ITP Proposal: Semaglutide (GLP-1 Agonist)

Rationale: GLP-1 receptor agonists (GLP-1 RASs) are drugs used to treat type 2 diabetes by
increasing insulin release and reducing blood sugar levels. GLP-1 RAs work by activating the
GLP-1 receptor, which is found on cells in the pancreas that produce insulin [21]. Since the
insulin hormone regulates blood glucose levels, this results in an increase in the production and
release of insulin, which lowers blood sugar levels. Semaglutide is a modified form of the
naturally occurring hormone GLP-1, synthesized by the addition of a palmitoyl group to the N-
terminus of GLP-1, which increases its resistance to degradation by the enzyme dipeptidyl
peptidase-4 (DPP-4). This modification allows semaglutide to have a longer half-life and
increased potency compared to native GLP-1 [1].
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Published work shows that semaglutide can benefit health outcomes. In individuals with type 2
diabetes, semaglutide improves glycemic control [1,20,29]. Dysregulation of glucose metabolism
is a key contributor to the development of age-related diseases [9] and improving glycemic
control may have beneficial effects on lifespan and healthspan by reducing the risk of
complications associated with diabetes [4], such as cardiovascular disease [2] and
neurodegeneration. In a neurodegenerative mouse model of Parkinson’s disease, mice treated with
semaglutide performed significantly better than control on cognitive and physical tests, such as
the open field test (p<0.001) and grip strength test (p<0.001) [9]; and in another model of PD,
semaglutide was found to protect against 6-OHDA toxicity by enhancing autophagy in SH-SY5Y
cells [23]. Semaglutide was found to have a positive effect on brain atrophy and demyelination
caused by EAE (experimental autoimmune encephalomyelitis, a common mouse disease model
for multiple sclerosis), increasing protein expression of p-CREB, BDNF, and MBP by 3.45, 1.89,
and 2.24 times respectively compared to the EAE group (p < 0.05) [24]. There was significantly
improved locomotor function and lifespan (129 days against 99 days in control) in mice (n=30)
with infantile neuroaxonal dystrophy (INAD) that were treated with semaglutide as well [10]. In a
mouse model study of ischemic stroke, mice treated with semaglutide had attenuated hippocampal
neuron loss (p<0.001), improved motor function in tasks such as the grip strength test (p<0.001),
decreased inflammation and cell death in lieu of decreasing microglia count (p<0.001), and
increased levels of neurogenesis biomarkers such as DCX (p<0.001) compared to untreated
MCAO mice [11,13]. Liraglutide, an analog of semaglutide, has been shown to improve memory
in mice at an intermediate stage of Alzheimer's disease and in aged APP/PS1 mice [14].

Semaglutide can also cause weight loss and improve cardiometabolic risk factors in obese patients
and patients with type Il diabetes [2,11,12]. Obesity is a major risk factor for a number of age-
related diseases, including cardiovascular disease, type 2 diabetes, and certain cancers [12]. In a



