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Synthetic glucagon-like peptide-1 (GLP-1) analogues are effective anti-obesity and anti-
diabetes drugs. The beneficial actions of GLP-1 go far beyond insulin secretion and
appetite, and include cardiovascular benefits and possibly also beneficial effects in
neurodegenerative diseases. Considerable reserves of GLP-1 are stored in intestinal
endocrine cells that potentially might be mobilized by pharmacological means to improve
the body’s metabolic state. In recognition of this, the interest in understanding basic L-cell
physiology and the mechanisms controlling GLP-1 secretion, has increased considerably.
With a view to home in on what an L-cell is, we here present an overview of available data
on L-cell development, L-cell peptide expression profiles, peptide production and
secretory patterns of L-cells from different parts of the gut. We conclude that L-cells
differ markedly depending on their anatomical location, and that the traditional definition of
L-cells as a homogeneous population of cells that only produce GLP-1, GLP-2, glicentin
and oxyntomodulin is no longer tenable. We suggest to sub-classify L-cells based on their
differential peptide contents as well as their differential expression of nutrient sensors,
which ultimately determine the secretory responses to different stimuli. A second purpose
of this review is to describe and discuss the most frequently used experimental models for
functional L-cell studies, highlighting their benefits and limitations. We conclude that no
experimental model is perfect and that a comprehensive understanding must be built on
results from a combination of models.

Keywords: L-cell, GLP-1 - glucagon-like peptide-1, experimental - animal models, in vitro model, hormone
secretion, peptide expression
THE PHYSIOLOGICAL FUNCTION OF GLP-1 AND
PHARMACOLOGICAL UTILIZATION OF GLP-1

Glucagon-like peptide-1 (GLP-1) is an intestinally produced hormone secreted by the L-cell; it is
released in response to meal intake (1–3) and plays an important role in glucose homeostasis. GLP-1
lowers postprandial glucose levels by potentiating glucose-stimulated insulin secretion and by
inhibiting postprandial glucose absorption rate through delaying gastric emptying (2–4).
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In addition, GLP-1’s glucose lowering effects are further
amplified by a concurrent inhibition of glucagon secretion.
This is particularly important in subjects with type 2 diabetes,
as they often have inappropriately elevated levels of glucagon in
spite of hyperglycemia; the hyperglucagonemia, in turn has been
demonstrated to contribute importantly to the hyperglycemia
(5–10).

Accordingly, the glucoregulatory actions provide the peptide
with a considerable potential for the treatment of type 2 diabetes,
and GLP-1 based therapies have now been part of standard care
for its treatment for more than a decade (11). More recently,
because of the appetite inhibiting effects of GLP-1, GLP-1 based
therapies have been approved for treatment of obesity and
currently represent the most efficacious pharmacological
therapy for weight loss (12).

However, the native GLP-1 peptide is unsuitable as a drug, as
it is rapidly degraded upon secretion by the ubiquitous
proteolytic enzyme, dipeptidyl peptidase-4 (DPP-4), which
cleaves intact GLP-1 (7-36amide/7-37) into the truncated
metabolite, GLP-1 (9-36 amide/37) (1, 13–15). Therefore,
GLP-1 receptor (GLP-1R) targeting strategies are based on the
use of either DPP-4 inhibitors to prolong the half-life of the
endogenous GLP-1, or on GLP-1 receptor agonists (GLP-1RAs)
that are DPP-4 resistant per se and/or become DPP-4 resistant
when bound to a larger protein such as albumin (1, 13, 14).

In addition to the insulinotropic and appetite-inhibiting
actions, GLP-1 based therapies are also being investigated for
potential effects on Alzheimer’s disease (16), nonalcoholic
steatohepatitis (17), and cardiovascular risk. In particular
regarding cardiovascular risk, the evidence of beneficial effects
is strong, with several large outcome studies showing risk
reduction for cardiovascular death, nonfatal myocardial
infarction and nonfatal stroke (18–23). When combined, these
clinical data therefore suggest that the therapeutic use of GLP-1
based drugs may increase in the future. Accordingly, as the
source of endogenous GLP-1, the L-cell and its physiology take
on renewed significance.
WHAT IS AN L-CELL?

Morphological Definition of L-Cell
The classification of different enteroendocrine cells was originally
based on their electron microscopy characteristics and on their
hormone content by immunostaining (24, 25). Thus,
cholecystokinin (CCK)-containing cells were classified as I-cells
(26, 27) and GLP-1 as L-cells, whereas glucose-dependent
insulinotropic peptide (GIP) was designated as being produced
in K-cells and neurotensin (NT) in intestinal N-cells (28). In
addition, the intestinal mucosa was noted to harbor endocrine
cells that resembled the a-cells of the endocrine pancreas (29).
However, later research, using electron microscopy and
immunogold labeling, showed that, in contrast to a-cells, L-
cells (sometimes called enteroglucagon cells) have large dense
core granules which appear homogeneous, without the typical
Frontiers in Endocrinology | www.frontiersin.org 2
halo formation of the a-cell (30, 31). Like the majority of
enteroendocrine cells, L-cells are open-type endocrine cell and
have a cone-shaped appearance, with the base resting on the
basal lamina of the intestinal epithelial lining. Microvilli protrude
from the apical projections into the intestinal lumen, and
hormone-containing granules are situated on the basolateral
side facing the capillaries (32). A representative image of the L-
cell morphology is provided in Figure 1.

Which Peptide Are Present in L-Cells?
L-cells are mainly classified by their production of the hormone
precursor, proglucagon – a 160 amino acid pro-peptide encoded
by the proglucagon gene (33), located on chromosome 37, 2q36
(2). After translation, proglucagon undergoes tissue-specific
processing through site-specific cleavage by prohormone
convertase 1/3 (intestine and brain) or prohormone convertase
2 (pancreatic islets), cleaving at different sites to yield glicentin,
GLP-1 and GLP-2 in the intestine and brain and glicentin-related
pancreatic polypeptide (GRPP), glucagon and major
proglucagon fragment in a-cells (34, 35) (Figure 2). In the
intestine, further enzymatic activity cleaves part of the glicentin
(about a third) into oxyntomodulin and GRPP (36, 37). In
addition to these major L-cell and a-cell products, N-
terminally elongated glucagon (glucagon 1-61) has been
detected in human plasma (38).

In addition to the proglucagon-derived peptides,
immunohistochemical studies revealed that L-cells also co-
express PYY (peptide YY) in distal (ileal and colonic), but not
proximal, L-cells (31, 39–41), and that a smaller sub-population
of (the very few) duodenal L-cells may co-express GIP (31, 42–
45). Newer research, based on cell sorting of murine cells
expressing fluorescent markers under the control of the
promotor coding for either CCK (46), GIP or GLP-1 (47, 48)
have challenged the one hormone-one cell type dogma further.
Such studies have provided evidence that enteroendocrine cells
often express a broader repertoire of gut hormone genes than
was appreciated earlier (49). This is particularly the case for L-
cells from upper part of the small intestine, which, in the mouse,
also express mRNA transcripts for CCK, GIP, NT and secretin
(46, 48) in addition to proglucagon. However, the extent to
which these transcripts are actually processed to mature peptides
varies considerably. Thus, further immunohistochemical
characterization showed that, for example, CCK was detected
in all proximal L-cells, whereas GIP was only detected in only
15% of the proglucagon positive cells (48). And in spite of this,
CCK and GLP-1 are not secreted in parallel from the upper gut
(39). By comparison, L-cells from the distal small intestine and
from the colon showed a more restricted repertoire of
prohormone mRNAs, expressing mainly Gcg, Cck and Pyy, and
with about 40 and 10% of GLP-1 positive cells also staining for
PYY and GIP, respectively. Neither CCK nor GIP are secreted to
any appreciable extent from the colon, however. Detailed gene
profiling (48, 50) revealed that duodenal L-cells have more
similarity to duodenal K-cells than they have to ileal and
colonic L-cells, while the latter are more similar to each other
than to the duodenal L-cells (48, 50). In comparison to the mouse,
June 2021 | Volume 12 | Article 694284
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GLP-1/GIP co-localization is rare in the rat, while PYY tends to
be present in more L-cells throughout the intestine, with CCK
being restricted to the upper intestine (39). Further studies on
isolated perfused intestinal segments from the upper or lower
half of the small intestine showed that these differences in co-
localization translate into differences in secretory profiles, with
L-cells from the proximal small intestine secreting GLP-1,
whereas L-cells from the distal half secrete both GLP-1 and
PYY (39). It, therefore, appears that in both rats and mice, at least
two sub-populations of L-cells exist in the small intestine.
Interestingly, transcriptome analysis of fluorescence-activated
cell sorted (FACS) human enteroendocrine cells recently
showed that the expression patterns of mRNA precursors for
gut peptides down the human intestine largely match the pattern
found in mice (51).
Frontiers in Endocrinology | www.frontiersin.org 3
Distribution of the L-Cells Along
the Intestine
The distribution of L-cells in the intestine has been assessed in
immunohistochemical studies, showing that L-cell density
(number of L-cells/mucosal area) in mice, pig and humans is
low in the upper small intestine and increases down the length of
the intestine to the rectum (28, 31, 42, 43, 52–54). However, such
studies are laborious and, therefore, usually rely on examining
sections of tissue that only cover a small fraction of the overall
area and length of the intestinal mucosa. Even for small animals
like the mouse, the studies usually include small specimens from
selected anatomical regions (e.g. duodenum, jejunum ileum and
colon), providing limited coverage of the entire intestine.
Immunohistochemical analyses are, by default, two-
dimensional and do not routinely take into account the
June 2021 | Volume 12 | Article 694284
FIGURE 1 | L-cells in non-human primate colon (Cynomolgus macaque). L-cells were identified based on proglucagon immunoreactivity (green). In upper panel two
L-cells are shown. Lower panels shows a close-up of the L-cell in the upper panel (indicated by arrow). At the highest magnification, the individual GLP-1 granules
are visible. Cell outlines are labelled by e-cadherin (red) and nuclei are stained with DAPI (grey). Cynomolgus necropsy and tissue collection was conducted at
Charles River Laboratories, Montreal, Canada, according to regulations specified under the Protection of Animals Act by the Authority in the European Union
(directive 2010/63/EU). Tissue samples were stained with antibodies against proglucagon (rabbit-anti-glucagon,Glu001, NovoNordisk A/S) and ecadherin (610182,
BD Transduction Laboratories) detected with Cy3 and Cy5 conjugated secondary antibodies raised in donkey (Jackson ImmunoReserach) with DAPI nuclear
contrast agent. The tissue section was imaged on a Leica TCS SP8 laser scanning confocal microscope with 10x/0.40 and 63x/1.30 objectives.
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difference in villus surface (the third dimension), which varies
considerably down the intestine. Moreover, various methods of
tissue preparation, antigen retrieval and specificity of the
employed antibody may all confound interpretation of the
results. As such, immunohistochemical studies are not ideal for
quantitative assessment of L-cell density/total L-cell number
down the gut. To overcome some of the limitations of
immunohistochemical studies with regards to the third
dimension (villus size), other studies have characterized the
concentration of extractable GLP-1 in different parts of the
intestine in mice, rats and pigs rather than detailing L-cell
density. These studies showed that in mouse intestine, GLP-1
concentrations increased gradually from the duodenum
towards the distal colon, in agreement with previous
immunohistochemical studies. In rats and pigs, however, a
different pattern was seen. In rats, GLP-1 concentrations
peaked in the distal ileum and proximal colon, with no
significant differences between jejunum, caecum and distal
colon, whereas for the pig, concentrations were similar from
the distal ileum to the distal colon, but below the detection limit
in the duodenum and jejunum (pig) (55). However, despite
having overcome the limitation with regards to the third
dimension, this extraction study (55) is still limited by being
based on the analysis of relatively few tissue samples covering a
small fraction of the total gut mucosa, while differences in
segmental length were also not taken into account. A more
true and fair assessment of total L-cell distribution may be gained
from two other studies. In one, L-cell numbers were directly
quantified by mathematically unbiased stereology throughout
the entire rat small intestine, while in the second, segmental
GLP-1 content from the upper jejunum to the rectum in humans
was calculated by combining published information on L-cell
densities (31, 56–58) with data on respective segmental weights
(59). By these approaches, the study in rats showed that L-cells
were distributed rather evenly throughout jejunum, ileum and
colon (52), whereas total GLP-1 concentrations in humans were
Frontiers in Endocrinology | www.frontiersin.org 4
found to be 3-5 times higher in jejunum and ileum compared to
colon and rectum (60). Therefore, although L-cell density may be
highest in colon, the significant higher surface area in the small
intestine means that the upper small intestine have significant L-cell
numbers despite relative low density.

