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Modulation of satiety hormones D
by Bacteroides thetaiotaomicron, Bacteroides
fragilis and their derivatives
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Abstract

Obesity is a complex disorder influenced by various factors, including gut microbiota, which play a crucial role in
metabolic regulation. This study is aimed to investigate the effects of Bacteroides thetaiotaomicron and Bacteroides
fragilis, along with their derivatives—outer membrane vesicles (OMVs) and cell-free supernatant (CFS)—on the
expression and secretion of satiety hormones in the murine intestinal secretin tumor cell line (STC-1). We examined
the expression of peptide YY (PYY), glucagon-like peptide-1 and -2 (GLP-T and GLP-2, encoded by the GCG gene),
the enzyme prohormone convertase-1 (PC1/PCSKT gene), and the receptors G protein-coupled receptor 119 and
120 (GPR119 and GPR120), and G-protein-coupled bile acid receptor (TGR5). Our results demonstrate that live B.
fragilis significantly increased PYY expression and secretion. B. thetaiotaomicron CFS notably upregulated GCG,
PCSK1, GPR119, GPR120, and TGR5 expression, leading to elevated GLP-1 secretion. B. fragilis CFS decreased GPR119,
GPR120, and GCG expression. OMVs from B. thetaiotaomicron at 50 ug/ml significantly enhanced GCG and PCSK1
expression, while B. fragilis OMVs generally decreased gene expression, except for PYY protein abundance. Inactive
B. thetaiotaomicron and B. fragilis increased GCG mRNA levels and GLP-1 concentration, with inactive B. fragilis

also elevating GLP-2 protein levels.This study suggests that B. thetaiotaomicron and its derivatives, particularly CFS
and OMVs, have potential as next-generation probiotics, postbiotics, and paraprobiotics for modulating satiety
hormones and managing obesity. Further research is warranted to explore their mechanisms and therapeutic
applications in vivo.
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Introduction

Obesity is a complex disorder influenced by a combina-
tion of environmental, genetic, epigenetic, neurological,
and endocrine factors, Bray et al. (2018), Di Vincenzo
et al. 2024). It is characterized by low-grade inflam-
mation, disruption of the gut barrier, and alterations in
gut microbiota. Notably, an altered ratio of Firmicutes
to Bacteroidetes is often observed in obese individuals,
contributing to metabolic dysfunctions (Meehan et al.
2012; Ye et al. 2021; Tilg and Moschen 2024). Bacteroides
thetaiotaomicron and Bacteroides fragilis, members of
the Bacteroidetes family, are commensal Gram-negative
anaerobic bacteria residing in the mammalian lower gut
(Butler et al. 2023) B. thetaiotaomicron is known for its
ability to regulate metabolism through glycosyl hydrolase
enzymes that facilitate the digestion of polysaccharides,
while, due to their beneficial interactions with the host,
both bacteria are considered promising candidates for
next-generation probiotics (Langella et al. 2019; Durant
et al. 2020; Lu and Imlay 2021; Ye et al. 2021; Vasquez
Ayala et al. 2024).

Recent research underscores the pivotal role of gut
microbiota and their metabolites in influencing host
metabolism, particularly through the modulation of sati-
ety hormones (Martin et al. 2019). Enteroendocrine L
cells in the gut mucosa synthesize and secrete key hor-
mones such as peptide YY (PYY), glucagon-like peptide-1
(GLP-1), and glucagon-like peptide-2 (GLP-2). These
hormones play crucial roles in regulating gut motil-
ity, satiety, and glucose metabolism. PYY enhances the
feeling of fullness, reduces food intake, and modulates
energy intake (Price and Bloom 2014). GLP-1, an incre-
tin hormone, facilitates glucose homeostasis by stimulat-
ing insulin secretion, inhibiting glucagon secretion, and
slowing gastric emptying, thereby promoting satiety and
weight loss (Hoffman and Adeli 2024). GLP-2 supports
intestinal epithelial proliferation, inhibits apoptosis, and
reduces permeability, thus enhancing gut integrity and
exerting anti-inflammatory effects (Fayfman et al. 2019).
GLP-1 and GLP-2 are encoded by the common gene
GCG, produced in L cells in the presence of prohormone
convertase-1 (PC1/PCSK1 gene) and tissue-specific post-
translational processing (Ramos-Molina et al. 2016).

Enteroendocrine L cells express various G-protein-
coupled receptors (GPCRs), such as TGR5, GPR119, and
GPR120, which detect lumenal food and bacterial prod-
ucts and subsequently trigger the synthesis and secre-
tion of satiety hormones (Covasa et al. 2019). TGR5
activation by bile acids promotes PYY and GLP-1 secre-
tion and glucose homeostasis (Santos-Herndndez et al.
2024). GPR119, expressed on pancreatic beta cells and
intestinal K and L cells, influences glucose homeostasis,
food absorption, and weight loss by stimulating insu-
lin, GLP-1, GIP, and PYY transcription and secretion.
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Consequently, compounds regulating GPR119 expression
are being explored for treating diabetes, obesity, and met-
abolic syndrome (Zhao et al. 2021). GPR120, a lipid-sen-
sitive receptor, is involved in GLP-1 and GIP secretion,
weight regulation, and anti-inflammatory responses (Xie
et al. 2023).

Gut bacteria also interact with the host through biolog-
ically active molecules known as outer membrane vesicles
(OMVs), which impact immunogenicity, inflammation,
and the production of anti-inflammatory cytokines (Shen
et al. 2012). Studies have shown that B. thetaiotaomicron,
B. fragilis, and their OMVs do not exhibit toxic effects on
human intestinal cells and can influence the gene expres-
sion of important cholesterol transporters (Badi et al.
2020a; Olovo et al. 2024).