randomized controlled trial (n=957), semaglutide was found to cause significant weight loss
compared to a placebo in non diabetic patients with obesity, with the highest dose resulting in a
13.8% reduction in body weight and 37-65% of participants losing at least 10% of their body
weight compared to only 10% in control (p<0.001) [16]. In mice, semaglutide was found to
significantly reduce body weight by 22% at the highest dose of 100 nmol/kg and 10% at the
lowest dose 1 nmol/kg [6]. It also caused a 17% to 18% reduction in body weight in mice and a
dose-dependent reduction in body weight in rats [6]. Additionally, it suppressed food intake and
reduced fat mass with no significant effect on lean mass in mice, and decreased chocolate intake
and increased intake of standard chow in rats; in part this is due to semaglutide’s ability to
upregulate levels of prolactin-releasing hormone (PrLH) in the arcopallium, which was about 22-
fold higher than in control [6]. Semaglutide also prevented obesity-related muscle decline in mice
fed HFD. Their muscle fibers were organized, and damage was minimal compared to the control
HFD group, which showed a reduction in the number of mitochondria in the gastrocnemius
muscle, indicating dissolving matrix, loss of cristae and vacuolization. [32].
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Furthermore, semaglutide has been shown to have anti-inflammatory effects. Semaglutide has a
significant dose-dependent attenuation to the development of aortic plaque in both LDLr(-/-) and
ApoE(-/-) mouse models; it also partially prevented the changes in gene expression induced by a
Western diet and reduced inflammation-related genes and collagen gene expression in the liver of
LDLr(-/-) mice [2]. In another study in ApoE(-/-) mice, semaglutide administration resulted in a
decrease in body weight compared to vehicle treatment, and significantly reduced plasma total
cholesterol levels by 34% (p < 0.0001) [48]. Moreover, semaglutide significantly decreased the
expression of inflammation-related proteins, such as NF-kB, TNF-a, and IL-1p, in the myocardial
tissue (P < 0.001) of excessively exercised mice [22]. In mice fed high fat diets, semaglutide
decreases fat pads (-35%) in the eWAT (white adipose tissue) in these mice. These effects were
observed through reductions in plasmatic cytokine concentrations like leptin (-30%) and gene
expressions related to inflammation and ER stress like Tnf-alpha (-40%) [17]. Semaglutide also
significantly reduced PD-induced inflammation by reducing astrocyte count (p<0.001) and lipid
peroxidation (p<0.001) [9] and ischemic stroke induced inflammation in MCAO mice [13]. When
applied topically, semaglutide also causes a down-regulation of the protein NF-kB in the retina of
diabetic mice, leading to levels similar to those of non-diabetic mice; the upregulation of
proinflammatory cytokines, such as Il-1p, 11-6, 11-18, and Icam-1, seen in diabetic mice treated
with vehicle is abrogated by treatment with semaglutide (p < 0.05) [25]. Inflammation is a key



contributor to the development of age-related diseases [18], and semaglutide's anti-inflammatory
properties may be beneficial in reducing disease risk.

Semaglutide, like previously successful ITP drugs, has widely distributed effects in various
organs of interest. In the pancreas, semaglutide stimulates the secretion of insulin by activating the
GLP-1 receptor on pancreatic beta cells [1]. Upon binding to its receptor, insulin activates
intracellular signaling pathways that result in the uptake of glucose into cells, particularly muscle
and fat cells. This lowers blood glucose levels and maintains glucose homeostasis. In the brain,
semaglutide may act on neurons involved in the regulation of appetite and energy metabolism
[5,6]. The GLP-1 receptor is expressed in a number of brain regions, including the hypothalamus,
which is involved in the regulation of food intake and energy expenditure. Activation of the GLP-
1 receptor in the hypothalamus may lead to the suppression of appetite and the promotion of
energy expenditure [26]. In addition, activation of the GLP-1 receptor has been shown to have a
number of other effects in the brain, including the promotion of neurogenesis and the
improvement of cognitive function in diseased mouse models [13,14]. And finally, in the gut,
semaglutide may act on the GLP-1 receptor to slow gastric emptying and increase the secretion of
hormones involved in satiety [20]. This may contribute to the weight loss and improved glucose
control observed with semaglutide treatment.

Additionally, there are indications semaglutide may have secondary effects similar to other
successful ITP drugs, such as rapamycin and acarbose. Semaglutide reduces liver steatosis,
enhances insulin signaling, and attenuates the mTOR pathway in the liver by decreasing levels of
Pik3c2a, Aktl, and Rps6kb1l, and reinforces the AMPK pathway by increasing levels of Prkag2,
Sirtl, Nr1h3, and Srebfl in mice fed a high fat diet [3]. Semaglutide also activates the AMPK
pathway, improves autophagy and inhibits the production of ROS in LPS-treated H9C2 cells— the
levels of p-AMPK in HIC2 cells were significantly increased in the presence of semaglutide at all
tested concentrations (0.3 and 0.9 mmol/L) compared to the LPS alone group (P < 0.001) [22]. In
addition, orthogonal to semaglutide, a study found that the drug acarbose may increase the
production of GLP-1 in the intestine, which can stimulate the production of FGF21 in the liver
through the activation of PPARa and Sirtl. This suppression of IGF-I production by acarbose
(and likely semaglutide) may contribute to an increase in lifespan in mice [4]. Like acarbose,
semaglutide also significantly lowers postprandial glucose—having up to a 29% reduction in AUC
in human subjects within 5 hours of eating a breakfast meal [27,28]. In mice, semaglutide also
significantly decreases fasting blood and plasma glucose (p<0.001) [29]. In a mouse model of
Parkinson’s disease, semaglutide reversed PD associated reduction in autophagy in the substantia
nigra (p<0.001) [9]. Lastly, semaglutide acts as an appetite suppressant through interference with
hedonic pathways [6]. Semaglutide reduced food intake in rats by 52% [5] and in lean mice by
40% (34) (p<0.001) compared to control and lowered caloric intake by 25% over three meals in
obese patients [19]. Semaglutide suppressed eating in mice (n=6) fed normal chow during the
dark phase but not the light phase, and resulted in a transient decrease in body weight (p<0.0001)
due to suppressed eating [26]. This suggests that semaglutide could share some of the positive
implications that caloric restriction has [7], due to its significant appetite and caloric intake
suppression abilities.



