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SUMMARY

Proton pump inhibitor or long-term antibiotics intake, which
have been linked to intestinal dysbiosis, are associated with
increased risk of acute liver failure in the 500,000 partici-
pants of the UK BioBank population-based cohort. In mice,
APAP intoxication prompts intestinal dysbiosis, barrier
impairment, and bacterial translocation. Dysbiotic micro-
biota of Nlrp6-/- mice induces a Ly6Chi phenotype of hepatic
monocyte-derived macrophages and amplifies acute liver
injury, a phenotype that is transferable to WT mice by fecal
microbiota transfer.
BACKGROUND & AIMS: Acute liver failure (ALF) represents an
unmet medical need in Western countries. Although the link
between intestinal dysbiosis and chronic liver disease is well-
established, there is little evidence for a functional role of
gut-liver interaction during ALF. Here we hypothesized that
intestinal dysbiosis may affect ALF.

METHODS: To test this hypothesis, we assessed the association
of proton pump inhibitor (PPI) or long-term antibiotics (ABx)
intake, which have both been linked to intestinal dysbiosis, and
occurrence of ALF in the 500,000 participants of the UK Bio-
Bank population-based cohort. For functional studies, male
Nlrp6-/- mice were used as a dysbiotic mouse model and
injected with a sublethal dose of acetaminophen (APAP) or
lipopolysaccharide (LPS) to induce ALF.

RESULTS: Multivariate Cox regression analyses revealed a
significantly increased risk (odds ratio, 2.3–3) for developing
ALF in UK BioBank participants with PPI or ABx. Similarly,
dysbiotic Nlrp6-/- mice displayed exacerbated APAP- and LPS-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2020.11.002&domain=pdf


910 Schneider et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 4
induced liver injury, which was linked to significantly reduced
gut and liver tissue microbiota diversity and correlated with
increased intestinal permeability at baseline. Fecal microbiota
transfer (FMT) from Nlrp6-/- mice into wild-type (WT) mice
augmented liver injury on APAP treatment in recipient WT
mice, resembling the inflammatory phenotype of Nlrp6-/- mice.
Specifically, FMT skewed monocyte polarization in WT mice
toward a Ly6Chi inflammatory phenotype, suggesting a critical
function of these cells as sensors of gut-derived signals
orchestrating the inflammatory response.

CONCLUSIONS: Our data show an important yet unknown
function of intestinal microbiota during ALF. Intestinal dys-
biosis was transferrable to healthy WT mice via FMT and
aggravated liver injury. Our study highlights intestinal micro-
biota as a targetable risk factor for ALF. (Cell Mol Gastroenterol
Hepatol 2021;11:909–933; https://doi.org/10.1016/
j.jcmgh.2020.11.002)

Keywords: Acute Liver Failure; Gut-Liver-Axis; Microbiota;
Dysbiosis.

cute liver failure (ALF) is a syndrome with rapidly
Abbreviations used in this paper: ABx, antibiotics; ALF, acute liver
failure; ALI, acute liver injury; ALT, alanine aminotransferase; APAP,
acetaminophen; APRI, aspartate aminotransferase to platelet ratio
index; AST, aspartate aminotransferase; BMI, body mass index; DILI,
drug-induced liver injury; FMT, fecal microbiota transfer; GLDH,
glutamate dehydrogenase; GSH, glutathione; ICD-10, International
Classification of Diseases; 10th Revision, IP; intraperitoneal, JNK; Jun
N-terminal kinase, LEfSe; linear discriminant analysis effect size, LPS;
lipopolysaccharide, MAMP; microbiota-associated molecular pattern,
MoMF; monocyte-derived macrophage, NAPQI; N-acetyl-p-benzoqui-
none imine, NASH; nonalcoholic steatohepatitis, NLRP6; NACHT, LRR
and PYD domains protein 6; NMDS, non-metric multidimensional
scaling; PBS, phosphate-buffered saline; PCR, polymerase chain re-
action; PPI, proton pump inhibitor; rDNA, recombinant DNA; TBST,
tris-buffered saline tween; WT, wild-type.
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Aprogressing hepatic dysfunction often leading to
multi-organ failure and death. According to the American
Association for the Study of Liver Diseases, ALF includes
evidence of coagulation abnormality, hepatic encephalopa-
thy in a patient without preexisting cirrhosis and with
illness <26 weeks’ duration.1 Acetaminophen (APAP)
poisoning represents the leading cause of ALF in Western
countries and remains a condition with poor outcome and
high mortality.2,3 At therapeutic doses, APAP is safely used
as an analgesic and antipyretic drug. However, intake of an
overdose can lead to ALF.4 After absorption, APAP is
metabolized in hepatocytes into its toxic metabolite N-
acetyl-p-benzoquinone imine (NAPQI), which induces
oxidative stress and finally hepatocyte death.5 Although ALF
is usually caused by consumption of an overdose of more
than 150 mg/kg, interindividual susceptibility to the hepa-
totoxic effects of APAP varies, and severe liver failure can
occur rarely when doses as low as 3–4 g/day are taken.1

This cannot be fully explained by known risk factors such
as co-consumption of alcohol, herbals, other medications,
age, and history of chronic liver disease.6–9 Thus, the dose of
APAP does not necessarily correlate with the outcome of
ALF, indicating that other environmental and host-derived
factors may influence susceptibility to APAP.10

In recent years, the reciprocal interaction between liver
and gut, termed gut-liver axis, has emerged as a field of
intense research activities. Studies revealed a close inter-
action between the 2 organs with regard to normal physi-
ology and disease. Recent studies have shown an
involvement of the gut-liver axis in various liver diseases
ranging from nonalcoholic fatty liver disease,11 alcoholic
steatohepatitis (NASH),12 to liver fibrosis13 as well as he-
patocellular carcinoma.14,15 In several studies, intestinal
dysbiosis and loss of intestinal barrier integrity have been
linked to translocation of microbiota-associated molecular
patterns (MAMPs) such as lipopolysaccharide (LPS) through
the portal vein into the liver, where they trigger inflamma-
tion via pathogen recognition receptors.16,17

Factors associated with modern Western lifestyle as well
as medication and other environmental factors contribute to
intestinal dysbiosis, which is characterized by qualitative
and quantitative changes in bacterial communities. Long-
term proton pump inhibitor (PPI) or antibiotics (ABx)
intake results in loss of taxonomic and functional microbiota
diversity and barrier impairment.18–22

Beside environmental and host-derived factors, loss of
the NACHT, LRR and PYD domains protein 6 (NLRP6)
inflammasome sensor molecule leads to disturbed intestinal
barrier function as well as changes in microbiota composi-
tion, fueling NASH progression in mice.23,24 NLRP6 is mainly
expressed in intestinal epithelial cells and regulates host
microbiota interaction at the gut mucosal surface. Loss of
NLRP6 results in intestinal dysbiosis.25,26 Therefore, Nlrp6-/-

mice are a useful tool to study how intestinal dysbiosis af-
fects host physiology.

Recent data demonstrate that activation of the innate im-
mune system after APAP-induced hepatocyte necrosis plays a
central role in perpetuating liver injury.27,28 On experimental
APAP overdose, monocyte-derivedmacrophages (MoMFs) are
recruited in a CCR2-dependent fashion and exacerbate liver
inflammation by forming dense clusters around necrotic
areas.27 Ly6Chi MoMFs in particular exert proinflammatory
functions because of their high expression of proinflammatory
cytokines and pathogen recognition receptors. On the basis of
their receptor repertoire, MoMFs are well-equipped to
respond rapidly to LPS and other gut-derived MAMPs.29

Whereas intestinal dysbiosis has been identified as an
important driver of the innate immune response fueling
progression of chronic liver diseases, insights into an
involvement of the gut-liver axis during ALF remain limited.
Here we hypothesized that intestinal dysbiosis may affect
ALF. Long-term PPI or ABx treatments are strong inducers
of intestinal dysbiosis and barrier impairment.18–20,22 We
therefore investigated the risk for developing ALF in pa-
tients with PPI or ABx intake. To test the hypothesis that gut
dysbiosis increases the risk of ALF, we performed functional
experiments using Nlrp6-/- mice. Altogether, our data show
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an important yet unknown function of the intestinal
microbiota during ALF. Intestinal dysbiosis was associated
with an increased risk for developing ALF. In mice dysbiotic
microbiota was transferrable to healthy wild-type (WT)
mice via fecal microbiota transfer (FMT) and aggravated
liver injury. Our study highlights intestinal microbiota as a
targetable risk factor for ALF.

Results
Medication With PPI or Long-term ABx
Treatment Is Associated With an Increased Risk
of Developing ALF

Long-term medication with PPI and ABx is strongly
associated with intestinal dysbiosis.18–20,30 To study the
relevance of PPI and ABx for developing ALF, we analyzed
data from the 502,511 participants of the UK BioBank
population-based study. Patients with heavy alcohol con-
sumption as well as chronic hepatitis B and C were excluded
(Figure 1A). During follow-up (mean, 9.8 years) of 39,582
patients (364,154 patient-years) with long-term PPI intake,
117 patients developed ALF (incidence, 0.03% per patient-
year), whereas during follow-up of 458,143 patients
(4,489,801 patient-years) without PPI, 433 patients devel-
oped ALF (incidence, 0.01% per patient-year). Overall, pa-
tients with long-term PPI intake showed a significantly
higher cumulative incidence of ALF compared with those
without (0.3% vs 0.1%; P < .0001). The number of partic-
ipants who reported at baseline to take long-term ABx was
markedly lower than for long-term PPI treatment
(Figure 1A), which has a considerable impact on statistical
power of the analyses. Of 594 patients with long-term ABx
intake (5821 patient-years), 20 patients developed ALF
(incidence, 0.03% per patient-year), whereas of 496,577
patients (4,866,455 patient-years) without long-term ABx,
530 patients developed ALF (incidence, 0.01% per patient-
year; Table 1). Overall, patients with long-term ABx intake
showed a significantly higher risk of ALF compared with
those without (0.3% vs 0.1%; P < .006; Table 2).

