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e Liver tissue from healthy lean and obese individuals
contains bacterial rDNA.

e Significantly higher amounts of bacterial rDNA and
lower alpha diversity were found in liver samples
from obese individuals.

e Proteobacteria-enriched metataxonomic signature
was found in liver samples from obese individuals.

e There is strong correlation between the amount of
bacterial rDNA in liver samples and the fatty liver
index.

o Differences in the liver microbiome between lean

and obese individuals are not reflected in the blood
microbiome.

https://doi.org/10.1016/j.jhepr.2021.100299

Non-alcoholic fatty liver disease (NAFLD) has become
the most common liver disease globally, and new ev-
idence suggests that obesity is associated with a
disturbed gut bacterial composition, which may in-
fluence the development of NAFLD. We examined the
composition of bacterial DNA in liver biopsies from
healthy lean and obese individuals and found a
different composition of bacterial DNA in liver bi-
opsies from the obese group. We propose that the
increased bacterial DNA load in the livers of obese
individuals could constitute an early risk factor for the
progression of NAFLD.
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Background & Aims: Dysbiosis of the gut microbiota in response to an energy-rich Western diet and the potential leak of
bacteria and/or bacterial products from the intestine to the liver is perceived as a potential risk factor for the development of
non-alcoholic fatty liver disease (NAFLD). We investigated the microbiome in liver biopsies from healthy lean and obese
individuals and compared it with their blood microbiome.

Methods: We examined liver biopsies from 15 healthy lean and 14 obese individuals (BMI of 18.5-25 and 30-40 kg/m?,
respectively). Bacterial 16S ribosomal DNA (rDNA) was analysed by quantitative polymerase chain reaction (qQPCR) and 16S
metagenomic sequencing targeting the hypervariable V3-V4 region. Metagenomic analysis was performed using the linear
discriminant analysis effect size (LEfSe) algorithm. Data are medians with IQRs in brackets.

Results: Histology revealed hepatic steatosis in 13 obese individuals and in 2 lean individuals. A robust signal from qPCR
revealed significantly higher amounts of bacterial rDNA copies in liver samples from obese individuals compared with those
from lean individuals (148 [118-167] vs. 77 [62-122] 16S copies/ng DNA, p <0.001). Liver biopsies from the obese group were
characterised by lower alpha diversity at the phylum level (Shannon index 0.60 [0.55-0.76] vs. 0.73 [0.62-0.90], p = 0.025),
and metagenomic profiling revealed a significantly higher proportion of Proteobacteria in this group (81.0% [73.0-82.4%] vs.
74.3% [68.4-78.4%], p = 0.014).

Conclusions: We provide evidence for the presence of bacterial rDNA in the healthy human liver. Based on differences in the
hepatic microbiome between obese individuals and healthy lean individuals, we suggest that changes in the liver microbiome
could constitute an additional risk factor for the development of NAFLD.

Lay summary: Non-alcoholic fatty liver disease (NAFLD) has become the most common liver disease globally, and new ev-
idence suggests that obesity is associated with a disturbed gut bacterial composition, which may influence the development
of NAFLD. We examined the composition of bacterial DNA in liver biopsies from healthy lean and obese individuals and found
a different composition of bacterial DNA in liver biopsies from the obese group. We propose that the increased bacterial DNA
load in the livers of obese individuals could constitute an early risk factor for the progression of NAFLD.

Clinical trial number: NCT02337660

© 2021 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Non-alcoholic fatty liver disease (NAFLD) has become the most
common liver disease with an estimated global prevalence of 25%.!
NAFLD constitutes a spectrum of conditions ranging from simple,
benign, and reversible steatosis over non-fibrotic non-alcoholic
steatohepatitis (NASH) to NASH with fibrosis that ultimately can
progress to cirrhosis and end-stage liver disease. NAFLD is now
considered the second most common cause of liver transplantation
in the United States, only surpassed by hepatitis C? and,
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additionally, NAFLD greatly increases the risk of hepatocellular
carcinoma.®* The increase in NAFLD parallels the global rise in
obesity, and the metabolic syndrome is the strongest risk factor for
the development of the disease.”® The pathophysiology of NAFLD is
closely linked to chronically high caloric intake promoting
continuous deposition of nutrients as fat in hepatocytes. Obesity-
related insulin resistance and the ensuing hyperinsulinaemia ex-
acerbates the deposition of lipids in the liver and, thus, contributes
to the development of NAFLD.” In this chronic ‘fed state’ without
turnover of hepatic fat content, steatosis-induced hypoxia, cell
death, infiltration of macrophages, and expression of chemokines
and proinflammatory cytokines are considered major determinants
for the transition from simple steatosis to NASH with ensuing
fibrogenesis.” However, the exact contributing pathogenic drivers
of this transition are not fully understood.

