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Germ-free mice exhibit profound gut
microbiota-dependent alterations of intestinal
endocannabinoidome signaling®
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Abstract The gut microbiota is a unique ecosystem of
microorganisms interacting with the host through several bio-
chemical mechanisms. The endocannabinoidome (eCBome),
a complex signaling system including the endocannabinoid
system, approximately 50 receptors and metabolic enzymes,
and more than 20 lipid mediators with important physiopath-
ologic functions, modulates gastrointestinal tract function
and may mediate host cell-microbe communications there.
Germ-free (GF) mice, which lack an intestinal microbiome
and so differ drastically from conventionally raised (CR)
mice, offer a unique opportunity to explore the eCBome in
a microbe-free model and in the presence of a reintroduced
functional gut microbiome through fecal microbiota trans-
plant (FMT). We aimed to gain direct evidence for a link be-
tween the microbiome and eCBome systems by investigating
eCBome alterations in the gut in GF mice before and after
FMT. Basal eCBome gene expression and lipid profiles were
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measured in various segments of the intestine of GF and CR
mice at juvenile and adult ages using targeted quantitative PCR
transcriptomics and LC-MS/MS lipidomics. GF mice exhib-
ited age-dependent modifications in intestinal eCBome gene
expression and lipid mediator levels. FMT from CR donor
mice to age-matched GF male mice reversed several of these
alterations, particularly in the ileum and jejunum, after only
1 week, demonstrating that the gut microbiome directly im-
pacts the host eCBome and providing a cause-effect relation-
ship between the presence or absence of intestinal microbes
and eCBome signaling.Hll These results open the way to new
studies investigating the mechanisms through which intes-
tinal microorganisms exploit eCBome signaling to exert
some of their physiopathologic functions.—Manca, C., B.
Boubertakh, N. Leblanc, T. Deschénes, S. Lacroix, C. Mar-
tin, A. Houde, A. Veilleux, N. Flamand, G. G. Muccioli, F.
Raymond, P. D. Cani, V. Di Marzo, and C. Silvestri. Germ-
free mice exhibit profound gut microbiota-dependent altera-
tions of intestinal endocannabinoidome signaling. J. Lipid
Res. 2020. 61: 70-85.
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amine (anandamide); 2-AG, 2-arachidonoylglycerol; CB1, cannabinoid
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The gut microbiome represents an array of different mi-
croorganisms that unevenly colonize the surfaces of the
gastrointestinal tract. Considering its active biomass and
metabolic function, it can be considered as a true organ in
the body (1), exerting a profound impact on adult and
early human health and playing a potential role in specific
diseases (2). Intestinal bacteria have specific functions in
host nutrient, xenobiotic, and drug metabolism, and the
maintenance of the structural integrity and immune-
competence of the gut mucosal barrier (3). They influence
several other organ systems, including the central nervous
system, adipose tissue, and the liver (4-6). Individual popu-
lations of microbiota exist within characteristically distinct
regions along the length of the gastrointestinal tract, with
the colon having the greatest proportion (7, 8). These indi-
vidual populations can be affected by host and host-related
characteristics, such as gender, age, and genetics, as well as
the diet and other environmental factors (9-11).

Germ-free (GF) mice provide a useful experimental tool
to understand microbiota-host interactions and dissect
their molecular mechanism. These mice have a character-
istic phenotype, showing several developmental and physi-
ological differences with respect to conventionally raised
(CR) mice (12). At the gastrointestinal level, they display
alterations in gut morphology, motility, absorption, secre-
tion, and immune function. The cecum of GF mice is
enlarged by 4- to 8-fold because of mucus and undigested
fiber accumulation, and the small intestine is less devel-
oped (12) with reduced epithelial cell turnover and irregu-
lar microvilli (13) along with decreased gut motility, which
is partly due to decreased innervation with sensory neurons
(14). Despite the absence of microbially produced short
chain fatty acids, GF mice were also demonstrated to have
increased levels of colon-derived and circulating glucagon-
like peptide-1 (GLP-1) that did not improve the incretin
response but instead slowed small intestinal transit, poten-
tially as an adaptive response, promoting nutrient absorp-
tion in the face of insufficient energy availability (15). GF
mice also exhibit decreased or absent expression of several
Toll-like receptors, essential for the recognition of pathogen-
associated molecular patterns (16), poorly formed Peyer’s
patches, and alterations of the composition of CD4+ T cells
and IgA-producing B cells in the lamina propria, with im-
paired development and maturation of isolated lymphoid
follicles (17).

Some perturbations of the gut microbiota, generally de-
fined as “dysbiosis,” may cause a decrease of intestinal bar-
rierintegrity, and the subsequententryinto the bloodstream
of bacterial constituents such as lipopolysaccharides from
gram-negative bacteria, which trigger the onset of low-
grade inflammation contributing to, among others, insulin
resistance (18). It has been suggested that this pathological
condition occurs via the overactivation of the cannabinoid
receptor type-1 (CB1) (19), thus highlighting the potential

relationship between microbiota dysbiosis and the endo-
cannabinoid (eCB) system. This is a pleiotropic signaling
system composed of CB1 and cannabinoid receptor type-2
(CB2), their two lipid ligands, the eCBs N-arachidonoyleth-
anolamine (AEA, anandamide) and 2-arachidonoylglyc-
erol (2-AG), and eCB anabolic and catabolic enzymes.
These enzymes include, among others, N-acylphosphatidyl-
ethanolamine-hydrolyzing phospholipase D (NAPE-PLD)
and fatty acid amide hydrolase (FAAH), respectively,
for AEA, and diacylglycerol lipase (DAGL)a, DAGLS,
and monoacylglycerol lipase, respectively, for 2-AG (20).
It is well-established that AEA and 2-AG are often accompa-
nied in tissues by their congeners, the N-acylethanolamines
(NAEs) and 2-acylglycerols, as well as by other amides of
long chain fatty acids with amino acids or neurotrans-
mitters (21). Both eCB congeners, which share the same
anabolic and catabolic enzymes with the eCBs, and other
eCB-related amides, which occasionally can be inactivated
by FAAH, interact with receptors other than CB1 and
CB2, including some transient receptor potential channels,
PPARs, and some orphan G protein-coupled receptors,
which are also activated by other non-endocannabinoidome
(eCBome) ligands. Oxidation of AEA and 2-AG and some
of their arachidonic acid (AA)-containing congeners by AA-
metabolizing enzymes also leads to yet another series of
emerging bioactive lipids (21). This wide range of lipid me-
diators, receptors, and enzymes, including and extending
the eCB system, has been defined as the eCBome (22, 23).

