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Introduction

Human milk oligosaccharide 2'-fucosyllactose
supplementation improves gut barrier function
and signaling in the vagal afferent pathway in
micet

Sunhye Lee,1? Michael L. Goodson, {22 Wendie Vang,? Jennifer Rutkowsky, 2 °

Karen Kalanetra,“ Mrittika Bhattacharya,” Daniela Barile and
Helen E. Raybould “

2'-Fucosyllactose (2'-FL) is one of the predominant oligosaccharides found in human milk and has several
well-established beneficial effects in the host. It has previously been shown that 2'-FL can improve the
metabolic phenotype in high-fat (HF)-fed mice. Here we investigated whether dietary supplementation
with 2'-FL was associated with improved intestinal barrier integrity, signaling in the vagal afferent pathway
and cognitive function. Mice were fed either a low-fat (LF, 10% fat per kcal) or HF (45% fat per kcal) diet
with or without supplementation of 2'-FL (10% w/w) in the diet for 8 weeks. Body weight, energy intake,
fat and lean mass, intestinal permeability (ex vivo in Ussing chambers), lipid profiles, gut microbiome and
microbial metabolites, and cognitive functions were measured. Vagal afferent activity was measured via
immunohistochemical detection of c-Fos protein in the brainstem in response to peripheral adminis-
tration of cholecystokinin (CCK). 2'-FL significantly attenuated the HF-induced increase in fat mass and
energy intake. 2'-FL significantly reduced intestinal permeability and significantly increased expression of
interleukin (IL)-22, a cytokine known for its protective role in the intestine. Additionally, 2'-FL led to
changes in the gut microbiota composition and in the associated microbial metabolites. Signaling in the
vagal afferent pathway was improved but there was no effect on cognitive function. In conclusion, 2'-FL
supplementation improved the metabolic profiles, gut barrier integrity, lipid metabolism and signaling in
the vagal afferent pathway. These findings support the utility of 2'-FL in the control of gut barrier function
and metabolic homeostasis under a metabolic challenge.

or contributing role for the microbiota in multiple
pathologies.>” Thus, manipulation of the gut microbiota to

In healthy individuals, the gut microbiota is in a mutual sym-
biotic relationship with the host, contributing to homeostasis
via effects on endocrine, immune, and neural pathways.
Abnormal compositional and functional changes of the gut
microbiota, termed dysbiosis, have been associated with meta-
bolic and cognitive disturbances, suggesting a potential causal
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treat metabolic and cognitive impairments associated with
dysbiosis is an attractive peripheral target.* ® In particular, the
use of non-invasive approaches such as the use of prebiotics to
change the microbiota has been of particular interest. As meta-
bolic substrates for beneficial bacteria, prebiotics have been
shown to exert metabolic and cognitive benefits in association
with compositional changes in the gut microbiota and their
metabolites in the host.>”*

Human milk oligosaccharides (HMO) have been shown to
have multi-functional, health-promoting activities and are con-
sequently gaining considerable interest in the infant formula
industry as well as for prebiotic applications in adults."”” A
handful of HMO are being produced industrially using recom-
binant methodology and supplementation of oligosaccharides
such as 2'-fucosyllactose (2-FL) and lacto-N-neotetraose
(LNnT) to infant formula is now possible. 2'-FL is a predomi-
nant oligosaccharide in human milk.'® Administration of 2'-FL
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can act as a prebiotic to improve gut dysbiosis.'”*® 2"-FL also
has direct beneficial effects on the host at the level of the gas-
trointestinal tract to improve intestinal immune and barrier
function as shown in in vitro studies and following dietary sup-
plementation in vivo.?®?' Another potentially important, yet
poorly understood, beneficial function of HMO is their contri-
bution to the cognitive development of infants. Dietary sup-
plementation with 2'-FL has been shown to improve cognitive
function in rodents.* 2'-FL enhanced hippocampal long-term
potentiation in vitro suggesting a direct effect on neurons in
the central nervous system consistent with increased memory
consolidation seen in rodent studies.>® The ability of 2'-FL to
influence cognitive function and improve learning and
memory has also been shown to involve a vagally-mediated
pathway.>*

We have previously shown that administration of 2'-FL in
the drinking water has beneficial metabolic effects in mice fed
a high-fat (HF) diet, including decreased body weight and adi-
posity, decreased gut and adipose tissue inflammation and
drove significant changes in the composition of the gut micro-
biota and its metabolites.” However, whether the beneficial
metabolic effects of 2'-FL were associated with changes in
intestinal permeability was not investigated in the previous
study. There is evidence to suggest that HF diet-induced
obesity is driven by changes in gut permeability with the con-
sequent translocation of deleterious bacterial metabolites into
the circulation.?® These bacterial metabolites can act systemi-
cally to induce inflammatory responses in metabolically-active
tissues and also impair the vagal afferent signaling.?®”
Hyperphagia in response to HF feeding is associated with
decreased activation of the vagal afferent pathway to intestinal
satiety factors, in particular cholecystokinin (CCK); changes in
gut microbial metabolites or improved gut permeability may
help restore vagally-mediated intestinal satiety responses and
decrease food intake. Thus, this study investigated the effects
of 2"-FL supplementation in the diet on metabolism, the vagal
afferent pathway and cognitive function in mice with or
without the metabolic challenge of HF feeding. Changes in
general phenotypes (body weight, energy intake, body compo-
sition), gut barrier integrity, lipid profiles, cecal microbiome
and metabolites, and cognitive behaviors were measured. We
also determined the effect of 2-FL on the vagal afferent
pathway.

Methods and materials
Animals and diets

Animals were maintained and experiments performed in com-
pliance with institutional guidelines. All procedures were per-
formed in accordance to protocols approved by the
Institutional Animal Care and Use Committee (# 21900,
University of California, Davis). Male C57BL/6] mice (n = 32, 8/
group; 6-week-old, JAX, Sacramento, CA) were split into 4
weight-matched groups and fed either a low-fat (LF/CON; 10%
keal as fat), high-fat (HF/CON; 45% kcal as fat), or LF or HF
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diet with 2-FL (LF/2-FL or HF/2-FL; provided by BASEF,
Ludwigshafen, Germany; batch no. 012644-L 04) at 10% (w/w)
in diet for 8 weeks (Table S1t). All animals were housed indivi-
dually at 22.6 + 0.6 °C, 59.2 + 8.5% relative humidity (mean =+
standard deviation) with 12 h:12 h light-dark cycles. Body
weight and food and water intake were measured once a week.
Food efficiency was determined as weight gain (g)/energy
intake (kcal). Body composition for fat and lean mass was ana-
lyzed in live animals using EchoMRI-100 TM from Echo
Medical Systems (Houston, TX). After 8 weeks on respective
diets, mice were fasted for 4 h, prior to administration of CCK
(IP; 20 pg kg '; Bachem Americas, Torrance, CA) 2 h before
euthanasia to determine c-Fos expression in hindbrain, and
euthanized using deep anesthesia induced with pentobarbital
(Fatal Plus, Vortech Pharmaceuticals, Dearborn, MI; 300 mg
kg™'; i.p.). Blood was collected via cardiac puncture in K3-
EDTA tubes and centrifuged at 1000g for 10 min at 4 °C to
obtain plasma. The liver, ileum, cecum and contents, colon,
visceral fat pads, nodose ganglion, and brain were collected.
Plasma and tissues were snap-frozen and stored at —80 °C
until analysis.