In this study, we aim to extend the understanding of the
interactions between gut microbiota and host metabo-
lism by evaluating the in vitro effects of active and inac-
tive B. thetaiotaomicron and B. fragilis, as well as their
derivatives (OMVs and cell-free supernatant (CES), on
the expression and secretion of PYY, GLP-1, and GLP-2
in the STC-1 intestinal secretin tumor cell line (Kuhre et
al. 2016; Yue et al. 2019; Kamakura et al. 2020). This cell
line is routinely used to study gastrointestinal hormone
secretion. Additionally, we will assess the mRNA levels
of Pcsk-1, TgrS, Gpr119, and Gpr120 genes. By providing
new comparative insights into the anti-obesity properties
of B. thetaiotaomicron, B. fragilis, and their derivatives,
this research may identify promising strategies for appe-
tite management and obesity treatment.

Materials and methods

Bacterial strains and culture conditions

B. thetaiotaomicron CCUG 10,774 and B. fragilis ATCC
23,745 were obtained from the Pasteur Institute of Iran.
The bacterial culture was performed in Brain Heart Infu-
sion (BHI) broth (Quelab, Canada), as described previ-
ously. Briefly, the broth was supplemented with hemin
(5 pg/ml), menadione (1 pg/ml), and 0.05% L-cysteine
and incubated at 37 °C under anaerobic cultivation con-
ditions (80% N2, 10% CO2, and 10% H2) using an Anoxo-
mat™ MARK II system (Badi et al. 2020).

OMVs extraction

The OMVs were prepared as described previously (Claas-
sen et al. 1996). Briefly, 12x10® colony-forming units
(CFU/ml) of B. thetaiotaomicron and B. fragilis were
cultured separately in 500 ml enriched BHI broth at
37 °C in anaerobic conditions overnight. Bacterial cells
were harvested (5000 g, 4 °C, 30 min), washed twice
with Phosphate-buffered Saline (PBS) solution, homog-
enized (sodium chloride 9%, 30 min), and concentrated
(5000 g, 4 °C, 60 min). Next, the pellet was dispersed in
Tris-ethylene diamine tetraacetic acid (EDTA)-sodium
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deoxycholate (Sigma-Aldrich, USA) buffer and precipi-
tated at 15,000 g for 90 min. After ultracentrifugation of
the supernatant (130,000 g, 4 °C, 120 min), the pellet was
suspended in sterile PBS. Finally, the OMVs suspensions
were filtered through a 0.22-um polyvinylidene difluo-
ride filter (Millipore, Billerica, MA, USA) and stored at
-80 °C for subsequent use (Daliri et al. 2017; Badi et al.
2020a; Ghaderi et al. 2022).

Physicochemical characterization of OMVs

The physicochemical properties of extracted OMVs
were determined by Transmission Electron Microscopy
(TEM), spectrophotometry, and electrophoresis. The
spectrophotometry method using a NanoDrop instru-
ment at 280 nm was employed to measure the concen-
tration of purified proteins (Badi et al. 2020). The protein
profile was determined by 12% SDS-PAGE (Elhenawy et
al. 2014).

Bacterial heat inactivation

B. thetaiotaomicron and B. fragilis were inactivated by
heat. First, they were cultured in 100 ml enriched BHI
broth medium (Hemin, L-Cysteine, and Menadione)
and shaken for 22 h in 37 °C incubators. After washing
the bacterial pellets, the resuspended bacteria were heat-
killed at 70 °C for 30 min in a water bath and stored at
- 80 °C until further use (Keshavarz Azizi Raftar, Ashra-
fian et al. 2021; Taddese et al. 2021).

Preparation of Cell-free supernatant (CFS)

As mentioned before, B. thetaiotaomicron and B. fra-
gilis were cultured separately in 100 ml enriched BHI
broth (Hemin, L-Cysteine, and Menadione) at 37°C for
24 h at 160 rpm. The bacterial CFS was prepared by the
centrifugation of log-phase cultures of B. thetaiotaomi-
cron (OD600~0.8) and B. fragilis (OD600~1) at 4,000 g
and 4 °C for 10 min. Cell-free supernatants were filtered
through a 0.22 um polyethersulfone (PES) membrane fil-
ter, pH was adjusted at 7.4 and stored at —80°C until use
(Escamilla et al. 2012).

STC-1 culture

STC-1 cell line was obtained from Cell Bank of Belgium
(ATCC® CRL 3254). Cells were grown in high glucose
Dulbecco’s modified Eagle’s Medium (DMEM, Cegro-
gen), supplemented with 17.5% Fetal Bovine Serum (FBS,
Gibco™, MA, USA), 100 U/ml penicillin, 100 mg/l strep-
tomycin, and 1% non-essential amino acids. The cells
were incubated at 37 °C under 5% CO,. Cells were pas-
saged at 80—90% confluence (Verhoeckx et al. 2015).
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Treatment of STC-1 cells with active and inactivated form
of B. thetaiotaomicron, B. fragilis, and their derivatives

Cells were seeded at a density of 1.5x10° in each well
of six-well plates and incubated in a 5% CO, humidi-
fied atmosphere at 37 °C for 24 h. In order to harmonize
STC-1 cells growth, culture medium was replaced by
serum and antibiotic-free DMEM for 4 h before treat-
ment. Afterwards, for treatment of active and inactivated
form of B. thetaiotaomicron, B. fragilis at the multiplicity
of infection (MOI) both in 10 and 50 ratios (i.e., 10 and
50 bacteria per cell, respectively), OMVs (50 and 100 pg/
ml), and CFES (25% v/v) were separately added to the wells
and incubated for 2—-3 h. The supernatant was collected
by centrifugation (900 g for 5 min) to assess the hormone
content. Finally, the cells of each well were harvested for
further analysis (Verhoeckx et al. 2015).

