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Introduction

Metabolic health involves optimal functioning of the
complex processes by which the body processes
food and uses energy. Maintenance of healthy
metabolism is critically important for all individuals,
not only for helping avoid (or manage) metabolic
diseases but also for maintaining well-being and
vitality.

Among the many recognized hormones contributing
to metabolic health, glucagon-like peptide 1 (GLP-1)
is a well-studied hormone produced in the human
gut, with several critical functions in human
metabolic health. One of its most recognized clinical
effects is to enhance satiety, leading to decreased
energy intake (Shah and Vella, 2014). GLP-1
function is altered in type 2 diabetes, obesity, and
other conditions, and has long been of interest for
therapeutic use. However, for many years its use as
a drug was hindered because it is rapidly degraded
in the body. Once drugs were developed that
overcame the challenge of rapid degradation, GLP-1
was successfully leveraged to improve metabolic
health and induce weight loss (Drucker et al. 2017).
However, the drug therapy induces circulation of the
hormone/agonists at much higher concentrations
than would occur naturally in the body, and side
effects are troublesome to many patients. Recently,
research has shown how GLP-1 interacts in the
complex environment of the gut, including with the
gut microbial ecosystem (Abdalgadir and Adeli,
2022). In the gut, specific bacterial taxa, notably
Akkermansia and butyrate producing strains such as
Clostridium butyricum, may offer a physiological way
to stimulate GLP-1 production to mimic more closely
its normal concentration and functions in the human
body resulting in more natural regulation of
metabolic health.

GLP-1 Overview

GLP-1 is a 30 amino acid peptide hormone that is
produced in response to nutrient ingestion, through
cleavage of the prohormone proglucagon within the
enteroendocrine L cells located within the epithelial
lining of the intestine — predominantly in the colon
and terminal ileum. It is a member of the incretin
hormone family known to augment -cell
glucose-dependent insulin secretion in response to
nutrient ingestion. Since this stimulation of insulin
secretion is glucose-dependent, insulin levels
decrease in parallel with the decline in the prevailing
plasma glucose concentration. This feature blunts
the likelihood of inducing hypoglycemia and its
attendant risks, an attribute that has significant
clinical benefit (Holst et al. 2021).

While researchers initially demonstrated that GLP-1
stimulated glucose-dependent insulin secretion
following nutrient ingestion, GLP-1 has proved to be
a multifaceted hormone with effects throughout the
body, impacting metabolic control and numerous
other functions (Drucker and Holst, 2023). In
addition to stimulating postprandial insulin secretion,
GLP-1 suppresses the secretion of glucagon, the
pancreatic hormone that opposes the effects of
insulin to guard against hypoglycemia by increasing
the release of glucose by the liver. GLP-1 also
reduces the rate at which nutrients pass through
the stomach (gastric emptying), thus restraining the
absorption rate of ingested nutrients into the
peripheral circulation (Drucker et al. 2017).

Importantly, GLP-1 also exerts effects within the
central nervous system to promote satiety (Richards
et al. 2014). These appetite modulating effects are
mediated in part by afferent signaling via the vagus
nerve combined with the effects of GLP-1 entering
through fenestrations in the blood brain barrier near
the hindbrain region of the area postrema where
interactions with neuronal GLP-1 receptors activate



well established pathways involved in appetite
control.

As shown in Figure 1, GLP-1 has multiple other
beneficial effects.

Figure 1. Production and functions of glucagon-like
peptide 1 (GLP-1) inside the digestive tract. The
hormone is produced by the L cells in the epithelial

layer and exert multiple effects throughout the body.

(IEL: intraepithelial lymphocytes; GLP-1R:
glucagon-like peptide-1 receptor.)
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Metabolic Effects of GLP-1

The observation in the mid to late 1990s that GLP-1
lowered both fasting and postprandial glucose
concentrations in both rodents and humans (Nauck
et al. 1993, Nauck et al. 1998) led to immediate
interest in harnessing this phenomenon to assist in
the management of hyperglycemia in patients with
T2D (Drucker et al. 2017). This interest intensified
with the subsequent demonstrations that the
hormone also decreased glucagon following meals,
in addition to restraining gastric emptying and

increasing satiety. And, in contrast to the
hypoglycemic risk that accompanies exogenous
insulin and sulfonylurea therapy, GLP-1 achieved
these benefits without increasing the risk for
hypoglycemia since the stimulation of insulin
secretion is glucose-dependent with the stimulatory
effect dissipating in parallel with the subsequent fall
of plasma glucose concentrations towards normal.
This attribute of GLP-1 allows the fall of plasma
glucose concentrations to plateau within the normal
range without the occurrence of clinically meaningful
hypoglycemia. The safety margin is further
enhanced by the suppression of glucagon secretion
and restraint of gastric emptying also receding as
plasma glucose concentrations enter the normal
range, allowing endogenous glucagon secretion and
orally administered glucose to reverse hypoglycemia
should it occur (Degn et al. 2004).