Cognitive assessment

Cognitive assessments were performed after 7 weeks on the
respective diets during the light period.

Y-maze test. Short-term working memory was assessed by
the Y-maze spontaneous alternation test. Mice were adapted to
the testing room for 30 min then placed in the center of the
Y-maze and were tracked with an overhead camera for the
extent of a 6 min trial. An elevated white plastic Y-maze with
three 35 cm arms at 120-degree angles was used. The number
of entries into each arm was recorded and scored with
Ethovision XT videotracking software (Version 14.0, Noldus
Information Technologies, Leesburg, VA). Alternation score
was computed as the number of times the three arms were
sequentially entered. The % alternation score is the number of
alternations divided by the total number of arms entered.

Open field test. General locomotor activity levels, anxiety,
and willingness to explore were assessed by the open field test.
Mice were adapted to the testing room for 60 min then placed
in the center of a white plastic box (40 x 40 x 40 cm) and were
tracked with an overhead camera for the extent of a 15 min
trial with Ethovision XT videotracking software (Version 14.0,
Noldus Information Technologies, Leesburg, VA). Perimeter
was defined as the outer 10 cm region of the 40 cm box. Time
(second) spent in the center or perimeter zones of the open
field was determined.

Novel object recognition test. Short-term non-associative
memory was assessed in the novel object test based on the
natural exploration of novelty in mice. Day 1 consisted of a
15 min environmental habituation, which also served as our
open field test. Day 2 consisted of a 12 min familiarization
period with two identical objects (plastic flasks or cones) and
a 12 min test with one known and one novel object (one flask
and one cone). Mice, adapted to testing room for 60 min, were
placed in the center of a white plastic box (40 x 40 x 40 cm)

This journal is © The Royal Society of Chemistry 2021
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and were tracked with an overhead camera. The familiarization
period and novel object test were performed 4 h apart. The
time spent at both the novel and known objects were recorded
with EthoVision XT video tracking software (Version 14.0,
Noldus  Information  Technologies,  Leesburg,  VA).
Discrimination index was calculated as difference in explora-
tion time for familiar object, but then dividing this value by
the total amount of exploration of the novel and familiar
objects [DI = (TN — TF)/(TN + TF)].

Oral glucose tolerance test (OGTT)

Mice were food-deprived for 6 hours and orally gavaged with a
glucose solution (2 g per kg body weight using 50% dextrose
solution [Dextrose Injection, USP, Hospira. Lake Forest, IL]).
Glycemia was measured by using a glucometer (True Metrix,
Tuvidia Health, Ft. Lauderdale, FL) before (0 min) and after
(15, 30, 60, 90, and 120 min) glucose administration.”® OGTTs
were performed 2 days after cognitive assessments.

Barrier function assessment

At necropsy, a section of cecum was opened along the mesen-
teric border and mounted in Ussing chambers (Physiologic
Instruments, San Diego, CA), exposing 0.1 c¢cm® of tissue
surface area to 2.5 ml of oxygenated Krebs-glucose (10 mM)
and Krebs-mannitol (10 mM) at 37 °C on the serosal and
luminal sides, respectively. The paracellular pathway and
transcellular pathway were measured as the flux of fluorescein
isothiocyanate conjugated to 4 kDa dextran (FD-4; Sigma-
Aldrich) and horseradish peroxidase (HRP Type VI; Sigma
Aldrich), respectively. FD-4 (400 pg ml™") and HRP (200 pug
ml ") were added to the mucosal chamber, and samples were
collected from the serosal chamber every 30 min for 2 h. The
concentration of FD-4 was measured via fluorescence at exci-
tation of 485 nm and emission of 538 nm. O-dianisidine sub-
strate was used to detect HRP at absorbance 450 nm. Samples
with a fluorescent intensity values identified as outliers using
Tukey’s Rule were excluded from both HRP and FD4 analyses
as damaged tissues.?® Data are shown as flux at 90 min.

RNA extraction and quantitative RT-PCR

Total RNA from the intestine, liver, brain and muscle tissues
was extracted using TRIzol reagent (Life Technologies, Grand
Island, NY) and a FastPrep-24 5G Homogenizer (MP
Biomedicals, Santa Ana, CA). cDNA was synthesized from 1 pg
of purified RNA using iScript ¢cDNA synthesis kit (Bio-Rad,
Hercules, CA) following the manufacturer’s protocol. Real-time
PCR was performed with the QuantStudio 6 Flex Real-Time
PCR system (Thermo Fisher Scientific, Waltham, MA) using
PowerUp SYBR Green Master Mix (Thermo Fisher Scientific,
Waltham, MA). GAPDH was used as a housekeeping gene.
Genes of interest were analyzed according to the 2744¢T
method and compared with control samples.®® Primer
sequences are provided in Table S2.t
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Immunohistochemistry

Hindbrains were cryosectioned at 30 pm thickness and stained
for c-Fos protein expression in the NTS and AP regions.
Sections were permeabilized in PBST (phosphate-buffered
saline containing 0.1% Tween 20, Sigma-Aldrich), blocked in
5% normal goat serum in 0.2% Triton X-100 (Sigma-Aldrich)
in PBST for 1 h at room temperature, and incubated overnight
in a primary antibody (c-Fos at 1:100; Cell Signaling
Technology, Beverly, MA) at 4 °C. After washes, signals were
revealed by incubation with a secondary antibody (1:500;
Alexa Fluor 647, Invitrogen, Carlsbad, CA) in blocking buffer
for 1 h in the dark at room temperature. For visualization of
vagal afferents, sections were incubated with isolectin GS-IB4
Alexa Fluor 594 (IB4, 1:500; Molecular Probes, Eugene, OR).
Nuclei were counterstained with 4',6-diamidino-2-phenylindole
(DAPI, 1:5000; Invitrogen) for 5 min followed by washes.
Sections mounted on slides were closed with Prolong antifade
mounting medium (Molecular Probes). Images were acquired
using a confocal microscope (Leica TCS SP8 STED 3X; Leica,
Wetzlar, Germany) and quantified in a blinded manner using
Imaris Software (Bitplane, Zurich, Switzerland).