Dysbiosis of the gut microbiota in response to an energy-rich
Western diet is considered a contributing factor in the
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development of obesity.® Thus, the phenotype of obese mice was
transmissible to germ-free mice through inoculation with gut
microbiota.’ Furthermore, high-fat diet-associated dysbiosis of
the gut entails increased permeability of the intestinal epithe-
lium through disruption of tight junctions and the mucus
layer,'®!! leading to increased translocation of bacteria and
bacterial products to the portal venous system.'*'> The liver is
uniquely positioned as all portal blood from the gastrointestinal
tract must pass through the liver before entering the systemic
circulation. An increasing body of evidence suggests that changes
in the gut microbiota plays an important role in the pathogenesis
of NAFLD, and, importantly, in the transition from simple stea-
tosis to NASH.”'*!5 In the liver, bacteria and bacterial products
are thought to contribute to inflammation and fibrogenesis by
acting as ligands for Toll-like receptors on Kupffer cells and he-
patic stellate cells.'>'*'® Gram-negative bacteria from the Pro-
teobacteria phylum, in particular, contribute to this process
owing to their membrane content of lipopolysaccharides, which
are known activators of Toll-like receptors.”” A recent charac-
terisation of the blood microbiome in healthy individuals
revealed that it is dominated by Proteobacteria, contrasting the
gut microbiome, which is mainly dominated by Firmicutes and
Bacteroidetes.'®'® This difference implies that a filtration takes
place during the translocation of bacteria and bacterial products
from the intestine to the systemic circulation, and the liver
constitutes an important point of interest in this setting.?%!
However, most evidence implicating the gut-liver axis in
NAFLD pathogenesis is derived from animal studies.

In the present study, we used both quantitative and qualita-
tive DNA-based methods to provide a unique characterisation of
the microbiome in the livers of obese individuals and healthy
lean controls and compare it with their blood microbiome. DNA
from blood and liver samples was isolated and amplified in a
strictly controlled environment using a stringent contamination-
aware approach described and discussed previously.'82>-24 We
report an overabundance of bacterial ribosomal DNA (rDNA) in
the livers of obese individuals with hepatic steatosis compared
with that of lean individuals, primarily driven by Proteobacteria.

Materials and methods

Ethical approval

The study was approved by the Research Ethics Committee of the
Capital Region of Denmark (Reg. No. H-6-2014-097), registered
with Clinicaltrials.gov (Registration No. NCT02337660), and was
conducted in accordance with the latest revision of the
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Declaration of Helsinki. A liver biopsy was performed on each
participant. Subsequently the study participants took part in an
experimental day. Data from the experimental day and from RNA
sequencing of the liver biopsies have been reported
previously.>>~%’

Study participants

Study participants were recruited from the Greater Copenhagen
area and studied at Gentofte Hospital, University of Copenhagen,
Hellerup, Denmark. We included 30 healthy males between 25
and 80 years of age for a clinical study and performed the liver
biopsy procedure as a part of this study.?® Participation in the
clinical study was the only indication for performing the liver
biopsy, and the participants were recruited for this purpose
alone. None of the participants showed clinical signs of liver
disease. The study (including the liver biopsy) was approved by
the Danish Research Ethics Committees, and the participants
gave their informed consent after receiving information about
the clinical study and the liver biopsy both orally and written.
Exclusion criteria included known liver disease, alanine amino-
transferase and/or aspartate aminotransferase >2x the upper
reference limits (i.e. alanine aminotransferase >140 U/L and/or
aspartate aminotransferase >90 U/L), weekly alcohol consump-
tion >14 U/week, pre-diabetes (glycated haemoglobin [HbA1c]
>42 mmol/mol), diabetes or first-degree relatives with diabetes.
One participant was excluded from the analysis (see the Statis-
tical Analysis section). The study participants are characterised in
Table 1.

