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Abstract

The relationship between gut microbiota and intestinal epithelial cells, particularly specialized
enteroendocrine cells, such as GLP-1-secreting L-cells, is a critical aspect of gastrointestinal
homeostasis and the gut-brain axis. This study delves into the molecular signalling pathways
activated by the interaction between Bifidobacterium breve ncfb2258, a putative probiotic,
and GLP-1-secreting L-cells. Bifidobacterium breve ncfb2258 produces conjugated linoleic
acids (CLAs), which activate peroxisome proliferator-activated receptors (PPARs) and free fatty
acid receptors (FFARs). This study aims to shed light on whether L-cells function as cross-
barrier signal transducers and the mechanisms with which they do. Significant findings
emerged through immunofluorescent labelling and calcium imaging, revealing differential
expression patterns of these molecules in response to exposure to Bifidobacterium breve
ncfb2258 supernatants. A significant response was observed when the human colorectal
cancer cell line, NCI-H716 cells, a model of human GLP-1-secreting L-cells, were exposed to
Bifidobacterium breve ncfb2258 supernatants (p = 0.003). PPARa and FFAR4 were both
detected on NCI-H716 cells and while exposure to Bifidobacterium breve ncfb2258
supernatants increased the intensity of their cellular expression (p = <0.001; 0.042), expression
only decreased with the addition of PPARa antagonist (p < 0.001) and remained elevated after
the addition of FFAR4 antagonist (p = 0.999). These findings suggest the NCI-H716 cell line is
suitable for exploring human GLP-1-secreting L-cells as potential cross-barrier signal
transducers for the putative probiotic, B. Breve ncfb2258, and identify PPARa as potentially
being involved in the molecular mechanisms of this interaction.



Popular scientific summary

Human bodies provide a home for over a trillion microbes. Among these microbes is the bacteria,
Bifidobacterium breve ncfb2258 (B. breve ncfb2258) which stands out for its ability to produce
conjugated linoleic acid (CLA), an essential fatty acid, with health-promoting properties that may also
act as a messenger for the bacteria.

This research delved into how B. Breve ncfb2258 interacts with Glucagon-like peptide-1 secreting L
cells, a type of gut cell known for its role in regulating digestion, blood sugar and communication
between the gut and brain. Using a human cell line that mimics L-cells to explore this interaction, we
found that these L-cells, upon exposure to B. Breve ncfb2258, were activated suggesting their
involvement as cells that can translate messages from the bacteria in the gut to the host. Through
advanced laboratory techniques, the pathways activated when B. Breve ncfb2258 interacts with GLP 1
secreting L-cells were also explored.

Evidence was revealed about the molecular pathways that underpin how L-cells respond to bacterial
stimuli. Receptors for CLAs (PPARa and FFAR4) are found on L-cells and respond to the bacterial
secretory products. Understanding these mechanisms is crucial for understanding the interactions
between gut microbiota and host cells, providing insights into microbe-host communication. This
knowledge may pave the way for targeted therapeutic interventions to modulate these pathways to
promote gut health and potentially alleviate conditions associated with impaired gut-brain axis
communication, such as metabolic syndrome, diabetes, obesity, and gastrointestinal disorders.

In summary, this study offers insights into how bacteria in the inner environment of the gut signal
across the gut barrier and on towards the brain. Probiotics are widely available, but their effects on
human physiology is not fully understood. This research could potentially lead to the development of
supplements that support gut health, aiding digestion and potentially preventing diseases like diabetes
and obesity.
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Introduction

Intestinal Function and the Role of GLP-1 Secreting L-Cells

The intestine’s main purpose is digestion, which is carried out by the breakdown and absorption of
food and its nutrients and the solidification of waste. Although the principal function of the intestine
is digestion, that is not its only function; it is also involved in other processes (Ogobuiro et al., 2023).
The intestine has exocrine and endocrine glands that produce hormones and enzymes. Some of the
hormones produced in the small intestine include gastrin, cholecystokinin, and secretin, while some of
the enzymes produced include trypsin and chymotrypsin for peptide digestion (Ellingsgaard et al.,
2011; Liu et al., 2021). However, hormone release is not only important in the context of food
breakdown and assimilation but also important for signalling. Another function of the intestine is both
paracrine and autocrine action locally and on the brain through various pathways, collectively known
as the gut-brain axis. For example, hormones such as peptide YY (PYY), glucagon-like peptide 1 (GLP-
1) and cholecystokinin play key roles in regulating appetite and satiety (Wren et al., 2007), GLP-1 also
plays a role in regulating metabolism, specifically glucose metabolism (Lewis et al., 2020).
Cholecystokinin has anti-inflammatory properties and can modulate immune responses in the gut
(Dlugosz et al., 1988) while certain hormones such as serotonin are involved in the body's response to
stress (Bellono et al., 2017).

The gut-brain axis is bidirectional and complex. The autonomic nervous system (ANS) and enteric
nervous system (ENS) are among the pathways through which afferent and efferent neurons facilitate
the connection of neuronal pathways (Karaosmanoglu et al.,, 1996). The intrinsic innervation of
gastrointestinal functions is mostly carried out by the ENS, which is made up of the myenteric and
submucosal plexuses, two ganglionated plexuses that control gut motility, secretion, and absorption
(Savidge et al., 2007). The ENS transmits sensory data via primary afferent neurons that follow vagal
afferent pathways in gut-brain signalling to the ganglia of the sympathetic nervous system (SNS)
(Suarez et al., 2018). Through the central nervous system (CNS), the ANS directly induces neurological
reactions in the gut that modify the gut's physiology (Levenstein et al., 2000). Additionally, the ANS
can directly modify the way that gut immune cells respond to bacteria or indirectly impact the immune
system by regulating the way that microbes interact with gut immune cells (Alonso et al., 2008).

