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microbiome-gut-brain communication
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Enteroendocrine cells (EECs) are gut epithelial hormone-secreting cells, influenced by diet and the
microbiome. EECs regulate local gastrointestinal functions and systemic signalling, including
communication with the brain, while being linked to various diseases, yet their systemic integration
remains underexplored. This review examines the metabolic and systemic roles of EECs, focusing on
interactions with dietary components, the microbiome, and disease pathways, while identifying key

research gaps to guide future studies.

Over the past years, enteroendocrine cells (EECs) have garnered
increasing interest in research, not only for their role in the gastro-
intestinal (GI) tract where they reside, but also for their potential
links to the central nervous system (CNS) and contribution to a wide
range of disorders including inflammatory bowel diseases, metabolic
and neurodegenerative diseases. This has highlighted EECs as a
diverse and dynamic cell type to study. One of the primary functions
of EECs is sensing and responding to nutrient intake. By producing
specific hormones depending on the sensed content, EECs influence
metabolic processes such as appetite regulation and digestion rate. A
key facilitator of these processes is the gut-brain axis, which enables
communication between the CNS and the enteric nervous system
(ENS)'. Through this pathway, EECs can release hormones that
regulate satiety and initiate physiological processes such as gastric
emptying. These communications are complex, involving multiple
neurological, immunological and endocrine factors to ensure proper
functioning'.

This review will focus on the multifaceted roles of EECs in hormone
regulation, their interactions with the CNS, and their response to dietary
factors and the gut microbiome. It will also delve into their involvement
in various (ex)-intestinal diseases and review current methodologies
used to study these cells. By exploring their metabolic and systemic
functions, this review aims to complement existing literature, highlight
critical research gaps, and provide new perspectives for future investi-
gations in this rapidly advancing field. For an in-depth overview of the
roles EECs play in intestinal inflammation and mucosal immunity,
please refer to Worthington et al.”.

Structural diversity and hormonal roles of
enteroendocrine cells

EECsare hormone-producing cells located in the epithelial layer throughout
the GI tract™. By sensing luminal content and secreting hormones and
other signalling molecules, EECs play a central role in regulating GI

homeostasis and various physiological functions**’. EECs are typically
classified into two main types based on their structure and position: the
‘open type’, and ‘closed type’ (Fig. 1).

‘Open type’ EECs have microvilli that extend towards the lumen,
enabling them to directly detect luminal contents. These cells are
well-positioned to sense nutrients, metabolites, and other signals
from the gut lumen, allowing for an immediate response, particularly
in the regulation of appetite and digestion. In contrast, ‘closed type’
EECs lack microvilli and are located closer to the basal membrane,
where they are activated indirectly via humoral and neural
pathways®. This structural difference reflects the functional diver-
gence between the two types: ‘open type’ cells are specialized in direct
sensory functions, while ‘closed type’ cells likely play a greater role in
integrating hormonal and neural signals from within the body to
regulate more systemic functions.

Beyond their structural classification, EECs are further categor-
ized based on the primary hormone they secrete (Table 1). For
example, cells that produce serotonin (5-hydroxy-tryptamine(5-
HT)), are called enterochromaffin (EC) cells and are distributed
throughout the entire gut. In the stomach, EECs include histamine-
producing (enterochromaffin-like (ECL)) cells, gastrin-secreting (G-)
cells, somatostatin (SST)-producing D-cells, and ghrelin-producing
cells (P/D1)-cells. In the duodenum, in addition to D-cells and P/D1-
cells, there are secretin-producing (SCT) S-cells, glucose-dependent
insulinotropic polypeptide (GIP) K-cells, motilin (M)-cells and
cholecystokinin (CCK) I-cells are also present. Further down the
intestine, the prevalence of EECs that produce neurotensin (NTS)
N-cells and glucagon-like peptides 1 and 2 (GLP-1 and GLP-2)
L-cells increases. L-cells also secrete insulin-like peptide 5 (INSL5)
and peptide YY (PYY)*’. While many of these EEC subtypes are
classified as open type, a significant population in the stomach, not in
direct contact with the gut lumen, is classified as closed type EECs
(Fig. 1)*°.

"Department of Microbiome Engineering, Swammerdam Institute for Life Sciences, University of Amsterdam, Amsterdam, The Netherlands. 2Amsterdam Micro-

biome Expert Centre, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, Amsterdam, Netherlands.

e-mail: s.elaidy@uva.nl

npj Biofilms and Microbiomes| (2025)11:179


http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-025-00810-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-025-00810-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-025-00810-x&domain=pdf
mailto:s.elaidy@uva.nl
www.nature.com/npjbiofilms

https://doi.org/10.1038/s41522-025-00810-x

Review

GLP-2
Y
[}

GLP-1

S,

BYY:

')
@
Y
]
)} GLP-1 o
[ T FFAR1\§\ 4
( 6LP2 B
SHT | °© *s 1
\ ® 4T ‘o

N e
J 0 %0
( D)
5 ‘e
Ns 0q ©
o % ®

Insulin secretion Mucosal proliferation
Nutrient absorption & maturation

Food intake

Gastric emptying

|

‘ Secreted gut
Glial cell hormones

Enteric nerve Macro nutrients

EEC with neuropod G protein coupled
receptors / free

Open type EEC fatty acid receptors

- Microbial metabolites
Closed type EEC
Gut microbiome
Hormone receptor

4

Fig. 1| Schematic overview of an example of EEC location and function within the gut. The gut hormones depicted here are just an example of the many gut hormones that

are secreted by EECs.

