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Abstract: Diabetes mellitus is a devastating chronic metabolic disease. Since the majority of type
2 diabetes mellitus patients are overweight or obese, a novel term—diabesity—has emerged. The
gut-brain axis plays a critical function in maintaining glucose and energy homeostasis and involves
a variety of peptides. Amylin is a neuroendocrine anorexigenic polypeptide hormone, which is
co-secreted with insulin from (-cells of the pancreas in response to food consumption. Aside from its
effect on glucose homeostasis, amylin inhibits homeostatic and hedonic feeding, induces satiety, and
decreases body weight. In this narrative review, we summarized the current evidence and ongoing
studies on the mechanism of action, clinical pharmacology, and applications of amylin and its analogs,
pramlintide and cagrilintide, in the field of diabetology, endocrinology, and metabolism disorders,
such as obesity.

Keywords: diabetes mellitus type 1; diabetes mellitus type 2; obesity; diabesity; amylin receptor;
peptide hormones; pramlintide; cagrilintide

1. Introduction

Diabetes currently affects more than half a billion people globally, with the number
expected to more than double to 1.3 billion people in the next 30 years [1]. Type 2 diabetes
mellitus (T2DM) is one of the most heterogeneous, devastating, and common chronic
metabolic diseases [2,3]. In T2DM, several environmental and genetic factors contribute
to impaired insulin production by pancreatic 3-cells and impaired insulin sensitivity
in tissues with consequent clinical manifestation of hyperglycemia [4]. On the other
hand, the pathophysiology of type 1 diabetes mellitus (T1DM), which accounts for 10%
of all cases of diabetes, classically involves the autoimmune destruction of f3-cells in
the pancreas by invading CD4+ and CD8+ T-cells and macrophages. Nevertheless, the
pathogenesis of T1IDM is very diverse since it is influenced by a spectrum of genetic,
epigenetic, environmental, and immunological factors [5].

Obesity has been one of the most important global health issues in the last three
decades, with approximately 800 million people currently affected. In addition, more
than 90% of patients with T2DM in the age range of 40-59 are overweight or obese [3].
The pathogenesis of obesity is multifactorial, but a number of environmental risk factors
are thought to critically contribute to the escalating obesity epidemic, notably unhealthy
lifestyle behaviors such as excessive intake of processed foods and physical inactivity [6].
Due to the crucial role of obesity in the pathogenesis of T2DM, Sims et al. coined a
novel term—diabesity—which describes the correlation between the two chronic metabolic
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Obesity

diseases. Obesity and T2DM have various pathophysiological connections, as summarized
in Figure 1. The primary mechanism in the development of diabesity is visceral adiposity,
which leads to insulin resistance [7]. Various therapeutic approaches have been developed
to address different pathophysiological mechanisms of this chronic metabolic disease.
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Figure 1. Pathophysiological connections between obesity and type 2 diabetes mellitus [2].

Currently, the management of T2DM is personalized and based on glycemic targets
with different clinical approaches such as glycated hemoglobin (HbA1lc), self-monitored
blood glucose (SMBG), continuous glucose monitoring (CGM), time-in-range (TIR), and
glucose management indicator (GMI) [8]. Despite the numerous different drugs available
for T2DM treatment, management of the disease is challenging for a variety of reasons.
Some of them are drug side effects, contraindications to the use of selected drugs in
kidney disease or heart failure, the risk of hypoglycemia, the inability to target every
pathophysiological defect associated with hyperglycemia, and the common association of
intensive glycemic control with the risk of weight gain. Therefore, any novel medicine for
this prevalent chronic disease is appreciated.

Gut hormones control physiological processes in the pancreas, liver, adipose tissue, gut,
and central nervous system, making them appealing therapeutic targets in the treatment of
obesity and T2DM. The majority of the gut hormones are derived from enteroendocrine
cells and have important roles in food digestion and absorption, insulin secretion, and
appetite regulation. Bioactive peptides obtained from other types of intestinal epithelial
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cells have also been involved in metabolic control and can be termed gut hormones [9].
Glucagon-like peptide 1 (GLP-1) and gastric inhibitory polypeptide (GIP) are two major
gut hormones that stimulate insulin secretion. Both are released after food ingestion and
function to increase glucose-dependent insulin secretion [10]. Amylin or islet amyloid
polypeptide (IAPP) is a centrally acting neuroendocrine anorexigenic hormone that is
co-secreted with insulin by the pancreatic 3-cells in response to nutrient ingestion [11].

In recent years, peptide-based agents that act on both glycemia and excess fat have
been increasingly used in the treatment of T2DM and obesity. In this narrative review, we
summarized the current evidence on the mechanism of action, clinical pharmacology, and
applications of amylin in the field of diabesity. We have also outlined the current ongoing
research in this field.

2. Amylin
2.1. Biochemical Structure

Amylin is a 37-amino-acid peptide (~4 kDa) with an intramolecular disulfide bridge
between cysteine residues at positions 2 and 7 and an amidated c-terminus. It shares
approximately 50% of the amino acid sequence with calcitonin gene-related peptides (CGRP
o and CGRP ) and is structurally related to calcitonin. In blood, it can be found in non-
glycosylated and glycosylated forms, with the latter inactive in blood [12,13]. The molecular
formula of amylin is C54H95N19019S [14]. Its amino acid sequence and comparison to
analoges is presented in Figure 2.

[ (A) Model of amylin amino acid sequence } [ (B) Amino acids sequence ]

Amylin
KCNTATCATQ RLANFLVHSSNNFGAILSSTNVGSNTY . NH_2

Pramlintide
KCNTATCATQ RLANFLVHSSNNFEGPILPPTNVGSNTY . NH_2

Cagrilintide
KCNTATCATQ RLAEFLRHSSNNEFGPILPPTNVGSNTP.NH_2

Figure 2. Chemical structure and amino acid sequence of amylin (amino acids are presented with
their one letter abbreviations). (A) Model of amylin amino acid sequence. (B) Amylin, pramlintide,
and cagrilintide amino acid sequences [14-17].

2.2. Amylin Synthesis and Metabolism

Amylin is a part of the calcitonin gene family, which consists of calcitonin, CGRP,
intermedin/adromedullin, and adrenomedullin (AM) [18]. It is already known that the
amylin gene is located on the p arm of human chromosome 12. Primarily, amylin is
synthesized as a preprohormone, which is then cleaved by prohormone protein convertase
PC1/3 and PC2 into pro-amylin (prolAPP) [19]. To reach its full bioactivity, the prohormone
undergoes amidation at the C-terminal and the formation of the disulfide between cysteine-
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2 and cysteine-7 [18]. Physiological plasma concentrations vary between 4 and 25 pmol/L,
and it is primarily excreted via the kidneys.

Amylin metabolism appears to involve a dual process of renal clearance and proteoly-
sis, forming different metabolites. Among them, a des-Lys metabolite is active, but other
cleavage products are unlikely to provide active peptide fragments [20].

2.3. Physiology and Neuroendocrine Effects of Amylin

Amylin is important in numerous systems that regulate glycemic control, food intake,
and body mass. Although the majority of current studies investigating the effects of amylin
on various systems are based on animal models, it has been shown that amylin influences
satiation, inhibits postprandial glucagon secretion, slows gastric emptying, and inhibits
digestive enzyme secretion through various peripheral and central mechanisms. Besides
its primary secretion from the pancreatic 3-cells, a number of other tissues are also known
to produce amylin, including the stomach, spinal ganglia, and the brain [21]. Synthesis and
excretion of amylin from the pancreas are similar to insulin physiology as both peptides
have a common regulatory promotor motif [22]. Therefore, it has been shown that the
molar ratio of insulin to amylin secretion is somewhat constant, averaging approximately
2-5% [23]. The peptide is released after food ingestion and has a short half-time in plasma
(~13 min) [24]. Its plasma concentration in the fasting state is 2-10 pM and 8-20 pM in the
postprandial state [23].

Amylin suppresses postprandial glucagon secretion indirectly and directly through its
effect on pancreatic x-cells. Accordingly, numerous studies show that it reduces hepatic
glucose mobilization after nutrient ingestion [25,26]. Furthermore, it slows gastric emptying
and pancreatic enzyme secretion, further lowering peak glucose levels in the circulation.
Apart from its effects on peripheral tissues, it directly targets different structures in the
central nervous system.

One of the most thoroughly researched functions of amylin is its effect on satiation,
caused by the activation of noradrenergic neurons in the glucose-sensitive area postrema
(AP) of the medulla oblongata [27]. Nerve fibers containing amylin have also been found
in the nucleus tractus solitarius (NTS) and the lateral and parabrachial nucleus (LPBN),
which are secondary sites of amylin action. These two sites send the neuronal signal to the
lateral hypothalamus and its other parts, modulating the sensation of satiation [19,28]. In
rats, acute peripheral administration of amylin leads to the quick reduction of bioenergetic
status due to the reduced ingested meal size [29,30]. Direct brain infusions have the same
effect, which is dose-dependent and blocked by amylin receptor antagonists [19].