The internal environment of the gastrointestinal (Gl) system comprises the Gl tract and accessory
organs. The mouth, throat, oesophagus, stomach, small and large intestines, and anal canal make up
the Gl tract, while the tongue, teeth, and glandular organs such the pancreas, liver, gallbladder, and
salivary glands are examples of accessory organs (Ogobuiro et al., 2023). The external environment on
the other hand simply refers to the environment outside the intestinal lumen or barrier. The internal
environment of the Gl system is linked to interoceptive signalling in the intestines, which is the
transmission of sensory information from the Gl tract to the central nervous system. This is collectively
known as the gut-brain axis (Osadchiy et al., 2019). The interoceptive signalling pathways in the
intestine are crucial to understanding the gut-brain axis and the link between the gut and the brain
can be accomplished through direct or indirect chemical pathways that may involve microbial
metabolites and certain specific neurotransmitters, as well as neuroanatomical pathways like the
vagus nerve (VN) or spinal cord, the neuroendocrine system like the hypothalamic-pituitary-adrenal
axis (HPA axis), and cytokines. More interestingly, cells known as intestinal epithelial cells (IECs) are
active participants in interoceptive signalling in this context (Erny et al., 2015). IECs preserve intestinal



homeostasis by segregating host tissue and commensal bacteria with a physical and biochemical
barrier (Vaishnava et al.,, 2011). This homeostasis is dependent on the various roles of intestinal
epithelial cells (IECs), such as the physical segregation of commensal bacteria, mostly in the colon, and
the incorporation of microbial signals (Lee et al., 2010; Berer et al., 2011). An important class of
specialised IECs are enteroendocrine cells (EECs) (Barker et al., 2007). EECs, found in the small and
large intestines, are specialized cells with a secretory function. They release hormones and peptides in
response to the contents of the intestinal lumen, such as nutrients. These signalling molecules can
affect nearby cells and, as components of the endocrine system, can circulate throughout the body
(Christiansen et al., 2018). On a local level, EECs play a significant role in functions such as
gastrointestinal motility through the release of peptides, including ghrelin and motilin during the
interdigestive phase and cholecystokinin, glucagon-like peptide-1 (GLP-1), and peptide YY (PYY)
following meals (Stolk et al., 2001). They are also a significant component of the gut-brain axis, where
they establish direct synaptic connections with peripheral neurons through particular axon-like
structures called pseudopods and hormone release to transmit signals about nutrition, pain, and
information from the gut microbiome. (Bohorquez et al,2014, 2015; Bellono et al.,2017).

Glucagon-like peptide 1 (GLP-1) secreting L-cells are an interesting example of EECs that have been
found to play a role in the gut-brain axis (Buckley et al., 2020). These cells are mostly found in the distal
small intestine and colon, where they influence appetite, sense nutrients present in the lumen,
regulate gastric emptying and gastrointestinal transit, and promote B-cell survival and proliferation by
secreting GLP-1, an incretin hormone (Orskov et al., 1996;). Depending on where they are located, L-
cell activity varies. In the proximal gut, nutrients in the lumen stimulate L-cells, leading them to secrete
GLP-1 and Peptide YY (PYY) (Reiman et al., 2008; Gorboulev et al., 2011). On the other hand, in the
distal intestine, bacterial lipopolysaccharides (LPS), indole, secondary bile acids, and metabolites from
bacterial fermentation stimulate this activity (Edfalk et al., 2008; Chimerel et al., 2014; Nguyen et al.,
2014). L-cells respond to several luminal components, including digestive products of carbohydrates,
proteins, and lipids, which are polarized and excitable and in response to this stimulation, L-cells
secrete gut hormones such as GLP-1 and PYY (Buckley et al., 2020).

The concentration of L-cells increases along the length of the gut with the greatest concentration of
GLP-1 expressing L-cells in the colon, but nutrients do not reach the colon until long after a meal, thus
it is crucial to note that even though the colon contains many L-cells, ingesting food is likely to directly
excite only the L-cells in the small intestine. This is because most macronutrients are absorbed in the
proximal small intestine, preventing colonic L-cells from being directly stimulated by nutrients from
the lumen. Instead, colonic L-cells may be exposed to significant amounts of secondary bile acids, fatty
acids, and other microbial metabolites, which can trigger or modify colonic GLP-1 production (Kuhre
et al., 2021). This variation in direct exposure is likely to influence the expression of nutrient sensors
and secretory responses of L cells in the small intestine and L cells in the colon (Kuhre et al., 2021). For
example, studies have shown that glucose is a strong stimulator of GLP-1 secretion in the small
intestinal segment, whereas GLP-1 secretion in the colon is only subtly stimulated by glucose and is
instead strongly stimulated by bile acids (Christiansen et al., 2018). Therefore, it is reasonable to
hypothesise that colonic L-cells are sensors for microbial products rather than for primary
macronutrients. In the pancreas, GLP-1 increases insulin secretion and B-cell proliferation (Hou et al.,
2016), while in the gut it inhibits gastric emptying and food intake, which it does through interactions
with the CNS. Through binding to GLP-1 receptors (GLP1R) in enteric or vagal sensory neurons, the
actions of GLP-1 are indirectly communicated. The nodose ganglion and vagal nerve terminals that



innervate the portal vein both express GLP-1Rs, and the brainstem and hypothalamic circuits regulate
the effect of GLP-1 (Van Bloemendaal et al., 2014).

Bifidobacterium Breve

Some microbes live symbiotically in the intestine, establishing an ecosystem referred to as the gut
microbiome. However, intestinal microbiota does not simply remain inactive in the gut; rather, it
provides significant advantages to the host (Furusawa et al., 2013) such as host nutrition and
drug metabolism, immunomodulation, and preservation of the gut mucosal barrier's structural
integrity (Johansson et al., 2008). The gut microbiota produces various kinds of molecules that regulate
EECs and immune cells, ultimately, secretion of signalling molecules that can modify gut function and
interact with other organs, including the CNS, forming the microbiota-gut-brain axis (Zeng et al., 2023).

Probiotics are live bacterial organisms that in suitable doses, produce a health benefit on the host, and
Bifidobacterium is a representative example of such. Bifidobacteria are prevalent in the Gl tract of a
variety of hosts, and their presence has been linked to good gut health (Bottacini et al., 2014) for
instance, they promote intestinal barrier function, intestinal homeostasis, immunomodulation, and
regulate the synthesis and secretion of small reactive molecules and metabolites linked to the gut flora
(Engevik et al., 2021; Zhang et al., 2022; Zhao et al., 2022. Bifidobacterium breve (B. breve) is a strain
of bifidobacteria that is the most common species in the gut of breastfed newborns and has been
isolated from human milk. It is non-cytotoxic, displays immunostimulant properties, lacks the features
indicative of resistance to antibiotics, and holds antibacterial action against human infections, by
preventing harmful and drug-resistant bacteria from growing or adhering to cells, and by increasing
the effectiveness when coupled with certain antibiotics (Turroni et al., 2012; Choi & Shin, 2021).