Liver biopsies and buffy coat

For the evaluation of hepatic steatosis, fibrosis, and inflamma-
tion, an ultrasound-guided liver biopsy was performed on each
participant by a specialised radiologist in the Department of
Radiology, Gentofte Hospital, University of Copenhagen, Hel-
lerup, Denmark. Biopsies were taken in the morning after an
overnight 10-h fast, including coffee and tobacco. The biopsy was
collected using a sterile BARD® MONOPTY® Disposable Core Bi-
opsy Instrument (Bard Biopsy, Tempe, AZ, USA) with a gauge size
of 14 g (2.0 cm) and a penetration depth of 22 mm. The insertion
site was cleaned by double-wiping of the skin with ethanol ac-
cording to surgical protocol, and the abdomen of the participants
was covered with a sterile drape before the procedure. The bi-
opsy was immediately divided and distributed into formalin or
snap-frozen in liquid nitrogen using sterile instruments. Tubes
with formalin were kept on ice and stored at -20°C, and snap-

Table 1. Study participant characteristics for lean (BMI 18.5-25 kg/m?) and obese (BMI 30-40 kg/m?) healthy individuals.

Lean (n = 15) Obese (n = 14) p value
Age (years) 40 (25-68) 32 (25-58) 0.315
Sex (male) 15 14 -
BMI (kg/m?) 23.8 (20.7-25.0) 33.4 (30.9-39.8) <0.0001
FPG (mmol/L) 5.5 (4.9-5.9) 5.6 (4.7-6.1) 0.292
Waist-hip ratio 0.86 (0.80-0.98) 1.0 (0.89-1.1) <0.0001
HbA1c (mmol/mol) 30 (23-34) 33 (26-37) 0.344
C-peptide (pmol/L) 309 (198-697) 769 (287-1200) <0.0001
ALT (U/L) 31 (21-55) 38 (18-70) 0.213
AST (U/L) 32 (21-53) 38 (25-83) 0.119
Triglycerides (mmol/L) 11 (0.5-2.3) 2.2 (0.8-8.1) 0.001
Total cholesterol (mmol/L) 4.5 (3.5-5.8) 5.2 (3.5-8.8) 0.0374
FLI 23.1 (4.1-65.1) 89.5 (60.2-99.2) <0.0001

Data are presented as medians with ranges in brackets. The groups were compared using the Mann-Whitney U test. ALT, alanine aminotransferase; AST, aspartate amino-
transferase; FLI, fatty liver index; FPG, fasting plasma glucose; HbA1c, glycated haemoglobin.
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Fig. 1. Bacterial 16S rDNA is more abundant in liver samples from obese individuals than in lean controls. Median + IQR (whiskers plot) and individual values
(dot plot) of 16S ribosomal DNA assessed by real-time PCR amplification per (A) ng of DNA and (B) mg of samples in liver tissue and (C) per ng of DNA in buffy coat
in lean (open symbols) and obese individuals (filled symbols). **p <0.01, ***p <0.001 (Mann-Whitney U test). rDNA, ribosomal DNA.

frozen samples were stored at -80°C. None of the participants
experienced complications in relation to the liver biopsy. Histo-
logical examination was performed by the same pathologist on
formalin-fixed, paraffin-embedded liver sections at the Depart-
ment of Pathology, Herlev Hospital, University of Copenhagen,
Herlev, Denmark. Blood for the collection of buffy coat was
collected in chilled tubes containing EDTA and subsequently
centrifuged for 20 min at 1,200 g and 4°C. Buffy coat samples
were stored at —20°C.

16S rDNA quantitation and metagenomic profiling

DNA from blood and liver biopsies was isolated and amplified in
a strictly controlled environment at Vaiomer SAS (Labege,
France) using a stringent contamination-aware approach as
discussed previously.'®?2724 Real-time quantitative polymerase
chain reaction (qPCR) amplification was performed using 16S
universal primers targeting the hypervariable V3-V4 region of
the bacterial 16S ribosomal gene as described previously.'81922
The qPCR step was performed on a ViiA 7® PCR system (Life
Technologies, Carlsbad, CA, USA) using Sybr Green technology.
The microbial populations based on rDNA present in liver sam-
ples and buffy coat were determined using next-generation
sequencing of V3-V4 variable regions of the 16S rRNA bacterial
gene as previously described.?

For each sample, a sequencing library was generated by
addition of sequencing adapters. The joint pair length was set to
encompass a 467 base pairs amplicon (using Escherichia coli 16S
as a reference) with a 2x300 paired-end MiSeq kit V3 (Illumina,
San Diego, CA, USA). The detection of the sequencing fragments
was performed using the MiSeq Illumina® technology.