Quantitative real-time polymerase chain reaction
(qRT-PCR) analysis

The total RNA was isolated from treated STC-1 cells.
2000 ng of RNA was reverse-transcribed to complemen-
tary DNA (cDNA) YTA cDNA synthesis Kit, (cat No:
YT4500) at 42 °C for 60 min. All primer sequences used
in this study are shown in Table 1.

The qRT-PCR was performed by the SYBR Green
method and Light Cycler® 96 SW 1.1 (Roche, Germany).
A qPCR with 10 pl final volume was performed, 2X SYBR
qPCR Master Mix, and specific primers (Table 1). The
qPCR amplification condition included an initial dena-
turation for 60 d at 95 °C, followed by 40 cycles (denatur-
ation: 95 °C, 10 s, annealing: 60 °C, 30 s, and extension at
72 °C, 30 s). RPL19 was selected as a housekeeping gene
for comparing all targeted genes (for normalization).

Determination of PYY, GLP-1, and GLP-2 using ELISA

The total PYY, GLP-1, and GLP-2 proteins were mea-
sured from the cell culture supernatants using ZellBio
Gmbh ENZYME-linked IMMUNOSORBENT ASSAY
(ELISA) kit (Germany) according to the manufacturer’s
instructions, without using DPP-4 inhibitors. The satiety
hormones assays were performed in triplicate.

Statistical analysis

All results were reported as meanst+standard devia-
tion of three independent experiments. The AACT
method was used for the relative gene expression analy-
sis, and RPL-19 was used as an internal control. The
data extracted from qRT-PCR were analyzed by Graph-
Pad Prism software (version 8.4.3; GraphPad Software
Inc., San Diego, CA, USA) using an independent sample
t-test (between two groups) and one-way Analysis of
Variance (ANOVA), followed by Tukey’s post hoc test to
estimate differences between means which was used to
compare means among more than two groups for each
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Table 1 List of primers

Primer name Sequence Primer size (bp) Product size (bp) References
m-pyy-forward ACGGTCGCAATGCTGCTAAT 20 177 Abulaiti et al. (2017)
m-pyy-reverse GACATCTCTTTTTCCATACCGCT 23

m-Tgr5-forward CTGTGTGAGATCCGCCGAC 19 176 Newman et al. (2020)
m-Tgr5-reverse CGACGCTCATAGGCCAAGA 19

m-Gcg-forward CTTCCCAGAAGAAGTCGCCA 20 199 This study
m-Gcg-reverse AGTGACTGGCACGAGATGTT 20

m-GPR119-forward GGTAACTGGCCAATCTGAAGACTA 24 223 This study
m-GPR119-reverse GAGGTGATTCCAGACTGCTCT 21

m-GPR120-forward CTGGGGCTCATCTTTGTCGT 20 155 This study
m-GPR120-reverse ACGACGAGCACTAGAGGGAT 20

m-PCSK1-forward TGTACTGCTTTCGCCTTCTTTT 22 84 This study
m-PCSK1-reverse CGCCGCCCATTCATTAACA 19

m-RPL19-forward CCTGAAGGTCAAAGGGAATGTGTT 24 143 Bonomi et al. (2012)
m-RPL19-reverse GCTTTCGTGCTTCCTTGGTCTTA 23

26 KV 400 KX Tum

KYKY-EM3200 SN:O725

Fig. 1 The SEM images of OMVs which is extracted from AB. thetaiotaomicron and BB. fragilis

parameter. P-values less than 0.05 were considered statis-
tically significant.

Results

Physicochemical characterization of OMVs

The TEM images revealed that the OMVs isolated from
B. thetaiotaomicron and B. fragilis had spherical bilayer
shapes with a mean size of 60-120 nm (Fig. 1).

The NanoDrop instrument results revealed that the
total protein concentration of OMVs was about 0.4—
1.9 mg/mL. The highest amount of protein was reported
in the bands of 36, 47, and 75 kDa of B.thetaiotaomicron-
derived OMVs and 25,45,60—63,and 50 kDa of B.fragilis-
derived OMVs (Fig. 2).

Overview of treatments and effects on satiety hormone
expression and secretion

To investigate the effects of Bacteroides thetaiotaomicron
and Bacteroides fragilis, along with their derivatives, on
the expression and secretion of satiety hormones, various
conditions were tested. Table 2 summarizes the observed
effects of different treatments on the STC-1 cell line.

Effects of B. thetaiotaomicron and B. fragilis on PYY, GCG,
Pcsk1 and related receptors expression

The expression of PYY, GCG, and Pcskl in STC-1 cells
treated with B. thetaiotaomicron, B. fragilis (MOI 10 and
50) was examined separately to investigate possible effects
on satiety. According to qRT-PCR in Fig. 3A, B. fragilis at
MOI 10 (p<0.001) and MOI 50 (p<0.001) upregulated
the expression of PYY, while B. thetaiotaomicron at MOI
10 (p=0.026) decreased the expression of this gene and
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Fig. 2 Sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) showing the protein profile of AB. thetaiotaomicron derived (1) Supernatant: 1.91 mg/m|,
(2) OMV: 0.43 mg/ml, (3) OMV: 0.79, (4): Ladder; BB. fragilis derived (1) Supernatant: 1.72 mg/ml, (2) OMVs: 0.74 mg/ml, (3) OMVs: 0.9, (4): Ladder

Table 2 Summary of the effects of treatments on satiety hormone expression and secretion