L-Cell Differentiation Pathway and
Regulation of Proglucagon Production
All epithelial cells in the intestine, including the L-cells, originate
from a single type of intestinal stem cell positioned in the bottom
of the crypt. These Lgr5+ (leucine-rich repeat-containing G-
protein coupled receptor 5)-expressing stem cells (61) are guided
by paracrine factors from neighboring Paneth cells to enter the
fast-dividing pool of non-specified progenitors (transit-
amplifying cells). Further development of secretory cells is then
initiated through inhibition of Notch signaling followed by
expression of Atoh1, as reviewed elsewhere (61). Already in
the crypt, some of these cells differentiate into L-cells, guided by a
number of transcription factors (62). Neurogenin 3 induces
endocrine specialization (63), while NeuroD1 (64), Arx and
Rfx6 direct the specific L-cell development (65). Several other
homeodomain proteins (such as Isl1, Cdx-1 and Pax6) have been
found to promote Gcg expression by interacting with motifs of
the gcg promoter elements and, theoretically, can drive the L-cell
specification, but this role was confirmed in vivo for only a few of
them (as reviewed elsewhere) (66). Apparently, effectors of the
Wnt pathway (which are provided by Paneth cells in the crypt)
also have positive effect on Gcg expression (67).

Preproglucagon expression increases as the cell “travels” from
the bottom of the crypt up to the villus, and, as mentioned above,
the cell’s hormone profile changes, possibly influenced by
mediator gradients secreted by neighboring cells, which trigger
the expression of other hormones. For studies of these events, an
appropriate in vitromodel and a suitable L-cell identifier such as
expression of a fluorescent protein are essential to enable analysis
of the transitions (65, 68, 69).
FIGURE 2 | Products of proglucagon processing in L-cells and a-cells. GRPP, glicentin-related pancreatic polypeptide; and IP, intervening peptide.
June 2021 | Volume 12 | Article 694284
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From a therapeutic point of view, these guiding cues may
potentially be exploited to increase the number of functional L-
cells pharmacologically in order to increase the total GLP-1 pool,
and indeed, pharmacological inhibition of Notch or ROCK
(Rho-associated coiled-coil-containing protein kinases 1 and 2)
signaling in mice and human intestinal organoids has been
shown to increase the L-cell number several fold with a
corresponding increase in GLP-1 secretion (70). Application of
short chain fatty acids (SCFAs), certain bile acids or GPBAR1
agonist may also increase the number of L-cells in vitro and in
vivo in mice (71). Even more impressive results can be achieved
in vitro using a combination of Notch, Wnt and MEK inhibitors
(72). However, although these preclinical studies are
encouraging, the safety and effectiveness of these methods for
increasing the GLP-1 pool have not yet been investigated
sufficiently for human trials.

In their natural environment, L-cell numbers could be
regulated by feed-forward “on demand” signaling [72],
presumably to cope with increasing caloric load. This is
supported by reported observations of increased numbers of L-
cells in individuals living with obesity and in obese rodents (73,
74). However, other studies reported reduced numbers of L-cells
and their functional markers in response to short term high fat
diet (up to two weeks) in mice (75) and in zebrafish (76).
Consistent with the latter observation, most studies have found
secretion of L-cell products to be characteristically decreased in
individuals living with obesity (77, 78). Thus, the time span and
capacity for L-cell adaptation requires further study. Bariatric
surgery is another condition that may alter L-cells numbers. In
rodents, bariatric surgery (Roux-en-Y gastric bypass) was
associated with a doubling of proglucagon expression and L-
cell numbers in the region of the gut that was exposed to
nutrients. L-cell density was, however, not different. Rather, the
increases were found to be driven by mucosal hypertrophy (79).
In humans, L-cells numbers also increased after RYGB (again in
the part of the intestine still exposed to nutrients), and in this
case L-cell density was also increased (80). Whether the
increased L-cell numbers in the parts of the intestine still in
continuity represent an increase compared to preoperative
numbers (before the upper part of the small intestine was
excluded and underwent atrophy) warrants further
investigation. Moreover, the underlying signals mediating the
increases in L-cells after bariatric surgery also needs to
be clarified.

Cytokines, in particular IL6, have also been reported to
increase the number of L-cells and GLP-1 production (81)
[although IL-6 does not appear to potentiate meal-stimulated
GLP-1 secretion in humans (82)]. This may potentially be a
compensatory response to provide protection against intestinal
damage and stress, given that several peptides secreted by L-cells
play an important role in intestinal growth and regeneration.
These include GLP-1 itself (83, 84) and its sister peptide, GLP-2,
which is co-secreted with GLP-1. GLP-2 has powerful
intestinotrophic activity in mice (85, 86) and rats (86–88)
when administered in pharmacological doses, leading to
expansion of the intestinal mucosal area and increased nutrient
Frontiers in Endocrinology | www.frontiersin.org 5
absorption, which is seen in both healthy animals (89) and in
different rodent models of intestinal injury (90–92), including
rats with surgical gut resections that mimic short bowel
syndrome (93). These effects of pharmacological doses of GLP-
2 are also present in humans and have been exploited for
therapeutic use in patients with short bowel syndrome (94).
Subsequent studies showed that once daily administration of
teduglutide [a DPP-4 resistant form of GLP-2, h[Gly2]-GLP-2)
(87)] resulted in increased intestinal fluid reabsorption and
nutrient absorption, and led to a reduction in the requirement
for parenteral support (95). Teduglutide was approved for
chronic treatment of patients with severe (parenteral-nutrition-
dependent) short bowel syndrome in the US in 2012 (96). While
both GLP-1 and GLP-1 are involved in intestinal healing and
repair (83, 84), it is still debated whether these hormones are
crucially important for normal intestinal growth and
adaptation (97).

L-cell hormone expression patterns and function seem to vary,
not only as a function of the anatomical location of the cells in
the intestine, but are likely also to be influenced by their state of
maturation. In this context, it is worth considering that the
turnover time of enteroendocrine cells is short in comparison to
other endocrine cell types and in mice, for example, is about 10
days (98). L-cells are no exception to this general pattern, and
appear to be fully renewed within 7 days (in mice) (99), meaning
that at any given time, considerable numbers of L-cells are in
different stages of maturation. A number of studies have
investigated, in detail, the association and causality between
certain transcription factors and translation of those into the
expression of specific hormones that are produced at unique
times during the L-cell’s life span (63–65). Secretin was described
as being present in early L-cells (100), while neurotensin and
PYY appeared in mature L-cells, as indicated by the presence of
these hormones higher up along the crypt-villus axis (47). As
discussed above, the extent to which these different non-
proglucagon hormone precursor RNAs are translated into
functional peptides, however, warrants further investigation
and, more importantly, the quantitative importance of L-cell
derived “non-L-cell peptides” for total circulating concentrations
remains to be clarified.
STIMULATION OF GLP-1 SECRETION AS
A THERAPY FOR OBESITY AND
TYPE 2 DIABETES

The Sensory Machinery of L-Cells
GLP-1 is a classical postprandial hormone and diurnal dynamics
of plasma GLP-1 concentrations thus follow meal intake patterns
(101, 102). The tight coupling between meal intake and GLP-1
secretion is, at least partially, driven by direct nutrient sensing of
L-cells during the phase of nutrient absorption. Over the last two
decades, considerable effort has been invested into uncovering
the molecular sensors involved, and important nutrient sensors
(different G-protein coupled receptors and molecular
June 2021 | Volume 12 | Article 694284
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transporters) expressed by the L-cells have now been described.
It has long been assumed based on the morphological
appearance, that the apical microvilli of the L-cells that
protrude into the intestinal lumen are somehow capable of
directly sensing the nutrients in the luminal content (31) to
induce postprandial GLP-1 secretion. However, it was not until
the development of the three GLP-1 secreting cell lines GLUTag,
NCI-H716 and STC-1 in the 1990s (discussed later) (103–106)
that the molecular and cellular mechanisms of nutrient-
stimulated secretion began to be unraveled. A comprehensive
detailing of these sensors is outside the scope of the current
review, but excellent reviews can be found elsewhere (107, 108).
In short, the L-cell senses nutrients via a number of nutrient-
specific mechanisms that span from substrate uptake via
electrogenic transporters to various G-protein coupled
receptors linked to different effector proteins (Gq and Gas).

