of ALD according to the observation of the
composition alteration of the intestinal microbiome in patients
and ALD monkeys.

DATA AVAILABILITY STATEMENT

The raw data paired-ends reads were stored in the SRA online
public database from NCBI with accession number SRP155721.

AUTHOR CONTRIBUTIONS

HW and YY conceived and designed the experiments, performed
the experiments, wrote the paper, prepared figures and/or
tables. XY did the statistical analyses and gut microbiome
analysis. JW, YD, TH, and XL performed the experiments.
LL and SL did histopathological analysis. BI edited the
grammar and spelling. WJ and TT reviewed drafts of
the paper. WS conceived and designed the experiments,
contributed reagents, materials, and analysis tools, wrote the
paper, reviewed drafts of the paper. All authors reviewed
the manuscript.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China (Grant No. 31872973),
Major Science and Technology Projects of Yunnan Province
(2018ZF007-05), National Key Research and Development
Program of China (Grant No. 2016YFA0101403).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.00165/full#supplementary-material

Figure S1 | The relative abundance of 8 orders showed significant difference

between control and ALD monkeys.

Figure S2 | The relative abundance of 30 genera showed significant difference

between control and ALD monkeys.

Figure S3 | The relative abundance of 50 species showed significant difference

between control and ALD monkeys.

REFERENCES

Abushanab, A., and Quigley, E. M. (2010). The role of the gut microbiota in

nonalcoholic fatty liver disease. Nat. Rev. Gastroenterol. Hepatol. 7, 691–701.

doi: 10.1038/nrgastro.2010.172

Aller, R., De Luis, D. A., Izaola, O., Conde, R., Gonzalez, S. M., Primo, D., et al.

(2011). Effect of a probiotic on liver aminotransferases in nonalcoholic fatty

liver disease patients: a double blind randomized clinical trial. Eur. Rev. Med.

Pharmacol. Sci. 15, 1090–1095.

Arteel, G. E. (2010). Animal models of alcoholic liver disease.Dig. Dis. 28, 729–736.

doi: 10.1159/000324280

Baraona, E., Julkunen, R., Tannenbaum, L., Lieber, C. S. (1986). Role of

intestinal bacterial overgrowth in ethanol production and metabolism

in rats. Gastroenterology 90, 103–110. doi: 10.1016/0016-5085(86)

90081-8

Bullotterson, L., Feng, W., Kirpich, I., Wang, Y., Qin, X., Liu, Y.,

et al. (2013). Metagenomic analyses of alcohol induced pathogenic

alterations in the intestinal microbiome and the effect of Lactobacillus

rhamnosus GG treatment. PLoS ONE 8:e53028. doi: 10.1371/journal.pone.

0053028

Carroll, I. M., Ringel-Kulka, T., Keku, T. O., Chang, Y. H., Packey, C. D., Sartor,

R. B., et al. (2011). Molecular analysis of the luminal- and mucosal-associated

intestinal microbiota in diarrhea-predominant irritable bowel syndrome.Am. J.

Physiol. Gastrointest. Liver Physiol. 301, 799–807. doi: 10.1152/ajpgi.00154.2011

Compare, D., Rocco, A., Sanduzzi, Z.M., andNardone, G. (2015). The gut bacteria-

driven obesity development. Dig. Dis. 34, 221–229. doi: 10.1159/000443356

Frontiers in Microbiology | www.frontiersin.org 9 February 2019 | Volume 10 | Article 165

https://www.frontiersin.org/articles/10.3389/fmicb.2019.00165/full#supplementary-material
https://doi.org/10.1038/nrgastro.2010.172
https://doi.org/10.1159/000324280
https://doi.org/10.1016/0016-5085(86)90081-8
https://doi.org/10.1371/journal.pone.0053028
https://doi.org/10.1152/ajpgi.00154.2011
https://doi.org/10.1159/000443356
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Wang et al. Gut Microbiota of ALD Monkeys

Consortium HMP. (2012). Structure, function and diversity of the healthy human

microbiome. Nature 486, 207–214. doi: 10.1038/nature11234

Diehl, A. M. (2002). Liver disease in alcohol abusers: clinical perspective. Alcohol