Condition  Treatment Concentration Observed effects
Live bacteria  Bacteroides MOl 10 Decreased Pyy mRNA expression, increased PYY protein content, increased Tgr5 and
thetaiotaomicron Gpr120 mRNA expression
MOI'50 Increased GLP-1 secretion
Bacteroides fragilis MOI'10 Increased Pyy mRNA and protein expression, decreased Pcsk] mRNA expression, in-
creased Gpr119 mRNA expression
MOI'50 Increased PYY and GLP-1 secretion
Inactive Bacteroides MOI'10 Increased Gcg mRNA expression, increased GLP-1 secretion
bacteria thetaiotaomicron MOI 50 Increased Pyy, Geg, Pcski, Gpr119, and Gpr120 mRNA expression, increased PYY and
GLP-1 secretion
Bacteroides fragilis MOl 10 Increased Tgr5 mRNA expression
MOI 50 Increased Pyy, Gcg, and Tgr5 mRNA expression, increased PYY, GLP-1, and GLP-2 secretion
OMVs Bacteroides thetaiotao- 50 ug/ml Increased Gcg and Pcsk1 mRNA expression, increased PYY and GLP-1 secretion
micron OMVs 100 pg/ml Decreased Tgr5 and Gpr119 mRNA expression
Bacteroides fragilis 50 pg/ml Decreased Pcsk1 and Gpr119 mRNA expression
OMVs 100 pg/ml Decreased Gcg, Tgr5, and Gpr120 mRNA expression
CFS Bacteroides thetaiotao- 25% v/v Increased Gcg, Gpr119, Gpr120, and Tgr5 mRNA expression, increased GLP-1 secretion,
micron CFS decreased PYY secretion
Bacteroides fragilis CFS  25% v/v Decreased Gcg, Gpr119, and Gpr120 mRNA expression, decreased GLP-1 secretion

the result was not significant for MOI 50. As shown in  Neither B. thetaiotaomicron nor B. fragilis cause any sig-
Fig. 3A, MOI 10 and MOI 50 of B. fragilis (p=0.0025, nificant changes in the expression of Gcg gene.

p=0.0185, respectively) could significantly decrease the As seen in Fig. 3A, B. thetaiotaomicron MOI 10 and
mRNA level of PCSK1 but B.thetaiotaomicron could not. 50 significantly enhanced the expression of TGR5

(p<0.0001), and at MOI 10 the mRNA expression of
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Fig. 3 AThe effect of B. thetaiotaomicron, B. fragilis (MOl 10 and MOI 50) on Pyy, Pcsk1, Geg, Tgr5,Gpr119 and Gpr120 mRNA expression for 2-3 h in STC-1
cells. B The effect of B. thetaiotaomicron, B. fragilis (MOl 10 and MOI 50) on PYY (pg/mL), GLP-1(ng/mL), GLP-2 (ng/mL) levels for 2-3 h in STC-1 cells mea-
sured by ELISA. Significancy is evaluated in comparison with control. Data are shown as the mean+SD. (*) represent significant changes, respectively
*p<0.05, **p<0.01,**p<0.001, and ****p <0.0001 by one-way ANOVA and t-test statistical analysis. MOIl: multiplicity of infection
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GPR120 (p=0.0003) was increased, but did not affect
GPR119 transcription in comparison with control group.
However, B. fragilis did not have any significant effect on
the TGR5 and GPR120 genes, while GPR119 mRNA level
(p=0.003) was increased in response to treatment with B.
fragilis at MOI 10.

We used ELISA kit to analyze PYY, GLP-1, and GLP-2
level in response to B. thetaiotaomicron, B. fragilis treat-
ments. Expression data (Fig. 3B) showed the significant
elevation of PYY at MOI 10(p = 0.024) and GLP-1 at both
MOIs (p=0.0026, p=0.0023) of B. thetaiotaomicron. lev-
els of PYY (p=0.0009) and GLP-1 (p=0.035) at MOI 50
of B. fragilis were significantly increased. While, the level
of GLP-2 did not change significantly by any types of bac-
terial treatments.

Impacts of inactive B. thetaiotaomicron, B. fragilis, on PYY,
GCG, Pcsk1 and related receptors expression

To investigate whether inactive B. thetaiotaomicron,
inactive B. fragilis might reduce obesity, we assessed
the expression of gut hormones at the mRNA and pro-
tein levels and receptor genes involved in GLP-1 and
GLP-2 secretion. For this purpose, STC-1 cells were
treated with inactive B. thetaiotaomicron (MOI 10 and
50). As demonstrated in Fig. 4A, at MOI 50, following
qRT-PCR, PYY (p=0.0026), GCG (p=0.0017), PCSK1
(p=0.0095), GPR119 (p=0.029), and GPR120 (p=0.013)
transcript were increased; the only significant effect of
inactive B.thetaiotaomicron at MOI 10 was observed
on the enhancement of GCG (p=0.0024) transcription.
The inactivated form of the bacterium had no significant
effect on TGR5 mRNA expression in the STC-1 cell line.
We also evaluated PYY, GLP-1, and GLP-2 secretion. The
ELISA data showed that PYY level was increased in expo-
sure to MOI 50 of inactivated form of B. thetaiotaomi-
cron (p=0.021), while MOI 10 had no significant effect
on it. Also secretion level of GLP-1 was increased at both
MOI 10 and 50 (p=0.0158, p=0.0046, respectively). No
significant change was observed in GLP-2 secretion level
(Fig. 4B).