It is known that patients with PPI medication or long-
term ABx treatment may suffer from an increased number
of comorbidities31 (Table 3). To adjust for these differences,
we assessed the comorbidities by calculating the Charlson
disease severity index,32 which is commonly used to adjust
for the effect of comorbidities in hazard models. This index
includes 14 different categories of comorbidities at baseline
including different organ systems (see Materials and
Methods). In the multivariate Cox regression analysis
adjusted for Charlson index as well as known risk factors for
ALF (univariate analysis, Tables 4 and 5), long-term PPI
intake was associated with a relative risk of 1.44 (95%
confidence interval, 1.15–1.80; P ¼ .002) for developing ALF
during follow-up (mean time to event, 4 years; Figure 1B,
Table 5), and long-term ABx intake showed an increased
hazard ratio for ALF during follow-up, but hazard ratio did
not reach significance because of the low number of person-
years (Table 6). However, the odds ratio for risk of ALF was
still significant in a multivariable logistic regression model
including the Charlson comorbidity index, age, sex, body
mass index (BMI), and aspartate aminotransferase to
platelet ratio index (APRI) score (Figure 1C, Table 2).
Together, these data demonstrate that long-term medication
with PPI and ABx is associated with an increased risk for
ALF. The increase in ALF is independent of comorbidities or
known risk factors for ALF.
Lack of NLRP6 Expression Aggravates Liver
Damage in Two Independent Models of Acute
Liver Injury

To study the working hypothesis that intestinal dysbiosis
is causally linked to ALF and to identify the responsible
mechanisms, we used Nlrp6-/- mice, a well-established
mouse model of intestinal dysbiosis.24 WT and Nlrp6-/-

mice were treated with a high, acutely hepatotoxic dose of
APAP. Nlrp6-/- mice showed massive hepatocyte death
compared with WT mice 12 hours after APAP intoxication
(Figure 1D). Quantification of dead cell area by image
analysis revealed significantly enlarged zones of necrosis in
Nlrp6-/- mice compared with WT controls (Figure 1D). This
was still evident 24 hours after APAP administration
(Figure 2A). In line, Nlrp6 deficient mice showed signifi-
cantly higher serum levels of liver injury markers compared
with WT mice, eg, alanine aminotransferase (ALT)
(Figure 1E), aspartate aminotransferase (AST), and gluta-
mate dehydrogenase (GLDH) (Figure 2B).

To investigate the general implications of these findings
in a second model, we treated WT and Nlrp6-/- mice with a
sublethal dose of LPS. Similar to APAP, acute intoxication
with LPS induced exacerbated liver injury in Nlrp6-/-

compared with WT mice, as evidenced by significantly
increased serum ALT, AST, and GLDH concentrations
(Figure 2C).

To better understand aggravated liver damage in Nlrp6-/-

mice after ALF, Jun N-terminal kinase (JNK) activation was
analyzed at 3 as well as 12 hours after APAP intoxication in
Nlrp6-/- and age-matched WT controls (Figure 2D). Interest-
ingly, we did not observe differences between WT and
Nlrp6-/- mice in p-JNK levels 3 hours after APAP treatment. In
addition, JNK1 and JNK2 protein levels were also not
increased 12 hours after APAP administration (Figure 2D).
These data indicate that exacerbated liver damage in Nlrp6-/-

mice was not associated with increased JNK activation.
Next we investigated the relevance of hepatic APAP

metabolism for the observed phenotype. We determined
RNA and protein expression levels of cytochrome p450 2E1
(CYP2E1) and 1A2 (CYP1A2). Both enzymes are involved in
converting APAP into the toxic metabolite NAPQI. WT and
Nlrp6-/- animals showed equal hepatic Cyp2E1 and Cyp1A2
expression levels (Figure 1G). Also immunostaining showed
no differences in Cyp2E1 protein distribution between WT
and Nlrp6-/- livers (Figure 1F). The differences in APAP
metabolism were studied between WT and Nlrp6-/- livers;
we measured APAP and its metabolites in the systemic
circulation before as well as 30 minutes after APAP intoxi-
cation and saw the following constellation: (1) no statisti-
cally significant difference in basal glutathione (GSH)
concentrations was found between Nlrp6-/- and WT mice,
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although a nonsignificant trend toward higher GSH was seen
in the Nlrp6-/- mice (Figure 2E); (2) after APAP intoxication
GSH concentrations were significantly lower in the Nlrp6-/-

than in the WT mice, although the difference was quite small
(Figure 2E); and (3) Nlrp6-/- mice showed higher APAP GSH
adduct levels after APAP administration; however, this
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difference did not reach statistical significance (Figure 2E).
Taken together, the results indicate a slightly higher ca-
pacity of the Nlrp6-/- mice to metabolically activate APAP to
NAPQI; however, it is unlikely that these very small differ-
ences have a major impact on the extent of APAP-induced
tissue damage.
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Table 1.Baseline Characteristics of UKBioBank Participants With Long-term ABx Medication

No ABx PPI (n ¼ 496,577) Long-term ABx (n ¼ 594) P value

Characteristics
Age (y) 56.6 ± 8.1 59.9 ± 8.1 .369
Women (%) 54 55 .716
BMI (kg/m2) 27.4 ± 4.8 28.2 ± 5.8 .001
Charlson comorbidity index (units) 1.4 ± 1.0 1.7 ± 1.2 <.0001
APRI (units) 0.28 ± 0.51 0.29 ± 0.22 .473

NOTE. Statistical significance was determined by unpaired Student t test or c2 test. All significant covariates were included in
the multivariate model.
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Nlrp6-/- Mice Display an Aggravated
Inflammatory Response After APAP
Administration

Besides APAP-induced toxic injury, recruitment of in-
flammatory monocytes is an important driver of liver dam-
age.5 Previously we have demonstrated that intestinal
dysbiosis affects polarization of hepatic MoMF modulating
NASH progression.11 The contribution of intestinal dysbiosis
to the inflammatory response after APAP intoxication is un-
clear. Immunohistochemistry staining against CD45 revealed
increased leukocyte infiltration in livers of WT and Nlrp6-/-

mice 12 hours after APAP administration (Figure 3A and B).
Immunofluorescence staining of CD11b displayed a sig-

nificant almost 2-fold higher infiltration of CD11bþ cells in
Nlrp6-/- mice compared with WT controls after APAP
intoxication (Figure 3C and D). These cells formed dense
clusters in proximity to necrotic foci (Figure 3E).

APAP-Induced Shift in Microbiota Composition
Is Restricted to WT Mice

After we found increased leukocyte infiltration in
Nlrp6-/- mice upon ALF, we next concentrated on APAP-
induced ALF to characterize the functional mechanism
mediating the increased liver damage and inflammatory
response in these mice. To this end, we investigated intes-
tinal microbiota composition in WT and Nlrp6-/- mice. DNA
from cecal samples was used to generate amplicons of the
V4 hypervariable region of the 16S ribosomal RNA (rRNA)
gene, which were subsequently sequenced using Illumina
technology (San Diego, CA). Non-metric multidimensional
scaling (NMDS) analysis based on UniFrac beta diversity
metric displayed distinct clustering in WT versus Nlrp6-/-

mice (Figure 4A). In line with previous data,28 Nlrp6-/-
Figure 1. (See previous page). Intestinal dysbiosis is associa
the analyzed population. Population-based study analyzing UK
showing cumulative risks for developing ALF in patients with lon
medication. (C) Odds ratio for developing ALF in patients with P
index. (D) Representative liver histopathology (hematoxylin-eos
high-resolution liver scans of WT and Nlrp6-/- mice 12 hours af
levels after APAP (n ¼ 13) or control (n ¼ 5) treatment. (F)
representative NaCl (n ¼ 2) and APAP (n ¼ 3) treated WT and
mRNA levels of cytochromes Cyp1A2 and Cyp2E1 after NaCl (n
staining against CYP2E1 in livers of WT and Nlrp6-/- mice. (I) To
liver and 30 minutes after APAP (n ¼ 4) administration. All d
considered significant at *P < .05, **P < .01, and ***P < .001, res
respective control group.
animals in our colony harbored a significantly less diverse
microbiota indicative of intestinal dysbiosis (Figure 4C).
Nlrp6-/- microbiota diversity did not change upon ALF. In
contrast, APAP treatment induced a significant shift in
microbiota composition in WT mice (Figure 4A).

To evaluate the relative contribution of APAP treatment
on the observed differences between both groups, we per-
formed permutational multivariate analysis of variance
(adonis) considering the factor “treatment”. These analyses
revealed that about 25% of gut microbiota variability in WT
mice could be explained by treatment (Figure 4B). APAP
treatment resulted in a significant decrease in the species
richness in the microbiota of WT mice as evidenced by
different alpha diversity metrics including Shannon index
and observed species (Figure 4C). After APAP treatment
microbiota diversity of WT mice was similar to Nlrp6-/-

mice. Specifically, computational linear discriminant anal-
ysis effect size (LEfSe) analysis33 revealed a significant
expansion of the bacterial species Akkermansia muciniphila
in APAP-treated WT mice, whereas the abundance of the
phylum Firmicutes decreased. This was mainly due to a loss
of the family Lachnospiraceae (Figure 4D and E).