27, 7–11. doi: 10.1016/S0741-8329(02)00204-5

Gao, B., and Bataller, R. (2011). Alcoholic liver disease: pathogenesis

and new therapeutic targets. Gastroenterology 141, 1572–1585.

doi: 10.1053/j.gastro.2011.09.002

Gorky, J., and Schwaber, J. (2015). The role of the gut-brain axis in alcohol

use disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 65, 234–241.

doi: 10.1016/j.pnpbp.2015.06.013

Hartmann, P., Seebauer, C. T., and Schnabl, B. (2015). Alcoholic liver disease:

the gut microbiome and liver cross talk. Alcohol. Clin. Exp. Res. 39, 763–775.

doi: 10.1111/acer.12704

He, C., Cheng, D., Peng, C., Li, Y., Zhu, Y., and Lu, N. (2018). High-

fat diet induces dysbiosis of gastric microbiota prior to gut microbiota

in association with metabolic disorders in mice. Front. Microbiol. 9:639.

doi: 10.3389/fmicb.2018.00639

Hooper, L. V., and Gordon, J. I. (2001). Commensal host-bacterial relationships in

the gut. Science 292, 1115–1118. doi: 10.1126/science.1058709

Jie, Z., Xia, H., Zhong, S. L., Feng, Q., Li, S., Liang, S., et al. (2017). The gut

microbiome in atherosclerotic cardiovascular disease. Nat. Commun. 8:845.

doi: 10.1038/s41467-017-00900-1

Karlsson, C. L., Onnerfält, J., Xu, J., Molin, G., Ahrné, S., and Thorngrenjerneck,

K. (2013). The microbiota of the gut in preschool children with normal and

excessive body weight. Obesity 20, 2257–2261. doi: 10.1038/oby.2012.110

Keshavarzian, A., Choudhary, S., Holmes, E. W., Yong, S., Banan, A., Jakate, S.,

et al. (2001). Preventing gut leakiness by oats supplementation ameliorates

alcohol-induced liver damage in rats. J. Pharmacol. Exp. Ther. 299, 442–448.

Kim, K. A., Jeong, J. J., Yoo, S. Y., and Kim, D. H. (2016). Gut microbiota

lipopolysaccharide accelerates inflamm-aging in mice. BMC Microbiol. 16:9.

doi: 10.1186/s12866-016-0625-7

Korpela, K., Zijlmans, M. A. C., Kuitunen,M., Kukkonen, K., Savilahti, E., Salonen,

A., et al. (2017). Childhood BMI in relation to microbiota in infancy and

lifetime antibiotic use.Microbiome 5:26. doi: 10.1186/s40168-017-0245-y

Kulecka, M., Paziewska, A., Zeberlubecka, N., Ambrozkiewicz, F., Kopczynski,

M., Kuklinska, U., et al. (2016). Prolonged transfer of feces from the

lean mice modulates gut microbiota in obese mice. Nutr. Metab. 13:57.

doi: 10.1186/s12986-016-0116-8

Langille, M. G., Meehan, C. J., Koenig, J. E., Dhanani, A. S., Rose, R. A., Howlett,

S. E., et al. (2014). Microbial shifts in the aging mouse gut. Microbiome 2:50.

doi: 10.1186/s40168-014-0050-9

Lelouvier, B., Servant, F., Païssé, S., Brunet, A. C., Benyahya, S., Serino,

M., et al. (2016). Changes in blood microbiota profiles associated with

liver fibrosis in obese patients: a pilot analysis. Hepatology 64, 2015–2027.

doi: 10.1002/hep.28829

Li, W., and Godzik, A. (2006). Cd-hit: a fast program for clustering and comparing

large sets of protein or nucleotide sequences. Bioinformatics 22, 1658–1659.

doi: 10.1093/bioinformatics/btl158

Li, Z., Yang, S., Lin, H., Huang, J., Watkins, P. A., Moser, A. B., et al.

(2010). Probiotics and antibodies to TNF inhibit inflammatory activity

and improve nonalcoholic fatty liver disease. Hepatology 37, 343–350.

doi: 10.1053/jhep.2003.50048

Mutlu, E. A., Gillevet, P. M., Rangwala, H., Sikaroodi, M., Naqvi, A., Engen, P.

