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Abstract
Impaired glucose homeostasis in obesity is mitigated by enhancing the glucoregula-
tory actions of glucagon-like peptide 1 (GLP-1), and thus, strategies that improve 
GLP-1 sensitivity and secretion have therapeutic potential for the treatment of type 2 
diabetes. This study shows that Holdemanella biformis, isolated from the feces of a 
metabolically healthy volunteer, ameliorates hyperglycemia, improves oral glucose 
tolerance and restores gluconeogenesis and insulin signaling in the liver of obese 
mice. These effects were associated with the ability of H. biformis to restore GLP-1 
levels, enhancing GLP-1 neural signaling in the proximal and distal small intestine 
and GLP-1 sensitivity of vagal sensory neurons, and to modify the cecal abundance 
of unsaturated fatty acids and the bacterial species associated with metabolic health. 
Our findings overall suggest the potential use of H biformis in the management of 
type 2 diabetes in obesity to optimize the sensitivity and function of the GLP-1 sys-
tem, through direct and indirect mechanisms.
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1  |   INTRODUCTION

The increasing worldwide prevalence of obesity and its asso-
ciated disorders are a major global health challenge. Growing 
evidence supports a role for the gut microbiota in insulin re-
sistance and in the onset of type 2 diabetes (T2D) in obe-
sity. For example, human observational studies have shown 
that specific perturbation in the structure and/or function of 
gut microbiota correlates with impaired metabolic health.1,2 
Additionally, transplantation of gut microbiota from twins 
discordant for obesity to mice replicates the donor meta-
bolic phenotype, demonstrating its causality in metabolic 
diseases.3 Western diets (high in fats and simple sugars) can 
trigger gut microbiota alteration,4,5 which might disturb the 
interactions between microbiota-derived metabolites and/
or subcellular bacterial components and the immune, endo-
crine, and/or neural pathways that control host metabolism.6,7 
Indeed, it has been shown that Western diet-associated mi-
crobiota has a negative impact on intestinal immunity8,9 and 
impairs the functionality of gut-derived hormones such as 
glucagon-like peptide-1 (GLP-1),10,11 ultimately affecting 
energy homeostasis. This evidence also supports the notion 
that gut microbiota can be manipulated to restore the mis-
configured signaling pathways between the gut and distant 
organs and systems and, thus, beneficially influence meta-
bolic phenotypes.

Given the known benefits of GLP-1, including its insu-
linotropic effects in the pancreas and improving peripheral 
insulin sensitivity, several GLP-1-based therapies have been 
developed to counteract the development of obesity-induced 
glucose intolerance.12 GLP-1 and its mimetics modulate 
insulin and glucagon secretion in distal β and α pancreatic 
cells, respectively, via endocrine routes, and can stimulate 
intestinal vagal afferents in a paracrine manner, thereby in-
directly controlling glucose tolerance through central ner-
vous system-mediated metabolic circuits.13,14 By-products 
of microbiota metabolism or bacterial structural compo-
nents might affect the function of GLP-1-secreting entero-
endocrine L cells15-17 and thus influence both endocrine- and 
neuroparacrine-mediated GLP-1 actions. Indeed, a recent 
study suggests that the commensal gut microbiota is nec-
essary to adequately maintain the sensitivity of GLP-1-
mediated paracrine signaling through the activation of vagal 
afferent fibers in the intestine.10 Accordingly, there is grow-
ing interest in the development of microbiota-based thera-
pies to potentiate the activity of antidiabetic drugs targeting 
GLP-1 signaling.18 In this line, several studies have attempted 
to identify specific gut bacteria of lean subjects that might 
contribute to restore the metabolic signaling that often goes 
awry in obesity.19-21 Some of the bacteria investigated so far, 
such as Akkermansia muciniphila or Bacteroides spp., have 
demonstrated beneficial effects on glucose homeostasis in 
preclinical studies of obesity.22-24 Mechanistic studies have 

established that these effects can be partly attributed to the 
ability of the bacteria to reduce intestinal inflammation and 
protect against the gut barrier disruption associated with obe-
sity.22,24,25 Emerging investigations reveal that gut microbi-
ota also impacts on host energy homeostasis by influencing 
on the enteroendocrine system26 inducing regional-specific 
effects on the enteroendocrine cells.27 Nonetheless, further 
investigations are required to identify key intestinal bacteria 
acting on the enteroendocrine system and, thereby, regulating 
host metabolism.

Holdemanella biformis (formerly Eubacterium biformis) is 
a human gut bacterium 28,29 that through the release of short 
chain fatty acids (SCFAs) and the long chain fatty acid (LCFA) 
3-hydroxyoctadecaenoic is reported to induce antitumouri-
genesis and antiinflammatory effects.30,31 In addition, this 
bacterial species can potentially modulate the enteroendocrine 
cells since SCFAs as well as certain LCFAs act as a GLP-1 
secretagogues.32,33 Here, we postulate that the intestinal bac-
terium H. biformis, through the modulation of immune and/
or neuroendocrine routes of communications with the host, 
has a beneficial impact on obesity. To test this hypothesis, 
we used a diet-induced obese (DIO) mouse model to explore 
(1) the effects of a strain of H biformis, isolated from a met-
abolically healthy human subject, on energy homeostasis; (2) 
whether its benefits are mediated through immune-regulatory 
mechanisms or by stimulating the secretion of gastrointesti-
nal hormones from L cells (PYY, GLP-1 and GLP-2) and/
or signaling via endocrine or paracrine routes through neural 
pathways of the gut-brain axis; and (3) whether the metabolic 
effects are related to gut microbiota changes, analyzed by 16S 
rRNA gene sequencing and fecal metabolomics using liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) 
and gas chromatography-MS (GC-MS).

2  |   MATERIAL AND METHODS

2.1  |  Isolation and cultivation of 
Holdemanella biformis

Feces from healthy volunteers were homogenized in PBS 
containing cysteine (0.05%) and NaCl (130 mM) (stomacher 
Lab-Blender 400, Seward Medical, London, UK), inoculated 
at 1:5 proportion in intestinal bacterial medium (0.5% starch; 
0.4% mucin; 0.3% casein; 0.2% peptone, NaHCO3, pectin, 
xylan and wheat bran extract; 0.1% arabinogalactans, arabic 
gum and inulin; 0.05% cysteine; 0.01% NaCl; 0.005% hemin; 
0.004% K2HPO4; 0.001% CaCl2 and MgSO4; and 0.0001% 
menadione), and fermented for 24 hours in an anerobic cham-
ber (Whitley DG250 Workstation, Don Whitley Scientific 
Ltd., Shipley, UK) with stirring and pH control (6.9-7.0).