Treatment of STC-1 cells with inactive B. fragilis
(MOI 10 and 50) showed that at MOI 50 significantly
the expression of PYY (p=0.0013), GCG (p=0.0004),
and TGRS (p=0.024) in mRNA level were increased.
The only significant effect of inactive B. fragilis at MOI
10 was on TGR5 (p=0.0122) gene, which increased its
transcription. The expression of genes PCSK1, GPR119,
GPR120 did not show significant changes. The ELISA
data showed the significant effect of inactive B. fragilis on
PYY (p<0.01), GLP-1 (p<0.01), and GLP-2 (p<0.05) in
protein level. As seen in Fig. 4B, all three gut hormone
genes responded positively to this treatment.
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Effects of B. thetaiotaomicron and B. fragilis derived OMVs
on the satiety relevant genes

We treated STC-1 cells with B. thetaiotaomicron and B.
fragilis derived OMVs at 50 and 100 mg/ml. As demon-
strated in Fig. 5A, B. thetaiotaomicron OMVs at 50 ug/
ml significantly enhanced GCG (p<0.0001), and PCSK1
(p=0.023) mRNA expression; However, B. thetaiotaomi-
cron OMVs at 100 pg/ml had no significant impact on the
given genes. The mRNA expression of TGR5 (p=0.022)
and GPR119 (p=0.084) receptors were significantly
reduced by B. thetaiotaomicron OMVs 100 pg/ml treat-
ment. PYY and GPR120 mRNA reduction was not signifi-
cant when exposed to B. thetaiotaomicron derived OMVs
at both concentrations. Beside, the significant decreasing
effect of B. fragilis derived OMVs at 100 pg/ml on mRNA
expression of GCG (p=0.0414), TGR5 (p=0.0133 )and at
50 pg/ml on Pcskl (p=0.035), GPR119 (p=0,0211) were
shown in Fig. 5A. B.fragilis OMV reduced GPR120 tran-
scription significantly; while it did not cause any signifi-
cant effect on PYY gene expression.

The ELISA data showed a significant elevation in level
of PYY and GLP-1 (p=0.0052, p=0.0063 respectively) in
response to B. thetaiotaomicron derived- OMV 50 pg/ml
(Fig. 5B); However, there were no significant changes in
GLP-2 level. As seen in Fig. 5B, Levels of GLP-1 were sig-
nificantly decreased (p=0.0361) when exposed to B. fra-
gilis-derived OMVs, while the levels of PYY and GLP-2
did not show significant changes.

Effects of CFS of B. thetaiotaomicron and B. fragilis on
genes related to obesity

We incubated STC-1 cells with B. thetaiotaomicron and
B. fragilis CFES for 2-3 h separately. The results of qRT-
PCR are shown in Fig. 6A. B. thetaiotaomicron CES sig-
nificantly induced the expression of GCG (p=0.0135),
GPRI19 (p=0.0066), GPRI20 (p=0.0048), and TGRS
(p=0.0139), but made no significant change in PYY and
PCSK1 mRNA transcription. In contrast, our results
showed that B. fragilis CFS decreased the expression
of GCG (p=0.033), GPRII9 (p=0.046), and GPRI20
(p=0.037) but made no significant changes in PYY,
PCSK1, and TGR5 mRNA expression.

Moreover, ELISA results also showed a significant
increase in the levels of GLP-1 (p=0.026), a significant
decrease in PYY levels (p=0.044), and no significant
change in GLP-2 abundance in B. thetaiotaomicron CES
treatment. GLP-1 (p=0.0423) secretion levels decreased
significantly under B. fragilis CFS exposure, while lev-
els of PYY and GLP-2 did not show significant changes
(Fig. 6B).
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Fig. 6 A The effect of B. thetaiotaomicron, B. fragilis CFS (25% V/V) on Pyy, Pcsk1, Geg, Tgr, Gpr119 and Gpr120 mRNA expression for 2-3 hin STC-1 cells. B
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Discussion

The gut microbiota has emerged as a crucial target for
the prevention and treatment of metabolic disorders
such as obesity and inflammatory bowel disease (IBD)
(Davis 2016; Zuo and Ng 2018). Intestinal microbiota and
their metabolites can affect metabolism by influencing
the secretion of satiety hormones like PYY, GLP-1, and
GLP-2, which play vital roles in regulating appetite, glu-
cose homeostasis, metabolic balance, and gut integrity.
Probiotics, as food supplements, have shown beneficial
health effects by improving digestion, reducing dysbio-
sis, modulating the host immune response, and alleviat-
ing symptoms of certain diseases (Behbahani et al. 2019;
Plaza-Diaz et al. 2019; Barzegar et al. 2021). This study
delves into the effects of Bacteroides thetaiotaomicron
and Bacteroides fragilis, alongside their derivatives—
outer membrane vesicles (OMVs) and cell-free super-
natant (CFS)—on the expression and secretion of key
satiety hormones in the STC-1 intestinal cell line.

Our findings indicate that live B. fragilis significantly
increases both the mRNA and protein levels of peptide
YY (PYY), suggesting its potential to enhance satiety
signals. Conversely, live B. thetaiotaomicron exhibited a
decrease in Pyy mRNA expression but an increase in PYY
protein levels, highlighting a complex post-transcrip-
tional regulatory mechanism that necessitates further
exploration.

The results from B. thetaiotaomicron CES were par-
ticularly noteworthy. This treatment significantly upregu-
lated the expression of glucagon-like peptide-1 (GLP-1)
and glucagon-like peptide-2 (GLP-2), prohormone con-
vertase-1 (PC1), and the receptors GPR119, GPR120,
and TGR5. This upregulation led to increased GLP-1
secretion, emphasizing the potential of B. thetaiotaomi-
cron CFS in enhancing gut hormone signaling pathways
related to glucose homeostasis and satiety. On the other
hand, B. fragilis CES decreased the expression of these
receptors and GLP-1 mRNA, indicating a distinct regula-
tory effect compared to B. thetaiotaomicron.

OMVs from B. thetaiotaomicron at a concentration
of 50 pg/ml significantly enhanced the expression of
GLP-1 production and secretion genes. The correspond-
ing increase in GLP-1 protein levels suggests that B. the-
taiotaomicron OMVs can modulate enteroendocrine
functions effectively. However, at a higher concentration
of 100 pg/ml, there was a reduction in gene expression,
likely due to the inhibitory effects of high concentrations
of microbe-associated molecular patterns (MAMPs)
and lipopolysaccharides (Elhenawy et al. 2014; Tasc1 and
Bingél 2018).