Additionally, it has been shown that amylin could improve leptin sensitivity in obesity.
Leptin is a hormone secreted by the adipose tissue, signalizing the level of triglycerides in
the adipose tissue. In rats, simultaneous exogenous administration of leptin and amylin
leads to weight loss, although, in more severe obesity, their synergistic effect was less
prominent [27,31]. Moreover, amylin administration in animal models has been shown to
increase energy expenditure [32,33].

This polypeptide hormone is also thought to affect the cardiovascular system as it
causes vasodilatation, which decreases blood pressure and activates baroreflex, raising the
heart rate in rodents. Its vascular effects in animal models are believed to be mediated
by the CGRP receptors, which are extensively expressed on the endothelium. However,
as amylin potency on this receptor is relatively small, very high plasma concentrations of
amylin are needed to cause an effect [24].

Although the physiological effects of amylin in humans are poorly researched, the
clinical trials with amylin analogs might shed light on its role in the human body.

2.4. Role of Amylin in the Pathogenesis of Diseases

Apart from its role in the energy and glucose homeostasis in the body, amylin is
important in the pathogenesis of various diseases due to its ability to self-aggregate. It is
soluble in its unfolded, monomeric state. However, intracellularly, it can form oligomers
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that can aggregate. Namely, oligomers show misfolded a-helix conformation that can,
under certain conditions, further transform to 3-sheet-rich fibrils, forming amyloid deposits
that might have toxic effects in the various tissues where amylin is expressed [34].

Although its aggregates might have a role in the pathogenesis of some of the neurode-
generative diseases (for example, Alzheimer’s disease and Parkinson’s disease), we have
focused on the role they play in diabetes and obesity [35-37].

Amylin’s Role in Diabetes and Obesity

In T1DM, amylin basal levels are reduced, and the postprandial secretion is dimin-
ished [38]. However, in T2DM, increased insulin resistance is present in the peripheral
tissues. Consequently, there is more insulin secreted from the (3-cells in the pancreas. Along
with insulin, amylin production is increased, with significantly higher levels of amylin
observed in the fasting (40 pM) and postprandial states (90 pM). Nonetheless, as (3-cells
become exhausted in the later stages of the disease, amylin secretion diminishes [23,25].
Meanwhile, increased secretion of amylin may lead to abnormalities in the processing of
amylin, resulting in amyloid deposition in the (3-cells. At first, amyloid is present intracel-
lularly but is deposited extracellularly with disease progression and 3-cells death. It has
been shown that amyloid can be found in the pancreas of more than 90% of T2DM patients.
Several hypotheses have been postulated to explain how these amylin aggregates can cause
[-cell loss due to their toxic effects [27]. Notable proposed mechanisms include endoplas-
mic reticulum correction mechanisms overloading, disturbance of the intracellular cell
transport, disruption of the organelles membranes (e.g., mitochondria), and inflammasome
activation [27].

Amylin affects satiation, energy expenditure, and body weight. In adiposity, higher
plasma concentrations of amylin were observed, which may imply that amylin signals the
level of adiposity [39,40]. Even in obesity, food intake leads to an increase in the amylin
concentration in plasma. Moreover, it seems that amylin sensitivity is not reduced in this
state since exogenous administration of amylin leads to reduced appetite within a few
minutes. Although the role of amylin in obesity has been modestly researched in animal
models, more studies are needed to clarify its role in human diseases [24].

2.5. Amylin Receptor

Amylin binds with high affinity to more than one distinct receptor. Moreover, the
structure of various amylin receptors is somewhat complicated. Additionally, it is essential
to note that amylin receptors are similar to calcitonin receptors when interpreting the
pharmacokinetic and pharmacodynamic properties of the hormone [24].

Studies analyzing the binding sites of amylin have shown an overlap with calcitonin
binding sites, raising questions about the connections between the two [24,41]. On the other
hand, not all the cells that expressed calcitonin receptors (CTR) have interacted with amylin.
This provoked the idea that other factors apart from CTR are behind the response difference
to the amylin molecule. Accordingly, researchers have shown that other peptides, namely
receptor activity-modifying protein (RAMP), might be responsible for this effect [42,43].
Although the calcitonin receptor does have an affinity for amylin and can be activated by it,
the RAMP peptide promotes the binding and increases the potency of amylin receptors,
thus enhancing its action [44].

Apart from the CTR that also responds to amylin, several other amylin receptors
are more structurally intricate. They exist as a CTR/RAMP complex containing CTR, a
G-protein-coupled receptor (GPCR), and receptor activity-modifying protein (RAMP).

Calcitonin receptor (CTR) is a core family B GPCR with seven transmembrane seg-
ments. It has two major splice variants, hCT(a) and hCT(b), with the second one being more
prevalent [45]. The variants differ in the deletion of 48 base pairs that encode 16 amino
acids in intracellular domain 1 [46]. RAMP is a peptide important for transporting CTR
to the cell membrane and regulating its ligand specificity [47—49]. There are three types
of RAMP (RAMP1, RAMP2, and RAMP3), which share 31% of their amino acid sequence
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and have a similar basic structure [24]. They consist of a large extracellular N-terminal
domain with a signal peptide and four cysteines, a transmembrane domain, and a shorter
C-terminal domain with approximately 10 amino acids. RAMP1 and RAMP3 are 26 amino
acids shorter than RAMP2 [50].

The switch of CTR to the amylin receptor phenotype depends on the receptor isoform
and cellular background [42-44,50]. Since there are two major variants of CTR and three
major RAMPs associated with amylin receptors, there are six amylin receptor subtypes
(AMY1,, AMY7p,, AMY5,, AMYs,, AMY3,, AMYj3,,) with different pharmacological proper-
ties and physiological relevance. Nevertheless, the three most important variants of amylin
receptors are determined by the type of RAMP molecule: AMY;, AMY;, and AMY3. This
complex relationship between the CTR and RAMP at the cellular level is illustrated in
Figure 3. Amylin has a high potency for AMY; and AMY3 and variably for AMY; [51].

Amylin
QR

l A } 4

CTR AMY:

RAMP1 RAMP2 RAMP3

Figure 3. Schematic representation of the complex relationship between calcitonin receptor (CTR),
receptor activity-modifying proteins (RAMP), and three main amylin receptors (AMY;, AMY; and
AMY3). Two main splice variants of CTR (in the figure, we have presented only one for simplicity)
and different RAMPs (RAMP1, RAMP2, and RAMP3) form the CTR/RAMP complex, also known as
the AMY receptor. In this complex, RAMP modifies and enhances the susceptibility of the CTR for
amylin. As there are different RAMPs, there are multiple variants of AMY receptors, namely AMYq,
AMY;, and AMY3; Amylin has the strongest potency for the AMY; and AMY; and variable potency
for the AMY3 and the non-complex form CTR (as shown by the red arrows at the top of the picture).

Although the CTR/RAMP complex signal pathway has not been widely researched,
available evidence indicates that AMY receptors cause the generation of cAMP and cGMP
and possibly the mobilization of intracellular calcium. Since CTR receptors also couple
with multiple G proteins (e.g., Gas, Gaq, Gai/0), the AMY receptors could also modulate
the activation of various kinases (including ERK1/2 and FAK) [19,52]. Therefore, different
configurations of CTR and RAMP within the complex might dictate the activation of one or
more of the various intracellular pathways, leading to the expression of the physiological
effects. Some of the receptor antagonists are truncated forms of an endogenous protein or
its variants. The most known amylin receptor antagonists are salmon calcitonin 8-32 and
AC187 [24].
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As mentioned, the binding sites of amylin are similar to calcitonin binding sites due
to the discussed structural resemblance of their receptors. However, determining the
expression of amylin receptor subtypes and their physiologic relevance in humans is a great
challenge due to numerous factors, such as the structural heterogeneity of the receptor.
Nevertheless, in mainly animal models, it has been shown that it is expressed in the various
areas of the CNS and in different major cell types (neurons, glial cells, endothelial cells).
Some of these areas include the subfornical organ, nucleus of the solitarius tract, nucleus
accumbens, hypothalamus, and ventral tegmental area. In humans, the receptor was shown
to be expressed in blood vessels and spinal trigeminal tract [53-56].

3. Amyline Analogs
3.1. Pramlintide

The so-called amylinomimetic agent, pramlintide, is a synthetic amylin analog devel-
oped around 1995, which binds to the amylin receptors with equipotent agonistic effects as
human amylin. The drug is available for both TIDM and T2DM. It is solubilized at an acidic
pH of 4 and administered subcutaneously during mealtime. Postprandial glucovariability
results not only from insulin deficiency but also from glucagon surplus. Pramlintide modu-
lates the level of postprandial glucose by suppressing the postprandial rise of glucagon,
inhibiting gastric emptying, and promoting satiety and reduction of food intake via a
central mechanism. This drug is used with insulin when postprandial goal levels of glucose
cannot be reached [57].