Neuropod formation and hormonal regulation by
enteroendocrine cells
EECs are capable of forming specialized structures known as neuropods,
which synapse with the nerves of the ENS, thereby creating a neuroepithelial
circuit”®. Neuropods are predominantly observed in EECs that produce PYY
and CCK*". These hormones, along with GLP-1,-2, play crucial roles in
metabolic processes and appetite regulation. Their release into the circula-
tion is nutrient-dependent, and they act as satiety signals, reducing food
intake and inhibiting gastric emptying, thereby controlling digestion rate*"’.
Despite being secreted by EECs, the receptors for these hormones are
predominantly found in neurons, smooth muscle cells, and other tissues,
rather than on the EECs themselves and their actions are mediated though
binding to receptors on the afferent vagus nerve, as well as other regions of
the CNS (Fig. 1)*'°"%. For example, GLP-1 and GLP-2 receptors are pri-
marily expressed in the ENS, vagal fibres, and smooth muscle, while PYY
and CCK receptors are located on neurons and smooth muscle cells in the
gut. GLP-2 may also signal through specialized cells called telocytes, which
have been shown to play a role in intercellular signalling and maintaining
gut integrity'’. These hormones are stored within secretory vesicles inside
EECs. Two primary types of secretory vesicles exist: dense core vesicles
(DCVs), which contain hormones and neurotransmitters and are released
via the regulated secretory pathway (RSP), and constitutive vesicles (CVs),
which release other proteins continuously via the constitutive secretory
pathway (CSP). While the RSP requires a stimulatory signal to release its
contents, the CSP operates without such signals""*. Notably, neuropods are
involved in connecting EECs to enteric glial cells (Fig. 1), as demonstrated by
Bohérquez et al.'® These neuropods contain not only secretory vesicles, but
also mitochondria and neurofilament structures. This suggests that neu-
ropods may not only facilitate the transport of secretory vesicles but could be
involved in the movement of other molecules necessary for proper com-
munication within the ENS. Emerging reports also indicates that these
interactions between EECs and ENS glial cells might contribute to the
modulation of gut motility and local immune responses”’ ™", adding
an extra layer of complexity to EEC-mediated gut function. This
direct link between EECs and the ENS plays a pivotal role in reg-
ulating gut functions and integrating the hormonal signals with
neural activity.

Enteroendocrine cells and their role in gut- nervous
system communication

Enteroendocrine cells, enteric nervous system, and glial cells
The ENS spans the entire lining of the GI tract and is considered a com-
ponent of the autonomic nervous system. While the ENS has the capacity to
function independently of the CNS, it is intricately connected to the CNS via
the vagus nerve, which facilitates continuous bidirectional communication
between the two systems”**'. This communication plays a crucial role in
coordinating several GI function, including peristalsis and motility
(reviewed extensively in 22). The ENS consists of both neurons and glial
cells, which are responsible for maintaining gut function, including immune
modulation and gut-brain signalling™*.

EECs are strategically positioned at the interface between the gut lumen
and the ENS, with their specialized neuropods connecting directly to enteric
glial cells'**’. This connection enables EECs to relay hormonal signals that
influence both gut motility and the overall gut environment. Enteric glial
cells are pivotal in maintaining intestinal homeostasis and in modulating
both immunological and neurological processes. The cells detect signals
from nutrient particles, microorganisms and immune cells, while also
communicating directly with enteric neurons™*, thereby orchestrating
various gut responses.

Beyond their signalling role, enteric glial cells contribute to the reg-
ulation of mucosal and vascular integrity in the gut. By acting as a blood-
enteric barrier, they play a protective role for enteric neurons, preventing
potential damage from harmful substances in the bloodstream®*. This
protective barrier function suggests that enteric glial cells facilitate the
transport of molecules between the bloodstream and the gut, further
empbhasizing their critical role in maintaining the structural and functional
integrity of the gut.

The gut-brain axis: vagus nerve and neuroendocrine
communication

Vagus nerve as a bridge between the gut and brain

The vagus nerve, the longest and most widespread autonomic nerve in the
body, acts as a critical communication link between the ENS and the CNS.
Originating in the brainstem, the vagus nerve innervates multiple body
systems, including the heart, lungs and gut, and contains both afferent and
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4,6,7,38

Promotes gastric and intestinal motility

Motilin
CCK

Duodenum

Motilin-positive cells (formerly M)

4-7,10,38
4,6,7,38

Inhibition of gastric emptying, promotes pancreatic enzyme secretion, induces satiety signal

Duodenum

CCK-positive cells (formerly 1)

Inhibits appetite and gastric motility, promotes fatty acid transport

Neurotensin

Small intestine

Neurotensin-positive cells (formerly N)

GLP-1,2/PYY/INSL5-positive cells

(formerly L)

4-7,9,38,43,153

Inhibition of food intake and gastric emptying, promotes insulin secretion, stimulate nutrient

absorption, increases mucosal proliferation and maturation

GLP-1, GLP-2, PYY, INSL5

Small and large instestine

EEC enteroendocrine cell, EC enterochromaffin, ECL enterochromaffin-like, GIP glucose-dependent insulinotropic peptide, CCK cholecystokinin, GLP glucagon-like peptide, PYY peptide YY, INSL5: insulin-like peptide 5.

efferent nerve fibres responsible for sensory and motor signalling”’. One of
its primary roles is to facilitate bidirectional communication between the gut
and brain, with afferent vagal fibres transmitting information from the gut
to the brain.

Within the gut, hormones such as PYY, CCK, GLP-1 and GLP-2,
which are released by EECs (Fig. 1, Table 1), can bind to receptors on afferent
vagus nerve fibres, influencing appetite and metabolic regulation®'*"". This
interaction is essential for regulating various physiological processes,
including appetite and digestion. Research by Corp et al.** demonstrated
that CCK receptors are expressed on intestinal vagal afferent neurons, and
upon activation, these receptors transmit signals to the brain via the nucleus
of the solitary tract (NTS)”. In a more recent study, Kaelberer et al.”’
highlighted that EECs neuropods, particularly those expressing CCK, use
glutamate as a neurotransmitter to synapse directly with the vagus nerve,
further facilitating gut-brain communication. This finding reveals that EECs
can communicate with the CNS not only through hormone secretion but
also engage in direct neurotransmission. This connection between the gut
and brain via the vagus nerve underscores the importance of EECs in
influencing brain function and behaviour.