Briefly, some nutrients, such as glucose and di-/tri-peptides,
induce GLP-1 secretion through electrogenic effects and
membrane depolarization (109–114), whereas lipids are
thought to stimulate secretion by activation of various G-
protein-coupled receptors, depending on their length. As
shown in vitro, SCFAs stimulate GLP-1 secretion via activation
of FFAR2 and FFAR3 (115–117) or via events secondary to intra-
cellular metabolism (isolated perfused rat colon) (117), but only
appear to do so in concert with cAMP generation by other
factors. In humans, neither fermentation nor direct intracolonic
application of SCFAs cause measurable increases in circulating
GLP-1 (118–121), although PYY was found increased in two of
the studies (120, 121). Long chain fatty acids may stimulate
secretion via activation of FFAR1 (117, 122) although this is not
easy to demonstrate in humans. Monoacyl glycerols (MAGs)
however appear to stimulate secretion via activation of GPR119
(123), and bacterial metabolites such as indole (124), a
metabolite produced from tryptophan, and S-equol (125), and
prebiotics (126, 127) also appear to stimulate GLP-1 release.
Furthermore, bile acids stimulate secretion of GLP-1 by
activation of TGR5 receptors (128–132). However, as discussed
next, the secretory responses of L-cells to these different
secretagogues are not uniform, and the magnitude of the
response appears to be largely related to their location in the gut.

L-Cell Responses and Their Nutrient
Exposure in Different Parts
of the Intestine
Interestingly, L-cell characteristics vary along the intestine, not
only with respect to co-expression of non-proglucagon derived
peptides, but also with respect to the secretory responses elicited
by different stimuli. Thus, duodenal and jejunal L-cells are
considered generally to be more nutrient-responsive than L-
cells in the colon, and they are thought to be responsible for the
immediate GLP-1 response to nutrient intake that occurs within
10 min after food ingestion (101, 102). As such, the amplifying
effect of GLP-1 on insulin secretion (peaking 15-30 min after
food ingestion) would be expected to be mediated by GLP-1
predominantly secreted from the proximal intestine.
Nevertheless, comparison of plasma GLP-1 responses to
Frontiers in Endocrinology | www.frontiersin.org 6
isocaloric glucose infusion into either the duodenum or the
jejunum shows that the GLP-1 secretory capacity of the small
intestine and its insulinotropic action increases in the distal
direction (133). Importantly, GLP-1 responses to nutrients were
similar from isolated perfused segments of the upper or lower
small intestine of rats (whereas PYY was only secreted from the
lower segment) (39). Furthermore, it was observed that GLP-1
secretion correlated tightly with the glucose absorption
rate (134).

With regards to postprandial GLP-1 secretion, it is important
to mention that only the L-cells in the small intestine are likely to
be directly stimulated by meal intake, in spite of the many L-cells
found in the colon. This is related to the fact that most macro-
nutrients are absorbed in the proximal small intestine so that the
colonic L-cells are not exposed to direct nutrient stimulation
from the lumen. Instead colonic L-cells may be exposed to
significant amounts of secondary bile acids, SCFAs and other
microbial metabolites which can stimulate or modulate colonic
GLP-1 secretion, albeit with a considerable delay compared to
the initial intake of food. This variation in direct exposure
appears to resonate into differential expression of nutrient
sensors and secretory responses between L-cells in the small
intestine and colonic L-cells. For instance, studies on perfused
intestine preparations have shown that while glucose is a
powerful stimulator of GLP-1 secretion in the small intestinal
segment, colonic GLP-1 secretion is stimulated to only a small
extent by glucose but is, instead, robustly stimulated by bile acids
(109, 130, 134). Thus, it would be logical to propose that colonic
L-cells rather function as sensors for microbiota products rather
than sensors of the main macronutrients. As mentioned above it
is also important to realize that any response from the colonic
cells would be much delayed or unrelated in time to nutrient
intake. The range and amounts of microbial metabolites reflect
the diversity of the microbial community, which also shows
associations with metabolic diseases and dietary intake (135)
and, thus, metabolic state of the host. As the microbial
community and its metabolites are unlikely to change acutely
after a nutrient intake, the colonic L-cells are presented
with less fluctuation in levels of stimulants, and GLP-1 release
from this anatomical region is, therefore, likely to be
more steady.

Therapeutic Potential of Stimulation of
Endogenous GLP-1 Secretion
The use of GLP-1 receptor agonists and the DPP-4 inhibitors
have clearly demonstrated that targeting the GLP-1 axis has a
great therapeutic value for T2D and obesity treatment (13, 136,
137). However, it could be speculated that a similar effect could
be brought about by pharmacological stimulation of L-cell
secretion (particularly if used in combination with a DPP-4
inhibitor to prevent the subsequent degradation of GLP-1).
This approach could potentially be particularly effective, since
stimulation of L-cell secretion will not only release GLP-1, but
also, as mentioned, other anorectic peptides (neurotensin,
peptide-YY, oxyntomodulin) which may be co-stored and co-
released with GLP-1 (28, 46, 48).
June 2021 | Volume 12 | Article 694284
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For stimulation of endogenous L-cell secretion for therapeutic
purposes it is necessary that a sufficient pool of GLP-1 is
available for pharmacological targeting. Indeed, the existence
of such a reserve pool is supported by both pre-clinical and
clinical studies. In vitro secretion studies of primary mucosal
mouse cultures have, for instance, shown that the amount of
GLP-1 secreted over a 2 hour period of glucose stimulation
results in a drop of only 4-10% of the total GLP-1 content (73).
Similarly, in our own laboratory, we have never been able to
deplete GLP-1 stores from isolated perfused rodent intestines,
even after prolonged, repeated stimulation using powerful GLP-1
secretagogues [e.g. glucose and bile acids (109, 129)].
Collectively, therefore, these studies suggest that the
diminished GLP-1 responses observed in individuals living
with obesity (77, 78) are unlikely to be due to depleted stores.
This is consistent with human studies showing that greatly
enhanced GLP-1 secretion can elicited by increasing nutrient
delivery rate to the small intestine by e.g. nutrient instillation via
intestinal intubation or in conditions with an accelerated gastric
emptying, such as vagotomy with pyloroplasty, gastrectomies or
after bariatric surgery, which may augment responses up to 30-
fold (138–145).

These findings have led to several attempts to stimulate the
secretion of endogenous GLP-1 as an alternative to using
exogenous administration of GLP-1 analogues. For instance, an
orally available, potent, and selective partial-agonist of FFAR1
(TAK-875, or fasiglifam) reached phase three of clinical
development (146) [but was terminated after concerns
regarding liver safety (147)] and orally available and potent
agonists of the bile acid-sensitive receptor TGR5 have also
been developed (132).
HOW TO BEST STUDY THE SECRETION
OF GLP-1?

Mechanistic studies of GLP-1 secretion rely on human studies, in
vivo studies in animals and in vitro models (cell lines, primary
epithelial cultures, isolated perfused intestine, etc.). As described
in the following sections, the different models have their benefits
and limitations (also summarized in Table 1). Therefore, to
increase mechanistic depth and potentially provide human
relevance application of more than one model is appropriate.

Studies in Humans
Studies in humans are the only way to provide definitive
experimental answers on human physiology. Indeed, the
experiments that confirmed the existence of the incretin effect
were based on studies carried out in humans (148, 149). Since
then, studies in humans have contributed indisputably to the
general understanding of L-cell physiology, and have been
instrumental in deciphering the stimuli that causes GLP-1
secretion in humans (2, 3), and the extent to which each
macronutrient evokes GLP-1 secretion (139). Studies
involving procedures more invasive than the simple ingestion
Frontiers in Endocrinology | www.frontiersin.org
 7
TABLE 1 | Frequently used models to study L-cell secretion.

Studies on humans

Advantages:
- Human relevance.
- Physiologically relevant.
- Large plasma volumes can be obtained, enabling quantification of multiple
hormones/molecules.
- Hormone assays are mostly readily available.
- Confounding stress-induced effects play less of a role.
- No anaesthesia required.
- Allow high temporal resolution.
Limitations:
- Minimal experimental control.
- Intracellular L-cell signalling cannot directly be investigated.
- Expensive.
- Time consuming (need for ethical approval and study organization).
- Inter-individual variation may be considerable, causing need for high group
numbers to obtain statistical power.
- Degradation and clearance of peptides may lead to underestimation of
hormone secretion.
In vivo animal studies
Advantages:
- Physiologically relevant.
- Allow post-mortem studies on tissue (e.g. gene expression, protein content,
histology).
- Less stringent ethical regulations than in human studies with regards to
pharmacological compound use.
- More experimental control than studies in humans.
- Allow relatively quick and inexpensive genetic modification
Limitations
- Limited experimental control (although more control than in human studies).
- Confounding factors (e.g. stress-responses) may influence results.
- Intracellular L-cell signalling cannot directly be investigated.
- Considerable inter-animal variation requires high group numbers to obtain
statistical power.
- Strain and housing conditions may profoundly affect results: results are not
always reproducible between laboratories.
- Low volume plasma samples in mice limits time-resolution and number of
molecules that can be quantified.
- Suitable assays may not always be available.
- Degradation and clearance of peptides may lead to underestimation of
hormone secretion.
- Long term studies and studies on genetic modified animals are relatively
expensive.
Immortalized L-cell cell-lines
Advantages:
- Direct L-cell sensing and secretion can be studied.
- High throughput.
- Inexpensive and easy to maintain.
- Intracellular signalling (e.g. calcium dynamics) can be studied.
- Allow for quick and inexpensive gene editing
- High concentration range for compound testing
- Large sample volume yield.
- High degree of standardization and low experiment-to-experiment variation.
Limitations:
- Low physiological relevance.
- Not identical to native L-cells in all aspects.
- Cells are non-polarized and lack influence from enteric nerves and paracrine
signalling.
- Stimulation through physiological route (lumen or vasculature) is not possible.
- Hormone output is often insufficient to allow dynamic incubations (perifusion
studies).
- Accumulation of secreted products and metabolites may influence the results.

(Continued)
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of a certain nutrient(s) can also be performed in humans.
For instance, infusion of the GLP-1R antagonist Exendin-9
has been used to investigate the relative importance of GLP-1
secretion on postprandial gastric emptying rate, - glucose
absorption and -glucose excursions (150), and the role of
exaggerated GLP-1 secretion for improved b-cell function and
glucose tolerance after Roux-en-Y gastric bypass (151). They
have also shown that the incretin effect is reduced in humans
living with type-2-diabetes (152), and that this is due to loss of
GIP’s (153, 154), but not GLP-1’s, insulinotropic activity (155–
157). This is a significant discovery that shaped the direction of
further incretin research. However, as important human studies
are for generating data on human physiology, they have obvious
limitations with respect to the level of control (invasiveness) that
can ethically be justified and detailed mechanistic aspects of L-
cell physiology and L-cell secretion therefore has to rely on
other experimental models. Intracellular L-cell signaling can, for
instance, not be investigated in vivo and direct stimulation of
the vascular side of the gut (through the mesenteric artery) is
not ethically justifiable. Naturally occurring mutations can, to
some extent, be useful for studying the effect of a certain
receptor, sensor, enzyme, etc. on L-cell secretion, and have,
for instance been used to elucidate molecular mechanisms
involved in the appetite and weight reducing effects of GLP-1
based treatment in a certain patient population (158). However,
only a few individuals carry mutations in the target of interest,
TABLE 1 | Continued

Studies on humans

Primary mucosal cultures

Advantages:
- Direct L-cell sensing and intracellular signalling can be studied.
- Gene editing (e.g. by siRNA) is limited.
- L-cells presumably resemble native L-cells to a larger extend than L-cell cell
lines.
- Inexpensive.
- Relatively high throughput.
- Applicable for studies on human tissue.
- Applicable for studies on GMO.
- High degree of standardization and low experiment-to-experiment variation.
- High concentration range of test compounds can be applied.

