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Exendin-4 (Ex-4), better known in its synthetic form and used clinically as exenatide, applied in the treatment of diabetes,

induces a beneficial impact on nerve cells, and shows promising effects in obstructive lung diseases.
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1. Introduction

Extended life expectancy has resulted in an increased interest in age-specific conditions, such as Parkinson’s and

Alzheimer’s disease. The growing interest in these diseases affecting the geriatric population results in numerous studies

that search for therapies of neurodegenerative disorders, using the mechanisms of Exendin-4 (Ex-4).

The latest publications on the effects of Ex-4 therapy clearly indicate that this drug could be used in the treatment of

neurodegenerative diseases . Some of these studies are already at very advanced stages, including ongoing analyses

on patients . Among them, Ex-4 therapy for Parkinson’s disease is a dominant one. Patients with Parkinson’s disease

also constitute a large group of potential beneficiaries of the drug. It is estimated that there are currently about 1 to 2 such

patients per 1000 in the general population .

Patients with Alzheimer’s disease are another target group. Currently, 5–7 million new cases of Alzheimer’s disease are

diagnosed annually . Neurodegenerative diseases often pose a diagnostic challenge as it is difficult to clearly identify

the disease which is directly responsible for dementia. Of all 36.5 million cases of dementia diagnosed worldwide, most

are probably related to Alzheimer’s disease . Among patients presenting any neurodegenerative condition, who could

usufruct the Ex-4 treatment, are also these diagnosed with amyotrophic lateral sclerosis (ALS). In the general population

, the number of patients affected by ALS is 1.7–2.3/100,000 per year.

Numerous studies, driven with various material (animal models, post-mortem preparations, cell cultures), lead to the same

conclusion: not only diabetes , which has been so far treated with Ex-4, might benefit from therapy with Ex-4 insertion.

2. General Characteristics of Ex-4

Exendin-4 (Ex-4) was isolated from the saliva of the venomous lizard, Gila monster (Heloderma suspectum) . It is

composed of 39 amino acids and differs from Exendin-3 (Ex-3) by the substitution of amino acids 2 and 3. Replacement of

Ser -Asp  with Gly -Glu  causes differences in the bioactivity of these proteins and a significant reduction in the ability of

Ex-4 to interact with receptors for proteins from the family of vasoactive intestinal proteins (VIP). This change does not

affect the ability to bind to glucagon-like protein-1 receptors (GLP-1R) . The sequence of this protein is 53% compatible

with that of the endogenous glucagon-like protein-1 (GLP-1) , and secondary and tertiary structures as well as chain

interactions determine its lipophilic properties  (Table 1).

Table 1. Comparison of GLP-1 and Ex-4.

Characteristics GLP-1 Ex-4

Origin Endogenous Exogenous

Site of generation L-cells in intestines Salivary glands of Heloderma suspectum lizard

Structure - 53% similar to GLP-1

Receptor GLP-1 GLP-1, VIP proteins

Affinity to GLP-1R - Higher than GLP-1
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Characteristics GLP-1 Ex-4

Half-time 1.5–5 min 120 min

Amount of cAMP secretion - Three times higher

Exendin-4 is a glucagon-like protein-1 analogue. In physiological conditions, GLP-1 is produced by L-cells in the intestines

in response to food entering the digestive tract . The described process is a fragment of the gut–pancreatic axis, whose

mechanism of action is conditioned by incretins, i.e., GLP-1 and gastric inhibitory peptide (GIP). The incretin effect is

responsible for 50–70% of postprandial secretion of insulin . In patients with type 2 diabetes mellitus (T2DM), this effect

is significantly weakened resulting from β-cell malfunction and treatment is required .

Ex-4 also improves insulin sensitivity, reduces glycated haemoglobin levels after 13 weeks of administration, and

decreases body weight . The dual mechanism of action, i.e., its effect on both the transcription of proinsulin genes and

secretion of pancreatic insulin reserves, allows Ex-4 to be taken on a long-term as well as short-term basis . Reduced

glycaemic levels are observed after four hours . Based on the documented mechanisms demonstrated by GLP-1 in in

vitro conditions or in animals, the following conclusion was established also for in vivo conditions, which requires further

detailed verification. In summary, Ex-4 would be ideal for many patients with T2DM and other civilization diseases, such

as those associated with hypercholesterolemia .