Histology

At the times of tissue collection, the mesenteric white adipose
tissues were stored at —80 °C until needed. For hematoxylin
and eosin (H&E) staining, a portion of the mesenteric adipose
tissues were fixed in chilled 10% neutral-buffered formalin
(Thermo Fisher Scientific, Waltham, MA) overnight at room
temperature and transferred to 70% ethanol. Afterwards, the
tissues were processed in a routine manner for paraffin sec-
tions (Tissue Tek VIP Tissue Processor; Sakura Finetek USA,
Torrance, CA) and embedded the following morning. Paraffin-
embedded sections (5 pm) were cut and stained with H&E
(Sigma-Aldrich) for microscopic examination (Olympus BX60,
Waltham, MA) at 20x magnification. To quantitate adipocyte
size, the H&E-stained sections were analyzed using the Image]
software (National Institutes of Health, Bethesda, MD). For
each animal, four fields were taken from one section and the
area of 10 adipocytes were measured. The images were ran-
domized and blinded with a numerical ID.

Hepatic lipid accumulation

Hepatic lipid accumulation was qualitatively assessed by Oil
Red O (ORO) staining and using hematoxylin as a counter
nuclear stain. Briefly, frozen sections (12 pm) were post-fixed
with 4% PFA and stained with 0.37% Oil Red O in 60% of iso-
propanol for 15 min and washed three times with PBST.
Sections were examined under a light microscope (Olympus
BX60) at 40x magnification. The ORO-positive pixels were
determined using Image] software. The hepatic triglyceride
(TG) levels were measured by UCD MMPC using a commercial
kit (Fisher Diagnostics, Middletown, VA). TG concentration
was expressed relative to wet liver weight (mg g™").

Food Funct., 2021,12, 8507-8521 | 8509
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Microbiota DNA sequencing

Genomic DNA from cecal samples was extracted using
Zymobiomics DNA Miniprep Kit (Zymo Research, Irvine, CA).
The V4 region of the 16S RNA gene was amplified in triplicate
with barcoded PCR primers F515 and R806 as previously
described.> Amplicons were verified by gel electrophoresis,
combined, purified, and sent to the UC Davis DNA
Technologies & Expression Analysis Core for library prepa-
ration and high throughput 250 bp paired-end sequencing
using the Illumina MiSeq platform. Resulting raw data was
demultiplexed using Sabre and imported into QIIME2-
2019.7.>> Bases before base pair 21 and after base pair 242
for the forward read, before base pair 20 and after base pair
250 for reverse read were trimmed. Trimmed reads were pro-
cessed with DADA2.>* Trimmed and filtered sequences were
aligned and taxonomy was assigned using the 99% SILVA naive
Bayesian classifier in QIIME 2 v2019.7.%

16S metagenomic analysis

Alpha and beta diversity analyses were carried out based on
the amplicon sequence variant (ASV) table rarified to 2300
reads. For determining significant differences in alpha diver-
sity the Shannon index was calculated and differences between
alpha diversity of the different treatment groups was deter-
mined using Kruskal-Wallis testing of all groups and Kruskal-
Wallis pairwise testing between groups. Beta diversity analysis
was evaluated from weighted and unweighted UniFrac distance
matrices. The metaMDS function in the vegan package,
implemented in R statistical software version 4.0.0 (R Core
Team. 2016. R: a language and environment for statistical com-
puting. Vienna: R Foundation for Statistical Computing.
Available at http://www.R-project.org/), was used to generate
nonmetric multidimensional (NMDS) ordination plots.*?
Pairwise PERMANOVA testing was carried out to determine if
there were significant differences between diet treatment
groups. To further explore key phylotypes that may contribute
to the observed differences in microbial communities, micro-
biome taxonomic abundance data were analyzed using the
linear discriminant analysis (LDA) effect size (LEfSe) method
to estimate the effect size of differentially abundant features
with biological consistency and statistical significance.?”

Metabolomic analysis

Supernatant (20 ul) from each cecum sample and standard
pool dilution were reacted with 20 pl of 200 mM N-(3-dimethyl-
aminopropyl)-N-ethylcarbodiimide hydrochloride in 5% pyri-
dine and 40 pL of 100 mM 2-nitrophenylhydrazine in 80%
ACN/H,O (v/v) with 50 mM HCI. Mixtures were incubated for
30 min at 40 °C before adding 400 pL of 10% ACN/H,O (v/v) to
each sample. Samples were centrifuged and transferred into a
96-well injection plate for triple quadrupole LC-MS/MS ana-
lysis (using Agilent 6490 triple quadrupole mass spectrometer
equipped with Agilent 1290 infinity LC system, and an Agilent
InfinityLab Poroshell 120 EC-C18, 2.1 x 100 mm, 1.9 pm
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column). The samples were detected in positive mode using a
dynamic multiple reaction monitoring MRM method.*®

Identification of 2’-FL in mouse plasma

Purification of 2'-FL using solid phase extraction. 2'-FL was
extracted from plasma essentially as described previously with
the following modifications: 50 pL of plasma was combined
with equal volume of 50 mM ammonium bicarbonate buffer
and mixed thoroughly.?” It was then centrifuged at 4000g for
30 min at 4 °C, and the supernatant was transferred to a new
tube. Four volumes of a 2:1 (v/v) chloroform : methanol
mixture were added to this supernatant. The mixture was cen-
trifuged at 4000g for 30 min at 4 °C and the upper layer then
was carefully transferred to a new tube. Two volumes of chilled
ethanol were added, vortexed, and the mixture was left to pre-
cipitate proteins at 4 °C overnight and then centrifuged for
30 min at 4 °C. The supernatant solution containing the carbo-
hydrates was evaporated to dryness using a centrifugal evapor-
ator (Genevac™ miVac Centrifugal Concentrator, Ipswich, UK).
The dried samples were redissolved in 150 pL water and were
desalted and purified via two-step solid-phase extraction (SPE)
using C18 reverse-phase (Glygen™ Corp., Columbia, MD, USA)
and porous graphitized carbon (PGC) (Glygen™ Corp.,
Columbia, MD, USA) microplates. C18 microplates were con-
ditioned with three volumes of acetonitrile (ACN) followed by
three volumes of nanopure water. The redissolved sample was
loaded onto the C18 microplate and washed with three
volumes of nanopure water. The flow-through was collected
and subsequently loaded on a preconditioned PGC microplate.
The PGC microplate was conditioned using three volumes of
80% aqueous ACN with 0.1% trifluoroacetic acid (TFA, v/v) and
three volumes of nanopure water. After loading the sample
onto the PGC microplate, the microplate was washed with six
volumes of nanopure water to remove the salts. The desalted
and purified HMOs were eluted using 40% aqueous ACN with
0.1% TFA, evaporated to dryness using Genevac™ miVac
Centrifugal Concentrator (Ipswich, UK). The dried sample was
redissolved in 50 pL nanopure water and injected in an Agilent
6520 NanoChip LC-QToF mass spectrometer (Santa Clara, CA,

USA).
Nano LC-chip-Q-TOF-MS/MS analysis. A microfluidic high-
performance liquid chromatography (HPLC)-Chip that

included both enrichment (4 mm, 40 nL) and analytical (75 pL
x 43 mm) columns packed with 5 pum 250 A porous graphitized
carbon was used to separate the oligosaccharides. This separ-
ation was performed with binary solvent gradients of solvent A
(3% ACN : H,0 with 0.1% formic acid (v/v)) and solvent B (90%
ACN : H,0 with 0.1% formic acid (v/v)). The gradient was set to
last 45 min after the HPLC-Chip was equilibrated with 100%
solvent A and consisted of increasing from 0 tol6% B at
2.5-20 min and 16-100% B at 20-35 min followed by a 10 min
re-equilibration of 100% A.