Altogether, these data indicate that healthy WT micro-
biota undergo a robust change upon drug-induced liver
injury (DILI) whereas this response is absent in dysbiotic
Nlrp6-/- animals. Whereas Nlrp6-/- microbiota already dis-
played characteristics of dysbiosis at baseline, WT micro-
biota changed into a dysbiotic state on APAP treatment.
APAP Intoxication Results in Intestinal Barrier
Impairment

Recent data highlighted the importance of an intact in-
testinal microbiota in maintaining intestinal barrier
ted with increased risk and severity of ALF. (A) Overview of
BioBank participants. (B) Multivariate Cox regression analysis
g-term ABx or PPI medication compared with patients without
PI or ABx. Corrected for age, sex, APRI, Charlson comorbidity
in staining) showing necrotic areas, which were quantified on
ter treatment (n ¼ 6). (E) Liver injury assessed by serum ALT
Cytochrome Cyp2E1 protein expression in liver samples of
Nlrp6-/- mice. (G) Quantitative PCR of liver samples showing
¼ 5) or APAP treatment (n ¼ 13). (H) Immunohistochemistry

tal hepatic GSH levels (pmol/mg liver tissue) in control (n ¼ 7)
ata are presented as mean ± standard error of mean and
pectively (unpaired Student t test). *Significantly different from



Table 2.Risk Factors for ALF: Results of Multivariate Logistic Regression Analysis in the UKBioBank Cohort

Adjusted odds ratio 95% Confidence interval P value

Long-term ABx intake 3.00 1.37-6.70 .006

Female sex 2.20 1.98–2.44 <.0001

BMI (per 1 kg/m2) 1.04 1.02–1.05 <.0001

APRI (per unit) 1.03 1.02–1.04 <.0001

Charlson comorbidity index (per unit) 1.95 1.86–2.03 <.0001

NOTE. Boldface highlights antibiotic treatment.
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integrity in the context of NASH and ASH,11,12 whereas its
implication for ALF is unclear. APAP intoxication often leads
to multi-organ failure, which dictates disease outcome. We
hypothesized that ALF may negatively affect intestinal bar-
rier integrity and promote systemic bacterial translocation.

To assess the impact of APAP intoxication on the intes-
tine, we investigated the gut epithelium. H&E-stained tissue
sections did not reveal obvious differences between the
different groups (Figure 5). However, specific immunofluo-
rescence staining against the tight junction protein zonula
occludens-1 revealed a marked reduction of colon zonula
occludens-1 expression on APAP treatment (Figure 6A). In
line, Western blot analyses of ileum tissue homogenates
showed a significant suppression of the tight junction pro-
tein occludin on APAP treatment in both WT and Nlrp6-/-

mice (Figure 6B and C). Because APAP treatment resulted in
an expansion of the bacterial species Akkermansia mucini-
phila (Figure 4D), which has been linked to intestinal mucus
production,34 colonic mucus layers were investigated in
more detail. Interestingly, Carnoy’s-fixed colon specimen
revealed a marked increase in thickness of colonic mucus
layers in WT mice, whereas this response did not appear in
Nlrp6-/- mice (Figure 6D and E).

Using fluorescence in situ hybridization probes against
eubacteria, we next investigated the relation of microbiota,
mucus layers, and intestinal epithelium (Figure 6D). We
found bacteria in the upper mucus layers of WT and Nlrp6-/-

animals, with close proximity to intestinal epithelial cells in
Nlrp6-/- mice because of reduced mucus thickness
(Figure 6D and E). Of note, neither WT nor Nlrp6-/- mice
harbored bacteria below the epithelium.

Finally, to assess whether impaired tight junction
expression results in loss of barrier function, we measured
fecal albumin concentrations by enzyme-linked immuno-
sorbent assay. Here, NaCl-treated Nlrp6-/- mice already
displayed clear signs of an impaired intestinal barrier as
Table 3.Baseline Characteristics of UKBioBank Participants W

No long-term PPI (n ¼
Characteristics

Age (y) 56.3 ± 8.1
Women (%) 54
BMI (kg/m2) 27.3 ± 4.7
Charlson comorbidity index (units) 1.4 ± 1.0
APRI (units) 0.28 ± 0.51

NOTE. Statistical significance was determined by unpaired Stud
the multivariate model.
evidenced by about 3-fold increase in fecal albumin con-
centrations (Figure 6F). On APAP treatment WT mice dis-
played a significant increase in fecal albumin
concentrations, whereas a further increase was not
observed in Nlrp6-/- mice (Figure 6E).

Together, these data demonstrate that in WT mice APAP
intoxication triggered marked changes in microbiota
composition, followed by loss of intestinal barrier integrity.
In contrast, intestinal dysbiosis in Nlrp6-/- mice was asso-
ciated with intestinal barrier impairment at baseline, which
did not worsen 12 hours after APAP intoxication.
Intestinal Barrier Impairment Prompts Bacterial
Translocation and Shapes Hepatic Tissue
Microbiota

To further investigate the impaired barrier function and
bacterial translocation on APAP treatment, we next isolated
liver bacterial DNA and measured total 16 recombinant DNA
(rDNA) copies/mg liver tissue by using an optimized pro-
tocol of purification and amplification.35,36 These analyses
showed a significant increase in total bacterial DNA in both
APAP-treated Nlrp6-/- and WT mice. LPS levels were
significantly increased in portal serum of APAP-treated
Nlrp6-/- mice compared with WT mice (Figure 5C). Howev-
er, we did not observe significantly higher levels of bacterial
DNA in Nlrp6-/- mice compared with WT controls
(Figure 7A). On the basis of these data we hypothesized that
not only the amount of bacterial rDNA but rather specific
bacteria and microbiota composition might augment the
inflammatory response on APAP intoxication. We therefore
studied the taxonomic profiles, alpha and beta diversity of
the bacterial DNA by 16s targeted metagenomic sequencing
in regard to the inflammatory response upon APAP treat-
ment. At baseline, tissue microbiota composition of Nlrp6-/-

mice displayed significantly reduced alpha diversity
ith Long-term PPI Medication

458,143) Long-term PPI (n ¼ 39,582) P value

59.9 ± 7.1 <.0001
55 .213

29.4 ± 5.2 <.0001
2.0 ± 1.1 <.0001

0.29 ± 0.23 <.0001

ent t test or c2 test. All significant covariates were included in



Table 4.Risk Factors for ALF: Results of Univariate Cox Proportional Hazard Analysis in the UKBioBank Cohort

Unadjusted hazard ratio 95% Confidence interval P value

Long-term PPI intake 3.2 2.6–3.9 <.0001
Female sex 2.2 1.8–2.6 <.0001

BMI (per 1 kg/m2) 1.07 1.06–1.09 <.0001

APRI (per unit) 1.03 1.02–1.04 <.0001

Charlson comorbidity index (per unit) 2.8 2.7–2.9 <.0001

Age (per year) 1.05 1.04–1.06 <.0001
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compared with WT control mice (Figure 7B). This finding
was interesting because we also saw significantly reduced
gut microbiota diversity in Nlrp6-/- mice compared with WT
controls, where reduced diversity has been linked to intes-
tinal dysbiosis25 (Figure 4C). APAP-induced liver injury was
followed by a significant reduction of hepatic microbiota
diversity in WT mice, which was again similar to gut
microbiota, whereas it only slightly decreased in Nlrp6-/-

mice (Figures 7B and 4C).
Next we performed beta diversity analyses based on the

generalized UniFrac distances to further discriminate
whether microbiota composition based on hepatic 16s rDNA
profiles differs between WT and Nlrp6-/- mice. Whereas WT
and Nlrp6-/- liver microbiota showed moderate shift in the
NaCl-treated control mice, this difference disappeared on
APAP treatment (Figure 7C). APAP intoxication resulted in a
marked decrease of phylum Firmicutes, which was mainly
due to a loss in the genus Lachnospiraceae NK4A136 in both
WT and Nlrp6-/- mice (Figure 7D), again resembling the
pattern observed in gut microbiota. In LEfSe analysis the
genus Lachnospiraceae NK4A136 could be confirmed as the
most differentially abundant genus between NaCl- and
APAP-treated WT mice (linear discriminant analysis score
–4.8; Figure 5D).

We finally asked whether the abundance of certain bac-
teria is linked to the severity of liver injury. Interestingly,
hepatic Clostridiales (family level) proportions were low but
significantly higher in APAP-treated Nlrp6-/- mice compared
with WT controls and showed a strong correlation with
GLDH serum levels (r¼ 0.82, P¼ .0064) (Figures 7E and 5B).

Together, these data demonstrate that Nlrp6-/- mice
show baseline differences in gut microbiota configuration,
which are reflected in hepatic tissue microbiota. Alter-
ations in hepatic tissue microbiota could be linked to liver
injury.
Table 5.Risk Factors for ALF: Results of Multivariate Cox Prop

Adjusted hazard r

Long-term PPI intake 1.44

Female sex 1.80

BMI (per 1 kg/m2) 1.03

APRI (per unit) 1.03

Charlson comorbidity index (per unit) 2.70
FMT From Nlrp6-/- Mice Into WT Mice Changes
Their Gut Microbiota Toward a Nlrp6-/-

Phenotype
We subsequently assessed the causal role of Nlrp6-/-

microbiota for the outcome of ALF. To this end, repetitive
FMTs of Nlrp6-/- microbiota into WT mice were performed
for 2 weeks before ALF induction (Figure 8A). The effect of
FMT on gut microbiota was studied by using bacterial DNA
isolated from cecal stool samples. Bacterial DNA was
sequenced on an Illumina platform, and structures of mi-
crobial communities were compared on their phylogenetic
content by UniFrac.