The gut-brain axis and its health connections

The gut-brain axis (GBA) is a complex, bidirectional communication
network, which encompasses the gut, the CNS, and several other systems
including the peripheral nervous system (PNS), autonomic nervous system
(ANS), ENS and the hypothalamic-pituitary-adrenal (HPA) axis”. This
communication is vital for maintaining homeostasis and regulating pro-
cesses such as digestion, mood, and metabolism.

One key aspect of the GBA is its regulation by the vagus nerve, which
transmits signals between the gut and the brain, enabling the nervous system
to respond to changes in gut function and microbiome composition (Fig. 1).
When activated, the vagal afferents carry signals from the GI tract to the
brain, influencing a wide range of physiological responses. Importantly, gut
hormones such as PYY, CCK, GLP-1 and GLP-2, produced by EECs,
contribute to this communication by acting as messengers that modulate
appetite, satiety, and GI motility*"’.

Beyond the vagus nerve, the HPA axis also plays a critical role in the
GBA. The HPA axis is part of the neuroendocrine system, which is activated
in response to stress. When stress signals reach the gut, they can trigger the
release of hormones such as cortisol, which in turn influences gut function
and the overall immune response’". Notably, this pathway is also influenced
by the microbiome™ ™, suggesting that gut-derived signals can modulate the
response of the body to stress.

One intriguing aspect of the GBA is the potential impact of gut-
derived signals on mental health. Studies have shown that the gut
microbiome can influence mood and cognitive function, potentially
contributing to disorders like depression and anxiety. For example, a
study by Homan et al. (2015) demonstrated that depletion of tryp-
tophan, an amino acid crucial for serotonin synthesis, led to
increased feelings of sadness and hopelessness in patients with
remitted depression®”. This highlights the potential role of
tryptophan-dependent signalling in the gut-brain interaction, parti-
cularly in the context of mental health.

In this regard, EECs are of particular interest. These cells, which syn-
thesize serotonin (5-HT) from tryptophan via the enzyme tryptophan
hydroxylase 1 (TPH1), may play a significant role in regulating mood and
behaviour. Research by Ye et al. (2021) found that bacterial tryptophan
catabolites could activate the 5-HT pathway in EECs of zebrafish via tran-
sient receptor potential ankyrin A1 (TRPA1) receptors™. This suggests that
nutrients and the gut microbiome can influence serotonin production in
EECs, further linking gut health to mental health. Supporting this idea, Tian
etal. (2019) found that administration of Bifidobacterium species in a stress-
induced mouse model led to increased expression of TPHI and
5-hydroxytryptophan (5HTP), a precursor of serotonin, and improved
depression-like symptoms”. Given these findings, exploring the relation-
ship between dietary molecule, the gut microbiome, EEC signalling, and
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brain function holds significant promise for understanding and potentially
treating conditions like depression, anxiety, and other mood disorders.

Enteroendocrine cells, diet and the gut microbiome
Nutrient-driven modulation of enteroendocrine function

Dietary intake has a profound influence on EEC hormone secretion, which
in turn, plays a crucial role in regulating GI homeostasis and overall
metabolic function. The specific nutrient composition of a meal and eating
patterns have significant effects on the secretory activity of EECs, with
different dietary components eliciting varied hormonal responses’.

In the stomach, the presence of proteins, alcohol and caffeine, and even
stomach distension stimulate G-cells to produce gastrin. This hormone not
only promotes the secretion of pepsinogen and gastric acid but also
enhances gastric motility and mucosal growth throughout the GI tract™”.
In the duodenum, K-cells produce GIP, are activated primarily by nutrient-
rich meals, particularly those high in carbohydrates and fat, to secrete GIP,
which in turn stimulates insulin release'*"'.

Notably, recent studies have highlighted the nuanced responses of
EECs seem to different types of dietary fats. For example, Thomsen et al.
(1999) demonstrated that consumption of unsaturated fats, in healthy
young individuals, such as those found in olive oil (unsaturated fatty acid),
leads to higher expression levels and secretion of GIP and GLP-1 compared
to saturated fats like butter””. These findings suggest that the type of dietary
fat may modulate the endocrine function of EECs and their contribution to
metabolic regulation.

Moving further along the GI tract, in the distal small intestine and
colon, L-cells, are responsible for producing several important hormones,
including GLP-1, GLP-2 and PYY (Fig. 1, Table 1). GLP-1 secretion is
markedly enhanced by the intake of both fats and carbohydrates, while PYY
production is stimulated by carbohydrates, proteins, and lipids. GLP-2
production is also influenced by nutrients such as fibres and specific fatty
acids. All three hormones play a pivotal role in the inhibition of food intake
and nutrient absorption and are also involved in the maintenance of glucose
homeostasis and overall gut health®™***,

GLP-1 plays a key role in regulating glucose homeostasis by enhancing
insulin secretion in response to meals, inhibiting glucagon release, and
improving insulin sensitivity. Additionally, GLP-1 slows gastric emptying
and promotes satiety, which contributes to its therapeutic use in managing
type 2 diabetes and obesity. GLP-1 receptor agonists, such as liraglutide and
semaglutide, have been developed to mimic the effects of GLP-1, improving
blood glucose control and promoting weight loss**".

Although both are part of the glucagon-like peptide family, GLP-2 has
distinct roles compared to GLP-1. GLP-2 is produced by EECs in the small
intestine and plays a key role in regulating intestinal growth by promoting
mucosal development, enhancing villus height, and stimulating epithelial
cell proliferation, thereby maintaining intestinal integri‘cyI >, GLP-2 has
therapeutic potential in conditions like short-gut syndrome (SGS), where
significant portions of the intestine are lost, leading to malabsorption.
Teduglutide, a GLP-2 analogue, has been shown to improve intestinal
function, stimulate growth of the remaining gut tissue, and reduce the need
for parenteral nutrition in SGS patients****.

