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Abstract

Type 2 diabetes mellitus (T2DM) is a prevalent chronic condition with significant
morbidity and mortality, largely due to its vascular complications. The emergence of
novel pharmacological agents, particularly glucagon-like peptide-1 receptor agonists
(GLP-1R As), has revolutionized T2DM management by addressing glycemic control
and comorbidities such as cardiovascular and renal diseases. Traditionally, GLP-1R As
require subcutaneous injection, presenting challenges in patient adherence and
limiting combination therapy options. Recent advancements have introduced orally
available small-molecule GLP-1RAs, which retain the physiological benefits of
peptide-based GLP-1R As, such as promoting insulin secretion, reducing appetite,
and improving weight loss. These small molecules offer enhanced tissue permeability,
extended half-lives, and the potential for fixed-dose combinations, addressing
limitations of injectable formulations. This review explores the preclinical and clinical
progress of small-molecule GLP-1RAs, highlighting their potential to redefine

diabetes care by improving convenience, adherence, and accessibility for patients.

BACKGROUND

Type 2 diabetes mellitus (T2DM) is a chronic condition
that affects millions of patients worldwide, posing sig-
nificant challenges to both patients and healthcare sys-
tems.] T2DM remains as one of the leading causes of dis-
ability and death worldwide mainly due to its long-term
vascular complications.! The management of T2DM is
becoming increasingly complex with the availability of
more pharmacologic drug classes and the completion of
high-quality clinical trials.2 The development of and ap-
proval of new antihyperglycemic medications has favored
the use of different pharmacological families with remark-
able properties for the management of additional comor-
bidities such as renal disease, cardiovascular disease, and
non-alcoholic fatty liver disease, that are highly prevalent
in this subset.? Treatment for type 2 diabetes is initiated
based on (glycated hemoglobin) HbA1C levels, treat-
ment goals, and cardiovascular, renal, as well as hypo-
glycemia risk. First-line therapies, including metformin,
sodium-glucose cotransporter-2 inhibitors (SGLT-2i),
and Glucagon-like peptide-1 (GLP-1) receptor agonists,
are selected according to patient-specific risk factors.>*
American Association of Clinical Endocrinology guide-
lines recommend treatment with GLP-1RA in T2DM
patients with coexisting ASCVD, high-risk for ASCVD,
heart failure, or chronic kidney disease regardless of their
glycemic control due to their organ protective effects.>

These guidelines align with the American Diabetes As-
sociation (ADA) standards of care which also provide
strong recommendations based on robust clinical trial
data supporting the cardiovascular benefits of GLP-1
R As, particularly in patients with established cardiovas-
cular disease and chronic kidney disease (CKD).* For ex-
ample, ADA and KDIGO joint group has recommended
that for patients with T2DM and CKD who do not
achieve their glycemic target with metformin and/or an
SGLT2i or cannot use them, a GLP-1R As with proven
cardiovascular benefit is recommended.® Similarly, as
GLP-1R As significantly reduced the risk of MACE, mor-
tality from CV causes, when compared with placebo,
ADA has suggested that these medications should be
used in patients with underlying cardiovascular disease.®
7 In this regard, this addition ensures a more comprehen-
sive discussion aligned with current expert consensus on
risk mitigation strategies.4’

A key issue in the physiology of type 2 diabetes
(T2DM) is the reduced incretin effect, which mainly re-
sults from decreased activity of the primary incretin hor-
mones, GLP-1 (glucagon-like peptide 1) and GIP (glu-
cose-dependent  insulinotropic peptide).3 GLP-1 is
produced by L cells in the lower part of the small intestine
and the colon.® When GLP-1 receptors are activated, they
promote insulin release and decrease glucagon secretion
in response to glucose levels.>8 Additional effects of
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GLP-1 include slowing gastric emptying, reducing ap-
petite, and aiding in weight loss.>

The development of GLP-1 receptor agonists has
shown promising results in improving metabolic mark-
ers.? Notably, these agents have also led to a significant de-
crease in major cardiac events, regardless of their effect on
blood glucose, indicating a dual benefit for both cardiac
health and diabetes management. 10 Recently, several clin-
ical trials have shown the potential effects of these med-
ications in not only in glycemic control but also in the
improvement of cardiovascular outcomes, weight loss, os-
teoarthritis,!1 metabolic dysfunction—associated steato-
hepatitis (MASH),!2 Parkinson’s disease, !> chronic kid-
ney disease (CKD)# and obstructive sleep apnea.15 of
important interest was their effects in weight loss even in
non-diabetic patients.16