’ Fig 3. Semaglutide (oral, 14mgq) significantly
lowered AUC for serum glucose spike in human
subjects after consuming a meal [32].
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Overall, because semaglutide has been shown to improve glycemic control, have neuroprotective
properties, cause weight loss and improve cardiometabolic risk factors, and have anti-
inflammatory effects, we propose it as a potential candidate for use in a study of mouse lifespan
extension.

Treatment Protocol: With a high binding affinity to HSA relative to other GLP-1 analogues,
semaglutide (EDso < 2 nmol/kg) has a mean half life of 168 h in humans [30]. In a db/db mouse
dose-response study from 0.3 nmol/kg body weight to 100 nmol/kg body weight per day, a
duration of action up to 48 h was observed [31]. Semaglutide is metabolized via proteolytic
cleavage of the peptide backbone and sequential B-oxidation of the fatty acid chain, with no
single organ acting as the major route of elimination. When measured in plasma, it is estimated
to have a retention time of 39.4 to 39.9 min [30]. The peptide is a BCS class 4 molecule, has low
solubility at pH range 2 to 6, and is suitable for room temperature storage.

Semaglutide’s efficacy is dose dependent—in body weight reduction and corresponding lowering
of blood glucose levels [26]. From previous literature, the upper and lower limits of tested doses
are 100 nmol/kg body weight per day and 1 nmol/kg body weight per day, for a duration of 3
weeks. Notably, most prior mouse studies on the neuro-, hepato-, nephro- protective and weight
loss effects of semaglutide have selected subcutaneous or intravenous injections at 25 or 30
nmol/kg body weight per day [9, 14, 32, 33, 34]. With a molecular weight of 4113.58 g/mol, this
corresponds to roughly 0.1 mg/kg body weight per day or 0.6 ppm in food.

However, semaglutide only has an absolute bioavailability of around 1% [35], and its oral
bioavailability is often lower (ranging from 0.4% to 1%) given its peptide nature. As such, in
FDA-approved forms of semaglutide, the oral dose is 7 to 14 times the subcutaneous dose on a
mg basis and given daily instead of weekly. Thus, we propose semaglutide to be administered at
the lower dose: 0.7mg/kg body weight per day or 4.2ppm.

Semaglutide tablets are often co-formulated with SNAC (salcaprozate sodium, a permeation
enhancer), which facilitates absorption in the stomach across the gastric epithelium via the
transcellular route and protects against proteolytic degradation [36]. Although the prescribing
information for RYBELSUS® does not suggest to split the pills (possibly to prevent a loss in
bioavailability), there is no literature supporting this claim. Additionally, unlike other permeation



enhancers, SNAC does not require a protective enteric coating to maintain efficacy [45]. Thus we
propose to purchase and split readily formulated RYBELSUS® tablets.

To assess the physiological effect of semaglutide, we propose body weight and composition to be
measured starting at 8 months of age [41]. Composition can be recorded by a NMR imaging
instrument, such as the EchoMRI™ 3-in-1 from EchoMRI LLC. Body weight and fat weight
should decrease over time, with effects being observable 3 weeks [6]. Optionally, 24 h food intake
can be assessed weekly to determine appetite suppression.