Interestingly, NMDS analyses based on UniFrac distances
revealed that WT mice treated with microbiota of Nlrp6-/-

mice (WTFMT(Nlrp6-/-)) formed a separate cluster close to
Nlrp6-/- mice in the NMDS graph, which was significantly
different from WT animals (Figure 8B). In contrast, micro-
biota composition of WT control mice treated with WT
microbiota (WTFMT(WT)) clustered together with WT mice
(Figure 8B). These data demonstrated that WT mice
partially adopted the microbiota of NLRP6 deficient animals
after FMT. These changes were not due to the FMT pro-
cedure itself, because the transfer of WT microbiota did not
significantly change microbial community structure in WT
mice.
Increased ALF Severity Is Transmissible to WT
Animals via FMT

To investigate the effect of Nlrp6-/--associated microbiota
on the outcome of DILI in WTFMT(Nlrp6-/-) mice, DILI was
induced after FMT and followed by comprehensive analyses
of the liver phenotype. Strikingly, FMT resulted in a signif-
icant increase in hepatic centrilobular necrosis in
WTFMT(Nlrp6-/-) compared with WT mice after APAP
ortional Hazard Analysis in the UKBioBank Cohort

atio 95% Confidence interval P value

1.15–1.80 .002

1.49–2.16 <.0001

1.02–1.05 <.0001

1.02–1.04 <.0001

2.57–2.83 <.0001



Table 6.Risk Factors for ALF: Results of Multivariate Cox Proportional Hazard Analysis in the UKBioBank Cohort

Adjusted hazard ratio 95% Confidence interval P value

Long-term ABx intake 2.31 0.56–9.01 .24

Female sex 1.78 1.46–2.14 <.0001

BMI (per 1 kg/m2) 1.04 1.02–1.05 <.0001

APRI (per unit) 1.03 1.02–1.04 <.0001

Charlson comorbidity index (per unit) 2.76 2.63–2.89 <.0001
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treatment (Figure 8C). After FMT, WTFMT(Nlrp6-/-) animals
presented similar sizes of hepatic necrosis as found in
Nlrp6-/- mice (Figure 8C). Liver histology translated into
transaminase levels, showing increased ALT and AST levels
in WTFMT(Nlrp6-/-) compared with WTFMT(WT) animals
(Figure 8D); however, because of high variance this differ-
ence did not reach statistical significance. Importantly,
necrotic area size remained unchanged in WTFMT(WT)

compared with WT mice (Figure 8C), demonstrating that the
observed phenotype was not due to the FMT procedure it-
self. Together these data demonstrate that increased
severity of ALF is transmissible to WT mice via FMT.

Gut microbiota may influence Cyp2E1 expression and/
or hepatic GSH levels and thus APAP metabolism.37 How-
ever, also the inflammatory response after APAP adminis-
tration is a key driver of subsequent liver damage.5 Both
mechanisms are important for the extent of liver damage
after APAP intoxication. We therefore assessed the impact
of the dysbiotic Nlrp6-/- microbiota on hepatic APAP meta-
bolism. First, we analyzed Cyp2E1 protein levels by im-
munostaining in WT littermate mice treated with WT or
Nlrp6-/- microbiota. No differences in Cyp2E1 staining be-
tween WT and Nlrp6-/- mice before or 30 minutes after
APAP treatment were observed (Figure 8E, Figure 9A).
Moreover, we could not detect significant differences be-
tween hepatic GSH levels in WT mice treated with WT or
Nlrp6-/- microbiota before or after APAP treatment
(Figure 8F). WTFMT(Nlrp6-/-) displayed a slightly increased
GSH depletion compared with WTFMTWT) mice. Together,
these data demonstrate that FMT only had a very small
influence on APAP metabolism.
Liver Injury Upon FMT of Nlrp6-/- Microbiota Is
Orchestrated by Ly6Chi Inflammatory Monocytes

Increased liver damage in Nlrp6-/- mice was linked to a
stronger hepatic inflammatory response. Thus, we investi-
gated the effect of FMT on the innate immune response in
the liver. Strikingly, FMT of Nlrp6-/- microbiota strongly
influenced infiltration of CD11bþ inflammatory cells, clus-
tering in close proximity to hepatic necrosis (Figure 10A).
Quantification of immunofluorescence staining against
CD11b revealed a significant increase of CD11bþ cells in
WTFMT(Nlrp6-/-) compared with WTFMT(WT) mice
(Figure 10B). To further characterize the inflammatory in-
filtrates, we performed flow cytometry analyses of all
groups of mice. These analyses revealed a pronounced
infiltration of MoMFs (defined as CD11bhiF4/80low) in
WTFMT(Nlrp6-/-) compared with WTFMT(WT). Transfer of the
dysbiotic Nlrp6-/- community promoted an inflammatory
Ly6Chi polarization of freshly infiltrated monocytes
(Figure 10C). Accordingly, the frequency of MoMFs with
high expression of Ly6C was significantly higher in
WTFMT(Nlrp6-/-) compared with WTFMT(WT) mice
(Figure 10D). Although transfer of WT microbiota into
WT mice (WTFMT(WT) control) did not result in increased
MoMF abundance compared with untreated WT mice,
Nlrp6-/-FMT(Nlrp6-/-) displayed significantly increased MoMFs
compared with untreated Nlrp6-/-, indicating that in the
absence of NLRP6 the FMT procedure itself may aggravate
intestinal dysbiosis in these mice and fuel the inflammatory
response (Figure 10B and C).

Collectively, these data demonstrate that increased
severity of ALF in Nlrp6-/- animals is transmissible to WT
animals via FMT. Transfer of dysbiotic Nlrp6-/- microbiota
skewed MoMF polarization in WT mice toward a Ly6Chi

inflammatory phenotype. Hence, after FMT, WTFMT(Nlrp6-/-)

mice resemble the hepatic inflammatory phenotype of
Nlrp6-/- animals.
Broad-Spectrum ABx Treatment Equalizes Liver
Injury in WT and Nlrp6-/- Mice

Nlrp6-/- mice demonstrated increased susceptibility to-
ward APAP-induced liver injury. This susceptibility was
transmissible to WT mice via FMT. To better dissect the
impact of NLRP6 on microbiota from other potential NLRP6-
mediated mechanisms, we depleted gut microbiota with
broad-spectrum ABx in drinking water. WT and Nlrp6-/-

mice received ABx water for 2 weeks before APAP admin-
istration. After antibiotic treatment, WT and Nlrp6-/- mice
formed a common cluster in the NMDS graph based
on UniFrac distances. ABx treatment explained a large
fraction of about 58% of gut microbiota variability (adonis,
R ¼ 0.58, ***) (Figure 10E). Shannon diversity was signifi-
cantly reduced in WT control mice without ABx treatment
compared with ABx-treated WT mice. Differences in
Shannon diversity between the genotypes and treatment
groups disappeared on ABx treatment (Figure 10F). Inter-
estingly, ABx treatment equalized liver injury between
WT and Nlrp6-/- mice, which was reflected in necrosis
formation and liver transaminase levels (Figure 10G, H and
I). Nlrp6-/- mice on ABx even showed a trend toward lower
liver injury as evidenced by GLDH and a lower liver-to-
bodyweight ratio (Figure 10I and J).
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Together with the FMT experiments, these data
demonstrate that increased susceptibility toward APAP-
induced ALF of Nlrp6-/- mice compared with WT mice is
mediated by the gut microbiota.
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Discussion
ALF is a condition with poor outcome, rapid progression,

and high mortality.6,38,39 APAP intoxication is one of the
leading causes of ALF, and strong differences in
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Figure 3. NLRP6 modu-
lates the inflammatory
response after APAP
administration. (A) Immu-
nohistochemistry staining
against CD45 and (C)
immunofluorescent stain-
ing against CD11b in livers
of WT and Nlrp6-/- mice on
12-hour NaCl (control) or
APAP challenge. (B) Cor-
responding quantitative
analysis of CD45 positive
stained cells in livers of WT
and Nlrp6-/- mice upon 12
hours of treatment (Con-
trol: n ¼ 2, APAP: n � 6).
(D) Quantification of
CD11b positive stained
cells in livers of WT and
Nlrp6-/- mice (Control: n ¼
3, APAP: n � 10). (E)
Exemplary immunofluo-
rescent staining against
CD11b on frozen liver
sections depicting a
necrotic area. All data are
presented as mean ±
standard error of mean and
considered significant at
*P < .05, **P < .01, and
***P < .001, respectively
(unpaired Student t test).
*Significantly different from
respective control group.
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susceptibility to the hepatotoxic effect of APAP have been
reported.40,41 Together, these data point to host-derived
and environmental factors modulating host susceptibility
to APAP. Intestinal microbiota is a host-environmental
interface that serves important regulatory functions
in immunity and metabolism.25 Although unfavorable
intestinal microbiota may drive various chronic liver
Figure 2. (See previous page). Nlrp6-/- do not show increase
(A) Quantitative measurement of necrotic areas on high-resolutio
after treatment. (B) Liver injury assessed by serum AST and G
treatment. (C) Liver injury assessed by serum AST, ALT, and LDH
5) mice. (D) Western blot analysis of JNK1 and JNK2 protein in
APAP treatment. (E) High-performance liquid chromatography a
(n ¼ 4) 30 minutes after APAP administration. All data are pre
significant at *P < .05, **P < .01, and ***P < .001, respectively (u
control group. AILI, acetaminophen-induced liver injury; NAC, N
diseases,11–13 data on the role of the gut-liver axis and
intestinal dysbiosis for ALF remain limited.