Serial dilutions of fermented feces were plated in fastidi-
ous anaerobe agar media plates containing 0.5% defibrinated 
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sheep blood and filtered (0.22  µm) and fermented intes-
tinal bacteria medium, used as a nutritional supplement 
(0.1  mL of medium per agar plate). Dilutions were then 
incubated at 37°C for 72  hours in an anaerobic chamber. 
Bacterial DNA of each isolate (more than 200 colonies) 
was obtained by incubating pure colonies suspended in 
sterile PBS treated at 100°C for 10  minutes. The identifi-
cation of each isolate was performed by polymerase chain 
reaction (PCR) amplification of the16S rRNA gene using 
the primers 27f (5′-AGAGTTTGATCCTGGCTCAG-3′) 
and 1401r (5′-CGGTGTGTACAAGACCC-3′). PCR prod-
ucts were cleaned with the Illustra GFX PCR DNA and Gel 
Band Purification Kits (GE Healthcare, Madison, WI) and 
sequenced by Sanger technology in an ABI 3730XL se-
quencer (Stabvida, Portugal). Using the BLASTn algorithm 
and the NCBI database, we identified one of the colonies as 
Holdemanella biformis, with an identity of 98%, with oth-
ers belonging to this specie. The strain was further grown 
in chopped meat medium supplemented with 0.1% Tween80 
(according to DSMZ culture collection recommendations). 
For in vivo experiments, bacterial cells were harvested by 
centrifugation (6000  g for 10  minutes) from broth cultures 
and washed in PBS (130-mM sodium chloride, 10 -mM 
sodium phosphate, and pH 7.4). Bacterial cells were then 
resuspended in 10% sterile skimmed milk for animal tri-
als (Scharlau, Spain). Aliquots were immediately frozen in 
liquid nitrogen and stored at −80°C until use. After freez-
ing and thawing, live cell numbers were measured using 
BD Trucount Tubes (BD) in a BD LSRFortessa (Becton 
Dickinson, Franklin Lakes, NJ) flow cytometer running 
FACS Diva software v.7.0.

2.2  |  Mice and diets

Adult C57BL/6 mice (6-8  weeks old, Charles River, 
Saint Germain, Nuelles, France) were housed under con-
trolled conditions of temperature (23°C), light/dark cycle 
of 12  hours, and relative humidity (40%–50%). Mice were 
fed for 13  weeks with a high-fat/high-sugar diet (HFHSD, 
D12451) containing 45% of kcal from fat and 17% of kcal 
from sucrose, or with a control diet (CD, D12450K), with-
out sucrose and with 10% kcal from fat (Research Diets, Inc, 
Brogaarden, Denmark). HFHSD-fed mice received a daily 
oral dose of H. biformis (5 × 108 cells in 10% skimmed milk, 
n = 10) or vehicle (10% skimmed milk, n = 10), while CD-
fed mice received only vehicle (n = 9). Thirteen weeks after 
the intervention, blood obtained by cardiac puncture from 
isofluorane-anesthetized mice was collected into microfuge 
tubes containing K3 EDTA (Sarstedt, Nümbrecht Germany) 
and immediately centrifuged to obtain plasma and stored 
at −80°C until use. Mice were then sacrificed by cervical 
dislocation for sampling collection, including duodenum, 

ileum and colon (2 cm), liver, brain, cecal content, and feces, 
which were all immediately frozen until use. All experimen-
tal procedures were performed in accordance with European 
Union 2010/63/UE and Spanish RD53/2013 guidelines and 
approved by the local ethics committee (Animal Production 
Section, Central Service of Support to Research [SCSIE], 
University of Valencia, Spain) and authorized by Dirección 
General de Agricultura, Ganadería y Pesca (Generalitat 
Valenciana; approval ID 2017/VSC/PEA/00015).

2.3  |  Flow cytometry

Small intestine was cleaned with cold PBS, opened longitu-
dinally, and cut into small pieces. For the isolation of the epi-
thelium, tissue was incubated twice in Hansk's balanced salt 
solution (HBSS) with calcium and magnesium (ThermoFisher 
Scientific, Massachusetts, USA) containing 5-mM EDTA 
(Scharlab), 1-mM DTT, 100-µg/mL streptomycin, and 
100-U/mL penicillin (Merck, Darmstadt, Germany) in or-
bital shaker for 30 minutes at 37°C. Cells from the epithelium 
were collected by filtrating supernatant fractions with 100-
µm nylon cell strainers that were then centrifuged to harvest 
cell suspensions. Epithelium isolated cells in FACS buffer 
(PBS with BSA 0.5%) were incubated with different im-
mune markers during 30 minutes at 4°C in darkness. Natural 
(CD45+ CD2+ CD5+) and induced (CD45+ CD2− CD5−) 
intraepithelial lymphocytes (IEL) were determined by phyco-
erithrin (PE)-conjugated anti-CD45, allophycocyanin (APC)-
conjugated anti-CD2, and PE-Vio770-conjugated anti-CD5 
(Miltenyi Biotec, Bergisch Gladbach, Germany) antibodies. 
Innate lymphoid cells type 1 (ILC1: CD90+ CD127+ LIN− 
Tbet+IFNɤ+) were labeled by VioBlue-conjugated anti-
CD90, Pe-Vio770-conjugated anti-CD127 (Miltenyi Biotec, 
Bergisch Gladbach, Germany), PerCP-Cy™5.5-conjugated 
antilineage antibody cocktail (LIN) (BD-Bioscience, USA), 
phycoerithrin (PE)-conjugated anti-Tbet, and allophycocya-
nin (APC)-conjugated anti-IFNɤ (Miltenyi Biotec, Bergisch 
Gladbach, Germany) antibodies. Staining cells were permea-
bilized and fixed (fixation/permeabilization solution kit, BD 
Bioscience, USA) when intracellular markers were required. 
Data acquisition and analysis were performed using a BD 
LSRFortessa (Becton Dickinson, USA) flow cytometer oper-
ated by FACS Diva software v.7.0 (BD Biosciences, USA).

2.4  |  Oral glucose tolerance test and blood 
metabolic parameters

After 8 and 10  weeks of HFHSD feeding, blood from the 
saphenous vein was used to measure baseline fasting blood 
glucose in 4-h food-deprived mice using the Contour XT 
glucometer (Bayer, Germany). An oral glucose tolerance test 
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(OGTT) was conducted at week 10 of DIO by measuring gly-
cemia at 0, 15, 30, 60, and 120 minutes after administering an 
oral glucose load (2 g/kg). At week 13, metabolic parameters 
including triglycerides, cholesterol, and hormones such as in-
sulin, the active isoform of glucagon-like peptide-1 (GLP-1), 
GLP-2, and peptide YY (PYY) were analyzed in plasma ob-
tained by blood centrifugation at 600 g for 15 minutes at 4°C. 
Dipeptidyl-peptidase (DPP)-4 inhibitor (Merck, Germany) 
was added into blood collecting tubes to prevent GLP-1 degra-
dation. The Free Fatty acid kit (Sigma-Aldrich), Triglyceride 
Colorimetric Assay Kit (Elabscience, Houston, TX), and 
the Cholesterol Liquid Kit (Química Clínica Aplicada SA, 
Spain) were employed to measure free fatty acids, triglycer-
ides, and cholesterol, respectively. Insulin, PYY and GLP-1 
were quantified using the multiplex assay Milliplex MAP 
Mouse Metabolic Hormone Magnetic Bead Panel kit (Merck, 
Darmstadt, Germany) on a Luminex 200 platform (Luminex, 
Austin, TX). GLP-2 was measured using EIA kit for GLP-2 
(Abyntek Biopharma, Vizcaya, Spain). Colorimetric signals 
from triglycerides, cholesterol and GLP-2 analysis were 
measured in a Thermo Scientific MultiSkan 1500 Reader 
(Thermo Fisher Scientific, Rockford, IL).

2.5  |  Metabolites in liver

Hepatic glycogen, acetyl-CoA, and glucose-6-phosphatase 
activity were quantified in the total homogenized liver 
using a Glycogen Assay Kit, Acetyl-Coenzyme A Assay Kit 
(Sigma-Aldrich), and Glucose-6-phosphatase (G6P) Assay 
kit (Elabscience), respectively.