Targeted metagenomic sequences from microbiota were
analysed using the bioinformatic pipeline from the FROGS
guidelines.”® Briefly, the cleaning was done by removing ampli-
cons without the 2 PCR primers (10% of mismatches were
authorised), amplicons with at least 1 ambiguous nucleotide
(‘N’), amplicons identified as chimera (with vsearch v1.9.5), and
amplicons with a strong similarity (coverage and identity >80%)
with the phiX (library used as a control for Illumina sequencing

runs). Clustering was produced in 2 passes of the swarm algo-
rithm v2.1.6. The first pass was a clustering with an aggregation
distance equal to 1. The second pass was a clustering with an
aggregation distance equal to 3. Taxonomic assignment of
amplicons into operational taxonomic units (OTUs) was pro-
duced by Blast+ v2.2.30+ with the Silva 128 Parc databank. To
assess if the richness of microbiota was adequately captured by
metagenomic sequencing, a rarefaction analysis was performed.
To ensure a low background signal from bacterial contamination
of reagents and consumables, 2 types of negative controls con-
sisting of molecular-grade water were added in an empty tube
separately at the DNA extraction step and at the PCR steps and
amplified and sequenced at the same time as the extracted DNA
of the blood samples. Both the beta diversity analysis and the
qPCR analysis show a clear separation between negative con-
trols, and both blood samples and liver samples (Fig. STA-C).
These controls confirm that bacterial contamination was well
contained in our pipeline and had a negligible impact on the
taxonomic profiles of the samples of this study as we published
before.'®?2-24 The sequencing quality was high. The number of
raw pairs was around 50,000 per sample. Both reads were
trimmed of 10 base pairs (2x290 base pairs used for joining). An
average of 78.8% of reads per sample were successfully joined,
and only 4.3% of the sequences were identified as chimera and
excluded. On average, 35,000 reads per sample were clustered in
OTUs, and 98.9% of them were successfully affiliated to a bacte-
rial taxon. The number of sequences classified to OTUs were
similar between samples—around 35,000 per sample (from
around 50,000 raw pairs of reads, i.e. 100,000 total reads per
sample) (Fig. S2).

Statistical analysis

Statistical analyses were performed using the software GraphPad
Prism (v8.0.0, GraphPad Software, San Diego, CA, USA). Unless
otherwise stated, results are presented as medians with IQRs in
brackets. Mann-Whitney U tests were used to compare the 2
groups. Regression analyses were carried out in the statistical
software R (v. 3.5.2). The amount of bacterial 16S rDNA copies/ng
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DNA in the liver samples was used as the dependent variable,
and anthropometric and biochemical data were used as inde-
pendent variables. Initially, a simple linear regression was per-
formed for all independent variables, i.e. BMI, age, waist-hip
ratio, fasting plasma glucose, C-peptide, HbAlc, homoeostatic
model assessment of insulin resistance, alkaline phosphatase,
alanine aminotransferase, aspartate aminotransferase, bilirubin,
triglycerides, cholesterol, and the fatty liver index (FLI) (a vali-
dated marker of NAFLD based on BMI, waist-hip ratio, gamma-
glutamyltransferase, and triglycerides). Correlations among the
independent variables were analysed to avoid multicollinearity.
Values of p <0.05 were considered significant. One individual
from the obese group was identified as an outlier and was
excluded from the analyses. Because of the exploratory nature of
the study with limited group sizes and, hence, limited statistical
power, we did not correct for multiple testing in the meta-
genomic analyses. Naturally, this limits our ability to draw final
conclusions as discussed below.

>
§
W

15_ 20- Class
*
1
x x 1.5+ o °
S 1.0 oo S H
< 04 < oég 3
: % rg- 2 1
£ £ ° Eﬁ
® 0.5 00 @ oo
) $e % 05
0.0 T T 0.0 T T
Lean Obese Lean Obese
25_ Order 25_ Family
2.0 oo ° S
x 8 » o x ° s
2is5] o8 7% e
c o % c °
5] 5] e
< o c o g0
c 1.0+ c °
0.5+ g
0.0 - T 1.0 T T
Lean Obese Lean Obese
25_ Genus 30 — oTu
Oo e®
[e]
2.0 1 )
x % .; x 25 P g
215 2 ‘I‘
S 3 § 2.0 4
£1.0- = ° .
&8 P
» » 15 4
05 1.5 °
0.0 ; . 1.0 T T
Lean Obese Lean Obese

Fig. 2. Lower bacterial alpha diversity at the phylum level in liver samples
from obese individuals. Median * IQR (whiskers plot) and individual values
(dot plot) of bacterial alpha diversity (Shannon index) at the level of (A)
phylum, (B) class, (C) order, (D) family, (E) genus, and (F) OTU assessed by 16S
metagenomics sequencing in the livers of lean (open symbols) and obese in-
dividuals (filled symbols). *p <0.05 (Mann-Whitney U test). OTU, operational
taxonomic unit.
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Results

Liver histology

Histopathological scoring of the liver biopsies was performed
with a focus on the degree of steatosis, lobular inflammation,
hepatocyte ballooning, and fibrosis. Benign steatosis was found
in 2 lean participants (7% and 40% steatosis), whereas it was
present in 13 of 14 obese individuals covering a spectrum from
less than 5% to 40% steatosis. Thus, in the obese group, 7 par-
ticipants met the definition of NAFLD with more than 5% stea-
tosis. None of the participants had histological evidence of
lobular inflammation, hepatocyte ballooning, or fibrosis.