PYY reduces food intake by promoting satiety through activation of Y2
receptors in the hypothalamus. PYY also slows gastric emptying and
intestinal motility, aiding nutrient absorption. PYY secretion is stimulated by
proteins, lipids, and carbohydrates. Due to its role in appetite regulation and
gut function, PYY holds potential for therapeutic use in managing obesity,
metabolic disorders, and improving postprandial glucose regulation™".

Research into sweet taste receptor signalling has also revealed its
potential role in modulating EEC hormone production. A study by Ger-
spach et al.” found that lactisole, a known inhibitor of sweet taste receptors,
which is often used as a food additive in high sugar foods, reduced the
secretion of both GLP-1 and PYY in humans, suggesting that these receptors
may influence the endocrine function of EECs. Moreover, Brown et al.”?
observed a synergistic effect between artificial sweeteners in diet sodas and
glucose intake, resulting in enhanced GLP-1 secretion. These findings

further support the idea that sweet taste receptors on EECs may contribute
to regulating hormone release in response to dietary components.

In addition to influencing hormone secretion, dietary changes can also
impact EECs themselves. Ye et al. (2019) demonstrated that a high-fat diet
led to a phenomenon known as EEC silencing in the proximal intestine in
zebrafish, in which EECs became less responsive to nutrient stimuli, such as
fatty acids and glucose. This silencing was accompanied by morphological
changes in EECs, with a shift from an open to a closed-type configuration.
The study linked this response to endoplasmic reticulum (ER) stress and
alterations in the composition of the gut microbiome. Notably, they iden-
tified a strain of Acinetobacter that could induce similar EEC silencing,
further emphasizing the interplay between diet and the microbiome in
modulating EEC function. These changes were reversible after a brief
recovery period of 20 hours™ suggesting potential therapeutic windows for
restoring EEC function in metabolic conditions. These results give inter-
esting insights into what might also happen in metabolic diseases such as
obesity and diabetes type 2 and would be very interesting for future research.
Collectively, his research provides valuable insights into the mechanisms by
which dietary patterns, particularly high-fat diets, can influence the func-
tional capacity of EECs and their potential involvement in metabolic dis-
eases such as obesity and type 2 diabetes. The interplay between diet, EEC
function, and the gut microbiome presents an exciting area for future
investigation, with implications for understanding the pathophysiology of
metabolic disorders and developing targeted therapeutic strategies. Given
the emerging role of the microbiome in mediating the effects of diet on EEC
function, it is essential to explore the direct interactions between gut
microbiota and EECs. As discussed in the next section, gut microbes not
only influence EEC hormone secretion but also modulate EEC morphology
and functionality, reinforcing the importance of microbiota in regulating
gut homeostasis.

Microbial influence on enteroendocrine cells and gut hormone
regulation

Building on the influence of diet on EEC function, it is crucial to consider the
direct interaction between gut microbiota and EECs. EECs, particularly L-
cells, not only respond to nutrients but also to luminal components,
including metabolites produced by gut microbiota, which are highly shaped
by the dietary composition™. These L-cells express various G protein-
coupled receptors (GPCRs), with receptor expression patterns differing
based on their anatomical location within the gut. L-cells in the proximal gut
are primarily responsive to nutrients, while those in the distal gut are more
likely to bind ligands produced or influenced by the gut microbiota®”.
However, metabolites such as short-chain fatty acids (SCFAs), which are
produced by gut microbiota during the fermentation of dietary fibres, have a
broader impact. SCFAs like acetate, propionate, and butyrate play a pivotal
role in modulating both local and systemic physiological processes. They
influence EECs through specific receptors, including free fatty acid receptors
(FFAR2, FFAR3, and FFARI1). These receptors are expressed not only in
distal gut L-cells but also in duodenal EECs. The activation of these receptors
triggers the secretion of key gut hormones such GLP-1 and GLP-2 and 5-
HT, which mediate important functions like bicarbonate secretion, pro-
tection of the mucosal lining from acid damage, motility, and visceral
sensitivity>”.

The influence of SCFAs on both local gut hormone release and broader
systemic signalling highlights the significant role of microbiota-derived
metabolites in regulating gut function, irrespective of the anatomical loca-
tion of receptor expression. For example, the release of GLP-2 in response to
FFAR1 and FFAR3 activation has been linked to enhanced mucosal defence
and absorption, while FFAR2 activation modulates gut function through
muscarinic and 5-HT4 receptor pathways, highlighting the complex sig-
nalling network involving both hormonal and neural components. Addi-
tionally, SCFAs contribute to the modulation of gut-brain communication
via afferent vagal and spinal nerve pathways, linking the gut luminal
environment to CNS. Thus, SCFAs and other fermentation products, by
influencing enteroendocrine cells and their receptors, play a central role in
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Table 2 | Overview of the findings on how EECs and secretory products are affected in different diseases

Disease Findings References

IBD GLP-1 + Chromogranin A 1, 5-HT EECs 1, PYY |, Serum ghrelin 1, EECs express IL-32,IL-32 1  83-86,154
Metabolic diseases OB: Ghrelin |, GLP-1 1 after specific diet. OB+DB2: GLP-1 |. DB2: CCK plasma |, GLP-1vary  81,82,86-88,91,92
Schizophrenia PPP3CA gene expression in EECs | 93,95

PD a-synuclein aggregation 1 in EEC cell line by bacteria, GLP-1 | after meal 97,99

Diseases of unregulated hormonal over-release Gastrin 1, 5-HT 1, ECL 1

80,81,155,156

EEC enteroendocrine cell, ECL enterochromaffin-like, CCK cholecystokinin, GLP glucagon-like peptide, PYY peptide YY, IL-32 Interleukin 32, 5-HT serotonin, OB Obesity, DB2 Diabetes type 2, IBD

Inflammatory bowel disease, PD Parkinson's disease.

maintaining gut homeostasis and contribute to the pathophysiology of
disorders like functional dyspepsia and irritable bowel syndrome (IBS).
Understanding these mechanisms could provide insights into therapeutic
strategies targeting the gut microbiome and its fermentation products to
modulate gut health and disease™.