GLP-1 for the Management of Type 2 Diabetes

The combination of glucose-dependent stimulation
of insulin secretion coupled with suppression of
glucagon and restraint of the rate of nutrient
absorption provide excellent control of the rise in
plasma glucose concentrations following meals
(Drucker, 2018). These attributes of GLP-1, as well
as the ability to lower fasting glucose
concentrations, coupled with a low risk of
hypoglycemia, were first demonstrated through
intravenous infusion of the peptide, showing the
potential of a GLP-1 based therapy for the
management of T2D (Nauck et al. 1993, Nauck et
al. 1998).

However, native GLP-1 has a circulating half-life that
is measured in minutes due to its susceptibility to
enzymatic degradation by dipeptidyl peptidase IV
(DPP-IV) which is ubiquitous throughout the body.
Thus, molecular entities with longer half-lives which
retained the conformational requirements for binding
to the GLP-1 receptor were necessary. This was
achieved through two routes. First, exendin 4, a
naturally occurring peptide in the salivary secretions
of the gila monster lizard (Heloderma Suspectum),
was found to be naturally resistant to degradation by
DPP-IV with a circulating half-life that delivers
therapeutic efficacy with twice daily injections.
Synthetic exendin 4, known as exenatide, was
developed and received FDA approval as the first



GLP-1 receptor agonist in 2005 (McBrayer &
Tal-Gan, 2017). The second approach consists of
conjugating a 16-carbon fatty acid moiety to native
GLP-1 to foster non-covalent binding to circulating
plasma proteins, primarily albumin, creating a
“slow-release depot” with a pharmacokinetic profile
that supports once-daily administration by injection
(Drucker et al. 2017). Liraglutide was the first
approved drug employing this approach, with
several additional products following shortly
thereafter that utilized a similar approach. Further
pharmaceutical development leveraging newer
approaches to injectable drug delivery produced
products that provided the desired efficacy with
once-weekly administration. More recently, an oral
formulation of semaglutide has entered the market,
but its uptake has been restrained by the
requirement for more complicated dosing
algorithms.

GLP-1 agonism is cardioprotective as
demonstrated by a reduction in major adverse
cardiovascular events (MACE) in patients with
type 2 diabetes (T2D) during long-term exposure
to various GLP-1 receptor agonists and for
treatment of type 2 diabetes (T2D) (Kristensen et
al. 2019).

Lastly, the therapeutic attractiveness of GLP-1
receptor agonists is further augmented by the
limited risk for hypoglycemia and the likelihood of
weight loss instead of weight gain (McBrayer and
Tal-Gan, 2017).

GLP-1 for the Management of Obesity

As noted above, GLP-1 analogues stand apart from
most other antidiabetic agents in that they do not
drive weight gain. In fact, the therapeutic use of

GLP-1 agents is usually associated with weight loss.

This observation led to interest in the potential for
these agents to be used in weight control programs.
This led to exploration of higher doses of liraglutide
and semaglutide for this purpose, with impressive
results (>15% reduction in body weight in subjects
with BMI>30 kg/m?) with subsequent approval of
those formulations for use in the management of
obesity (Moore et al. 2023). Tirzepatide, which
combines a GLP-1 and GIP (glucose dependent
insulinotropic polypeptide) agonist in a single

molecule has demonstrated even more robust
weight loss (>20% reduction from baseline weight in
obese subjects without diabetes) (Jastreboff et al.
2022). This compound has been granted Fast Track
Designation by FDA for use in obesity with
anticipated approval by the end of 2023.

All approved GLP-1 agonists have so far
demonstrated a good safety profile even though
they produce circulating levels of GLP-1 agonism
that are about ten times greater than the
physiological GLP-1 concentrations seen in healthy
subjects. Side effects with these agents are
primarily related to gastrointestinal tolerability, with
nausea and/or vomiting occurring in over 25% of
subjects in most studies (Tran et al. 2017). Most
afflicted individuals find that these side effects
dissipate or cease during the initial month of
therapy. After considering the benefits and risks of
these agents, only ~5% of patients elect to
discontinue therapy. However, some healthcare
professionals are concerned about the growing
popularity of these drugs, since the mechanisms by
which they achieve substantial weight loss are not
completely understood. The long-term effects of
high circulating levels of GLP-1 are still unknown,
and additional adverse reactions (such as intestinal
blockages) have been very recently identified.
Moreover, the American Society of
Anesthesiologists has stated concerns about case
reports that GLP-1 agonists can increase the risk of
regurgitation and pulmonary aspiration of stomach
contents during anesthesia. Given these potential
risks, non-drug approaches to GLP-1 stimulation are
worth investigating.