2.6  |  RT-qPCR

Total RNA from duodenum, ileum, colon, liver, and hypo-
thalamus was isolated using TRIsure lysis reagent (Bioline, 
London, UK). A total of 2  μg of RNA, quantified using a 
NanoDrop ND-1000 spectrophotometer (Thermo Fisher 
Scientific), was reverse transcribed using a High-Capacity 
cDNA Reverse Transcription Kit (Thermo Fisher Scientific) 
and incubated for 10 minutes at 25°C, 120 minutes at 37°C, 
and 5  minutes at 85°C, with a final cooling step at 4°C. 
cDNA amplification was conducted with the LightCycler 
480 SYBR Green I Master Mix (Roche, Basel, Switzerland) 
containing an appropriate primer pair of each gene [Acsl3, 
Agrp, Cldn3, Cart, Gpr40, Gpr43, Gpr41, Gpr119, Glp-1r, 
G6pase, Ki67, Lyz1, Npy, nNOS, Ocln, Peripherin, Pck1, 
Pla2g2a, Proglucagon, Pomc, Pyy, Reg3ɤ and Tfc4 (Isogen 
Life Science, Utrecht, The Netherlands) and Gpr120 and 
Glp-1r (Sigma-Aldrich)]. Ribosomal protein L19 (Rpl19) 
was used as housekeeping gene (primer pair sequences are 
detailed in Table S1). qPCR reactions were performed using 

a LightCycler 480 Instrument (Roche) and variation of cDNA 
abundance was calculated according to the 2−(ΔΔCt) method 
and represented as fold change expression relative to the con-
trol group.

2.7  |  Western blotting

Total proteins from liver were extracted from the organic 
phase obtained using the TRIsureTM RNA Isolation Reagent 
(Bioline). In total, 5 μg of denatured proteins, quantified using 
Bradford's method, was separated by SDS-PAGE electropho-
resis and transferred onto polyvinylidene difluoride (PVDF) 
membranes (Thermo Fisher Scientific). Membranes were in-
cubated overnight at 4°C with 1:1000 dilution of phospho-Akt 
(Ser473), Akt, and β-actin primary antibodies (Cell Signaling 
Technology, Beverly, MA) followed by a 1-h incubation at 
RT with antirabbit IgG, HRP-linked antibody at 1:5000 (Cell 
Signaling Technology). Chemiluminescence signals were en-
hanced by adding the ECL reagent (SuperSignal West Dura 
Extended Duration Substrate, Thermo Fisher Scientific) and 
quantified using ImageJ 1.8 software.

2.8  |  Fecal metabolomics

Cecal content was homogenized by bead beating in 70% iso-
propanol.34 SCFAs were quantified by liquid chromatography 
coupled to tandem mass spectrometry (LC-MS/MS) upon de-
rivatization to 3-nitrophenylhydrazones.34 Concentrations of 
total fatty acids (LCFA) were determined by GC-MS after 
derivatization to fatty acid methyl esters (FAMEs).35

2.9  |  Fecal microbiota analysis

Fecal DNA was extracted using the QIAamp PowerFecal 
DNA Kit (Qiagen, Hilden, Germany). Bead beating was car-
ried out in a Mini-Bead Beater apparatus (BioSpec Products, 
Bartlesville, OK) with two cycles of shaking during 1 minute 
and incubation on ice between cycles. The fecal DNA con-
centration was measured using a Nanodrop spectrophotom-
eter, and an aliquot of every sample was prepared at 10 ng/
µL with nuclease-free water for PCR. The V3-V4 hypervari-
able regions of the 16S ribosomal ribonucleic acid (rRNA) 
gene were amplified using 10-ng DNA (1-μL diluted aliquot) 
and 25 PCR cycles consisting of the following steps: 95°C 
for 20 seconds, 55°C for 20 seconds, and 72°C for 20 sec-
onds. Phusion High-Fidelity Taq Polymerase (Thermo Fisher 
Scientific), 6-mer barcoded primers, S-D-Bact-0341-b-S-17 
(TAGCCTACGGGNGGCWGCAG), and S-D-Bact-0785-a-
A-21 (ACTGACTACHVGGGTATCTAATCC) that target a 
wide repertoire of bacterial 16S rRNA genes36 were used for 
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PCR. Dual barcoded PCR products of ~500 bp were purified 
from triplicate reactions with the Illustra GFX PCR DNA and 
Gel Band Purification Kit (GE Healthcare, Bucks, UK) and 
quantified using the Qubit 3.0 and the Qubit dsDNA HS Assay 
Kit (Thermo Fisher Scientific). The samples were multiplexed 
in one sequencing run by combining equimolar quantities of 
amplicon DNA (~50 ng per sample) and sequenced in one lane 
of the Illumina MiSeq platform with 2 × 300 PE configura-
tion (Eurofins Genomics GmbH, Ebersberg, Germany). Raw 
data were delivered in fastq files, and pair ends with qual-
ity filtering were assembled using Flash software.37 Sample 
demultiplexing was carried out using sequence information 
from the respective DNA barcodes and Mothur v1.39.5 suite 
of analysis.38,39 After assembly and barcodes/primers re-
moval, the sequences were processed for chimera removal 
using the Uchime algorithm40 and the SILVA reference set 
of 16S sequences (Release 128).41 Alpha diversity descrip-
tors (Chao's richness, Simpson's evenness and Simpson's re-
ciprocal index) were computed using QIIME v1.9.138 and a 
rarefied subset of 35  000 sequences per sample, randomly 
selected after multiple shuffling (10 000×) from of the origi-
nal dataset. The information derived from the Operational 
Taxonomic Unit (OTU)-picking approach by using the rare-
fied set of sequences and the uclust algorithm, implemented 
in USEARCH v8.0.1623,42 was also used to evaluate the 
beta-diversity with the respective algorithms implemented 
in QIIME v1.9.1. The evaluation of the community structure 
across the sample groups was assisted by Principal Coordinate 
Analysis (PCoA) from Bray–Curtis dissimilarity indexes re-
trieved from sample pairwise comparisons. The taxonomy 
identification of OTUs was based on SILVA database and 
retrieved from SINA aligner.43 Tracing and quantification of 
H. biformis colonization of gut mice were achieved as fol-
lows: OTUs classified as Holdemanella and Faecalibaculum 
(a mice symbiont homolog to Holdemanella30) at the genus 
level were aligned with PyNAST algorithm implemented in 
QIIME and the SILVA aligned reference database, whereas 
the tree topology reconstruction was completed with the 
FastTree algorithm44 using the generalized time-reversible 
(GTR) model and gamma-based likelihood. Phylogenetic 
tree was drawn with iTOOL webserver.45

2.10  |  Proglucagon expression and GLP-1 
secretion in human HuTu-80 cells

HuTu-80 cells (ATCC HTB-40, Manassas, VA) were cul-
tured in Eagle's Minimum Essential Medium (EMEM; 
Gibco-Invitrogen, Carlsbad, CA), supplemented with 10% 
fetal bovine serum (FBS, Capricorn Sicentific, Germany) 
and streptomycin (100  µg/mL), penicillin (100  IU/mL) 
(Sigma-Aldrich, Madrid, Spain) in a 5% CO2 atmosphere at 
37°C. For the analysis of proglucagon expression and GLP-1 

secretion, HuTu-80 cells were seeded into 24-well plates 
(1  ×  105  cells per well) 24  hours prior to the experiment. 
On the day of the experiment, cells were washed twice with 
500 μL of glucose-free Krebs–Ringer buffer containing 120-
mM NaCl, 5-mM KCl, 2-mM CaCl2, 1-mM MgCl2, 22-mM 
NaHCO3, and 0.1-mM DiprotinA (Merck) for 10  minutes 
at 37℃ in a 5% CO2 incubator. Cells were then incubated 
for 3 or 6  hours either with H biformis (1:100 cell/bacte-
ria proportion) or with GLP-1 secretion enhancers [ie, for-
skolin, 10  μM or phorbol 12-myristate 13-acetate (PMA), 
200  nM; Sigma-Aldrich] used as positive controls or PBS 
used as negative control. Cells and supernatants were sepa-
rated by centrifugation and then collected and frozen until 
used. Total RNA, isolated using the NucleoSpin RNA Kit 
(MACHEREY-NAGEL, Düren, Germany) was retrotran-
scribed to measure proglucagon gene expression by qPCR 
which was normalized by Rpl19 expression as housekeeping 
(primer sequences detailed in Table S1). Total GLP-1 pro-
tein levels in supernatants were quantified using Milliplex 
MAP Human Metabolic Magnetic Bead Panel (Merck) on a 
Luminex 200 platform (Luminex).