Together, this highlights the essential role of the gut microbiome in
regulating EEC function, a relationship supported by various studies, par-
ticularly those using mouse models*”*”. Further expanding on this, research
by Torres-Fuentes et al. (2019) demonstrated how gut microbiota meta-
bolites, including SCFAs and lactate, can modulate GPCR signalling
through the ghrelin receptor (GHSR-1a), a key regulator of energy balance
and food intake®. Their findings suggest that microbiota-derived metabo-
lites can attenuate ghrelin-mediated signalling, providing a novel mechan-
ism for gut-brain communication with significant implications for
metabolic regulation and potential therapeutic strategies.

Another microbiota-derived metabolite is indole, which is exclusively
produced by gut bacteria from tryptophan. Chimerel et al. (2014) showed
that indole affects L-cells in two distinct ways: short-term exposure acutely
stimulate GLP-1 production by inhibiting K+ channels and altering the
action potential of L-cells, while long-term exposure inhibits mitochondrial
metabolism, leading to a reduced concentration of ATP in L-cells and
subsequent reduction in GLP-1 secretion™. Another example of microbiota-
driven modulation of EEC function is the study of Yano et al. (2015), who
found that spore-forming microbes from both healthy human and mouse
colon stimulate 5-HT production in enterochromaffin cells. This was
achieved by releasing metabolites that upregulate TPHI expression in
enterochromaffin cells, thus influencing 5-HT levels in both colonic and
bloodstream®’.

Several commensal gut bacteria have also been identified as influencers
of EEC function. Roseburia intestinalis, a butyrate-producing bacterium
prevalent in the colon, significantly increased PYY secretion in L-cells when
tested in a multicellular model®. Similarly, Bacteriodes thetaiotaomicron, a
bacterium that resides in the colonic mucus layer, plays a key role in
digesting dietary fibres and host glycans, and produces propionate, acetate
and succinate”. A study by Modasia et al. (2020) found that con-
ventionalizing germ free mice with B. thetaiotaomicron, and/or its produced
SCFA metabolites, significantly restored the EEC population to a compo-
sition similar to control groups® suggesting that metabolites from this
bacterium can influence the distribution and abundance of EECs within the
GI tract.

On the other hand, certain gut bacteria, such as Enterococcus faecalis,
can negatively affect EEC function. E. faecalis, known for its gelatinase
(GelE) secretion, alters the intestinal epithelial layer and degrade hormones
like GLP-1 and PYY, potentially impairing metabolic functions”. Though
direct effects of E. faecalis on EECs are still under investigation, its role in
intestinal inflammation and disruption of the epithelial barrier has been
demonstrated in mouse models””".

Akkermansia muciniphila, another gut bacterium associated with the
colonic mucus layer, is one of the species influenced by dietary changes. A.
muciniphila through its degradation of mucins, produces metabolites such
as propionate, acetate and SCFAs, which can activate the GPCRs on
L-cells™”. Yoon et al.” found that exposure of human L-cells and mice to A.
muciniphila increased GLP-1 production through the secretion of peptide

P9 by the bacterium”. The abundance of A. muciniphila is influenced by
diet, with its levels increasing in response to weight loss, anorexia, or dietary
fibre deprivation, and decreasing in high-fat diet models, such as those
observed in type 2 diabetes and obesity’>”*”. Everard et al.”® showed that
administering A. muciniphila to high-fat diet-induced mice, for four weeks,
reversed type 2 diabetes and obesity in high-fat diet in mice’®. In addition, A.
muciniphila has been shown to positively impact L-cell numbers, further
highlighting the connection between diet, microbiota, and gut
homeostasis’. Overall, these findings underscore the complex interplay
between diet, gut microbiota, and enteroendocrine cells, emphasizing how
dietary patterns shape both microbial composition and microbial metabo-
lites, which, in turn, modulate EEC functions and contribute to overall gut
homeostasis.

Enteroendocrine cells and disease

EECs play crucial roles as chemosensors and regulators of the GI home-
ostasis. Given their involvement in sensing luminal contents and secreting
hormones, EECs are increasingly recognized as contributors to the pro-
gression of various diseases, including IBD, IBS, metabolic diseases, neu-
rogenerative diseases, as well as diseases of unregulated hormonal over-
release like Zollinger-Ellison syndrome, a rare condition characterized by
unregulated overproduction of gastrin, a hormone that stimulates the
secretion of gastric acid”, and Carcinoid Syndrome, which is caused by
neuroendocrine tumours, usually in the small intestine, which overproduce
serotonin and other vasoactive substances®'. This section elaborates on the
impact of EECs in several (extra)-intestinal pathologies. An overview of
these findings can also be found in Table 2.

Inflammatory bowel disease and irritable bowel syndrome
Inflammatory bowel disease (IBD), encompassing Crohn’s disease (CD)
and ulcerative colitis (UC), is characterized by chronic inflammation of the
GI tract”. Emerging evidence suggests a role for EECs in the pathophy-
siology of IBD. Several studies have highlighted the connection between
EEC activity and IBD. For example, Moran et al. (2012) observed elevated
levels of GLP-1 and chromogranin A, a marker for total endocrine cells, in
intestinal tissues from CD patients, which they attributed to heightened EEC
activity”’. Similarly, El Salhy et al. reported significant changes in gut
hormone-expressing cells, with an increase in 5-HT-expressing cells in the
colonic tissue of both UC and CD patients, while PYY was significantly
reduced in CD patients™. These findings indicate dysregulation of EECs and
their secreted hormones in IBD.

Beyond hormonal alterations, immunological changes linked to EECs
have also been identified in IBD. Selleri et al. demonstrated in a human EEC
line that EECs can express pro-inflammatory cytokines such as IL-32 in
response to both physiological and pathological stimuli®. This observation
aligns with findings by Dinarello et al, who reported elevated IL-32
expression levels in various inflammatory diseases, including CD, and found
that IL-32 levels correlated with disease severity™.