Data was acquired in the positive ionization mode with a
300-2500 mass/charge (m/z) range. The electrospray capillary
voltage was 1700-1800 V. Continuous internal calibration was
performed using m/z 922.009 and 1221.991 reference masses

This journal is © The Royal Society of Chemistry 2021
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(ESI-TOF Tuning Mix G1969-85000, Agilent Technologies,
Santa Clara, USA). Spectra were manually examined for the
presence of 2'-FL. Existence of 2-FL and the molecular
formula was confirmed using Agilent MassHunter Qualitative
Analysis B.07.00 software. 2-FL reference standard (BASF
corp., Germany) and samples were prepared and analyzed in
duplicate, and 2'-FL composition was confirmed by perform-
ing tandem MS. A ramped collision energy of slope 1.3 and an
offset of —3.5 V were used. The isolation width was medium
for tandem MS and the acquisition rate was set to 1 spectra
per s.

Statistical analysis

Unless stated otherwise (microbiome analysis), statistical ana-
lysis was performed by using Prism software (Prism 8.4;
GraphPad Software, La Jolla, CA). Data are presented as means
+ SEMs. ROUT test was used to exclude outliers. Two-way ana-
lysis of variance (ANOVA) followed by Tukey’s (when the inter-
action was significant) or Sidak’s (for the main effects) post-
hoc test was used to test for differences among groups.
Repeated measures ANOVA was performed on variable clusters
with a random subject effect whereas variable cluster
members, diet and 2'-FL treatment, were used as fixed effects.
Correlations between cecal microbiome abundance and
metabolites and between cecal microbiome or metabolites and
metabolic parameters were determined by using the nonpara-
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metric Spearman and parametric Pearson correlation, respect-
ively. Differences were considered significant if P < 0.05. Data
are presented as means + SEMs.

Results
2'-FL supplementation improves HF-diet induced phenotype

HF feeding significantly increased body weight compared to
LF control group (LF/CON vs. HF/CON, P < 0.05 at week 4, P <
0.01 at week5 s, P < 0.01 at week 6, P < 0.001 at week 7, P < 0.01
at week 8; Fig. 1A) and significantly increased feed efficiency
(LF/CON vs. HF/CON, P < 0.01). However, 2-FL supplemen-
tation had no significant effect on body weight or feed
efficiency in either LF or HF fed mice (Fig. 1A and B). 2-FL
supplementation significantly decreased energy intake in HF-
fed mice (HF/2'-FL vs. HF/CON, P < 0.05) (Fig. 1C). HF feeding
significantly increased fat mass in both control and 2'-FL-
treated groups (LF/CON vs. HF/CON, P < 0.0001 at week 2, 4, 6,
P <0.001 at week 8; LF/2"-FL vs. HF/2'-FL, P < 0.05 at week 2, 8;
Fig. 1E). 2-FL supplementation significantly decreased fat
mass in mice fed a HF diet (HF/2-FL vs. HF/CON, P < 0.01 at
week 2, 4, P < 0.05 at week 6, 8). There was no difference in
lean mass by either diet or 2'-FL supplementation (Fig. 1D).
Fasting blood glucose levels were significantly increased by HF
feeding but there was no significant effect of 2"-FL supplemen-

A ki B— 0020)  —————— C 10007 DN —r
- LF/Z"FL EE *: 3 J T . 2'-FL, P<0.01 N
34 HF/CON P ~ Diet x 2'-FL, NS & o
— 32 | - X B 0.0159 piet, p<0.001 B s . S5k
® -~ HF/2'-FL > 2FNS - S 3 w0 5 i
£ 30 c o0 ] v =
& 500107 o o . 3
20 28 S . = E¥
g 5" . E =
5. /26 T 0005 5"
B 241 2
o
22 * LE/CON vs. HF/CON 0.000 . - 0 - " .
201 ! " Con 2'-FL Con 2'-FL Con  2'-FL Con 2'-FL
0 1 2 3 4 5 6 7 8 LF HF LE HF
Weeks
D NS NS NS E .
ar m NS = 107 @ wr/con R,
— B LF/2'-FL dokkk  #
2 20 S 81 L H/cON ==
I - B HF/2'-FL " i
] L —
g = w 6 see w,
E
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4 5 ]
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4
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4
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Fig. 1 Effect of 2'-FL supplementation on metabolic phenotype. Body weight (A), feed efficiency (weight gain (g)/energy intake (kcal); B), cumulat-
ive energy intake (C), and lean and fat mass (D and E) in mice fed an LF or HF with or without 10% 2'-FL supplementation diet for 8 weeks. Two-way
analysis of variance (ANOVA) followed by Tukey's or Sidak’s post-hoc test was used to determine differences among groups. Repeated measures
ANOVA was performed for body weight and body composition on variable clusters with a random subject effect whereas variable cluster members,
diet and 2'-FL treatment, were used as fixed effects. Values are means + SEMs; n = 8/group. A: Asterisk (*) or sharp (*) denote significant differences
between LF/Con vs. HF/Con or LF/2'-FL vs. HF/2'-FL; B—E: asterisk (*) or sharp (¥) denotes significant differences between LF vs. HF or Con vs. 2'-FL
at *#P < 0.05, **/##p < 0,01, ¥**/###p < 0,001, ***+/####p . 0 0001. NS, not significant. HF, high fat; HF/CON, HF without 2'-FL; HF/2'-FL, HF with 2'-
FL (w/w) in diet; LF, low fat; LF/CON, LF without 2'-FL; LF/2'-FL, LF with 2'-FL (w/w) in diet; 2'-FL, 2-fucosyllactose.
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tation on this increase or on the impaired response to an oral
glucose load (Fig. S17).

Lipid metabolism was examined in the liver and adipose
tissue (Fig. S2 and S37). There were no significant effects by
diet or 2'-FL supplementation on hepatic lipid accumulation
or triglyceride (Fig. S2A-Ct). However, 2'-FL supplementation
significantly suppressed the HF-feeding induced increase in
gene expression of peroxisome proliferator-activated receptor
gamma (PPARy), a transcription factor for adipogenesis (LF/
CON vs. HF/CON, P < 0.01; HF/CON vs. HF/2'FL, P = 0.001;
Fig. S2Df). In addition, 2-FL supplementation significantly
downregulated the gene expression of SREBP-1c, a transcription
factor involved in lipogenesis, in a HF fed mice (LF/2-FL vs. HF/
2'-FL, P < 0.001; Fig. S2ET). In visceral adipose tissues, 2"-FL sup-
plementation significantly decreased the size of adipocytes com-
pared to control groups in mice fed either a LF or a HF diet (LF/
CON vs. LF/2"-FL, P < 0.01; HF/CON vs. HF/2"-FL, P < 0.05;
Fig. S37). There was, however, no change in expression of other
markers for lipid metabolism in the liver and visceral adipose
tissues (Fig. S31). There were no differences in gene expression
in either fast-twitch (gastrocnemius and tibialis anterior) or
slow-twitch (soleus) muscles (Table S37).