Limitations:
- Low physiological relevance
- Duodenal and jejunal mucosa is challenging to maintain in culture.
- Cells are non-polarized and without influence from enteric nerves and paracrine
signalling.
- Stimulation through physiological route (lumen or vasculature) is not possible.
- Hormone output is often insufficient to allow dynamic incubations (perifusion
studies).
- Accumulation of secreted products and metabolites may influence the results.
- Experiments are done on fragile mucosal preparations susceptible to apoptosis.
Gut tissue specimens

Advantages:
- Studies are done on fresh tissue: Less changes in L-cell physiology.
- L-cells maintain their polarization and are integrated into the epithelial lining.
- High sample volume.
- Applicable for studies on human tissue.
- Applicable for studies on genetic modified animals.
- L-cells resemble native L-cells to a larger extend than L-cell cell lines.
- High concentration range of test compounds can be applied.

Limitations:
- Low physiological relevance.
- Specimens have a short survival time and ensuring adequate oxygen supply to
crypt cells may be a challenge.
- Hormone output is often insufficient to allow dynamic incubations (perifusion
studies).
- Accumulation of secreted products and metabolites may influence the results.
- Stimulation through physiological route (lumen or vasculature) is not possible.
- The extent to which enteric nervous signalling is maintained is uncertain.
Organoids
Advantages:
- Allow gene editing.
- Real time L-cell monitoring.
- Investigation of intracellular L-cell signalling.
- Maintain cell renewal, epithelial lining integrity and paracrine signalling.
- Allows for studies on polarized monolayers and 3D structure.
- High concentration range of test compounds can be applied.
Limitations:
- Do not fully mimic the intestinal environment, resident cells and blood vessels.
- Do not form complete villus compartment.
- L-cell responsiveness may be affected by cell culture conditions.
Ussing chambers

Advantages:
- Studies are done on fresh tissue and native L-cells.
- L-cells maintain their polarization and are connected to the same cells as they
were in vivo.
- Applicable for studies on human tissue.
- Tissue can be stimulated from the physiological relevant route (apical side or
basolateral side).
- Applicable for studies on genetic modified animals.
- High concentration range of test compounds can be applied.

(Continued)
TABLE 1 | Continued

Studies on humans

Limitations:
- Tissue do not survive well in chambers: relatively short time window for doing
experiments.
- Human specimens may be difficult to obtain.
- The extent to which enteric nervous signalling is maintained is uncertain.
- Hormone output is often insufficient to allow dynamic incubations or perifusion
studies.
- Accumulated secretion products may influence the results.
- Gene editing is not possible.
- Not suitable for investigation of intracellular L-cell signalling.
Isolated perfused intestines
Advantages:
- High degree of physiological relevance and anticipated translation to in vivo.
- Studies are done on fresh tissue: no significant changes in L-cells.
- L-cells maintain their polarization and are connected to the same cells as they
were vivo.
- Allow for stimulation via the physiological relevant route (lumen or vasculature).
- Allow for constant perfusion at a physiological flow rate.
- Secretion can be studied at a high time resolution (down to second intervals).
- Absorption of nutrients can be directly be investigated.
- Large sample volume yield.
- Enteric nerve signalling and peristaltic movements are largely preserved.
- Applicable for studies on genetic modified animals.
- High concentration range of test compounds can be applied.
Limitations:
- Requires a certain level of surgical skills.
- Relatively expensive.
- Laborious and not applicable for screening purposes.
- siRNA mediated knock down of target genes is not readily possible.
- Relatively short time window for doing experiments (usually up to four hours).
- Not suitable for investigation of intracellular L-cell signalling.
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and results from such experiments are more difficult to
interpret, as the magnitude of any change of function
resulting from naturally occurring mutations varies. Studies
carried out in humans have obvious advantages over rodent
studies, in that the risk of any species differences confounding
interpretation of results is eliminated, and that relatively large
plasma samples can be obtained, allowing several hormones/
molecules to quantified in the same sample. However, human
studies are expensive and time-consuming, and usually run over
several years.

In Vivo Animal Studies
Animal models, particularly mice and rats, are commonly used for
studying aspects of L-cell physiology, where clinical studies have
limitations. Onemajor benefit of using mice as study animals is that
there are endless opportunities for genetic modification (including
single nucleotide editing), allowing assessment of the impact of
specific target genes on GLP-1 secretion. Countless gene knockout
and knock-in studies have revealed the molecular mechanisms
underpinning GLP-1 secretion induced by bile acids, glucose, SCFA
and proteins, as thoroughly reviewed elsewhere (107). However, a
clear limitation of these studies is the small volume of blood which
can be withdrawn from a mouse during a GLP-1 secretion test,
which restricts temporal resolution. Furthermore, quantification of
L-cell peptides in plasma is not trivial, as not all assays, including
the GLP-1 assays, are reliable with respect to accuracy, sensitivity
and specificity (159, 160). In the case of GLP-1, secretion is best
estimated by measuring “total GLP-1” i.e. the sum of intact GLP-1
(of which there is usually very little) and its primary metabolite,
GLP-1 9-36amide (or metabolites, since GLP-1 9-36amide may also
be broken down to small fragments) (160). This requires assays that
can measure both the intact peptide and the metabolite(s), and is
possible with assays directed against the amidated C-terminus
(161). GLP-1 also exists as a glycine-extended isoform (GLP-1 7-
37) but this does not circulate in appreciable concentrations in
humans (57). Murine and human GLP-1 are identical (in fact all
mammalian GLP-1s are similar) (34, 162) and the mouse GLP-1 is
also predominantly amidated (163), but in contrast to humans, the
primary metabolite (9-36amide) is processed further, within
minutes, by endoproteolytic cleavage by NEP 24.11 (164).
Sandwich assays directed at GLP-1 9-36amide will, therefore,
vastly underestimate GLP-1 secretion. Thus a GLP-1 response to
an OGTT in mice is detectable with 9-36amide sandwich assays for
only 6 minutes after glucose administration, whereas the response is
much bigger and lasts for at least 30 minutes when measured with a
C-terminally directed GLP-1 assay (which also detects the
fragments from NEP-mediated degradation) (164). Currently, no
low-volume C-terminal assays are available and measurement of
GLP-1 secretion in mice, therefore, relies on just a few, or perhaps
just a single terminal sample, which makes assessment of the time-
course of the GLP-1 responses to a given stimulus difficult. Because
of their larger size, rats (typically 10-15 times larger than mice) do
not generate the same problems. However, unlike mice and humans
(57, 163), rats do not amidate GLP-1 as effectively, with about 35%
being glycine-extended. This has implications for the choice of
assay (163, 165), but probably does not have physiological
consequences, as glycine-extended GLP-1 and amidated GLP-1,
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at least in humans, have similar elimination half-lives and equal
effects on the endocrine pancreas and on cephalic phase acid
secretion (i.e. regulation of parasympathetic nervous activity)
(166, 167). A more general limitation of in vivo studies is the
level of experimental control that can be achieved, albeit that
experiments in e.g. anaesthetized animals will allow more invasive
approaches. For instance, administration of a test compound via a
physiologically relevant route (e.g. the vascular supply of the gut)
cannot always be easily done, while intra-cellular signaling
pathways cannot directly be investigated. Additionally,
pharmacological tools, such as blockers of molecular sites that
may be part of the secretory pathway, cannot always be used in vivo
since they may be toxic in the intact animal. For example, we used
KCl, lidocaine (a blocker of voltage-dependent sodium channels,
veratridine (activator of voltage-dependent sodium channels), and
2-4-dinitrophenol (mitochondrial uncoupler that, in high
concentrations, blocks mitochondrial ATP-generation) in the
isolated perfused rat small intestine model (109) to explore the
mechanisms underlying glucose-stimulated GLP-1 secretion, but
the concentrations required to be effective would, most likely, be
lethal in an in vivo model. In anesthetized animals, the anesthetic
itself may also confound the study by influencing neuronal
regulation and/or directly or indirectly, affecting physiological
processes. For instance, anesthetics can increase blood glucose
and influence gastric emptying, intestinal motility and insulin
secretion, and the effects may vary according to the feeding status
and the type of anesthetic used (168–176). The confounding effects
of anesthetics on the secretion of GLP-1 have not been studied in
detail, but are likely to be strong and similar to the changes in blood
glucose excursions after an OGTT, which are dramatically
influenced by most frequently used types of anesthetics:
hypnorm/midazolam, ketamin/xylazin, pentobarbital or
isoflurane), presumably as a result of pronounced interference
with neuronal regulation of secretion and gastrointestinal motility
(176). Finally, variation in housing and experimental conditions
and animal-to-animal and strain-to-strain variation are significant
general limitations of studies in rodents, causing many studies to
involve too few animals to allow for definitive conclusions, and
reproducibility between laboratories to be a challenge (177). Even
when housing conditions and experimental procedures are
standardized, the choice of species and strains may still
profoundly affect results. For example glucose tolerance
significantly varies between four commonly used inbred mouse
strains (178), despite the use of standardized housing and
experimental conditions.
IN VITRO MODELS TO STUDY GLP-1
SECRETION AND L-CELL
CHARACTERISTICS

Immortalized L-Cell Cell-Lines
As mentioned above, different GLP-1 secreting cell lines
originating from different species have been developed. Studies
using these cell lines have been instrumental in demonstrating
that L-cells can directly sense glucose and secrete GLP-1 in
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response, and they provided the first evidence that L-cells are
electrically excitable (179). In addition, the GLP-1 secreting cell
lines also allowed additional studies of the molecular sensors
responsible for direct L-cell stimulation by other types of
nutrients, as thoroughly reviewed elsewhere (107). However,
although GLUTag and STC-1 cells exhibit many similarities to
native L-cells, they also diverge in a number of aspects. Thus,
altered expression of some G-protein-coupled receptors (48) and
hormone content (180). The GLUTag cell actually in many ways
resemble I-cells more than L-cells, and the STC-1 cells resemble
K-cells [e.g. they contain more GIP than GLP-1 (180)].
Therefore, data from the cell lines must be interpreted with
caution, but also provide an inexpensive and high throughput
platform for screening purposes. Further analysis may then be
done, using other experimental models (discussed below) with
greater physiological relevance.