2.11  |  Primary culture of nodose 
ganglion neurons

Swiss CD-1 mice were anesthetized by CO2 inhalation and 
sacrificed by decapitation. The nodose ganglion (NG) was 
isolated and cultured as described.46 Briefly, the NG was bi-
laterally isolated from the ventral neck and incubated with 
collagenase (2.5 mg/mL) in Hank's Balanced Salt Solution 
(HBSS) with 1% HEPES (Sigma-Aldrich) for 15  minutes, 
followed by 30-min incubation with trypsin (1  mg/mL, 
Sigma-Aldrich) in HBSS-1% HEPES. The NG was then 
mechanically disaggregated, centrifuged (500  g, 3  minutes 
at 22°C) and seeded onto laminin-precoated culture dishes 
containing L15 medium with sodium bicarbonate (24 mM), 
FBS (10%), glucose (38  mM), streptomycin (100  μg/mL), 
penicillin (100  IU/mL), and nerve growth factor (50  ng/
mL) (Sigma-Aldrich). Neurons were maintained at 37°C/5% 
CO2/95% O2 for 24 hours before electrophysiological record-
ings or Ca2+ imaging.

2.12  |  Electrophysiological recordings in 
primary cultures of nodose ganglion neurons

Resting membrane potential (RMP) and action potential 
(AP) firing were measured in NG neurons using perforated 
whole-cell patch-clamp recordings. Cells were maintained 
in a continuous perfusion (10 mL/min) of extracellular solu-
tion containing: 140-mM NaCl, KCl 3 mM, MgCl2 1 mM, 
CaCl2  2  mM, D-glucose 10  mM, HEPES 10  mM, gassed 
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with O2; pH was adjusted to 7.2 with Tris. The pippete solu-
tion contained the following: K-acetate 90 mM, KCl 20 mM, 
MgCl2 3 mM, CaCl2 1 mM, EGTA 3 mM, HEPES 40 mM, 
with pH adjusted to 7.2 using NaOH. Pipette solution also 
contained amphoterincin-B (75 μg/mL), and tips were fire-
polished to give a resistance of 4-6 MΩ. Experiments were 
performed in current clamp mode (holding at −60 mV) using 
an Axopatch 200B (Axon Instruments Inc, Burlingame, CA) 
amplifier. To study AP firing, currents from 25 to 175 pA 
with increases of 25 pA were sequentially injected. First, the 
effect of H. biformis on RMP and firing was studied in ex-
tracellular solution containing PBS or 2  ×  106  cells/ml H. 
biformis. Similarly, the potential GLP-1 effect was studied 
comparing solutions containing PBS or 100-mM GLP-1. 
Finally, NG neurons were perfused with PBS or with 2 × 106 
cells/ml of H. biformis followed by 100-nM GLP-1. In all 
cases, neurons were manually clamped at −60 mV and the 
depolarizing effect of H. biformis corrected before adding 
GLP-1. For the study of APs only adapting neurons were 
considered.

2.13  |  Fluorescent Ca2+ imaging

NG neurons were seeded onto µ-slide chamber slides 
(ibiTreat; Sanilabo SL, Valencia, Spain) and loaded for 
45 minutes at 37℃ with Fluo-4 AM loading solution (Thermo 
Fisher Scientific). Fluo-4 AM loading solution was removed, 
and medium was added again after one wash with HBSS-1% 
HEPES. Ca2+ responses were assessed by monitoring Fluo-4 
dye fluorescence (excitation: 494  nm, emission: 506  nm) 
using a 40× magnification oil objective in an Olympus 
FV1000 confocal laser scanning microscope (Central 
Service for Experimental Research of University of Valencia) 
equipped with a heated stage maintained at 37°C/5% CO2. 
Time-lapse images were captured every second for 300 sec-
onds after addition of H. biformis (2 × 106 cells/mL) or every 
second for 30 seconds after addition of PBS. Ca2+-mediated 
fluorescence intensities of cells were determined as mean 
gray values using ImageJ1.8.0 (www.imagej.nih.gov). For 
each timepoint, the relative fluorescence intensity (ΔF/F0) 
was calculated as fluorescence intensity after bacteria stimu-
lation minus fluorescence intensity at baseline (ΔF) divided 
by the fluorescence intensity at baseline (F0) and expressed 
as percentage. All fluorescence intensity values had been 
previously corrected by subtracting the background fluores-
cence intensity from the cell fluorescence intensity.

2.14  |  Quantification and statistical analysis

Statistics of Figures 1-3, 6, and 7 and Figures S1, S3, and 
S4 were performed using GraphPad Prism 5. Data were 

analyzed through one-way analysis of variance (ANOVA) 
followed by the Tukey post hoc test to compare the three ex-
perimental groups (CD-Veh, HFHSD-Veh, and HFHSD-H 
bif). Two-way ANOVA followed by the Bonferroni post 
hoc test was used to examine the interaction between two 
independent variables. The differences between two matched 
groups were analyzed with paired t test. Correlations were 
calculated using Pearson's test. Differences were considered 
significant at P < .05. All data are shown as mean ± stand-
ard error of the mean (SEM). Statistical assessment of mi-
crobiota data (Figures 4, 5, and S2) was performed in R v3.5 
and supported by application of nonparametric methods such 
as Kruskal–Wallis and pairwise Wilcoxon Rank Sum test 
with the Benjamini-Hochberg post hoc correction followed 
by linear discriminant analysis (LDA).47 The relationships 
between microbiota changes and the different experimental 
mouse groups were established for those OTUs exhibiting an 
LDA score ≥3.0. A permutation-based analysis (Permanova) 
was applied to evaluate changes in the microbial structure. 
Correlation among the OTUs abundance (top 166 OTUs) and 
fatty acids concentration was performed estimating the rank-
based Kendall's tau (τ) parameter with Benjamini–Hochberg 
post hoc correction.

3  |   RESULTS

3.1  |  Holdemanella biformis improves 
glucose homeostasis and restores the plasma 
levels of PYY and GLP-1 in DIO mice 
independent of obesity

Compared with mice fed a CD, both body weight gain through-
out the 13-week experimental period and end of study plasma 
cholesterol levels were markedly increased in untreated and 
H. biformis-treated mice on HFHSD to induce DIO, whereas 
triglycerides and free fatty acid levels in plasma and caloric 
intake were unaffected (data not shown). After 10  weeks 
of HFHSD, basal glycemia was increased (Figure 1A) and 
oral glucose tolerance was impaired (Figure 1B). DIO mice 
administered H. biformis showed reduced basal glycemia 
reaching values similar to those of CD mice and improved 
glucose clearance in response to an oral glucose load, as re-
vealed by a partial restoration of glucose clearance over time 
and a reduction of the AUC compared with untreated DIO 
mice (Figure 1B), independent of obesity. H. biformis inter-
vention increased the levels of the gastrointestinal hormones 
PYY and GLP-1 to CD values that were reduced in untreated 
DIO mice (Figure 1C,D), but the bacterium did not restore 
the HFHSD-induced hyperinsulinemia (data not shown).