2'-FL supplementation preserves the intestinal barrier function

Intestinal permeability in the cecum was evaluated ex vivo
using an Ussing chamber system (Fig. 2A and B). There was no
significant difference in either paracellular or transcellular per-
meability between LF and HF fed mice. However, there was a
significant treatment effect of 2-FL supplementation to
decrease paracellular and transcellular permeability in both LF
and HF fed mice (Fig. 2B). There was no change in cecal gene
expression of markers for intestinal barrier function and tight
junction function (Table S41). However, expression of Reg3y
was significantly increased by 2-FL supplementation in the
ileum of LF fed mice. In addition, 2'-FL supplementation sig-
nificantly increased IL-22 gene expression, a key cytokine regu-
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lating epithelial homeostasis, in the ileum of both LF and HF
fed mice (LF or HF/CON vs. LF or HF/2'-FL, P < 0.05; Fig. 2C).

2'-FL supplementation restores the integrity of vagally-
mediated gut-brain signaling

To investigate the ability of CCK to activate second order
neurons in the brainstem, CCK was administered 2 hours
before euthanasia and hindbrain tissues were immunostained
to determine c-Fos expression, a marker for neuronal acti-
vation in the AP and NTS regions of the brainstem where vagal
afferents terminate (Fig. 3A-C). 2"-FL-treated mice on a HF diet
showed higher number of c-Fos-positive cells in both AP (HF/
CON vs. HF/2'-FL, P = 0.085; Fig. 5B) and NTS (HF/CON vs. HF/
2'-FL, P < 0.05; Fig. 5C) areas compared to the control mice on
a HF diet. There was no significant difference between LF-fed
groups in the number of c-Fos-positive cells in both areas.

Effect of 2'-FL supplementation on cognitive functions

Cognitive functions in mice were determined by Y-maze
(Fig. 4A and B), open-field (Fig. 4C and D) and novel object
recognition (Fig. 4E) tests. For spatial learning and memory
evaluated by the Y-maze test, no differences were found with
diet (LF or HF) or treatment (CON or 2’-FL) and there were no
interactions between diet and treatment for the number of
arm entries (Fig. 4A) and spontaneous alternation (Fig. 4B).
For locomotor activity and anxiety-related behavior determined
by the open-field test, there was a trend for diet to influence
duration (s) in center vs. perimeter (Fig. 4C and D). The
control mice tended to spend more time in the center com-
pared to HF-fed mice (p = 0.083). This difference was driven by
a trend for a diet x treatment interaction where HF/2'-FL
animals spent more time in the perimeter (p = 0.082). For
short-term non-associative memory evaluated by the novel-
object test, no differences (p > 0.1) were found with diet (LF or
HF) or treatment (CON or 2'-FL) and there were no interactions
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Fig. 2 Effect of 2'-FL supplementation on gut barrier integrity. FD4 flux (paracellular pathway; A), HRP flux (transcellular pathway; B) in the cecum
and IL-22 gene expression in the ileum (C) of mice fed an LF or HF with or without 10% 2'-FL supplementation diet for 8 weeks. Two-way analysis of
variance followed by Tukey's or Sidak's post-hoc test was used to determine differences among groups. Values are means + SEMs; n = 8/group.
Asterisk (*) or sharp (¥) denotes significant differences between LF vs. HF or Con vs. 2'-FL respectively at P < 0.05. NS, not significant. FD4, fluor-
escein isothiocyanate—dextran 4000; HF, high fat; HF/CON, HF without 2'-FL; HF/2'-FL, HF with 2'-FL (w/w) in diet; HRP, horseradish peroxidase; LF,
low fat; LF/CON, LF without 2'-FL; LF/2'-FL, LF with 2'-FL (w/w) in diet; 2'-FL, 2-fucosyllactose.
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Fig. 3 Effect of 2'-FL supplementation on CCK-induced vagally-mediated gut-brain signaling. c-fos positive cells in the area postrema (AP, B) and
nucleus of the solitary tract (NTS, C) of the hindbrain (A) in mice fed an LF or HF with or without 10% 2'-FL supplementation diet for 8 weeks. Red
immunofluorescence represents fos-immunopositive cells, DAPI-positive nucleii are depicted in purple and IB4 immunofluorescence depicted in
green. Two-way analysis of variance followed by Tukey’s or Sidak’'s post-hoc test was used to determine differences among groups. Values are
means + SEMs; n = 8/group. Asterisk (¥) denotes significant differences between Con vs. 2'-FL at P < 0.05. HF, high fat; HF/CON, HF without 2'-FL;
HF/2'-FL, HF with 2'-FL (w/w) in diet; LF, low fat; LF/CON, LF without 2'-FL; LF/2'-FL, LF with 2'-FL (w/w) in diet; 2'-FL, 2-fucosyllactose.

between diet and treatment for discrimination between the
novel and familiar objects (Fig. 4E).

Compositional changes in the gut microbiota and metabolites
driven by 2'-FL supplementation

There were no significant differences in alpha diversity of the
gut microbiota (measured by the Shannon index; Fig. 5A)
among groups after 8-week of 2'-FL supplementation. However,
the analysis of beta diversity using unweighted UniFrac dis-
tances showed that mice supplemented with 2-FL had a stat-
istically significant difference in beta diversity compared to
mice given LF or HF diets alone (LF/CON vs. LF/2-FL, P =
0.001; HF/CON vs. HF/2-FL, P = 0.001; Fig. 5B). Further, the
NMDS plot of unweighted Unifrac distances also showed a
clustering of microbial communities according to 2-FL sup-
plementation but not diet (Fig. 5C).

To further explore primary phylotypes that may contribute
to the observed differences in microbial communities, the
linear discriminant analysis (LDA) effect size (LEfSe) algorithm

This journal is © The Royal Society of Chemistry 2021

was performed (Fig. 5D). HF feeding alone altered the gut
microbiota composition. Specifically, HF feeding alone led to
differential increases in the relative abundance from the
Firmicutes phylum of the family Lachnospiraceae (specifically
Blautia and Acetatifactor) and from the Proteobacteria phylum
(Parasutterella). 2'-FL supplementation differentially increased
the relative abundance of Coriobacteriaceae UCG-002,
Bacteroides (especially Bacteroides thetaiotaomicron species),
Lactobacillus, Lachnoclostridium, Lachnospiraceae FCS020 group,
and Oscillibacter.