Gut Microbiome Contributions to GLP-1

Cross-sectional population studies profiling the gut
microbiome have repeatedly demonstrated
decreased diversity in individuals exhibiting obesity
and/or type 2 diabetes (Huda et al. 2021). When
fecal transplants from these subjects to germ free
mice are performed, a similar microbiome is
established in the rodent recipients, along with
features of the human donor’s phenotype, i.e.,
development of obesity (Ridaura et al. 2013) and/or
diabetes. Salient characteristics of these
microbiomes include a marked decrease or absence
of Akkermansia as well as butyrate-producing



strains, compared to healthy subjects. Subsequent
reversal of those changes in the rodent models’
microbiomes attenuate or reverse the metabolic
abnormalities. Similar short-term improvements in
metabolic parameters have been observed in
human subjects with T2D following both single and
multiple fecal transplants (Hanssen et al. 2021).

The fecal transplant data demonstrates that
constituents of fecal material from healthy subjects
contain elements capable of improving metabolic
control. Characterization of the gut microbiome
profiles of obese subjects with or without T2D have
repeatedly shown decreased diversity with
significant decreases in both Akkermansia and
strains known to produce short chain fatty acids
(SCFAs) by the fermentation of dietary fiber.
Akkermansia as well as bacterial producers of the
SCFA butyrate such as C. butyricum have been
shown to stimulate GLP-1 secretion by the intestinal
L cells (Stoeva et al. 2021, Yoon et al. 2021).
Akkermansia stimulates GLP-1 secretion by these
enteroendocrine cells via three distinct mechanisms:
the release of a stimulatory peptide referred to as
P9, a component of its outer wall identified as
Amuc_1100, and the release of extracellular
vesicles (Keshavarz Azizi Raftar et al. 2021).
Interestingly, one study showed that Akkermansia
that has been pasteurized prior to administration
retains the ability to stimulate GLP-1 secretion
(Depommier et al. 2019). However, the
administration of killed bacteria limits the stimulatory
capacity to those present in the administered
product whereas in theory, administration of live
bacteria allows for amplification of the stimulus via
continuous production within the gut. Multiple other
studies have demonstrated the ability of butyrate
producing gut microbes to also increase GLP-1
secretion by L cells in rodent models (Yadav et al.
2013).

These observations raised the possibility that a
targeted probiotic containing Akkermansia along
with butyrate-producing specialist strains such as C.
butyricum could assist in improving metabolic
control. A recently published human study
confirmed this by demonstrating that administration
of a five-strain probiotic containing Akkermansia and
three butyrate-producing strains for twelve weeks

led to significant improvement in metabolic control
(reduction in plasma glucose concentrations
following ingestion of a mixed meal accompanied by
reduction in A1c, the gold standard for long-term
glucose control) in subjects with type 2 diabetes
treated with metformin (Perraudeau et al. 2020).
These improvements in metabolic control were
accompanied by increased fecal and plasma
butyrate concentrations (McMurdie et al. 2022).
Investigators also saw an increase in plasma levels
of the secondary bile acid ursodeoxycholate, which
has also shown the ability to stimulate GLP-1
secretion from L cells (Murakami et al. 2013).

It has recently been shown directly that Pendulum’s
Akkermansia stimulates GLP-1 production in
cultured human L cells (internal data). Dose
dependent GLP-1 secretion was observed in an
established human L cell line when exposed to
media supernatant in which Akkermansia had been
grown. Representative stained L cells with and
without Akkermansia supernatant are shown in
Figure 2.




Figure 2. Cultured L cells incubated with control
growth media not exposed to Akkermansia (A) and
supernatant growth media from Akkermansia culture
(B). The cells were fixed and labeled with
anti-GLP-1 polyclonal antibody conjugated with
alexa 488 fluorophore.

Together, these data suggest a natural way to
harness GLP-1 in the digestive tract: using targeted
probiotic formulations in the gut to naturally
stimulate GLP-1 production. Such an approach
would avoid the high circulating levels of GLP-1
induced by current drug therapies and likely reduce
side effects, mimicking more closely GLP-1’s normal
concentration and functions in the human body.

Summary

GLP-1 is shown to play an important role in
maintaining metabolic homeostasis. Its therapeutic
utility was only realized after the development of
approaches to prevent its rapid degradation by the
ubiquitous DPP-IV enzyme. Once that challenge
was met, the expectations for leveraging its activity
to improve glucose control and induce weight loss
were realized. Increasing knowledge of the gut
microbiome, however, has revealed that
Akkermansia and microbial strains that produce
butyrate (for example, C. butyricum) can augment
GLP-1 production through natural stimulation of the
L cells. This path to increased GLP-1 production
introduces the hormone into the body via its normal
pathway, allowing its effects as a hormone, its
communications with the intestinal immune system
and its interactions with both the peripheral and
central nervous systems to be exerted via the
natural physiological processes. This approach may
be an effective alternative solution in allowing
moderate benefits of GLP-1 to be realized without
the need for the exaggerated circulating
concentration required to achieve the efficacy of the
synthetic analogs — and perhaps avoiding the
negative side effects of these GLP-1 drugs. Given
the complexity of maintaining metabolic
homeostasis in the body and the important
contributions of GLP-1 to overall metabolic health,
efforts to approximate the hormone’s natural
functioning in the human gut are highly worthwhile.
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