Bacterial 16S rDNA is more abundant in liver samples from
obese individuals

The quantitation of bacterial 16S rDNA revealed significantly
higher amounts of 16S copies in liver samples from the obese
group compared with those from lean individuals. The difference
was found both relative to the total amount of DNA (148
[118-167] vs. 77 [62-122] 16S copies/ng DNA, p <0.001) and to
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Fig. 3. No difference in bacterial alpha diversity in buffy coat between lean
and obese individuals. Median + IQR (whiskers plot) and individual values
(dot plot) of bacterial alpha diversity (Shannon index) at the level of (A)
phylum, (B) class, (C) order, (D) family, (E) genus, and (F) OTU assessed by 16S
metagenomics sequencing in buffy coat from lean (open symbols) and obese
individuals (filled symbols). The groups were compared using the Mann-
Whitney U test. OTU, operational taxonomic unit.
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the weight of the samples (225,990 [187,473-260,087] vs.
116,557 [75,785-191,955] 16S copies/mg sample, p <0.01)
(Fig. 1A,B). Conversely, the amount of 16S copies in buffy coat
(containing on average more than 93% of blood bacterial rDNA'®)
was similar between lean and obese individuals (204 [180-238]
vs. 204 [194-242] 16S copies/ng DNA, p = 0.58) (Fig. 1C).
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Obese individuals have lower 16S rDNA alpha diversity in the
liver at the phylum level

We then assessed whether the increased abundance of bacterial
rDNA in obese individuals was associated with a change in the
taxonomic diversity in the samples. The Shannon index, which is
a measure of bacterial alpha diversity (i.e. taxa richness and

A Liver - phyla (overall) Liver - phyla (lean) Liver - phyla (obese)

17.6% Actinobacteria
2.1% Bacteroidetes
4.0% Firmicutes
76.3% Proteobacteria

gEEO
EEmEo

18.5% Actinobacteria
2.2% Bacteroidetes
5.5% Firmicutes
73.9% Proteobacteria

16.6% Actinobacteria
2.0% Bacteroidetes
2.5% Firmicutes
78.4% Proteobacteria

[
=
=
=

[ Lean
[ Obese
[ a: Dietzia
I b: Dietziaceae
[ c: Clavibacter
[ d: Lactobacillus
s @ [ e: Lactobacillaceae
B f: Multi_affiliation
Bl g: Multi_affiliation
I h: Multi_affilliation
[ i: Bradyrhizobiaceae
[ j: Paracoccus
~ [ k: Rhodobacteraceae
[ I: Massilia
[ m: Oxalobacteraceae
I n: Enhydrobacter
getaproteobacter®
Proleobacleﬁa
C Proteobacteria Oxalobacteraceae (Proteobacteria) Massilia (Proteobacteria)
* *k
90 5+ — 5 —
e . .
» ° o 44 ° » 4 °
% 80 E * E :
. o
< 5 2 34 23
s o © IS
o o o
hed £ 29 £ 24
S 70 . 5] 5]
X X X
S 3 . s~ 14 S~ 14
o
60 . . 04 04
Lean Obese Lean Obese Lean Obese

Fig. 4. Proteobacteria are more abundant in liver samples from obese individuals than in those from lean individuals. Bacterial profiles assessed by 16S
metagenomics sequencing of liver biopsies from lean and obese individuals. (A) Mean bacterial composition at the phylum level in the study groups. (B) LEfSe
cladogram showing taxa more abundant in the lean group (red) and in the obese group (green); in the output of the bioinformatic pipeline, ‘unknown’ refers to
sequences without information for the given taxonomic level in the 16S database, whereas ‘multi-affiliation’ refers to sequences found in the database, but with
several possible taxa at the given taxonomic level. The multi-affiliated genus ‘h’ belongs to the Bradyrhizobiaceae family, and genus ‘f and family ‘g’ belong to the
Lactobacillales order. (C) Median + IQR (whiskers plot) and individual values (dot plot) of relevant bacterial taxa in lean (open symbols) and obese individuals
(filled symbols). *p <0.05, **p <0.01 (Mann-Whitney U test). The significance levels for Oxalobacteraceae and Massilia should be taken with caution owing to zero-

inflation of the data.
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evenness in a sample), was calculated after 16S-targeted meta-
genomic sequencing of the 16S rDNA. At the phylum level, bac-
terial alpha diversity was significantly lower in the obese group
than in the lean group (Shannon index 0.60 [0.55-0.76] vs. 0.73
[0.62-0.90], p = 0.025) (Fig. 2A), whereas there were no