The mRNA levels of pyy and proglucagon, the precursor 
of GLP-1, were increased by H. biformis administration in 
the colon (Figure 1E) but not in the ileum of DIO mice (data 

http://www.imagej.nih.gov
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not shown), pointing to a major contribution of colonic L 
cells in the elevated circulating levels of PYY and GLP-
1. No significant changes in the expression of these genes 
in the colon or ileum were observed as a consequence of 
HFHSD-feeding.

Thus, excluding the weight loss confounding effects, 
these data indicate that H. biformis improves systemic glu-
cose homeostasis in obesity and that restoration of PYY and 
GLP-1 levels might contribute to the metabolic benefits of 
H. biformis.

F I G U R E  1   Holdemanella biformis improves glucose homeostasis and restores the plasma levels of peptide tyrosine tyrosine (PYY) and 
glucagon like peptide-1 (GLP-1) in diet-induced obese mice independent of body weight. A, Glucose levels in plasma at week 8 and 10 of the 
study; B, blood glucose levels after 0, 15, 30, 60, and 120 minutes of an oral load of glucose (2 g/kg) to 4-hours fasted mice (oral glucose tolerance 
test [OGTT]) and area under the curve (AUC) (at week 10 of intervention, n = 9); C, plasma levels of PYY (n = 8-9) and D, GLP-1 (n = 5-6) and 
E, pyy and proglucagon expression in colon at the end of the study. Data represent the mean ± SEM. Significant differences were assessed by two-
way ANOVA followed by Bonferroni post hoc test (body weight and OGTT) or one-way ANOVA followed by Tukey post hoc test. #P < .05 and 
###P < .001 versus controls; *P < .05, **P < .01, and ***P < .001

(A)

(C) (D) (E)

(B)

F I G U R E  2   Holdemanella biformis restores the expression of gut barrier integrity-related markers and increases GLP-2 plasma levels. A, 
mRNA levels of tight junction protein genes (Ocln and Cldn3); a proliferation marker (Ki67); a Paneth cell differentiation marker (Tcf4) and 
antimicrobial peptide genes (Lyz1, Pla2g2a and Reg3ɤ) in colon (n = 8) and B, GLP-2 levels in plasma (n = 5-7) at the end of the study. Data 
represent the mean ± standard error of the mean (SEM). Significant differences were assessed by one-way ANOVA and Tukey post hoc test 
*P < .05

(A) (B)
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3.2  |  Holdemanella biformis beneficially 
regulates gut barrier integrity markers and 
GLP-2 levels

Given that H. biformis derived metabolites confer protection to 
colonic gut barrier against inflammation31 which in turn might 
ameliorate the inflammation-induced metabolic disturbance in 
obesity, we explored markers of gut barrier integrity and anti-
microbial properties in the colon. Gene expression of the tight 
junction proteins occludin (Ocln) and claudin 3 (Cldn3), as 
well as the proliferation marker Ki67, was reduced in the colon 
of HFHSD-fed mice but was partially restored by H. biformis 
(Figure  2A), suggesting that it exerted a protective effect in 

gut barrier integrity. Analysis of colon samples showed that 
expression of T cell-specific transcription factor 4 (Tcf4), in-
volved in Paneth cell differentiation, was higher in DIO mice 
than in CD mice (Figure 2A). Lysozyme 1 (Lyz1) expression 
was also increased, although other antimicrobial peptides such 
as phospholipase A2 group IIA (Pla2g2a) or regenerating 
islet-derived protein 3 gamma (Reg3ɤ) tended to be reduced 
or remained unchanged, respectively (Figure 2A). Tcf4 mRNA 
levels remained elevated in the colon of H. biformis-treated 
DIO mice, whereas Lyz1 or Pla2g2a levels tended to be nor-
malized after the intervention. We did not identify changes 
in immune cells of the intestinal epithelium involved in gut 
barrier protection and defense processes such as natural and 

F I G U R E  3   Holdemanella biformis enhances the concentration of C18 fatty acids in the cecum of diet-induced obese mice. A, total short chain 
fatty acids (SCFAs), acetate, propionate, butyrate, and isobutyrate concentration (µmol/g of dry weight of cecal content; n = 9); B, mRNA levels of 
Gpr41 and Gpr43 in colon (n = 8); C, saturated FAs with less or more than 12C (nmol/g of dry weight of cecal content; n = 9); D, total MUFAs, 
E, diunsaturated FAs and F, PUFAs (nmol/g of dry weight of cecal content; n = 9); G, C18 FAs (nmol/g of dry weight of cecal content; n = 9) and 
colonic expression of lipid sensing-related receptors (Gpr40, Gpr120 and Gpr119, n = 8). Data represent the mean ± standard error of the mean 
(SEM). Statistical significance was assessed by one-way ANOVA followed by Tukey post hoc test. *P < .05, **P < .01, and ***P < .001 (see also 
Figure S1)

(A)

(C)

(G) (H)

(D) (E) (F)

(B)
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induced IEL or ILC1 after 13 weeks of H. biformis intervention 
under HFHSD (data not shown).

The plasma levels of the proglucagon-derived hormone 
GLP-2, which displays protective effects on intestinal integ-
rity, were higher in H. biformis-treated mice compared with 
HFHSD controls (Figure 2B).

Overall, our findings suggest a primary role of H. biformis 
on L cells function, rather than on immunity, that contrib-
utes to both gut integrity, through stimulation of GLP-2, and 
glucose tolerance, through stimulation of PYY and GLP-1 
production.

3.3  |  Holdemanella biformis enhances C18 
fatty acid abundance in the cecum of DIO mice

Examination of cecal SCFAs, which act as L cells-
stimulating metabolites, in HFHSD-fed mice revealed 
an increase in the levels of acetate and isobutyrate but a 
decrease in the levels of propionate (Figure 3A). Acetate 
and isobutyrate levels were normalized by H. biformis ad-
ministration, but this was significant only for acetate, and 
propionate levels were lower than in untreated DIO mice 
(Figure 3A). The colonic expression of the SCFAs recep-
tor gene Gpr41, but not Grp43, mirrored the changes in 
acetate levels, with enhanced expression in untreated DIO 
mice compared with CD mice and normalized levels in 
H. biformis-treated mice (Figure  3B). Based on this evi-
dence, we could discard SCFAs as the metabolites behind 
of the effects of H. biformis on hormones produced by L 
cells. We also explored effects on long chain fatty acids 
(LCFAs) as they act as secretagogues of PYY, GLP-1, and 
GLP-2. The abundance of cecal saturated LCFAs longer 
than C12 (Figure 3C) and total monounsaturated and poly-
unsaturated fatty acids (MUFAs and PUFAs, respectively) 
was significantly higher in untreated DIO mice than in CD 
mice (Figure 3D,F). Compared with untreated DIO mice, 
the administration of H. biformis especially enhanced the 
abundance of total MUFAs (Figure 3D). When exploring 
different FA molecules, we found that H. biformis particu-
larly increased the pre-absorptive abundance of C18 FAs 
including FA 18:0 (octadecanoic acid), FA 18:1 (n-9) (oleic 
acid), FA 18:2 (n-6) (linoleic acid), and FA 18:3 (n-3) (α 
linolenic acid) (Figure  3G). The levels of less abundant 
FAs are shown in Figure  S1. The analysis of lipid sens-
ing G coupled-protein receptors (GPRs) indicated that the 
increased levels of LCFAs in the cecum were associated 
with reduced colonic expression of Gpr120 and Gpr119 
in untreated HFHSD-fed mice (Figure  3H). However, H 
biformis administration restored the colonic expression of 
Gpr119 but not of Gpr120 (Figure 3H).