2'-FL supplementation led to significant shifts in cecal
metabolites (Fig. 6; Fig. S87). In particular, concentrations of
glyceric and lactic acids were significantly elevated by 2’-FL
supplementation compared to the LF/CON and HF/CON
group, respectively (LF/CON vs. LF/2'-FL, P < 0.05; HF/CON vs.
HF/2-FL, P < 0.05). On the other hand, the concentration of
indole-3-acetic acid was significantly reduced by 2'-FL sup-
plementation in both LF and HF-fed groups (LF/CON vs. LF/2'-
FL, P < 0.01; HF/CON vs. HF/2'-FL, P < 0.001).

Food Funct., 2021,12, 8507-8521 | 8513


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo00658d

Open Access Article. Published on 26 July 2021. Downloaded on 4/2/2026 12:39:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

>

w1 90+ Diet x 2'-FL, NS
2 | Diet,Ns
£ gol 2-FLNS N X i
o
Enl -
© i A
Y a ]l’
o
e 60 L ="
2
£ 50 . -
S - a
=
40 T .
Con  2'-FL Con 2'-FL
LF HF
C Diet x 2'-FL, P = 0.082
Diet, P = 0.083
— 2'FL, NS
= 500- *
@ I 1
c | - 'Y ] -
Bao) O, - ]
E 300 .
c 3001 =y
S . -
£ 200
| =
8
E 1004
=
o o _ _
Con 2'-FL Con 2-FL
LF HF
Diet x 2-FL, NS
60

| Diet, NS
2'-FL, NS

8
1
u

N
g

Discrimination index (%)
il
.94 .
&

] [
-201
L]
-40 T T T T
Con 2'-FL Con 2'-FL
LF HF

View Article Online

Food & Function

B Diet x 2'-FL, NS
807 Diet, N5
2-FL, P=0.067

% Alternation

Con 2'-FL Con 2'-FL

LF HF

Diet x 2'-FL, P= 0.082
_ Diet, P=0.083
2'-FL, NS *

v

@
8

~
3

Duration in
Perimeter zone (s)
w o
g8 38

-3
8

Fig. 4 Effect of 2'-FL supplementation on cognitive functions was determined by Y-maze (A and B), open-field (C and D) and novel object reco-
gnition (E) tests in mice fed an LF or HF with or without 10% 2'-FL supplementation diet for 8 weeks. Two-way analysis of variance followed by
Tukey's or Sidak's post-hoc test was used to determine differences among groups. Values are means + SEMs; n = 8/group. Asterisk (*) denotes sig-
nificant differences between LF vs. HF at P < 0.05. NS, not significant. HF, high fat; HF/CON, HF without 2'-FL; HF/2'-FL, HF with 2'-FL (w/w) in diet;
LF, low fat; LF/CON, LF without 2'-FL; LF/2'-FL, LF with 2'-FL (w/w) in diet; 2'-FL, fucosyllactose.

Correlation analysis showed that there were two distinct
clusters based on the strong correlation between bacterial taxa
and metabolites (Fig. 7A). Cluster 1, including Lachnospiraceae
NK4A136 group, Blautia, Acetatifactor, and Parasutterella, was
positively correlated with indole-3-acetic acid and negative cor-
related with glyceric acid. In contrast, cluster 2, including
Coriobacteriaceae  UCG-002  Bacteroides (thetaiotaomicron),

8514 | Food Funct, 2021,12, 8507-8521

Lactobacillus, Lachnoclostridium, and  Lachnospiraceae
FCS020 group, showed a positive correlation with glyceric acid
and a negative correlation with indole-3-acetic acid. These two
clusters were also correlated with the major metabolic para-
meters of this study related to the lipid metabolism (ORO,
PPARy, SREPB-1c), and gut barrier integrity (FD4, HRP, IL-22)

(Fig. 7B). Specifically, cluster 1 was positively correlated with

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo00658d

Open Access Article. Published on 26 July 2021. Downloaded on 4/2/2026 12:39:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Food & Function Paper
46 4 Di LF
A ol B istance to
424 I i ——
0.45
4.0 4 =S —|—
e %7 0.40
.4
2 3s
§ 34 8
o C 035
w 32 o 0.3
-
3.0 2
.30
28 a o3
264 ——
244 ——— 0.25
22 — -
Con 2'-FL Con 2-FL 0.20
IF LF HF HF/2’-FL LF/2’-FL
g . +/-2"-FL, P = 0.001 ° D -
" | a: CoriobacteriaceaeUCG_002
e Y B HF/2'-FL W b: Atopobiaceae
- B HF/CON Bl c: Coriobacteriales
o I LF/2'-FL Bl d: Bacteroides
B LF/CON Hl e: Bacteroidaceae
o Hm f: Bacteroidales
O o e od 3 Bl g: Lactobacillus
= ©° % Hl h: Lactobacillaceae
=4 % Bl i: Clostridiumsensustrictol
= %‘ El j: Clostridiaceael
o 4 e ° % A k: unculturedbacterium
[ ° Il |: ClostridialesvadinBB60group
® LF Bl m: _Eubacterium_nodatumgroup
o ® LF/2-FL Bl n: Acetatifactor
S 1 . ° uF o B o: Blautia
) HF/2'-FL 5 Bl p: Lachnoclostridium
é Hl q: LachnospiraceaeFCS020group
T T T T T
T El r: LachnospiraceaeNK4A136group
-02 -0.1 0.0 0.1 0.2 ¥

Hl s: Lachnospiraceae

Hl t Oscillibacter

Hl u: Ruminiclostridium
Bl v: uncultured

Bl w: Parasutterella

Bl x: Burkholderiaceae

Il y: Betaproteobacteriales

NMDS 1
k=3, stress =0.12

Fig. 5 Effect of 10% 2'-FL supplementation on the composition of the gut microbiota. Alpha diversity box plot showing Shannon richness of the
microbial communities separated by diet (A), multigroup comparison box plot (beta diversity index) of unweighted UniFrac distance (B), unweighted
UniFrac NMDS with points colored by diet, ellipses are drawn based on the standard deviation of the points with respect to the addition or absence
of 2'-FL in the diet (C) of mice fed an LF or HF with or without 10% 2'-FL supplementation diet for 8 weeks. Differences among alpha diversity of the
different treatment groups was calculated using Kruskal—Wallis testing of all groups. PERMANOVA testing of unweighted UniFrac distances was used
to determine differences among groups for beta diversities. The linear discriminant analysis (LDA) effect size (LEfSe) method was used to identify
taxa that were significantly differentially abundant for each group. n = 7-8/group. Cladogram (D) generated from LEfSe analysis shows the most
differentially abundant taxa enriched in microbiota; purple indicating LF/CON, blue LF/2'-FL, green HF/CON, red HF/2'-FL, and yellow indicating
non-significance. The six rings of the cladogram stand for domain (innermost), phylum, class, order, family and genus. HF, high fat; HF/CON, HF
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2-fucosyllactose.

fat accumulation (ORO, PPARy, SREPB-1c) and increased gut
permeability (FD4, HRP) and negatively correlated with c-Fos
expression in the NTS and gut barrier integrity (IL-22). On the
other hand, cluster 2 was positively correlated with c-Fos
expression in the NTS and gut barrier integrity (IL-22) and
negatively correlated with fat accumulation (ORO, PPARy,
SREPB-1c¢) and increased gut permeability (FD4, HRP).
Further, these major metabolic biomarkers also showed the
same trend of correlation with the concentrations of the
metabolites that are positively correlated with the two clusters
of bacterial taxa (Fig. 7B). That is, indole-3-acetic acid or glyce-
ric acid was positively or negatively correlated with fat accumu-
lation and increased gut permeability while negatively or posi-

This journal is © The Royal Society of Chemistry 2021

tively correlated with c-Fos expression in the NTS and gut
barrier integrity.

