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ORIGINAL ARTICLE

Hepatocyte MyD88 affects bile acids, gut microbiota
and metabolome contributing to regulate glucose

and lipid metabolism

Thibaut Duparc,™? Hubert Plovier,%? Vannina G Marrachelli,® Matthias Van Hul 2
Ahmed Essaghir,* Marcus Stahlman,® Sébastien Matamoros, ™2 Lucie Geurts,"?
Mercedes M Pardo-Tendero,® Céline Druart,™? Nathalie M Delzenne,?
Jean-Baptiste Demoulin,* Schalk W van der Merwe,”® Jos van Pelt,”

Fredrik Backhed,>®° Daniel Monleon,® Amandine Everard,*? Patrice D Cani'?

ABSTRACT
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differentiation primary-response gene 88 (MyD88) on
glucose and lipid metabolism.
Design To study the impact of the innate immune
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H

we generated mice harbouring hepatocyte-speci ¢
deletion of MyD88. We investigated the impact of the
deletion on metabolism by feeding mice with a normal
control diet or a high-fat diet for 8 weeks. We evaluated
body weight, fat mass gain (using time-domain nuclear
magnetic resonance), glucose metabolism and energy
(using metabolic chambers). We performed
microarrays and quantitative PCRs in the liver. In
addition, we investigated the gut microbiota
composition, bile acid pro le and both liver and plasma
metabolome. We analysed the expression pattern of
genes in the liver of obese humans developing non-
alcoholic steatohepatitis (NASH).

Results Hepatocyte-speci ¢ deletion of MyD88
predisposes to glucose intolerance, in ammation and
hepatic insulin resistance independently of body weight
and adiposity. These phenotypic differences were
partially attributed to differences in gene expression,
transcriptional factor activity (ie, peroxisome proliferator
activator receptor- , farnesoid X receptor (FXR), liver X
receptors and STAT3) and bile acid pro les involved in
glucose, lipid metabolism and in ammation. In addition
to these alterations, the genetic deletion of MyD88 in
hepatocytes changes the gut microbiota composition and
their metabolomes, resembling those observed during
diet-induced obesity. Finally, obese humans with NASH
displayed a decreased expression of different
cytochromes P450 involved in bioactive lipid synthesis.
Conclusions Our study identi es a new link between
innate immunity and hepatic synthesis of bile acids and
bioactive lipids. This dialogue appears to be involved in
the susceptibility to alterations associated with obesity
such as type 2 diabetes and NASH, both in mice and
humans.

INTRODUCTION

, The innate immune system and metabolic pathways
are functionally intertwined,® 2 making them
attractive targets for treating obesity and related

Signi cance of this study

What is already known on this subject?
Toll-like receptors and myeloid differentiation
primary-response gene 88 (MyD88) have been
linked with several metabolic pathways.

Con icting results exist regarding the role of
innate immunity and more precisely MyD88 on
host metabolism.

The liver is a key organ targeted by the
microbiota and involved in the control of
glucose and lipid metabolism.

What are the new ndings?
The hepatocyte deletion of MyD88 predisposes
to glucose intolerance, in ammation and
hepatic insulin resistance independently of
body weight and adiposity.
Hepatocyte Myd88 controls the synthesis of
bioactive lipids involved in glucose, lipid
metabolism and in ammation.
Hepatocyte Myd88 regulates the transcriptional
activity of several genes involved in bile acid
metabolism.
The hepatocyte deletion of MyD88 under
normal diet induces changes of speci ¢ gut
microbes, genes expression, plasma and liver
metabolome that resemble those observed in
diet-induced obese and diabetic mice.
Similar to what is seen in hepatocyte Myd88
deleted mice, human obese subjects developing
non-alcoholic steatohepatitis (NASH) are
characterised by a decreased expression of
different cytochromes P450 involved in
bioactive lipids synthesis.

disorders (ie, diabetes, non-alcoholic fatty liver dis-
eases (NAFL) and cardiometabolic diseases).
Growing evidence suggests that the innate immune
system acts as a metabolic sensor against nutritional
stresses. Multiple innate immune receptors such as
toll-like receptors (TLRs), nucleotide oligomerisa-
tion domain (NOD) and NOD-like receptor family
members have been implicated in the recognition
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Signi cance of this study

How might it impact on clinical practice in the
foreseeable future?
We identi ed novel mechanisms associating the hepatic
innate immunity cell signalling through MyD88 and its
implication in the onset of diabetes.
We propose a speci ¢ pattern of expression of different
cytochromes and bioactive lipids in liver tissue of obese
patients that may serve as a marker of susceptibility to
develop NASH.
Our study takes a step towards the identi cation of bioactive
lipids produced by the liver and metabolites linking
immunity and metabolism.