Particularly the effects of these medications have cov-
ered importance in diseases closely related to obesity and
DM such as CKD, cardiovascular disease and MASH.
For example, the LEADER trial showed that Liraglutide
significantly reduced the risk of major adverse cardiovas-
cular events (MACE) by 13% and cardiovascular death
by 22% in comparison to placebo.!” Moreover, other tri-
als as the SUSTAIN-6 trial showed that semaglutide, an-
other GLP-1R A also reduced the risk of MACE by 26%
and non-fatal stroke by 39% in patients with T2DM.18
In the same line, the SELECT trial showed that semaglu-
tide administered once weekly reduced the risk of MACE
by 20% compared to placebo in individuals with estab-
lished cardiovascular disease but no DM.1®Nonetheless,
other GLP-1 R As such as albiglutide has also shown re-
ductions on MACE risk up to 22% as demonstrated by
the HARMONY trial.1? In regard to CKD, these clinical
trials have also shown positive effects in the composite re-
nal outcomes. For example, the LEADER trial showed
positive renal effects with the use of liraglutide primarily
by the reduction of macroalbuminuria.” In addition to
these findings, the SUSTAIN-6 trial also showed that
semaglutide can offer a significant reduction in the risk
of new or worsening nephropathy including persistent
macroalbuminuria, increase in serum creatinine or the
need of renal replacement theratpy.18 Similarly, the
FLOW trial proven that semaglutide showed a 24% re-
duction in the risk of major kidney disease events in pa-
tient with underlying T2DM and CKD.14 Finally, multi-
ple clinical trials have demonstrated the benefits of using
GLP-1RAs in MASH. For example, a phase 2 trial
showed that tirzepatide, a dual Gastric Inhibitory
Polypeptide (GIP) and GLP-1 RA, significantly im-
proved MASH.20 After 52 weeks, steatohepatitis resolved
without fibrosis progression in 44%, 56%, and 62% of par-
ticipants receiving tirzepatide at doses of 5 mg, 10 mg,
and 15 mg, respectively, compared to 10% in the placebo
group.zo Similarly, A phase 2 trial of 320 patients with
biopsy-confirmed MASH found that daily subcutaneous
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semaglutide (0.4 mg) achieved steatohepatitis resolution
without fibrosis progression in 59% of patients vs. 17%
with placebo, though fibrosis stage did not significantly
improve.21Given this critical findings, The ADA advises
using GLP-1 RAs to treat type 2 diabetes in adults with
MASH, citing histological benefits demonstrated in the
mentioned phase 2 randomized controlled trials.22

With the exception of oral semaglutide, available
GLP-1 receptor agonists (RA) require subcutaneous in-
jection due to their peptide-based structure.> While ef-
fective, this method can be inconvenient for many pa-
tients and may result in lower adherence compared to
oral medications.?? This need for injection can limit pa-
tient use and may also restrict the possibility of com-
bining these drugs in fixed-dose treatments with other
therapies for cardio-metabolic conditions.1>23 This issue
has been addressed by the synthesis of small molecule
GLP-1R A that have smaller molecular sizes and can be
administered orally offering a more convenient and ac-
ceptable option to patients.>* Small molecules may offer
advantages such as improved tissue permeability, longer
half-lives, and lower production costs.2* In this review,
we discuss the benefits and challenges associated with the
small-molecule GLP-1 RA drugs from pre-clinical and
clinical studies.

METHODOLOGY

We conducted a search for English-language original
studies and meta-analyses published between 2010 and
2024 using PubMed, Medscape, and MEDLINE. The
search included terms such as “small molecule GLP-1 re-
ceptor agonists,” “oral GLP-1 receptor agonists,”
“Danuglipron,” “Orforglipron,” and “Aleniglipron.” Ad-
ditionally, information on ongoing clinical trials involv-
ing small molecule GLP-1 receptor agonists was retrieved
from the ClinicalTrials.gov database using the same key-
words. This scoping review was carried out in accordance
with the PRISMA-ScR (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses extension for
scoping reviews) guidelines.

GLP-I AND ITS MECHANISMS OF
REGULATION AND SYNTHESIS

GLP-1 is a peptide hormone produced by the enzymatic
breakdown of proglucagon.24 This hormone is mainly
synthesized in L-cells of the intestinal lining. However,
further studies have revealed that a-cells in the pancreatic
islets, and neurons in the nucleus of the solitary tract are
also able to produce GLP-1.25 As an endocrine hormone,
GLP-1 is secreted by enteroendocrine L-cells in the dis-
tal jejunum, ileum, and colon in response to food intake
and neuroendocrine signals.% Originating from the pre-
proglucagon precursor, it is processed in intestinal L-cells
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Figure 1. Mechanism of synthesis of GLP-1.
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to form GLP-1.24In this regard, prohormone convertase
enzymes cleave proglucagon into several small peptides
including glicentin, glicentin-related pancreatic polypep-
tide, glucagon, oxyntomodulin and GLP-1.27

It is well known that enteroendocrine cells produce
low basal levels of GLP-1 during pre-prandial state, how-
ever after food ingestion the synthesis and secretion of
GLP-1 sharply raises with a peak 30-60 min following
nutrient intake.2%2528 The L-cell’s apical surface faces
the gut lumen, allowing direct contact with nutrients.
Molecules like glucose, fructose, and galactose stimulate
the synthesis of GLP-1 by closing ATP-sensitive K+
channels. This closure causes membrane depolarization,
which opens voltage-dependent calcium channels. The
influx of calcium then activates proteases that cleave
proglucagon peptides, ultimately boosting GLP-1 pro-
duction.?” Importantly, GLP-1 action is short-lived, with
a half-life of just 1-2 minutes in the bloodstream under
normal physiological conditions, after which it is broken
down by the enzyme dipeptidyl peptidase IV (DPP-4), re-
sulting in a loss of its biological activity.>#?> The mecha-
nisms of regulation and synthesis for GLP-1secretion are

summarized in Figure 1.