ECs and their 5-HT signalling pathways may also play a pivotal role in
the pathogenesis of IBS, particularly in response to early life stress (ELS)"".
IBS is a common functional GI disorder, often classified as a disorder of gut-
brain interaction, though its precise pathophysiology remains unclear. ELS
is recognized as a major risk factor for the development of IBS, but the
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underlying molecular mechanisms are not fully understood. Emerging
evidence suggests that an imbalance in EC-derived 5-HT signalling may
contribute significantly to the development of ELS-induced IBS. In animal
models mimicking ELS, such as maternal separation, there was an expan-
sion of intestinal stem cells and their differentiation into secretory lineages,
including ECs™*. This led to EC hyperplasia, increased 5-HT production,
and visceral hypersensitivity, which are indicative of the pathogenesis of IBS.
ECs are also closely linked to factors like corticotropin-releasing hormone,
mast cells, nerve growth factor, bile acids, and SCFAs, all of which contribute
to the development of IBS”.

Metabolic diseases

Obesity is characterized by excessive fat accumulation, which is associated
with increased risks of conditions like type 2 diabetes and cardiovascular
disease”. Its prevalence is rising globally, with the WHO reporting that in
2022, one in eight people worldwide were affected”’. Excessive food intake is
considered one of the primary drivers of this obesity epidemic’>”. Given the
strong association between obesity and type 2 diabetes™, the two are dis-
cussed together in this section.

Gut hormones such as ghrelin, GLP-1, PYY and CCK regulate food
intake, insulin secretion and/or gastric emptying (Table 1). Disturbances in
the secretion of these hormones or the activity of EECs can impair these
processes, contributing to metabolic diseases such as obesity and type 2
diabetes. Ghrelin, for example, is known to stimulate appetite, with levels
rising before and falling after meals™. It is of particular interest in the
context of obesity to investigate whether this hormonal pathway is
disrupted. Marzullo et al. observed that ghrelin levels were sig-
nificantly lower in obese individuals compared to lean controls™.
This finding is counterintuitive, as elevated ghrelin levels typically
correlate with increased appetite. English et al. also found this dis-
crepancy, noting that while ghrelin levels were lower in the obese
group, no postprandial decrease was observed”. This suggests a
potential desensitization of ghrelin secretion in response to food
intake in obese individuals, possibly contributing to the chronic sti-
mulation of appetite despite lower levels.

Furthermore, Cummings et al. demonstrated that during diet-induced
weight loss, ghrelin plasma levels increased significantly, suggesting an
adaptive mechanism that limits weight loss. In contrast, after gastric bypass
surgery, ghrelin levels were significantly reduced, suggesting that this can be
due to diminished EEC contact with nutrients, thus suppressing ghrelin
production™. This reduction may contribute to the rapid weight loss seen
after such surgery.

Another hormone that is involved in regulating food intake is CCK,
which acts as a satiety signal. Several studies have linked polymorphisms in
CCK receptors to increased food intake and obesity, indicating an impact on
CCK-mediated satiety regulation”'”. Additionally, multiple studies have
found lower plasma CCK levels in individuals with diabetes compared to
non-diabetic controls'™"'".

GLP-1, which is critical for glucose homeostasis, stimulates insulin
production and inhibits glucagon production. Type 2 diabetes is primarily
characterized by insulin resistance and a progressive decline in insulin
secretion, leading to elevated blood glucose levels. Although clinical
responses to GLP-1 vary in type 2 diabetics'”’, GLP-1 receptor agonists are
used in the treatment of both obesity and type 2 diabetes'*'*”. Studies on
obesity, however, have shown variable changes in the number of GLP-1-
positive EECs. Aranias et al. found that high fat/low carbohydrate
diets in mice and severely obese humans increased the density of
GLP-1 positive EECs in the jejunum, suggesting that dietary patterns
influence EEC densities'”. Conversely, Osinski et al. reported a sig-
nificant decrease in GLP-1 positive cells in the jejunum of obese
individuals with type 2 diabetes compared to obese individuals
without diabetes'”’. Taken together, these findings indicate that the
functionality of EECs and their hormonal secretion plays a significant
role in metabolic processes, potentially leading to pathological states
when dysregulated.

Schizophrenia

Given that EECs use their neuropods to connect directly with enteric glial
cells (Fig. 1), facilitating signalling to the ENS and eventually the CNS, it is
plausible that they may play a role in neurological and psychiatric disorders.
A cross-tissue transcriptome-wide association study by Uellendahl-Werth
et al. (2022) identified susceptibility genes shared between IBD and schi-
zophrenia, which were expressed in both brain and intestinal tissues.
Among these genes, PPP3CA was predominantly expressed by EECs and
Paneth-like cells in the intestine and by neurons in the brain'**'””. PPP3CA
encodes for a part of calcineurin, a protein integral to the regulation of the
T-cell immune response. According to the authors, PPP3CA likely plays a
dual role in signal transduction; modulating immune responses in EECs and
contributing to neuronal signalling in the striatum'®. This aligns with
findings from other studies, such as Lin et al.'"’, who found that decreased
predicted PPP3CA expression correlated with an increased risk of devel-
oping schizophrenia'”. These findings underscore a potential role for EECs
in schizophrenia through the gut-brain axis, suggesting that disruptions in
EEC-associated signalling pathways could contribute to the pathophysiol-
ogy of the disease.