A Buffy coat - phyla (overall)

Buffy coat - phyla (lean)
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differences in the alpha diversity between the groups at the level
of class, order, family, genus, or OTUs (Fig. 2B-F). There were no
differences in the bacterial alpha diversity in buffy coat between
the groups at any of the taxonomic levels (Fig. 3A-F). Ordination
figures based on Bray-Curtis distance analysis of the beta

Buffy coat - phyla (obese)

[ 2.0% Acidobacteria B 25% Acidobacteria @ 1.5% Acidobacteria
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Fig. 5. Similar bacterial metagenomic profiles in buffy coat between lean and obese individuals. Bacterial profiles assessed by 16S metagenomics sequencing
in buffy coat from lean and obese individuals. (A) Mean bacterial composition at the phylum level in the study groups. (B) LEfSe Cladogram showing taxa more
abundant in the lean group (red) and in the obese group (green); in the output of the bioinformatic pipeline, ‘unknown’ refers to sequences without information
for the given taxonomic level in the 16S database, whereas ‘multi-affiliation’ refers to sequences found in the database, but with several possible taxa at the given
taxonomic level. The unknown genus ‘b’ belongs to the Chitinophagaceae family, but it was not considered a pertinent taxon as the difference was driven by an
outlier sample among zero-inflated data. The multi-affiliated genus ‘c’ and family ‘d’ belong to the Sphingomonadales order.
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diversity are provided in Fig. S3. As expected, because of the high
interindividual variability between participants, almost no shift
between the biological groups could be observed in the
ordination.

Proteobacteria are more abundant in liver samples from
obese individuals than in those from lean controls

By performing taxonomic assignment of the bacterial 16S rDNA
profiles, we found that the overall hepatic bacterial composition
in the study population consisted mainly of Proteobacteria
(76.3%) and Actinobacteria (17.6%) and, to a lesser extent, of
Firmicutes (4.0%) and Bacteroidetes (2.1%) (Fig. 4A and Fig. S4).
Interestingly, the proportion of Proteobacteria seemed higher in
the obese group than in the lean group (mean proportion 78.4%
vs. 73.9%), whereas the proportion of Firmicutes was lower in the
obese individuals (mean proportion 2.5% vs. 5.5%) (Fig. 4A and
Fig. S4). The metagenomic profiles of the liver samples were then
further analysed using the linear discriminant analysis effect size
(LEfSe) algorithm (Fig. 4B) and the Mann-Whitney U test
(Fig. 4C). In the output of the bioinformatic pipeline, ‘unknown’
refers to sequences without information for the given taxonomic
level in the 16S database, whereas ‘multi-affiliation’ refers to
sequences found in the database, but with several possible taxa
at the given taxonomic level (Figs. 4B and 5B). The taxa consid-
ered relevant with their sparsity information were Proteobac-
teria (found in all participants), Oxalobacteraceae (found in 12/14
obese individuals and 8/15 lean individuals), and Massilia (found
in 6/14 obese individuals and none of the lean individuals). The
analysis revealed that the proportion of Proteobacteria was
significantly higher in the livers of obese individuals than in
those of lean individuals (81.0% [73.0-82.4%] vs. 74.3%
[68.4-78.4%], p = 0.014) (Fig. 4C). We found no differences in the
remaining phyla between the groups. At the family level, we
found that the proportion of Oxalobacteraceae, which belong to
Proteobacteria, was significantly higher in the obese group (up to
5% of the reads) than in the lean group (<0.007% of the reads)
(Fig. 4C). This difference was reflected at the genus level, where
Massilia from the family Oxalobacteraceae was found only in the
obese group (up to 4.6% of the reads). For the remaining bacteria
identified by the LEfSe algorithm, data were zero-inflated with
differences between the groups driven by 1 or 2 outliers, and
thus, they were disregarded (Fig. 4B).

Similar bacterial metagenomic profiles in buffy coat from
lean and obese individuals

The overall bacterial composition in buffy coat from the study
group was mainly composed of Proteobacteria (82.8%) and
Actinobacteria (10.4%) and, to a lesser extent, Acidobacteria
(2.0%), Bacteroidetes (2.3%), and Firmicutes (2.5%) (Fig. 5A). The
LEfSe algorithm identified no differences between the groups at
either the phylum or order level. Differences at lower taxonomic
levels were found to a limited extent (Fig. 5B) and were in all
cases outlier driven (data not shown).