GLP-IR ACTIVATION AND
MULTIFUNCTIONAL EFFECTS

GLP-1 has its main effects through the activation of
GLP-1R which belongs to the family of G-protein cou-
pled receptors.24’29 Through this receptor, GLP-1 leads
to an increase of cAMP levels that thereafter activates

protein kinase A (PKA).3% PKA then promotes the syn-
thesis of insulin peptide precursor in beta-pancreatic cells
and inhibits the release of glucagon by alpha pancreatic
cells.3! Moreover, it has been demonstrated that GLP-1
promotes the activation of phosphoinositide 3-kinase
(P13K) and protein kinase B (Akt) pathway that favor the
survival and function of beta-pancreatic cells.

GLP-1 has critical effects on alternative pathways that
favor the insulin signal transduction in peripheral tis-
sues.33 GLP-1 also reduces hepatic production of glucose
by reducing the expression of key metabolic regulators
of glycogenolysis. Moreover, GLP-1R cascade also has in-
teractions to regulatory proteins involved in the insulin
receptor cascades such as the insulin receptor substrates
(IRS) and the PI3K involved in the positive regulation
for survival, metabolism and proliferation of beta pan-
creatic cells as well as apical glucose transport in periph-
eral tissues.>* These effects are achieved by the expression
and translocation of apical glucose transporter type 4
(GLUT4) thus increasing glucose uptake and by the in-
hibition of pro-apoptotic proteins such as Bad, Bax and
FOXO family proteins, thereby improving beta cell sur-
vival.3% As previously explained, the mediator Akt is also
demonstrated to activate mTOR, allowing beta cell
growth through cell cycle progression and by enhancing
protein synthesis.24 The main cascades involved in the
signal transduction of GLP-1R are summarized in Fig-
ure 2.

GLP-1 exhibits several pleiotropic effects beyond their
primary role in glycemic control. For example, studies in-
volving GLP-1 RAs have been shown to reduce major
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adverse cardiovascular events in patients with T2DM.35
They have been shown to help lower blood pressure, re-
duce postprandial lipemia, and decrease inflammation.3¢
Moreover, GLP-1 R As improve lipid profiles by decreas-
ing serum cholesterol and triglyceride levels and increas-
ing high-density lipoprotein (HDL) levels contributing
to cardiovascular protection.37 Additionally, these agents
reduce the levels of proinflammatory adipokines and the
expression of inflammatory genes, which can improve
overall metabolic health.2437 GLP-1 R As have been as-
sociated with improved renal outcomes, including en-
hanced natriuresis and reduced albuminuria, which are
beneficial in diabetic kidney disease.3¥ GLP-1R As in-
crease microvascular blood flow in muscle tissue, enhance
myocyte metabolism, inhibit muscle atrophy, and im-
prove muscle mass and function.?? The study of these
clinical properties in small molecule GLP-1R As is an un-
dergoing area of study.

In regard to the effects of GLP-1 in weight loss, ex-
tensive evidence demonstrates that GLP-1R agonism re-
duces food intake, thus promoting weight loss. 40 Pre-
clinical studies have shown that these effects are mainly
mediated trough the effects of GLP-1R activation in the

central nervous system (CNS) by the modulation of orex-
igenic and anorexigenic signaling pathwalys./‘l'44 It has
been shown that GLP-1R is highly expressed in neurons
of the arcuate (ARC) and paraventricular (PV) nuclei of
the hypothalamus where these pathways are involved.*2
The ARC contains two distinct neuron types with op-
posing functions. Orexigenic neurons, which stimulate
appetite, produce neuropeptide Y (NPY) and agouti-re-
lated peptide (AgRP).45’46 In contrast, anorexigenic neu-
rons suppress appetite by expressing proopiome-
lanocortin (POMC) and cocaine- and
amphetamine-regulated transcript (CART) peptide. 546
As shown in Figure 2, GLP-1R As penetrate the blood-
brain barrier and directly activate GLP-1 receptors in the
hypothalamus, especially within the ARH nucleus, a key
center for appetite regulation./‘l’44 This activation en-
hances the activity of POMC neurons, which induce sati-
ety, while suppressing NPY neurons that drive
hunger.[*l’44 Moreover, it has been shown that
GLP-1R As also promote satiety trough the activation of
the nucleus accumbens by increasing glutamatergic sig-
naling, thus suppressing feeding behavior.4”
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DANUGLIPRON

Danuglipron, is a small molecule GLP-1 receptor agonist
(GLP-1R A) recently discovered.3 Pre-clinical studies re-
vealed increased insulin levels in primates.48 Initial eval-
uation in healthy humans revealed that oral administra-
tion of Danuglipron produced a dose-dependent increase
in systemic exposure biozmvailability.48 Similar results were
obtained in a hGLP-1R knock-in murine model in which
the administration of Danuglipron resulted in an overall
improvement of glucose tolerance and food intake reduc-
tion, thus opening the possibility to use an effective oral
GLP-1RA.#

