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Yeast 𝜷-Glucan Improves Insulin Sensitivity and Hepatic
Lipid Metabolism in Mice Humanized with Obese Type 2
Diabetic Gut Microbiota
Kathleen A. J. Mitchelson, Tam T. T. Tran, Eugene T. Dillon, Klara Vlckova,
Sabine M. Harrison, Alexandra Ntemiri, Katie Cunningham, Irene Gibson,
Francis M. Finucane, Eibhlís M. O’Connor, Helen M. Roche,* and Paul W. O’Toole

Scope: Gut microbiota alterations are associated with obesity and type
2 diabetes. Yeast 𝜷-glucans are potential modulators of the innate immune-
metabolic response, by impacting glucose, lipid, and cholesterol homeostasis.
The study examines whether yeast 𝜷-glucan interacts differentially
with either an obese healthy or obese diabetic gut microbiome, to impact
metabolic health through hepatic effects under high-fat dietary challenge.
Methods and results: Male C57BL/6J mice are pre-inoculated with gut
microbiota from obese healthy (OBH) or obese type 2 diabetic (OBD)
subjects, in conjunction with a high-fat diet (HFD) with/without yeast
𝜷-glucan. OBD microbiome colonization adversely impacts metabolic health
compared to OBH microbiome engraftment. OBD mice are more insulin
resistant and display hepatic lipotoxicity compared to weight matched OBH
mice. Yeast 𝜷-glucan supplementation resolves this adverse metabolic
phenotype, coincident with increasing the abundance of health-related
bacterial taxa. Hepatic proteomics demonstrates that OBD microbiome
transplantation increases HFD-induced hepatic mitochondrial dysfunction,
disrupts oxidative phosphorylation, and reduces protein synthesis, which are
partly reverted by yeast 𝜷-glucan supplementation.
Conclusions: Hepatic metabolism is adversely affected by OBD microbiome
colonization with high-fat feeding, but partially resolved by yeast 𝜷-glucan.
More targeted dietary interventions that encompass the interactions between
diet, gut microbiota, and host metabolism may have greater treatment efficacy.

K. A. J. Mitchelson, H. M. Roche
Nutrigenomics Research Group and Institute of Food and Health
University College Dublin
Dublin Dublin 4, Republic of Ireland
E-mail: helen.roche@ucd.ie

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mnfr.202100819

[+]Present address: Vietnam Academy of Science and Technology, Univer-
sity of Science and Technology of Hanoi, Hanoi, Vietnam

© 2022 The Authors. Molecular Nutrition & Food Research published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/mnfr.202100819

1. Introduction

The prevalence of diabetes continues to
rise worldwide.[1] Type 2 diabetes ac-
counts for 90–95% of diagnosed diabetes
cases which affected more than 500 mil-
lion people worldwide in 2018, which is
an underestimation since many cases are
undiagnosed.[2,3] Metformin is an effec-
tive therapeutic; however, there are op-
portunities for alternative diet-mediated
therapeutic regimes which may inter-
act with the gut microbiome. Effective
dietary intervention is an increasingly
important alternative to drug therapy
and there is growing interest in how
this may interact with the gut micro-
biome to improve metabolic health.[4]

Modification of dietary fatty acid com-
position improves several components
of metabolic-inflammation that typify in-
sulin resistance and type 2 diabetes.
Saturated fatty acids (SFA) drive in-
sulin resistance, metabolic dysfunction,
and inflammation.[5,6] Reducing dietary
SFA attenuates insulin resistance in hu-
mans, improving both hepatic steato-
sis and adipose inflammation in animal
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models.[7–10] Dietary fiber also reduces insulin resistance and
type 2 diabetes incidence, depending on fiber type.[11] The gutmi-
crobiome is a potential modifier of diabetes risk,[12] which in turn
ismodified by dietary composition.[13] Numerous studies suggest
that metformin alleviates type 2 diabetes partly by reconfiguring
gut microbiota composition.[14] It is reported that the human gut
microbiota interacts with host metabolism to augment obesity,
insulin resistance, and type 2 diabetes through several effectors,
including lipopolysaccharide, short-chain fatty acids, bile acids,
and branched chain amino acids.[12,14,15]

𝛽-glucans, particularly 𝛽-(1→3)-glucan, are naturally occurring
fibers with diverse functionality, dependent upon their source
and structural features,[16] wherein some may improve insulin,
glucose, lipid, and cholesterol metabolism.[17–19] Additionally,
yeast 𝛽-glucan has quite unique purported effects with respect
to innate immune training. A supra-physiological intervention
demonstrated that such 𝛽-glucan derived from Akkermansia spp.
improved glycemic control, hepatic steatosis, and adipose inflam-
mation in high-fat diet (HFD) induced obese/type 2 diabetes
mousemodel.[20] However, that dose also attenuated weight gain,
which may have influenced metabolic changes. Feeding an al-
ternative barley 𝛽-glucan lowered plasma cholesterol and ele-
vated abundance of Bifidobacterium spp. and Akkermansia mu-
niciphila in patients with the metabolic syndrome, suggesting
that the gut microbiota maymodulate the diet-inducedmetabolic
response.[21] However, the potential interactions between yeast 𝛽-
glucan supplementation and the obese and/or diabetic subject’s
gut microbiome, in a weight-neutral context, are not fully under-
stood.
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To address this question, we colonized antibiotic-treated
C57BL/6J mice with human microbiota from either obese
healthy (OBH) or obese type 2 diabetic (OBD) subjects not receiv-
ingmetformin. Themurine recipients of the OBDhumanmicro-
biome displayed insulin resistance, hepatic triacylglycerol (TAG),
and cholesterol accumulation, with significant re-configuration
of the hepatic proteome, particularly with respect to protein syn-
thesis and fatty acid metabolism pathway signatures. Gut micro-
biota composition and diversity responded positively to the con-
sumption of 𝛽-glucans accompanied by partial recovery of the
OBH microbiome, amelioration of HFD-induced insulin resis-
tance, and normalization of hepatic TAG and cholesterol levels
in this humanized murine model.