3.1.1. Pharmacokinetics

Subcutaneous absorption of pramlintide is most reliable when administered in the
abdomen and thigh compared with the arm. Pramlintide reaches peak serum levels within
30 min of administration and has linear pharmacokinetics. Its bioavailability ranges from
25% to 40%. The drug is mostly eliminated via the kidneys, with an elimination half-life of
30-50 min. Its concentrations have been shown to be higher in those with kidney failure;
nevertheless, it is approved for use in patients with mild to moderate kidney dysfunction
with eGER > 20 mL/min/m? [58].

3.1.2. Administration and Dosage

Pramlintide must be injected just before mealtime: 15 to 60 ug subcutaneously in
patients with T1IDM and 60 to 120 pg subcutaneously in patients with T2DM [59]. The
dosage of 15 pg is predicted to be equivalent to 2.5 units of insulin [60].

It is commercially available in combination with insulin. Due to its short half-life, it is
used in three subcutaneous injections per day. In contrast to insulin, pramlintide eliminates
the need for mealtime dose adjustments. Its broad therapeutic range enables patients to
maintain a consistent dose, irrespective of meal size, carbohydrate content, or blood glucose
concentrations. However, further studies are needed to assess the efficiency and safety of
pramlintide and insulin combination in T1IDM and T2DM [59].

3.1.3. Clinical Use

Although pramlintide lacks a clear recommendation in the guidelines, it may be
considered an alternative or adjunct to rapid-acting insulin analogs. It might be used
in patients with insufficient glycemic control who have already received basal insulin
therapy and require additional short-acting agents but aim to avoid weight gain [61].
Pramlintide primarily impacts postprandial hyperglycemia excursions, with little effect
on mean glycemic control as determined by HbAlc [57]. A summary of clinical studies of
pramlintide treatment in patients with diabesity is presented in Table 1.

3.1.4. Adverse Effects

The main adverse effects of pramlintide are generally mild to moderate gastrointestinal
symptoms, such as nausea, vomiting, and anorexia, which disappear four weeks after drug
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use. A low initial dose decreases the possibility of nausea, but in a small number of
patients, this adverse effect occurs even in lower doses. This suggests that nausea is a
consequence of a central effect [57]. However, one study reported other adverse effects,
such as headache, inflicted injury, and sinusitis. Furthermore, none of the major studies
showed liver, kidney, or cardiac toxicity, but a potential impact on bone mineral density has
been suggested [62]. Although hypoglycemia is not a side effect of pramlintide, caution is
needed when used with therapies with known hypoglycemic effects, such as insulin. Due to
the risk of hypoglycemia, the initial treatment doses of insulin administered simultaneously
with pramlintide must be lowered by 50% or more [59]. Nevertheless, in studies with
T2DM patients, hypoglycemia was less common [62,63].

3.1.5. Contraindications and Carcinogenicity

Pramlintide is contraindicated in patients with gastrointestinal diseases and those un-
dergoing therapy with alpha-glucosidase inhibitors due to the increased risk of nausea [57].
Similarly, the drug should not be administered to patients with confirmed gastropare-
sis. Special caution is also required in those TIDM patients who are unaware of their
hypoglycemias.

Pramlintide may interact with different drugs, such as oral anti-diabetic drugs, insulin,
a-glucosidase inhibitors, anticholinergics, angiotensin-converting enzyme inhibitors, fi-
brates, salicylates, disopyramide, fluoxetine, monoamine oxidase inhibitors, pentoxifylline,
somatostatin analogs, and sulfonamide antibiotics [64,65].

Table 1. Summary clinical studies in patients with diabesity treated with pramlintide. TIDM—type 1

diabetes mellitus; T2DM—type 2 diabetes mellitus; HbA1C—hemoglobin A1C.

Research Design

Number of Patients

Results

Main Conclusions

166 insulin-treated
patients with TZ2DM

The change in HBA1c from
baseline was —0.56%.
Pramlintide therapy notably
reduced weight (—2.8 kg) and
postprandial glucose
excursions.

Pramlintide initiation and
mealtime insulin
reduction led to weight
loss. It also improved
postprandial glucose
excursions and HBAc.

1297 patients with TIDM
and T2DM with
inadequate glycaemic
control

After 3 months, the incidence
of patient-ascertained severe
hypoglycemia (PASH) was
2.8% in patients with T2DM
and 4.8% in patients with
T1DM.

The possibility of
insulin-induced severe
hypoglycemia after
pramlintide therapy
initiation is low in patients
with T2DM or T1IDM.

212 patients with T2DM
using insulin glargine in
addition to pramlintide or
placebo

Reductions in HBA1c (—0.70%
against —0.36%) and
postprandial glucose increase
were more significant in
pramlintide-treated patients.
Pramlinitide-treated patients
experienced weight loss (—1.6
kg), while placebo gained
weight (+0.7 kg).

Pramlintide improved
HBAIc and postprandial
glucose with weight
reduction in T2DM
patients.

Authors (Primary Goal, Duration)
Open-label study.
Karlzlé)oit al, Safety and efficacy of
[66] pramlintide therapy.
? Duration: 2 years.
Open-label, multicenter,
observational study.
Pencek R et al., Primary goal was to assess
2010 the risk of insulin-induced
[67] severe hypoglycemia after
pramlintide initiation.
Duration: 6 months
A randomized,
double-blind,
. placebo-controlled,
R1dd12eol(\)/[7et al, multicenter study.
[68] Safety of adding
pramlinitide to insulin
glargine therapy.
Duration: one year.
A randomized, open-label,
parallel-group,
multicenter study. The
Peyroztol\l/{)et al, effectiveness of basal
[69] insulin regimens with

rapid-acting insulin or
pramlintide.
Duration: 9 months.

112 patients with T2DM
and basal insulin therapy
in addition to pramlintide

or rapid-acting insulin

Total diabetes distress in
pramlintide patients improved
significantly. On the other
hand, patients with
rapid-acting insulin did not.
The perception of
hypoglycemia was improved
only in pramlintide patients.

Adding pramlintide to
basal insulin treatment
improved life quality and
satisfaction compared
with rapid-acting insulin
analogs.
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Table 1. Cont.

Research Design

Authors (Primary Goal, Duration) Number of Patients Results Main Conclusions
HBA1c was lower in patients
A double-blinded clinical with pramlintide (—0.39%) in
Whitehouse et al., trial \A{lth parallel compoarlson w1th.placeb.o Pramlintide has a positive
2002 assignment. 480 patients with TIDM (—0.12%). The patients with effect on HBAlc and
[70] Effects of pramlintide on pramlinitide had a weightloss ~ weight loss compared to
HBAIc and weight. (—0.5%) in contrast to placebo placebo.
Duration: 52 weeks. patients with weight gain
(+1.0%).
The patients with pramlintide
had a weight loss (—0.3% to
—1.3% depending on the
The Sh’.ldy was dosage); on the contrary, . i,
double-blinded with . ! Pramlintide has a positive
Ratner et al., llel assi . ith placebo patients had a weight i ioht 1 d
2000 parallel assignment. 538 patients wit gain (+1.0%). HBALc was effect on weight loss an
Effects of pramlinitide on insulin-treated T2DM L . HBAIlc compared with
[62] . lower in patients with
weight and HBAlc. o o o, placebo.
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arallel dosage) than a placebo Pramlintide has a positive
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assignment. 498 patients with T2DM R . .
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ramlintide effects on o o .
. (—0.5% to —1.2% depending placebo.
HBA1c and weight. he d . on th
Duration: 52 weeks. on the osage), on the contrary,
placebo patients had a weight
gain (+0.7%).
The patients with pramlintide
had a weight loss (—0.8% to
—1.4% depending on the
The Stl%dy was. dosage); on the contrary, L. -,
double-blinded with placebo patients had a weight Pramlintide has a positive
Gottlieb et al., 1999 parallel assignment. 499 patients with T2DM gain (+0.1%). HBAIc was effect on HBAlc and
[71] Effects of pramlintide on lower in patients with weight loss compared to
HBA1c and weight. OWET 1 panents w the placebo.

Duration: 26 weeks.

pramlinitide (—0.3% to —0.4%
depending on the dosage) in
comparison with placebo
(—0.1%).

In animal models, pramlintide exposure did not result in tumor growth in any organ.
In contrast, human studies have found that pramlintide increases the cytotoxic effects
of conventional chemotherapy when targeting colorectal cancer cell lines [72] or thymic
lymphoma tumors [73] containing wild-type or mutant p53. Additionally, one study
showed an identical effect in osteosarcoma cells with high- or mid-range glycolytic activity.
Tumor cell apoptosis might be a result of limited or decreased availability of glucose in the
blood, which is required for rapid cancer cell growth [74].

3.1.6. Cardiovascular Safety

Pramlintide, in addition to insulin, has an effect on weight loss, which is moderate in
overweight patients and moderately obese patients and occurs regardless of the reduction
of HbAlc. Weight loss is more noticeable in severe obesity patients and occurs even without
nausea, which suggests that weight loss is not caused by nausea. Weight loss and reduction
of appetite may indicate that pramlintide has a beneficial effect on inflammatory markers
and dyslipidemia (significant reduction of total cholesterol and LDL levels). Neverthe-
less, it has no effect on blood pressure [57]. Similarly, the use of pramlintide in T2DM
patients with inadequate glycemic control was not linked to an elevated cardiovascular
risk. Interestingly, the pramlintide treatment group demonstrated a lower incidence of fatal
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cardiovascular events in contrast to the comparator group [75]. The incidence of major
adverse cardiovascular events (MACE) noted in pramlintide studies (namely 4% over
one year) closely resembled the MACE frequency observed in the ORIGIN cardiovascular
outcome study with insulin glargine (approximately 3% per year) [76].