Inactive forms of B. thetaiotaomicron and B. fragilis
also demonstrated significant effects on satiety hormone
expression. Inactive B. thetaiotaomicron increased the
expression of several key metabolic genes, indicating that
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non-viable bacteria can still modulate metabolic path-
ways through their structural components and residual
metabolic products. Inactive B. fragilis notably elevated
GLP-2 protein levels, suggesting its role in maintaining
gut integrity and anti-inflammatory responses. Stud-
ies indicate that inactive bacteria can play a better role
in leaky gut conditions without multiplying and spread-
ing in underlying tissues. For instance, Plovier’s find-
ings showed that pasteurized Akkermansia muciniphila
promoted metabolism in obese and diabetic mice, and
Ashrafian et al. indicated that pasteurized A. muciniphila
had a more remarkable effect on obesity than its active
form (Plovier et al. 2017; Ashrafian et al. 2021).

The differential effects observed between active and
inactive bacteria, as well as their derivatives, highlight the
complexity of host-microbiota interactions. The ability
of B. thetaiotaomicron derivatives, particularly CFS and
OMVs, to upregulate satiety-related genes and hormones
underscores their potential as next-generation probiot-
ics, postbiotics, and paraprobiotics. These findings pave
the way for developing microbial-based interventions for
managing obesity and related metabolic disorders.

The expression of G-protein-coupled receptors
(GPCRs) such as TGR5, GPR119, and GPR120 plays a
pivotal role in the regulation of satiety hormones and
obesity (Patil et al. 2024).TGR5 activation by bile acids
promotes PYY and GLP-1 secretion, contributing to
glucose homeostasis (Wang et al. 2023). GPR119 and
GPR120, sensitive to lipids, influence glucose homeosta-
sis, weight regulation, and anti-inflammatory responses
(Yang et al. 2024). Our study shows that B. thetaiotao-
micron and its derivatives can significantly modulate
these receptors, enhancing the secretion of satiety hor-
mones and providing a promising avenue for therapeutic
interventions.

Further in vivo studies are needed to confirm these
findings and explore the underlying mechanisms in
greater detail. The promising results from this in vitro
study suggest that targeting gut microbiota and their
metabolites could be a viable strategy for appetite man-
agement and obesity treatment.

This study highlighted the significant role of gut micro-
biota, specifically Bacteroides thetaiotaomicron and Bac-
teroides fragilis, in modulating satiety hormones and
related gene expressions, which are crucial for managing
obesity. Our findings demonstrate that B. thetaiotaomi-
cron and its derivatives, particularly cell-free supernatant
(CFS) and outer membrane vesicles (OMVs), significantly
upregulate the expression of key satiety hormones such
as GLP-1 and GLP-2, and enhance the expression of
receptors involved in their secretion, including GPR119,
GPR120, and TGR5. This suggests their potential as next-
generation probiotics, postbiotics, and paraprobiotics for
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therapeutic interventions in obesity and related meta-
bolic disorders.

In contrast, B. fragilis exhibited a more variable influ-
ence, with its live form significantly increasing PYY
expression and secretion, while its CFS generally reduced
the expression of key genes associated with satiety. The
differential effects between active and inactive forms of
these bacteria highlight the complexity of their interac-
tions with host metabolic pathways.

The ability of B. thetaiotaomicron derivatives to modu-
late enteroendocrine functions presents a promising ave-
nue for developing microbial-based treatments targeting
metabolic health. Further in vivo studies are necessary to
validate these in vitro findings and elucidate the precise
mechanisms by which these bacteria and their derivatives
influence metabolic processes.

In summary, our research provides new insights into
the beneficial roles of specific gut microbiota and their
derivatives in regulating satiety hormones, offering
potential strategies for appetite management and obesity
treatment. The findings support the continued explora-
tion of gut microbiota as therapeutic targets for meta-
bolic health interventions.

Authors’ contributions

S.V.J: Conceptualization, methodology, validation and writing; S.I., formal
analysis, and data. curation; M.Z and S.D.S: review and editing, supervision,
and project administration. All authors have read and agreed to the published
version of the manuscript.

Funding
None.

Availability of data and materials
The datasets analyzed during the current study are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have consented to the publication of this research.

Competing interests
The authors declare no conflicts of interest.

Received: 12 November 2024 / Accepted: 18 February 2025
Published online: 05 March 2025

References

Abulaiti X, Zhang H,Wang A, Li N, LiY, Wang C, Du X, Li L (2017) Phosphorylation of
threonine343 is crucial for OCT4 interaction with SOX2 in the maintenance of
mouse embryonic stem cell pluripotency. Stem Cell Rep 9(5):1630-1641

Ashrafian F, Keshavarz Azizi Raftar S, Lari A, Shahryari A, Abdollahiyan S, Moradi HR,
Masoumi M, Davari M, Omrani MD, Vaziri F (2021) Extracellular vesicles and
pasteurized cells derived from Akkermansia muciniphila protect against high-
fat induced obesity in mice. Microb Cell Fact 20(1):1-17

Badi SA, Moshiri A, Marvasti FE, Mojtahedzadeh M, Kazemi V, Siadat SD (2020a)
Extraction and evaluation of outer membrane vesicles from two important

Page 12 of 13

gut microbiota members, Bacteroides fragilis and Bacteroides thetaiotaomi-
cron. Cell J (Yakhteh) 22(3)