Further evaluation on a double-blind, randomized
phase 1 clinical trial in 98 patients with T2DM on cur-
rent management with metformin revealed that
Danuglipron was generally well tolerated and associated
with minimal side effects such as nausea, dyspepsia, and
vomiting comparable with the ones observed with the use
of injectable GLP-1RA.#° In another phase 1 study con-
ducted in 37 Japanese patients, the most common treat-
ment-related side effects were nausea, vomiting, abdom-
inal discomfort, diarrhea, and headache, mostly mild to
moderate in severity.so Danuglipron showed a dose-pro-
portional increase in exposure at steady state with reduc-
tions in the mean daily glucose, fasting plasma glucose,
and glycated hemoglobin (HbAlc) compared to baseline
and placebo.>?

Later, this medication underwent a Phase 2b clinical
trial that evaluated Danuglipron in 411 adults with
T2DM. The randomized, double-blind, placebo-con-
trolled study tested various doses of Danuglipron against
a placebo over 16 weeks. Participants on the highest dose
(120 mg twice daily) experienced an average HbAlc re-
duction of 1.16 percentage points and a weight loss of
4.17 kilograms.3 All doses effectively reduced HbAlc and
fasting blood glucose, with the 80 mg and 120 mg doses
showing the greatest weight loss compared to placebo.
The most common side effects were nausea, diarrhea, and
vomiting.3 More recently, a meta-analysis integrating the
available trials observed that even doses as low as 80mg
twice daily were able to produce significant weight loss as
well as reductions in HbAlc. However, doses of 120mg
twice daily were shown to be more associated with the
production of reduced appetite, dyspepsia and dizzi-
ness.> This evidence suggest that Danuglipron demon-
strates potential for glycemic control and weight reduc-
tion in T2DM with an acceptable safety profile.

Ongoing clinical trials are currently investigating a sin-
gle-dose regimen of Danuglipron for managing over-
weight and obesity (NCT04616339). As research pro-
gresses, the initiation of a phase 3 clinical trial to further
evaluate its efficacy and safety remains on the horizon,
signaling the next step in its development. The most im-
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portant results from the clinical studies involving
danuglipron are shown in Table 1.

ORFORGLIPRON

Orforglipron, another oral GLP-1R A has being studied
extensively for the management of T2DM and Obesity.
In initial preclinical studies, orforglipron has been shown
to stimulate insulin secretion and reduce food consump-
tion in non-human primates, and it is fully eflicacious
at lowering hyperglycemia in mice expressing the human
GLP-1R but inactive in GLP-1R knockout animals.>2
These results, in part, supported the development of or-
forglipron as an orally delivered GLP-1R A in clinical test-
ing. A Phase 1la, blinded, placebo-controlled, random-
ized, single- and multiple-ascending-dose study was done
to evaluate the safety, tolerability, pharmacokinetics and
pharmacodynamics of single and multiple doses of or-
forglipron.52 Orforglipron showed to have a pharmaco-
dynamic and safety profile similar to that of injectable
GLP-1 which supported continued clinical develop-
ment.>2 In a phase 1b trial done to evaluate the safety,
pharmacokinetics and pharmacodynamics of orfor-
glipron in patients with T2DM, orforglipron resulted in
significant reductions in HbAlc, fasting blood glucose
and body weight, with an adverse event profile consistent
with that of other GLP-1R A.53 In both Phase 1a and 1b
trials, it has been established that orforglipron does not
have food or water administration restrictions and may
provide a safe and effective oral treatment option for pa-
tients with T2D and other indications.>%>3 In a phase 2,
multi-center trial conducted at 45 centers, orforglipron at
doses of 12 mg or greater showed significant reductions
in HbAlc and bodyweight compared with placebo or du-
laglutide.54 This trial emphasized that orforglipron might
provide an alternative to injectable GLP-1 receptor ago-
nists and oral semaglutide, with the prospect of less bur-
densome administration to achieve treatment goals in di-
abetics.>* In another phase 2 trial done to evaluate the
efficacy of orforglipron in adults with obesity without
diabetes, it was found to lead to significant weight re-
duction compared to placebo.>> A systematic review and
meta-analysis of 7 RCT’s was done to see the efficacy and
safety of orforglipron and danuglipron in the treatment
of T2DM and obesity. They were found to have signifi-
cant HbAIc, and weight reduction compared to placebo
in patients with diabetes and obesity respectively.>® The
most common adverse events were gastrointestinal in the
preclinical, phasel and 2 trials similar to trials involving
injectable GLP-1 atgonists.56 These trials demonstrate
that although orforglipron is safe and efficacious more
longitudinal research is warranted to provide deeper in-
sights into their efficacy, safety and tolerability before
their potential incorporation in the pharmacological arse-
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Table 1. Current clinical trials favoring Danuglipron for the management of obesity and diabetes