3.1.7. Pramlintide and T1DM

Pramlintide treatment in TIDM might benefit highly motivated patients sub-optimally
treated with basal-bolus insulin therapy or patients on insulin pump therapy with weight
gain despite all recommended lifestyle changes [70,77].

When taken before meals and combined with preprandial insulin, it lowers postpran-
dial hyperglycemia by decreasing postprandial hyperglucagonemia and delaying gastric
emptying [57]. Moreover, when used with insulin, pre-mealtime administration of pramlin-
tide significantly reduced HbAlc levels by 0.3-0.7%. Moreover, it decreased body weight
by 0.4-1.4 kg [70,78,79].

Whitehouse et al. showed that pramlintide significantly reduces HbAlc compared to
placebo at week 13 and week 52. Furthermore, they demonstrated greater weight loss in the
pramlintide group [70]. A double-blind, randomized study demonstrated that pramlintide
significantly reduced weight despite achieving a comparable reduction in HbAlc compared
to the placebo [77]. Anderson et al. found that the co-formulation ADOQ9 of pramlintide
and the insulin analog A21G reduced postprandial glucose excursions in the first hour
post-meal by >95% compared to insulin lispro [80].

3.1.8. Pramlintide and T2DM

Pramlintide is recommended in patients who are insufficiently managed with prepran-
dial insulin and cannot control their weight with lifestyle changes [57]. A randomized
clinical trial by Ratner et al. demonstrated that incorporating pramlintide (150 pg) into
mealtime insulin led to a mean reduction of HbAlc by 1% in 13 weeks [62]. When used with
insulin, pre-mealtime administration of pramlintide significantly reduces HbAlc levels by
0.3-1.0%. Moreover, it decreases body weight by 0.5-1.8 kg [62,63].

3.2. Cagrilintide

Since pramlintide is a short-acting amylin agonist, considerable effort has been in-
vested in developing long-acting amylin agonists. The therapeutic role of cagrilintide is not
fully understood due to limited research, and ongoing studies aim to elucidate its potential.
Nevertheless, we have tried to summarize the available data about this promising drug.

Cagrilintide is a stable lipidated non-selective long-acting amylin analog administered
subcutaneously weekly and is currently a potential agent in the treatment of obesity. It is a
dual amylin and calcitonin receptor agonist (DACRA) based on salmon calcitonin and has
demonstrated greater efficiency in obesity treatment, fasting glucose control, and HbAlc
management in rat models compared to amylin therapy. This efficacy may be attributed
to the significant role of the calcitonin receptor in glucose metabolism. Compared to
another DACRA, KBP-366, both molecules activate calcitonin receptors in vivo and in vitro.
However, KBP-336 exhibits greater potency than cagrilintide, demonstrating superior
effectiveness in postprandial glucose control and weight loss [81].

There are several differences in the peptide structure of cagrilintide compared to
pramlintide. The proline substitutions (Pro25, Pro28, and Pro29) in cagrilintide suppress
the development of amyloid fibrils. Furthermore, the Tyr37 Pro substitution boosts efficacy.
The peptide also contains two substitutions: Asn14 Glu, which prevents deamination, and
Vall7 Arg, which increases solubility at physiological pH and forms a helix-stabilizing
salt bridge with Glul4. Additionally, the attachment of a C-20 fatty diacid via o-glutamyl
spacer increases the duration of action by binding to albumin [82]. A summary of the
available studies of cagrilintide treatment in patients with diabesity is presented in Table 2.
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Table 2. Summary of the studies in patients with diabesity treated with cagrilintide. TIDM—type 1
diabetes mellitus; T2DM—type 2 diabetes mellitus; HbA1C—hemoglobin A1C.

Research Design (Duration,

Authors Comparator) Number of Patients Results Main Findings
s?gar{?il;liizrrﬁaélljgli CagriSema thgrapy led to
Multicenter, double-blinded reduction compared with betterﬂg%c;[emls cotn trol in
randomized study. Patients were divided into cagrilintide (—1.3%) but Ca riSemf}a\z:ZILZ‘tter
Frias | P et al The safety and effect of three groups: 31 with not with semaglutide ;ge sults in HBA1c
2023 [83] v cagrilintide and semaglutide CagriSema, 31 with (—0.4%). CagriSema had reduction than
combination in T2DM semaglutide, and 30 with better results regarding caerilinitide but not
patients. cagrilintide the change in body weight semz;g lutide. CagriSema
Duration: one year. (—15.6%) in comparison hag the be-st r§sults
with cagrilintide —(8.1%) di ioht 1
and semaglutide (—5.1%). regarding weght 10ss.
The study is randomized
with parallel assignment.
The effect of CagriSema,
sﬁngfggsi%)gg. cagrilintide, semaglutide, Estimated enrollment of Not available Oneoine stud
y [84] ’ and placebo on blood 2700 participants goms y
glucose and body weight) in
T2DM patients treated with
metformin.
The study is randomized
with parallel assignment.
Sgngfi‘g;lzth The effect of CagriSema on Estimated enrollment of Not available Oneoine stud
y [85] ’ weight loss in patients with 1200 participants gong y
: excess body weight and
T2DM.
Randomized with parallel
assignment. Comparison
between CagriSema,
NCT06131372 cagrilintide, semaglutide, Estimated enrollment of
Study start: 2024 and placebo regarding the 618 - Not available Ongoing study
. - participants
[86] renal damage in people with
chronic kidney disease,
T2DM, and excess body
weight.
The study is randomized
NCT05567796 with parallel assignment. Estimated enrollment of
Study start: 2022 Safety and effectiveness of 3400 - Not available Ongoing study
: . . . participants
[87] CagriSema in patients with

excess body weight.

A recent phase 2 trial by Frias et al. showed for the first time the effect of co-
administered cagrilintide and semaglutide (GLP-1 receptor agonist) on glycemic control
in T2DM patients with a body mass index of 27 kg/m? or higher who were treated with
metformin with or without an SGLT2 inhibitor. Treatment with the combination therapy,
CagriSema, resulted in clinically significant improvements in glycemic control. The mean
changes in HbA;. and TIR were greater compared to cagrilintide but not semaglutide.
However, the use of CagriSema resulted in significantly greater weight loss compared to
both semaglutide and cagrilintide [83].

Although the trial mentioned above is the only completed study of cagrilintide therapy
in T2DM, another study by Lau et al. investigated its use in overweight and obese patients
without T2DM. Obese or overweight patients were given a weekly subcutaneous injection
of cagrilintide (0.3-4.5 mg/week), which reduced body weight by 6.4-11.5 kg compared to
patients in a placebo group (3.3 kg weight loss). In the same study, the effect of cagrilintide
was compared with a placebo and liraglutide. The mean percentage weight reductions
were greater in all doses of cagrilintide (6.0-10.8%) in contrast to placebo (3.0%). Moreover,
weight loss was also more prominent in the cagrilintide (10.8%) group compared to the
liraglutide group (9.0%) [88]. Similarly, another study by Enebo et al. demonstrated weight
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loss (15.4%) after 20 weeks of cagrilintide therapy (4.5 mg/week) in combination with
semaglutide (2.4 mg/week) [89].

4. Conclusions

Overall, the current evidence suggests that both pramlintide and cagrilintide are
safe, effective, and promising drugs that successfully reduce body weight in patients
with T2DM and consequently regulate glucose homeostasis. We expect that the results
of many critical ongoing studies will shed further light on the clinical pharmacology
and therapeutic potentials of amylin and its analogs. One of the potentially beneficial
therapeutic possibilities is the combination of cagrilintide and semaglutide, CagriSema,
which is being tested in several studies with diabesity patients.