Because ALF is a rare condition, it is challenging to study
the influence of intestinal dysbiosis on ALF susceptibility.
The ideal study would require data on microbiota before the
onset of ALF because liver failure by itself may strongly
shape microbiota composition. However, such a prospective
d apoptosis, JNK activation, or altered APAP metabolism.
n liver scans of WT (n ¼ 3) and Nlrp6-/- mice (n ¼ 3) 24 hours
LDH levels after 12-hour APAP (n ¼ 13) or control (n ¼ 5)
levels 6 hours after LPS injection in WT (n ¼ 6) or Nlrp6-/- (n ¼
WT and Nlrp6-/- mice 12 hours and 3 hours after control or

nalysis of APAP serum metabolites in WT (n ¼ 4) and Nlrp6-/-

sented as mean ± standard error of mean and considered
npaired Student t test). *Significantly different from respective
-acteylcysteine; TP, time point.
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Figure 4. APAP-induced shift in microbiota composition is restricted to WT mice. (A) NMDS analyses based on UniFrac
beta diversity metric from cecal stool samples of WT and Nlrp6-/- mice 12 hours after NaCl (n ¼ 5) or APAP (n � 6) injection.
Every point represents cecal microbiota composition of 1 mouse. Similar microbiota composition is reflected in closer ordi-
nation. (B) Permutational multivariate analysis of variance (adonis) considering the factors genotype and treatment. (C)
Shannon diversity of microbiota species in cecum stool of WT and Nlrp6-/- mice taken after 12 hours of NaCl (WT: n ¼ 5,
Nlrp6-/-: n ¼ 5) or APAP (WT: n ¼ 8, Nlrp6-/-: n ¼ 6) treatment. (D) Computational LEfSe analysis comparing NaCl-treated with
APAP-treated WT mice. (E) Relative abundance of Lachnospiraceae and Firmicutes in WT and Nlrp6-/- mice. All data are
presented as mean ± standard error of mean and considered significant at *P < .05, **P < .01, and ***P < .001, respectively
(unpaired Student t test). *Significantly different from respective control group. OTU, operational taxonomic unit.
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population-based study including microbiota samples for a
sufficiently large number of patients does not exist. There is
strong evidence on the basis of clinical as well as preclinical
data highlighting long-term medication with PPI or ABx as a
strong inducer of intestinal dysbiosis and barrier
impairment.18–21,30 Therefore, we used PPI and ABx intake
as surrogate markers of intestinal dysbiosis. We are aware
that there are limitations for this approach because patients
with PPI or long-term ABx may have various comorbidities
affecting the risk for ALF. We therefore calculated the
Charlson comorbidity index, which accounts for multiple
comorbidities including all main organ systems and espe-
cially liver disease.32 Because chronic liver disease is a
major risk factor for ALF, we also calculated APRI as a
serum biomarker for chronic liver disease. After excluding
patients with heavy alcohol consumption as well as viral
hepatitis and correcting for age, gender, APRI, and Charlson
comorbidity index, medication with PPI was associated with
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Figure 5. APAP treatment results in intestinal barrier impairment and shapes hepatic tissue microbiota. (A) Repre-
sentative ileum and colon histology (hematoxylin-eosin staining) of WT and Nlrp6-/- mice 12 hours after APAP administration.
(B) Hepatic abundance of Clostridiaceae DNA after 12 hours of NaCl (WT: n ¼ 6, Nlrp6-/-: n ¼ 6) or APAP (WT: n ¼ 5, Nlrp6-/-:
n ¼ 5) challenge. (C) LPS concentrations in portal serum of control (WT: n ¼ 4, Nlrp6-/-: n ¼ 4) and APAP-treated (WT: n ¼ 6,
Nlrp6-/-: n ¼ 6) WT and Nlrp6-/- mice. (D) Computational LEfSe analysis comparing hepatic microbiota composition of NaCl-
treated with APAP-treated WT mice. All data are presented as mean ± standard error of mean and considered significant at *P
< .05, **P < .01, and ***P < .001, respectively (unpaired Student t test). *Significantly different from respective control group.
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Figure 6. Intestinal barrier impairment on APAP challenge. (A) Representative immunofluorescence of colon of WT and
Nlrp6-/- mice staining against zonula occludens-1. (B) Western blot analyses and (C) quantification of occludin protein
expression in ileum of representative WT and Nlrp6-/- mice after 12 hours of NaCl (n ¼ 3) or APAP (n ¼ 5) treatment. (D) Colonic
mucus layers and bacterial colonization shown by immunofluorescent staining against Muc2 and fluorescence in situ hy-
bridization using EuBac-probe for eubacteria in colon of WT and Nlrp6-/- mice. (E) Enzyme-linked immunosorbent assay of
fecal albumin concentrations in freshly collected fecal pellets from APAP-treated WT (n ¼ 9) and Nlrp6-/- (n ¼ 7) mice and
controls (WT: n ¼ 4, Nlrp6-/-: n ¼ 3). (F) Quantitative analysis of thickness of colonic mucus layers in immunofluorescent
stainings (NaCl: WT: n ¼ 4, Nlrp6-/-: n ¼ 2; APAP: WT: n ¼ 3, Nlrp6-/-: n ¼ 5) 24 hours after APAP administration. All data are
presented as mean ± standard error of mean and considered significant at *P < .05, **P < .01, and ***P < .001, respectively
(unpaired Student t test).
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1.4-fold increase in risk of ALF in our multivariate model.
However, this population-based study is limited in that we
cannot exclude that differences in the patient population
that have not been fully captured in the statistical model
may explain the observed association. On the basis of this
analysis we aimed to test the hypothesis whether intestinal
dysbiosis is causally involved in ALF and continued our
analyses using mouse models of ALF.
Similar to what has been described in patients with
PPI or ABx medication, NLRP6-deficient mice displayed
intestinal dysbiosis reflected in reduced microbiota di-
versity, lack of beneficial bacteria (eg, Lachnospiraceae),
as well as barrier impairment.25,42–44 Hence, these mice
were used as an appropriate model to study whether
intestinal dysbiosis may modulate host susceptibility to
ALI.
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Figure 7. Intestinal barrier impairment prompts bacterial translocation and shapes hepatic tissue microbiota. (A) He-
patic 16s rDNA copies/mg liver tissue of NaCl (WT: n ¼ 6, Nlrp6-/-: n ¼ 6) or APAP (WT: n ¼ 5, Nlrp6-/-: n ¼ 5) treated mice. (B)
Hepatic bacterial DNA alpha diversity (Chao1 index) in control (n ¼ 6) or APAP (n ¼ 5) treated Nlrp6-/- and WT mice. (C) Hepatic
16s rDNA microbiota profiles of WT and Nlrp6-/- mice shown by ordination plots based on generalized UniFrac distances.
Every dot represents 1 mouse. (D) Hepatic abundance of LachnospiraceaeNK4A136 and Firmicutes DNA after 12 hours of
NaCl (WT: n ¼ 6, Nlrp6-/-: n ¼ 6) or APAP (WT: n ¼ 5, Nlrp6-/-: n ¼ 5) challenge. (E) Relative abundance of hepatic Clos-
tridiaceae DNA correlates with serum GLDH levels (Spearman). All data are presented as mean ± standard error of mean and
considered significant at *P < .05, **P < .01, and ***P < .001, respectively (unpaired Student t). *Significantly different from
respective control group.
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Nlrp6-/- mice showed more severe APAP as well as LPS-
induced liver injury compared with WT mice. To uncouple
the role of the dysbiotic microbiota of these mice from a
potential influence of the constitutive Nlrp6 knockout, we
performed FMT experiments. Strikingly, on transfer of the
dysbiotic community, liver injury in the recipient WT mice
was similar to Nlrp6-/- mice. To further uncouple microbiota-
dependent from potential microbiota-independent functions
of NLRP6, we depleted the gut microbiota of WT and Nlrp6-/-

mice with broad-spectrum ABx. Importantly, this treatment
equalized liver injury between WT and Nlrp6-/- mice, which
then showed even less liver injury compared with ABx-
treated WT mice. Together, these data demonstrate that
microbiota-dependent functions in Nlrp6-/- mice account for
increased susceptibility toward ALI.
Next we assessed the molecular mechanisms by which
gut microbiota affect ALF. We studied microbiota composi-
tion, gut epithelium, and barrier function in WT and Nlrp6-/-

mice before and after APAP intoxication.
At baseline, Nlrp6-/- mice revealed pronounced reduction

in microbiota alpha diversity and intestinal barrier function.
Interestingly, reduced microbiota diversity in Nlrp6-/- mice
was reflected in the liver microbiota signature, showing the
intimate interaction between gut and liver. Dysbiotic
Nlrp6-/- mice displayed a markedly reduced rDNA abun-
dance of Lachnospiraceae NK4A136 in gut and liver, which
was among the most abundant taxa in WT mice. Interest-
ingly, recent data associated hepatic abundance of Lachno-
spiraceae NK4A136 DNA with protection against liver
inflammation.45 Lachnopiraceae have the important ability
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to form secondary bile acids by 7a-dehydroxylation and
thus serve immune regulatory functions via bile acid
mediated signaling pathways.46,47 In WT mice, the APAP-
induced loss of gut microbiota alpha diversity was
A
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E F
paralleled by a decrease in the hepatic microbiota diversity,
linked to intestinal barrier impairment and increased
translocation of bacterial DNA. On the basis of our current
data, it is tempting to speculate whether loss of gut-
B



Figure 9. FMT does not affect hepatic Cyp2E1 expression.
(A) Immunohistochemistry staining against CYP2E1 of whole
liver scans of WT mice treated with WT microbiota (FMT(WT))
or Nlrp6-/- microbiota (FMT(Nlrp6-/-)) before and 30 minutes
after APAP treatment.
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microbiota diversity in patients on APAP intoxication may
have prognostic implications.