Reference Type of Population Intervention Main findings
Study study
Ono, et Phase 1 37 healthy Twice-daily oral Reduction of HbAlc up to —1.41% (90% CI: —2.01% to —0.82%).
al.50 double- Japanese doses of placebo or Reduction of body weight p to —1.87 kg (90% CI: —3.58 to —0.17).
blind individuals multiple ascending Nausea, vomiting, abdominal discomfort, diarrhea as mild
RCT doses of moderate side effects.
danuglipron
titrated to 40, 80 or
120 mg twice daily
over 8 weeks
Saxena, et Phase 1 98 patients Twice-daily oral Significant reductions in HbA1c observed with higher doses of
al® double- with T2DM doses of placebo or Danuglipron compared to placebo. Moderate but significant
blind on multiple ascending reductions in body weight with Danuglipron treatment. Light
RCT background doses of increase in heart rate observed, consistent with GLP-1 receptor
metformin danuglipron agonism, but no clinically meaningful heart rate-related events.
management titrated from 10 to Steady state found after 28 days of therapy. Effects align with
200mg for 28 days. known actions of GLP-1 receptor agonism (e.g., glycemic lowering,
weight loss).
Saxena, et Phase 2b 411 adult Twice daily doses Reduction of HbAlc up to —1.16% (90% CI: —1.47% to —0.86%)
al. double- patients of placebo or for 120 mg twice daily vs placebo at week 16. Body weight
blind with T2DM multiple ascending reduction with 80 mg twice daily: —2.04 kg (90% CI: —3.01 to
RCT doses of —1.07 kg) as well as —4.17 kg (90% CI: —5.15 to —3.18 kg) with
Danuglipron 120mg twice daily in comparison with placebo. Excellent safety
tritiated from 2.5, profile with mild-moderate symptoms as nausea, diarrhea,
10, 40, 80, or 120 vomiting.
mg, all orally
administered with
food for 16 weeks.
Fatima, et Systematic Four RCTs Twice daily doses Doses of 120mg twice daily showed decreased appetite: RR = 3.46
al 51 review published of placebo or (90% CI: 1.57 to 7.62, p = 0.01); HbA1c reduction: SMD = -1.09
and meta- from 2021 multiple ascending (90% CI: =1.39 to —0.8, p < 0.00001); Body weight reduction:
analysis to 2023 were doses of SMD = -1.08 (90% CI: —1.42 to —0.74, p < 0.00001).
included. danuglipron 80 or
120 mg.

RCT: Randomized clinical trial; HbAlc: Glycated hemoglobin; T2DM: Type 2 diabetes mellitus. RR: Relative risk; CI: Confidence interval, SMD: Standardized Mean Difference, HR: Heart rate, BW: body

weight, HOV: Healthy Obesity Volunteer, GI: Gastrointestinal.

nal against T2DM or obesity. The most important results
of these trials are summarized in Table 2.

ALENIGLIPRON (GSBR-1290)

Aleniglipron (GSBR-1290) is a novel oral, non-peptide
GLP-1RA used in the treatment of T2DM and obesity.
It has a high affinity to GLP-1R, strongly activating the
GLP-1R Gas cAMP pathway without inducing measur-
able (-arrestin recruitment signaling, which indicates it
is a fully biased agonist. In studies involving nonhuman
primates, GSBR-1290 showed a dose-dependent increase
in insulin secretion, improved glucose control, and a de-
crease in both food intake and body Weight.57 Phase 1b
trial of GSBR-1290 (5-90 mg) in 24 healthy volunteers
over 4 weeks demonstrated no study discontinuations
due to AEs. Most AEs were mild and Gl-related, con-
sistent with GLP-1R As.>8 BW was significantly reduced
(up to 4.9% placebo-adjusted, p=0.013) over 4 weeks.
Phase 2a trial of GSBR-1290 (45mg and 90mg) in 54
T2DM patients over 12 weeks observed significant reduc-
tion in FIbA1c (45 mg: -1.01%, p=0.008; 90 mg: -1.02%,
p=0.001), BW (45 mg: -3.51%, p=0.0019; 90 mg: -3.26%,
p=0.0013), and plasma glucose (45 mg: -2.70, p=0.01;
90 mg: -2.50, p=0.0008).58 Phase 2a trial of GSBR-1290
(120mg) in 40 healthy obese volunteers over 8 weeks
demonstrated a significant reduction in BW (120 mg:
-4.74%; p<0.0001) compared to placebo.>® For all phase
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2a, AEs were mild-moderate and Gl-related, with no
SAE:s related to GSBR-1290. The most important results
from the clinical studies involving GSBR-1290 and other
small molecule GLP-1R A are shown in Table 3.

LOTIGLIPRON

The development of lotiglipron for obesity and T2DM
was prematurely stopped in early-phase clinical trials due
to its association with elevated transaminases and poten-
tial liver toxicity.>”?