The eCBome modulates several physiological functions,
including gastrointestinal tract function, energy homeosta-
sis, and metabolism (24). Tissue and circulating levels of
eCBome molecules are altered by dietary factors (particu-
larly, in view of their chemical nature, by the fatty acid
composition of the diet) as well as by gut microbiota. For
example, a high fat diet alters gut microbiota, which con-
trol intestinal eCBome tone by altering Napepld, Cnrl, and
Faah expression and AEA levels resulting in increased in-
testinal permeability and decreased adipogenesis in obese
mice (19). A recent study showed that chronic treatment
with antibiotics, leading to dysbiosis without erasing the gut
microbiota population, can alter the levels of NAEs and
N-acyl-serotonins in the small intestine (25). On the other
hand, Napepld deletion in white adipocytes or intestinal
epithelial cells induces dysbiosis and related dysmetabo-
lism, possibly also due to the reduction of the local tissue
concentrations of some NAEs and subsequently impaired
signaling of non-cannabinoid receptors (26, 27).

So far, however, no study has been conducted to define
how the eCBome is altered in the increasingly used GF
mouse model, which lacks an intestinal microbiome and
offers the unique possibility, through fecal microbiota
transplant (FMT), to look at the effects on animal physio-
logical pathways of reintroducing, in part or completely, a
functional gut microbiome. In the present study, we there-
fore assessed the basal eCBome gene profiles within GF
and CR male mice at juvenile and adult ages, and we cor-
related these results with eCBome lipid mediator levels. We
also assessed the effect of a FMT on the potentially altered
eCBome. We focused on the small and large intestine
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where the largest microbial populations reside in mam-
mals, and the most profound alterations due to their absence
are likely to occur.

MATERIALS AND METHODS

Animals and housing

CR and GF C57BL/6NTac mice were purchased from Taconic
(Taconic Bioscience) and maintained in the animal facility of the
Institut Universitaire de Cardiologie et Pneumologie de Québec
(IUCPQ; Québec, Canada). All animals were grouped with three
to four mice per cage under a 12:12 h light-dark cycle with ad libi-
tum access to NIH-31 Open Formula Autoclavable Diet (Zeigler)
and water. GF mice were housed in axenic status and fecal sam-
ples were tested weekly for microbes and parasites by the facility’s
staff to ensure that the GF unit was indeed sterile. Both GF and
CR mice were acclimatized for at least 1 week prior to the start of
the procedures.

In order to confirm gene expression data, we also used mice
housed within a different animal facility.

C57BL/6] 8-week-old male mice were purchased from Charles
River Laboratories (France) and were housed in a specific and
opportunistic pathogen-free animal facility with controlled tem-
perature and humidity and a 12 h light-dark cycle (6:00 AM
light/6:00 PM dark). The mice had free access to water and food
(A04, Villemoisson sur Orge, France). Swiss Webster CR mice or
GF male mice (7 weeks old) from Taconic were also used in the
transplantation study.

Animal experiments and FMT

Six male CR and GF mice at 4 and 13 weeks of age were intra-
peritoneally anesthetized with a cocktail of ketamine/xylazine/
acepromazine at a dose of 50,/10/1.7 mg/kg body weight and eu-
thanized by intra-cardiac puncture. Whole blood was collected in
K3-EDTA tubes. The abdominal cavity was opened and the whole
digestive tract was carefully aligned from the stomach up to the
colon. Once the stomach was removed, the small intestine (duo-
denum, jejunum, ileum) and large intestine (cecum and colon)
were carefully excised and separated, and the intestinal contents
were harvested by flushing with 1 ml of sterile PBS without Ca/Mg
(Thermo Fisher Scientific) and snap-frozen. Sections of small and
large intestine were both stored either in RNALater (Thermo
Fisher Scientific) for RNA stabilization or immediately snap-
frozen and stored at —80°C for further analysis. This common
procedure was concluded for each mouse within a maximum of
15 min, a time frame that allowed for the preservation of mRNA
and lipid for further analysis. All the experimental protocols were
validated and approved by Laval University animal ethics committee
(CPAUL 2018010-1).

For the FMT experiments, GF mice were randomly divided into
two groups at the age of 12 weeks; those gavaged with sterile PBS
(SHAM,; five mice) and those gavaged with fecal microbiota (FMT;
six mice). Material gavaged for FMT consisted of the intestinal
contents and stools of a single mouse and four CR donor mice,
respectively. Briefly, intestinal contents of the duodenum, jejunum,
ileum, colon, and cecum were collected from one 12-week-old CR
donor mouse and were mixed with stool pellets from all the CR
mice to be used as controls. The mixture was well homogenized,
weighed, suspended 1:10 in sterile PBS, and centrifuged at 805 g
for 10 min at room temperature. The supernatant was used to
gavage the mice (200 pl of homogenate per mouse). The FMT
mice were then housed (three per cage) for 1 week in conven-
tional conditions in cages contaminated with used litter coming
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from the cages of donor mice. CR mice were euthanized the day
of the gavages, while SHAM and FMT mice were euthanized 1
week after the gavage; plasma, tissues, and intestinal contents
were collected from all the animals as previously described (for an
outline of the experimental protocol, see Fig. 1).

The mice utilized for Fig. 2E and F were anesthetized using in-
traperitoneal ketamine and xylazine at concentrations of 100 and
10 mg/kg, respectively, after a 5 h fasting period. Tissues were
harvested for further analysis. Mice were euthanized by cervical
dislocation. The intestinal segments (jejunum, ileum, and colon)
were precisely dissected, immersed in liquid nitrogen, and stored
at —80°C for further analysis.

Swiss Webster GF mice were conventionalized with the gut mi-
crobes (i.e., cecal contents) from male Swiss Webster CR mice
and maintained in individualized ventilated cages (IVC AERO
GMb500, Tecnilab-BMI).

Antibiotic treatment
C57BL/6] mice were treated with ampicillin (1 g/1; Sigma) and
neomycin (0.5 g/1; Sigma) in their drinking water for 2 weeks (19).

RNA isolation, reverse transcription, and qPCR-based
TaqMan open array

RNA was extracted from the duodenum, jejunum, ileum, and
colon samples with the RNeasy Plus mini kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions and eluted
in 50 pl of UltraPure distilled water (Invitrogen). The concentra-
tion and purity of RNA was determined by measuring the absor-
bance of the RNA in a Biodrop at 260 nm and 280 nm, and RNA
integrity was assessed by an Agilent 2100 bioanalyzer, using the
Agilent RNA 6000 Nano kit (Agilent Technologies). One micro-
gram of total RNA was reverse transcribed using the iScript cDNA
synthesis kit (Bio-Rad) in a reaction volume of 20 pl. Sixty
nanograms of starting RNA were used to evaluate the expression
of the 52 eCBome-related genes and four housekeeping genes
(supplemental Table S1) using a custom-designed quantitative
(q)PCR-based TagMan open array on a QuantStudio 12K Flex
real-time PCR system (Thermo Fisher Scientific) following the
manufacturer’s instructions. The mRNA expression levels of 14
eCBome genes were validated using the same ¢cDNA and specific
forward and reverse primer pairs (IDT) (supplemental Table S2)
on a CFX384 Touch qPCR system (Bio-Rad) using PowerUp SYBR
Green qPCR master mix (Thermo Fisher Scientific) in duplicate
reactions. Hprtl and Tbp were used as reference genes for all
gqPCR assays. Based on the fact that the threshold cycles (Ct) of
the reference genes were the same in all of the 13-week-old
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Fig. 1. Experimental protocols. A: Six male CR and GF mice were
euthanized at 4 and 13 weeks of age. B: For FMT, 12-week-old GF
mice were gavaged with either intestinal contents and stools coming
from one and four donor mice, respectively (FMT group; n = 6), or
sterile PBS (SHAM group; n = 5). For both experiments, sections of
duodenum, jejunum, ileum, cecum, and colon were isolated, and
the intestinal contents were harvested.



control samples (first and FMT experiments), we merged the two
control sets into one 13 week control group. Gene expression
levels were evaluated by the 2744 method and represented as
fold change with respect to baseline within each tissue section
for each age. Target genes were, however, differentially expressed
in the different intestinal segments, as shown by differences in Ct
(summarized in supplemental Table S3).

