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Abstract

Type II diabetes mellitus (T 2DM) is a chroni c non comm unicable disea se due to‐

abnormal insulin ac tions causing uncontrolled hypergl ycaemia. The treat ment for

T2DM, for instance, metformin and incretin mimetic, mainly focuses on the

restoration of insulin sensitivity and secretion. Exendin 4 is a short incretin‐ ‐

mimetic peptide consisting of 39 amino acids. It is discovered in the venom of

Heloderma suspectum as a full agonist for the glucag on like peptide 1 (GLP 1)‐ ‐

receptor and produces insulinotropic effects. It is more resistant to enzymatic

degradation by dipeptidy l peptidase 4 and has a longer half life than the endoge-‐ ‐ ‐

nous GLP 1; thus, it is further developed as an incretin hormone analogue used to‐

treat T2DM. The helical region of the peptide first interacts with the extracellular

N terminal domain (NTD) of GLP 1 receptor while the C terminal extension con-‐ ‐ ‐

taining the tryptophan cage further enhances its binding affinity. After binding to

the NTD of the receptor, it may cause the receptor to switch from its auto inhi b-‐

ited state of the recept or to its auto activated state. Exendin 4 enhances the physi -‐ ‐

ological functions of cells and the up regulation of GLP 1 receptors, thusβ‐ ‐ ‐

reducing the plasma glucose levels. Moreo ver, exendin 4 has also been found to‐

ameliorate neuropathy, nephropathy and ventricular remodelling. The therapeutic

effects of exendin 4 have also been extrapolated into several clinical trials.‐

Although exendi n 4 has a reasonable subcutan eous bioavailability, its half life is‐ ‐

rather short . Therefore, several modifications have been undertaken to improve its

pharmacokinetics and insulinotropi c potenc y. This review focuses on the pharma-

cology of exendin 4 and the structure function relationships of exendin 4 with‐ ‐ ‐

GLP 1 receptor. The review also highlights some challenges and future directions‐

in the improvement of exendin 4 as an anti diabetic drug.‐ ‐
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1 | B A C K G R O U N D

Diabetes is a non communicable chronic disease due to‐

defective glucose metabolism. Diabetes is generally mani -

fested with uncontrolled hyperglycae mia or continuously

elevated blood glucose levels and leads to serious compli-

cations especiall y in vascul ar diseases. 1 The classification

of diabetes is established on the foundation of plasma glu-

cose levels during an oral glucose tolerance test: diabetes

mellitus (plasma glucose levels are beyond the limits),

impaired glucose tolerance (plasma glucose levels are

above the normal range but slightly below the threshold

limits) and gestational diabetes. 1 Diabetes mellitus (DM) is
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further categorised into type I and type II DM. Type I DM