Gut microbiota metabolites stimulate GLP-1 secretion by L cells (Zeng et al., 2023). These microbiota
metabolites include fatty acids (Kuhn et al., 2020). The interaction between the microbiota and dietary
fibres, fatty acids stimulation of L-cells and the subsequent increase in plasma GLP-1 levels have been
the subject of research (Arora et al., 2018). Previous studies have demonstrated that B. breve
stimulated the release of GLP-1 from intestinal L-cells through indigestible carbohydrate fermentation
which produces fatty acids, which are further sensed by L-cells (Alisi et al., 2014). These carbohydrates
undergo conversion into intermediates of the fructose-6-phosphate shunt, also known as the "bifid"
shunt and ultimately into short-chain fatty acids (SCFAs) (de Vries & Stouthamer, 1967).
Bifidobacterium Breve ncfb2258 (B. breve ncfb2258) produces conjugated linoleic acids (CLAs)
(O’Connell et al., 2013), a subfamily of polyunsaturated fatty acid (PUFAs). PUFAs are known to activate
peroxisome proliferator-activated receptors (PPARs) (Poirier et al., 2001; Yang et al., 2018), free fatty
acid receptors (FFARs) (Schmidt et al., 2011), and modulate immune molecules including interleukin-6
(IL-6) (Yang et al., 2018), an inflammatory cytokine with neuromodulatory effects in the colon, which
are all associated with GLP-1 secreting L-cells. PUFAs are bioactive lipids which modulate inflammation
and immunity and have more than one double bond in their structure. The main members of these
groups are n-6 PUFAs, such as linoleic acid (LA, 18:2), arachidonic acid (AA, 20:4), and n-3 PUFAs, such
as alpha-linolenic acid (ALA, 18:3), eicosapentaenoic acid (EPA, 19:5), and docosahexaenoic acid (DHA,
22:6). LA and ALA are referred to as essential fatty acids, since the human body lacks the enzymes for
their production (Glaser et al., 2010).



Gaps in Research

The importance of this study stems from the established knowledge that B. breve ncfb2258 produces
CLAs, which have been shown to activate specific receptors and modulate immune molecules
associated with GLP-1 secreting L-cells and the further knowledge that GLP-1 secreting L-cells are
involved in neuromodulatory processes. This revelation highlights the need to explore how B. Breve
ncfb2258 interacts with GLP-1-secreting L-cells to facilitate trans-membrane signalling. This knowledge
is important for comprehending the implications of the gut-microbiota interaction, particularly in the
context of the gut-brain axis and possibly leading to advancements in gastrointestinal health.

Aims

This study aims to investigate:

e if the NCI-H716 human cell line is an appropriate model to explore GLP-1-secreting L-cells as
potential cross-barrier signal transducers for colonic microbes, specifically the putative
probiotic, B. Breve ncfb2258.

e the molecular mechanisms involved in signalling induced by PUFA-producing B. Breve
ncfb2258 in human GLP-1-secreting L-cells.

Research Question: How does B. Breve ncfb2258 interact with GLP-1-secreting L-cells to facilitate
trans-cellular signaling?

Hypothesis: B. Breve ncfb2258 interacts with GLP-1-secreting L-cells through interaction with specific
receptors or signalling molecules to facilitate trans-cellular signalling.

Materials and Methods

Cell Culture

NCI-H716 cells (LGC Standards, Ireland), a human colonic cancer cell model for GLP-1-secreting L-cells,
were cultured in T75 flasks. The cell culture suspension medium used was RPMI-1640 (Sigma-Aldrich),
supplemented with 1% penicillin-streptomycin (Sigma-Aldrich) and 10% fetal bovine serum (FBS)
(Sigma-Aldrich). The cells were incubated in a controlled environment of 37°C and 5% CO,. The cells
were passaged every three to four days to allow for proliferation and viability.

Cell Plating

NCI-H716 cells were prepared for calcium imaging and immunofluorescence experiments. For calcium
imaging, the cells were plated onto a glass coverslip in 1 ml of Matrigel Growth Factor Reduced
Basement Membrane Matrix (Corning) coated dishes, while for immunofluorescence studies, cells
were plated onto two glass coverslips 1 ml of Poly-D-lysine hydrobromide (Sigma-Aldrich) coated
dishes. The plated cells were then further incubated in a controlled environment at 37°C with 5% CO,
and passaged triweekly until use in subsequent experiments.



Calcium Imaging

NCI-H716 cells were loaded with 1 ml of the calcium indicator, Fluo-2 AM (4 uM, lon Biosciences) mixed
with 1X Hepes -Buffered Saline Solution (HBSS, see Appendix A) in the dark and incubated for one hour
at 37°C with 5% CO,. Imaging was conducted using a calcium imager (Integrating Camera (Hamamatsu
ORCA-ER); DAQ device (USB6229; Frame grabber) and the Winfluor Imaging software (John Dempster,
University of Strathclyde). For the control experiment, during imaging, the cells were exposed to HBSS,
B. Breve ncf2258 (1:50, 5 minutes, see Appendix B), and a 50 mM K* solution (3 minutes) at appropriate
intervals. For the FFAR4 antagonist experiment, the cells were exposed to HBSS, B. Breve ncfb2258,
FFAR4 antagonist (10 uM, 20 minutes, AH7614, Tocris Bioscience) dissolved in HBSS then FFAR4
antagonist with B. Breve ncfb2258 and a 50mM K* solution also at appropriate intervals. All reagents
were added to the experimental chamber using a perfusion system (1ml / minute). The experiment
was repeated in cells from at least three different cultures. The change in fluorescence and change in
peak amplitude were obtained from the fluorescence values at appropriate time points using Microsoft
Excel before further analysis.

Immunofluorescence

NCI-H716 cells in polylysine-coated dishes were pre-incubated with either 1 ml FFAR antagonist (10
UM), PPARa antagonist (1 uM, GW6471, Tocris Bioscience) or HBSS at room temperature for 20
minutes. The dishes were then incubated with B. Breve ncfb2258 for 15 minutes except for the control
dish. Dishes were washed for five minutes with Phosphate Buffered-Saline (PBS, Sigma-Aldrich), fixed
with 4 % Paraformaldehyde (PFA) (Sigma-Aldrich) for 15 minutes and then washed three times for five
minutes each with PBS. The cells were blocked for one hour at room temperature with a blocking
permeabilization (see Appendix A) buffer. Table 1 shows primary antibodies that cells were incubated
against, their dilution factors and their origin. Cells were incubated overnight at 4°C.