In line with another recent study,48 we observed an
expansion of the bacterium Akkermansia muciniphila, which
was accompanied by an increased thickness of colonic mucus
layers. Protective functions for intestinal barrier integrity have
been suggested in metabolic syndrome49,50 and nonalcoholic
fatty liver disease.11 Future studies involving colonization
experiments are needed to further define its role in ALI.

Recent data demonstrate that microbiota control hepatic
metabolism via the cytochrome P450 system.51 At thera-
peutic doses, APAP is metabolized mainly by glucur-
onidation and sulfation, but overdoses are metabolically
activated, mainly via Cyp2E1 enzyme, into the highly
Figure 8. (See previous page). Increased severity of DILI is tr
setup: FMT was performed from WT to WT and Nlrp6-/- to WT a
with fresh Nlrp6-/- or WT feces every 48 hours via oral gavage fo
kg) or NaCl, and were analyzed 12 hours after injection. (B) NMD
microbiota composition in cecal stool samples taken after 12 ho
well as FMT-treated WT and Nlrp6-/- mice. (C) Representative
areas and inflammation in 12-hour NaCl (Control) challenged an
APAP challenged WT and Nlrp6-/- mice. Quantitative measurem
Nlrp6-/- (n ¼ 6) and FMT-treated WT and Nlrp6-/- mice (n � 4) aft
serum ALT and AST levels of 12-hour APAP challenged WT, N
FMT-treated Nlrp6-/-FMT(Nlrp6-/-) mice (n ¼ 6). (E) Immunohistoch
minutes after APAP injection. (F) Total GSH levels in liver tissue
presented as mean ± standard error of mean and considered s
(unpaired Student t test).
reactive intermediate NAPQI, which is normally detoxified
by GSH.38 After GSH depletion, NAPQI binds to cellular and
mitochondrial proteins, leading to oxidative stress, mito-
chondrial dysfunction, and finally cell death culminating in
liver inflammation and hepatic injury.5

To assess whether APAP metabolism was different in
Nlrp6-/- mice, we performed analyses of APAP as well as its
metabolites in the blood. Nlrp6-/- mice displayed a trend
toward higher GSH levels and increased GSH depletion
compared with WT mice, which was in line with increased
liver damage observed in these mice. However, differences
in GSH levels of Nlrp6-/- mice were not recapitulated in
WTFMT(Nlrp6-/-) mice, suggesting that changes in APAP
metabolism are not essential to explain increased liver
damage upon microbiota transfer.

NAPQI toxicity as well as the resulting innate immune
response contribute to ALI, and therefore dissecting the
impact of both mechanisms is highly relevant for under-
standing the pathogenesis of ALI and ultimately for defining
novel molecular therapeutic targets.5,38 In our study,
Nlrp6-/- associated microbiota prompted increased infiltra-
tion and a Ly6Chi phenotype of infiltrating MoMFs, which
are essential drivers of DILI. Interestingly, genome-wide
transcriptional profiling demonstrated that microbiota
depletion by ABx treatment dampened the expression of
innate immune response genes in macrophages.52 Similarly
a recent study demonstrated that differences in composition
and function of gut microbial communities contribute to
interindividual variation in cytokine responses to microbial
stimulation.53 Correspondingly, we have shown that hepatic
MoMFs of mice treated with broad-spectrum ABx displayed
increased expression of markers associated with restorative
macrophage function.11

These data suggest that constant diffusion of microbiota-
derived products into the bloodstream calibrate the activa-
tion threshold of macrophage-mediated innate immunity.
Similarly, in the context ALF, LPS, and other MAMPs might be
involved in the basal tuning of the immune system because
mice resistant to LPS/toll-like receptor 4 signaling are
partially protected against ALF.54,55 Accordingly, WT mice
transplanted with dysbiotic Nlrp6-/- microbiota presented
significantly increased infiltration of MoMF, which displayed
proinflammatory Ly6Chi polarization. Together, these data
point to the relevance of the gut-liver axis during ALI and
identify MoMF as important sensors of gut derived signals.
ansmissible to wild-type animals via FMT. (A) Experimental
s well as Nlrp6-/- animals. WT and Nlrp6-/- mice were treated
r 2 weeks, fasted 12 hours before injection of APAP (500 mg/
S analysis based on UniFrac beta diversity metric displaying
urs of NaCl or APAP treatment from WT and Nlrp6-/- mice as
liver histology (hematoxylin-eosin staining) showing necrotic
d either non–FMT-treated or with Nlrp6-/- feces FMT-treated
ent of necrotic areas on high-resolution liver scans of WT,

er 12 hours of APAP treatment. (D) Liver damage indicated by
lrp6-/- (n ¼ 13), WTFMT(Nlrp6-/-) (n ¼ 6), WTFMT(WT) (n ¼ 4), and
emistry staining against CYP2E1 in mouse livers before or 30
before or 30 minutes after APAP injection (n ¼ 4). All data are
ignificant at *P < .05, **P < .01, and ***P < .001, respectively
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APAP intoxication often leads to multi-organ dysfunction
with systemic complications. Interestingly, patients who
have undergone liver transplantation for APAP-induced
liver injury have a worse prognosis compared with those
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with other etiologies.56 Toxic effects beyond the liver may
explain this. In our study APAP intoxication resulted in loss
of microbiota diversity, intestinal barrier impairment, and
translocation of 16s rDNA in WT mice, which may critically
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contribute to the development of multi-organ dysfunction.
Although our current study mainly focuses on the role of
microbiota in the early phase of APAP-induced liver injury,
it will be equally important to investigate whether changes
in microbiota composition and intestinal barrier function
may determine the short-term outcome of ALF.

In summary, we describe an important yet unknown
function of the intestinal microbiota during ALF. Intestinal
dysbiosis, as seen in Nlrp6-/- mice and transferrable to
healthy WT controls via FMT, rendered these mice suscep-
tible to ALF. Specifically, transfer of dysbiotic microbiota
skewed monocyte polarization in WT mice toward a Ly6Chi

inflammatory phenotype, suggesting a critical function of
these cells as sensors of gut-derived signals orchestrating
the hepatic inflammatory response.

Our current study identifies gut microbiota as a poten-
tially modifiable risk factor of ALF. Moreover, we demon-
strate that ALF itself alters gut microbiota composition,
leading to gut barrier impairment and bacterial trans-
location, thereby providing the basis for further trans-
lational studies aiming to better define gut-liver crosstalk in
patients with ALF.

Materials and Methods
In Vivo Experiments

All animal experiments were approved by the appro-
priate German authorities (LANUV, Recklinghausen, North
Rhine-Westphalia, Germany; Az 84-02.04.2012.A260 to C.T.,
Az 84-02.04.2017.A327 to C.T., Az 84-02.04.2016.A279). All
animals received humane care according to the criteria
outlined in the “Guide for the Care and Use of Laboratory
Animals” prepared by the National Academy of Sciences and
published by the National Institutes of Health (NIH publi-
cation 86-23 revised 1985). C57BL/6J WT and Nlrp6 defi-
cient (Nlrp6-/-) mice (C57BL/6J background) were housed
in the same conditions in individually ventilated cages with
free access to a standard food diet and water. Mouse lines
for WT and Nlrp6-/- mice were created from an initial het-
erozygous Nlrp6þ/- breeding pair. Homozygous offspring of
this line were used to create individual WT and Nlrp6-/-

breeding. These lines were held in individually ventilated
cages in the same room of our animal facility. To avoid
transmission of the dysbiotic Nlrp6-/- microbiota to WT
Figure 10. (See previous page). Liver injury on FMT of Nlr
monocytes. (A) Immunofluorescence staining against CD11b
samples of WT and Nlrp6-/- mice either with (n � 3) or without
Quantification of MoMFs (defined as CD11bhiF4/80low) as perce
WT: n ¼ 10, Nlrp6-/-: n ¼ 11) or FMT(Nlrp6-/-)-treated (þFMT, W
fluorescence-activated cell sorter analysis. (D) Flow cytometry
WTFMT(WT) (n ¼ 4) or WTFMT(Nlrp6-/-) (n ¼ 7) mice after 12-hour
diversity metric. Every point represents cecal microbiota compo
in closer ordination. (F) Microbiota alpha diversity shown by Sha
without (WT/Nlrp6-/-: n � 5) and with (WT NaCl: n ¼ 2; WT AP
sentative liver histology showing necrotic areas and inflamma
necrotic areas on high-resolution liver scans of APAP-treated W
Liver injury assessed by serum ALT and GLDH levels after APA
ABx-treated WT and Nlrp6-/- mice. Every dot represents 1 mou
and considered significant at *P < .05, **P < .01, and ***P < .001
from respective control group.
mice, we did not allow any exchange of mice, cage, or
nesting material between these 2 lines.