(T1DM, formerly known as insulin dependen t DM) is char-‐

acterised by a deficiency in insulin secret ion attributed to

destruction of pancreat ic cells.β‐
2 Type II diabetes mellitu s

(T2DM, previously known as non insulin dependent DM)– ‐

is associ ated with an abnorm al insulin secretion or chronic

insulin resistance, causes the glucose u ptake cell s to

become desensitised towards the insulin action.2 According

to the World Health Organization, diabetes caused 1.6 mil-

lion deaths and 422 million adults had diabetes in 2015,

this number is increasing at an alarm ing rate.3 Type II

diabetes mel litus accounts for more than 85% of the wor ld

diabetes prevalence, rendering it an attentive public health

concern. 3 The existing therapeutic options for T2DM are,

for example, metformin, insulin secretagogues and incre tin

mimetic. Metformin is a first line anti diabet ic agent, which‐ ‐ 

reduces glucos e output and restores the sensitisation of

tissues to insul in,4 while incretin mimetic refers to any

molecules that mim ic the action of endogenous incre tin

hormone, that is glucagon like peptide 1 (GLP 1) for the‐ ‐

treatment of T2DM .5 An example of a GLP 1 ana-‐

logue, exendin 4 was discovered two decades ago from‐

Gila mons ter venom. In this revie w, we will discuss the

incretin ac tions and pharmaco logy of exendin 4 report ed so‐

far, the structure function relations hip of exendin‐ ‐4 w i t h

the target of GLP 1 receptors a nd the challenges of ex-‐

endin 4 as an anti diabetic drug.‐ ‐

2 | D I S C O V E R Y O F E X E N D I N ‐ 4 A N D
I D E N T I F I C A T I O N O F T H E
C E L L U L A R T A R G E T

Gila monster ( ) is a venomous lizard speciesH. suspectum

natively distributed in the south western United States and‐

Sonora. The major proteins present in venomH. suspectum

are acidic phospholipase A2 , natriuretic and helokinest atin

peptides, kallikrein like serine protease, type III phospholi-‐

pase A2 and neuroendocrine convertase 1 homologue,

which very likely convert pro exendins into mature and‐

active form. 6

It was first discovered that the venomH. suspectum

could incre ase the cAMP levels in pancreatic acinar cells

by 50 60 times and inhibited the binding of a vasoact ive‐ 

intestinal peptide (VIP) to its receptor.7 Radioimmunoassay

later proved that the pepti des were responsible for blocking

binding of the VIP to its receptor on pancreatic acinar

cells. In 1992, Dr. John Eng, an endocri nologist, unrav-

elled that these peptides contain N term inal histidine resi-‐

dues and C terminal serine residues using a chemi cal‐

assay.8 Later, Eng and colleagues 9 reported the first isola-

tion of these peptides from venom usingHeloderm a

reverse phase C‐ 18 HPLC. The ident ity of these peptides

was then confirmed by mass spectrometry analysis. The

overlapping trypsin diges ted peptide fragments and direct‐

sequencing of the intact peptides confirmed the identity of

these peptides as exendin 3 and exendi n 4. As a result,‐ ‐

two pepti des with hist idine resi dues at posit ion 1 (His1)

were isolated from venom. Mass spectrometryHeloderma

analysis indicated that exendin 4 has an identical monoiso-‐

topic mass to that of exendi n 3. Exendin 4 differs from‐ ‐

exendin 3 by two residues substitutions (Gly2 Glu3 in‐ ‐

place of Ser2 Asp3) and so does its bioactivity. Exendin 3‐ ‐

and exendin 4 are small pepti des of 39 amino acids with a‐

carboxyl terminal serine and an ami no terminal histidi ne‐ ‐

residue. Due to their characteristics, they are catego rised as

peptide hormones belonging to the glucago n superfamily,

which act as pancreatic secretagogues. 9 Both peptides

induce cAMP release in pancreatic acinar cells via binding

to exendi n receptors. Exendin 4 stimulates a monophasic‐

release of cAMP, while exendin 3 causes a biphasic‐

release of cellular cAM P. 8 Besides, exendin 3 stimulates a‐

pancreatic release of amylase by binding to VIP receptors,

but exendin 4 does not bind to VIP recept ors. Therefor e, it‐

does not antagonise the binding of VIP to its receptor and

does not stimulate VIP induced release of enzyme amy-‐

lase. 9 Due to the distinct features of exendi n 4 and exen-‐

din 3, it draws researcher's attention to study the‐

interactions between exendin 4 and exendin recept or in‐

mammals.