Table 1. Primary antibodies

Primary antibody Dilution Factor Origin

IL-6Ra mouse monoclonal IgG 1:100 Santa Cruz Biotechnology
GLP-1 goat polyclonal IgG* 1:100 Santa Cruz Biotechnology
GLP-1R (D-6) mouse monoclonal 1:100 Santa Cruz Biotechnology
IgG

GLP-1R (H-55) rabbit polyclonal 1:100 Santa Cruz Biotechnology
IgG

GPR120/FFAR4 rabbit polyclonal 1:100 Invitrogen (Thermo Fisher
I1gG Scientific)

PPARa mouse monoclonal IgG 1:100 Santa Cruz Biotechnology
c-Fos rabbit polyclonal IgG** 1:200 Santa Cruz Biotechnology

* Was used in control experiments. **Co-stained with PPARa.

The cells were washed three times with PBS and incubated with appropriate secondary fluorophores
(1:250, 1 hour), Tetramethyl rhodamine (TRITC)- conjugated AffiniPure donkey anti-rabbit IgG (Jackson
ImmunoResearch), Fluorescein isothiocyanate (FITC)- conjugated AffiniPure goat anti-mouse IgG



(Jackson ImmunoResearch) or Alexa Fluor 488 conjugated AffiniPure donkey anti-sheep IgG (Jackson
ImmunoResearch). Slides were subsequently mounted with 4',6-diamidino-2-phenylindole (DAPI)
mounting medium (Abcam). Cells were imaged using cellSens Dimension software (Olympus Life
Science), Olympus BX53 upright light microscope and Olympus DP74 camera. Image J (Wayne
Rasband) was used to obtain the corrected total cell fluorescence (integrated density — (area of
selected cell x mean fluorescence of background readings) of the cells.

Statistical Analysis

The Statistical Package for the Social Sciences (SPSS Mac OS, Version 28) was used to analyze the data.
The paired t-test, one-way ANOVA, followed by Tukey’s post-hoc multiple comparisons test was used
where appropriate. Significance level (a) = 0.05.

Results

GLP-1R expression was increased by exposure to B. Breve ncfb2258

No non-specific fluorescence was detected in control experiments where cells were incubated with
primary antibodies or secondary antibodies alone. NCI-H716 cells secrete GLP-1 in response to
bacterial stimulation so the expression of GLP-1 in these cells was examined to see if they responded
to B. breve ncfb2258. GLP-1 staining was visible in the cytosol of cells in the semi-quantitative
assessment of GLP-1 expression under control conditions and following exposure to B. breve ncfb2258
supernatants alone and with PPARa antagonist or FFAR4 antagonist. There was no significant
difference in GLP-1 staining after exposure to B. breve ncfb2258 supernatants alone (p = 0.316)
compared to control conditions nor exposure in the presence of either PPARa antagonist (p = 0.670)
or FFAR4 antagonist (p = 0.974). GLP1R expression was also examined in these cells. GLP1Rs were
visible in both the cytosol and at the cell membrane of cells in the semi-quantitative assessment of
GLP1R expression under control conditions and following exposure to B. breve ncfb2258 supernatants
alone and with PPARa antagonist or FFAR4 antagonist. There was a non-significant increase in GLP1R
expression following exposure to B. breve ncfb2258 compared to the control conditions (p = 0.265),
an increase in expression following exposure to B. breve ncfb2258 supernatants in the presence of
PPARa antagonist (p = 0.001), and a non-significant increase when exposed to B. breve ncfb2258
supernatants and FFAR4 antagonist (p = 0.138). Figure 1 contains representative graphs and images
which depict the relative expression of GLP-1 in the cytosol and GLP1R in the cytosol and at the cell
membrane when unstimulated (incubated with HBSS) or following exposure to B. breve ncfb2258
(1:50, 15 minutes) alone or in the presence of either FFAR4 antagonist (10 uM, 20 min) or PPARa
antagonist (1 uM, 20 minutes).

A B

GLP1

HBSS B.breve FFAR4 PPARa
(Control)  ncfb2258 antagonist + antagonist +
supernatants  B.breve B.breve
ncfb2258  ncfb2258
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Figure 1. A. lllustrates the mean corrected total cell fluorescence of GLP1 from immunofluorescence carried out
on NCI-H716 cells exposed to HBSS (control), B.breve ncfb2258 supernatants, FFAR4 antagonist and B.breve
ncfb2258 supernatants and PPARa antagonist and B.breve ncfb2258 supernatants. Bars represent mean value +
SD. Statistical significance was determined by one way-ANOVA (Fs 36 = 2.94, p = 0.034) N = 60 cells for each
condition, from 3 experiments. B. Representative fluorescence images for control (incubated with HBSS), B.
breve ncfb2258 supernatants, B. breve ncfb2258 supernatants and FFAR4 antagonist, B. breve ncfb2258
supernatants and PPARa antagonist stained with GLP-1 antibody. C. lllustrates the mean corrected total cell
fluorescence of GLP1R from immunofluorescence carried out on NCI-H716 cells exposed to HBSS (control),
B.breve ncfb2258 supernatants, FFAR4 antagonist and B.breve ncfb2258 supernatants and PPARa antagonist
with B.breve ncfb2258 supernatants. Bars represent mean value + SD. Statistical significance was determined by
one way-ANOVA (Fs 475 = 11.94, p < 0.001) N = 120 cells for each condition, from 3 experiments. *** indicates p
< 0.001. D. Representative fluorescence images for control (incubated with HBSS), B. breve ncfb2258
supernatants, B. breve ncfb2258 supernatants and FFAR4 antagonist, B. breve ncfb2258 supernatants and PPARa
antagonist stained with GLP1R antibody.