SMALL MOLECULE GLP-IRA IN
PRECLINICAL TRIALS

MLX-7005

MLX-7005 is a highly potent, oral small-molecule GLP-1
receptor agonist (GLP-1R A) that robustly activates the
GLP-1 receptor cAMP signaling pathway without mea-
surable -arrestin recruitment.? In a functional human
beta-cell line, it demonstrated a dose-dependent increase
in insulin secretion. Preclinical studies in diet-induced
obesity rodent models are ongoing to evaluate its efficacy,
safety, and tolerability as a potential therapy for type 2 di-
abetes and obesity.*
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Table 2. Current clinical trials favoring Orforglipron for the management of obesity and diabetes

danuglipron for
the treatment
of type 2
diabetes
mellitus
(T2DM),
obesity or both.

were performed.
Evidence was pooled
with random effects
meta-analysis.

Reference Type of Study Population Intervention Main findings
study
Pratt, et Phase 1a 92 healthy In Part A, participants Pharmacokinetics were approximately dose
al.>2 double-blind participants received single dose proportional, and the mean t; ,, was 24.6 to 35.3 hours
RCT (Involves aged 18 to orforglipron, with four after a single dose (0.3-6 mg). éubstantial reductions in
Part A and Part 65 years cohorts receiving body weight of up to 5.4 kg were observed after 4 weeks
B) with BMI escalating doses (0.3-6 in orforglipron-treated participants, compared to a
of 20 to 40 mg). In Part B, reduction of 2.4 kg with placebo (P < 0.05).
kg/m? and participants received 4 Orforglipron decreased fasting glucose levels across Days
HbAlc weeks of daily repeated 1 to 28, and gastric emptying was delayed on Day 28.
<6.5% oral orforglipron with Orforglipron's long half-life (25-68 hours) allows once-
doses esca%atin weekly to daily oral dosing, without water and food restrictions.
four different énal target
doses (2-24 mg).
Pratt, et Phase 1b 68 Evaluated 5 different Reduction of HbAlc up to (90% CI: ) for 120 mg twice
al33 double-blind participants dosing regimens. daily vs placebo at week 12. Body weight reduction with
RCT with Participants were 80 mg twice daily: —2.04 kg (90% CI: —3.01 to —1.07 kg)
T2DM randomized 3:1 to daily as well as —4.17 kg (90% CI: =5.15 to —3.18 kg) with
aged 18 to doses of orforglipron or 120mg twice daily in comparison with placebo.
70 years placebo for 12 weeks.
and HbAlc
levels >
7.0% and <
10.5%
Frias, et Phase 2b 383 adults Participants were At week 26, mean change in HbA  with orforglipron
al54 double-blind with type 2 randomly assigned via an was up to -2-10% (-1-67% placebo agijusted), versus
RCT, diabetes interactive web-response -0-43% with placebo and -1-10% with dulaglutide.
multicenter treated with system to placebo, Change in mean bodyweight at week 26 was up to -10-1
study dietand ulagluticg 1.5 mg once kg (95% CI -11-5 to -8-7; 7-9 kg placebo adjusted [-9:9 to
exercise, per week, or orforglipron -5-9]) with orforglipron versus -2-2 kg (-3-6 to -0-7) for
with or placebo and -3-9 kg (-5-3 to -2-4) for dulaglutide.
without
metformin,
and with
HbA,  of
7-:0-10-5%,
and BMI of
23 kg/m?
Wharton, Phase 2, double 272 adults Participants were At week 26, the mean change from baseline in body
etal>® blinded, RCT with randomly assigned to weight ranged from -8.6% to -12.6% across the
obesity, or receive orforglipron at orforglipron dose cohorts and was -2.0% in the placebo
with one of four foses (12, 24, group. At week 36, the mean change ranged from -9.4%
overweight 36, or 45 mg) or placebo to -14.7% with orforglipron and was -2.3% with placebo.
plus at least once daily for 36 weeks A weight reduction of at least 10% by week 36 occurred
one weight- in 46 to 75% of the participants who received
related orforglipron, as compared with 9% who received
coexisting place%o.
condition,
and
without
diabetes
Karakasis, Systematic 1037 Literature search was Reduction in HbAlc in patients with T2DM compared
etal.” review and patients performed through to controls of 1.03 % (95 % CI = [-1.29,-0.77]; P <
Meta-analysis of among Medline (via PubMed), 0.001). A significantly greater weight reduction was also
RCT trials seven RCTs Cochrane Library and noted both in patients with T2DM or obesity compared
investigating were Scopus until August 16, to controls (MD = -3.26 kg; 95 % CI = [-4.79,-1.72]; P <
the efficacy and analyzed 2023. Double- 0.001 and MD =-7.52 kg; 95 % CI = [-14.63,-0.41]; P =
safety of independent study 0.038, respectively; P for subgroup differences = 0.25)
orforglipron selection, data extraction
and and quality assessment

RCT: Randomized clinical trial; HbAlc: Glycated hemoglobin; T2DM: Type 2 diabetes mellitus. RR: Relative risk; CI: Confidence interval, SMD: Standardized Mean Difference