2. Experimental Section

2.1. Participant Recruitment and Fecal Sample Collection

Obese (body mass index (BMI) > 30 kg m–2) subjects were re-
cruited from the Croí Heart and Stroke Centre, Galway, Ireland
and written informed consent was obtained. Ethical approval was
granted from the Clinical Research Ethics Committee at Gal-
way University Hospitals (C.A. 1782) and adhered to the Dec-
laration of Helsinki and Research Ethics Committee, Ireland
guidelines. Fasting blood samples were obtained for metabolic
biomarkers. Two groups, obese healthy and obese diabetic, were
recruited based on their glucose tolerance. Glucose tolerance
status was determined using HbA1c and fasting glucose; with
OBH indicated by fasting glucose levels of <6 mmol L−1 and
HbA1c of <42 mmol mol−1 and OBDdefined by a fasting glu-
cose >7 mmol L−1 and HbA1c of ≥48 mmol mol−1. A freshly
voided (same day) fecal sample was collected and maintained in
an anaerobic environment from time of collection until same-day
processing and preparation for mice humanization.

2.2. Fecal Microbiota Transplantation

Fecal microbiota transplantation from humans to mice was per-
formed as described previously by the lab.[22] In brief, fecal sam-
ples from the selected donors were collected immediately upon
voiding and transferred to a plastic container from which oxy-
gen was expunged by commercial anaerobic culture envelopes.
The samples were moved immediately to the lab, opened in an
anaerobic hood, diluted 1:10 mass/volume in pre-reduced PBS
containing 20% glycerol, and mixed gently till an even suspen-
sion was formed. Aliquots of 1 mL were flash-frozen on dry ice,
then stored at −80 °C till required.

2.3. Mice and Study Design

Male C57BL/6J mice were obtained from Envigo, United King-
dom. A schematic overview of the experimental study design is
presented inFigure 1A.At 5weeks of age,mice received an antibi-
otic cocktail of ampicillin (1 g L−1), metronidazole (1 g L−1), van-
comycin (500mg L−1), imipenem (250mg L−1), and ciprofloxacin
HCl (200 mg L−1) for 6 weeks in their drinking water to deplete
the murine gut microbiota.[22,23] An anti-fungal (Amphotericin
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B, 0.1 mg mL−1) was given by oral gavage (1 daily on the first
and last 3 days of antibiotic treatment). Following antibiotic treat-
ment, after 1 day of wash out, mice were inoculated with human
microbiota derived from either an OBH or an OBD subject. Fe-
cal material (300 μL of a prepared slurry) was orally administered
in two 50 μL doses per day for 3 consecutive days. From 9 weeks
old, mice were fed a low-fat diet (LFD; 10% kcal from fat). After 2
weeks, half of the cohort was changed to a LFD with 𝛽-glucan for
4 weeks, before being fed the high-fat diet (HFD; 45% kcal from
fat) with and without 𝛽-glucan for 9 weeks. The primary objective
was to determine the interaction between different microbiota
and yeast 𝛽-glucan supplementation on metabolic health. To this
end, fecal microbiome transfer (FMT) was completed and ini-
tiallymicewere fed a LFDwith/without yeast 𝛽-glucan to acclima-
tize the animals. However, within any human OBH or OBD phe-
notype, it was most probable that a habitual HFDwas consumed,
therefore all animals were challenged with a HFD with/without
𝛽-glucan. The 𝛽-glucan dose was equivalent to 50 mg kg−1 day−1.
While the recommended daily dose of Wellmune in human was
2.5 mg kg−1, the study fed a higher dose (50 mg kg−1) to investi-
gate themicrobiome interaction concept, over a short-time frame
as compared to long-term human habitual consumption. Addi-
tionally, this dose was in line with previous animal studies yeast
𝛽-glucan ingestion on microbiome and hepatic health.[20] All di-
ets were purchased from Research Diets (New Brunswick, NJ,
USA) with 𝛽-glucan (Wellmune) supplied by Kerry. Mice were
housed in metabolic cages in a 12:12-h light-dark cycle and fed
ad libitum. Body weight and food intake were measured weekly.
Fecal samples were collected at several time points. Mice were
anesthetised (5% isoflurane gas inhalation), euthanized by cer-
vical dislocation and tissues were then isolated for analysis. All
experiments were approved by the Animal Ethics Experimenta-
tion Committee of University College Cork (AE19130/P072).

2.4. Microbiota Profiling and Metagenomics

Total genomic DNA extracted from human fecal and murine fe-
cal samples was used as a template in library preparation for
16S rRNA gene amplicon sequencing of the V3–V4 variable
region.[24] Purified amplicons were pooled in equal volumes. Se-
quencing (2 × 250 bp) of the pooled library was performed us-
ing Illumina MiSeq (Illumina, Inc., San Diego, CA, USA) in
the Eurofins GATC Biotech GmbH (Constance, Germany). The
study applied a similar bioinformatic analysis of 16S amplicon
sequencing data as previously published.[22] Details of methods
were presented in Supplementary Text.
Metagenomic libraries of human fecal samples were prepared

using the Nextera XT DNA Library Prep Kit (Illumina) and se-

quenced using Illumina NextSeq 500/550 High Output v2 (300
cycles) at the National Irish Sequencing Centre (Teagasc Food
Research Centre, Ireland) to generate 150 bp paired-end read li-
braries.