The intestinal gene expression levels of Gpr55 were also as-
sessed in another institute as follows: total RNA was prepared
from tissues using TriPure reagent (Roche); cDNA was synthe-
sized from 1 pg of total RNA using a reverse transcription kit (Pro-
mega Corp.); and qPCR was performed by using a StepOnePlus
instrument and software (Applied Biosystems) according to the
manufacturer’s instructions. Rpl19 RNA was chosen as the house-
keeping gene, and data were analyzed according to the g asa
method. The identity and purity of the amplified product were
assessed by melting curve analysis at the end of amplification.

Lipid extraction and HPLC-MS/MS for the analysis of
eCBome mediators

Lipids were extracted from tissue samples according to the
Bligh and Dyer method (28). Briefly, about 10 mg of each tissue
were homogenized in 1 ml of Tris-HCl 50 mM (pH 7) and metha-
nol (1/1) using a tissue homogenizer; 200 pl of the mixture were
added to 800 pl (1:5 dilution) of the same Tris-HCl/methanol
solution containing 0.1 M acetic acid and 5 ng of deuterated stan-
dards. One milliliter of chloroform was then added to each sam-
ple, vortexed for 30 s, and centrifuged at 3,000 g for 5 min. This
was repeated twice for a total addition of 3 ml of chloroform. The
organic phases were collected and evaporated under a stream of
nitrogen and then suspended in 50 pl of mobile phase containing
50% of solvent A (water + 1 mM ammonium acetate + 0.05% ace-
tic acid) and 50% of solvent B [acetonitrile /water (95/5) + 1 mM
ammonium acetate + 0.05% acetic acid]. Forty microliters of each
sample were finally injected onto an HPLC column (Kinetex C8,
150 x 2.1 mm, 2.6 pm; Phenomenex) and eluted at a flow rate of
400 pl/min using a discontinuous gradient of solvent A and sol-
vent B (27). Quantification of eCBome-related mediators (supple-
mental Table S4) was carried out by HPLC system interfaced
with the electrospray source of a Shimadzu 8050 triple quadru-
pole mass spectrometer and using multiple reaction monitoring
in positive ion mode for the compounds and their deuterated
homologs.

The 13-week-old control results were assembled into a single
control group. In the case of unsaturated monoacylglycerols, the
data are presented as 2-monoacylglycercols but represent the
combined signals from the 2- and 1(3)-isomers because the latter
are most likely generated from the former via acyl migration from
the 2- to the sn-1 or sn-3 position.

DNA extraction and 16S rRNA gene sequencing

DNA was extracted from intestinal contents using the QIAmp
PowerFecal DNA kit (Qiagen) according to the manufacturer’s
instructions. The DNA concentrations of the extracts were mea-
sured fluorometrically with the QuantiT PicoGreen dsDNA kit
(Thermo Fisher Scientific), and the DNAs were stored at —20°C
until 16S rDNA library preparation. Briefly, 1 ng of DNA was used
as template, and the V3-V4 region of the 16S rRNA gene was am-
plified by PCR using the QIAseq 16S Region Panel protocol in
conjunction with the QIAseq 16S/ITS 384-Index I (Sets A, B, C, D)
kit (Qiagen). The 16S metagenomic libraries were eluted in 30 pl
of nuclease-free water and 1 pl was qualified with a Bioanalyser
DNA 1000 Chip (Agilent) to verify the amplicon size (expected
size ~600 bp) and quantified with a Qubit (Thermo Fisher
Scientific). Libraries were then normalized and pooled to 2 nM,
denatured, and diluted to a final concentration of 6 pM and

supplemented with 5% PhiX control (Illumina). Sequencing (2 x
300 bp paired-end) was performed using the MiSeq Reagent Kit
V3 (600 cycles) on an Illumina MiSeq system. Sequencing reads
were generated in less than 65 h. Image analysis and base calling
were carried out directly on the MiSeq. Data were processed using
the DADA2 pipeline (29) and microbiota composition assessed by
calculating - and B-diversity indexes and intra- and inter-individual
variations in microbial composition using PERMANOVA (vegan
R package) (30). Reads were rarefied to 8,000 reads to account
for depth bias for total FMT pool, colon CR, colon FMT, cecum
CR, and cecum FMT. Total read counts were used for ileum CR
(8,088), ileum FMT (4,072), jejunum CR (5,164), and jejunum
FMT (716). Statistical analysis was only performed on colon and
cecum, as read counts for ileum and jejunum were not sufficiently
high to carry out this analysis.

Statistical analysis

Data are expressed as the mean + SEM, as specified in the indi-
vidual tables and figures.

For gene expression analysis, the differences between the CR
and GF of 4- and 13-week-old mice were assessed separately and
each intestinal tract was analyzed independently. Particularly,
the differences between the CR and GF of 4-week-old male mice
and the differences between CR and Ab mice were assessed
using an unpaired Mann-Whitney #test on ddCt, while for the
13-week-old mice and the Swiss Webster mice, one-way ANOVA
followed by Fisher’s least significant difference test was used.
With regard to eCBome mediator levels (picomoles per milli-
gram), superscript letters represent the differences, in each in-
testinal tract, between CR and GF 4-week-old mice as determined
by an unpaired Mann-Whitney #test and between CR, GF, SHAM,
and FMT 13-week-old mice as determined by a one-way ANOVA
followed by Fisher’s least significant difference test. The changes
of the CR mediator levels between the different intestinal seg-
ments at both 4 weeks and 13 weeks were also assessed using
unpaired Mann-Whitney #test. For the 4- and 13-week-old analy-
sis, CR and Ab mouse experiments, and Swiss Webster mouse
experiments, the differences between experimental groups
were considered statistically significant for P < 0.05 and groups
with different superscript letters indicate significant differ-
ences. Data were analyzed using GraphPad Prism 6.01 software
(La Jolla, CA).

Principal component analysis (PCA) was performed using the
FactoMineR R package (31).