3.4  |  Holdemanella biformis favors the 
abundance of intestinal bacteria associated 
with metabolic health which positively 
correlates with unsaturated long chain 
fatty acids

We first examined the impact of HFHSD on the gut micro-
biota by assessing differences in alpha and beta diversity 
(Figure  4A,B). Regarding alpha diversity, we observed an 
increase in richness in untreated DIO mice (P < .018), sup-
ported by the differential distribution of the Chao index and 
observed operation taxonomic units (OTUs), suggesting the 
acquisition of new bacterial species (Figure 4A). H. biformis 
administration attenuated the increases in species richness, 
with values similar to those in CD-fed mice (P > .110). The 
microbial community structure as a whole clearly shifted 
as a consequence of the HFHSD according to multivari-
ate analysis based on the Bray–Curtis dissimilarity index 
(PERMANOVA =  10.8, P  =  .001) (Figure  4B). This pat-
tern was not reversed by H. biformis administration. Also, 
HFHSD caused a depletion of several OTUs belonging to the 
family Muribaculaceae (LDA score = 3.10, P < .021), spe-
cies being predominant in murids (Figure 4C). Conversely, 
HFHSD increased the abundance of some OTUs belonging to 
the genera Bacteroides (LDA = 3.46, P = .049) and Alistipes 
(LDA = 3.47, P = .008) and of some species from the fami-
lies Lachnospiraceae and Ruminococcacea (LDA >  3.04, 
P < .011) (Figure 4C), and this was attenuated in DIO mice 
administered H. biformis. We also found that H. biformis in-
take increased Lactobacillus (LDA =  3.73, P  =  .001) and 
Akkermansia (LDA = 4.88, P = .045) species in mice despite 
their exposure to HFHSD. Additionally, H. biformis pro-
moted the growth of the genera Oscillibacter (Clostridium 
cluster IV) (LDA = 3.48, P = .002) and Blautia (Clostridium 
cluster XIVa) (LDA = 4.01, P = .029).

The phylogenetic tree constructed from multiple se-
quence alignments of OTUs identified at the genus level 
as Faecalibaculum, the OTU1208 uniquely identified as 
Holdemanella spp., and the V3-V4 regions from the H. bi-
formis 16S rRNA gene indicated that OTU1208 likely cor-
responds to H. biformis (Figure S2A), and its presence was 
only observed in H. biformis-treated mice, although this 
OTU was not detected in all mice (Figure S2B). On the other 
hand, the OTUs more abundant in the H. biformis interven-
tion group, such as those belonging to the genera Blautia and 
Tyzzerella, positively correlated to LCFAs longer that C12, 
being this correlation stronger with unsaturated FAs, that is, 
total MUFAs (including oleic acid), diunsaturated FAs, and 
PUFAs (including α linolenic acid) (Figure 5). By contrast, 
these genera negatively correlated to saturated FAs shorter 
than C12 and to butyrate and propionate (Figure 5).
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F I G U R E  4   Holdemanella biformis increases the abundance of bacterial genera associated with metabolic health. A, Richness-based alpha 
diversity analysis of Operational Taxonomic Units (OTUs) in feces of mice receiving control diet (CD) or high fat high sugar diet (HFHSD) with or 
without H. biformis. P-values obtained after pairwise Wilcoxon Rank Sum test (unpaired) with Benjamini–Hochberg post hoc correction are shown 
on top boxplots when equal or less than 0.05 (n = 9-10); B, exploratory analysis based on principal coordinate analysis (PCoA) using Bray–Curtis 
dissimilarity index. Two main principal coordinates (PC) explaining more than 60% variability are shown in a scatter plot. Marginal boxplots 
disclose individual distribution of PC values. Differences in PC distribution across group samples were assessed using pairwise Wilcoxon Rank 
Sum test (unpaired) with Benjamini-Hochberg post hoc correction (n = 9-10); C, heatmap compiling profiles for more than 80 OTUs detected to 
have differential abundance across sample groups (columns). Blue-red scale represents values after raw scaling of normalized DNA read counts. 
The most accurate taxonomy identification, LDA score and p-value resulting from LDA are shown for all OTUs accordingly. Taxonomy for OTUs 
with uncertain classification at the family, genus, or species level was omitted (n = 9-10). Data represent the mean ±standard error of the mean 
(SEM) (see also Figure S2)

(A)
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3.5  |  Holdemanella biformis enhances GLP-
1 signaling in the small intestine and GLP-1 
responsiveness in vagal afferent neurons

Besides the endocrine effects on L cells-produced hormones, 
we also postulated that H. biformis, via its transit through the 
upper intestine, could modulate lipid sensing routes which can 
contribute to improve glucose homeostasis as well. Further 
exploration of potential mediators of H. biformis-related ben-
efits in the upper gut was restricted to GLP-1 because of the 
primary role of this peptide in glucose metabolism and, ac-
cordingly, its therapeutic potential to treat T2D.

H. biformis, but not HFHSD alone, increased the expres-
sion of the enzyme long-chain acyl-CoA synthetase (acsl3) 
and GLP-1 receptor (Glp-1r) in the duodenum (Figure 6A), 
both involved in lipid sensing routes that improve glucose 
homeostasis through the gut–brain–liver axis. H. biformis 
administration failed to modulate both the proglucagon ex-
pression in duodenum and the GLP-1 secretory capacity in a 
human duodenal L cell line (HuTu-80) in vitro (Figure S3). 
This suggests that the stimulation of GLP-1 secretion by 

a direct action of H. biformis in duodenal L cells was not 
the mechanism through which H. biformis enhanced duo-
denal Glp-1r signaling. We postulated that the transit of H. 
biformis throughout the upper gut could directly stimulate 
vagal afferents, densely innervating the duodenum, possibly 
through bioactive molecules of its cellular wall. Thus, we 
further explored the potential neuromodulatory properties of 
H. biformis on GLP-1-sensitive neurons involved in the gut-
to-brain sensory transmission, to question whether it has the 
capacity to functionally modulate the central control of meal-
related glycemic excursion. We tested this in NG neurons 
(cell bodies of the visceral afferents) to discriminate the ef-
fects of H. biformis on the extrinsic intestinal nervous system 
(vagus nerve) from those induced on the intrinsic nervous 
system (enteric nervous system).