2.5. Glucose and Insulin Tolerance Tests

Mice were fasted overnight for 12 h then injected intraperi-
toneally with 25% (wt/vol) glucose (1.5 g kg−1; B. Braun Med-
ical, Dublin, Ireland) for glucose tolerance test (GTT). Mice
were fasted for 6 h then injected intraperitoneally with insulin
(0.5 U kg−1: Actrapid, Novo Nordisk, Denmark) for insulin tol-
erance test (ITT). Glucose levels were measured at baseline, 15,
60, 90, and 120 min post glucose/insulin challenge by an accu-
check glucometer (Roche, Dublin, Ireland). Tail-vein bleeds were
sampled at baseline as well as 15 and 60 min post glucose chal-
lenge to measure the insulin secretory response. ELISA (Crystal
Chem, Inc., IL, USA) was used to quantify insulin levels post glu-
cose challenge.

2.6. Hepatic TAG, Cholesterol, Citrate, and Lactate Quantification

Flash frozen liver tissue (50 mg) was homogenized in a TissueL-
yser II (Qiagen Cat. No./ID: 85300). For TAG and cholesterol as-
says, liver homogenate was prepared as previously described.[25]

The dried sample was resuspended in water before TAG and
cholesterol analysis. Hepatic TAG (Wako LabAssay Triglyceride
kit, Fuggerstraße, Neuss, Germany) and hepatic cholesterol
(Wako LabAssay Cholesterol kit) was measured as per manufac-
turer’s instructions. Hepatic citrate (Sigma-Aldrich Citrate Assay
Kit) and lactate (Sigma-Aldrich Lactate Assay Kit) were measured
as per manufacturer’s instructions.

2.7. Gene Expression Analyses

RNA was extracted from 50 mg flash frozen hepatic tissue
with Trizol. Chloroform was added, mixed by inversion and
the colorless aqueous phase was transferred to a fresh tube.
Isopropanol was added to precipitate the RNA overnight. RNA
was quantified using a NanoDrop 8000 UV–vis spectropho-
tometer. Equal amounts of cDNA were synthesized using the
Applied Biosystems High Capacity cDNA kit (Applied Biosys-
tems by Thermo Fisher Scientific). Fasn, Cpt1𝛼, Dgat1, Hmgcr,
Abcg5, Abcg8, Gpr109a primers, and TaqMan Universal Master-
mix were obtained from Applied Biosystems by Thermofisher
Scientific. mRNA expression was measured by real-time PCR on

Figure 1. Mice that received obese diabetic microbiome displayed altered metabolic phenotype and increased hepatic lipid accumulation. A) Experi-
mental design for murine intervention study. Conventional mice (N = 8–9) were inoculated with human gut microbiota (HGM) from either an obese
healthy (OBH) or an obese type 2 diabetic (OBD) subject at week 0 for 3 days. Arrows indicate the week on which the fecal samples were collected. AFG,
antifungal gavage; GTT, glucose tolerance test; HFD, high-fat diet; ITT, insulin tolerance test; LFD, low-fat diet. B) Response to glucose, insulin, and
glucose stimulated insulin secretion, C) GTT incremental area under the curve (iAUC), D) ITT area under the curve (AUC), and E) HOMA-IR following
HFD. F) Hepatic TAG and G) cholesterol were measured. Citrate and lactate levels within the liver are shown in H) and I) respectively. J) Markers of
hepatic lipid metabolism were assessed by RT-PCR with 18S as the appropriate housekeeping gene. Data are represented as ±SEM. *p ≤ 0.05, **p ≤
0.01, ***p ≤ 0.001 with respect to (WRT) OBD versus OBH, #p ≤ 0.05 WRT OBD versus OBD+BG, ǂǂǂ p ≤ 0.001 WRT OBH versus OBH+BG, ¥¥¥ p ≤
0.001 WRT OBH versus OBD+BG.
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Applied Biosystems QuantStudio 7 Flex Real-Time PCR System.
Housekeeping gene 18S was used for hepatic gene expression.
Comparison of 2-(ΔΔCt) determined fold change as previously
described.[26]

2.8. Fatty Acid Analysis

Fatty acid methyl esters (FAMEs) were prepared using theMARS
6 express 40 position microwave reaction system and quantified
by gas chromatography (GC) as described previously.[27] Briefly,
fatty acids were extracted from 50 mg flash frozen hepatic tissue
using a microwave-assisted preparation of FAMEs for GC anal-
ysis. Potassium hydroxide (10 mL, 2.5% w/v) in methanol and
internal standard (ISTD) (tricasonaoic acid, 100 μL, 10 mg mL−1

in chloroform) were added for saponification, microwaved and
heated to 130 °C, and held for 4 min. Methanolic acetyl chlo-
ride (15 mL, 5% v/v) was added for esterification, microwaved,
heated to 120 °C in 4 min and held for 2 min. Pentane (10 mL)
was added for fatty acid extraction and saturated sodium chlo-
ride (20 mL) was added to induce phase separation. FAMEs were
measured using an Agilent 7890B gas chromatograph fitted with
a flame ionization detector (FID). Analytes were separated using
a CP-Sil 88 capillary with a 100 m × 0.25 mm internal diameter
× 0.2 μm film thickness column. Compounds were identified by
comparing their retention times with FAME Supelco standards.
Peak area analysis was conducted using Agilent OpenLAB CDS
2.1 Workstation. The content of each fatty acid (mg g−1 of tissue)
was calculated according to the following equation:

(Peak Area (FAME) ∕peak area (ISTD))

×
(
Weight ISTD∕weight sample

)
×
(
ISTD purity

)
× 10

= content (1)

2.9. Hepatic Proteomic Analysis

Hepatic proteomic samples were prepared as described in Sup-
plementary Text. Briefly, liver protein was isolated from 50 mg
tissue with trichloroacetic acid (20%) and protein pellets were
twice washed in ice-cold acetone before resuspension in 8 M
urea in triethylammoniumbicarbonate. Protein samples were in-
solution digested in trypsin overnight at 37 °C. After drying in
vacuum centrifuge, peptides were acidified by acetic acid (AA),
desalted with c18 STAGE tips,[28] and resuspended in 2.5% ace-
tonitrile (ACN), 0.5% AA. Peptide fractions were analyzed on a
quadrupole Orbitrap (Q-Exactive, Thermo Scientific) mass spec-
trometer equipped with a reversed-phase NanoLC UltiMate 3000
HPLC system (Thermo Scientific). Raw data were processed us-
ing MaxQuant version 1.6.3.4,[29] incorporating the Andromeda
search engine.[30] To identify peptides and proteins,MS/MS spec-
tra were matched to the Uniprot mouse database. For the genera-
tion of label free quantitative (LFQ) ion intensities for protein pro-
files, signals of corresponding peptides in different nano-HPLC
MS/MS runs were matched by MaxQuant in a maximum time
window of 1 min.[31] The Perseus computational platform (ver-
sion 1.6.2.3) was used to process MaxQuant results.[32] Data were

log transformed. T-test comparisons were carried out between
liver proteomes. For visualization of data using heat maps, miss-
ing values were imputed with values from a normal distribution
and the dataset was normalized by z-score.