Ex-4 can be administered in several forms. The most common method of application in the treatment of T2DM is by

subcutaneous injection once a day or once a week. When administered intravenously, Ex-4 shows a stronger

insulinotropic effect than GLP-1  and crosses the blood–brain barrier in 90% of a given dose . A higher percentage of

the intravenous dose reaches the cerebral tissue than in the case of periventricular administration to the brain . Such a

high penetration of Ex-4 to the brain, given intravenously, allows the dose to be limited and avoids possible side effects.

Injections exceeding the high dose of Ex-4, i.e., over 5 ug in a mouse, are likely to inhibit the entry to the brain.

Considering these results, further research should be conducted to confirm or establish the inhibiting dose of Ex-4 in the

human population as well . Another possible way of application is the intraperitoneal method. Ex-4 administered

intraperitoneally demonstrates prolonged hypoglycaemic activity . Depending on the administration and the size of the

dose, the intracellular accumulation of cyclic adenosine monophosphate (cAMP) inside the cell and hypoglycaemic activity

can be modulated to some extent .

Passage via the blood–brain barrier is based on passive transport through simple diffusion because it does not cause

energy consumption. It is not sensitive to manipulation by pharmacological or physiological factors either . On the other

hand, it is susceptible to physical and chemical factors such as lipophilicity and the ability to form hydrogen bonds. The

low hydrogen bonding potential, characteristic of Ex-4, is an advantage while moving to a highly non-polar region of the

cell membrane . Ex-4, capable of crossing the blood–brain barrier, plays a very important role in the treatment of

neurodegenerative diseases, and the spread of determined Ex-4 in the cerebral tissue after intravenous and

periventricular administration is comparable . This means that regardless of the method of administration, the drug will

reach the same regions of the brain.

GLP-1 receptors, whose agonist is Ex-4, are located in many organs of the human body. Their presence has been

confirmed in the pancreas, lungs, stomach, small intestine, kidneys, heart, most areas of the brain , and on peripheral

nerves, i.e., the vagus nerve , and in the spinal cord  (Figure 1). They have not been found in the liver, skeletal

muscles, or adipose tissue, i.e., in organs responsible for glucose metabolism in the body .
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Figure 1. Schematically presented mechanisms.

GLP-1R has also been discovered in the tracheal mucosa, which could create a chance for its potential application in the

treatment of respiratory diseases. The Ex-4 ability to prevent bronchial hyperresponsiveness has been already evidenced

on human isolated airway cells after high-glucose stimulation and sensitization through GLP-1R . Additionally, these

receptors have been traced in smooth muscles of the pulmonary artery responsible for functional pulmonary vasculature

, enabling relaxation of its muscular layer . In the pulmonary tissue, Ex-4 can contribute to a slight increase in

mucus secretion through its insignificant ability to stimulate receptors for VIP  family proteins. Simultaneous action

through different GLP-1 receptors and VIP family proteins is likely to ensure non-adrenergic and non-cholinergic peptide

regulation of lung function.

Translation of the GLP-1R encoding gene results in the occurrence of 7-transmembrane-spanning, heterotrimeric G

protein . Initially, it is present on the cell surface. In response to GLP-1 or its analogues, it moves inside the cell and

becomes activated through the membrane adenylate cyclase; however, it does not stimulate its release . The activated

adenylate cyclase, causing intracellular increase in cAMP, activates complex cascades of biochemical reactions and

cAMP-dependent phosphokinase A (PKA), phosphatidylinositol kinase, and cAMP-response element-binding protein

(CREB). The effects of the cascade depend on the type of specialization of the cell on whose surface the GLP-1 

receptor is located.

The above-mentioned intracellular activation in pancreatic cells results in secretion of insulin from pancreatic reserves as

well as deactivation of apoptosis-inducing enzymes. cAMP levels induced by Ex-4 are three times higher than after

application of the same dose of GLP-1 . Although the levels of both peptides return to baseline after 15 min, Ex-4 is

more effective . Ex-4 and GLP-1, if administered simultaneously, are additive to the intracellular cAMP concentration .

Due to a greater affinity of Ex-4 for the GLP-1 receptor than GLP-1, first the receptor binds to Ex-4 . An increase in the

cAMP level following Ex-4 administration is monophasic and starts at a dose of 100 pM. At a concentration of 10 nM, it

turns into a  plateau, and even above 100 nM, cAMP no longer grows, unlike in the case of Ex-3. This single peak is

comparable to the first growth phase after the application of Ex-3 .