For induction ALI, 7- to 9-week-old male mice were
fasted for 12 hours before intraperitoneal (IP) injection of
500 mg/kg APAP (Sigma-Aldrich, St Louis, MO) (WT: n ¼ 16,
Nlrp6-/-: n ¼ 16) or sodium chloride (NaCl) (WT: n ¼ 5;
Nlrp6-/-: n ¼ 5). In addition, LPS (4 mg/kg, IP) (Sigma-
Aldrich) (WT: n ¼ 6, Nlrp6-/-: n ¼ 5) was used as a second
model. Blood as well as tissue samples were collected at 12
and 24 hours after APAP injection and at 6 hours after LPS
injection.

For FMT, WT (n ¼ 12) or Nlrp6-/- (n ¼ 6) mice were
treated for 2 weeks every 48 hours via oral gavage with 200
mL fecal dilution before induction of ALI. To prepare this
dilution, 20 mg freshly harvested stool from Nlrp6-/- or WT
mice was solved in 200 mL phosphate-buffered saline (PBS)
and centrifuged at 350g for 5 minutes before gavage of the
supernatant.

Collection of tissue and blood specimens, RNA isolation,
complementary DNA synthesis, quantitative polymerase
chain reaction (PCR), and serum parameters (trans-
aminases, GLDH, and alkaline phosphatase) were deter-
mined as described previously.57,58

UK BioBank Population-based Study
The UK BioBank is a population-based cohort including

502,511 European participants between ages 37 and 73
years. All volunteers, who received a postal invitation, were
recruited in 22 assessment centers in England, Scotland, and
Wales. The baseline assessment was performed between
2006 and 2010 and includes demographics, lifestyle, disease
history, and current medication as well as a physical ex-
amination and baseline laboratory values. Only long-term
medication was recorded. The volunteers gave informed
consent for genotyping and data linkage to medical reports.
At baseline a questionnaire recorded their responses to
prevalent diseases. In addition, ongoing inpatient hospital
records beginning in 1996 were used to identify diagnoses
according to International Classification of Diseases, 10th
Revision (ICD-10) codes. All reported ICD-10 codes were
connected with the date of their first diagnosis. For follow-
up, hospital inpatient data, national cancer registries, or
death registration were used. End of follow-up was defined
p6-/- microbiota is orchestrated by Ly6Chi inflammatory
and (B) quantitative analysis of CD11bþ stained cells in liver
(n � 10) previous FMT after 12 hours of APAP treatment. (C)
nt of living liver leukocytes of either non–FMT-treated (–FMT,
T: n ¼ 7, Nlrp6-/-: n ¼ 3) WT and Nlrp6-/- mice determined by
analysis of Ly6Chi expression of MoMFs in liver samples of
APAP treatment. (E) NMDS analyses based on UniFrac beta
sition of 1 mouse. Similar microbiota composition is reflected
nnon index in APAP- and NaCl-treated WT and Nlrp6-/- mice
AP: n ¼ 4, Nlrp6-/- APAP: n ¼ 3) ABx treatment. (G) Repre-
tion in ABx-treated mice. (H) Quantitative measurement of
T (n ¼ 5) and Nlrp6-/- (n ¼ 7) mice 12 hours after treatment. (I)
P (WT: n ¼ 5, Nlrp6-/-: n ¼ 7). (J) Liver-to-bodyweight ratio of
se. All data are presented as mean ± standard error of mean
, respectively (unpaired Student t test). *Significantly different
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as death or end of hospital inpatient data collection in March
2018, whichever occurred first. The study has been
approved by the UKB Access Committee (Project #59657).
Sample selection and outcome definition. We excluded
participants with prevalent chronic hepatitis B or C (302
cases) or pathologic alcohol consumption (>60 g alcohol/
d for men or >40 g alcohol/d for women, 4782 cases). PPI
medication at baseline was defined as long-term pan-
toprazole and/or omeprazole and/or esomeprazole and/or
lansoprazole intake. Long-term ABx was defined as long-
term intake of tetracycline, aminoglycoside, glycopeptide,
and macrolide antibiotics at baseline. Hepatic failure was
defined as hospital inpatient record ICD-10 code K72 that
occurred after the initial baseline assessment.

To assess the comorbidities of the UK BioBank partici-
pants we calculated the Charlson disease severity index.32

This index is commonly used to adjust for the effect of
comorbidities in hazard models. The Charlson comorbidity
index includes 14 different categories that we used to assess
the comorbidities at baseline: age (baseline questionnaire),
myocardial infarction (baseline questionnaire), chronic
heart failure (baseline questionnaire), peripheral vascular
disease (baseline questionnaire), transient ischemic attack
(baseline questionnaire), dementia (baseline questionnaire),
chronic obstructive pulmonary disease (baseline question-
naire), connective tissue disease (baseline questionnaire),
peptic ulcer (baseline questionnaire), liver disease (baseline
questionnaire plus ICD-10 codes to distinguish between
mild and moderate disease), diabetes mellitus (baseline
questionnaire), hemiplegia (ICD-10 codes, as not given in
the baseline questionnaire), chronic kidney disease (base-
line questionnaire), leukemia (ICD-10 codes, as not given in
the baseline questionnaire), lymphoma (ICD-10 codes, as
not given in the baseline questionnaire), and acquired im-
munodeficiency syndrome (baseline questionnaire). APRI
was calculated as a noninvasive marker of fibrosis as pre-
viously described.59
Mouse Model
The aim of our study was to investigate the role of in-

testinal dysbiosis during APAP-induced liver injury. To this
end, WT and Nlrp6-/- mice were subjected to a well-
established model of IP APAP-induced liver injury. IP in-
jection of LPS was used as a second model of ALI. Liver
injury was assessed by analyzing necrotic areas, liver
function tests, and inflammatory cell infiltration. For sta-
tistical power calculation, effect size estimation was based
on prior experiments of our group. All key experiments
were replicated at least 2 times. No animals were excluded
from analyses unless stated otherwise.
Broad-Spectrum ABx Treatment
Intestinal microbiota were eradicated in mice using 4

broad-spectrum ABx (1 g/L ampicillin, 160 mg/L genta-
mycin, 1 g/L metronidazole, 1 g/L vancomycin). Male mice
received this cocktail continuously in the drinking water for
2 weeks. ABx water was changed every second day.
Histology
Conventional H&E stainings were performed according

to standard protocols,11 and necrotic areas were quantified
on high-resolution liver scans by area fraction analysis
(ImageJ; National Institutes of Health, Bethesda, MD).

Staining of Mucus and Gut Bacteria
Colon tissue sections containing feces were fixed using

the Carnoy’s fixation method (60% absolute methanol, 30%
chloroform, 10% glacial acetic acid). After paraffin embed-
ding, mucus and gut bacteria were stained using an anti-
Muc2 primary antibody (Santa Cruz Biotechnology, Dallas,
TX; sc-15334) and a fluorescence in situ hybridization probe
against eubacteria (16S rRNA: 5’-GCTGCCTCCCGTAGGAGT-
3’). Staining was performed according to an established
protocol.60

Quantitative Real-time PCR
RNA was isolated from liver tissue specimen using Trizol

Reagent (Life Technologies, Carlsbad, CA), concentration
was measured by using NanoDrop Lite (Thermo Scientific,
Dreieich, Germany), and reverse transcription was per-
formed using an Omniscript kit (Qiagen, Venlo, Netherlands)
according to the manufacturer’s protocol. Fast SYBR
GreenER Master Mix (Thermo Fisher, Waltham, MA) was
used for the assembling of real-time PCR reactions accord-
ing to manufacturer’s recommendations. Following primer
sequences were used for GAPDH (3’-TGT TGA AGT CAC AGG
AGA CAA CCT-5’, 5’- AAC CTG CCA AGT ATG ATG ACA TCA-
3’), Cyp1A2 (3’- GAG GCG AAC AGG CTA CCT AC -5’, 5’-CTG
AGT TGT TTT GCC CGC TC -3’), Cyp2E1 (3’-GCT GTC AAG
GAG GTG CTA CTG AAC-5’, 5’-CTC CGC ACG TCC TTC CAT
GTG G-3’), and occludin (3’-GCT GTG ATG TGT GTT GAG CT-
5’, 5’-GAC GGT CTA CCT GGA GGA AC-3’). For analysis
QuantStudio Flex software (Thermo Fisher) was used.
Expression of mRNA was calculated using the 2�DDCT
method, which determines the relative quantification of a
target gene in comparison to the GAPDH gene.