2.10. Bioinformatic Pathway Analysis

Bioinformatic analysis was performed to analyze differentiable
expressed hepatic proteins. Briefly, t-test differences from pro-
teomic analysis were uploaded into Qiagen’s Ingenuity Pathway
Analysis (IPA) system for core analysis and overlaid with the In-
genuity pathway knowledge base. IPA was performed to identify
canonical pathways, and putative upstream regulators that were
the most significant in global molecular networks.[33] These re-
sults were ranked based on their p value (p ≤ 0.05) or activation
score (z-score) of pathway activation/inhibition.

2.11. Statistical Analysis

Statistical analysis was carried out using R v.3.5.5 software
packages.[34] Significant differences in microbiome 𝛽-diversity
were detected using permutational multivariate analysis of vari-
ance (PERMANOVA) (vegan R package[35]). Differences of 𝛼-
diversity and different taxonomic levels were identified byMann–
Whitney U test for the comparison of two diet groups stratified
by 𝛽-glucan consumption (unpaired data) and Wilcoxon signed
rank test for the comparison between time points (paired data).P-
values were adjusted formultiple comparisons using Benjamini–
Hochberg correction.
Metabolic phenotype data were expressed as mean ± stan-

dard error of the mean (S.E.M.). For GTT, ITT, and insulin
secretion a two-way repeated measures Analysis of Variance
(ANOVA) was completed followed by a post hoc Bonferroni test
(if the ANOVA reached statistical significance). For between-
group comparisons, a one-way ANOVA followed by post-hoc
Bonferroni test was performed. Analyses were completed using
GraphPad Prism 5.0 software (GraphPad Prism Software, Inc, La
Jolla, CA, USA).

3. Results

3.1. Microbiome Differences in Human Subjects with Obesity,
with or without Type 2 Diabetes

The clinical characteristics andmetformin treatment status of the
OBD versus OBH subjects demonstrated no significant differ-
ence with respect to age, BMI, or sex, but displayed elevated fast-
ing glucose and HbA1c, as expected (Tables S1, S2, Supporting
Information). There was no significant separation by 𝛽-diversity
analysis of overall gut microbiota composition between OBH in-
dividuals and OBD subjects, with or without metformin treat-
ment (unweighted and weighted UniFrac measures: p > 0.05;
Figure S1A, Supporting Information). Although 16S rRNA am-
plicon sequencing was apparently biased towards higher propor-
tions of Lachnospiraceae, compared with shotgun metagenomic
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sequencing, the proportional taxonomic composition between
subjects was largely consistent by both amplicon sequencing and
metagenomics (Figure S1B, Supporting Information). OBD sub-
jects treated with metformin displayed significant loss of the
Clostridiales order (unclassified Lachnospiraceae genus and Eubac-
terium eligens) and higher abundance of Streptococcus spp. and
Lactobacillus spp. compared to OBH subjects and altered mi-
crobial metabolic pathway abundances (Figure S2A, Supporting
Information). The increase in the relative abundance of Lacto-
bacillus with metformin is established,[36] as well as other re-
configurations of the human gut microbiota. Therefore, we se-
lected a non-metformin treated OBD subject and a representa-
tive OBH subject as donors for the human-to-mousemicrobiome
transplantation. The fecal microbial community from the OBH
donor was close to other OBH subjects but was distant from the
OBD donor (Figure S1A, Supporting Information). Ruminococ-
caceaewas present in higher abundance in OBHdonor compared
to OBD donor. The two donors exhibited differences in relative
abundance at bacterial species level (Figure S2B, Supporting In-
formation).

3.2. OBD Microbiome Transplantation Induced Insulin
Resistance and Disrupted Hepatic TAG and Cholesterol
Metabolism, which Was Resolved by 𝜷-Glucan Supplementation

We humanized mice with the gut microbiome from the selected
OBH or OBD human subjects (Figure 1A). OBD microbiome
transplantedmiceweremore insulin resistant, glucose intolerant
and hyperinsulinemic following HFD, compared to OBH inocu-
lated mice. Interestingly, yeast 𝛽-glucan supplementation partly
corrected the adverse OBD/HFD-induced metabolic phenotype,
wherein fasting insulin concentrations and insulin resistance in-
dex (HOMA-IR), were significantly lower in the OBD+𝛽-glucan
group, compared to the OBD/HFD microbiome-induced group
(Figure 1B–E). Total weight gain, adipose depot weights, and en-
ergy intake were not different between groups (data not shown).
Hepatic TAG and cholesterol levels were significantly higher

in OBD mice compared to OBH mice (Figure 1F,G). Metabolite
measurement revealed that hepatic citrate (Figure 1H) and lac-
tate (Figure 1I) levels increased in OBD mice, but not when sup-
plemented with 𝛽-glucan. Markers of lipid and cholesterol home-
ostasis were determined. Hepatic fatty acid synthesis (Fasn) was
not significantly different. Hepatic Cpt1𝛼 mRNA, an indicator of
mitochondrial fatty acid oxidation, was increased in OBD mice
which was further enhanced by 𝛽-glucan supplementation, com-
pared to OBH. In terms of cholesterol regulation, expression of
the cholesterol transporter Abcg8 was lower in OBD mice (Fig-
ure 1J). Hepatic fatty acid composition was not significantly af-
fected bymicrobiome source (Table S3, Supporting Information).