Additional physiological data relating to cognitive performance and pathology of specific organs
of interest can be used to verify other beneficial properties of semaglutide. For cognitive
performance, we propose an open field test using a one-way shuttle box (MED-APAP-D1R; MED
Associates, Inc.) with two equal-sized compartments following test conditions outlined by Wang
et. al [42]. It was found after 5 training days, the delay for PTZ-treated (chronic epilepsy model)
mice to enter the dark cage was shorter than in controls (P<0.001) and longer in semaglutide-
treated mice than in PTZ mice (P<0.05 and P<0.01, respectively for low and high dose) [42]. We
theorize a difference in time delays will be observed between control and semaglutide-treated
mice in more aged mice of at least 12 months of age. For pathology, we propose evaluation of
gene expression relative to control of tissue samples from organs of interest such as the liver and
kidney [33,34]. Transcriptomics can be performed using RNA sequencing of 15mg fresh tissue
samples [46], to elucidate changes in expression of genes relating to metabolism, inflammation,
and ECM organization. In prior studies, statistically significant differences in gene expression
were observed at 12 weeks and 11 weeks, for the liver and kidney, respectively [39,40].

For an alternative marker, we propose an OGTT (oral glucose tolerance test) to be performed at 4
week [38] or 8 week [39] intervals starting at 8 months of age. Following a 12 hour fast, glucose
(2 g/kg body weight) can be administered orally by gavage. Then a 50 pL of tail vein blood is
required, to be sampled at 0, 30, 60, 90 and 120 minutes post-glucose load to obtain AUC values
[38]. A blood glucose meter can be obtained from LifeScan LLC (OneTouch Ultra®2). In a DIO
(dietary induced obesity) model, it was found semaglutide improved glucose tolerance during an
OGTT with statistically significant differences in plasma glucose and insulin at 15, 30, 60 and 120
minutes ((P<0.05 or P<0.001, relative to vehicle) [47].

Safety: the FDA has already completed required animal testing on semaglutide several years ago.
Most notably, there is a risk of thyroid C-cell tumors in mice and rats; a study was conducted for
2 years on CD-1 mice to examine the effects of RYBELSUS on carcinogenicity. Male mice were
given subcutaneous doses of 0.3, 1, and 3 mg/kg/day, which were 9-, 33-, and 113-fold the
maximum recommended human dose of RYBELSUS 14 mg. Female mice were given doses of
0.1, 0.3, and 1 mg/kg/day, which were 3-, 9-, and 33-fold the maximum recommended human
dose. The results of the study showed that there was a statistically significant increase in thyroid
C-cell adenomas and a numerical increase in C-cell carcinomas in both male and female mice at
all dose levels, but only at levels that were more than 3 times the human exposure and above.
[43]. However, at the relatively lower recommended dose, no acute toxicity was observed in prior
studies ranging from 16 weeks on retinal neuroinflammation [25] to 38 weeks on hepatoprotective
effects [28]. The highest subcutaneous dose in mice from literature is 100 nmol/kg body weight



per day or 2.4 ppm in food. When applying the same 7 to 14 scaling factor for an oral dose, this
would equate to 16.8 to 33.6 ppm, which is much higher than the recommended 4.2 ppm.

Costs: Using bulk rate commercial sources from Canadian Pharmacy World (CIPA certified
pharmacy) of readily formulated RYBELSUS® tablets would cost $0.79/mg [44]. Cost estimation
assumes a total of 2100 kg of food is consumed for the three sites from age 4 months to death
(assumes approximately 3 years), for a total cost of $2323 per year of treatment.

Statement of Understanding
In submitting this proposal, we agree to the following:

e \We understand that all information presented in the proposal can be freely shared with
members of the ITP Steering Committee and Access Panel during their evaluation of
proposals but will otherwise be considered confidential.

e |f our proposal, or a modification of it (such as altered dosage or frequency of
administration), is accepted for inclusion in a research protocol, we will be asked to help
evaluate the data and to prepare the data for written and oral publications, on each of
which we will be offered co-authorship. We understand the ITP intends to submit the
results of all ITP-supported studies for publication — regardless of whether they produce
data showing positive or negative effects on health status in mice.

e \We understand that data generated by ITP-supported experiments using the compound/diet
proposed will be made publicly available and can be used by anyone in applications for
further research support. We also will be free to use ITP-generated data in the context of
our applications for research support or for any other purpose.
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