A., et al. (2012). Colonic microbiome is altered in alcoholism. Am. J. Physiol.

Gastrointest. Liver Physiol. 302, 966–978. doi: 10.1152/ajpgi.00380.2011

Noguchi, H., Park, J., and Takagi, T. (2006). MetaGene: prokaryotic gene

finding from environmental genome shotgun sequences. Nucleic Acids Res. 34,

5623–5630. doi: 10.1093/nar/gkl723

Palmer, C., Bik, E. M., DiGiulio, D. B., Relman, D. A., and Brown, P. O. (2007).

Development of the human infant intestinal microbiota. PLoS Biol. 5:e177.

doi: 10.1371/journal.pbio,.0050177

Ponziani, F. R., Bhoori, S., Castelli, C., Putignani, L., Rivoltini, L., Chierico, F. D.,

et al. (2018). Hepatocellular carcinoma is associated with gut microbiota profile

and inflammation in non-alcoholic fatty liver disease. Hepatology 69, 107–120.

doi: 10.1002/hep.30036

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al.

(2010). A human gut microbial gene catalogue established by metagenomic

sequencing. Nature 464, 59–65. doi: 10.1038/nature08821

Qin, N., Yang, F., Li, A., Prifti, E., Chen, Y., Shao, L., et al. (2014). Alterations

of the human gut microbiome in liver cirrhosis. Nature 513, 59–64.

doi: 10.1038/nature13568

Quigley, E. M. M. (2017). Microbiota-brain-gut axis and neurodegenerative

diseases. Curr. Neurol. Neurosci. Rep. 17:94. doi: 10.1007/s11910-017-0802-6

Ren, Y. D., Ye, Z. S., Yang, L. Z., Jin, L. X., Wei, W. J., Deng, Y. Y., et al. (2017).

Fecal microbiota transplantation induces hepatitis B virus e-antigen (HBeAg)

clearance in patients with positive HBeAg after long-term antiviral therapy.

Hepatology 65, 1765–1768. doi: 10.1002/hep.29008

Ritze, Y., Bárdos, G., Claus, A., Ehrmann, V., Bergheim, I., Schwiertz, A., et al.

(2014). Lactobacillus rhamnosus GG protects against non-alcoholic fatty liver

disease in mice. PLoS ONE 9:e80169. doi: 10.1371/journal.pone.0080169

Schwabe, R. F., and Jobin, C. (2013). The microbiome and cancer.Nat. Rev. Cancer

13, 800–812. doi: 10.1038/nrc3610

Segawa, S., Wakita, Y., Hirata, H., and Watari, J. (2008). Oral administration

of heat-killed Lactobacillus brevis SBC8803 ameliorates alcoholic liver disease

in ethanol-containing diet-fed C57BL/6N mice. Int. J. Food Microbiol. 128,

371–377. doi: 10.1016/j.ijfoodmicro.2008.09.023

Stärkel, P., and Schnabl, B. (2016). Bidirectional communication between liver

and gut during alcoholic liver disease. Semin. Liver Dis. 36, 331–339.

doi: 10.1055/s-0036-1593882

van Nood, E., Dijkgraaf, M. G., and Keller, J. J. (2013). Duodenal infusion of

donor feces for recurrent Clostridium difficile. N. Eng. J. Med. 368, 407–415.

doi: 10.1056/NEJMoa1205037

Wang, B., Jiang, X., Cao, M., Ge, J., Bao, Q., Tang, L., et al. (2016). Altered

fecal microbiota correlates with liver biochemistry in nonobese patients with

non-alcoholic fatty liver disease. Sci. Rep. 6:32002. doi: 10.1038/srep32002

Wang, H., Tan, T., Wang, J., Niu, Y., Yan, Y., Guo, X., et al. (2015). Rhesus monkey

model of liver disease reflecting clinical disease progression and hepatic gene

expression analysis. Sci. Rep. 5:15019. doi: 10.1038/srep15019

Westfall, S., Lomis, N., Kahouli, I., Si, Y. D., Singh, S. P., and Prakash, S.