Identification of 2'FL in mouse plasma using Nano-LC chip
QTOF MS/MS

2'-FL was identified using a nano-LC chip QTOF, and tandem
MS was used to confirm identity. A representative tandem MS
spectrum of 2'-FL, showing its typical oligosaccharide fragmen-
tation patterns with b- and y-type ions, is depicted in Fig. S9.t
The MS/MS spectra of protonated 2'-FL (precursor ion at m/z
471.18 derived from ion 489.18 m/z minus one molecule of
water) displays the consecutive loss on fucose and a terminal
hexose residue yielding ions at m/z 325.11 and 309.12, respect-

Food Funct, 2021,12, 8507-8521 | 8515
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Fig. 6 Effect of 10% 2'-FL supplementation on metabolomic profiles in the cecum of mice fed an LF or HF with or without 10% 2'-FL supplemen-
tation diet for 8 weeks. Two-way analysis of variance (ANOVA) followed by Tukey's or Sidak's post-hoc test was used to determine differences
among groups. Values are means + SEMs; n = 8/group. Asterisk (*) or sharp (¥) denotes significant differences between LF vs. HF or Con vs. 2'-FL
respectively at **P < 0.05, **##p < 0.01, ***/*##p < 0.001. ND, not detected; NS, not significant. HF, high fat; HF/CON, HF without 2'-FL; HF/2'-FL,
HF with 2'-FL (w/w) in diet; LF, low fat; LF/CON, LF without 2'-FL; LF/2'-FL, LF with 2'-FL (w/w) in diet; SCFA, short chain fatty acid; 2'-FL,

2-fucosyllactose.

ively. These characteristic fragments were missing from the Discussion
spectra of the plasma samples collected from mice that had
not received 2'-FL supplementation. A summary of the pres- In the present study, we investigated the effects of 2'-FL sup-

ence or absence of 2’-FL in plasma of mice fed a low or high- plementation on metabolic and cognitive functions and on the
fat diet with or without 2’ FL supplementation is shown in ESI  gut microbiota in mice with or without the metabolic chal-

Table 6.F

8516 | Food Funct., 2021, 12, 8507-8521

lenge of HF feeding. Our hypothesis was that 2’-FL supplemen-
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tation would change the gut microbiota composition and this
would be associated with improvements in metabolic and cog-
nitive profiles. 2'-FL supplementation led to compositional
shifts in the gut microbiota which was characterized by a
differential increase in the relative abundance of the
Bacteroides genus, in particular Bacteroides thetaiotaomicron
species, which has been shown to contribute to gut barrier
integrity.*® 2'-FL supplementation also increased the level of
cecal glyceric acid consistent with our previous findings.” The
compositional changes in the gut microbiota were associated
with improvements in gut barrier integrity and signaling in
the vagal afferent pathway, which were compromised by the
HF-diet. 2’-FL supplementation also improved a number of
major metabolic parameters including body weight and adi-
posity, and lipid metabolism, as previously reported.”
However, there was no detectable effect on cognitive function.
Taken together, these data show that 2'-FL supplementation
led to improvements in gut permeability, signaling in the
vagal afferent pathway and the metabolic profile in HF-fed
mice. These improvements were associated with changes in
the composition of the gut microbiota and its metabolites.

This journal is © The Royal Society of Chemistry 2021

A primary mechanism for the beneficial effects of prebiotics
is, by definition, via changes in the gut microbiota. In the
present study, diet alone had little effect on the overall compo-
sition of the gut microbiota composition at all taxonomic
levels; HF and LF-fed groups showed similar profile of the gut
microbiota. We did not observe the diet-induced dysbiotic
changes as previously characterized in HF-fed animals such as
an increased ratio of Firmicutes to Bacteroidetes relative abun-
dance.®® This is likely due to the similar composition of the
semi-purified diets used in the present study in which the
fiber content of the diet was carefully controlled.*® However,
we did observe a differential increased the relative abundance
of the Blautia genus in mice fed a HF diet consistent with our
previous study.” In contrast, 2"-FL, supplementation in mice
fed either the LF or HF diet led to distinct and significant
changes in the gut microbiota profile compared to the control
groups, suggesting that 2-FL has a significant effect on the
composition of the gut microbiota. The gut microbiota compo-
sition of the 2-FL-fed group was characterized by differential
increase in the relative abundance of the Bacteroides genus,
which was primarily driven by the Bacteroides thetaiotaomicron

Food Funct., 2021,12, 8507-8521 | 8517
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species. Colonization of germ-free mice with this species has
previously been shown to modulate the expression of genes
involved in important intestinal functions including increased
gut barrier integrity, similar to the effects of 2'-FL seen in the
present study.*® Our findings are consistent with published
data showing that 2'-FL treatment increases the abundance of
the Bacteroides genus in culture and that the HMOs 3'-sialyllac-
tose (3-SL) and 6'-SL increase the growth of Bacteroides
thetaiotaomicron.*!

We characterized the microbial metabolites, specifically
short chain fatty acids and indole derivatives, in the cecal con-
tents as another measure of the effect of 2-FL supplemen-
tation on the gut microbiota.** Overall, there was little effect of
diet on the microbial metabolites consistent with the lack of
overall effect of diet on the composition of the gut microbiota.
However, 2'-FL supplementation significantly increased glyce-
ric acid and lactic acid and significantly decreased indole-3-
acetic acid. We found two distinct clusters of microbial taxa
based on the correlation between bacterial taxa and metab-
olites. Cluster 1, including Lachnospiraceae NK4A136 group,
Blautia, Acetatifactor, and Parasutterella whose relative abun-
dances were differentially increased by HF feeding, was posi-
tively correlated with indole-3-acetic acid and negatively corre-
lated with glyceric acid. Conversely, cluster 2, including
Coriobacteriaceae UCG-002, Bacteroides (thetaiotaomicron),
Lactobacillus, Lachnoclostridium, and Lachnospiraceae
FCS020 group whose relative abundances were differentially
increased by 2'-FL supplementation showed a positive corre-
lation with glyceric acid and a negative correlation with indole-
3-acetic acid. Further, these two clusters and the positively-cor-
related metabolites were also correlated with the beneficial
effect on the major metabolic parameters shown in the
present study. The significance of an increase in lactic and gly-
ceric acids in mediating the beneficial effects of 2'-FL is not
tested here. Lactate has been shown to act through the
G-protein coupled receptor Gpr81. Activation of Gpr81 in mice
colonized with a lactate producing Lactobacillus species stimu-
lated colonic stem cell proliferation.”® Lactate is also protective
in rodent models of colitis** and it is possible that this plays a
part in the improvement of intestinal barrier function seen in
the present study. Little is known about the potential effects of
bacterially produced glyceric acid in the host.