B. breve ncfb2258 supernatants increased nuclear c-Fos in NCI-H716 cells

In Fluo-2-AM-loaded GLP-1-secreting NCI-H716 human cells, the B.breve ncfb2258 supernatant
containing PUFAS resulted in a small increase in intracellular calcium in 45% of cells tested. In
responding cells, fluorescence (AUs) (211.5 + 5.9) was higher than baseline fluorescence (211.03 + 6.1)
(95% Cl 0.18 to 0.72), ts =3.5, p = 0.003, N = 9 cells from 4 experiments, Figure 2). A paired t-test was
conducted to determine whether there was a significant mean difference in fluorescence between
responses compared to the baseline (HBSS) from the calcium imaging control experiments. Cellular
activation in response to B. breve ncfb2258 was also examined using c-Fos, an early transgene. C-Fos
was visible in the nucleus in the semi-quantitative assessment of c-Fos expression under control
conditions and following exposure to B.breve ncfb2258. C-Fos staining was significantly increased
when cells were exposed to B.breve ncfb2258 supernatants (p = 0.008). Figure 2 contains
representative graphs and images which depict the relative expression of nuclear c-Fos when
unstimulated (incubated with HBSS) or following exposure to B. breve ncfb2258 (1:50, 15 minutes).
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Figure 2. A. B. Breve ncfb2258 supernatants stimulate a calcium response in human GLP-1-secreting NCI-H716
cells B. Illustrates the mean corrected total cell fluorescence of c-Fos from immunofluorescence carried out on
NCI-H716 cells exposed to HBSS (control) and B.breve ncfb2258 supernatants. Bars represent mean value + 1 SD.
Statistical significance was determined by one way-ANOVA (F3236=12.9, p = 0.008), followed by Tukey's post-hoc
test. N=60 cells for each condition, from 3 experiments. ** indicates p < 0.01 between groups. C. Representative
fluorescence images for control (incubated with HBSS) and B. breve ncfb2258 supernatants stained with c-Fos
antibody (arrows).

FFAR4 expression in response to B. breve ncfb2258 on NCI-H716 cells

To explore if FFAR4 expression on the GLP-1-secreting NCI-H716 human cells facilitated signalling, the
B. breve ncfb2258 supernatant was reapplied in the presence of an FFAR4 antagonist (AH7614, 10 uM,
20 minutes) with a non-significant but lower calcium response observed (N = 7 cells from 6
experiments, p = 0.432. Figure 5) in 18.75% of cells tested. FFAR4 was visible at the cell membrane and
cytosol in the semi-quantitative assessment of FFAR4 expression under control conditions and
following exposure to B.breve ncfb2258 supernatants alone or with FFAR4 antagonist. FFAR4
expression was significantly increased when cells were exposed to B.breve ncfb2258 supernatants (p
=0.042) but remained elevated when exposed to FFAR4 antagonist and B.breve ncfb2258 supernatants
(p= 0.999). C-Fos staining remained elevated when cells were exposed to B.breve ncfb2258
supernatants in the presence of the FFAR4 antagonist (p = 0.021). Figure 3 contains representative
graphs and images which depict the relative expression of FFAR4 in the cytosol and at the cell
membrane and nuclear c-Fos when unstimulated (incubated with HBSS) or following exposure to B.
breve ncfb2258 (1:50, 15 minutes) alone or in the presence of FFAR4 antagonist (10 uM, 20 minutes).
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Figure 3. A. A sample trace illustrating calcium release when NCI-H716 cells were exposed to FFAR4 antagonist
and B.breve ncfb228 supernatants. B. lllustrates the mean corrected total cell fluorescence of c-Fos from
immunofluorescence carried out on NCI-H716 cells exposed to HBSS (control), B. breve ncfb2258 supernatants
alone and in the presence of FFAR4 antagonist. Bars represent mean value + 1 SD. Statistical significance was
determined by one way-ANOVA (F3 236 = 12.9, p = 0.021) followed by Tukey's post-hoc test. N=60 cells for each
condition, from 3 experiments. * indicates p < 0.05, ** indicates p < 0.01 C. Representative fluorescence images
for control, B. breve ncfb2258 supernatants and B. breve ncfb2258 supernatants with FFAR4 antagonist stained
with c-Fos antibody. D. lllustrates the mean corrected total cell fluorescence of FFAR4 from immunofluorescence
carried out on NCI-H716 cells exposed to HBSS (control), B.breve ncfb2258 supernatants and FFAR4 antagonist
with B.breve ncfb2258 supernatants. Bars represent mean value * 1 SD. Statistical significance was determined



by one way-ANOVA (F3236 = 9.45, p = < 0.001), followed by Tukey's post-hoc test. N=60 cells for each condition,
from 3 experiments. * indicates p < 0.05. E. Representative fluorescence images for control (incubated with
HBSS), B. breve ncfb2258 supernatants and B. breve ncfb2258 supernatants with FFAR4 antagonist stained with
FFAR4 antibody.

Supernatants increase PPAR«a expression on NCI-H716 cells

The expression of PPARa was examined to determine if it expressed receptors for bacterial products.
PPARa was visible at the cell membrane and cytosol. In the semi-quantitative assessment of PPARa
expression under control conditions and following exposure to B.breve ncfb2258 supernatants alone
and with PPARa antagonist. PPARa expression was signhificantly increased when exposed to B.breve
ncfb2258 supernatants (p < 0.001). It was also significantly decreased after exposure to PPARa
antagonist with B.breve ncfb2258 supernatants (p <0.001). PPARa antagonist blocked cFos activation
evoked by B.breve ncfb2258 supernatants such that there was no significant difference between the
control dish and the dish exposed to B.breve ncfb2258 supernatants in the presence of the PPARa
antagonist (p = 0.749). Figure 4 contains representative graphs and images which depict the relative
expression of PPARa in the cell body and cytosol and nuclear c-Fos when unstimulated (incubated with
HBSS) or following exposure to B. breve ncfb2258 (1:50, 15 minutes) alone or in the presence of PPARa
antagonist (1 uM, 20 minutes).
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Figure 4. A. lllustrates the mean corrected total cell fluorescence of c-Fos from immunofluorescence carried out
on NCI-H716 cells exposed to HBSS (control), B.breve ncfb2258 supernatants and PPARa antagonist with B.breve
ncfb2258 supernatants. Bars represent mean value + 1 SD. Statistical significance was determined by one way-
ANOVA (F3236 = 12.9, p = 0.749), followed by Tukey's post-hoc test. N=60 cells for each condition, from 3
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experiments. ** indicates p < 0.01. B. Representative fluorescence images for control (incubated with HBSS), B.
breve ncfb2258 supernatants and B. breve ncfb2258 supernatants with PPARa antagonist stained with c-Fos
antibody. C. lllustrates the mean corrected total cell fluorescence of PPARa from immunofluorescence carried
out on NCI-H716 cells exposed to HBSS (control), B.breve ncfb2258 supernatants and PPARa antagonist with
B.breve ncfb2258 supernatants. Bars represent mean value + 1 SD. Statistical significance was determined by one
way-ANOVA (Fs 235 = 30.79, p = < 0.001), followed by Tukey's post-hoc test. N=60 cells for each condition, from 3
experiments. *** indicates p < 0.001. D. Representative fluorescence images for control (incubated with HBSS),
B. breve ncfb2258 supernatants and B. breve ncfb2258 supernatants and PPARa antagonist stained with PPARa
antibody.