3.3. The OBD Microbiota Composition Moves towards a
Health-Associated Composition upon Yeast 𝜷-glucan
Supplementation

Mouse fecal microbiome profiling by 16S rRNA gene am-
plicon sequencing was completed at key timepoints post-
transplantation (Figure 1A). Sequences assigned to 10 bacterial

genera that were detected in the microbiome of at least 50% of
the mice in the antibiotic pretreatment group were not found
in the humanized mice, indicating their successful eradication.
Meanwhile, of 17 genera of the human microbiome present in
less than 50% in the pretreatmentmouse group, only four genera
including Faecalibacterium, Bilophila, Dialister, and Megamonas
were not engrafted in the antibiotic-treated mice. Twenty-eight
genera were detected in both the human donor and pretreatment
mouse stools, only five of which (Desulfovibrio, Clostridium XlVb,
Parasutterella, Bifidobacterium, and Gemmiger) were absent in the
humanized mice (Figure S3, Supporting Information). Overall,
the engraftment of human microbiota into antibiotic-treated
mice appeared successful with a significant change in the
murine gut microbiota before and after antibiotic treatment and
transfer.
The 𝛼-diversity (diversity within samples) measured by Phy-

logenetic Diversity and Observed Species was consistently lower
at week 1, and remained stable or increased slightly from week
3 to week 12 in both OBH and OBD (Figure S4A, Supporting
Information). The net increase in diversity during subsequent
weeks was expected because the murine gut microbiota diversity
had been lowered sharply by the administration of antibiotics
and the engraftment of the human gutmicrobiota into antibiotic-
treated mice allowed some sub-dominant taxa increase to more
measurable proportions. In line with differences in the donor’s
gut microbiota, the 𝛼-diversity in the recipient mice in the
OBD group was lower than that of OBH, but both exhibited
lower microbial diversity than their respective donors (Figure
S4B, Supporting Information). Yeast 𝛽-glucan supplementation
increased 𝛼-diversity of the gut microbiota in OBD mice at
week 3 (phylogenetic diversity: p = 0.006, observed species: p =
0.01), but no statistically significant differences in diversity were
associated with 𝛽-glucan consumption from week 5 to week
12, when mice were receiving the HFD. However, the OBH+𝛽-
glucan group showed lower phylogenetic diversity, compared to
those without 𝛽-glucan supplementation at week 3 (p = 0.001,
Figure 2A). This result indicates that 𝛽-glucan supplementation
while on a LFD, prior to the HFD, temporarily lowered micro-
biota diversity in a normal microbiota, but increased bacterial
diversity in low-diversity communities.
We next investigated the relatedness of the microbiota com-

munity structures (𝛽-diversity) between OBH and OBD, with
or without 𝛽-glucan supplementation (Figure 2B). Principal
coordinates analysis (PCoA) based on a Bray–Curtis dissimilarity
(which measures microbiota dissimilarity) at week 1 showed
the main separation was between the human donor metabolic
phenotype (PERMANOVA: R2 = 0.31, p = 0.001). Supplementa-
tion with 𝛽-glucan at this early time-point had a marginal effect
in OBD (PERMANOVA: R2 = 0.18, p = 0.047), but no impact
on OBH (PERMANOVA: R2 = 0.05, p = 0.529). By week 3, the
𝛽-glucan effect on the microbiota was significant for both donor
types, but more strikingly, 𝛽-glucan supplementation moved the
OBD microbiota closer to that of the OBH group (Figure 2B).
This effect was retained at week 5, but the 𝛽-glucan supplemen-
tation effect on the microbiota was weaker within metabolic
phenotypes (OBH vs OBD). By week 10 when mice had received
a longer period of HFD, there was general convergence, although
𝛽-glucan supplementation still had a significant effect within the
OBD microbiota (PERMANOVA: R2 = 0.18, p = 0.027). Yeast
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Figure 2. Dietary supplementation with 𝛽-glucan drives gut microbiota diversity changes in obese healthy and obese type 2 diabetic inoculated mice. A)
Difference in 𝛼-diversity between BG− and BG+ were determined by Mann–Whitney U test adjusted using Benjamini–Hochberg correction, ** adjusted
p ≤ 0.01. B) Principle coordinates analysis plots based on Bray–Curtis dissimilarity. The significant differences between groups were calculated by
permutational multivariate analysis of variance (PERMANOVA) tests.

𝛽-glucan supplementation had a greater effect on OBD micro-
biota during the LFD phase than HFD phase. When all time
points were mapped, the murine microbiota datasets were more
similar to the respective human donor microbiota than the pre-
treatment mouse microbiota at week 6 (Figure S5A, Supporting
Information). 𝛽-glucan supplementation significantly separated
mice in the PCoA, but distances were reduced upon HFD
over time especially in the OBD group. Furthermore, changes
in gut microbiota (measured with Bray–Curtis dissimilarity)
throughout HFD versus LFD periods accompanied by 𝛽-glucan
consumption particularly in week 10 were significantly lower
than in mice not supplemented with 𝛽-glucan. This suggests
that 𝛽-glucan might reduce the effect of HFD on gut microbiota
in both OBD and OBH (Figure S5B, Supporting Information).