Ex-4 is a strongly binding ligand. After binding to GLP-1R, in a preparation made of the rat lung epithelium, Ex-4 did not

unbind from the receptor even after the introduction of VIP family protein, histidine, or isoleucine  into the body. Ex-4

most easily binds to the receptor located in the lungs at pH = 7.4. In the lungs, the binding also depends on the
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concentration of the unbound ligand, i.e., the higher the concentration of the introduced substance, the better the binding

to the receptor .

The effect of Ex-4 at the transcriptional level does not end with stimulation of proinsulin genes. The drug also intensifies

the transcription of tyrosine hydrolysis in medullary catecholamine neurons. It is possible that changes in the

concentration of tyrosine hydrolysis constitute a critical regulator of sympathetic influence involved in the regulation of

physiological processes conditioning the cardiac function, including its arterial pressure and pulse values. An increased

hydrolysis level leads to intensification of the sympathetic system activity in the regulation of physiological processes and

to an increase in arterial pressure and heart rate. The observed changes in vital parameters are completely independent

of glucose metabolism in the case of application of Ex-4 in T2DM therapy, and they may be considered significant side

effects of this preparation . Another aspect of the autonomic system activity, probably mediated through GLP-1 and its

analogues, includes characteristic variability of the perception of interoceptive stress induced by, e.g., taste aversion,

being a response to the detected taste of poison . The occurrence of this reaction is largely evolutionarily protective

and can be used in body weight reduction, where food will be given a specific taste and new visual and taste associations

will be created. Potential effector pathways that regulate the sympathetic effect of incretinomimetics may be monosynaptic

hypothalamo-spinal or bulbo-spinal, stimulated by sympathetic interstitial neurons .

Increased arterial pressure, accelerated heart rate, or taste aversion are not the only possible side effects of Ex-4. We

should also be aware of potential gastrointestinal disturbances such as nausea and vomiting, resulting largely from

delayed gastric emptying and pancreatitis . Slackened peristaltic movements of the stomach and intestines, as well

as longer retention of food, shorten time and degree of absorption of oral drugs . This may lead to dangerous

interactions between the administered preparations or intensification of adverse effects of the medications due to their

long stay in the gastrointestinal tract (Table 2).

Table 2. Beneficial and adverse effects of Ex-4 in T2DM.

Beneficial Effects Adverse Effects

Stimulation of proinsulin gene expression at the transcription level Increased blood pressure

Release of insulin reserves from pancreatic cells Increased heart rate

Inhibition of glucagon secretion by the liver Aversion to taste

Improvement in insulin sensitivity Delayed gastric emptying

Reduction of glycated haemoglobin levels Slackening of peristaltic movements of
the stomach and intestines

Body weight loss Pancreatitis

No action at low glycaemic values  

There are many clinical reasons for implementing Ex-4, e.g., as an incretinomimetic, which replaced GLP-1 in the

treatment of diabetes. First of all, Ex-4 is highly resistant to dipeptidyl peptidase-IV (DPP IV), an enzyme responsible for

degradation of GLP-1 and Ex-4 . As a result, its half-life is about 120 min longer than that of GLP-1. The accompanying

higher affinity for the GLP-1 receptor allows the maintenance of higher plasma insulin concentrations for a longer period of

time . Thus, maintaining the expected glucose blood concentration for a longer time without administering insulin

injections several times a day allows the condition to be better managed by the patient . The patients may also avoid

mistakes resulting from improper adherence to the recommendations or treatment plan. Additionally, the drug is available

in various forms for daily or weekly administration as a subcutaneous injection . If the drug is administered in weekly

doses, the patient does not experience hypoglycaemia even if the patient makes possible dietary errors as Ex-4 is not

active in low glycaemia . It induces postprandial secretion of insulin. After binding to the GLP-1 receptor, it stimulates the

expression of proinsulin genes at the transcription level. The strongest effect on proinsulin promoter activity was recorded

for 10 nM Ex-4 . In the first phase of response to hyperglycaemia, i.e., the secretion of reserves from pancreatic cells,

insulin reaches levels up to ten times higher than those observed in healthy individuals. Thus, insulin action is prolonged

 and it can be administered in doses which are ten times lower . The increase in insulin secretion is accompanied by

an inhibited level of glucagon secreted by the liver, its sharp reduction, and a decrease in the level of free fatty acids .
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An analysis of the most common application of Ex-4, the mechanisms of action used in T2DM therapy, receptor

localization, factors favouring receptor binding, and distribution throughout the body suggest other potential applications of

Ex-4 whose effects have been confirmed in studies on animal models (rodents: rats, gerbils) or in in vivo cell cultures.
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