of metabolic stresses and in the onset of in ammatory
responses, thereby contributing to the development of metabolic
disorders.?  We and others have shown that low-grade in am-
mation and insulin resistance may be linked to gut microbiota
and are dampened in the absence of speci ¢ TLRs.*® However,
numerous con icting results exist.”*° For instance, data suggest
that TLR-4 receptor signalling is not directly required for fatty
acid-induced hepatic insulin resistance,*® while others show that
liver-speci ¢ deletion of TLR-4 protects against diet-induced
hepatic insulin resistance.** 12

Myeloid differentiation primary-response gene 88 (MyD88)
is the key signalling adaptor for most TLRs (with the exception
of TLR-3), interleukin-1 receptor (IL-1R) and IL-18 receptor.
MyD88 has been shown to play a role in obesity and diabetes.
Non-obese diabetic mutant mice, which are prone to the devel-
opment of type 1 diabetes mellitus, are protected from the
disease if MyD88 is ablated, and this protection may be trans-
ferred following gut microbiota transfer into germfree recipient
mice.” Deleting MyD88 in the central nervous system or intes-
tinal epithelial cells protects against high-fat diet (HFD)-induced
weight gain and glucose intolerance.*® ** In another context,
the deletion of MyD88 has been shown to increase the risk of
developing type 2 diabetes and hepatic steatosis under HFD
feeding.*>™'" Altogether, evidence strongly supports a role of
MyD88 signalling in hepatic disturbances associated with
obesity; however, the convergent molecular mechanisms and
target tissues remain to be clari ed.

To evaluate the speci c role of hepatocyte MyD88 on metab-
olism, we generated a mouse model of hepatocyte-speci ¢ dele-
tion of Myd88 gene. We next investigated the impact of the
deletion under physiological (control diet (CT)) and patho-
logical (HFD-induced obesity) conditions.

MATERIALS AND METHODS

Mice

Generation of Albumin-Myd88 KO mice

Hepatocyte-speci ¢ Myd88 deleted mice (liver-speci ¢ knockout
mice (LKO)) were generated by crossing mice bearing the Cre
recombinase expressed under the control of the Albumin pro-
moter (Albumin-Cre) (C57BL/6 background, Jackson Laboratory,
Bar Harbor, Maine, USA) with mice harbouring a loxP- anked
Myd88 allele (C57BL/6 background, Jackson Laboratory).

LKO experiments
Cohorts of 8-week-old LKO mice and wild-type (WT) litter-
mates were housed in speci ¢ pathogen-free conditions in

groups of two mice/cage ( Iter-top cages) with free access to
food and autoclaved water. The WT and LKO mice were fed a
CT (10% fat, AIN93Mi, Research Diet, New Brunswick, New
Jersey, USA) (WT-CT or LKO-CT) or an HFD (60% fat,
D12492i, Research Diet) (WT-HFD or LKO-HFD). Treatment
continued for 8 weeks. This experiment was replicated inde-
pendently three times. The control mice were WT littermates
harbouring the Myd88 loxP- anked allele but not the Cre
recombinase. Body weight and food intake were recorded once
a week. Body composition was assessed once a week using 7.5
MHz time-domain nuclear magnetic resonance (LF50 Minispec,
Bruker, Rheinstetten, Germany).

Additional protocols and procedures are described in the
online supplementary method section.

Statistical analyses

The data are expressed as the mean+=SEM. Differences between
the groups were assessed using one-way analysis of variance
(ANOVA), followed by Newman—-Keuls post hoc tests after nor-
malisation by log transformation. A two-way ANOVA analysis
with a Bonferroni post test on repeated measurements was per-
formed for the evolution of body weight, fat mass and gly-
caemia during the oral glucose tolerance test. The data were
analysed using GraphPad Prism V/5.00 for Windows (GraphPad
Software, San Diego, California, USA). Data with different
superscript letters or symbols are signi cantly different at
p<0.05 according to the post hoc ANOVA statistical analysis.

Accession numbers

The GEO accession number for the microarray data reported in
this paper is GSE73489. The GEO accession number of the
human microarray data set is GSE59045.

RESULTS

Hepatocyte Myd88 deletion does not affect body weight

and fat mass gain

To assess the role of hepatocyte MyD88 on metabolism, we
generated mice with a conditional hepatocyte-speci ¢ deletion
of Myd88 gene (LKO mice). We validated the deletion of
Myd88 gene in the hepatocyte of LKO mice by quantifying
both mRNA (decreased by 50%) and protein levels in the
liver of WT and LKO mice (see online supplementary gure
S1A, B).