H. biformis exhibited neuroactive properties on GLP-
1-responsive primary cultures of NG neurons, as indicated 
by the increased neural activity measured as enhanced in-
tracellular Ca2+ levels in Fluo4-loaded cells in response to 
the bacterium (Figure  6B), and the depolarization of RMP 
(5.69  ±  1.7  mV) in current-clamp recordings, similar to 

F I G U R E  5   Correlation among 
microbiota features and cecal lipids. 
Nonparametric and ranked Kendall 
correlation (tau parameter) was calculated 
through pairwise comparisons between 
the top 166 Operational Taxonomic Units 
(OTUs) (≥0.05% relative abundance), 
accounting for ~89% diversity on average, 
and different fatty acids identified and 
quantified in cecal samples. Adjusted p-
values were obtained by applying the false 
discovery rate (FDR, q-value) post hoc 
correction. Correlations with extreme tau 
values (≥0.55 and ≤ −0.55, q-value <0.01) 
were selected to draw the heatmap shown. 
Few OTUs repeatedly showed multiple 
meaningful correlations with lipids assessed. 
The OTU clustering (Euclidean distance and 
Complete method) over Kendall's tau values 
suggests two groups of OTUs differentially 
associated with fatty acids. OTUs with red 
labeled taxonomy (f: family, g: genus) show 
positive correlations with lipid abundance, 
whereas the OTUs with blue labels show 
the opposite association. FA: fatty acids, 
MUFA: mono-unsaturated FA, PUFA: poly-
unsaturated FA, SCFA: short-chain FA
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that triggered by GLP-1 (4.30  ±  0.4  mV) (Figure  6C). 
Additionally, prestimulation of NG neurons with H. bi-
formis had an additive effect on GLP-1-induced depolariza-
tion of the RMP (7.11 ± 0.9 mV) (Figure 6C). GLP-1, but 

not H. biformis, enhanced AP firing in response to current 
pulses in NG neurons prestimulated or not with H. biformis 
(Figure 6D). When compared with GLP-1-stimulated cells, 
no major changes were observed in the GLP-1-related AP 

F I G U R E  6   Holdemanella biformis promotes glucagon like peptide-1 (GLP-1) signaling in small intestine and GLP-1 responsiveness in vagal 
afferent neurons. A, mRNA levels of acsl3 and Glp-1r in duodenum (n = 8-10); B, Relative fluorescence intensity (ΔF/F0) of Fluo-4-preloaded 
nodose ganglion (NG) cells in response to H. biformis (n = 10 cells); C–E, perforated whole-cell patch-clamp recordings in NG neurons: C, 
resting membrane potential (RMP) changes in NG neurons after stimulation with H. biformis (n = 20 cells), GLP-1 (n = 8 cells) or with GLP-1 
in H. biformis-prestimulated cells (n = 5 cells) relative to their respective RMP in response to PBS and representative voltage recording of the 
RMP changes in response to each treatment; D, number of action potential (APs) fired by NG neurons at different current pulses in presence of 
H. biformis (n = 15), GLP-1 (n = 9), or GLP-1 after prestimulation with H. biformis (n = 6); E, difference in the number of fired APs of each 
treatment relative to PBS; F, Glp-1r, Peripherin, and nNOS expression in ileum (n = 8-10); and G, correlation between Glp-1r and nNOS in ileum 
(n = 8). Data represent the mean ± standard error of the mean (SEM). Statistical significance was assessed by two-way ANOVA followed by 
Bonferroni post hoc test (B: stimuli × time interaction and D: stimuli × current pulses interaction); one-way ANOVA followed by Tukey post hoc 
test (A, F), Pearson correlation coefficient (G), repeated measures ANOVA followed by Tukey post hoc test (E), paired Student's t test (C) and 
unpaired Student's t test (E). ##P < .01 and ###P < .001 versus basal condition; *P < .05 and **P < .01. Only GLP-1-responding NG cells (9 out of 
14) were considered for the perforated whole-cell patch-clamp recordings
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firing pattern in H. biformis prestimulated neurons, although 
there was a tendency for an increased number of APs in re-
sponse to 175 pA (P = .09, Figure 6E).

In ileum, H. biformis also increased the expression of 
Glp-1r that remained unchanged in untreated DIO mice 
(Figure 6F). Ileal expression of peripherin, an enteric neu-
ron marker, and nNOS, a synthase that produces nitric oxide 
(NO) in enteric neurons, was also higher after H. biformis 
intervention (Figure 6F). Also, Glp-1r and nNOS expression 
positively correlated in CD and H. biformis-treated DIO mice 
but not in untreated DIO mice (Figure 6G). nNOS expression 
in the duodenum was not affected by H. biformis (data not 
shown) which could suggest that the enhancement of Glp-1r 
signaling in upper gut does not trigger a NO upstream signal-
ing in enteric neurons.

Altogether, our findings suggest that H. biformis admin-
istration enhances GLP-1-mediated neural signaling in the 
small intestine of DIO mice. Also, we demonstrate in vitro 
that H. biformis stimulates sensory neurons involved in gut-
to-brain nutrient signal transmission, which might enhance 
their sensitivity to GLP-1.

3.6  |  Holdemanella biformis improves insulin 
sensitivity and gluconeogenesis in the liver of 
DIO mice

As Glp-1r vagal signaling in the upper gut reduces the hepatic 
production of glucose,48 we explored whether or not the H. 
biformis-related vagal Glp-1r signaling in the gut was associ-
ated with improved glucose metabolism in liver. Analysis of 
basal insulin signaling in liver revealed that DIO mice had a 
significantly lower level of AKT phosphorylation than CD 
mice, and this was restored by H. biformis administration 
(Figure 7A). The glycogen content was normal in untreated 
and H. biformis-treated DIO mice (data not shown). Further 
gene expression analysis in liver showed that phospho-
enolpyruvate carboxykinase 1 (Pck1) (data not shown) and 

glucose-6-phosphatase (G6Pase) (Figure  7B), rate-limiting 
enzymes of gluconeogenesis, were unaffected by HFHSD. By 
contrast, the administration of H. biformis in DIO mice led to 
a decrease in liver G6pase levels (Figure 7B), but Pck1 were 
unaffected (data not shown). Despite the unaffected G6pase 
gene expression, DIO enhanced hepatic G6Pase activity, 
which was normalized by H. biformis (Figure 7C). Hepatic 
levels of acetyl-CoA, an allosteric metabolite that enhances 
gluconeogenesis, were lower in H. biformis-treated DIO 
mice than in untreated DIO mice or controls (Figure 7D). The 
exploration of central mechanisms involved in the hepatic 
glucose production revealed a downregulation of Npy and 
Agrp gene expression in the hypothalamus of untreated and 
H. biformis-treated DIO mice (Figure S4); also, the pomc ex-
pression tended to increase in untreated DIO mice but not in 
mice receiving H. biformis and the Cart expression remained 
unaffected whatever the treatment (Figure S4).

4  |   DISCUSSION

Herein, we show that H. biformis, an intestinal bacterium 
isolated from a metabolically healthy human subject, has 
antidiabetic effects in a rodent model of DIO. H. biformis 
administration reduced fasting glucose levels and improved 
oral glucose tolerance in DIO mice, but it failed to alleviate 
body weight gain and plasma markers of lipid metabolism 
such as cholesterol. These data indicate that H. biformis spe-
cifically regulates glucose homeostasis and that this is not 
a consequence of the common weight loss-associated meta-
bolic benefits.

In particular, H. biformis restored the plasma levels of 
PYY and GLP-1 in DIO mice, suggesting that it plays a pri-
mary role in modulating the enteroendocrine L cells and, 
thus, enhances the endocrine-mediated glucoregulatory ac-
tions of these gut hormones. We also found that H. biformis 
exerted these effects in the large rather than the small intes-
tine, since it increased pyy and proglucagon transcription in 

F I G U R E  7   Holdemanella biformis normalizes insulin sensitivity and gluconeogenesis in the liver of diet-induced obese mice. A, 
Representative western blot and p-AKT quantification relative to total AKT (n = 8-10); B, mRNA levels of G6pase (n = 7-8); C, G6Pase activity 
(nmol/min/g) (n = 9-10) and D, Acetyl-CoA concentration (n = 9-10). Values were represented as the mean ± standard error of the mean (SEM). 
Statistical significance was assessed by one-way ANOVA followed by Tukey post hoc test. *P < .05 and **P < .01 (see also Figure S4)
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colon, but not in the ileum, an intestinal region which could 
also contribute to improving glucose homeostasis.49