IL6R-a expression is inhibited by B. breve ncfb2258 supernatants

The cells were examined to determine the expression of receptors for cytokines that are activated by
bacterial products and involved in neuromodulatory processes. IL6Ra was visible at the cell membrane
of these cells. In the semi-quantitative assessment of IL6Ra expression was significantly decreased
when exposed to B.breve ncfb2258 supernatants (p < 0.001). The suppression of staining was blocked
by antagonists for PPARa (p < 0.001) and FFAR4 (0.309). Figure 5 contains representative graphs and
images which depict the relative expression of IL6Ra at the cell membrane when unstimulated
(incubated with HBSS) or following exposure to B. breve ncfb2258 (1:50, 15 minutes) alone or in the
presence of either FFAR4 antagonist (10 uM, 20 min) or PPARa antagonist (1 uM, 20 minutes).
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Figure 5. A. lllustrates the mean corrected total cell fluorescence of IL6Ra from immunofluorescence carried out
on NCI-H716 cells exposed to HBSS (control), B.breve ncfb2258 supernatants, FFAR4 antagonist and B.breve
ncfb2258 supernatants and PPARa antagonist and B.breve ncfb2258 supernatants. Bars represent mean value +
1 SD. Statistical significance was determined by one way-ANOVA (Fs; 236 = 8.37, p = < 0.001), followed by Tukey's
post-hoc test. N=60 cells for each condition, from 3 experiments. *** indicates p < 0.001. B. Representative
fluorescence images for control (incubated with HBSS), B. breve ncfb2258 supernatants, B. breve ncfb2258
supernatants and FFAR4 antagonist, B. breve ncfb2258 supernatants and PPARa antagonist stained with IL6Ra
antibody.
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Discussion

This study aimed to investigate whether the NCI-H716 human cell line was appropriate to explore GLP-
1-secreting L-cells as potential cross-barrier signal transducers for B. Breve ncfb2258 and the molecular
mechanisms involved in signalling induced by PUFA-producing B. Breve ncfb2258 in human GLP-1-
secreting L-cells. The findings from this research could contribute to the understanding of gut-brain
signalling pathways, metabolic regulation, and potential therapeutic interventions for metabolic
disorders. The results indicated that the NCI-H716 human cell line was, in fact, appropriate to explore
GLP-1-secreting L-cells as potential cross-barrier signal transducers for B. Breve ncfb2258. Moreover,
the results support a mechanism by which PPARa is the receptor that mediates cellular activation
induced by the bacterial products.

The calcium imaging experiments revealed that B. breve ncfb2258 supernatants caused a significant
response in NCI-H716 cells, suggesting that the cell line was responsive and an appropriate model for
exploring GLP-1 secreting L-cells as potential cross-barrier signal transducers. Furthermore, the
immunofluorescence study provided additional confirmation by showing elevated levels of c-Fos when
these cells were exposed to B. breve ncfbb2258 supernatants. The elevation of c-Fos, a well-known
marker of cellular activation, reinforces the idea that B. breve can indeed stimulate GLP-1 secretion in
these cells. These findings are consistent with earlier studies that demonstrated the ability of B. breve
to stimulate GLP-1 secreting L-cells (Alisi et al., 2014). Additionally, they align with other studies
indicating that NCI-H716 cells are excellent models for studying the regulation of GLP-1 and the
mechanisms involved (Gagnon et al., 2015).

After cells were exposed to B. breve ncfb2258 supernatants, c-Fos staining remained elevated even
when exposed to the FFAR4 antagonist along with B. breve ncfb2258 supernatants. This sustained
elevation indicates that FFAR4 is not involved in the signalling pathway mediating the cellular response
to B. breve ncfb2258. In contrast, when the PPARa antagonist was introduced, it blocked the activation
of c-Fos that was otherwise evoked by B. breve ncfb2258 supernatants. In this scenario, there was no
significant difference in c-Fos activation between the control dish and the dish exposed to B. breve
ncfb2258 supernatants in the presence of the PPARa antagonist. This observation suggests that the
PPARa antagonist inhibited the c-Fos activation induced by B. breve ncfb2258 supernatants, implying
that PPARa likely plays a crucial role in this cellular response. The inhibition of c-Fos activation by the
PPARa antagonist highlights the importance of PPARa in the signalling pathway, as its inhibition
prevented the expected cellular response to the supernatants.

These results are consistent with previous findings suggesting that PPARa is vital in GLP-1 secretion in
these cells (Daoudi et al., 2011) and aligns with the notion that PPARa plays a major role in the
regulation of GLP-1 secretion, reinforcing the idea that PPARa is an important part of the cellular
mechanisms regulating the interaction between GLP-1 secreting L-cells and B. breve ncfb2258. In
contrast, the results do not support earlier hypotheses which suggested that FFAR4 might be involved
in the interaction between GLP-1-secreting L-cells and B. breve ncfb2258 (Schmidt et al., 2011). This
deviation from previous hypotheses regarding FFAR4's role helps narrow the search for the molecular
mechanisms involved. Furthermore, these findings potentially identify a specific molecular mechanism
involved in the signalling induced by PUFA-producing B. breve ncfb2258 in human GLP-1-secreting L-
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cells. The role of PPARa in this context suggests a connection between bacterial metabolites and host
cellular receptors, where PPARa acts as a key mediator.

GLP-1 was visible in vesicles in the cytoplasm of these cells in immunofluorescence studies, yet the
expression levels remained unchanged when treated with the bacterial supernatants. Notably, GLP-1
was visibly moved towards the cell membrane and appeared more punctate, indicating vesicles on the
verge of being released from the cells after stimulation of the cells by B. breve ncfb2258 supernatants.
This observation suggests a potential preparatory stage for secretion, where GLP-1 is mobilized to the
cell membrane in response to the bacterial supernatants. Additionally, there was visibly less
fluorescence when cells were exposed to B. breve ncfb2258 supernatants in the presence of a PPARa
antagonist. This decrease in fluorescence further supports the notion that PPARa plays a significant
role in the signalling pathway mediating GLP-1 release. As the statistical analysis did not yield
substantial results, this experiment must be repeated as there is promise in the results from the
immunofluorescence images.