3.4. 𝜷-Glucan Responsive Taxa Differ Between OBD and OBH
Inoculated Mice

Analysis of differentially abundant taxa showed increased rela-
tive abundance of Verrucomicrobiaceae, Ruminococcaceae, Desul-
fovibrionaceae, Porphyromonadaceae and a decrease in Streptococ-
caceae, Bacteroidaceae, Rhodospirillaceae, Enterobacteriaceae with
𝛽-glucan supplementation. Flavonifractor, Akkermansia, Rose-
buria, Parabacteroides in the OBH group and Clostridium XlVa,
Odoribacter, Anaerostipes in the OBD group were significantly
higher after 𝛽-glucan supplementation. Escherichia/Shigella
abundance was consistently lower at all time points in the
OBH+𝛽-glucan group (Supplementary Text, Figure S6, Support-
ing Information).
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At the species level, 69 known species accounted for 73.2
± 19% (mean ± SD) of the microbial composition abundance
across all samples. Most samples were dominated by Akker-
mansia muciniphila, and Bacteroides vulgatus, although the OBH
group was also dominated by Parabacteroides distasonis and Bac-
teroides xylanisolvens. Bacteroides uniformis was dominant in the
OBD group, particularly when not supplemented with 𝛽-glucan
(Figure 3A). A. muciniphila was initially more abundant with 𝛽-
glucan supplementation, but this was not maintained in OBD
mice on HFD. B. vulgatus, Alistipes massiliensis, Blautia hy-
drogenotrophica, Odoribacter splanchnicus were significantly more
abundant in at least two consecutive time points in OBD+𝛽-
glucanmice. The opposite applied forClostridium paraputrificum,
Clostridium ramosum,B. uniformis. In contrast, higher abundance
of P. distasonis, A. muciniphila, and lower abundance of B. vulga-
tus, Bacteroides thetaiotaomicron, Bacteroides acidifaciens were as-
sociated with 𝛽-glucan supplementation in the OBH group prior
to and throughout the HFD (Figure 3B,C). This suggests the ef-
fect of 𝛽-glucan on certain specific taxa was more stable in OBH
than in OBD, even after HFD.
We found moderate correlations between the abundance of

several gut microbial OTUs and the host expression of Cpt1𝛼,
Abcg8 genes, and HOMA-IR (Spearman’s correlation analysis:
|rho| < 0.62, nominal p-values < 0.05) but these associations lost
significance after adjustment formultiple testing except the asso-
ciation of OTU_1183 (unclassified Clostridium XlVa) and Cpt1𝛼
(Figure S7, Supporting Information). In particular, OTU_1290
(A. massiliensis) and OTU_501 (B. vulgatus) belonging to the
species that differed significantly in abundance upon yeast 𝛽-
glucan supplementation were negatively correlated with HOMA-
IR. Similarly, negative correlations were observed between Abcg8
expression gene and the abundances of OTU_456 (Flavonifractor
plautii), OTU_75 (Oscillibacter valericigenes), OTU_612 (P. distaso-
nis). The hepaticCpt1𝛼mRNA level was positively correlated with
OTU_265 (B. uniformis) but inversely with OTU_239 (B. thetaio-
taomicron). Collectively, these findings suggest the impact of gut
microbiota upon hepatic gene expression as well as the insulin
resistance score HOMA-IR, by currently unknown mechanisms.

3.5. Hepatic Proteomic Expression Is Altered by both
Microbiome Type and 𝜷-Glucan Supplementation

The liver is a central organ that integrates signals from the gut,
pivotal for regulating metabolism. To identify mechanisms un-
derpinning diet/microbiome induced changes in metabolism,
hepatic mass spectrometry (MS)-based proteomics was per-
formed, comparing the OBD mice, the most adverse metabolic
phenotype, with OBH as the control or relative comparator. A to-
tal of 102 proteins were differentially expressed between OBD
and OBH livers, 25 increased in abundance and 77 proteins were
decreased (Figure 4A). In conjunction with the improved pheno-
type, 66 differentially expressed proteins (20 increased and 46 re-
duced) involved in fatty acidmetabolism,mitochondrial dysfunc-
tion, and inflammation between OBD and OBD+𝛽-glucan livers
(Figure 4B). Hepatic proteomic comparison between OBH+𝛽-
glucan versus OBH displayed 132 increased and 161 decreased
proteins totaling 293 differentially expressed proteins (data not
shown). However, the hepatic metabolic phenotype was not sig-

nificantly different in OBHmice fed 𝛽-glucan compared to those
who were not.
IPA identified key pathways that were differentially expressed

between OBD and OBH (Figure 4C), and between OBD mice
fed 𝛽-glucan and OBD hepatic proteomes (Figure 4D). Interest-
ingly, the pathways most modulated by OBD versus OBH mi-
crobiome colonization differed by magnitude of alteration, com-
pared to those associated with 𝛽-glucan supplementation in OBD
mice, wherein hepatic steatosis and insulin resistance was partly
resolved. Specifically, mitochondrial dysfunction, EIF2 signaling,
oxidative phosphorylation, the sirtuin signaling pathway, and reg-
ulation of EIF4 and p7056K signaling were significantly affected
in the OBD group (Table S4, Supporting Information). The most
significant pathways in OBD+𝛽-glucan included EIF2 signaling,
regulation of EIF4 and p7056K signaling, mTOR signaling, mito-
chondrial dysfunction, and tRNA charging (Table S6, Supporting
Information).
The top canonical pathways that were differentially up- or

down-regulated in OBD versus OBH livers are listed in Table S4,
Supporting Information. Key pathways inhibited in OBD livers
include tRNA charging, EIF2 signaling, citrulline metabolism,
citrulline biosynthesis, and unfolded protein response. In con-
trast, galactose degradation, RhoGDI signaling, SPINK1 Pancre-
atic Cancer Pathway, NRF2-mediated oxidative stress response,
and gluconeogenesis were up-regulated in OBD livers (Table
S4, Supporting Information). IPA also identified putative up-
stream regulators of changes in the proteomic dataset. MYCN,
MYC, Glucagon, ACOX1, and CLPP were potential upstream
regulators that were down-regulated in OBD mice (Table S5,
Supporting Information). Upstream regulators upregulated in
OBD were PPARA PNPLA2, ACSS2, PCGEM1, FOXA2, and
PPARG (Table S5, Supporting Information). Importantly, several
proteins, predominantly transcription factors, CEBPA, CEBPB,
SREBF1, FOX01, RXRA, and SIRT1, were shared between key
pathways. This indicates important coincident dysregulated reg-
ulation of hepatic mitochondrial, fatty acid, insulin, and glucose
metabolism following diabeticmicrobiome inoculation and high-
fat feeding in OBD liver.
Fewer canonical pathways were enriched or unenriched, when