The quantity of bacterial rDNA in the liver correlates with the FLI
Linear regression analyses were carried out and revealed corre-
lations between the amount of bacterial 16S rDNA copies/ng DNA
and BMI (adjusted r? = 0.40, p <0.0001), waist-hip ratio (adjusted
r? = 0.32, p <0.0001), C-peptide (adjusted r* = 0.42, p <0.0001),
triglycerides (adjusted r? = 0.18, p = 0.012), and FLI (adjusted r* =
0.44, p <0.0001). Simple linear regressions were carried out be-
tween these parameters to avoid multicollinearity, and all of them
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Fig. 6. Association between the amount of bacterial 16S copies/ng DNA in
the liver and the FLI. Scatter plot of the dependent variable (amount of bac-
terial 16S copies/ng DNA in liver samples) plotted against the significant in-
dependent variable (FLI) in lean (open symbols) and obese individuals (closed
symbols). The trend line is shown together with the adjusted r? value and the p
value. FLI, fatty liver index.

correlated. Therefore, the final model was based only on FLI, as this
parameter showed the strongest correlation with the amount of
bacterial 16S rDNA copies/ng DNA in the liver samples (Fig. 6).

Discussion

To our knowledge, this study presents the first characterisation
of the liver microbiome in a cohort including healthy humans.
The main findings include significantly higher amounts of bac-
terial rDNA, lower bacterial alpha diversity, and a higher pro-
portion of Proteobacteria in liver biopsies from obese individuals
compared with that from healthy lean controls. Additionally, we
found a strong correlation between the amount of bacterial 16S
rDNA copies/ng DNA in the liver and FLI, which is a validated
marker of NAFLD. We propose that the increased bacterial load in
the livers of obese individuals could constitute an early risk
factor for the progression of NAFLD.

We found significantly higher amounts of bacterial 16S rDNA
in liver biopsies from obese individuals compared with those
from lean controls, both relative to the total amount of DNA and
the weight of the samples (Fig. 1A,B). This implies that the dif-
ference between the groups was not a consequence of larger
biopsy sample sizes or the number of cells acquired in the bi-
opsies. It should be considered whether the difference could be a
result of contamination during handling of the biopsies, from
reagents, or introduction of bacteria during the biopsy proced-
ure. However, the biopsies were collected using surgical pro-
cedures, which are put in place to avoid iatrogenic infections as a
result of contamination, and each biopsy was handled with
sterile equipment throughout. Additionally, contamination from
reagents or the environment during the DNA extraction, ampli-
fication, and sequencing were minimised and controlled for in
the pipeline, which is specifically optimised to analyse samples
with a low abundance of bacterial DNA.?*?** A recent examina-
tion of the impact of environmental contamination on the
applied pipeline from biopsy procedures and the handling of
biopsies found that potential contamination during the sampling
and handling of the samples was negligible relative to the spe-
cific signal measured in the samples, including liver biopsies.**

With an exploratory focus, we examined the liver microbiome
in completely healthy lean individuals and in healthy individuals
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with obesity. The relatively small group sizes limit the statistical
power of the study, and adjusting for multiple testing would
likely reduce the number of significant findings, but not neces-
sarily because they are false. This limitation, inherent to most
exploratory studies, demands caution regarding the interpreta-
tion of our results. It should be noted that we did not culture
liver tissue or blood, as it is not technically possible to culture
most bacteria.?® Therefore, we are not able to discern whether
the bacterial DNA in our samples reflects an indigenous living
hepatic microbiome or represents remnants of degraded bacte-
ria. Nevertheless, we found significant differences between lean
and obese individuals, and, importantly, we show a higher pro-
portion of DNA from lipopolysaccharide-carrying bacteria, which
could lead to increased hepatic inflammation. Additionally, the
study characterises the liver microbiome in hitherto unexamined
populations and corroborates the findings from a recent study of
the liver microbiome.*°