Parkinson’s disease

PD, a neurodegenerative disorder, may also involve a significant role for
EECs. A pathological hallmark of PD is Lewy bodies, which are formed by a-
synuclein misfolding and aggregation'". Chandra et al. identified that EECs
exhibit several neuron-like characteristics and form connections with
enteric nerves. They showed that a-synuclein is expressed in the STC-1 EEC
cell line, as well as in native EECs from both mouse and human intestines' .
Additionally, they observed that EECs containing a-synuclein are in direct
contact with a-synuclein-positive nerves, establishing a neural circuit
linking the gut and the nervous system. This connection suggests that
substances in the gut lumen, such as toxins and/or microbes and their
products in the gut lumen, may influence a-synuclein folding in EECs,
potentially initiating a pathway through which misfolded a-synuclein could
spread from the gut epithelium to the brain. Indeed, Amorim Neto et al.'”
demonstrated that A. muciniphila type strains could induce reactive oxygen
species (ROS) production and promote a-synuclein aggregation in an EEC
cell line, illustrating a potential bacterial role in PD pathogenesis. In a follow-
up study', Chandra et al. used mouse intestinal organoids expressing
human a-synuclein to study the transfer of a-synuclein from epithelial cells
to cocultured nodose neurons. In transgenic mice expressing human o-
synuclein in the intestine, a-synuclein fibril-templating activity, the process
by which misfolded a-synuclein proteins can induce other normally folded
a-synuclein proteins to adopt the same misfolded structure, was detected in
the intestine, vagus nerve, and dorsal motor nucleus, located in the brain
stem. When the authors restricted pathological a-synuclein expression to
intestinal epithelial cells in new transgenic mice, they observed fibril-
templating transfer to the vagus nerve and brainstem, while vagotomy
before a-synuclein induction protected the hindbrain. These findings
strongly suggest that EECs could be a non-neuronal source of fibrillar a-
synuclein. Nonetheless, a key question for future research is whether the
disease is mainly driven by the protein traveling from the gut to the brain, or
if it spreads the other way, from the brain back to the gut. Another important
unanswered question is whether a-synuclein released by EECs reaches the
brain by passing through the blood-brain barrier (BBB). Additionally, it is
still unclear how the transfer of molecules between cells happens. It could be
through general release and uptake, as reported in'"*'**, or through a more
specific process like tunnelling nanotubes, which have been observed in
neuron-to-neuron and glial cell connections but have not yet been studied in
gut-to-brain signaling'"*"'*.

Beyond a-synuclein, EECs secreted hormones such as GLP-1 may also
impact PD. GLP-1 is known for its role in glucose homeostasis but can also
cross the BBB and exert neuroprotective effects'”. Manfready et al.”* found
reduced GLP-1 secretion after food intake in PD patients compared to
controls'”, suggesting a potential link between GLP-1 dysregula-
tion and PD.
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To harness GLP-1’s neuroprotective properties, researchers have
developed receptor agonists that prolong its half-life. Clinical trials using
these agonists, originally developed for diabetes treatment, have shown
promising results for PD. Treated groups exhibited reduced motor disability
progression'”® or even improvement'**'”’ compared to controls. However, a
trial using NLYO1, a GLP-1 receptor agonist analogue capable of crossing
the BBB, did not show any improvement in PD symptoms'*. For an in-
depth overview, a recent review summarizes advancements in GLP-1
receptor agonists for PD treatment'”. These findings highlight a novel
avenue for PD treatment and suggest that EEC-derived secretory products
beyond GLP-1 may also influence disease progression.

Collectively, while emerging studies point to the potential roles of EECs
in the communication among the microbiome-gut-brain axis, the exact
mechanisms remain poorly understood. The complexity of molecular
processes, such as the ways in which EECs transfer molecules to the brain,
requires further investigation. This highlights the need for more detailed
research, including the development of appropriate models and methods to
confirm these findings in humans. Such studies are essential to clarify the
underlying mechanisms of gut-brain signalling and better understand the
contribution of EECs to neurodegenerative diseases and related conditions.

Current methods used to study enteroendocrine cells
EECs have been studied using a variety of tools and models, with ongoing
efforts to identify the most effective approaches. Researchers use techni-
ques such as mass spectrometry, radioimmunoassays (RIA), and short-
circuit current measurements across epithelial tissues to quantify hormone
secretion and study EEC function"**'"". Fluorescence Activated Cell Sorting
(FACS) is another powerful tool for identifying and quantifying specific
EEC subsets within mixed cell populations. By fluorescently labelling cells
with markers such as PYY or GLP-1, FACS can isolate and analyse these
subpopulations. It can also sort live, fluorescently labelled EECs derived
from transgenic mouse models, enabling further study of specific
subtypes'”'"'*. Imaging techniques, particularly fluorescent imaging, are
extensively used to visualize intracellular molecules such as calcium and
the expression of hormones like PYY and CCK. Imaging also provides
insights into the distribution of EEC subtypes within tissues and their
morphological changes in response to treatments. This section highlights
some of the commonly used methods and techniques in EEC research.

In vitro models

Several EEC cell lines, such as NCI-H716 (human), BON (human), STC-1
(mouse) and GLUTag (mouse), are widely used for EECs studies'”'. For
example, intestinal secretin tumour cells (STC-1) are derived from mouse
enteroendocrine tumours and secrete multiple gut hormones such as PYY,
GLP-1 and -2, CCK and GIP, making them valuable for investigating gut
hormone release'*. However, a study by Kuhre et al. compared GLUTag,
STC-1 and NCI-H716 cell lines with native L-cells and found that STC-1
and GLUTag cells produced more diverse peptides compared to NCI-H716.
However, NCI-H716 cells secreted higher amounts of the peptides they did
express. Despite this, all three cell lines exhibited limited resemblance to
natural L-cells in terms of hormone expression'”.

Another in vitro approach involves the use of primary cells isolated
directly from tissue. Reimann et al. pioneered the use of mixed primary
cultures from mouse intestinal epithelium for EEC studies, as FACS-sorted
single EECs were unable to survive in culture'”. Using transgenic mouse
models that expressed fluorescent protein on GLP-1—and PYY-secreting
EECs, researchers were able to apply advanced techniques such as electro-
physiology and calcium imaging to study these cells'*"'*. However, a major
limitation of primary cells is their short lifespan (a few days), necessitating
fresh tissue samples for every experiment'”".