Author Contributions: Conceptualization, S.E., G.T., D.J.E. and ].K.; Methodology, S.E., G.T., D.J.E.
and ]J.K,; Software, S.E., G.T., D.J.E. and ].K,; Validation, S.E., G.T., D.].E. and ] K.; Formal Analysis,
S.E., G.T.,, D.J.E. and ].K; Investigation, S.E., G.T., D.].E. and ] K.; Resources, S.E., G.T.,, D.J.E. and ] K.;
Data Curation, S.E., G.T., D.].E. and J.K.; Writing—Original Draft Preparation, S.E., G.T., D.].E. and
J.K.; Writing—Review and Editing, S.E., G.T., D.J.E. and ] K,; Visualization, G.T.; Supervision, D.J.E.
and J.K.; Project Administration, J.K.; Funding Acquisition, D.J.E. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

Ong, K.L,; Stafford, L.K.; McLaughlin, S.A.; Boyko, E.J.; Vollset, S.E.; Smith, A.E.; Dalton, B.E.; Duprey, J.; Cruz, ].A.; Hagins, H,;
et al. Global, Regional, and National Burden of Diabetes from 1990 to 2021, with Projections of Prevalence to 2050: A Systematic
Analysis for the Global Burden of Disease Study 2021. Lancet 2023, 402, 203-234. [CrossRef]

Ruze, R,; Liu, T;; Zou, X,; Song, J.; Chen, Y.; Xu, R;; Yin, X,; Xu, Q. Obesity and Type 2 Diabetes Mellitus: Connections in
Epidemiology, Pathogenesis, and Treatments. Front. Endocrinol. 2023, 14, 1161521. [CrossRef] [PubMed]

Geede, P; Vedel, P; Larsen, N.; Jensen, G.V.H.; Parving, H.-H.; Pedersen, O. Multifactorial Intervention and Cardiovascular
Disease in Patients with Type 2 Diabetes. N. Engl. ]. Med. 2003, 348, 383-393. [CrossRef] [PubMed]

Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martin, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. . Mol. Sci. 2020, 21, 6275. [CrossRef] [PubMed]

Paschou, S.A.; Papadopoulou-Marketou, N.; Chrousos, G.P.; Kanaka-Gantenbein, C. On Type 1 Diabetes Mellitus Pathogenesis.
Endocr. Connect. 2018, 7, R38-R46. [CrossRef] [PubMed]

Michaelidou, M.; Pappachan, ].M.; Jeeyavudeen, M.S. Management of Diabesity: Current Concepts. World ]. Diabetes 2023, 14,
396-411. [CrossRef] [PubMed]

Sims, E.A.; Danforth, E.; Horton, E.S.; Bray, G.A.; Glennon, J.A.; Salans, L.B. Endocrine and Metabolic Effects of Experimental
Obesity in Man. Recent. Prog. Horm. Res. 1973, 29, 457-496. [CrossRef]

Lahiri, S.W. Personalizing Type 2 Diabetes Management: Use of a Patient-Centered Approach to Individualizing A1C Goals and
Pharmacological Regimens. Clin. Diabetes 2017, 35, 321-328. [CrossRef]

Bany Bakar, R.; Reimann, F; Gribble, EM. The Intestine as an Endocrine Organ and the Role of Gut Hormones in Metabolic
Regulation. Nat. Rev. Gastroenterol. Hepatol. 2023, 20, 784-796. [CrossRef]

Gribble, EM.; Reimann, F. Function and Mechanisms of Enteroendocrine Cells and Gut Hormones in Metabolism. Nat. Rev.
Endocrinol. 2019, 15, 226-237. [CrossRef]

Ludvik, B.; Kautzky-Willer, A.; Prager, R.; Thomaseth, K.; Pacini, G. Amylin: History and Overview. Diabet. Med. 1997, 14 (Suppl.
2), S9-513. [CrossRef]

Rink, T.J.; Beaumont, K.; Koda, J.; Young, A. Structure and Biology of Amylin. Trends Pharmacol. Sci. 1993, 14, 113-118. [CrossRef]
[PubMed]

Bower, R.L.; Hay, D.L. Amylin Structure-Function Relationships and Receptor Pharmacology: Implications for Amylin Mimetic
Drug Development. Br. J. Pharmacol. 2016, 173, 1883-1898. [CrossRef] [PubMed]

PubChem Amylin (1-13) (Human). Available online: https://pubchem.ncbi.nlm.nih.gov/compound /102601526 (accessed on 28
December 2023).


https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.3389/fendo.2023.1161521
https://www.ncbi.nlm.nih.gov/pubmed/37152942
https://doi.org/10.1056/NEJMoa021778
https://www.ncbi.nlm.nih.gov/pubmed/12556541
https://doi.org/10.3390/ijms21176275
https://www.ncbi.nlm.nih.gov/pubmed/32872570
https://doi.org/10.1530/EC-17-0347
https://www.ncbi.nlm.nih.gov/pubmed/29191919
https://doi.org/10.4239/wjd.v14.i4.396
https://www.ncbi.nlm.nih.gov/pubmed/37122433
https://doi.org/10.1016/b978-0-12-571129-6.50016-6
https://doi.org/10.2337/cd17-0083
https://doi.org/10.1038/s41575-023-00830-y
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.1002/(SICI)1096-9136(199706)14:2+%3CS9::AID-DIA397%3E3.0.CO;2-D
https://doi.org/10.1016/0165-6147(93)90081-T
https://www.ncbi.nlm.nih.gov/pubmed/8516954
https://doi.org/10.1111/bph.13496
https://www.ncbi.nlm.nih.gov/pubmed/27061187
https://pubchem.ncbi.nlm.nih.gov/compound/102601526

Int. J. Mol. Sci. 2024, 25,1517 13 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Cao, J.; Belousoff, M.; Gerrard, E.; Danev, R.; Fletcher, M.; Maso, E.; Schreuder, H.; Lorenz, K.; Evers, A.; Tiwari, G.; et al. Structural
Insight into Selectivity of Amylin and Calcitonin Receptor Agonists. Nat. Chem. Biol. 2023, 1-8. [CrossRef] [PubMed]

Lima, L.M.T.R,; Icart, L.P. Amyloidogenicity of Peptides Targeting Diabetes and Obesity. Colloids Surf. B Biointerfaces 2022, 209,
112157. [CrossRef]

Alghrably, M.; Czaban, I.; Jaremko, L.; Jaremko, M. Interaction of Amylin Species with Transition Metals and Membranes. J. Inorg.
Biochem. 2019, 191, 69-76. [CrossRef]

Yang, F. Amylin in Vasodilation, Energy Expenditure and Inflammation. Front. Biosci. 2014, 19, 936. [CrossRef]

Boyle, C.N.; Zheng, Y.; Lutz, T.A. Mediators of Amylin Action in Metabolic Control. J. Clin. Med. 2022, 11, 2207. [CrossRef]
Lutz, T.A. Creating the Amylin Story. Appetite 2022, 172, 105965. [CrossRef]

Lutz, T. Therapeutic Potential of an Old Friend—The Dichotomy of Amylin in Physiology and Pathophysiology. In Proceedings
of the Endocrine Abstracts, Harrogate, UK, 14-16 November 2022; Bioscientifica: Bristol, UK, 2022; Volume 86.

Hoppener, ] WM.; Ahrén, B.; Lips, C.J.M. Islet Amyloid and Type 2 Diabetes Mellitus. N. Engl. ]. Med. 2000, 343, 411-419.
[CrossRef]

Pittner, R A.; Albrandt, K.; Beaumont, K.; Gaeta, L.S.L.; Koda, J.E.; Moore, C.X; Rittenhouse, ].; Rink, T.]. Molecular Physiology of
Amylin. J. Cell. Biochem. 1994, 55, 19-28. [CrossRef] [PubMed]

Hay, D.L.; Chen, S.; Lutz, T.A.; Parkes, D.G.; Roth, ].D. Amylin: Pharmacology, Physiology, and Clinical Potential. Pharmacol. Rev.
2015, 67, 564-600. [CrossRef]

Scherbaum, W.A. The Role of Amylin in the Physiology of Glycemic Control. Exp. Clin. Endocrinol. Diabetes 2009, 106, 97-102.
[CrossRef] [PubMed]

Gedulin, B.R,; Rink, T.J.; Young, A.A. Dose-Response for Glucagonostatic Effect of Amylin in Rats. Metabolism 1997, 46, 67-70.
[CrossRef]

Lutz, T.A.; Meyer, U. Amylin at the Interface between Metabolic and Neurodegenerative Disorders. Front. Neurosci. 2015, 9, 216.
[CrossRef]

Abegg, K.; Hermann, A.; Boyle, C.N.; Bouret, 5.G.; Lutz, T.A,; Riediger, T. Involvement of Amylin and Leptin in the Development
of Projections from the Area Postrema to the Nucleus of the Solitary Tract. Front. Endocrinol. 2017, 8, 324. [CrossRef] [PubMed]
Reidelberger, R.D.; Kelsey, L.; Heimann, D. Effects of Amylin-Related Peptides on Food Intake, Meal Patterns, and Gastric
Emptying in Rats. Am. ]. Physiol.-Regul. Integr. Comp. Physiol. 2002, 282, R1395-R1404. [CrossRef] [PubMed]

Mollet, A.; Gilg, S.; Riediger, T.; Lutz, T.A. Infusion of the Amylin Antagonist AC 187 into the Area Postrema Increases Food
Intake in Rats. Physiol. Behav. 2004, 81, 149-155. [CrossRef]

Trevaskis, J.L.; Wittmer, C.; Athanacio, J.; Griffin, P.S.; Parkes, D.G.; Roth, ].D. Amylin/Leptin Synergy Is Absent in Extreme
Obesity and Not Restored by Calorie Restriction-induced Weight Loss in Rats. Obes. Sci. Pract. 2016, 2, 385-391. [CrossRef]
Isaksson, B.; Wang, E.; Permert, J.; Olsson, M.; Fruin, B.; Herrington, M.K.; Enochsson, L.; Erlanson-Albertsson, C.; Arnelo, U.
Chronically Administered Islet Amyloid Polypeptide in Rats Serves as an Adiposity Inhibitor and Regulates Energy Homeostasis.
Pancreatology 2005, 5, 29-36. [CrossRef]