comparing OBD to OBD+𝛽-glucan (Table S6, Supporting In-
formation). The pathways include EIF2 signaling, tRNA charg-
ing, and sirtuin signaling pathway, suggesting oxidative phos-
phorylation and fatty acid metabolism were altered by 𝛽-glucan.
Putative upstream regulators inhibited within these pathways
were RICTOR, INS1, BDNF and activated were MYC, MYN,
SYVN1, XBP1, and NFE2l2 (Table S7, Supporting Information).
Of note, we found that the MYC family was inhibited in OBD liv-
ers but activated in OBD+𝛽-glucan. This could be a mechanism
by which yeast 𝛽-glucan increased insulin sensitivity and reduced
hepatic steatosis.

4. Discussion

The adverse metabolic impact of high-fat feeding was greatly
accentuated after obese diabetic microbiome transplantation,
compared to obese but metabolically healthy microbiome trans-
plantation, in a humanized mouse model. Interestingly this
adverse phenotype was partly rescued by yeast 𝛽-glucan supple-
mentation. The adverse OBD microbiome induced metabolic
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Figure 3. The 𝛽-glucan responsive taxa at species level differed between obese type 2 diabetic inoculated mice and obese healthy inoculated mice.
A) Mean relative abundance of the represented microbial taxa at species level. All known bacterial taxa with mean relative abundance less than 1%
and unclassified taxa were merged to form the Other/Unclassified group. B) Significantly differentially abundant taxa between two diet groups were
determined by Mann–Whitney U test adjusted using Benjamini–Hochberg correction. C) Box plot of the relative abundance distribution of selected
species associated with 𝛽-glucan consumption from week 3 to week 5. Time points in bold indicates nominal p-value ≤ 0.05.
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phenotype was characterized by hyperinsulinemia, glucose intol-
erance, and increased hepatic TAG and cholesterol levels, despite
being weight matched. Interestingly, 𝛽-glucan supplementation
reverted the OBD-induced hyperinsulinemia and HOMA-IR,
despite high-fat feeding. Yeast derived 𝛽-glucan is a relatively
novel functional food which is purported to enhance metabolism
and innate immune training, as previously reviewed.[16] Dietary
𝛽-glucan functionality is highly dependent upon structure and
source. The metabolic effects of a yeast 𝛽-glucan are less well
defined compared to the well characterized impact of oat de-
rived 𝛽-glucan which improves plasma lipid metabolism and
circulating insulin levels.[37,38] In humans, daily consumption
of yeast 𝛽-(1,3/1,6)-d-glucan (15 g day−1 for 8 weeks) lowered
total cholesterol concentrations.[39] Another group has demon-
strated that feeding very high doses of yeast 𝛽-glucan improved
metabolic health, but that dose also resulted in increased fecal
fat excretion that significantly impeded weight gain, which
presumably confounded metabolic readouts.[40] Our findings
are noteworthy because metabolic reconfigurations were in the
obese state and dependent upon human microbiome source,
without any weight change.
The liver is a first pass organ after the gut. Our data sug-

gest synergy between the OBD microbiome and HFD, to induce
greater hepatic TAG and cholesterol levels, despite equal weight
gain as OBH microbiome recipients. Interestingly hepatic cit-
rate and lactate levels increased in OBD–HFD mice. This sug-
gests that the TCA cycle was disrupted, wherein citrate could be
shuttled off into Acyl-CoA promoting de novo lipogenesis (DNL),
which in conjunction with hyperinsulinemia might explain el-
evated hepatic TAG levels. In addition, HFD increased hepatic
cholesterol levels in OBD microbiome recipients. Interestingly,
cholesterol transporter Abcg8 expression, which promotes hep-
atic cholesterol excretion, was reduced which may account for
increased cholesterol levels.[41]

This study was conducted using a limited number of individ-
uals as fecal donors, because of the ethical, logistical, and finan-
cial limits that necessarily pertain when transferring human mi-
crobiomes into animal models. Despite this restriction, our data
confirm the evidence for a link between the gut microbiome and
both type 2 diabetes and metformin treatment, suggesting that
gutmicrobiotamodulation could be a key target in type 2 diabetes
management. FMT from humans to mice showed that several
bacterial species were significantly differentially abundant be-
tween OBD or OBHmicrobiome inoculatedmice.A. muciniphila
a well characterized mucin-degrading bacterium associated with
metabolic health[42] rather than type 2 diabetes,[43,44] was signif-
icantly increased following 𝛽-glucan supplementation.[20,21] In
humans, direct A. muciniphila supplementation for 3 months
improved insulin sensitivity and reduced total cholesterol levels
in overweight/obese subjects.[45] OBH mice displayed a propor-
tional reduction in total Bacteroides species. Specifically, B. vulga-
tus abundance has been associated with branched-chain amino
acids biosynthesis and insulin resistance.[12] Here we observed
that OBD 𝛽-glucan supplementedmice had increased abundance