Microbiota and their metabolites are in close proximity to
the gut epithelium and can play a key role in alteration of
intestinal barrier function.””> HF feeding is associated with an
increase in intestinal permeability and there is evidence that
this can lead to systemic inflammation and also altered neuro-
nal function, including in the central nervous system and in
the vagal afferent pathway.**® We hypothesized that the 2'-FL-
induced compositional changes in gut microbiota and metab-
olites would be associated with improved gut barrier integrity.
We found that cecal permeability was decreased by 2'-FL sup-
plementation. However, this improved intestinal barrier integ-
rity in the cecum was not associated with changes in gene
expression of proteins associated with tight junction and epi-
thelial function. In the ileum, there was an increase in gene
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expression of IL-22, a member of the IL-10-related family of cyto-
kines and known to be critical for gut health as a key cytokine
regulating epithelial homeostasis.*” These intestinal protective
effects of 2'-FL were positively correlated with 2-FL-driven micro-
biota taxa and metabolites. IL-22 expression is downstream of the
aryl-hydrocarbon receptor (AhR), which has been shown to be
activated by tryptophan derivatives, including indole-3-acetic acid.
We found indole-3-acetic acid to be decreased in the cecum of 2
FL supplemented mice and thus it is unlikely that AhR plays a
major role in the beneficial effects of 2-FL. There are other poten-
tial mechanisms; genera from family Lachnospiraceae have been
associated with the maintenance of gut health.*® Lachnospiraceae
FCS020 is a member of a common butyrate-producing gut bac-
terial taxa associated with diets high in fiber and complex carbo-
hydrates and a recent study also reported a significant increase in
Lachnospiraceae FCS020 group in mice supplemented with poly-
saccharides, which was associated with improved metabolic pro-
files including systemic inflammation.*>*° However, no change
in cecal concentrations of butyrate with 2-FL treatment was
detected in the current study.

Impaired intestinal barrier function has been associated
with obesity, systemic inflammation and altered neuronal
function. We found little effect of either diet or 2'-FL sup-
plementation on plasma lipopolysaccharide (LPS)-binding
protein (LBP) level (a proxy measure of LPS in the circulation),
albeit the highest level of LBP was found in HF fed mice con-
sistent with other reports. Dysregulation of the microbiota-gut-
brain axis is considered as the potential mechanism by which
a chronic HF diet induces neuroinflammation and cognitive
impairment.””" Recent studies have demonstrated that dietary
supplementation with prebiotics can prevent cognitive impair-
ment via the microbiota-gut-brain axis.* ™! In the present study,
2'-FL supplementation had no measurable effect on cognitive
function. In the majority of studies investigating the effect of
HF diets on cognitive function, HF diets were provided for more
than 3-month period, allowing sufficient duration to induce cog-
nitive deficits or mature adult mice (3-6 month old) were used
for age-susceptibility to cognitive decline.®'*** A significant
limitation of the current study is that HF feeding itself had no
detrimental effect on cognitive performance, possibly due to the
duration of treatment and the age of the mice. Thus, the use of
longer feeding duration and aged mice with larger sample size
might better enable the inducement of cognitive impairment
and further validate the possible beneficial effects of 2'-FL sup-
plementation on cognitive profiles.

Supplementation with 2’-FL improved vagal afferent signal-
ing, as shown by an increase in CCK-induced c-Fos immuno-
reactivity in the brainstem. This is consistent with the 2'-FL-
induced decrease in overall food intake in HF-fed mice as
improved intestinal satiety signaling via the vagal afferent
pathway would be predicted to decrease food intake. Whether
this improved vagal afferent signaling is due to changes in gut
microbial metabolites, improved intestinal permeability or a
direct effect of 2'-FL requires additional studies.

HF feeding leads to accumulation of adipose tissue with
hypertrophic adipocytes and abnormal hepatic lipid metab-
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olism, which is associated with increased expression of
hepatic PPARy and SREBP-1c as transcription factors essential
for adipocyte differentiation and biosynthesis of fatty acids
and triglycerides.”®** In the present study, HF-induced
increases in fat mass and adipocyte hypertrophy were reduced
by 2’-FL supplementation. It is interesting to note that 2'-FL
supplementation also significantly reduced the adipocyte size
in LF-fed mice, demonstrating the ability of 2’-FL to improve
lipid metabolism in adipose tissue even without HF-driven
metabolic challenges possibly via a decrease in adipogenesis
and lipogenesis and/or an increase in lipolysis.>® In line with
improved lipid metabolism in adipose tissue, 2'-FL sup-
plementation also significantly downregulated the over-
expression of PPARy and SREBP-1c genes by HF feeding in the
liver. There is accumulating evidence that compositional and
functional dysbiosis of the gut microbiota may play a crucial
role in the development of abnormal hepatic lipid metabolism.
Notably, the gene expression of PPARy and SREBP-1c were
strongly negatively correlated with the HF-driven Parasutterella
genus in this study, whose increased abundance has been
observed in obesity-related conditions including increases in
adipogenesis.’® Thus, it is suggested that the normalization of
the HF-induced dysbiosis by 2'-FL supplementation may have
contributed to improvement in lipid profiles in the liver. It is
possible that 2'-FL can be absorbed across the gut epithelium,
enter the bloodstream and exert systemic effects. The presence
of intact HMOs, including 2'-FL, has been previously reported
in samples of urine, blood and serum.’”*”>° Here we show
the presence of intact 2'-FL in the plasma of both LF and HF-
fed mice with 2’ FL supplementation, demonstrating its
absorption from the gut and its potential to directly affect
various tissues and metabolic functions.

In conclusion, the present data show that 2'-FL supplemen-
tation can improve gut barrier integrity and vagally-mediated
signaling to improve appetite control leading to a decrease in
food intake. These effects were associated with compositional
changes in the gut microbiota and microbial metabolites. The
downstream metabolic benefits seen in liver and adipose
tissue may be due to decreased food intake or may be
mediated by systemic effects of 2'-FL or microbial metabolites
directly at the tissue level. Like all studies aimed at interrogat-
ing the consequences of dietary supplementation, prebiotics
in particular, on both metabolism and gut microbiota/metab-
olites, the conclusion from the analyses must inherently be
correlative. The correlations form the basis for future experi-
mental investigation designed to explore causality. These find-
ings support the application of 2-FL in the control of gut
barrier function and metabolic homeostasis under normal
and pathophysiological conditions.
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