Wielinga, PY.; Lowenstein, C.; Muff, S.; Munz, M.; Woods, S.C.; Lutz, T.A. Central Amylin Acts as an Adiposity Signal to Control
Body Weight and Energy Expenditure. Physiol. Behav. 2010, 101, 45-52. [CrossRef]

Ling, W.; Huang, Y.-M.; Qiao, Y.-C.; Zhang, X.-X.; Zhao, H.-L. Human Amylin: From Pathology to Physiology and Pharmacology.
Curr. Protein Pept. Sci. 2019, 20, 944-957. [CrossRef]

Zhu, H,; Tao, Q.; Ang, TEA.; Massaro, J.; Gan, Q.; Salim, S.; Zhu, R.; Kolachalama, V.B.; Zhang, X.; Devine, S; et al. Association of
Plasma Amylin Concentration With Alzheimer Disease and Brain Structure in Older Adults. JAMA Netw. Open 2019, 2, e199826.
[CrossRef] [PubMed]

Sanchez-Goémez, A.; Alcarraz-Vizan, G.; Fernandez, M.; Fernandez-Santiago, R.; Ezquerra, M.; Camara, A.; Serrano, M.; Novials,
A.; Muiioz, E.; Valldeoriola, F; et al. Peripheral Insulin and Amylin Levels in Parkinson’s Disease. Park. Relat. Disord. 2020, 79,
91-96. [CrossRef] [PubMed]

Delamarre, A.; Rigalleau, V.; Meissner, W.G. Insulin Resistance, Diabetes and Parkinson’s Disease: The Match Continues. Park.
Relat. Disord. 2020, 80, 199-200. [CrossRef]

Hieronymus, L.; Griffin, S. Role of Amylin in Type 1 and Type 2 Diabetes. Diabetes Educ. 2015, 41, 475-56S. [CrossRef]

Ludvik, B.; Lell, B.; Hartter, E.; Schnack, C.; Prager, R. Decrease of Stimulated Amylin Release Precedes Impairment of Insulin
Secretion in Type II Diabetes. Diabetes 1991, 40, 1615-1619. [CrossRef]

Enoki, S.; Mitsukawa, T.; Takemura, J.; Nakazato, M.; Aburaya, J.; Toshimori, H.; Matsukara, S. Plasma Islet Amyloid Polypeptide
Levels in Obesity, Impaired Glucose Tolerance and Non-Insulin-Dependent Diabetes Mellitus. Diabetes Res. Clin. Pract. 1992, 15,
97-102. [CrossRef] [PubMed]

Perry, KJ.; Quiza, M.; Myers, D.E.; Morfis, M.; Christopoulos, G.; Sexton, PM. Characterization of Amylin and Calcitonin Receptor
Binding in the Mouse a-Thyroid-Stimulating Hormone Thyrotroph Cell Line*. Endocrinology 1997, 138, 3486-3496. [CrossRef]
Christopoulos, G.; Perry, K.J.; Morfis, M.; Tilakaratne, N.; Gao, Y.; Fraser, N.J.; Main, M.].; Foord, S.M.; Sexton, PM. Multiple
Amylin Receptors Arise from Receptor Activity-Modifying Protein Interaction with the Calcitonin Receptor Gene Product. Mol.
Pharmacol. 1999, 56, 235-242. [CrossRef]

Muff, R.; Bihlmann, N.; Fischer, J.A.; Born, W. An Amylin Receptor Is Revealed Following Co-Transfection of a Calcitonin
Receptor with Receptor Activity Modifying Proteins-1 or -3. Endocrinology 1999, 140, 2924-2927. [CrossRef]


https://doi.org/10.1038/s41589-023-01393-4
https://www.ncbi.nlm.nih.gov/pubmed/37537379
https://doi.org/10.1016/j.colsurfb.2021.112157
https://doi.org/10.1016/j.jinorgbio.2018.11.004
https://doi.org/10.2741/4258
https://doi.org/10.3390/jcm11082207
https://doi.org/10.1016/j.appet.2022.105965
https://doi.org/10.1056/NEJM200008103430607
https://doi.org/10.1002/jcb.240550004
https://www.ncbi.nlm.nih.gov/pubmed/7929615
https://doi.org/10.1124/pr.115.010629
https://doi.org/10.1055/s-0029-1211958
https://www.ncbi.nlm.nih.gov/pubmed/9628238
https://doi.org/10.1016/S0026-0495(97)90170-0
https://doi.org/10.3389/fnins.2015.00216
https://doi.org/10.3389/fendo.2017.00324
https://www.ncbi.nlm.nih.gov/pubmed/29250032
https://doi.org/10.1152/ajpregu.00597.2001
https://www.ncbi.nlm.nih.gov/pubmed/11959682
https://doi.org/10.1016/j.physbeh.2004.01.006
https://doi.org/10.1002/osp4.62
https://doi.org/10.1159/000084488
https://doi.org/10.1016/j.physbeh.2010.04.012
https://doi.org/10.2174/1389203720666190328111833
https://doi.org/10.1001/jamanetworkopen.2019.9826
https://www.ncbi.nlm.nih.gov/pubmed/31433485
https://doi.org/10.1016/j.parkreldis.2020.08.018
https://www.ncbi.nlm.nih.gov/pubmed/32911247
https://doi.org/10.1016/j.parkreldis.2020.10.013
https://doi.org/10.1177/0145721715607642
https://doi.org/10.2337/diab.40.12.1615
https://doi.org/10.1016/0168-8227(92)90074-2
https://www.ncbi.nlm.nih.gov/pubmed/1541241
https://doi.org/10.1210/endo.138.8.5312
https://doi.org/10.1124/mol.56.1.235
https://doi.org/10.1210/endo.140.6.6930

Int. J. Mol. Sci. 2024, 25,1517 14 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

Tilakaratne, N.; Christopoulos, G.; Zumpe, E.T.; Foord, S.M.; Sexton, PM. Amylin Receptor Phenotypes Derived from Human
Calcitonin Receptor/RAMP Coexpression Exhibit Pharmacological Differences Dependent on Receptor Isoform and Host Cell
Environment. J. Pharmacol. Exp. Ther. 2000, 294, 61-72.

Gorn, A.-H,; Lin, HY,; Yamin, M.; Auron, PE.; Flannery, M.R; Tapp, D.R.; Manning, C.A.; Lodish, H.E; Krane, S.M.; Goldring,
S.R. Cloning, Characterization, and Expression of a Human Calcitonin Receptor from an Ovarian Carcinoma Cell Line. J. Clin.
Investig. 1992, 90, 1726-1735. [CrossRef] [PubMed]

Kuestner, R.E.; Elrod, R.D.; Grant, EJ.; Hagen, E.S.; Kuijper, J.L.; Matthewes, S.L.; O’'Hara, PJ.; Sheppard, P.O.; Stroop, S.D.;
Thompson, D.L. Cloning and Characterization of an Abundant Subtype of the Human Calcitonin Receptor. Mol. Pharmacol. 1994,
46, 246-255. [PubMed]

McLatchie, L.M.; Fraser, N.J.; Main, M.].; Wise, A.; Brown, J.; Thompson, N.; Solari, R.; Lee, M.G.; Foord, S.M. RAMPs Regulate
the Transport and Ligand Specificity of the Calcitonin-Receptor-like Receptor. Nature 1998, 393, 333-339. [CrossRef]

Bithlmann, N.; Leuthduser, K.; Muff, R.; Fischer, J.A.; Born, W. A Receptor Activity Modifying Protein (RAMP)2-Dependent
Adrenomedullin Receptor Is a Calcitonin Gene-Related Peptide Receptor When Coexpressed with Human RAMP1. Endocrinology
1999, 140, 2883-2890. [CrossRef]

Fraser, N.J.; Wise, A.; Brown, J.; McLatchie, L.M.; Main, M.J.; Foord, S.M. The Amino Terminus of Receptor Activity Modifying
Proteins Is a Critical Determinant of Glycosylation State and Ligand Binding of Calcitonin Receptor-like Receptor. Mol. Pharmacol.
1999, 55, 1054-1059. [CrossRef]

Just, R.; Simms, J.; Furness, S.G.B.; Christopoulos, A.; Sexton, PM. Understanding Amylin Receptors. In The Calcitonin Gene-related
Peptide Family; Hay, D.L., Dickerson, I.M., Eds.; Springer: Dordrecht, The Netherlands, 2010; pp. 41-57, ISBN 978-90-481-2908-9.
Despa, E; DeCarli, C. Amylin: What Might Be Its Role in Alzheimer’s Disease and How Could This Affect Therapy? Expert Rev.
Proteom. 2013, 10, 403—405. [CrossRef]

Boyle, C.N,; Lutz, T.A.; Le Foll, C. Amylin—Its Role in the Homeostatic and Hedonic Control of Eating and Recent Developments
of Amylin Analogs to Treat Obesity. Mol. Metab. 2017, 8, 203-210. [CrossRef]