We next assessed whether hepatocyte Myd88 deletion altered
host metabolism and phenotype upon either a CT (WT-CT and
LKO-CT groups) or an HFD (WT-HFD and LKO-HFD
groups). We found that hepatocyte Myd88 deletion did not
affect body weight throughout the 8 weeks of treatment com-
pared with WT mice. Both WT and LKO mice gained similar
weight during chronic treatment with HFD ( gure 1A, C).
Body composition analysis using NMR showed that LKO mice
gained similar fat mass throughout the experiment as WT mice
under either CT or HFD challenge ( gure 1B, D). Liver weight
and fat pads were not affected by the hepatic Myd88 deletion
( gure 1E-H). Mean food intake was similar between groups
( gure 11).

By using metabolic chambers, we analysed the total physical
activity level and the respiratory exchange ratio. We did not nd
any differences between groups when comparing total physical
activity ( gure 1J). However, LKO mice under a CT were char-
acterised by a lower respiratory exchange ratio similar to mice
fed an HFD, showing the use of fatty acids as preferential
energy substrate as found during HFD feeding, thereby suggest-
ing a reduced oxidation of glucose substrates ( gure 1K).
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Figure 1 Hepatocyte myeloid differentiation primary-response gene 88 (Myd88) deletion does not affect body weight and fat mass development.
(A) Body weight evolution (g). (B) Fat mass evolution (g) measured by time-domain nuclear magnetic resonance (TD-NMR). (C) Total body weight
gain (g). (D) Total fat mass gain (g) measured by TD-NMR. (E) Liver weight (mg). (F) Subcutaneous adipose tissue (SAT) weight (mg). (G) Epididymal
adipose tissue (EAT) weight (mg). (H) Visceral adipose tissue (VAT) weight. (I) Food intake (g/day/mouse). (J) Total physical activity measured in
metabolic chambers (total beam breaks counts). (K) Respiratory exchange ratio (VCO,/VO,). These data (A-H) correspond to the results of at least
three independent experiments (n=25-36), (1) (n=10/groups), (J and K) (n=4-6 per groups). Data are presented as mean+SEM. *Signi cant
differences (p<0.05) between high-fat diet (HFD)-treated groups versus control diet (CT)-treated mice. Data with different superscript letters or
symbols are signi cantly different (p<0.05) according to post hoc one-way analysis of variance. LKO, liver-speci ¢ knockout mice; WT, wild type.

Altered glucose metabolism in LKO mice

We next assessed whole-body glucose metabolism and found
that hepatocyte Myd88 deletion did not affect oral glucose tol-
erance under CT, whereas LKO-HFD mice exhibited impaired
glucose tolerance compared with WT-HFD mice ( gure 2A,
B). As expected, HFD feeding signi cantly increased plasma
insulin levels area under the curves after the oral glucose load
( gure 2C). Although the glucose pro le was not affected in
LKO-CT, these mice produced signi cantly more insulin in
response to oral glucose administration to maintain a normal
glycaemia, suggesting an insulin resistance state ( gure 2C).
Under HFD treatment, LKO-HFD mice increased insulin secre-
tion by about 60% compared with WT-HFD mice. These
results were supported by an impaired insulin resistance index,
with LKO-HFD mice displaying a 70% increase compared
with WT-HFD mice ( gure 2D). We next assessed insulin tol-
erance by using an insulin tolerance test. This parameter was
moderately but non-signi cantly affected in LKO-HFD ( gure
2E). Insulin resistance index is considered as a surrogate of

hepatic insulin resistance.’® In accordance with this assump-
tion, we found a lower hepatic glycogen content (whose
synthesis and degradation is controlled by insulin'®) in
LKO-CT, WT-HFD and LKO-HFD mice compared with
WT-CT mice ( gure 2F).

To explore whether LKO mice develop insulin resistance in
the liver, we analysed insulin-induced phosphorylation of Akt
(p-Akt). We found that phosphorylation of Akt after insulin
stimulation was reduced in the liver of LKO-CT mice; this effect
was signi cantly more pronounced in LKO-HFD mice ( gure
2G, H). Visceral fat in ammation is associated with a lower
glucose tolerance and an increased hepatic insulin resistance.?®
Here, we found that LKO mice displayed a signi cantly
increased (about 65%) MRNA expression of the cluster of differ-
entiation 11c (CD11c) subpopulation of macrophages in visceral
adipose tissue, which is the primary population of adipose tissue
macrophages in obesity and insulin resistance ( gure 2I).2* 2
This parameter was increased by 2.3-fold in WT-HFD and even
more so 3.5-fold in LKO-HFD mice ( gure 2I).
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Figure 2 Hepatocyte myeloid
differentiation primary-response gene
88 (Myd88) deletion alters glucose
tolerance, whole-body lipid
metabolism and promotes insulin
resistance. (A) Plasma glucose (mg/dL)
pro le after 2 g/kg glucose oral
challenge in freely moving mice and
(B) the mean area under the curve
(AUC) measured between 0 and