Immunoblotting
The protein samples (1 mg/mL) were separated electro-

phoretically on precast 4%–12% polyacrylamide gel (Bio-
Rad, Hercules, CA) in sodium dodecyl sulfate running buffer
at 200 V for approximately 30 minutes. For immunologic
detection, the separated proteins in the gel were transferred
to a nitrocellulose membrane using Trans-Blot Turbo
Transfer System (Bio-Rad). Staining with Ponceau Red was
used to confirm protein transfer. Nonspecific binding sites
were blocked by incubation for 1 hour in 5% nonfat dry
milk diluted in tris-buffered saline tween (TBST) (0.5%).
Afterwards the membrane was incubated overnight at 4�C
with primary antibody diluted in 5% bovine serum albumin
TBST. After 3� washing for 5 minutes with TBST, the
membrane was incubated with the horseradish
peroxidase–conjugated secondary antibody diluted 1:5000
in 5% nonfat dry milk diluted in TBST for 1 hour at room
temperature. Next, the membrane was again washed 3� for
5 minutes in TBST and then incubated in ECL Substrate
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(Pierce, Waltham, MA) for 5 minutes. To detect specific
signals the membrane was exposed to a LAS mini 4000
developing machine (Fuji, Tokyo, Japan). The following an-
tibodies were used in this study: Cyp2E1 (Abcam, Cam-
bridge, UK; ab28146), beta-actin (Sigma; A2066), occludin
(Invitrogen, Carlsbad, CA; 71-1500), p-JNK/p-SAPK (Cell
Signaling, Danvers, MA; #9251S), JNK/SAPK (#9252S),
GAPDH (Bio-Rad; AHP1628).

Immunofluorescence Staining
Immunofluorescence staining was performed on cry-

opreserved 5-mm tissue sections. The sections were dried in
air for 20–30 minutes, fixed with 4% PFA for 8–10 minutes
at room temperature, and washed with PBS 3� for 5 mi-
nutes each. They were blocked with PBS containing 5% goat
serum for 45 minutes, followed by incubation with primary
antibody against CD11b (BD, Franklin Lakes, NJ; 550282)
diluted 1:200 to 1:400 in blocking solution at 4�C overnight
in a humidified chamber. After washing with PBS for 3 � 5
minutes, slides were incubated with a fluorescence-linked
secondary antibody 1:400 in blocking buffer for 1 hour at
room temperature in a humidified chamber. Slides were
then again washed with PBS 3� for 5 minutes. Nuclei were
counterstained with Vectashield Antifade Mounting Medium
with DAPI (Vector, Burlingame, CA).

GSH Assay
Total GSH concentrations were measured in liver tissue

homogenate using liquid chromatography-tandem mass
spectrometry, as described in Sezgin et al.61

Analyses of APAP, APAP Metabolites, and APAP
Adducts in Blood

APAP aswell as itsmetabolites (APAP-glucuronide, APAP-
sulfate) and adducts (APAP-glutathione, APAP-cysteine,
APAP-N-acetylcysteine) were measured in systemic blood
plasma using high-performance liquid chromatograpy-mass
spectrometry, as described in detail in Sezgin et al.61

Immunohistochemistry
Immunohistochemical staining was performed on

paraffin-embedded sections, as described previously.58 The
sections were blocked with peroxidase-conjugated avidin-
biotin method (ABC Reagent Kit; Vector). To block unspe-
cific binding sites, slides were further incubated for 30 mi-
nutes at room temperature in 50% fetal calf serum þ 50%
PBS containing 1% bovine serum albumin. Slides were then
incubated with primary antibody in blocking solution at
optimized dilutions at 4�C overnight in a humidified cham-
ber. Next day slides were washed twice with PBS, and the
secondary antibody (1:200 diluted in Phospate-Buffered
Saline 0,1% Tween 20) was applied for 1 hour at room
temperature. To make the visualization of the signal, the
enzyme substrate 3,3’-diaminobenzidine (DAB) Substrate
Kit (Vector) was used. Counterstaining was performed with
hematoxylin. Primary antibodies against CD45 (BD;
550539) and CYP2E1 (Sigma; HPA009128) were used.
Flow Cytometry Analysis of Intrahepatic
Leukocytes

Same amounts of livers were digested by collagenase
type IV for 2 hours (Worthington Biochemical Corporation,
Lakewood, NJ), and intrahepatic immune cells were isolated
by multiple differential centrifugation steps as detailed.62

Immune cell isolates were incubated with blocking buffer
for 30 minutes to block the unspecific binding sites of cell
surface, then divided into 2 subgroups, and stained with
fluorochrome-conjugated antibodies of either a monocyte
panel against Ly6G, CD11b, CD11c, F4/80, Gr1.1, and CD45
(1:200) or a lymphocyte panel against CD3, CD4, CD8, CD19,
Nk1.1, and CD45 (1:200). All of the antibodies were pur-
chased from eBioscience (Frankfurt, Germany). All samples
were acquired by flow cytometry (FACS Canto II; BD Bio-
sciences, Heidelberg, Germany) and analyzed using the
Flowjo software version 9 (Ashland, OR).

DNA Isolation and 16S rRNA Amplicon
Sequencing

For 16S rRNA gene sequencing, DNA was isolated from
fecal samples by using an established protocol.63 Briefly, each
sample (around 200 mg) was resuspended in 500 mL extrac-
tion buffer (200 mmol/L Tris, 20 mmol/L EDTA, 200 mmol/L
NaCl, pH 8.0), 200 mL 20% sodium dodecyl sulfate, 500 mL
phenol:chloroform:isoamyl alcohol (24:24:1), and 100 mL of
zirconia/silica beads (0.1-mm diameter). Samples were ho-
mogenized twice with a bead beater (BioSpec Products, Bar-
tlesville, OK) for 2 minutes. After precipitation of DNA, crude
DNA extracts were resuspended in TE buffer with 100 mg/mL
RNase I and column purified to remove PCR inhibitors.

Amplification of the V4 region (F515/R806) of the 16S
rRNA gene was performed according to previously
described protocols.64 Briefly, for amplicon sequencing 25
ng DNA was used per PCR reaction (30 mL). The PCR con-
ditions consisted of initial denaturation for 30 seconds at
98�C, followed by 25 cycles (10 seconds at 98�C, 20 seconds
at 55�C, and 20 seconds at 72�C). Each sample was ampli-
fied in triplicates and subsequently pooled. After normali-
zation PCR amplicons were sequenced on an Illumina MiSeq
platform (PE250).

Quantitative Insights into Microbial Ecology (QIIME)
version 1.9.1 was used for data analysis.65 After de-
multiplexing, an open-reference operational taxonomic unit
picking protocol66 was performed by searching reads against
the greengenes database. The observed operational taxonomic
units (observed richness) and Shannon index (estimated
richness), which are metrics of species richness and diversity
within communities (alpha diversity), were computed. NMDS
analysis based on UniFrac beta diversity metric was per-
formed. The LEfSe algorithm was used to characterize statis-
tically significant andbiologically relevant differencesbetween
the different groups as previously described.33

16S rDNA Quantitation and Taxonomic Profiling
in Liver Tissue

DNA from liver biopsies were extracted, and quantitative
real-time PCR amplification was performed by using 16S
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universal primers targeting the hypervariable V3-V4 region
of the bacterial 16S ribosomal gene, with a protocol care-
fully designed to minimize any risk of contamination be-
tween samples or from the experimenters, environment as
described previously.35,36,67 The quality and quantity of
extracted nucleic acids were controlled by gel electropho-
resis (1% w/w agarose in TBE 0.5�) and absorbance
spectroscopy using a NanoDrop 2000 UV spectrophotom-
eter (Thermo Scientific). The quantitative PCR was per-
formed on a ViiA 7 PCR system (Life Technologies) using
Sybr Green technology. The microbial populations based on
rDNA present in liver samples were determined by using
next-generation high-throughput sequenced using the
Illumina-MiSeq technology as described previously.35,36,67

We performed numerous controls both in vitro and in sil-
ico to ensure the absence of artefacts such as bacterial DNA
contaminants from reagents or nonspecific amplification of
eukaryotic DNA.35,68 Alpha and beta diversity was tested
after clustering reads into operational taxonomic units, and
taxonomic assignment was performed using FROGS v.1.4.069

and PhyloSeq v1.22.3 with the databank Silva 132 Parc.

Fecal Albumin Assay
To assess intestinal permeability the albumin concen-

tration in the feces was measured by enzyme-linked
immunosorbent assay (E99-134; Bethyl Laboratories,
Montgomery, TX). Freshly collected feces were homoge-
nized and diluted in dilution buffer (75 mg/mL). After
centrifugation at 10,000g the supernatant was diluted 1:50,
and samples were analyzed following the manufacturer’s
instructions.

Endotoxin Measurement
Endotoxin concentrations in serum were measured as

described previously.70 Briefly, they were determined by an
endpoint enzymatic assay based on limulus amebocyte
lysate for a concentration range of 0.015–1.2 EU/mL (LAL
Kit; Charles River, Ecully, France).

Statistical Analyses
For analyses of UKBioBank data, all categorical variables

were described as absolute (n) and relative (%) frequencies.
Continuous variables were displayed as mean ± standard
deviation. Contingency tables were analyzed with c2 tests,
and continuous variables were analyzed by unpaired, two-
tailed t tests. The occurrence of ALF was modeled as the
outcome variable in a Cox proportional hazard survival
analysis that examined the risk associated with PPI while
controlling for Charlson comorbidity index, APRI, BMI, and
sex. Hazard ratios were presented with their corresponding
95% confidence intervals given in brackets. Models were
adjusted for all tested variables with P <.25 (Tables 1 and
3). Nominal P values were given for all statistical tests.
Differences were considered to be statistically significant
when P < .05. The data were analyzed using SPSS Statistics
version 25 (IBM, Armonk, NY). All murine data are
expressed as mean ± standard error of the mean. Significant
differences were calculated with GraphPad Prism (San
Diego, CA) software version 8. Statistical significance was
determined by one-way analysis of variance followed by
Student t test. Data were considered significant between
experimental groups as *P < .05, **P < .01, or ***P < .001.
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