Various peptide hormones possess sequence similarity

to ex endin 4, which is a venom analogue of the physio-‐

logical mammalian hormone glucagon like peptide 1‐

(GLP 1). In venom, exendin 4 and GLP 1‐ H. suspectum ‐ ‐

are encoded by different tissue specific genes, making‐

them closely related but some how distinct from each

other.10 Glucagon like peptide 1 shows a similar mode of‐

action to that of exendin 4, which involves the elevation‐

of cAM P via the activati on adenylyl cyclase signalling

cascade without the release of enzyme amylase.11 It is

further proven with an exen din receptor antagonist that

exendin (9 39) NH‐ ‐ 2 inhibits the release of cAMP in a

proportional level, concluding that GLP 1 is the agonist‐

for exendin recept or. 11 To further vali date the identity of

exendin receptor, the gene encoded for GLP 1 receptor‐

was isolated from the human pan creatic islet cDNA

library and subsequently cloned into Chinese hams ters’

fibroblasts. The cloned human GLP 1 receptor was found‐

to bind GLP 1 and induced cAMP releases throu gh‐

adenylyl cyclas e second messenger cascade. The similar

effects were observ ed when exendi n 4 interacted with‐

same GLP 1 receptor.‐
12 Based on the findings, it was

concluded that exendin recept ors were indeed the GLP 1‐

receptors. The GLP 1 receptors are the cellular targets for‐

exendin 4. Although exendin 4 and GLP 1 only share‐ ‐ ‐

50% of sequence similarity, exendin 4 is a full agonist for‐

the GLP 1 receptor on the pancreatic cells. It causes a‐ β‐
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dose dependent glucose induce d secretion of hormone‐ ‐

insulin. 13

To date, exendin 4 has been comm ercialised into its‐

synthetic form, generically known as exenatide with the

trade name Byetta ® (or Bydureon ®), with an estimated cost

of $748 $ 795 for 1.2 mL pen cartridge (5 mcg/0.02 mL,‐

for subcut aneous inje ction). Exenati de can be synth esised

via solid phase p eptide synthe sis. The peptide synthesis‐

begins with deprot ection of side chain protecting g roups‐

Fmoc N (9 fluor enylmethoxycarbonyl) using trifluoroacetic‐ ‐

acid as scavengers. This is followed by activation of suc-

cessive a mino acids, coupling reaction and cleavage of

peptide chain from resin. 14

3 | S T R U C T U R E ‐ F U N C T I O N
R E L A T I O N S H I P S O F E X E N D I N ‐ 4
W I T H G L U C A G O N ‐ L I K E P E P T I D E 1
( G L P ‐ 1 ) R E C E P T O R S

3.1 | Structure of exendin 4‐

Exendin 4 and GLP 1 are both peptide agonists for GLP‐ ‐ ‐

1 receptors. Althoug h both exendi n 4 and GLP 1 share‐ ‐

structural simil arity, the primary sequenc e and receptor‐

binding properties of GLP 1 are different from that of‐

exendin 4.‐
15 Exendin 4 exh ibits higher binding affinity‐

(Kd = 6 nmol/L) than GLP 1 peptide (Kd value‐

>500 nm) by 400 times towards a fully isolated NTD

preparation of the receptor, as meas ured in a radioligand

binding assay. 16,17 Exendin 4 shows 53% homology with‐

human GLP 1, in addition to a nine residue C terminal‐ ‐ ‐

extension which is absent in GLP‐1 peptide (Figure 1).

Furthermore, exendin 4 retains its strong heli city at its N‐ ‐

terminal (from residu es 11 to 27) due to the presence of

helix favouring glutamate residue at position 16 (Glu16),‐

which is not found in the GLP 1 peptide.‐
18 Meanwhile,

the remaining residues in exendin 4 acquire a disordered‐

and segmental motion. The alpha helix is the predominant‐

structure in exendin 4 (Figur e 2). A compa ct tert iary fold‐

at C terminal, known as trypt ophan (Trp) cage, is formed‐

between Leu21 and Pro38 and allows the tattering of

helicity in exendin 4 to occur exclusively from its N ter-‐ ‐

minal sequenc es.18

3.2 | Binding mechanisms of exendin‐4 to
glucagon like peptide 1 (GLP 1) receptors‐ ‐