Moreover, H. biformis supplementation increased LCFAs 
in the cecum, especially C18 unsaturated FAs, which 
strongly stimulate the secretion of gut hormones from L 
cells compared with other LCFAs.50 This increase in the 
pre-absorptive levels of C18 FAs could be the mechanism by 
which H. biformis triggered the release of PYY, GLP-1, and 
GLP-2 in the distal gut, especially through the stimulatory 
action of FA 18:1 (n-9) (oleic acid) and FA 18:3 (n-3) (α 
linolenic acid) on L cells.33,51,52 Partly in line with our find-
ings, previous studies have shown that H. biformis displays 
anti-inflammatory and antitumourigenic effects through both 
SCFAs and LCFAs production,30,31 which are also PYY and 
GLP-1 secretagogues.53

H. biformis could contribute to increasing the levels of 
oleic and α linolenic acid through its own capacity to pro-
duce C18 FAs,31 amplifying some of the HFHSD-associated 
effects. Furthermore, H. biformis-induced changes in gut 
microbiota composition might also account for changes in 
intraluminal LCFAs metabolism. Based on the correlations 
identified between the gut microbiota and cecal lipidome, 
we hypothesize that H. biformis-intervention would favor 
FA elongation through a process where SCFAs would prime 
the synthesis of FA longer than C12 (LCFAs), via conden-
sation of acetate units (acetyl-CoA) and additional SCFAs 
interconversions.54 Furthermore, SCFAs-producing species 
of the genera Tyzzerella and Blautia might also be involved 
in this process. In addition, the restoration of the colonic ex-
pression of Gpr119 along with the increased LCFAs deriv-
atives, such as oleoylethanolamide, N‑linoleylethanolamine 
or oleoylglycerol, which are GPR119 ligands, could contrib-
ute to restoring the circulating levels of gut hormones in H. 
biformis-treated DIO mice.23,55,56 In the DIO model, we also 
identified a GLP-2-mediated mechanism potentially involved 
in the capacity of H. biformis to strengthen the gut barrier 
function, as indicated by the expression of certain markers 
of gut integrity.50,57 The effects of H. biformis could be due 
not only to the stimulation of GLP-2 secretion but also to 
secondary changes in the microbial ecosystem, characterized 
by increases in Akkermansia spp., which are also reported 
to strengthen the gut barrier integrity in preclinical models 
of obesity.23 Nonetheless, we did not detect effects of the H. 
biformis-intervention on immune cells located in the intes-
tinal epithelium primarily involved in the intestinal barrier 
defenses, such as IEL and ILC1. Overall, the findings high-
light the specificity of our H. biformis strain to act on the 
enteroendocrine system rather than on the immune system.

Glucose homeostasis is also maintained by lipid sensing 
pathways in the small intestine.58 Postprandial glycemia and 
hepatic glucose production is reduced by the stimulation 
of lipid sensing routes triggered by diverse signals, includ-
ing the enzyme ACSL3 and the GLP-1 receptor,48,59 whose 

expression was boosted by H. biformis in the duodenum. 
Thus, in addition to favoring the endocrine actions of gut 
hormones from colonic L cells, H. biformis also enhanced 
lipid-signaling routes in the upper gut, which can improve 
glucose homeostasis independently of the circulating levels 
of these hormones.

Studies in rodents revealed that acsl3 expression in the du-
odenum is dependent on gut microbiota composition and bile 
acids59 and that the reduced glucose production via GLP-1 
receptor neural signaling is triggered by duodenal infusion of 
oleic and linoleic acid.48,59 Although future research should 
be conducted to identify the precise mechanisms by which 
H. biformis activates ACSL3 and GLP-1 receptor-mediated 
lipid sensing routes, we suggest that changes on the gut mi-
crobiota composition and in the composition and/or secretion 
of bile acids could impact on FAs digestion and absorption. 
In turn, this would influence the intraluminal availability of 
bioactive lipids able to improve glucose homeostasis through 
endocrine and paracrine routes.

Since H. biformis did not directly influence the L cell 
secretory capacity in vitro, we also consider that this bac-
terial species may directly stimulate gut-to-brain neural 
sensory pathways to control energy homeostasis, as pre-
viously described for other bacterial bioactive molecules 
such as muramyl dipeptide and lipopolysaccharide.10 Here 
we demonstrated that likely through a neuroactive cell wall 
component(s), H. biformis directly depolarized NG neurons, 
which receive sensory information from the extrinsic primary 
neurons of the gut to be transmitted to the brain, and increased 
their GLP-1 responsiveness. Although further investigation 
should identify the H. biformis-derived neuroactive mole-
cules and discover whether they can reach vagal afferents in 
the lamina propria, our in vitro experiments provide a proof-
of-concept of the potential role played by H. biformis in stim-
ulating the gut–brain axis through a GLP-1-mediated vagal 
afferent mechanism. In fact, previous research has revealed 
the importance of GLP-1 signaling in NG neurons to main-
tain postmeal glycemia and insulin release.13

The gut–brain axis is also stimulated in the ileum by 
GLP-1 through paracrine actions on enteric neurons, whereby 
receptor activation stimulates nNOS and nitric oxide (NO)-
mediated neurotransmission to control gastric emptying and 
insulin secretion.10 These routes are impaired in mice under 
hypercaloric diets as a result of the altered gut microbiota 
structure and function.10 Our study also shows that H. bi-
formis upregulates the transcription of Glp-1r, peripherin, 
and nNOS, but future research must clarify whether or not 
these transcriptional changes are functionally translated into 
NO neurotransmission through the gut–brain axis, as well as 
identify the underlying microbiota-related players.

In addition of improving oral glucose tolerance, H. bi-
formis restored insulin signaling and reduced gluconeo-
genesis in liver. There is growing evidence that circulating 
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GLP-1 influences hepatic glucose metabolism through cen-
tral signaling, independently of the incretin effect, rather than 
through a direct effect on liver, as there is no robust evidence 
for GLP-1 receptor expression in hepatocytes.60 Thus, H. 
biformis-associated hepatic glucoregulatory effects might be 
a consequence of the vagal-mediated modulation of the gut-
brain-liver axis. Indeed, the vagal efferent outflow stimulated 
by gut lipid sensing is reported crucial to reduce glucose pro-
duction and improve insulin sensitivity in the liver but not in 
adipose tissue or muscle.48

Although our results suggest that H. biformis modulates 
the gut–brain–liver axis to improve glucose homeostasis, fur-
ther investigations should be conducted to explore whether 
these findings, observed in basal condition, also occur post-
prandially (after a meal). Such studies should also explore 
the glucoregulatory effects mediated by PYY, GLP-1, and 
GLP-2 via endocrine actions and by GLP-1 via paracrine sig-
naling on the gut–brain–liver axis.

Taken together, our study shows that H. biformis improves 
glucose tolerance independent of obesity, impacting mainly 
on different aspects of the GLP-1 signaling pathway. First, 
H. biformis increases the expression of the GLP-1 precursor 
(proglucagon) in the colon and the hormone concentration in 
circulation, likely as a result of secondary changes in intestinal 
metabolites and bacteria. Second, H. biformis administration 
enhances GLP-1 sensitivity and signaling through endocrine 
and neural circuits, at least partly through direct host–microbe 
interactions in the duodenum and ileum. Third, the effects of 
H. biformis administration on glucose homeostasis are not 
limited to the GLP-1 system but might also be a consequence 
of increases in other endocrine peptides (PYY, GLP-2) as well 
as of secondary effects on the gut barrier integrity. Of spe-
cial interest are, however, the effects of this bacterial strain on 
GLP-1 sensitivity, which could help to boost the efficacy of 
GLP-1-based therapies in patients with T2D.
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