RESULTS

GF mice exhibit important changes in eCBome signaling
that are partially reversed by FMT

To investigate how the absence of the gut microbiota can
affect the eCBome, we measured eCBome gene expression
and mediator levels within juvenile (4 weeks) and adult (13
weeks) GF and CR male mice in the duodenum, jejunum,
ileum, and proximal colon. Then, to assess the potential
for gut microbiota to subsequently reverse the observed
changes in the eCBome, we conventionalized the mice
through FMT in 12-week-old GF mice and reassessed the
eCBome after 1 week. Although qPCR analyses from differ-
ent ages and intestinal segments cannot be quantitatively
compared as they were run in separate experiments, a com-
parison of the Cts for each gene (see supplemental Table
S3) indicated that the mRNA expression of none of the
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genes investigated was strongly altered when passing from
4 to 13 weeks of age.

While several alterations were found in GF mice, we shall
discuss hereafter only those that were reversed at some
level by the FMT, suggesting that the observed changes in
GF mice are directly due to a lack of microbiota and not
developmental consequences resulting from their absence
or adaptive mechanisms.

Genes encoding eCBome receptors. We observed changes in
the expression of Cnrl, GprlS, Gpr55, and Ppara within the
intestines of GF mice. In general, these changes showed
similar trends in young and adult GF mice with respect to
CR controls in the duodenum, jejunum, ileum, and colon;
and in some instances, such as for Gprl8§ and Gpr55 in the
ileum, the differences in gene expression became mark-
edly more pronounced with age (Fig. 2B, C).

With regard to Cnrl (encoding CB1), while there were
no changes in expression at 4 weeks in any intestinal sec-
tion, there was a trend to increased expression in the co-
lon, which became statistically significant by 13 weeks (Fig.
2A). Similarly, ileal Cnrl expression increased by ~2-fold
in 13-week-old GF mice. Notably, even though not statisti-
cally significant, the FMT partially reversed this change
(Fig. 2A). In contrast, the FMT did reverse increased Cnrl
expression within the colon; however, puzzlingly, the SHAM
controls showed the exact same effect, despite having been
confirmed to be GF at the point of tissue harvesting.

As for the two orphan G protein-coupled receptors,
Gpri8 and Gpr55 (Fig. 2B, C), their expression in GF mice
was decreased in all tracts of the small intestine at 4 and 13
weeks, except in the duodenum for Gpr55 at 4 weeks and
Gpri8at 13 weeks. As with Cnrl in the colon, FMT reversed
the observed changes for both targets in the jejunum, but
SHAMs showed similar effects. However, in the ileum, FMT
partially but significantly rescued the expression of both
genes, while no effects were observed in SHAMs. Instead,
Gpr55 expression in the duodenum was fully and specifi-
cally rescued only by FMT (Fig. 2B, C).

In order to confirm the effects observed for Gpr55 in the
ileum, and in view of the increasing importance of the pro-
tein encoded by this gene as a target for both eCBs and
plant cannabinoids, particularly in immune and inflamma-
tory response, we assayed its expression in 7-week-old GF
Swiss Webster mice housed within a different animal fa-
cility. Consistent with results obtained in C57BL/6NTac
mice, Gpr55 expression was significantly reduced in the
ileum of these mice, and conventionalization resulted in
a significant reversion of this decrease (Fig. 2E). The regu-
lation of Gpr55 expression by gut microbes in the ileum was
further confirmed through the use of antibiotics, which
significantly decreased Gpr55 expression (Fig. 2F). In GF
Swiss Webster mice or in CR C57BL/6] mice treated with
antibiotics, Gpr55 expression was also reduced in the colon,
where again this effect showed a strong tendency toward
reversion by conventionalization (Fig. 2E). This supports
the identification of a trend observed in the colon of
4-week-old C57BL/6NTac mice (Fig. 2C), and suggests a
potential age-dependent effect of the lack of gut microbiota
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on this gene. Finally, in the jejunum, Swiss Webster and
C57BL/6] mice also showed a trend toward reduction of
Gpr55 expression following GF raising or treatment with
antibiotics, respectively (Fig. 2E, F), in partial agreement
with the results obtained in both 4- and 13-week-old
C57BL/6NTac mice.

Ppara expression was increased in all the tracts of the
small intestine of GF mice at 4 weeks, but remained in-
creased only in the duodenum and ileum at 13 weeks (Fig.
2D). These latter decreases were totally and specifically re-
versed by the FMT (Fig. 2D).

eCBome mediators. The tone of a given receptor can be
altered either by its expression levels and coupling to
downstream signaling or by changes in the concentration
of its ligand or both. We therefore next measured a panel
of eCBome ligands (supplemental Table S4) in all tracts of
the small intestine and colon to determine whether they
were altered in 13-week-old GF mice and whether their lev-
els could subsequently be affected by FMT. Not all media-
tor levels were within the detection limits of the method.
Moreover, we present data only for those mediators that,
apart from being detectable and quantifiable, underwent
alterations in GF, SHAM, or FMT mice.

First, we checked to determine whether the tissue levels
of the mediators varied between 4- and 13-week-old CR
mice, and found that in most of the cases when the differ-
ences were statistically significant, the concentrations were
higher at 4 weeks, as in the case of AEA and N-eicosapen-
taenoyl-ethanolamide (EPEA) in the jejunum (P = 0.011
and P = 0.016, respectively) and ileum (P = 0.04 and P =
0.02, respectively), 2-AG in the ileum (P=0.001), N-docosa-
hexaenoyl-ethanolamide (DHEA) in jejunum, ileum, and
colon (P =0.022, P=0.016, and P = 0.024, respectively),
and Mlinoleoyl-ethanolamide (LEA), 2-EPG, and 2-DHG
in the ileum (P = 0.007, P = 0.02, and P = 0.004, respec-
tively). The only mediator found to increase was 2-oleoyl-
glycerol (2-OG), which was significantly higher at 13 weeks,
although only in the colon (P = 0.022). We also observed
several statistically significant differences between the lev-
els of the mediators in different intestinal segments at both
4 and 13 weeks (supplemental Table S5A, B). In general,
2-acylglycerols were more abundant in proximal intestinal
regions than distal ones [the most frequent exception to
this rule being 2-OG and 2-linoleoyl-glycerol (2-LG)]. By
contrast, NAEs tended to show an opposite trend, espe-
cially at 4 weeks along the small intestine, with AEA, LEA,
and DHEA being highest in the ileum.

Next, we analyzed differences due to the GF condition.
AFEA levels did not show any significant alterations in young
GF mice; however, they were significantly increased in the
jejunum and colon of GF mice at 13 weeks. While in the
jejunum there was no FMT-reversible change observed, the
colon displayed a statistical reversion by FMT, though the
SHAM showed similar results (Fig. 3A). On the other hand,
2-AG levels were only transiently increased in the jejunum
at 4 weeks, returning to CR levels at 13 weeks, and not sig-
nificantly increased in the ileum at 13 weeks. Interestingly
however, FMT resulted in a significant decrease in jejunal
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Intestinal expression levels of the eCBome receptors Cnrl (A), Gprl8 (B), Gpr55 (C), and Ppare (D) in 4- and 13-week-old CR and

GF mice and in 13-week-old male GF mice gavaged with sterile PBS (SHAM) or fecal microbiota (FMT). The mRNA expression levels were
measured by qPCR array in duodenum, jejunum, ileum, and colon for all experimental groups and are expressed relative to CR mice for
each age within each tissue. Values are mean + SEM of n = 5-10 mice. Bars marked with different letters were significantly different at the
P =< 0.05 level. E, F: Gpr55 gene expression in 7-week-old CR, GF, and FMT Swiss Webster mice (E) and control (CR) or antibiotic-treated

(Ab) C57BL/6] mice (F).