It is clearly articulated that interaction between exendin 4‐ 

and GLP 1 receptor is responsible for the downstream‐

activation of cAMP mediated glucose dependent insulin‐ ‐

secretion. The GLP 1 receptor is the cellular target of exen-‐

din 4. The receptor belong s to Family B secretion G pro-‐

tein coupled receptor (GPCR) and comprises N terminal– ‐

extracellular domain and a trans membrane core domai n.19

The receptor has a large N terminal extra cellular ligand bind-‐

ing domain. A typical class B GPCR family activation mech-

anism can be explained by a tw o domain model involving‐

an N terminal domain (NTD) extracellular site for agonist‐

binding and a trans membrane (T M) core domain for second

messenger signal transduction.20 Thus, the activation of

GLP 1 receptor by its peptide agonist might occur in the‐

same manner.

The first stage interaction of exendin 4 with the GLP‐ ‐ ‐

1 receptor begins with its direct binding to the N termi-‐

nal d omain (NTD) of the receptor. The photo cross link‐ ‐

mapping of exendin 4 to intact human GLP 1 receptor‐ ‐
21

reveals that the NTD extracell ular domain of the receptor

consistently interacts with a peptide agonist for receptor

activation. The hydrophobic resi dues within the extracel-

lular domain maintain the tertiary structure of the NTD

for precise binding to agonist pepti de, whereas, the

hydrogen bondin g within the receptor maintains the

three dimensional structure of the receptor. There are four‐

crucial residues on the receptor NTD, being Thr35,

Ala70, Leu89 and Pro90, which mai ntain the functional

affinity of exendin 4 in which Ala70 facilitates‐

hydrophobic packing. 21

A few crystal structures of exendi n peptide with GLP‐

1 receptor are available, for instance exendi n 9 39‐

(PDB:3C59) or exendin 4 variant (PDB: 5OTT) bound‐ ‐ ‐

extracellular NTD of GLP 1 receptor. Nonetheless, a‐

high resolution stru cture of exendi n 4 bound full length‐ ‐ – ‐

GLP 1 receptor is not obtainable so far to illustrate the‐

exact mode of interaction. Therefore, an dockingin silico

analysis of exendin 4 with full length GLP 1 receptor was‐ ‐ ‐

conducted in house to illust rate the interaction. The key‐

residues of exendin 4 interact with GLP 1 receptor are‐ ‐

F I G U R E 1 The sequence comparison between exendin 4 (P26349.2) and human glucagon like peptide 1, GLP 1.‐ ‐ ‐
9 The red asterisk indicates

the identical residues shared between exendin 4 and GLP 1. Exendin 4 and GLP 1 exhibit 53% of sequence homology. Exendin 4 also has a C‐ ‐ ‐ ‐ ‐ ‐

terminal extension which is absent in GLP 1 peptide‐
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mapped, with the available literature data up to date (Fig-

ure 3). The docking analysis discloses that thein silico

N terminal residues of exendin 4 are not invol ved in the‐ ‐

interaction with GLP 1 receptor. Therefore, the N terminal‐ ‐ 

residues of exendin 4 do not contribute to the differential‐

binding affinity towards GLP 1 receptor as compared to‐

the GLP 1 peptide. Despite this, the residues in the heli-‐

cal regio n of exendin 4 and the C term inal extens ion resi-‐ ‐

dues are responsible for the primary inte raction with the

extracellular NTD of GLP 1 receptor,‐
22 as illustrated in

Figure 3. The key residues of exendin 4 are Val19,‐

Arg20, Phe22, Ile23, Trp25, Leu26, Lys27 (at helical

region) and Gly30, Pro31, Ser32 and Se r39 (at C terminal‐

extension) which interact directly wi th extracellular NTD

of GLP 1 recept or via hydrogen bonding and‐ van der

Waals interaction. Truncation of the N terminal sequences‐

up to eight amino acid residue s has a negli gible effect on

the exendi n 4 affi nity for GLP 1 receptors.‐ ‐
23 However,

truncation of a single ami no acid residue from the N ter-‐

minal of the exendin peptid e diminishes its agonistic

properties. 15

The nine residue C terminal extension of exendin‐ ‐ ‐4 i s

responsible for the enhanced binding affinity with the NTD

of the receptors, which is absent in the GLP 1 pepti de.‐
22

This is because exendin 4 form s an additional interaction‐

(ex interaction) with the isolated NTD of the receptors,‐

F I G U R E 2 The structure of exendin 4‐

was determined by the authors using

MODELLER v9.20. Exendin 4 retains‐

strong helical proclivity exclusively from

the N terminal, and a folded Trp cage is‐ “ ”