Primary Mucosal Cultures
During the last 15 years, primary intestinal epithelial cultures
have been widely used for studies on GLP-1 secretion and intra-
cellular L-cell signaling. In particular, epithelial primary colonic
mouse cultures, e.g. (44, 47, 71, 114, 115, 181), and primary
colonic human cultures (182, 183), which are more robust in
culture than small intestine epithelium (184), have been used and
have partially replaced the use of GLP-1 secreting cell lines. Small
intestinal epithelial cells release proteolytic enzymes which may
complicate the experimental conditions and cell survival. In
addition, small intestine cultures begin to undergo apoptosis
once the villus structure is disrupted. The use of primary cultures
has, therefore, mainly been restricted to studies of sensing and
signaling in the more resilient colonic L-cells. However, as
mentioned earlier, colonic L-cells (and distal small intestinal L-
cells) differ from the proximal L-cells with regard to co-
expression of non-proglucagon-derived hormones as well as
expression of nutrient sensors. Accordingly, therefore, cultured
colonic L-cells may not be the optimal model for studying meal-
related GLP-1 secretagogues. For instance, the GLP-1 response
elicited by glucose is considerably smaller in this model, both
compared to that from isolated perfused mouse and rat small
intestines (109, 134, 185), as well as that observed in humans
(after intake of a standardized glucose containing solution, 75g)
(139). An advantage of cultured colonic L-cells, however, is that
they, like the GLP-1 producing cell lines (44), permit intracellular
signaling and electrophysiological signaling to be studied directly
(44, 51). However, they only provide a small window for cell
differentiation studies, as the cells lose their ability to proliferate,
making these cell lines unsuitable for studies on L-cell
development and differentiation.

Organoids
Organoids are self-organized cell aggregates, which can be
generated from primary cultures containing stem cells or from
induced or embryonic stem cells to resemble miniature organs or
tissues. Accordingly, they are a popular platform for studies on
tissue development. However, because organoid cells
differentiate from stem cells in vitro, and the precise factors
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guiding differentiation and maturation of cells are often
unknown, the functional capacity of the intact tissue is poorly
mimicked in some organoids systems. Fortunately, human (186)
and mouse intestinal organoids display a high degree of
functionality and can be generated using just a small number
of growth factors (187). These self-organizing structures
accurately reconstruct the small intestinal epithelial layer, and
have similar rates of renewal and cell composition, including L-
cells. Traditionally, the organoids can be grown as three-
dimensional structures embedded in an extracellular matrix
(187), but can also be grown as monolayers (188), or as gut-
on-chip containing permeable membrane and controlled in vivo-
like microenvironment by perfusion and providing intestinal
peristalsis-like motions and flow (189). Organoid studies have
provided new knowledge on the mechanisms of intestinal cell
differentiation and renewal (61). As other cell types, functional L-
cells are generated in organoids (63) and small intestine
organoids are now used in studies on secretion of GLP-1 and
other intestinal hormones (70, 188, 190, 191). If the organoids
are prepared from cells from GLP-1 reported mice with
fluorescent L-cells it is possible to easily identify the L-cells in
the organoid (see Figure 3). Now, with the use of precision gene
editing at specific genomic loci, such as CRISPR, which uses
RNA-guided endonucleases, such as Cas9, real-time L-cell
studies have become possible also in primary human organoid
cultures generated from patients. Thus, a study on CRISPR-Cas9
engineered primary human ileal organoid cultures showed that
L-cells could be identified and characterized with respect to gene
expression and intracellular signaling (electric signals and
intracellular calcium levels), allowing simultaneously
investigation of intracellular signaling and L-cell secretion
(188). Another advantage of organoids is that these self-
renewing cultures can be maintained for years, as was shown
for mouse organoids (192). When it comes to human cell-based
organoids, neither primary nor human induced-pluripotent stem
cell-derived organoids (193) effectively mimic the self-renewing
fully functional gut epithelium, but provide valuable insight into
developmental enteroendocrine cell biology aspects (65, 193).
Compared to primary mucosal cultures (which will be discussed
next), organoids are capable of forming a ‘mini-lumen’, thereby
providing a polarized cell layer (i.e., cells with a luminal and a
basolateral side) (61, 194) (as illustrated in Figure 3). However,
because of its small size, it can be difficult to access the luminal
side of organoids in order to stimulate receptors and transporters
that are expressed on apical side of the cells (195). Recently,
substantial progress has been made to alleviate this limitation, by
generating scaffold-based intestinal cultures. This technique
relies on using a silicone (or similar material) matrix, where
the stem cells can be seeded; these then develop into crypt-like
invaginations of the matrix and proliferating cells form a
monolayer of intestinal epithelial cells (195). Such matrix-
based culture systems would not only allow for intra-luminal
stimulation, but would also permit non-intestinal epithelial
components (such as fibroblasts, immune and endothelial
cells) to be introduced into the tissue, which may help bring
the functionality closer to the native state.
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In addition to studies on GLP-1 secretion, organoids also
allow for tests on paracrine GLP-1 and GLP-2 signaling in the
intestine, due to colocalization of the different cell types in the
organoid. Moreover, organoids in several ways have an
advantage over ex-vivo and primary cultures, because they
lend themselves to plasmid, virus or RNA-mediated gene
manipulation, thanks to the possibility of long term
maintenance in culture with preserved functionality.

Gut Tissue Specimens
(Intestinal Fragments)
GLP-1 secretion has also been studied in human gut tissue
biopsies or surgical specimens taken from duodenum, ileum
and colon (111, 196). As for the other in vitro platforms, test
compounds can readily be applied to dissected intestinal
fragments to elicit GLP-1 secretion. The major benefit of the
gut tissue specimen model is that it allows for direct studies of
human L-cells without prior cultivation. As such, these studies
are less laborious, and since the tissue is processed immediately
after isolation and the behavior of the L-cell in the fragments is
presumably similar to L-cells in situ. Tissue handling and the
integrity and health of the studied tissue, however, needs to be
monitored closely to assure that data derived using this
methodology are meaningful. It is also misleading to study
luminal stimuli with these fragments, which will expose mainly
the basolateral aspect of the cells and are not protected by the
mucus and glycocalyx etc. like the small luminal processes of the
endocrine cells.

Ussing Chambers
Ussing chambers, designed by the zoologist Hans Ussing in 1950,
are a classical model for studying gastrointestinal physiology and
pharmacology such as ion secretion (measured indirectly by
transepithelial resistance), paracellular flow, and to some extent
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intestinal permeability (e.g. passage of fluorescently labeled
bacteria) (197). However, Ussing chambers have also been
used to study hormone mechanisms of L-cell secretion (128,
198–202). Technically, Ussing chambers involve mounting
mucosal tissue segments in specialized chambers, enabling live
quantification of the trans-epithelial resistance and potential
difference of the mounted specimen. While these parameters
may not be strictly relevant for L-cell secretion, they provide an
indication of integrity of the mounted tissue. As with the
perfused intestine model (described next), the epithelial barrier
in this model is maintained, enabling administration of test
compounds specifically to either the luminal or basolateral side
of the epithelial layer. However, it comes at the cost of a relatively
short window of time for experiments, as the mounted tissue
usually only remains viable for a few hours. This is particularly
the case for upper small intestinal tissue, which seems less
resilient than tissue from more distal regions (203). Studies on
L-cell secretion by Ussing chambers are, therefore, most often
performed on ileal/colonic tissue specimens and investigations
are often restricted to include just a few test compounds at a time.
Unlike isolated perfused intestines, but as with studies on cell
lines, primary mucosal cultures and organoids, incubations are
typically performed under static conditions for up to a few hours,
which bears little resemblance to normal physiology, where
peristaltic movements constantly move luminal chyme down
the intestine and where blood perfusion rapidly removes secreted
molecules (e.g. GLP-1) as well as waste products. Moreover, this
model, like the organoid model, lacks extrinsic factors which
influence intestinal function, e.g. autonomic nerves.

Isolated Perfused Intestines
Isolated perfused intestines from different species have been used
for decades for studying basic gut physiology, including nutrient
absorption and gut secretion (ions and hormones).
FIGURE 3 | Intestinal organoid. Left panel: Small intestine organoid generated from Glu-Venus mouse. L-cells are labelled by expression of Venus (shown in green)
and have cone-like appearance similar to native L-cells in intact mucosa. Right panel: L-cells (green) in an organoid crypt. Luminal side and apical surface of cells is
outlined by F-actin staining. Cell nuclei are labeled by DAPI (blue).
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Experimentally, isolated perfused intestines can be prepared in a
variety of ways, but the core concept is the same; namely to
isolate and perfuse the organ by cannulation of the supplying
arteries and collection of the venous effluent. As such, this
approach is particularly suitable for investigation of dynamic
events, such as absorption (e.g. glucose) or gut secretion (e.g.
GLP-1) (110, 134, 204). Because of the minimal manipulation of
the gut itself, the strength of this experimental model is that the
vasculature and cytoarchitecture are preserved, whereby this
model becomes particularly physiologically relevant (204). This
means that all relevant interactions, both paracrine, neuronal
and interactions via for instance gap junctions are preserved in
the model. As an example of this, blockade of somatostatin
signaling by infusing a somatostatin-receptor antagonist
increases GLP-1 secretion from the isolated perfused mouse
small intestine to a large extent (205). Moreover, because the
anatomical relationships are undisturbed in the isolated perfused
intestine, this model allows for administration of test compounds
via the physiological relevant route, enhancing the translatability
of the results. For instance, we have used the isolated perfused
intestine to demonstrate that bile acids stimulate secretion of
GLP-1 by activation of basolateral sensors (TGR5) (128, 129),
SCFAs stimulate secretion via basolateral FFAR1 (GPR40) (206),
glucose exclusively stimulates secretion via a luminal pathway
and requires SGLT1 mediated uptake (109) while peptone-
mediated secretion depends on absorption and activation of
basolateral calcium-sensing receptors (110). The most
important aspect of this model is the preservation of secretory
dynamics, both in terms of magnitude and timing, due to the
natural perfusion of the tissue. This not only ensures adequate
respiration and removal of waste products, but also ensures
adequate export/removal of secreted products, as opposed to
the accumulation which occurs in interstitial tissues in static
incubations. Note that perifusion of tissue specimens only solves
this problem with regards the most superficial cell layers; for the
majority of the tissue, conditions remain static. Another benefit
of isolated perfusion models is the time resolution that this
model offers, enabling secretory dynamics to be studied in detail
according to how frequently effluent (venous) samples are
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collected (we normally collect samples at minute intervals).
This time resolution ensures that short lasting, but potentially
pronounced, secretory responses are not missed, which could
occur under conditions of static incubations where short lasting
responses may be ‘lost’ in the background basal secretion during
the incubation period (normally 1-2h) (see example in Figures
4A, B).