Badi SA, Moshiri A, Marvasti FE, Mojtahedzadeh M, Kazemi'V, Siadat SD (2020b)
Extraction and evaluation of outer membrane vesicles from two important
gut microbiota members, Bacteroides fragilis and Bacteroides thetaiotaomi-
cron. Cell J (Yakhteh) 22(3):344

Barzegar H, Alizadeh Behbahani B, Falah F (2021) Safety, probiotic properties,
antimicrobial activity, and technological performance of Lactobacillus strains
isolated from Iranian Raw milk cheeses. Food Sci Nutr 9(8):4094-4107

Behbahani BA, Noshad M, Falah F (2019) Inhibition of Escherichia coli adhesion to
human intestinal Caco-2 cells by probiotic candidate Lactobacillus plantarum
strain L15. Microb Pathog 136:103677

Bonomi L, Brown M, Ungerleider N, Muse M, Matzuk MM, Schneyer A (2012)
Activin B regulates islet composition and islet mass but not whole body
glucose homeostasis or insulin sensitivity. Am J Physiol-Endocrinol Metab
303(5):E587-E596

Bray GA, Heisel WE, Afshin A, Jensen MD, Dietz WH, Long M, Kushner RF, Daniels
SR, Wadden TA, Tsai AG (2018) The science of obesity management: an endo-
crine society scientific statement. Endocr Rev 39(2):79-132

Butler NL, Ito T, Foreman S, Morgan JE, Zagorevsky D, Malamy MH, Comstock LE,
Barquera B (2023) Bacteroides fragilis maintains concurrent capability for
anaerobic and nanaerobic respiration. J Bacteriol 205(1):e00389-e00322

Claassen |, Meylis J, van der Ley P, Peeters C, Brons H, Robert J, Borsboom D, van
der Ark A, van Straaten |, Roholl P (1996) Production, characterization and
control of a Neisseria meningitidis hexavalent class 1 outer membrane protein
containing vesicle vaccine. Vaccine 14(10):1001-1008

Covasa M, Stephens RW, Toderean R, Cobuz C (2019) Intestinal sensing by gut
microbiota: targeting gut peptides. Front Endocrinol 82

Daliri SS, Kafil HS, Aghazadeh M, Fateh A, Yousefi M, Siadat SD (2017) Extraction
and biological evaluation of the membrane vesicles of mycobacterium
tuberculosis (CRBIP7. 11) as adjuvant and vaccine candidate. Jundishapur J
Microbiol 10(3):1

Davis CD (2016) The gut microbiome and its role in obesity. Nutr Today 51(4):167

Di Vincenzo F, Del Gaudio A, Petito V, Lopetuso LR, Scaldaferri F (2024) Gut micro-
biota, intestinal permeability, and systemic inflammation: a narrative review.
Intern Emerg Med 19(2):275-293

Durant L, Stentz R, Noble A, Brooks J, Gicheva N, Reddi D, O'Connor MJ, Hoyles
L, McCartney AL, Man R (2020) Bacteroides thetaiotaomicron-derived outer
membrane vesicles promote regulatory dendritic cell responses in health but
not in inflammatory bowel disease. Microbiome 8:1-16

Elhenawy W, Debelyy MO, Feldman MF (2014) Preferential packing of acidic
glycosidases and proteases into Bacteroides outer membrane vesicles. MBio
5(2):200909-00914

Escamilla J, Lane MA, Maitin V (2012) Cell-free supernatants from probiotic Lac-
tobacillus casei and Lactobacillus rhamnosus GG decrease colon cancer cell
invasion in vitro. Nutr Cancer 64(6):871-878

Fayfman M, Flint K, Srinivasan S (2019) Obesity, motility, diet, and intestinal micro-
biota—connecting the dots. Curr Gastroenterol Rep 21(4):1-11

Ghaderi F, Sotoodehnejadnematalahi F, Hajebrahimi Z, Fateh A, Siadat SD (2022)
Effects of active, inactive, and derivatives of Akkermansia muciniphila on
the expression of the endocannabinoid system and PPARs genes. Sci Rep
12(1):10031

Hoffman S, Adeli K (2024) Glucagon-like peptide (GLP)-1 regulation of lipid and
lipoprotein metabolism. Med Rev (0).

Kamakura R, Raza GS, Prasannan A, Walkowiak J, Herzig K-H (2020) Dipeptidy!
peptidase-4 and GLP-1 interplay in STC-1 and GLUTag cell lines. Peptides
134:170419

Keshavarz Azizi Raftar S, Ashrafian F, Yadegar A, Lari A, Moradi HR, Shahriary A,
Azimirad M, Alavifard H, Mohsenifar Z, Davari M (2021) The protective effects
of live and pasteurized Akkermansia muciniphila and its extracellular vesicles
against HFD/CCl4-induced liver injury. Microbiol Spectr 9(2):e00484-e00421

Kuhre RE, Wewer Albrechtsen NJ, Deacon CF, Balk-Maller E, Rehfeld JF, Reimann
F, Gribble FM, Holst JJ (2016) Peptide production and secretion in GLUTag,
NCI-H716, and STC-1 cells: a comparison to native L-cells. J Mol Endocrinol
56(3):201-211

Langella P, Guarner F, Martin R (2019) Next-generation probiotics: from commensal
bacteria to novel drugs and food supplements. Front Microbiol 10:484614

Lu Z, Imlay JA (2021) When anaerobes encounter oxygen: mechanisms of oxygen
toxicity, tolerance and defence. Nat Rev Microbiol 19(12):774-785

Martin AM, Sun EW, Rogers GB, Keating DJ (2019) The influence of the gut Micro-
biome on host metabolism through the regulation of gut hormone release.
Front Physiol 10:428



Vaezijoze et al. AMB Express (2025) 15:41

Meehan BM, Baughn AD, Gallegos R, Malamy MH (2012) Inactivation of a single
gene enables microaerobic growth of the obligate anaerobe Bacteroides
fragilis. Proc Natl Acad Sci 109(30):12153-12158