NAFLD is considered the hepatic manifestation of the meta-
bolic syndrome,>! and an increasing body of evidence suggests
that increased translocation of bacteria and bacterial products
from the gut to the liver via the portal circulation may contribute
to NAFLD pathophysiology.'>!* This seems to be promoted by an
energy-rich Western dietary pattern, which contributes to dys-
biosis of the gut, entailing a change in the composition of bacteria
in the intestinal lumen®° and disruption of the intestinal barrier
integrity.'%'"*233 Considering the position of the liver in relation
to the gut and the portal circulation, our finding of significantly
higher amounts of bacterial 16S rDNA in the livers of obese in-
dividuals supports the notion alluded to above. In the obese
group, 13 of 14 individuals had hepatic steatosis, although un-
expectedly only 7 met the criterion of NAFLD with >5% steatosis.
We suggest that the increased bacterial load in the obese group
could constitute an early risk factor in the development of NAFLD
alongside factors of the metabolic syndrome (i.e. hepatic insulin
resistance, hyperglycaemia, central obesity, hypertension, hyper-
triglyceridaemia, and low levels of HDL cholesterol®!). In line with
this, regression analyses revealed a strong correlation between
the amount of bacterial 16S rDNA copies/ng DNA in the liver
samples and FLI, which is a validated marker of NAFLD based on
BMI, waist-hip ratio, gamma-glutamyltransferase, and tri-
glycerides. However, the multifactorial aetiology of NAFLD is
underlined by the microbial profiles of the 2 lean individuals with
hepatic steatosis, which were similar to the rest of the lean group
both quantitively and qualitatively (data not shown). Additionally,
it should be stressed that we are not able to establish causality
between the prevalence of hepatic steatosis and the quantity of
bacterial rDNA in the obese group in this cross-sectional setting.

Metagenomic profiling of the liver biopsies revealed lower
alpha diversity at the phylum level in the obese group compared
with that in the lean group (Fig. 2A). Interestingly, lower species
diversity of the gut microbiome (evaluated from faecal samples)
has previously been reported in obesity,>*>° and our results could
reflect a similar association. In addition to lower alpha diversity at
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the phylum level, we found a significantly higher proportion of
Proteobacteria in the liver biopsies from obese individuals
compared with those from lean controls (Fig. 4C). As mentioned,
Proteobacteria are particularly interesting because of their mem-
brane content of lipopolysaccharides, which are known to pro-
mote hepatic inflammation and fibrosis by activating Toll-like
receptors on hepatic stellate cells and Kupffer cells.'>*® The po-
sition of the liver in relation to the portal venous system exposes it
to the highest concentration of bacteria and/or bacterial products
from the gut, and it has been proposed that the healthy liver acts
as a filter that limits the concentration of pathogenic bacterial
components in the systemic circulation.’®*’” The quantitative and
qualitative similarities of the bacterial rDNA in buffy coat between
the groups in our study supports this and illustrate that the
function seems maintained despite the presence of steatosis
(Figs. 1C and 5A,B). A longitudinal study previously identified the
presence of Proteobacteria in blood as an independent risk marker
for cardiovascular disease,® thereby corroborating the association
between this bacterial phylum and metabolic disease. Addition-
ally, another study of the blood microbiome in patients with
advanced stages of non-alcoholic fibrotic liver disease revealed
significantly higher amounts of bacterial rDNA, lower alpha di-
versity, and an overabundance of Proteobacteria in this group,
potentially as a result of impairment of normal liver function."
Interestingly, we did not find any significant changes of the
blood microbiome in our obese cohort with a high prevalence of
hepatic steatosis (i.e. the earliest stage of NAFLD). Recently, Soo-
koian et al. reported an increase of Proteobacteria in the livers of
patients with more advanced stages of liver disease.>’ Despite the
use of different techniques, our focus on early-stage NAFLD, and
the inclusion of healthy individuals in the present study, our re-
sults and those of Sookoian et al. are corroboratory, supporting a
Proteobacteria-enriched hepatic metataxonomic signature in
NAFLD. Additionally, the results indicate that obesity-related
changes in the liver microbiome are similar across different
geographical regions. In the context of the abovementioned blood
metataxonomic signatures in fibrotic liver disease, our results
suggest that obesity-associated bacterial dysbiosis occurs in the
liver at early stages of NAFLD and then may progress to the blood
at more advanced stages of the disease, potentially as a result of
impaired hepatic filtration of bacterial components.

In conclusion, we observed significantly higher amounts of
bacterial rDNA in liver biopsies from obese individuals compared
with those from healthy lean controls. Liver biopsies from the
obese group were characterised by lower alpha diversity at the
phylum level, and metagenomic profiling revealed a significantly
higher proportion of Proteobacteria in these biopsies. To our
knowledge, this is the first characterisation of the liver microbiome
in healthy humans, and we speculate that the differences between
lean and obese individuals could be a consequence of increased
bacterial translocation from the gut to the liver, perhaps consti-
tuting an early risk factor for the development of more advanced
liver disease alongside components of the metabolic syndrome.
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