The redistribution of GLP-1 towards the cell membrane and the reduction in fluorescence under the
influence of the PPARa antagonist both indicate that PPARa is crucial for the process of GLP-1
secretion. This result aligns with studies that have shown B. breve stimulates the release of GLP-1 from
intestinal L-cells (Alisi et al.,2014; Izumi et al., 2019). Furthermore, the involvement of PPARs,
particularly in L-cells, has been documented and has shown that conjugated linoleic acids (CLAs)
activate PPARs found in L-cells (Poirier et al., 2001; Yang et al. in 2018) and these findings are also
consistent with evidence which demonstrated that enteroendocrine L-cell GLP-1 secretion is positively
regulated by PPAR activation (Daoudi et al., 2011). This positive regulation reveals the role of PPARs in
the metabolic functions of L-cells, where their activation leads to enhanced GLP-1 secretion.

The immunofluorescence studies also provide a visual confirmation of the intracellular dynamics of
GLP-1, where the movement towards the cell membrane upon exposure to B. breve ncfb2258
supernatants suggests a preparatory phase for secretion. This observation is critical as it highlights the
cellular readiness to secrete GLP-1, influenced by bacterial metabolites. This finding confirms what is
already known and supports previous evidence of GLP-1 secretion from L-cells (Buckley et al., 2020),
also confirming that NCI-H716 cells are a suitable model for exploring this interaction as earlier
revealed in this study and an earlier one by Gagnon et al. in 2015. The decrease in fluorescence
intensity in the presence of the PPARa antagonist implies a direct regulatory effect, where inhibition
of PPARa disrupts the secretion of GLP-1.

GLP1R was slightly but not significantly increased after exposure to B. breve nfcb2258 supernatants
and increased significantly after exposure to PPARa antagonists. The upregulation of GLP1R suggests
that the cells are becoming more responsive to GLP-1, which could enhance GLP-1 secretion. This
potential increase in cellular responsiveness to GLP-1 indicates a heightened sensitivity of the cells to
this important incretin hormone. Previous research has suggested that certain signalling pathways
triggered by bacterial stimuli are mediated by GLP-1R activation, implicating L-cells as bacterial cellular
transducers (Buckley et al., 2020). This makes it interesting to study the interaction between bacterial
supernatants and GLP-1R activation. However, the current findings partially differ from previous
studies, as the increase in GLP1R expression was more pronounced with PPARa antagonists than with
bacterial supernatants alone. This deviation from previous research shows the complexity of the
signalling mechanisms involved and suggests that multiple pathways might be involved in mediating
the effects of bacterial stimuli on GLP-1 secretion. There is still a possibility that GLP1R is involved in
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the signalling processes, perhaps through signalling crosstalk with PPARa. The increase in GLP1R
expression in response to PPARa antagonists suggests that the receptor may play a role in modulating
GLP-1 secretion. The observed upregulation of GLP1R upon PPARa antagonism could indicate a
compensatory mechanism or a feedback loop in response to the blockade of these receptors.

This feedback mechanism might function to maintain cellular homeostasis by upregulating GLP1R
expression when PPARa activity is inhibited, thereby ensuring that the cells remain responsive to GLP-
1. Such compensatory upregulation could enhance the sensitivity of the cells to GLP-1, potentially
offsetting the reduced signalling through PPARa pathways. This interplay between PPARa and GLP1R
highlights the regulatory pathways that control GLP-1 secretion and responsiveness in L-cells. Evidence
has pointed to PPARa being involved in the stimulation of GLP-1 (Daoudi et al., 2011), supporting the
idea that PPARa and GLP1R may interact. PPARa activation has been shown to influence various
metabolic processes, including lipid metabolism and energy homeostasis, which could indirectly affect
GLP-1 secretion (Vargas-Sanchez et al., 2020). The potential crosstalk between PPARa and GLP1R could
represent a regulatory axis, where modulation of one receptor impacts the expression and function of
the other.

Another finding of this study was the absence of a significant difference in the peak amplitude between
the B. breve ncfb2258 supernatant response and the FFAR4 antagonist, in the presence of B. breve
ncfb2258, response. The findings suggest that FFAR4 does not mediate the effects of the supernatants,
however, additional experiments are warranted to bolster this finding, due to the small sample size
and image acquisition faults encountered while carrying out this experiment. Also,
immunofluorescence studies of FFAR4 showed a significant increase in FFAR4 expression observed
when cells were exposed to B. breve ncfb2258 supernatants indicating that FFAR4 expression is
increased in GLP-1-secreting L-cells by bacterial supernatants. However, the absence of a significant
difference in FFAR4 expression between cells exposed to B. breve ncfb2258 supernatants alone and
those treated with FFAR4 antagonist and B. breve ncfb2258 supernatants suggests that inhibiting
FFAR4 does not influence FFAR4 expression in this circumstance. This finding partially contrasts
previous evidence suggesting the involvement of FFAR4 in regulating the effects of microbial stimuli
on cellular responses, and hypotheses suggesting its direct involvement in this interaction between B.
breve ncfb2258 and GLP-1 secreting L-cells (Schmidt et al., 2011; Hirasawa et al., 2005), but it also
supports earlier results in this study.

This study also alluded to PPARa being involved in the molecular mechanisms involved in signalling
induced by PUFA-producing B. Breve ncfb2258 in human GLP-1-secreting L-cells as PPARa expression
significantly increased following exposure to B. breve ncfb2258 supernatants. Exposure to PPARa
antagonist led to a substantial decrease in PPARa levels, again suggesting PPARa’s involvement in
regulating cellular responses to B.breve ncfb2258 stimulation. This result was expected and serves as
supporting evidence for the involvement of PPARa-mediated pathways in the interaction between B.
breve ncfb2258 and GLP-1-secreting L-cells. This corresponds to evidence found in previous studies
that enteroendocrine L-cell GLP-1 secretion is positively regulated by PPAR activation (Daoudi et al.,
2011) and that PPAR is activated by CLAs (Poirier et al., 2001; Yang et al., 2018), a product of B.breve
ncfb2258 (O’Connell et al., 2013) and presents the possibility of PPARa being involved in the molecular
signalling pathway activated by the interaction between GLP-1-secreting L-cells and B. Breve ncfb2258.