Newman NK, Monnier PM, Rodrigues RR, Gurung M, Vasquez-Perez S, Hioki KA,
Greer RL, Brown K, Morgun A, Shulzhenko N (2020) Host response to Chole-
styramine can be mediated by the gut microbiota. BioRxiv

Olovo CV, Wiredu Ocansey DK, Ji Y, Huang X, Xu M (2024) Bacterial membrane
vesicles in the pathogenesis and treatment of inflammatory bowel disease.
Gut Microbes 16(1):2341670

Patil M, Casari |, Warne LN, Falasca M (2024) G protein-coupled receptors driven
intestinal glucagon-like peptide-1 reprogramming for obesity: hope or hype?
Biomed Pharmacother 172:116245

Plaza-Diaz J, Ruiz-Ojeda FJ, Gil-Campos M, Gil A (2019) Mechanisms of action of
probiotic. Adv Nutr 10(suppl1):549-566

Plovier H, Everard A, Druart C, Depommier C, Van Hul M, Geurts L, Chilloux J, Ott-
man N, Duparc T, Lichtenstein L (2017) A purified membrane protein from
Akkermansia muciniphila or the pasteurized bacterium improves metabolism
in obese and diabetic mice. Nat Med 23(1):107-113

Price SL, Bloom SR (2014) Protein PYY and its role in metabolism. How Gut Brain
Control Metab 42:147-154

Ramos-Molina B, Martin MG, Lindberg I (2016) PCSK1 variants and human obesity.
Prog Mol Biol Trans| Sci 140:47-74

Santos-Herndndez M, Reimann F, Gribble FM (2024) Cellular mechanisms of incre-
tin hormone secretion. J Mol Endocrinol 72(4)

Shen'Y, Torchia MLG, Lawson GW, Karp CL, Ashwell JD, Mazmanian SK (2012) Outer
membrane vesicles of a human commensal mediate immune regulation and
disease protection. Cell Host Microbe 12(4):509-520

Taddese R, Belzer C, Aalvink S, de Jonge MI, Nagtegaal ID, Dutilh BE, Boleij A (2021)
Production of inactivated gram-positive and gram-negative species with pre-
served cellular morphology and integrity. J Microbiol Methods 184:106208

Tasci SK, Bingdl SA (2018) GLP-1 localisation and proglucagon gene expression in
healthy and diabetic mouse ileum. J Vet Res 62(2):237-242

Tilg H, Moschen AR (2024) Gut microbiome, obesity, and metabolic syndrome. In:
Metabolic syndrome: a comprehensive textbook. Springer, pp 373-384

Page 13 of 13

Vasquez Ayala A, Hsu C-Y, Oles RE, Matsuo K, Loomis LR, Buzun E, Carrillo Terrazas
M, Gerner RR, Lu H-H, Kim S (2024) Commensal bacteria promote type | inter-
feron signaling to maintain immune tolerance in mice. J Exp Med 221(1)

Verhoeckx K, Cotter P, Lopez-Exposito |, Kleiveland C, Lea T, Mackie A, Requena T,
Swiatecka D, Wichers H (2015) The impact of food bioactives on health: in
vitro and ex vivo models

Wang Q Lin H, Shen C, Zhang M, Wang X, Yuan M, Yuan M, Jia S, Cao Z, Wu C
(2023) Gut microbiota regulates postprandial GLP-1 response via ileal bile
acid-TGRS signaling. Gut Microbes 15(2):2274124

Xie F, Shen J, LiuT, Zhou M, Johnston LJ, Zhao J, Zhang H, Ma X (2023) Sensation of
dietary nutrients by gut taste receptors and its mechanisms. Crit Rev Food Sci
Nutr 63(22):5594-5607

Yang X, Zhang W, Wang L, Zhao Y, Wei W (2024) Metabolite-sensing GPCRs in
rheumatoid arthritis. Trends in Pharmacol Sci

Ye M, Yu J, Shi X, Zhu J, Gao X, Liu W (2021) Polysaccharides catabolism by the
human gut bacterium-Bacteroides thetaiotaomicron: advances and perspec-
tives. Crit Rev Food Sci Nutr 61(21):3569-3588

Yue Y, Madsen S, Hedemann MS, Knudsen KEB, Spars@ FV, Laursen A, Jensen
HM, Knudsen TA, Purup S (2019) Effect of food ingredients on glucagon-
like peptide-1 secretion in STC-1 and HuTu-80 cells. Int J Food Sci Technol
54(12):3149-3155

Zhao J, Zhao Y, Hu Y, Peng J (2021) Targeting the GPR119/incretin axis: a promising
new therapy for metabolic-associated fatty liver disease. Cell Mol Biol Lett
26(1):1-28

ZuoT,Ng SC (2018) The gut microbiota in the pathogenesis and therapeutics of
inflammatory bowel disease. Front Microbiol 2247

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Modulation of satiety hormones by ﻿Bacteroides thetaiotaomicron﻿, ﻿ Bacteroides fragilis and their﻿ derivatives
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Bacterial strains and culture conditions
	﻿OMVs extraction
	﻿Physicochemical characterization of OMVs
	﻿Bacterial heat inactivation
	﻿Preparation of Cell-free supernatant (CFS)
	﻿STC-1 culture
	﻿Treatment of STC-1 cells with active and inactivated form of ﻿B. thetaiotaomicron﻿, ﻿B. fragilis﻿, and their derivatives

	﻿Quantitative real-time polymerase chain reaction (qRT-PCR) analysis
	﻿Determination of PYY, GLP-1, and GLP-2 using ELISA
	﻿Statistical analysis

	﻿Results