From an analytical point of view, the isolated perfused
intestine model(s) also offers benefits compared to in vivo
rodent studies, since large sample volumes (determined by
perfusion flow) may be collected (204, 205) and because GLP-1
concentrations are higher than in peripheral systemic plasma,
because of sample collection before dilution in the splanchnic
and systemic circulation. Nevertheless, the isolated perfused
intestine model does also have limitations. The surgical
procedure requires some practice, and experiments are
laborious compared to in vitro studies; both during the actual
experiment and regarding the subsequent sample analyses (since
a substantial number of samples usually are generated). The
isolated perfused intestine is, therefore, not the ideal
experimental tool for screening purposes or for other
experimental designs requiring high throughput. Moreover,
intra-cellular signaling (for instance calcium dynamics) cannot
be directly investigated, and siRNA mediated knock-down is not
possible (but knockout animals are readily studied). Inhibition of
targets (receptors, transporters, ion channels, etc.) therefore has
to rely on either infusing inhibitors or on genetic knock out.
With these limitations in mind, the isolated perfused intestine
model may be considered a useful model to bridge and expand
upon observations made in vitro and in vivo.
CONCLUDING REMARKS

The original definition of an L-cell was based on electron
microscopical appearance and immunohistochemical stainings,
characterizing L-cells as open-type enteroendocrine cells with
large dense core granules and containing GLP-1 and/or the other
proglucagon-derived peptides (glicentin, oxyntomodulin and
A B

FIGURE 4 | GLP-1 secretion from isolated perfused rat small intestine (lower half) in response to luminal infusion of taurodeoxycholic acid (TDCA) and vascular
(inter-arterial) infusion of bombesin (BBS). Samples were collected at minute intervals, allowing the short lasting, but pronounced, GLP-1 response to BBS to be
identified (A). Had a sampling frequency of 5-min intervals instead been used (B), the GLP-1 response would not have been noticed. Methods used are described in
details elsewhere (204). Data are presented as means+SEM, n = 2. are presented as means+SEM, n = 2.
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GLP-2). It turned out that GIP may also be found in a in small
subset of proximal L-cells, while PYY is found in most of the
distal L-cells. During the last decade, detailed expression analyses
of sorted primary L-cells have shown that L-cells are not as
uniform as previously thought. Instead, they vary, depending on
their anatomical site as well as their position along the crypt/
villus axis, with respect to expression of prohormone transcripts
and hormone content, as well as to their expression of nutrient
sensitive G-protein-coupled receptors. L-cell expression of
molecular sensors responsible for macronutrient-stimulated
GLP-1 secretion also varies depending on the macro-
anatomical location resulting, for example, in a loss of glucose
responsiveness in colonic L-cells, but strong responses to
microbiota metabolites, such as secondary bile acids. These
previously underappreciated features of L-cell functionality
make it clear that the original characterization of L-cells as a
uniform cell type needs to be revised, and that the L-cell
population needs to be subclassified. In this regard, we suggest
to sub-classify L-cells into at least two different populations
based on their differences in expression profiles and functional
characteristics – proximal and distal L-cells. Moreover, such sub-
classification(s) should also take into account that proximal and
distal L-cells presumably serve different functions in terms of
metabolic regulation. Thus proximal L-cells appear to be the
main sensors and responders to nutrient ingestion, and are, as
such, responsible for most of the postprandial rise in GLP-1
secretion, whereas distal L-cells are likely to function as
metabolic sensors that register overall basal levels (for example,
bacterial metabolites). This distinction is important for both
biological studies as well as the search for new pharmacological
targets. With evolving understanding of L-cell(s) transcriptomics
and functionality, biological and pharmacological studies could
benefit from even further sub-classification.

Given the substantial stores of endogenous GLP-1,
pharmacological mobilization of these reserves holds a potential
promise as an alternative to current GLP-1R based treatment
strategies for type 2 diabetes and obesity, and may potentially
prove to be more efficacious than GLP-1R mono-therapy, since it
would be accompanied by co-secretion of other anorectic hormone
products of the L-cell. Harnessing endogenous GLP-1 for
therapeutic purposes, however, requires detailed knowledge of the
molecular sensors responsible for GLP-1 secretion and, because of
the differences outlined above, it would be important to take into
consideration which L-cell subtype is intended to be targeted
(proximal or distal L-cells?, L-cells in the crypt or in the villus?).
While studies in humans and in vivo animal models are essential for
setting the direction (e.g. which molecules stimulates L-cell
secretion) they usually provide limited information about the
molecular mechanisms that mediate the secretory responses.
However, genetically modified rodents, with deletions e.g. of a
receptor of putative importance for L-cell sensing and secretion,
have enabled the molecular sensing machinery of the L-cell to be
studied to some extent in vivo. Detailed studies on the sensing
machinery of the L-cell, L-cells differentiation and the factors
involved, however, requires use of other models.
Frontiers in Endocrinology | www.frontiersin.org 13
While immortalized GLP-1 secreting cell lines paved the way
for studies on L-cell sensing machinery, and remain an
important tool for high-throughput (screening), development
of more advanced and more physiologically relevant
experimental models provided further understanding of L-cell
sensing and function. These include in particular (1) primary
mucosal cell cultures from mouse and human colon, (2) mouse
and human intestinal organoids, (3) human intestinal gut
specimens, and (4) isolated perfused mouse and rat small
intestines. In addition to GLP-1 secretion studies, cell based
models (1 and 2) allow for intracellular cell signaling studies and
gene editing. Tissue-based models (3 and 4) are more restricted
in terms of investigation of intra-cellular signaling, but benefit
from having maintained the natural L-cell polarization (2,3 and
4) and cell contacts with no or minimal alterations induced by
culturing conditions. In the isolated perfused intestine model,
test compounds can be administered at the site of the gut where
they would normally occur in highest concentration (e.g. luminal
glucose), rendering this model the one that it is closest to normal
physiology, while also offering a high temporal resolution (by the
minute). The drawback with this model is that it is not suitable
for screening purposes or for direct investigations on intra-
cellular events. In summary, each of these experimental models
has its own benefits and limitations. Accordingly, the best and
most thorough study approach is to combine the different
experimental models to generate the most detailed and
physiologically representative data.
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KR, et al. High-ResolutionmRNAand SecretomeAtlas ofHumanEnteroendocrine
Cells. Cell (2020) 181(6):1291–306.e19. doi: 10.1016/j.cell.2020.04.036

50. Brubaker PL. A Beautiful Cell (or Two or Three?). Endocrinology (2012) 153
(7):2945–8. doi: 10.1210/en.2012-1549

51. Roberts GP, Larraufie P, Richards P, Kay RG, Galvin SG, Miedzybrodzka EL,
et al. Comparison of Human and Murine Enteroendocrine Cells by
Transcriptomic and Peptidomic Profiling. Diabetes (2019) 68(5):1062–72.
doi: 10.2337/db18-0883

52. Hansen CF, Vrang N, Sangild PT, Jelsing J. Novel Insight Into the Distribution
of L-Cells in the Rat Intestinal Tract. Am J Trans Res (2013) 5(3):347–58.

53. Bryant MG, Bloom SR. Distribution of the Gut Hormones in the Primate
Intestinal Tract. Gut (1979) 20(8):653–9. doi: 10.1136/gut.20.8.653

54. Guedes TP, Martins S, Costa M, Pereira SS, Morais T, Santos A, et al.
Detailed Characterization of Incretin Cell Distribution Along the Human
Small Intestine. Surg Obes Related Dis (2015) 11(6):1323–31. doi: 10.1016/
j.soard.2015.02.011

55. Wewer Albrechtsen NJ, Kuhre RE, Toräng S, Holst JJ. The Intestinal
Distribution Pattern of Appetite- and Glucose Regulatory Peptides in Mice,
Rats and Pigs. BMC Res Notes (2016) 9:60. doi: 10.1186/s13104-016-1872-2

56. Ørskov C, Bersani M, Johnsen AH, Højrup P, Holst JJ. Complete Sequences
of Glucagon-Like Peptide-1 From Human and Pig Small Intestine. J Biol
Chem (1989) 264(22):12826–9. doi: 10.1016/S0021-9258(18)51561-1
Frontiers in Endocrinology | www.frontiersin.org 15
57. Ørskov C, Rabenhøj L, Wettergren A, Kofod H, Holst JJ. Tissue and Plasma
Concentrations of Amidated and Glycine-Extended Glucagon-Like Peptide I
in Humans. Diabetes (1994) 43(4):535–9. doi: 10.2337/diabetes.43.4.535

58. Ørskov C, Holst JJ, Poulsen SS, Kirkegaard P. Pancreatic and Intestinal
Processing of Proglucagon in Man. Diabetologia (1987) 30(11):874–81. doi:
10.1007/BF00274797

59. Nauck M. Therapeutic Potential of Glucagon-Like Peptide 1 in Type 2
Diabetes. Diabetic Med J Br Diabetic Assoc (1996) 13(9 Suppl 5):S39–43. doi:
10.1111/j.1463-1326.2008.00919.x

60. Nauck MA. Glucagon-Like Peptide 1 (GLP-1): A Potent Gut HormoneWith
a Possible Therapeutic Perspective. Acta Diabetol (1998) 35(3):117–29. doi:
10.1007/s005920050116

61. Clevers H. The Intestinal Crypt, a Prototype Stem Cell Compartment. Cell
(2013) 154(2):274–84. doi: 10.1016/j.cell.2013.07.004

62. Brubaker PL, Drucker DJ. Minireview: Glucagon-Like Peptides Regulate Cell
Proliferation and Apoptosis in the Pancreas, Gut, and Central Nervous
System. Endocrinology (2004) 145(6):2653–9. doi: 10.1210/en.2004-0015

63. Jenny M, Uhl C, Roche C, Duluc I, Guillermin V, Guillemot F, et al.
Neurogenin3 Is Differentially Required for Endocrine Cell Fate Specification
in the Intestinal and Gastric Epithelium. EMBO J (2002) 21(23):6338–47.
doi: 10.1093/emboj/cdf649

64. Naya FJ, Huang HP, Qiu Y, Mutoh H, DeMayo FJ, Leiter AB, et al. Diabetes,
Defective Pancreatic Morphogenesis, and Abnormal Enteroendocrine
Differentiation in BETA2/neuroD-Deficient Mice. Genes Dev (1997) 11
(18):2323–34. doi: 10.1101/gad.11.18.2323

65. Piccand J, Vagne C, Blot F, Meunier A, Beucher A, Strasser P, et al. Rfx6
Promotes the Differentiation of Peptide-Secreting Enteroendocrine Cells
While Repressing Genetic Programs Controlling Serotonin Production. Mol
Metab (2019) 29:24–39. doi: 10.1016/j.molmet.2019.08.007