ID110521156

ID110521156 is a small oral molecule that directly binds
to the GLP-1 receptor, as demonstrated in a surface plas-
mon resonance assay.61 It exhibited a dose-dependent in-

sulted in reduced plasma glucose levels, increased insulin
secretion, decreased food intake, and weight loss. The

crease in intracellular cAMP levels in CHO cells express-
ing the human GLP-1 receptor. Once-daily oral
administration of ID110521156 in diabetic monkeys re-
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compound was well tolerated with no evidence of geno-
toxicity, indicating its potential as a therapeutic agent for
type 2 diabetes and obesity in humans.
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Table 3. Current clinical trials favoring GSBR-1290 and other small molecule GLP-1R A for the management of obesity and diabetes

Main findings

BW was significantly reduced (up to 4.9% placebo-
adjusted, p=0.013) over 4 weeks. Most AE were
mild to moderate; no discontinuation due to AEs.
Phase 2a T2DM: Placebo-adjusted HbAlc (45 mg:
-1.01%, p=0.008; 90 mg: -1.02%, p=0.001), BW (45
mg: -3.51%, p=0.0019; 90 mg: -3.26%, p=0.0013),
and plasma glucose (45 mg: -2.70, p=0.01; 90 mg:
-2.50, p=0.0008) were significantly reduced at day
84

Phase 2a obesity: Placebo-adjusted BW decreased
though day 56 (120 mg: -4.74%; p<0.0001). Well
tolerated, AEs were mild-moderate and Gl-related,
with no SAEs

T2DM cohort: Reductions in HbAlc were
observed across all lotiglipron doses at week 16 (p <
0.0001), with least mean decrease up to -1.44% (90%
confidence interval [CI]: -1.63, -1.26) (lotiglipron
80 mg), versus placebo, -0.07% (90% CI: -0.25, 0.11)
Obesity cohort: Decreases in body weight were
observed across all lotiglipron doses at week 20 (p <
0.01), up to -7.47% (90% CI: -8.50, -6.43)
(lotiglipron 200 mg, five-step titration), versus
placebo, -1.84% (90% CI: -2.85, -0.83)
Transaminase elevations were observed in a TDM

Reference Type Population Intervention
of study
Study
Blai et Phase Phase 1b: Phase 1b: GSBR-1290 (5-90mg) and its
al.58 1b/2a 24 HOV effects on body weight (BW) were
Study Phase 2a: investigated in 24 HOV over 4 weeks.
54 T2DM Phase 2a: GSBR-1290 on safety,
and 40 tolerability, HbAlc, glucose, and BW
HOV were investigated in 54 participants
with T2DM (45 and 90mg) over 12
weeks and in an interim 8-week analysis
of 40 HOV (120mg)
Amin et Phase 901 T2DM cohort: Lotiglipron QD at one
al.>? 2 articipants of five maintenance doses (20, 40, 80,
RCT T2DM 160 or 260 mg) or matching placebo, or
cohort: n = semaglutide dgaily at one maintenance
512, obesity dose (14 mg)
cohort: n = Obesity cohort: Lotiglipron QD at one
389) of four maintenance
doses, with two dose titration regimens
for the 200-mg dose (80 mg,140 mg,
200 mg ﬁve-step titration, 200 mg %our-
step titration and 260 mg) or matching
placebo.

(6.6%) and obesity cohorts (6%).
Clinical development terminated due to concerns
for hepatotoxicity

RCT: Randomized clinical trial; HbAlc: Glycated hemoglobin; T2DM: Type 2 diabetes mellitus. RR: Relative risk; CI: Confidence interval, SMD: Standardized Mean Difference, HR: Heart rate, BW: body

weight, HOV: Healthy Obesity Volunteer, GI: Gastrointestinal.

ECC5004

The preliminary results of the investigational agent
ECC5004 phase 1 trial in non-human primates revealed
a reduction in HbAlc levels, accompanied by weight loss
and a decreased risk of adverse cardiovascular events,
achieved through the mimicry of the hormone GLDP-1.62

RGTO075

RGTO075 is a small oral GLP-1RA identified through
Computer-Accelerated Rational Design (CARD) with
potent G-protein-coupled cAMP signaling.®3 Tt dis-
played reduced activity in receptor-mediated [-arrestin
recruitment and subsequent internalization. In food-in-
duced glucose-intolerant and prediabetic cynomolgus
monkeys, oral administration of RGT-075 improved glu-
cose tolerance and reduced food intake and fasting glu-
cose levels.®3

Additional small molecules, including GS-4571,
OWL833, and HD-7671, have demonstrated the ability
to induce insulin secretion in animal models.®4¢¢ These
agents improved glucose tolerance, reduced food intake,
and promoted weight loss. These preclinical findings sup-
port the further development and advancement of these
small molecules as potential therapies for type 2 diabetes
and obesity.