(2017). Microbiome, probiotics and neurodegenerative diseases: deciphering

the gut brain axis. Cell. Mol. Life Sci. 74, 1–19. doi: 10.1007/s00018-017-

2550-9

White, J. R., Nagarajan, N., and Pop, M. (2009). Statistical methods for

detecting differentially abundant features in clinical metagenomic samples.

PLoS Comput. Biol. 5:e1000352. doi: 10.1371/journal.pcbi.1000352

Wong, V. W., Won, G. L., Chim, A. M., Chu, W. C., Yeung, D. K., Li, K. C.,

et al. (2013). Treatment of nonalcoholic steatohepatitis with probiotics. A

proof-of-concept study. Ann. Hepatol. 12, 256–262.

Xiao, L., Si, B. S., Feng, Q., Chen, N., Xia, Z., Li, X., et al. (2017). High-fat

feeding rather than obesity drives taxonomical and functional changes in the

gut microbiota in mice.Microbiome 5:43. doi: 10.1186/s40168-017-0258-6

Xie, G., Zhong, W., Zheng, X., Li, Q., Qiu, Y., Li, H., et al. (2013). Chronic

ethanol consumption alters mammalian gastrointestinal content metabolites.

J. Proteome Res. 12, 3297–3306. doi: 10.1021/pr400362z

Zhong, W., Lu, X., Shi, H., Zhao, G., Song, Y., Wang, Y., et al. (2017).

Distinct microbial populations exist in the mucosa-associated microbiota of

diarrhea predominant irritable bowel syndrome and ulcerative colitis. J. Clin.

Gastroenterol. doi: 10.1097/MCG.0000000000000961. [Epub ahead of print].

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Wang, Yan, Yi, Duan, Wang, Li, Luo, Huang, Inglis, Li, Ji, Tan

and Si. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 10 February 2019 | Volume 10 | Article 165

https://doi.org/10.1038/nature11234
https://doi.org/10.1016/S0741-8329(02)00204-5
https://doi.org/10.1053/j.gastro.2011.09.002
https://doi.org/10.1016/j.pnpbp.2015.06.013
https://doi.org/10.1111/acer.12704
https://doi.org/10.3389/fmicb.2018.00639
https://doi.org/10.1126/science.1058709
https://doi.org/10.1038/s41467-017-00900-1
https://doi.org/10.1038/oby.2012.110
https://doi.org/10.1186/s12866-016-0625-7
https://doi.org/10.1186/s40168-017-0245-y
https://doi.org/10.1186/s12986-016-0116-8
https://doi.org/10.1186/s40168-014-0050-9
https://doi.org/10.1002/hep.28829
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1053/jhep.2003.50048
https://doi.org/10.1152/ajpgi.00380.2011
https://doi.org/10.1093/nar/gkl723
https://doi.org/10.1371/journal.pbio
https://doi.org/10.1002/hep.30036
https://doi.org/10.1038/nature08821
https://doi.org/10.1038/nature13568
https://doi.org/10.1007/s11910-017-0802-6
https://doi.org/10.1002/hep.29008
https://doi.org/10.1371/journal.pone.0080169
https://doi.org/10.1038/nrc3610
https://doi.org/10.1016/j.ijfoodmicro.2008.09.023
https://doi.org/10.1055/s-0036-1593882
https://doi.org/10.1056/NEJMoa1205037
https://doi.org/10.1038/srep32002
https://doi.org/10.1038/srep15019
https://doi.org/10.1007/s00018-017-2550-9
https://doi.org/10.1371/journal.pcbi.1000352
https://doi.org/10.1186/s40168-017-0258-6
https://doi.org/10.1021/pr400362z
https://doi.org/10.1097/MCG.0000000000000961
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Histopathological Features and Composition of Gut Microbiota in Rhesus Monkey of Alcoholic Liver Disease
	Introduction
	Materials and Methods
	Animal
	Serum Biochemical Measures
	Histological Analysis
	Sample Collection and DNA Extraction
	Library Preparation for Sequencing
	Clustering and Sequencing
	Microbial Bioinformatic Analysis
	Statistical Analysis

	Results
	Plasma Chemistry Features of Alcohol-Fed Rhesus Monkeys
	Histological Features of Alcohol-Fed Rhesus Monkeys
	Gut Microbiota Composition Between Control and ALD Monkeys
	Predictive Function Analysis

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