formed at C terminal extension for the‐

enhanced binding to GLP 1 receptor.‐

Ramachandran plot analysis is used to

visualise the polypeptide backbone at a

different angle psi ( ) against phi (ψ φ) of

amino acid residues. There is a tight

grouping of amino acid residues at

φ ψ= 45 and− = 30 to 50, indicating‐ ‐

that helix is the predominant secondaryα ‐

structure in exendin 4‐

F I G U R E 3 The overall structure of full length human glucagon like peptide 1 (GLP 1) receptor in complex with exendin 4 peptide. A, The‐ ‐ ‐ ‐

ribbon representation of human GLP 1 receptor (blue colour, based on sequence P43220.2) and exendin 4 (green colour) constructed using‐ ‐

ZDock. B, Molecular mapping of the key residues within exendin 4 involved in the interaction with the receptor's NTD. The residues mapping‐

representation of exendin 4 in complex with NTD is displayed as surface square planar to better illustrate the key residues involved in the‐

binding to the receptor's NTD. The key residues at helical region (Val19, Arg20, Phe22, Ile23, Trp25, Leu26, Lys27) and C terminal extension‐

(Gly30, Pro31, Ser32 and Ser39) of exendin 4. Based on the docking analysis, the residues at helical region and C terminal extension‐ in silico ‐

are responsible for the primary interaction with the receptor's NTD. The major intermolecular forces to maintain this complex are hydrogen

bonds and forces as determined by RING 2.0 (http://protein.bio.unipd.it/ring/). The C terminal extension with Trp cage enhancesvan der Waals ‐

the binding affinity to the receptor's NTD
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attributed to the presence of amino acids at position 9 to 39