Additionally, the suppression of IL6Ra expression observed when cells were exposed to B. breve
ncfb2258 supernatants demonstrates the impact of bacterial supernatants on IL6Ra expression. This
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implies that elements found in B. breve ncfb2258 supernatants might affect the expression of IL6Ra,
hence linking IL6Ra to the regulation of responses to B. breve ncfb2258. It deviates from earlier results
that B. breve activates IL-6 (Yang et al., 2018). The significantly higher expression of IL6Ra after PPARa
antagonist administration in the presence of B. breve ncfb2258 supernatants suggests a role for PPARa
in modulating IL6Ra levels. This is in line with previous findings that PPARa regulates immunity and
lowers plasma concentrations of IL-6 (Delerive et al., 1999). It is interesting to note that IL-6 and PPARa
work together to increase liver fatty acid binding protein (LFABP) expression in the liver (Vida et al.,
2013) and a similar pathway might be activated between them by the interaction between B. breve
ncfb2258 and L-cells. No significant difference in IL6Ra expression was observed when cells were
exposed to B.breve ncfb2258 supernatants compared to FFAR4 antagonist and B.breve ncfb2258
supernatants, indicating that FFAR4 signalling may not play a major role in modulating IL6Ra
expression in these circumstances, however, this is a deviation from other studies that have shown
FFAR4 activation reduces IL-6 expression both directly and indirectly through different pathways
(Tomita et al., 2020; Ren et al; 2019; Sulijaya et al; 2018 ). However, it is important to note that IL6Ra
was imaged at a relatively higher exposure time than others, due to it not showing up on the
microscope and these results might therefore be unreliable. This initial lack of visibility could be
attributed to non-specific binding of the antibody to other antigens or background staining could
distort true differences in IL-6Ra levels.

Ethical aspects and impact of the research on society

The use of NCI-H716 cells raises ethical concerns regarding the sourcing and handling of cell lines. It is
important to ensure that cells used in research are obtained ethically. However, there was no need for
ethical permits when using this cell line. Additionally, the handling and maintenance of cell cultures
need careful attention to minimize contamination. Moreover, the use of chemical reagents such as
Fluo-2 AM dye, Paraformaldehyde, and blocking permeabilization buffer in calcium imaging and
immunofluorescence experiments raises concerns about potential hazards to health and safety of
researchers. It is important to handle these reagents per safety protocols, including appropriate
personal protective equipment, waste disposal procedures, and adherence to relevant regulations on
chemical handling and disposal.

Understanding the signalling mechanisms employed by GLP-1-secreting L-cells in response to B. breve
ncfb2258 can have important implications for human health. Knowing how these specialized cells
interact with specific bacterial strains and modulate immune molecules provides the potential to
deepen the understanding of gut microbiota-host interactions, immune modulation, and
gastrointestinal physiology, all of which are essential for developing targeted interventions to promote
gut health and mitigate conditions associated with impaired gut-brain axis communication. By
manipulating the signalling pathways involved in this interaction, researchers may be able to regulate
immune responses, enhance metabolic regulation, and potentially alleviate conditions such as
metabolic syndrome, diabetes, obesity, and gastrointestinal disorders.

Conclusions/Future Perspectives

In conclusion, this study has provided valuable insights into the complex interaction between GLP-1-
secreting L-cells and B. breve ncfb2258, indicating that NCI-H716 cells are suitable for exploring this
interaction and PPARa is involved in the molecular signaling pathways activated by this interaction.

_15_



However, some results were either unreliable or deviated from previous hypotheses and require
further investigation to provide more evidence or completely rule out the findings. This study also
suggests the existence of additional regulatory mechanisms yet to be discovered.

Moving forward, future research should explore these pathways by investigating potential signalling
crosstalk and identifying additional factors that may influence cellular responses to bacterial stimuli.
Efforts should also be made to address variability in experimental outcomes, such as image acquisition
parameters, antibody incubation protocols or small sample sizes to ensure the reliability and
reproducibility of findings. Overall, this study lays the groundwork for further exploration of the
relationship between gut microbiota and host cells and paves the way for potential therapeutic
interventions targeting the gut-brain axis and gastrointestinal health.
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Appendices

Appendix A - Recipes

Table 1. HBSS
Component Concentration 10X (1L) 1X(11)
NaCl 130 mM 75.90¢g
Kl 5.4mM 4g
HEPES 10 mM 23.80¢g
CaCl, 2mM 03g
Glucose 10 mM 1.8¢g
MgCl, 1 mM 0.2g

Table 2. HBSS K+ (50 mM)

Component Concentration 10X (1L)
NaCl 85.4 mM 499¢g
KCI 50 mM 37.27¢g

Everything is the same as normal HBSS except these.

Table 3. Blocking permeabilization buffer

Items Concentration (w/v) Amount in 50 ml
Fetal Bovine Serum 10% 5ml
BSA 1% 05¢g
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Triton-X 100 0.1% 50 ul

Sodium Azide (25% w/v stock) 0.05% 100 pl
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Appendix B - B. breve ncfb2258 Culture

Bifidobacterium Breve ncfb2258 (Bif. Breve ncfb2258) were cultured at 1% (v/v) in de Man, Rogosa and
Sharpe broth (Difco, VWR, Philadelphia, PA, US) for ~ 17 h at 37°C under anaerobic conditions
(anaerobic jars with Anaerocult A Gas Packs (Merck, Darmstadt, Germany)) until stationary phase and
centrifuged (16,900 x g for 15 min, at 4 °C; SLA-3000 rotor, Sorvall RC B5-Plus). The cell pellet was
washed twice with phosphate-buffered saline (PBS; Sigma Aldrich, UK), re-suspended at
~2 x 10'° CFU.mI™! in sterile 15% trehalose (Sigma Aldrich), which acted as a cryoprotectant and 1ml
aliquots were dispensed into 2ml lyophilisation vials. The vials were lyophilised on a 24 h program
(freeze temperature -40 °C, additional freeze 1 min, condenser set point -60, vacuum set point 600
mTorr; VirTis AdVantage Wizard 2.0) and stored at 4 °C. Bacteria were re-suspended in distilled water

each day to deliver 1x10'° CFU.ml™* for each exposure.
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