Fu, W,; Patel, A.; Jhamandas, ]. H. Amylin Receptor: A Common Pathophysiological Target in Alzheimer’s Disease and Diabetes
Mellitus. Front. Aging Neurosci. 2013, 5, 42. [CrossRef]

Soudy, R.; Kimura, R.; Patel, A.; Fu, W,; Kaur, K.; Westaway, D.; Yang, J.; Jhamandas, J. Short Amylin Receptor Antagonist
Peptides Improve Memory Deficits in Alzheimer’s Disease Mouse Model. Sci. Rep. 2019, 9, 10942. [CrossRef]

Mietlicki-Baase, E.G.; Rupprecht, L.E.; Olivos, D.R.; Zimmer, D.J.; Alter, M.D.; Pierce, R.C.; Schmidt, H.D.; Hayes, M.R. Amylin Re-
ceptor Signaling in the Ventral Tegmental Area Is Physiologically Relevant for the Control of Food Intake. Neuropsychopharmacology
2013, 38, 1685-1697. [CrossRef]

Walker, C.S.; Eftekhari, S.; Bower, R.L.; Wilderman, A.; Insel, P.A.; Edvinsson, L.; Waldvogel, H.].; Jamaluddin, M.A.; Russo, A.F;
Hay, D.L. A Second Trigeminal CGRP Receptor: Function and Expression of the AMY1 Receptor. Ann. Clin. Transl. Neurol. 2015,
2, 595-608. [CrossRef]

Hoogwerf, B. Pramlintide, the Synthetic Analogue of Amylin: Physiology, Pathophysiology, and Effects on Glycemic Control,
Body Weight, and Selected Biomarkers of Vascular Risk. Vasc. Health Risk Manag. 2008, 4, 355-362. [CrossRef] [PubMed]
McQueen, J. Pramlintide Acetate. Am. |. Health-Syst. Pharm. 2005, 62, 2363-2372. [CrossRef] [PubMed]

Katzung, B.G. (Ed.) A Lange medical book. In Basic & Clinical Pharmacology, 14th ed.; McGraw-Hill Education: New York, NY,
USA, 2018; ISBN 978-1-259-64115-2.

DeMarsilis, A.; Reddy, N.; Boutari, C.; Filippaios, A.; Sternthal, E.; Katsiki, N.; Mantzoros, C. Pharmacotherapy of Type 2 Diabetes:
An Update and Future Directions. Metabolism 2022, 137, 155332. [CrossRef] [PubMed]

Davies, M.].; Aroda, V.R.; Collins, B.S.; Gabbay, R.A.; Green, J.; Maruthur, N.M.; Rosas, S.E.; Del Prato, S.; Mathieu, C.; Mingrone,
G.; et al. Management of Hyperglycemia in Type 2 Diabetes, 2022. A Consensus Report by the American Diabetes Association
(ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care 2022, 45, 2753-2786. [CrossRef] [PubMed]
Ratner, R.E.; Want, L.L.; Fineman, M.S.; Velte, M.].; Ruggles, ].A.; Gottlieb, A.; Weyer, C.; Kolterman, O.G. Adjunctive Therapy
with the Amylin Analogue Pramlintide Leads to a Combined Improvement in Glycemic and Weight Control in Insulin-Treated
Subjects with Type 2 Diabetes. Diabetes Technol. Ther. 2002, 4, 51-61. [CrossRef]

Hollander, P.A.; Levy, P.; Fineman, M.S.; Maggs, D.G.; Shen, L.Z.; Strobel, S.A.; Weyer, C.; Kolterman, O.G. Pramlintide as an
Adjunct to Insulin Therapy Improves Long-Term Glycemic and Weight Control in Patients with Type 2 Diabetes. Diabetes Care
2003, 26, 784-790. [CrossRef] [PubMed]

SYMLIN® (Pramlintide Acetate) Injection. Available online: https:/ /www.accessdata.fda.gov/drugsatfda_docs/label /2007 /021
332s0061bl.pdf (accessed on 28 December 2023).

Drug Approval Package: Symlin (Pramlintide Acetate) NDA #021332. Available online: https://www.accessdata.fda.gov/
drugsatfda_docs/nda/2005/21-332_Symlin.cfm (accessed on 28 December 2023).

Karl, D.; Philis-Tsimikas, A.; Darsow, T.; Lorenzi, G.; Kellmeyer, T.; Lutz, K.; Wang, Y.; Frias, ].P. Pramlintide as An Adjunct to
Insulin in Patients with Type 2 Diabetes in A Clinical Practice Setting Reduced A1C, Postprandial Glucose Excursions, And
Weight. Diabetes Technol. Ther. 2007, 9, 191-199. [CrossRef] [PubMed]

Pencek, R.; Roddy, T.; Peters, Y.; De Young, M.B.; Herrmann, K.; Meller, L.; Nguyen, H.; Chen, S.; Lutz, K. Safety of Pramlintide
Added to Mealtime Insulin in Patients with Type 1 or Type 2 Diabetes: A Large Observational Study. Diabetes Obes. Metab. 2010,
12, 548-551. [CrossRef]


https://doi.org/10.1172/JCI116046
https://www.ncbi.nlm.nih.gov/pubmed/1331173
https://www.ncbi.nlm.nih.gov/pubmed/8078488
https://doi.org/10.1038/30666
https://doi.org/10.1210/endo.140.6.6783
https://doi.org/10.1124/mol.55.6.1054
https://doi.org/10.1586/14789450.2013.841549
https://doi.org/10.1016/j.molmet.2017.11.009
https://doi.org/10.3389/fnagi.2013.00042
https://doi.org/10.1038/s41598-019-47255-9
https://doi.org/10.1038/npp.2013.66
https://doi.org/10.1002/acn3.197
https://doi.org/10.2147/VHRM.S1978
https://www.ncbi.nlm.nih.gov/pubmed/18561511
https://doi.org/10.2146/ajhp050341
https://www.ncbi.nlm.nih.gov/pubmed/16278328
https://doi.org/10.1016/j.metabol.2022.155332
https://www.ncbi.nlm.nih.gov/pubmed/36240884
https://doi.org/10.2337/dci22-0034
https://www.ncbi.nlm.nih.gov/pubmed/36148880
https://doi.org/10.1089/15209150252924094
https://doi.org/10.2337/diacare.26.3.784
https://www.ncbi.nlm.nih.gov/pubmed/12610038
https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021332s006lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021332s006lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2005/21-332_Symlin.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2005/21-332_Symlin.cfm
https://doi.org/10.1089/dia.2006.0013
https://www.ncbi.nlm.nih.gov/pubmed/17425446
https://doi.org/10.1111/j.1463-1326.2010.01201.x

Int. J. Mol. Sci. 2024, 25,1517 15 of 16

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Riddle, M.; Frias, J.; Zhang, B.; Maier, H.; Brown, C.; Lutz, K.; Kolterman, O. Pramlintide Improved Glycemic Control and
Reduced Weight in Patients with Type 2 Diabetes Using Basal Insulin. Diabetes Care 2007, 30, 2794-2799. [CrossRef] [PubMed]
Peyrot, M.; Rubin, R.R.; Polonsky, W.H.; Jennie Best, H. Patient Reported Outcomes in Adults with Type 2 Diabetes on Basal
Insulin Randomized to Addition of Mealtime Pramlintide or Rapid-Acting Insulin Analogs. Curr. Med. Res. Opin. 2010, 26,
1047-1054. [CrossRef] [PubMed]

Whitehouse, E; Kruger, D.F,; Fineman, M.; Shen, L.; Ruggles, ].A.; Maggs, D.G.; Weyer, C.; Kolterman, O.G. A Randomized Study
and Open-Label Extension Evaluating the Long-Term Efficacy of Pramlintide as an Adjunct to Insulin Therapy in Type 1 Diabetes.
Diabetes Care 2002, 25, 724-730. [CrossRef]

Gottlieb, A.; Fineman, M.; Bahner, A. Pramlintide Therapy in Addition to Insulin in Type 2 Diabetes: Effect on Metabolic Control
after 6 Months. Diabetologia 1999, 42, A232.