of B. vulgatus, A. massiliensis, B. hydrogenotrophica, O. splanch-
nicus and decreased abundance of C. paraputrificum, C. ramo-
sum, B. uniformis. In terms of speculating whether these taxa
explain the improved metabolic phenotype of OBD+𝛽-glucan
mice,C. ramosum is associated with diet-induced obesity and type
2 diabetes.[46] O. splanchnicus is a well-characterized butyrate-
producing bacterium[47] and B. hydrogenotrophica, which can pro-
duce acetate,[48] may also contribute to modulating metabolism
via short-chain fatty acid metabolites. In terms of relating the mi-
crobiome to key phenotypes in our study, some gut microbial
OTUs from Lachnospiraceae sp., A. massiliensis, B. vulgatus asso-
ciated with yeast 𝛽-glucan supplementation, were negatively cor-
related with HOMA-IR, although these associations did not pass
multiple testing correction. These bacteria can produce benefi-
cial short-chain fatty acids which may regulate hepatic gluconeo-
genesis via the TCA cycle, to subsequent lower levels of HOMA-
IR.[49] While the abundance of different bacterial OTUs were also
correlated with hepatic Cpt1𝛼, Abcg8 gene expression, a potential
functional relationship is, as yet, unknown. Indeed, these hep-
atic genes are affected by hepatic lipid, cholesterol, and insulin
concentrations,[50,51] therefore direct modulation via the micro-
biome is not necessarily the case. Future work is required to
further validate if/how OBD microbiota and related metabolites,
have functional effects in response to 𝛽-glucan supplementation.
Hepatic proteomic signatures were determined to elucidate

mechanisms underpinning the impact of different microbiota
and 𝛽-glucan supplementation on metabolic health. Several hep-
atic pathways were differentially regulated between OBD and
OBH recipients in response to high-fat feeding. Those inhibited
include the tRNA charging pathway which is responsible for at-
taching amino acids to tRNA to during protein synthesis. The
EIF2 signaling pathway regulatesmRNA translation, both specif-
ically and globally, within the cell. The unfolded protein response
(UPR) pathway is activated in response to endoplasmic reticulum
(ER) stress resulting from unfolded or misfolding proteins. This
suggests protein synthesis was inhibited in OBD livers. While we
did not investigate plasma amino acid profiles, it is well estab-
lished that dysregulated amino acid metabolism plays a key role
in type 2 diabetes.[52,53] The citrulline metabolism and biosyn-
thesis pathways were also inhibited in OBD livers. Citrulline is
downstream of Acyl-CoA and glutamate in the urea cycle in hep-
atic mitochondria. This indicates inhibition of the urea cycle in
OBD livers. Pathways which were activated in the OBD versus
OBH groups include the galactose degradation pathway which
is responsible for the degradation of d-galactose to enter the gly-
colysis pathway. Gluconeogenesis was also activated, which gen-
erates glucose from non-carbohydrate precursors. Signaling of
RhoGDI, a chaperone which prevents Rho protein degradation
and alters cellular growth and regeneration patterns was acti-
vated. NRF2-mediates oxidative stress response which is a reg-
ulator of cellular resistance to oxidants within the liver. This
indicates higher glucose formation and utilization in conjunc-
tion with altered cellular growth patterns and increased oxidative
stress within the OBD liver.

Figure 4. Microbiome and 𝛽-glucan alter hepatic protein signatures. A) OBH and OBD hepatic proteomic signature heat map. B) OBD and OBD+𝛽-
glucan (BG) hepatic proteomic signature heat map. Red and blue bars indicate proteins significantly up or down regulated respectively (p ≤ 0.05).
Canonical pathway analysis of differentially expressed hepatic protein using IPA. C) Top 20 canonical pathways as per −log(p-value) and as per z-score
in OBD with respect to OBH. D) Top 20 canonical pathways as per −log(p-value) and as per z-score in OBD+𝛽-glucan with respect to OBD.
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Pathway analysis also indicated putative upstream regulators
that changed in OBD recipients in comparison to OBH recipi-
ents.MYCdownregulation indicates inhibition of protein synthe-
sis. Additional downregulated targets suggest increased glycoly-
sis (glucagon), fatty acid accumulation (ACOX1), and alterations
in mitochondria protein biogenesis, trafficking, and degradation
(CLPP). Activated upstream regulators in OBD hepatic tissue dis-
play altered gene transcriptions patterns specific to both fatty acid
𝛽-oxidation (PPARA, PNPLA2) and fatty acid storage (ACSS2).
Thus, fatty acid metabolism/storage was greatly altered in OBD
livers, as evidenced by higher TAG and cholesterol levels.
Even though 𝛽-glucan supplementation had important phe-

notypic affects with lower HOMA-IR and hepatic TAG accumu-
lation, relatively few canonical pathways were predicted to be
enriched or depleted, compared to the OBD group, without 𝛽-
glucan supplementation. Of note is the predicted upstream reg-
ulation activation of MYC with 𝛽-glucan supplementation which
was inhibited in OBD without 𝛽-glucan supplementation. The
MYC proto-oncogene induces genes involved in glycolysis and
stimulates lipid synthesis genes.[54] Overexpression of MYC can
lower lipid accumulation in murine livers.[55] Additionally, MYC
inhibition is associated with increased lipid accumulation due
to mitochondrial dysfunction.[56] This could be a mechanism
through which 𝛽-glucan may increase insulin sensitivity and de-
crease hepatic steatosis.
The differential effect of the OBD microbiome on insulin re-

sistance, hepatic lipid, and metabolite profiles, with associated
hepatic proteome profiles compared to an OBH microbiome,
is novel. We show that obesity alone is not sufficient to impair
metabolic health and indeed, within equivalent obese states the
metabolic impact of diabetes on the microbiota can be substan-
tial. Additionally, functional food ingredients such as 𝛽-glucan
supplementation can partly reverse the adverse OBD induced
metabolic phenotype. We acknowledge that the fecal microbiota
transplantation experiment is limited to one human donor per
metabolic health type due to ethical, practical, and financial limi-
tations of pre-clinical models. Additionally, fecal energymeasure-
ment following 𝛽-glucan supplementation should be a focus in
future studies. Also given the inherent link between metabolism
and inflammation, more detailed work in relation to liver asso-
ciated macrophage biology is warranted. Further studies are re-
quired to validate these finding and determine if/how therapeutic
effect of 𝛽-glucan supplementation were coincidental or directly
ascribed to microbiome modulation.
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