66. Jin T. Mechanisms Underlying Proglucagon Gene Expression. J Endocrinol
(2008) 198(1):17–28. doi: 10.1677/JOE-08-0085

67. Ni Z, Anini Y, Fang X, Mills G, Brubaker PL, Jin T. Transcriptional
Activation of the Proglucagon Gene by Lithium and Beta-Catenin in
Intestinal Endocrine L Cells. J Biol Chem (2003) 278(2):1380–7. doi:
10.1074/jbc.M206006200

68. Gehart H, van Es JH, Hamer K, Beumer J, Kretzschmar K, Dekkers JF, et al.
Identification of Enteroendocrine Regulators by Real-Time Single-Cell
Differentiation Mapping. Cell (2019) 176(5):1158–73.e16. doi: 10.1016/
j.cell.2018.12.029

69. Petersen N, Reimann F, Bartfeld S, Farin HF, Ringnalda FC, Vries RG, et al.
Generation of L Cells in Mouse and Human Small Intestine Organoids.
Diabetes (2014) 63(2):410–20. doi: 10.2337/db13-0991

70. Petersen N, Frimurer TM, Terndrup Pedersen M, Egerod KL, Wewer
Albrechtsen NJ, Holst JJ, et al. Inhibiting RHOA Signaling in Mice
Increases Glucose Tolerance and Numbers of Enteroendocrine and Other
Secretory Cells in the Intestine. Gastroenterology (2018) 155(4):1164–76.e2.
doi: 10.1053/j.gastro.2018.06.039

71. Lund ML, Sorrentino G, Egerod KL, Kroone C, Mortensen B, Knop FK, et al.
L-Cell Differentiation is Induced by Bile Acids Through GPBAR1 and
Paracrine GLP-1 and Serotonin Signaling. Diabetes (2020) 69(4):614–23.
doi: 10.2337/db19-0764

72. Beumer J, Gehart H, Clevers H. Enteroendocrine Dynamics – New Tools
Reveal Hormonal Plasticity in the Gut. Endocrine Rev (2020) 41(5):695–706.
doi: 10.1210/endrev/bnaa018

73. Dusaulcy R, Handgraaf S, Skarupelova S, Visentin F, Vesin C, Heddad-
Masson M, et al. Functional and Molecular Adaptations of Enteroendocrine
L-Cells in Male Obese Mice Are Associated With Preservation of Pancreatic
a-Cell Function and Prevention of Hyperglycemia. Endocrinology (2016)
157(10):3832–43. doi: 10.1210/en.2016-1433

74. Aranias T, Grosfeld A, Poitou C, Omar AA, Le Gall M, Miquel S, et al. Lipid-
Rich Diet Enhances L-Cell Density in Obese Subjects and in Mice Through
Improved L-Cell Differentiation. J Nutr Sci (2015) 4:e22. doi: 10.1017/
jns.2015.11

75. Richards P, Pais R, Habib AM, Brighton CA, Yeo GS, Reimann F, et al. High
Fat Diet Impairs the Function of Glucagon-Like Peptide-1 Producing L-
Cells. Peptides (2016) 77:21–7. doi: 10.1016/j.peptides.2015.06.006
June 2021 | Volume 12 | Article 694284

https://doi.org/10.1007/BF00252412
https://doi.org/10.1007/BF00252412
https://doi.org/10.1016/j.celrep.2017.10.034
https://doi.org/10.1210/en.2014-1710
https://doi.org/10.1152/ajpgi.1988.254.6.G829
https://doi.org/10.1152/ajpgi.1988.254.6.G829
https://doi.org/10.1152/ajpgi.1992.263.2.G174
https://doi.org/10.1016/S0167-0115(03)00125-3
https://doi.org/10.1152/ajpendo.00326.2004
https://doi.org/10.1016/j.cmet.2008.11.002
https://doi.org/10.1002/aja.1002010107
https://doi.org/10.1210/en.2012-1595
https://doi.org/10.1210/en.2015-1600
https://doi.org/10.1210/en.2011-2170
https://doi.org/10.1016/j.cell.2020.04.036
https://doi.org/10.1210/en.2012-1549
https://doi.org/10.2337/db18-0883
https://doi.org/10.1136/gut.20.8.653
https://doi.org/10.1016/j.soard.2015.02.011
https://doi.org/10.1016/j.soard.2015.02.011
https://doi.org/10.1186/s13104-016-1872-2
https://doi.org/10.1016/S0021-9258(18)51561-1
https://doi.org/10.2337/diabetes.43.4.535
https://doi.org/10.1007/BF00274797
https://doi.org/10.1111/j.1463-1326.2008.00919.x
https://doi.org/10.1007/s005920050116
https://doi.org/10.1016/j.cell.2013.07.004
https://doi.org/10.1210/en.2004-0015
https://doi.org/10.1093/emboj/cdf649
https://doi.org/10.1101/gad.11.18.2323
https://doi.org/10.1016/j.molmet.2019.08.007
https://doi.org/10.1677/JOE-08-0085
https://doi.org/10.1074/jbc.M206006200
https://doi.org/10.1016/j.cell.2018.12.029
https://doi.org/10.1016/j.cell.2018.12.029
https://doi.org/10.2337/db13-0991
https://doi.org/10.1053/j.gastro.2018.06.039
https://doi.org/10.2337/db19-0764
https://doi.org/10.1210/endrev/bnaa018
https://doi.org/10.1210/en.2016-1433
https://doi.org/10.1017/jns.2015.11
https://doi.org/10.1017/jns.2015.11
https://doi.org/10.1016/j.peptides.2015.06.006
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Kuhre et al. What Is an L-Cell?
76. Ye L, Mueller O, Bagwell J, Bagnat M, Liddle RA, Rawls JF. High Fat Diet
Induces Microbiota-Dependent Silencing of Enteroendocrine Cells. eLife
(2019) 8:1–39. doi: 10.7554/eLife.48479

77. Færch K, Torekov SS, Vistisen D, Johansen NB, Witte DR, Jonsson A, et al.
Glp-1 Response to Oral Glucose Is Reduced in Prediabetes, Screen-Detected
Type 2 Diabetes, and Obesity and Influenced by Sex: The ADDITION-PRO
Study. Diabetes (2015) 64(7):2513–25. doi: 10.2337/db14-1751

78. Matikainen N, Bogl LH, Hakkarainen A, Lundbom J, Lundbom N, Kaprio J,
et al. GLP-1 Responses Are Heritable and Blunted in Acquired Obesity With
High Liver Fat and Insulin Resistance. Diabetes Care (2014) 37(1):242–51.
doi: 10.2337/dc13-1283

79. Hansen CF, Bueter M, Theis N, Lutz T, Paulsen S, Dalbøge LS, et al.
Hypertrophy Dependent Doubling of L-Cells in Roux-en-Y Gastric Bypass
Operated Rats. PloS One (2013) 8(6):e65696–e. doi: 10.1371/journal.
pone.0065696

80. Rhee NA, Wahlgren CD, Pedersen J, Mortensen B, Langholz E, Wandall EP,
et al. Effect of Roux-en-Y Gastric Bypass on the Distribution and Hormone
Expression of Small-Intestinal Enteroendocrine Cells in Obese Patients With
Type 2 Diabetes. Diabetologia (2015) 58(10):2254–8. doi: 10.1007/s00125-
015-3696-3

81. Ellingsgaard H, Hauselmann I, Schuler B, Habib AM, Baggio LL, Meier DT,
et al. Interleukin-6 Enhances Insulin Secretion by Increasing Glucagon-Like
Peptide-1 Secretion From L Cells and Alpha Cells. Nat Med (2011) 17
(11):1481–9. doi: 10.1038/nm.2513

82. Lang Lehrskov L, Lyngbaek MP, Soederlund L, Legaard GE, Ehses JA,
Heywood SE, et al. Interleukin-6 Delays Gastric Emptying in Humans With
Direct Effects on Glycemic Control. Cell Metab (2018) 27(6):1201–11.e3. doi:
10.1016/j.cmet.2018.04.008

83. Hytting-Andreasen R, Balk-Møller E, Hartmann B, Pedersen J, Windeløv
JA, Holst JJ, et al. Endogenous Glucagon-Like Peptide- 1 and 2 Are Essential
for Regeneration After Acute Intestinal Injury in Mice. PloS One (2018) 13
(6):e0198046. doi: 10.1371/journal.pone.0198046

84. Kissow H, Hartmann B, Holst JJ, Poulsen SS. Glucagon-Like Peptide-1 as a
Treatment for Chemotherapy-Induced Mucositis. Gut (2013) 62(12):1724–
33. doi: 10.1136/gutjnl-2012-303280

85. Drucker DJ, Erlich P, Asa SL, Brubaker PL. Induction of Intestinal Epithelial
Proliferation by Glucagon-Like Peptide 2. Proc Natl Acad Sci USA (1996) 93
(15):7911–6. doi: 10.1073/pnas.93.15.7911

86. Hartmann B, Thulesen J, Kissow H, Thulesen S, Ørskov C, Ropke C, et al.
Dipeptidyl Peptidase IV Inhibition Enhances the Intestinotrophic Effect of
Glucagon-Like Peptide-2 in Rats and Mice. Endocrinology (2000) 141
(11):4013–20. doi: 10.1210/endo.141.11.7752

87. Drucker DJ, Shi Q, Crivici A, Sumner-Smith M, Tavares W, Hill M, et al.
Regulation of the Biological Activity of Glucagon-Like Peptide 2 In Vivo by
Dipeptidyl Peptidase IV. Nat Biotechnol (1997) 15(7):673–7. doi: 10.1038/
nbt0797-673

88. Hartmann B, Thulesen J, Hare KJ, Kissow H, Ørskov C, Poulsen SS, et al.
Immunoneutralization of Endogenous Glucagon-Like Peptide-2 Reduces
Adaptive Intestinal Growth in Diabetic Rats. Regul Peptides (2002) 105
(3):173–9. doi: 10.1016/S0167-0115(02)00013-7

89. Brubaker PL, Izzo A, Hill M, Drucker DJ. Intestinal Function in Mice With
Small Bowel Growth Induced by Glucagon-Like Peptide-2. Am J Physiol
(1997) 272(6 Pt 1):E1050–8. doi: 10.1152/ajpendo.1997.272.6.E1050

90. Boushey RP, Yusta B, Drucker DJ. Glucagon-Like Peptide (GLP)-2 Reduces
Chemotherapy-Associated Mortality and Enhances Cell Survival in Cells
Expressing a Transfected GLP-2 Receptor. Cancer Res (2001) 61(2):687–93.