2-AG compared with GF mice, to levels that were even
lower than those in CR mice. This suggests that the produc-
tion or metabolism of 2-AG within the jejunum, despite no
longer being significantly increased in 13-week-old CR mice,
becomes more sensitive to the introduction of bacteria.
These results for 2-AG are partly consistent with altera-
tions in the expression of the 2-AG catabolic enzymes,

monoacylglycerol lipase (supplemental Table S6) and
Pptl at 4 weeks, and for Pptl at 13 weeks (see below and
supplemental Table S6).

With regard to NAEs (Fig. 3A), the most robust changes
were observed for N-oleoylethanolamide (OEA), LEA, EPEA,
and DHEA. Indeed, the significant increases of OEA, LEA,
and EPFA in the duodenum of GF adult mice were fully
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Fig. 3. Concentrations in intestinal tissues of eCBs and select congeners in 4- and 13-week-old CR or GF
mice and in 13-week-old male GF mice gavaged with sterile PBS (SHAM) or fecal microbiota (FMT). Levels
of NAEs (A) and 2-acylglycerols (B) are expressed as picomoles per milligram of tissue and were determined
in duodenum, jejunum, ileum, and colon. Values are the mean + SEM of n = 5-10. Bars marked with different
letters were significantly different at the P < 0.05 level. 2-AG, the three enantiomers of mono-arachidonoyl-
glycerol (added together because presumably coming from the isomerization of 2-arachidonoylglycerol); 2-EPG,
the three enantiomers of mono-eicosapentaenoyl-glycerol (added together because presumably coming from the
isomerization of 2-eicosapentaenoyl-glycerol); 2-DHG, the three enantiomers of mono-docosahexaenoyl-glycerol
(added together because presumably coming from the isomerization of 2-docosahexaenoyl -glycerol).
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reversed by FMT but not SHAM treatments, while for
DHEA, the SHAM also significantly reversed the observed
increase in GF mice, though FMT resulted in a stronger
effect to levels below those observed in CR mice. The jeju-
num showed the same trend for OEA, LEA, and EPEA,
though the increase was only significant for the latter, and
in all cases, FMT only resulted in statistically insignificant
trends toward decreased levels. In the colon, both OEA
and LEA were significantly increased in 4-week-old GF mice,
though this was only maintained in the case of LEA at 13
weeks, and while FMT completely reversed this effect, so
did the SHAM. This same pattern in 13-week-old mice was
observed for EPEA at 13 weeks.

Regarding monoacylglycerols, while there were no sig-
nificant changes in 2-OG and 2-L.G along the entire intes-
tine at both ages, 2-EPG and 2-DHG levels were significantly
increased in the jejunum of 4-week-old GF mice (Fig. 3B).
The same trend was present in the adult mice. FMT re-
duced their levels from those in GF mice and, in the case of
2-DHG, to levels lower than those in CR mice, as observed
for 2-AG. However, once again, SHAMs showed similar
effects. In the ileum, 2-EPG levels were not significantly
increased at 13 weeks in GF and SHAM mice, and decreased
by FMT.

AA, a lipid mediator itself and the ultimate precursor
(and metabolite) for both AEA and 2-AG, was significantly
increased in the jejunum of young GF mice and the same
trend was present in adult mice (Fig. 4A), while in the
other parts of the small intestine only nonsignificant trends
were observed. However, interestingly, in the ileum, FMT
significantly increased AA to levels higher than observed in
13-week-old CR mice. This, however, did not correlate with
alterations in AEA or 2-AG levels (Fig. 3A, B). In the colon,
AA levels were also significantly increased in GF mice and
reduced by FMT, although the SHAM treatment also pro-
duced a similar reduction.

Genes encoding eCBome metabolic enzymes. As for the
eCBome anabolic enzymes for AEA and other NAEs, the
most significant results were observed for Abhd4, Gdel, and
Ptpn22. Abhdd4 and Gdel encode enzymes that in combina-
tion provide a NAPE-PLD-independent pathway for NAE
synthesis. Both genes were significantly increased in the
ileum of 4-week-old GF mice, which was maintained only in
the ileum at 13 weeks and completely reversed to levels
below those of CR mice specifically by FMT (Fig. 5A).
Gdel expression was similarly affected in the duodenum
at 13 weeks, although less markedly. Here too, FMT re-
duced gene expression levels to those below CR mice, while
SHAMs had a nonsignificant decrease (Fig. 5A). Most
interestingly, the protein tyrosine phosphatase, Pipn22,
encoding a multi-function phosphatase suggested to be in-
volved in AEA biosynthesis (32), had the mirror opposite
expression in response to GF status to those described
above. Pipn22 expression was, in fact, decreased in all sec-
tions of the small intestine at 4 weeks in GF mice, an effect
that was only maintained in the ileum at 13 weeks. Here
again, the FMT was specifically able to reverse this effect,
but not completely as with Abhd4 and Gdel (Fig. 5A). These

data suggest that two alternate pathways for NAE biosyn-
thesis respond differently to the GF status and subsequent
conventionalization.

Concerning the expression levels of eCBome catabolic
enzymes for AEA and other NAEs, the expression levels of
Faah and Naaa responded almost identically to the GF sta-
tus and FMT, and although results were not always statisti-
cally significant, trends were maintained (Fig. 5B). The
expression of both genes was increased in the duodenums
of 13-week-old GF mice, which was completely reversed by
FMT, while SHAMs only showed nonsignificant decreases.
Faah and Naaa expression also increased in the jejunums
and ileums of 4- and 13-week-old GF mice, though this
effect was only maintained in a statistically significant man-
ner for Faah in the ileums of older mice. Within the
jejunums, FMT decreased the expression of both Faah and
Naah from those observed in SHAMSs, but not to levels be-
low those observed in GF mice. However, for Faah in the
ileum, the increase was completely reversed to CR levels
by FMT.

Regarding the gene encoding the enzyme, peptidylgly-
cine a-amidating monooxygenase (Pam), responsible for
the biosynthesis of primary fatty acid amides from the oxi-
dative catabolism of the corresponding N-acyl-glycines, its
expression was increased in all regions of the small intes-
tine of 4-week-old GF mice. At 13 weeks, Pam expression
behaved exactly like Faah and Naaa in the jejunum and
ileum of GF mice. Furthermore, in both tissues, FMT always
induced a significant reversion to levels observed in CR
mice, while SHAMs showed no effect (Fig. 5B).