FUTURE DIRECTIONS

The development of oral GLP-1 receptor agonists rep-
resents a significant advancement in the management of

T2DM.? The current advantages, research stage and areas
of opportunity of small molecule GLP-1R As is summa-
rized in Figure 3. Overall, the newer small molecule
GLP-1 RAs such as danuglipron and orforglipron have
shown significant reductions in HbA1c and body weight,
comparable to existing GLP-1 RAs. Injectable GLP-1
RAs like liraglutide, semaglutide, and dulaglutide have
been shown to significantly lower HbAlc and body
weight in patients with T2DM. Semaglutide, for exam-
ple, can reduce HbA1c by up to 1.8% and weight by up to
6.5 kg.¢7:%8 Dulaglutide and liraglutide also provide no-
table reductions, with HbA1c decreases of 1.0% to 1.5%
and weight loss of 2-4% of total body weight.®? In com-
parison, newer oral small-molecule GLP-1 R As, such as
danuglipron and orforglipron, have demonstrated similar
efficacy. Danuglipron reduced HbAlc by 1.04% to 1.57%
and weight by 1.93 kg to 5.38 kg.49’51’56 Orforglipron
achieved even greater reductions, lowering HbAlc by up
to 2.1% and weight by up to 10.1 kg.SS In regard to their
safety profile, small molecule GLP-1 RAs have also
shown similar side effects, being the gastrointestinal
symptoms such as nausea, vomiting, and diarrhea the
most commonly presented. As in the case of the in-
jectable GLP-1R As, these side effects were generally mild
to moderate and occurred during dose escalation and
were generally transient and mitigated by gradual dose es-
calation.#2:5%56:67 However, most of the clinical studies
conducted up to date have focused on evaluating the ef-
fects of small molecule oral GLP-1 R As against placebo.
Further studies should now focus on non-inferiority
studies comparing these new oral molecules against cur-
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Small Molecule GLP-1RA

Ongoing research

Cardiovascular
disease

\’)U MASLD

Renal protection

Molecule Research progress

Phase 2b RCT
Phase 2b RCT

Phase 2a RCT

Danuglipron

Orforglipron

Aleniglipron

Advantages

Patient compliance

Cost effective

1 L

Oral administration

Figure 3. Current advantages, research stage and areas of opportunity of small molecule GLP-1R As.

Abbreviations: MASLD: Metabolic dysfunction-associated steatotic liver disease. GLP-1R A: GLP-1 receptor agonist; RCT: Randomized clinical trial.

rently recommended injectable GLP-1 RAs to have a
clear comparison between these families of medications.

However, several challenges need to be addressed to
optimize their clinical utility. The future directions and
challenges of new small-molecule GLP-1R agonists, such
as danuglipron, are multifaceted.>! One significant chal-
lenge is the high rate of gastrointestinal adverse events as-
sociated with these compounds, which may be related to
their pharmacokinetic properties and direct gastrointesti-
nal irritation.>! Addressing these adverse effects is crucial
for improving patient compliance and therapeutic out-
comes.

Future directions include the design and synthesis of
novel compounds that can mitigate these side effects
while maintaining or enhancing efficacy. For instance, re-
placing problematic functional groups, such as the car-
boxylic acid group in danuglipron, with alternative struc-
tures has shown promise.70 For example, compound 2j,
a triazole-containing derivative, has demonstrated high
potency and comparable efficacy to danuglipron in pre-
clinical studies, suggesting it could serve as a lead com-
pound for further developrnent.70’71 Additionally, the
exploration of GLP-1IR positive allosteric modulators
(PAM:s) offers a new regulatory approach that could en-
hance the therapeutic profile of small-molecule GLP-1R
agonists.”] These modulators can potentially provide
more selective activation of the receptor, reducing adverse
effects and improving efficacy.

Finally, evaluation of small molecule GLP-1R agonists
beyond their effectiveness in T2DM and obesity presents
a significant area of opportunity. Other GLP-1R agonists

have demonstrated extensive pleiotropic effects, includ-
ing benefits in managing comorbidities such as os-
teoarthritis, cardiovascular disease, and neurodegenera-
tive disorders.24 This opens the door to exploring these
novel compounds as potential therapeutic agents in a
broader range of conditions. Future research should pri-
oritize investigating their role in these areas, aiming to
leverage their diverse mechanisms of action for improved
patient outcomes across multiple diseases.

CONCLUSIONS

Small molecule GLP-1 receptor agonists represent an in-
novative advancement in the management of T2DM and
obesity. These compounds offer distinct advantages over
their peptide-based counterparts, including oral bioavail-
ability, improved patient adherence, and the potential for
broader therapeutic applications. Their smaller molecu-
lar structure also facilitates better tissue penetration and
lower production costs, which could enhance accessibil-
ity to these novel medications.

Despite these promising attributes, significant chal-
lenges remain. Ensuring efficacy, safety, and durability
comparable to injectable GLP-1 RAs while minimizing
adverse effects, particularly gastrointestinal discomfort, is
essential. Additionally, further research is needed to ex-
plore the broader therapeutic potential of these agents
in managing comorbidities such as cardiovascular disease,
PCOS, CKD, MASH, and osteoarthritis. Conducting
rigorous studies like those that established the benefits of
injectable GLP-1 RAs such as tirzepatide, semaglutide,
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dulaglutide, and liraglutide on CKD, MASH, and cardio-
vascular outcomes will be crucial in determining the full
clinical utility of these novel agents.

Small molecule GLP-RAs hold a potential to trans-
form the landscape of metabolic and chronic disease
management. Future studies will be crucial in addressing
existing challenges, optimizing dosing regimens, and ex-
panding their applications to maximize their impact on
patient care.
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