91. Drucker DJ, Yusta B, Boushey RP, DeForest L, Brubaker PL. Human [Gly2]
GLP-2 Reduces the Severity of Colonic Injury in a Murine Model of
Experimental Colitis. Am J Physiol (1999) 276(1):G79–91. doi: 10.1152/
ajpgi.1999.276.1.G79

92. Boushey RP, Yusta B, Drucker DJ. Glucagon-Like Peptide 2 Decreases
Mortality and Reduces the Severity of Indomethacin-Induced Murine
Enteritis. Am J Physiol (1999) 277(5):E937–47. doi: 10.1152/ajpendo.
1999.277.5.E937

93. Scott RB, Kirk D, MacNaughton WK, Meddings JB. GLP-2 Augments the
Adaptive Response to Massive Intestinal Resection in Rat. Am J Physiol
(1998) 275(5):G911–21. doi: 10.1152/ajpgi.1998.275.5.G911
Frontiers in Endocrinology | www.frontiersin.org 16
94. Jeppesen PB, Hartmann B, Thulesen J, Graff J, Lohmann J, Hansen BS, et al.
Glucagon-Like Peptide 2 Improves Nutrient Absorption and Nutritional
Status in Short-Bowel Patients With No Colon. Gastroenterology (2001) 120
(4):806–15. doi: 10.1053/gast.2001.22555

95. Jeppesen PB, Pertkiewicz M, Messing B, Iyer K, Seidner DL, O’Keefe SJ, et al.
Teduglutide Reduces Need for Parenteral Support Among Patients With
Short Bowel Syndrome With Intestinal Failure. Gastroenterology (2012) 143
(6):1473–81.e3. doi: 10.1053/j.gastro.2012.09.007

96. Drucker DJ, Yusta B. Physiology and Pharmacology of the Enteroendocrine
Hormone Glucagon-Like Peptide-2. Annu Rev Physiol (2014) 76:561–83.
doi: 10.1146/annurev-physiol-021113-170317

97. Wismann P, Barkholt P, Secher T, Vrang N, Hansen HB, Jeppesen PB, et al.
The Endogenous Preproglucagon System Is Not Essential for Gut Growth
Homeostasis in Mice. Mol Metab (2017) 6(7):681–92. doi: 10.1016/
j.molmet.2017.04.007

98. Thompson EM, Price YE, Wright NA. Kinetics of Enteroendocrine Cells
With Implications for Their Origin: A Study of the Cholecystokinin and
Gastrin Subpopulations Combining Tritiated Thymidine Labelling With
Immunocytochemistry in the Mouse. Gut (1990) 31(4):406–11. doi: 10.1136/
gut.31.4.406

99. Pedersen J, Ugleholdt RK, Jørgensen SM, Windeløv JA, Grunddal KV,
Schwartz TW, et al. Glucose Metabolism Is Altered After Loss of L Cells
and a-Cells But Not Influenced by Loss of K Cells. Am J Physiology-
Endocrinol Metab (2013) 304(1):E60–73. doi: 10.1152/ajpendo.00547.2011

100. Rindi G, Ratineau C, Ronco A, Candusso ME, Tsai M, Leiter AB. Targeted
Ablation of Secretin-Producing Cells in Transgenic Mice Reveals a Common
Differentiation Pathway With Multiple Enteroendocrine Cell Lineages in the
Small Intestine. Dev (Cambridge England) (1999) 126(18):4149–56. doi:
10.1242/dev.126.18.4149

101. Ørskov C, Wettergren A, Holst JJ. Secretion of the Incretin Hormones
Glucagon-Like Peptide-1 and Gastric Inhibitory Polypeptide Correlates
With Insulin Secretion in Normal Man Throughout the Day. Scand J
Gastroenterol (1996) 31(7):665–70. doi: 10.3109/00365529609009147

102. Vilsbøll T, Krarup T, Sonne J, Madsbad S, Vølund A, Juul AG, et al. Incretin
Secretion in Relation to Meal Size and Body Weight in Healthy Subjects and
People With Type 1 and Type 2 Diabetes Mellitus. J Clin Endocrinol Metab
(2003) 88(6):2706–13. doi: 10.1210/jc.2002-021873

103. de Bruïne AP, Dinjens WN, Pijls MM, vd Linden EP, Rousch MJ, Moerkerk
PT, et al. Nci-H716 Cells as a Model for Endocrine Differentiation in
Colorectal Cancer. Virchows Archiv B Cell Pathol Including Mol Pathol
(1992) 62(5):311–20. doi: 10.1007/BF02899698

104. Drucker DJ, Jin T, Asa SL, Young TA, Brubaker PL. Activation of
Proglucagon Gene Transcription by Protein Kinase-a in a Novel Mouse
Enteroendocrine Cell Line. Mol Endocrinol (Baltimore Md) (1994) 8
(12):1646–55. doi: 10.1210/mend.8.12.7535893

105. Grant SGN, Seidman I, Hanahan D, Bautch VL. Early Invasiveness
Characterizes Metastatic Carcinoid Tumors in Transgenic Mice. Cancer
Res (1991) 51:4917–23.

106. Rindi G, Grant GN, Yiangou Y, Ghatei MA, Bloom SR, Bautch VL, et al.
Development of Neuroendocrine Tumors in the Gastrointestinal Tract of
Transgenic Mice. Am J Pathol (1990) 136:1349–63.

107. Gribble FM, Reimann F. Enteroendocrine Cells: Chemosensors in the
Intestinal Epithelium. Annu Rev Physiol (2016) 78:277–99. doi: 10.1146/
annurev-physiol-021115-105439

108. Spreckley E, Murphy KG. The L-Cell in Nutritional Sensing and
the Regulation of Appetite. Front Nutr (2015) 2:23. doi: 10.3389/fnut.
2015.00023

109. Kuhre RE, Frost CR, Svendsen B, Holst JJ. Molecular Mechanisms of
Glucose-Stimulated GLP-1 Secretion From Perfused Rat Small Intestine.
Diabetes (2015) 64(2):370–82. doi: 10.2337/db14-0807

110. Modvig IM, Kuhre RE, Holst JJ. Peptone-Mediated Glucagon-Like Peptide-1
Secretion Depends on Intestinal Absorption and Activation of Basolaterally
Located Calcium-Sensing Receptors. Physiol Rep (2019) 7(8):e14056. doi:
10.14814/phy2.14056

111. Sun EW, de Fontgalland D, Rabbitt P, Hollington P, Sposato L, Due SL, et al.
Mechanisms Controlling Glucose-Induced GLP-1 Secretion in Human Small
Intestine. Diabetes (2017) 66(8):2144–9. doi: 10.2337/db17-0058
June 2021 | Volume 12 | Article 694284

https://doi.org/10.7554/eLife.48479
https://doi.org/10.2337/db14-1751
https://doi.org/10.2337/dc13-1283
https://doi.org/10.1371/journal.pone.0065696
https://doi.org/10.1371/journal.pone.0065696
https://doi.org/10.1007/s00125-015-3696-3
https://doi.org/10.1007/s00125-015-3696-3
https://doi.org/10.1038/nm.2513
https://doi.org/10.1016/j.cmet.2018.04.008
https://doi.org/10.1371/journal.pone.0198046
https://doi.org/10.1136/gutjnl-2012-303280
https://doi.org/10.1073/pnas.93.15.7911
https://doi.org/10.1210/endo.141.11.7752
https://doi.org/10.1038/nbt0797-673
https://doi.org/10.1038/nbt0797-673
https://doi.org/10.1016/S0167-0115(02)00013-7
https://doi.org/10.1152/ajpendo.1997.272.6.E1050
https://doi.org/10.1152/ajpgi.1999.276.1.G79
https://doi.org/10.1152/ajpgi.1999.276.1.G79
https://doi.org/10.1152/ajpendo.1999.277.5.E937
https://doi.org/10.1152/ajpendo.1999.277.5.E937
https://doi.org/10.1152/ajpgi.1998.275.5.G911
https://doi.org/10.1053/gast.2001.22555
https://doi.org/10.1053/j.gastro.2012.09.007
https://doi.org/10.1146/annurev-physiol-021113-170317
https://doi.org/10.1016/j.molmet.2017.04.007
https://doi.org/10.1016/j.molmet.2017.04.007
https://doi.org/10.1136/gut.31.4.406
https://doi.org/10.1136/gut.31.4.406
https://doi.org/10.1152/ajpendo.00547.2011
https://doi.org/10.1242/dev.126.18.4149
https://doi.org/10.3109/00365529609009147
https://doi.org/10.1210/jc.2002-021873
https://doi.org/10.1007/BF02899698
https://doi.org/10.1210/mend.8.12.7535893
https://doi.org/10.1146/annurev-physiol-021115-105439
https://doi.org/10.1146/annurev-physiol-021115-105439
https://doi.org/10.3389/fnut.2015.00023
https://doi.org/10.3389/fnut.2015.00023
https://doi.org/10.2337/db14-0807
https://doi.org/10.14814/phy2.14056
https://doi.org/10.2337/db17-0058
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Kuhre et al. What Is an L-Cell?
112. Parker HE, Adriaenssens A, Rogers G, Richards P, Koepsell H, Reimann F,
et al. Predominant Role of Active Versus Facilitative Glucose Transport for
Glucagon-Like Peptide-1 Secretion. Diabetologia (2012) 55(9):2445–55. doi:
10.1007/s00125-012-2585-2

113. Reimann F, Gribble FM. Glucose-Sensing in Glucagon-Like Peptide-1-
Secreting Cells.Diabetes (2002) 51(9):2757–63. doi: 10.2337/diabetes.51.9.2757

114. Pais R, Gribble FM, Reimann F. Signalling Pathways Involved in the
Detection of Peptones by Murine Small Intestinal Enteroendocrine L-
Cells. Peptides (2016) 77:9–15. doi: 10.1016/j.peptides.2015.07.019

115. Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E,
et al. Short-Chain Fatty Acids Stimulate Glucagon-Like Peptide-1 Secretion
Via the G-Protein-Coupled Receptor FFAR2. Diabetes (2012) 61(2):364–71.
doi: 10.2337/db11-1019

116. Psichas A, Sleeth ML, Murphy KG, Brooks L, Bewick GA, Hanyaloglu AC,
et al. The Short Chain Fatty Acid Propionate Stimulates GLP-1 and PYY
Secretion Via Free Fatty Acid Receptor 2 in Rodents. Int J Obes (2005) (2015)
39(3):424–9. doi: 10.1038/ijo.2014.153

117. Christiansen CB, Gabe MBN, Svendsen B, Dragsted LO, Rosenkilde MM,
Holst JJ. The Impact of Short-Chain Fatty Acids on GLP-1 and PYY
Secretion From the Isolated Perfused Rat Colon. Am J Physiology-
Gastrointest Liver Physiol (2018) 315(1):G53–65. doi: 10.1152/ajpgi.
00346.2017
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