As for the metabolic enzymes for 2-AG and other 2-acyl-
glycerols, the most relevant results were found for Dagla
and DaglB3, encoding for enzymes that biosynthesize these
compounds by catalyzing the hydrolysis of the correspond-
ing diacylglycerols (33, 34), and for the serine hydrolases
Abhd6 and Pptl1, which encode for enzymes that have been
described to play a role in 2-acyl-glycerol inactivation un-
der certain conditions (35-37) (Fig. 5C, D). In 4-week-old
GF mice, Dagla displayed a significant decrease in the jeju-
num and ileum and only in the latter did FMT reverse the
trend toward decreased expression at 13 weeks. DaglB ex-
pression was similarly affected in the jejunum and ileum
at both ages, though here the decrease and complete re-
version by FMT in ileums was statistically significant and
specific (i.e., not observed with SHAMs) (Fig. 5C). The
expression levels of Dagi3 were also decreased in the co-
lons of 13-week-old GF mice and then totally reverted by
the FMT, while SHAM treatment produced no changes
(Fig. 5C). For Abhd6 and Pptl, only the latter showed
changes of gene expression in the small intestine at 4 weeks,
where it was consistently downregulated in all regions
(Fig. 5D). Interestingly, at 13 weeks, Abhd6 and Pptl often
showed mirror opposite changes in gene expression within
individual sections of the small intestine; Abhd6 is
increased, while Ppt¢l is decreased in all regions. FMT
resulted in specific and full rescue of these alterations in
all cases. Indeed, in the duodenum and jejunum, FMT
increased Pptl expression to levels significantly higher than
those observed in CR mice at 13 weeks.
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level.

Among the other genes encoding for lipid mediator
metabolic enzymes, surprising results came from the anal-
ysis of Pla2g5 (Fig. 4B). This gene encodes a calcium-
dependent phospholipase Ay involved in AA mobilization
(and eicosanoid biosynthesis), phospholipid remodeling,
and subsequent formation of AEA biosynthetic precur-
sors. The expression of this gene was drastically reduced in
a manner significantly and specifically reversed by FMT in
all the tracts of the small intestine and colon, with the only
exception in the duodenum of 4-week-old GF mice. Even
though the results were not always statistically significant,
Ptges, encoding the biosynthesizing enzyme for prostaglan-
dins and prostamide E,, a bioactive metabolite of AEA,
also showed a significant reduction (although less marked)
in the jejunum and ileum in both 4- and 13-week-old GF
mice, with a similar trend observed in the duodenum.
These decreases were totally reversed by FMT but not in
SHAMs (Fig. 4C).

Global changes in eCBome gene expression in response
to GF status

We found that GF mice are characterized by signifi-
cant changes in gene expression of several eCBome re-
ceptors and metabolic enzymes, both at 4 and 13 weeks
of age and in the various parts of the gastrointestinal
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tract. Most importantly, the successful colonization by
gut microbiota partially reversed the changes in expres-
sion of several eCBome genes in GF mice, particularly in
the various tracts of the small intestine. Accordingly,
PCA of the qPCR array data for all genes showed that for
all small intestine segments, CR and FMT mice clustered
closely, while GF and SHAM mice were found in the same
quadrant, clustered separately but closer to each other
than to CR and FMT mice (an overview of all relative
gene expression changes is shown in supplemental Table
S5, and the corresponding PCA is shown in supplemen-
tal Fig. S1). To validate the qPCR array results, we exam-
ined the expression of selected genes by single RT-qPCR
and, as shown in supplemental Fig. S2, the results con-
firmed the qPCR array expression data for all the exam-
ined genes.

16S metagenomics analyses show that a gut microbiome
was reintroduced in GF mice following FMT
Metataxonomic profiling of GF mice subjected to FMT
using microbiota samples from CR mice showed an overall
microbiome composition very similar to that of CR mice
for colon, cecum, ileum, and jejunum (Fig. 6A). However,
specific taxa were associated to compositional differences,
as Rsquared of the PERMANOVA was 45.7% for colon and
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30.2% for cecum. Statistical comparison of FMT mice to
CR mice for cecum and colon showed that some taxa
were differentially abundant between the two groups; i.e.,
Bacteroidaceae, Akkermansiaceae, and Peptococcaceae

Expression levels Expression levels Expression levels Expression levels

Expression levels

were significantly increased in the FMT group (Fig. 6B). In
opposition, Lachnospiraceae were reduced in the FMT
group for colon and cecum, and Christensenellaceae were
significantly reduced in the FMT group in the cecum only.
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DISCUSSION because they provide a cause-effect relationship between

The present study demonstrates that GF mice exhibit sig-
nificant modifications in eCBome gene expression and
mediator levels in the large and, particularly, small intes-
tine of young and adult male mice. Many of these modifica-
tions seem to be directly due to the lack of microbiota
because the successful transplantation of intestinal micro-
biota from donor to age-matched GF mice resulted, after
only 1 week, in the partial or complete reversal of many of
these changes. These results are unique and important
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the presence or absence of intestinal microbes, especially
those that were successfully reintroduced in GF mice by
FMT, and eCBome signaling. Based on the known intes-
tinal functions of eCBome receptors and their endogenous
ligands that were altered in GF mice (Table 1), our find-
ings represent the basis for future studies aimed at investi-
gating whether such alterations may explain part of the
peculiar intestinal phenotype of these mice.

The significant increase in the expression levels of Cnrl
in 13-week-old GF mice that we observed in the ileum and



TABLE 1.

Principal features of investigated eCBome molecular targets and lipid ligands

Most Studied
eCBome Targets

eCBome Mediators that Activate
the Target

Role of the Target in the Small
or Large Intestine

Anabolic or Catabolic” Enzymes
Reported to Regulate the Levels
of the eCBome Mediators, and
Found to be Altered in this
Study (22)