Recently, organoid models of the GI tract have also been introduced as
an innovative tool for EEC research'. Organoids are 3D cell cultures
derived from stem cells that contain multiple cell types specific to the organ
and are capable of self-organization'”. Zeve et al. demonstrated a method
for differentiating EECs within duodenal and rectal organoids derived from

human intestinal stem cells. Upon stimulation with different small mole-
cules, these EECs secreted 5-HT, CCK, GLP-1, PYY, GIP and SST®. A key
advantage of organoids is their ability to undergo genetic modifications,
such as gene knockouts or insertions, which make them valuable for
studying specific diseases or mutations. However, a major drawback of using
cell lines and stem cell-derived models, including organoids, is their com-
plete naivety to the gut microbiome. This limitation poses significant
challenges for studies investigating interactions between the gut micro-
biome and EECs.

Ex vivo models

Intestinal tissue samples are widely used to study hormone secretion from
EECs through various ex vivo methods. One such approach is the use of
Ussing chambers. In this system, a piece of tissue is mounted in a chamber
that separates it into two halves. One side of the tissue is exposed to the apical
environment, while the other side is exposed to the basolateral environment.
This setup ensures that the solutions within the chamber are partitioned by
the tissue, allowing only substances that pass through the tissue to reach the
opposite side. Using this method, properties such as hormone secretion,
nutrient uptake and drug transport can be analysed by measuring changes in
the fluid contents or electrophysiological properties'*.

An advantage of Ussing chamber system is that it requires only a small
piece of tissue, making it acceptable for human studies, as samples can be
obtained during routine surgical procedures. However, a significant lim-
itation is the short viability of the tissue, which remains functional for only a
few hours, greatly limiting the experimental timeframe. The Dutch orga-
nization for applied scientific research (TNO) has developed an improved
alternative to the traditional Ussing chamber, known as the InNTESTine™
model'”. Key differences include horizontal tissue mounting, as opposed to
the vertical orientation in Ussing chamber, offering better environmental
control and potentially extending tissue viability.

In vivo models
Due to the before mentioned limitations in using different in vitro and
ex vivo models, in vivo models are still commonly used to study EECs. Over
the years, multiple studies have used a plethora of genetically altered mice to
study certain aspects of EECs. A recent study by Hayashi et al. combined
different reporter mouse lines to study in vivo responses of different EEC
subtypes to feeding and gut motility'*’, giving more insight into EEC
function, giving more insight in how versatile EECs are. Mellitzer et al. even
generated a knockout mouse line for intestinal neurogenin 3, which is a
proendocrine transcription factor responsible for the renewal of EECs,
meaning that these mice do not develop EECs. This resulted in high death
rates during the first week of life, and mice that did survive showed retarded
growth, impaired lipid absorption and altered glucose homeostasis'*'. This
shows how important EECs are for a healthy gut and even survival.
Besides mouse models, Drosophila and zebrafish have also been used
to study EECs. Zebrafish’s intestine resembles the mammalian small
intestine'*” and its quick development makes it an interesting model to
study the development of the ENS', besides EEC activity’®*. Drosophila
models have especially been used to study EEC molecular processes, an
example of this is the study by Gao et al., which used the Drosophila model
to examine how NPF/PYY modulates food intake'*. For an in-depth
overview, a recent review by Guo et al. compares the specification and
function of EECs in Drosophila and mammals'”. Caenorhabditis elegans
has also been used as a model for understanding EEC metabolic functions.
For example, Xia et al. showed that PARP-1 inhibition improved C. elegans
survival during hyperglycaemia and significantly enhanced GLP-1 pro-
duction in NCI-H716 cells, giving more insight into potential new treat-
ments for diabetes type 2'*“.

Concluding remarks and future perspectives

Over the years, our understanding of EECs and their role in human health
has significantly expanded. However, while much has been learned, con-
flicting results have emerged regarding their secreted products and their
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roles in diseases. Further research is essential to clarify their exact functions
and to explore their potential as biomarkers or therapeutic targets, as
exemplified above by GLP-1, -2 receptor agonists'**'**'**,

Integrating cutting-edge technologies and methodologies holds
immense promise for advancing EEC research. For example, coupling
single-cell RN A sequencing and proteomics can uncover the heterogeneity
within EEC populations, while metabolomics can provide insights into how
gut-derived metabolites interact with EECs to influence systemic health.
Advanced imaging techniques, such as 3D multiplex imaging'”, enable
spatially resolved analysis of EEC-microbiome interactions, shedding light
on how these cells communicate within their native environment. The role
of EECs in the neuro-enteric axis presents an exciting frontier, where the
bidirectional communication with ENS and the vagus nerve could shed light
on the mechanisms underlying neurodegenerative diseases, such as neu-
rodegenerative disease, as well as mood disorders. Additionally, studying
EEC contributions to metabolic regulation may reveal novel interventions
for obesity, type 2 diabetes, and related conditions, particularly through their
interactions with diet and microbiota-derived metabolites.

The interplay between EECs and the gut microbiome is another pro-
mising avenue. Investigating how microbial metabolites, beyond SCFAs,
affect EEC function and how EEC secretions influence microbiota com-
position could reveal key mechanisms that connect diet, microbiota, and
host physiology. Furthermore, the immune-modulatory roles of EECs in
gut-associated lymphoid tissue (GALT) offer opportunities to understand
their impact on inflammatory and autoimmune diseases™”.

Emerging technologies like CRISPR/Cas9 open possibilities for precise
genetic manipulation of EECs**"*', enabling studies on gene function and
therapeutic engineering. Longitudinal studies tracking how EEC profiles
evolve over time with aging, dietary changes, or disease progression could
also identify novel biomarkers for early detection and monitoring. These
insights may pave the way for personalized medicine approaches, tailoring
dietary or pharmacological interventions to optimize gut health and overall
well-being.

Altogether, the adage “You are what you eat” takes on new significance
when considering how metabolites and diet influence not only EEC com-
position and secretion but also the gut microbiome, which in turn impacts
EEC function®*"*. Combining these aspects will provide a holistic under-
standing of gut physiology and aid in the development of novel biomarkers
and therapies, especially those focused on dietary interventions and
microbiome engineering. Through the integration of these multidisciplinary
efforts, EEC research can address critical knowledge gaps, delivering
innovative strategies to tackle (external)-gut-related diseases while
emphasizing the central role of diet in health.
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