120 min after glucose loading. (C) AUC
plasma insulin of measured between —
30 and 15 min after glucose loading.
(D) Insulin resistance index determined
by multiplying the AUC of blood
glucose hy the AUC of insulin. (E)
Plasma glucose pro le after
intraperitoneal insulin injection

(0.75 U/kg) in freely moving mice
(n=9-10). (F) Liver glycogen (mg of
glucose from glycogen/mg of liver)
content measured in fasted mice. (G)
Total and phosphorylated Akt levels in
the liver of mice after intraportal
insulin injection and (H) % of
phosphorylation of Akt protein (n=3).
(1) Visceral adipose tissue CD11c
mRNA expression. These data (A-D, F
and ) correspond to the results of at
least three independent experiments
(n=25-36). Data are presented as
mean+SEM. Data with different
superscript letters or symbols are

signi cantly different (p<0.05)
according to post hoc one-way analysis
of variance. CT, control diet; HFD,
high-fat diet; LKO, liver-speci ¢
knockout mice; WT, wild type.

Hepatic function and lipid content in LKO mice

We next assessed whether hepatic Myd88 deletion had an in u-
ence on transaminase levels re ective of liver in ammation. We
found that plasma alanine aminotransferase (ALT) levels were
mostly increased in HFD-treated mice, whereas aspartate ami-
notransferase (AST) levels were increased by about 30% in
LKO-CT mice and HFD-fed mice but did not reach signi cance
( gure 3A, B). We found that liver lipid content is signi cantly
changed upon HFD feeding with a 50% increase in WT-HFD
and 65% increase in LKO-HFD hepatic triglycerides content
( gure 3C). These results were further con rmed by using histo-
logical analyses and steatosis score ( gure 3D, E). In ammatory
score was signi cantly increased following HFD feeding but not
affected by the Myd88 deletion ( gure 3F). Fibrosis score was
similar between groups ( gure 3G).

Gene expression pro le in the liver of LKO mice

To understand the mechanisms involved in the development of
hepatic steatosis and insulin resistance, we performed a global
gene expression analysis by using microarrays. These microar-
rays revealed the increased expression of a large number of
genes involved in acute phase response and in ammatory path-
ways, lipid metabolism and the decreased expression of humer-
ous genes related to cytochrome P450-mediated oxidation and
reduction ( gure 4A). The signi cance of these pathways was
obtained by analysing gene ontology using the bioinformatics
tools DAVID and TFacts?3-2° (Document S1 DAVID and online

supplementary gure S2). Figure 4A represents genes that were
downregulated or upregulated 1.5-fold in LKO-CT, LKO-HFD
and WT-HFD mice versus WT-CT mice. Heat maps of selected
genes similarly affected between different conditions were used
to compare the expression of the same genes in the three condi-
tions matched with the WT-CT group. We found that numerous
important pathways were modi ed following hepatic Myd88
deletion under both CT and HFD treatment ( gure 4A). We dis-
covered that 425 genes were signi cantly affected in LKO-CT
mice, whereas HFD feeding induces the modi cation of 890
genes and 1168 genes signi cantly modi ed in LKO-HFD com-
pared with WT-CT mice ( gure 4A). Among these changes, 167
genes were signi cantly and similarly affected in the three con-
ditions LKO-CT, WT-HFD and LKO-HFD (see gure 4A and
online supplementary table S1). Several genes involved in
in ammation and acute phase response such as Saal, Saa2,
Saa3, Orm1l and Orm2 were signi cantly and strongly induced
in LKO-CT compared with WT-CT mice, and even at a higher
level than in the HFD-fed mice ( gure 4B-F). Lcn2, a gene
involved in innate immunity, was signi cantly increased in hep-
atocyte MyD88 deleted mice under both CT and HFD condi-
tions ( gure 4G). Genes involved in immunity and defence such
as Cd43, C4A, Cd8bl and Cxcll were signi cantly increased in
LKO-CT, WT-HFD and LKO-HFD mice compared with WT-CT
( gure 4H-K).

Surprisingly, numerous genes involved in oxidation and
reduction (ie, cytochrome P450) pathways were decreased in
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