Role in Inflammation
of the Target

CBl1 AEA (Ki=61nM), 2-AG 1 Motility (66) Pro-inflammatory (70)  GDE1, ABHD4, PTPN22
(Ki =472 nM)>, DHEA (for NAEs)
(Ki =324 nM) (63-65) d Satiety in response to fat intake (67) DAGLa, DAGL (for
2-acylglycerols)
T Paracellular permeability (68, 69) FAAH (for NAEs)
ABHD6, PPT1 (for
2-acylglycerols)
CB2 2-AG (Ki = 1400nM)>AEA | Motility in gut inflammatory states (73)  Anti-inflammatory (74) GDE1, ABHD4, PTPN22
(Ki=1930nM) = DHEA (for NAEs)
(63, 65, 71, 72) DAGLa, DAGL (for
2-acylglycerols)
FAAH (for NAEs)
ABHD6, PPT1 (for
2-acylglycerols)
TRPV1 Unsaturated and | Paracellular permeability (75) Anti-inflammatory GDE1, ABHD4, PTPN22
polyunsaturated NAEs (due to its rapid (for NAEs)
and 2-MAGs, including T GLP-1 release (76) desensitization) (77) DAGLa, DAGL (for
AEA and 2-AG (54, 55) 2-acylglycerols)
FAAH (for NAEs)
ABHD6, PPT1 (for
2-acylglycerols)
PPARa OFA > PEA > DHEA (78) T Satiety in response to fat intake (51) Anti-inflammatory (79, GDE1, ABHD4, PTPN22
4 Paracellular permeability (75) 80) FAAH, NAAA
PPARYy AEA, DHEA (81, 82) 7 Lipid metabolism (83) Anti-inflammatory (84) GDE1, ABHD4, PTPN22,
FAAH
GPR55 PEA (85) 1 Motility (86) Anti-inflammatory (87) GDE1, ABHD4, PTPN22,
NAAA
GPR18 N-arachidonoyl-glycine T Correct immune response of the Possibly anti- FAAH, PAM
intestine (43) inflammatory (44)
GPR119 OFA, LEA, 2-L.G, 2-0G (52) T GLP-I release (88, 89) Unknown GDE1, ABHD4, PTPN22
(for NAEs)
DAGLa, DAGL (for
2-acylglycerols)
FAAH (for NAEs)

ABHD®6 (for 2-acylglycerols)

Reference citations appear in parentheses.
“Catabolic enzymes are indicated by italic type.

colon along with the trends toward increases in 2-AG levels
in the former tissue and AEA levels in the latter tissue,
together with previous studies showing that activation of
the receptor encoded by this gene inhibits intestinal motil-
ity and secretion (38-40), may explain in part why these
functions are inhibited in GF mice (14). Our results in GF
C57BL/6NTac mice recapitulate those obtained by Mucci-
oli et al. (19) in GF Swiss Webster mice in which Cnrl ex-
pression was similarly increased in the colon, while a
nonsignificant decrease was observed in the jejunum. How-
ever, the effect of FMT on these alterations was not in-
vestigated. Now, we report that FMT partially reversed the
increased Cnrl expression in the ileum and fully reversed
it, but not selectively over SHAM treatment, in the colon.
These data support the notion that microbiota directly reg-
ulate Cnrl expression in the intestines of mice.

Contrary to Cnrl, the expression of the gene encoding
for the recently proposed eCB and plant cannabinoid
target, GPR55, was significantly decreased in GF mice in all
three small intestinal segments analyzed and, except for
the jejunum, in both young and adult mice. This effect was
reversed by FMT fully and selectively over SHAM treatment
in the duodenum, fully but not completely selectively in
the jejunum, and partly and selectively in the ileum. Because

a similarity between GF C57BL/6NTac and 7-week-old Swiss
Webster mice was observed (and discussed above) for Cnrl
(19), we sought to confirm the Gpr55 expression results in
this latter strain, where indeed the GF status resulted again
in decreased expression in the ileum and, not significantly,
in the jejunum (the duodenum was not analyzed). GF Swiss
Webster mice also presented reduced Gpr55 expression in
the colon, similar to the non-statistically significant trend
observed in GF C57BL/6NTac mice at 4 weeks but not 13
weeks. The reason for this difference may lie in the genetic
and age differences between the mice used to perform the
experiments. Importantly, however, also in GF Swiss Web-
ster mice gut microbiome, conventionalization resulted in
rescued Gpr55 expression. Furthermore, antibiotic treat-
ment of C57BL/6] mice also reduced Gpr55 mRNA expres-
sion in the ileum and, as a non-statistically significant
trend, the jejunum and colon. These results, taken to-
gether, clearly indicate that the gut microbiome as a whole
positively controls the expression of Gpr55, particularly in
the ileum. The involvement of this receptor in the physiol-
ogy and pathophysiology of the rodent gut have been de-
scribed (41), although the description of tissues and cell
types expressing this receptor is still lacking. The higher
expression of Gpr55 in rats treated with lipopolysaccharides
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suggested a potential pro-inflammatory role of this recep-
tor in the gut. Thus, decreased GPR55 signaling in the
small intestine could be one of the mechanisms underlying
decreased gut inflammation in GF mice (42). Future ex-
periments, which are beyond the scope of this study, are
needed to address the role of reduced GPR55 signaling in
the GF mouse small intestine.

Similar to Gpr55, we observed a robust and general de-
crease in the expression levels of Gpri8in the small intes-
tine in GF mice of both ages, an effect that FMT could
reverse specifically over SHAM treatment in almost all ana-
lyzed parts of this organ. This, in the absence of any signifi-
cant change in the levels of the proposed ligand for this
receptor, i.e., N-arachidonoyl-glycine (which was below de-
tection levels of 5 fmol), suggests that the tonic activity of
GPR18 may be correspondingly decreased in GF mice. This
receptor is required cell-intrinsically for the reconstitution
of small intestine intraepithelial lymphocyte subsets (43),
whose functionality in inflammatory bowel disease is altered
in conjunction with dysbiosis (44). Thus, decreased GPR18
tone in GF mice may influence small intestine inflammatory
responses by altering intraepithelial lymphocyte activity.

GF mice exhibit a lean phenotype due to increased en-
ergy expenditure, and hence consume more food than
controls to maintain the same body weight (45) and are
resistant to diet-induced obesity and insulin resistance,
showing decreased adiposity and hepatic triglyceride levels
(46, 47). Although the underlying mechanisms are still to
be elucidated, it is known that GF mice have increased fatty
acid oxidation and decreased lipogenesis (48, 49). In our
study, we found an increase in the expression levels of the
gene encoding the nuclear receptor PPARa in all the tracts
of the small intestine and particularly in the duodenum
and ileum of both young and adult GF mice; these changes
were totally reversed 1 week after FMT, again specifically
over SHAM treatment. PPAR« is well-known to play an im-
portant role in several metabolic pathways and in lipid me-
tabolism in particular, promoting fatty acid oxidation, lipid
transport, and also ketogenesis and gluconeogenesis (50).
Although few reports exist about the role of PPAR« in the
intestine, the activation of this receptor by OEA in the jeju-
num was shown to inhibit the intake of dietary fats (51). In
accordance with these data, a recent study demonstrated
that mice lacking intestinal epithelial Napepld, the enzyme
mainly responsible of the synthesis of NAEs, display lower
levels of OFA and an increase of lipid absorption and fat
mass gain leading to a high fat diet-induced fatty liver, thus
highlighting the importance of the intestinal NAEs in the
regulation of energy homeostasis and to the disruption of
signaling leading to the development of obesity and hepatic
steatosis (27). We hypothesize that the FMT-reversible
increased expression of Pparx in GF mice could, on the
one hand, support the “positive” metabolic phenotype of
the GF mice and, on the other hand, represent an adaptive
response counteracting the increased food intake displayed
by these mice.