Al-Keilani, M.; Alsmadi, D.; Darweesh, R.; Alzoubi, K. Pramlintide, an Antidiabetic, Is Antineoplastic in Colorectal Cancer and
Synergizes with Conventional Chemotherapy. Clin. Pharmacol. Adv. Appl. 2018, 10, 23-29. [CrossRef]

Venkatanarayan, A.; Raulji, P; Norton, W.; Chakravarti, D.; Coarfa, C.; Su, X.; Sandur, S.K.; Ramirez, M.S.; Lee, |.; Kingsley, C.V,;
et al. IAPP-Driven Metabolic Reprogramming Induces Regression of P53-Deficient Tumours in Vivo. Nature 2015, 517, 626—630.
[CrossRef]

Yang, Y.; Peng, Z.; Flores, E.R.; Kleinerman, E.S. Pramlintide: A Novel Therapeutic Approach for Osteosarcoma through Metabolic
Reprogramming. Cancers 2022, 14, 4310. [CrossRef]

Herrmann, K.; Zhou, M.; Wang, A.; De Bruin, TW.A. Cardiovascular Safety Assessment of Pramlintide in Type 2 Diabetes:
Results from a Pooled Analysis of Five Clinical Trials. Clin. Diabetes Endocrinol. 2016, 2, 12. [CrossRef]

ORIGIN Trial Investigators; Gerstein, H.C.; Bosch, J.; Dagenais, G.R.; Diaz, R.; Jung, H.; Maggioni, A.P,; Pogue, J.; Probstfield,
J.; Ramachandran, A.; et al. Basal Insulin and Cardiovascular and Other Outcomes in Dysglycemia. N. Engl. ]. Med. 2012, 367,
319-328. [CrossRef]

Edelman, S.; Garg, S.; Frias, ].; Maggs, D.; Wang, Y.; Zhang, B.; Strobel, S.; Lutz, K.; Kolterman, O. A Double-Blind, Placebo-
Controlled Trial Assessing Pramlintide Treatment in the Setting of Intensive Insulin Therapy in Type 1 Diabetes. Diabetes Care
2006, 29, 2189-2195. [CrossRef]

Ratner, R.E.; Dickey, R.; Fineman, M.; Maggs, D.G.; Shen, L.; Strobel, S.A.; Weyer, C.; Kolterman, O.G. Amylin Replacement with
Pramlintide as an Adjunct to Insulin Therapy Improves Long-term Glycaemic and Weight Control in Type 1 Diabetes Mellitus:
A 1-year, Randomized Controlled Trial. Diabet. Med. 2004, 21, 1204-1212. [CrossRef]

Weinzimer, S.A.; Sherr, J.L.; Cengiz, E.; Kim, G.; Ruiz, J.L.; Carria, L.; Voskanyan, G.; Roy, A.; Tamborlane, W.V. Effect of
Pramlintide on Prandial Glycemic Excursions during Closed-Loop Control in Adolescents and Young Adults with Type 1
Diabetes. Diabetes Care 2012, 35, 1994-1999. [CrossRef]

Andersen, G.; Meiffren, G.; Famulla, S.; Heise, T.; Ranson, A.; Seroussi, C.; Eloy, R.; Gaudier, M.; Charvet, R.; Chan, Y,; et al.
ADOQ9, a Co-formulation of the Amylin Analogue Pramlintide and the Insulin Analogue A21G, Lowers Postprandial Blood
Glucose versus Insulin Lispro in Type 1 Diabetes. Diabetes Obes. Metab. 2021, 23, 961-970. [CrossRef]

Larsen, A.T.; Mohamed, K.E; Sonne, N.; Bredtoft, E.; Andersen, F; Karsdal, M.; Henriksen, K. Does Receptor Balance Matter?—
Comparing the Efficacies of the Dual Amylin and Calcitonin Receptor Agonists Cagrilintide and KBP-336 on Metabolic Parameters
in Preclinical Models. Biomed. Pharmacother. 2022, 156, 113842. [CrossRef]

Bailey, C.J.; Flatt, PR.; Conlon, ].M. An Update on Peptide-Based Therapies for Type 2 Diabetes and Obesity. Peptides 2023, 161,
170939. [CrossRef] [PubMed]

Frias, ].P; Deenadayalan, S.; Erichsen, L.; Knop, EK,; Lingvay, I.; Macura, S.; Mathieu, C.; Pedersen, S.D.; Davies, M. Efficacy
and Safety of Co-Administered Once-Weekly Cagrilintide 2-4 Mg with Once-Weekly Semaglutide 2-4 Mg in Type 2 Diabetes:
A Multicentre, Randomised, Double-Blind, Active-Controlled, Phase 2 Trial. Lancet 2023, 402, 720-730. [CrossRef]

Novo Nordisk A/S. Efficacy and Safety of Co-Administered Cagrilintide and Semaglutide (CagriSema) s.c. in Doses 2.4/2.4
Mg and 1.0/1.0 Mg Once Weekly versus Semaglutide 2.4 Mg and 1.0 Mg, Cagrilintide 2.4 Mg and Placebo in Participants
with Type 2 Diabetes Inadequately Controlled on Metformin with or without an SGLT2 Inhibitor. 2023. Available online:
https:/ /classic.clinicaltrials.gov/ct2 /show /NCT06065540 (accessed on 18 January 2024).

Novo Nordisk A/S. Efficacy and Safety of Cagrilintide s.c. 2.4 Mg in Combination with Semaglutide s.c. 2.4 Mg (CagriSema
s.c. 2.4 Mg/2.4 Mg) Once-Weekly in Participants with Overweight or Obesity and Type 2 Diabetes. 2023. Available online:
https://clinicaltrials.gov /study/NCT05394519?term=NCT05394519&rank=1 (accessed on 18 January 2024).

Novo Nordisk A/S. Efficacy and Safety of Co-Administered Cagrilintide and Semaglutide (CagriSema 2.4 Mg/2.4 Mg) Once
Weekly versus Semaglutide 2.4 Mg, Cagrilintide 2.4 Mg and Placebo in People with Chronic Kidney Disease and Type 2 Diabetes
Living with Overweight or Obesity. 2023. Available online: https:/ /clinicaltrials.gov/study/NCT06131372?term=NCT0613137
2&rank=1 (accessed on 18 January 2024).

Novo Nordisk A/S. Efficacy and Safety of Cagrilintide s.c. 2.4 Milligram (Mg) in Combination with Semaglutide Subcutaneous
(s.c). 2.4 Mg (CagriSema s.c. 2.4 Mg/2.4 Mg) Once-Weekly in Participants with Overweight or Obesity. 2023. Available online:
https://clinicaltrials.gov/study /NCT05567796?term=NCT05567796&rank=1 (accessed on 18 January 2023).


https://doi.org/10.2337/dc07-0589
https://www.ncbi.nlm.nih.gov/pubmed/17698615
https://doi.org/10.1185/03007991003634759
https://www.ncbi.nlm.nih.gov/pubmed/20199136
https://doi.org/10.2337/diacare.25.4.724
https://doi.org/10.2147/CPAA.S153780
https://doi.org/10.1038/nature13910
https://doi.org/10.3390/cancers14174310
https://doi.org/10.1186/s40842-016-0030-z
https://doi.org/10.1056/NEJMoa1203858
https://doi.org/10.2337/dc06-0042
https://doi.org/10.1111/j.1464-5491.2004.01319.x
https://doi.org/10.2337/dc12-0330
https://doi.org/10.1111/dom.14302
https://doi.org/10.1016/j.biopha.2022.113842
https://doi.org/10.1016/j.peptides.2023.170939
https://www.ncbi.nlm.nih.gov/pubmed/36608818
https://doi.org/10.1016/S0140-6736(23)01163-7
https://classic.clinicaltrials.gov/ct2/show/NCT06065540
https://clinicaltrials.gov/study/NCT05394519?term=NCT05394519&rank=1
https://clinicaltrials.gov/study/NCT06131372?term=NCT06131372&rank=1
https://clinicaltrials.gov/study/NCT06131372?term=NCT06131372&rank=1
https://clinicaltrials.gov/study/NCT05567796?term=NCT05567796&rank=1

Int. J. Mol. Sci. 2024, 25,1517 16 of 16

88. Lau, D.C.W.; Erichsen, L.; Francisco, A.M.; Satylganova, A.; le Roux, C.W.; McGowan, B.; Pedersen, S.D.; Pietildinen, K.H.; Rubino,
D.; Batterham, R.L. Once-Weekly Cagrilintide for Weight Management in People with Overweight and Obesity: A Multicentre,
Randomised, Double-Blind, Placebo-Controlled and Active-Controlled, Dose-Finding Phase 2 Trial. Lancet 2021, 398, 2160-2172.
[CrossRef] [PubMed]

89. Enebo, L.B.; Berthelsen, K.K.; Kankam, M.; Lund, M.T.; Rubino, D.M.; Satylganova, A.; Lau, D.C.W. Safety, Tolerability,
Pharmacokinetics, and Pharmacodynamics of Concomitant Administration of Multiple Doses of Cagrilintide with Semaglutide
2-4 Mg for Weight Management: A Randomised, Controlled, Phase 1b Trial. Lancet 2021, 397, 1736-1748. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0140-6736(21)01751-7
https://www.ncbi.nlm.nih.gov/pubmed/34798060
https://doi.org/10.1016/S0140-6736(21)00845-X
https://www.ncbi.nlm.nih.gov/pubmed/33894838

	Introduction 
	Amylin 
	Biochemical Structure 
	Amylin Synthesis and Metabolism 
	Physiology and Neuroendocrine Effects of Amylin 
	Role of Amylin in the Pathogenesis of Diseases 
	Amylin Receptor 

	Amyline Analogs 
	Pramlintide 
	Pharmacokinetics 
	Administration and Dosage 
	Clinical Use 
	Adverse Effects 
	Contraindications and Carcinogenicity 
	Cardiovascular Safety 
	Pramlintide and T1DM 
	Pramlintide and T2DM 

	Cagrilintide 

	Conclusions 
	References