Indeed, increased Ppara expression was sustained by,
and possibly due to, the simultaneous FMT-reversible in-
creases in the levels of the potent endogenous PPAR«
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agonist, OEA, at least in the duodenum of 13-week-old GF
mice. Other mediators were also found to be increased in
some sections of the small intestine and then decreased
back to control levels by FMT. These included the OEA
congener, LEA, which, like OEA, acts as a GPR119 agonist
(52). GPR119 is a major intestinal stimulator of GLP-1 re-
lease, which upregulates insulin and downregulates gluca-
gon levels and thus controls glucose homeostasis, including
in response to OEA (53). Interestingly, Wichmann et al.
(15) showed that GF mice are characterized by a 3-fold
increase in GLP-1 production, contributing to a better
glucose tolerance, while FMT completely abolished the in-
creased GLP-1 production and colonic L-cell number.
Hence, it is tempting to speculate from our data that in-
creased OEA and LEA may underlie increased production
of endogenous GLP-1 in GF mice and contribute to their
resistance to high fat diet-induced glucose intolerance.
Finally, long chain NAEs, such as OEA and LEA, also acti-
vate TRPV1 channels (54, 55), which were shown to inhibit
food-intake, stimulate insulin sensitivity, and release and
exert both pro- and anti-inflammatory effects (the latter
especially following ligand-induced desensitization) (56).
Importantly, neither GPR119 nor TRPV1 expression was
found here to be affected by lack of the intestinal micro-
biota (supplemental Table S5).

Two major genes encoding for enzymes for NAE hydroly-
sis, i.e., Faah and Naaa, showed an FMT-reversible increase
along all the small intestinal tracts. However, NAE concen-
trations were not significantly reduced in the intestinal tis-
sues of GF mice. This could be due to the fact that genes
encoding NAE anabolic enzymes, i.e., Abhd4 and, especially,
Gdel, also exhibited increased expression in GF mice, thus
possibly counteracting the effects of increased degradation
and even underlying the increase of select NAEs such as
OEFA and LEA. On the other hand, there was a decrease in
the expression of the gene encoding for a potential AEA
biosynthetic enzyme, Pipn22 (32). However, only scant evi-
dence exists for the involvement in the biosynthesis of NAEs
other than AEA for this enzyme, which, as such or through
some of its polymorphisms, is instead implicated in intesti-
nal inflammation in a manner dependent on the gut micro-
biota (57).

Interestingly, two eCBome genes that are more margin-
ally involved in NAE biosynthesis or degradation were in-
stead strongly affected by the lack of microbiota in GF
mice. Piges, encodes prostaglandin E synthase, an enzyme
involved in the biosynthesis of PGE, and also in the trans-
formation of AEA or 2-AG into prostamide E, and prosta-
glandin glycerol ester E, (58, 59) (which, with our method,
were below the detection limit of 5 and 25 fmol, respec-
tively). Pla2g5, encodes a calcium-dependent secretory
PLA2 catalyzing the release of AA from membrane phos-
pholipids (59). Both these genes were significantly down-
regulated in all tracts of the small and large intestine, in
both young and adult mice and in a manner significantly
reversed by FMT. For some of these “multi-task” enzymes,
we hypothesize their involvement in the altered immune
response of GF mice, which may be related to decreased
pro-inflammatory eicosanoid production.



Regarding the anabolic enzymes for 2-acyl-glycerols,
both Dagla and DaglB were reduced, in a manner reversed
by FMT, in young and adult GF mice in the ileum, and, in
the case of the latter enzyme, also in jejunum and colon,
despite the observed elevation of 2-AG and 2-EPG levels in
this tissue. Intriguingly, the expression of the gene encod-
ing what is considered the second most important enzyme
for 2-AG hydrolysis, Abhd6, was instead increased in the
ileum (as well as in the duodenum and jejunum, and
decreased in the colon) in an FMTreversible manner, again
in apparent disagreement with the increases observed with
some 2-acylglycerols. Among the observed alterations in
anabolic or catabolic genes, the latter effect could be due
to the reduction in the expression of Pptl, encoding an
enzyme that, however, was shown so far to be involved in
2-AG degradation in only one study (35). In summary, the
alterations in monoacylglycerol metabolic enzymes found
here in GF mice would have predicted a decrease in the
levels of 2-acylglycerols in these mice and, therefore, do not
seem to account for the increases observed for some mem-
bers of this lipid family in some intestinal segments.

The fact that the modifications of the eCBome anabolic
and catabolic enzyme expression do not necessarily corre-
late with the changes observed in lipid mediators (when
these latter could be/were measured) may be justified by
the redundancy of the metabolic pathways and enzymes
able to synthesize and degrade these molecules. This re-
dundancy does not always allow for the prediction of
changes in metabolic product concentrations based on
changes in enzyme expression (60). A further complica-
tion derives from the possibility that the concentrations of
these lipid mediators are also regulated by the availability
of their ultimate phospholipid precursors (34). Thus, the
expression of genes encoding for enzymes may also repre-
sent adaptive responses to feedback on mediator changes.
Finally, the observed alterations in enzyme expression may
have impacted upon the concentrations of mediators that
we did not measure, such as, for example, the fatty acid pri-
mary amides. These bioactive mediators are produced from
the action of the enzyme PAM, whose gene we found here
to be significantly upregulated in the jejunum and ileum of
both young and adult GF mice and SHAM controls.

Regardless of their role, or lack thereof, in contributing
to the gut phenotype or intestinal eCBome mediator levels,
the observed mRNA expression levels of eCBome receptors
or metabolic enzymes in GF and SHAM mice, on the one
hand, and CR and FMT mice, on the other hand, overall
clustered together or very close in PCAs, at least in the small
intestine where most of the FMT-induced reversals were ob-
served. This observation, together with our metagenomics
data showing that the FMT did indeed restore a gut bacte-
rial population very similar to that found in CR mice in GF
mice, reinforces the hypothesis of a direct link between the
gut microbiota and the eCBome, at least in this part of the
gut. This hypothesis is also supported by previous findings
by Everard and colleagues showing that: ) mice lacking,
specifically in intestinal epithelial cells, the key toll-like re-
ceptor adaptor protein MyD88, which mediates some of the
systemic inflammatory effects of gut microbiota-derived

lipopolysaccharides, and 2) wild-type mice under a high fat
diet treated with the metabolically beneficial commensal
bacterium, Akkermansia muciniphila, both exhibit higher in-
testinal levels of eCBome mediators with anti-inflammatory
and GLP-1-stimulating effects (61, 62).

In conclusion, we showed here that GF mice, starting at
4 weeks of age and until at least 13 weeks of age, undergo
important changes in eCBome signaling that a partial in-
troduction of the intestinal microbiota is able to reverse
after only 1 week. These findings provide unprecedented
direct evidence of how the eCBome in the small intestine is
subject to regulation by commensal microorganisms. Fur-
ther studies are now needed to determine whether the
changes observed here are responsible for some of the in-
testinal phenotypes of GF mice and to assess whether the
manipulation of gut microorganisms by different diets and
pre-, pro-, and symbiotics or, more selectively, with antibiot-
ics and bacteriophages, may impact on the eCBome and,
hence, the physiopathological conditions in which this
complex signaling system is involved Bl
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