which are not conserved in GLP 1.‐
16 The ex interaction in‐

exendin 4 allo ws its interacti on with the receptor without‐

requiring its N terminal region. This extension segment of‐

exendin 4 enable s the peptide to acquir e structura l dynamic‐

to be readily bound to the NTD site of the GLP 1 receptor.‐
22

Furthermore, increased helicity in exendin 4 is crucial for its‐

high binding affinity towards the fully isolated NTD prepar a-

tion. The differential affin ity for exendin 4 and GLP 1 to the‐ ‐

isolated NTD is ascribable to the Trp cage in exendin peptide

as well as the divergent residues of the central part of the

agonists (Leu10 Gly30 in exendin 4; Val16 Arg36 in that of‐ ‐ ‐

GLP 1).‐
17 The presence of a Trp cage mot if in exendin 4‐ 

further enhances the interaction with the isolated NTD . 16

The Trp ca ge in exendin 4 allows its C terminal extension to‐ ‐

interact with Phe80, Tyr101 and Phe103 of the recept or. 21

Such different ial binding affinity is also related to the hydro-

gen bonded polar core of the GLP 1 receptor.‐ ‐
22

However, the differential affinity of exendi n 4 and‐

GLP 1 is not observed in mem brane tethered human GLP‐ ‐ ‐

1 receptor (a full length recept or wi th an N terminal extra-‐ ‐

cellular domain and transmem brane, TM core domain), as

revealed by a competitive radioligand assay. 24 Exendin 4‐

appears to interact minimally with the NTD of the h uman

GLP 1 receptor, in compa rison with the GLP 1 peptide.‐ ‐
25

Both exendin 4 and GLP 1 have a comparable binding‐ ‐

affinity to the membrane tethered GLP 1 receptor, presum-‐ ‐

ably due to close proximity of cell membranes , which elim-

inate the differences in helical proclivities in both

peptides. 24 It appears that the nine residue C terminal‐ ‐

extension of exendin 4 peptide has no significant contribu-‐

tion to its binding affinity against the membrane tethered‐

human GLP 1 receptor.‐
17

In contr ast, a diff erential binding affinity of exendin 4‐

and GLP 1 is observ ed in rat GLP 1 receptor. Exendin 4‐ ‐ ‐

displays higher binding affinity than GLP 1 for rat GLP 1‐ ‐

receptor and induce s elevated intracellular cAMP level s as

measured in a functional assay. 15 The helical proclivity of

exendin 4 enables its better binding affinity to rat GLP 1‐ ‐ 

receptor. 24 Besides, the nine residue C terminal extens ion‐ ‐

of exendin peptide is also responsible for such differential

affinity. 22 This is because the Ser32 at the C terminal‐

extension (absent in GLP 1) of exendi n peptide forms a‐

hydrogen bond with Asp68 (which is found in NTD) of

the rat GLP 1 recept or. This hydrogen bonding furt her‐

intensifies the binding affinity of exendi n 4 to rat GLP 1‐ ‐

receptor. On the contr ary, in human GLP 1 recept or, such‐

hydrogen bonding capability is fully diminished because

Glu68 is present in the NTD of human GLP 1 receptor,‐

instead of Asp68. 24 This explains the reason why human

full length GLP 1 recept or does not possess differential‐ ‐

interaction, neither with GLP 1 nor with exendi n 4, unlike‐ ‐

in the case of rat GLP 1 receptor.‐

The helical proclivity and C terminal extension with‐

Trp cage are both crucial properties of exendin 4 for the‐

binding to the NTD of GLP 1 receptor. A contempora ry‐

GPCR acti vation model invol ves not only the NTD but

also the core domain at the transmem brane region of the

receptor. Earlier studies have discovered the interaction

sites in GLP 1 receptor core domain with GLP 1 peptide‐ ‐

but not with that of exendi n 4.‐
17,25 Nonetheless, there are

no structural data availa ble for the binding of exendin pep-

tide to the receptor core domain. It causes the exact activa-

tion mechanism of GLP 1 recept or by exendin 4 becomes‐ ‐

unclear. Since exendi n 4 does not show a discr epancy in‐

the binding affinity for isolated NTD and full length GLP‐ ‐

1 receptor, 23 it thus suggests that the core domain of GLP‐

1 receptor may not be crucial for stage two receptor activa-

tion. This is further proven when mutation or removal of

the receptor's core domain has no detrimental impact on

the bindi ng of exendin peptide to GLP 1 receptor.‐
16,22 As

discussed above, the binding of e xendin 4 to the recept or‐

is prim arily dependent on its helical procl ivity and C termi-‐

nal extension.

Since a typical GPCR family activati on involves an

extracellular domain and transmem brane core domain,

now the question arises how exendi n 4 activates the GLP‐ ‐

1 receptor without it interacting directly with the core

domain. The receptor activation involving core domai n

can be explained by a hypothesised model , known as the

intrinsic agonist model.26 The intrinsic agonist model sug-

gests an endog enous mecha nism of the core domain acti-

vation. It has been demonstrated that the GLP 1 receptor‐

remains in its original closed apo state when there is no‐

ligand binding. 26 However, when exendin 4 binds to NTD‐

extracellular domain of GLP 1 recept or, it might switch‐

the receptor from an auto inhibited state to an auto acti-‐ ‐

vated state. 26 The NTD extracellular domai n retains its

close proxi mity with the core domain as stay down“ ”

manner, after ligand binding. The exendin 4 presumably‐ 

behaves as an allosteric modulator of the NTD confor ma-

tion to allow its in depth interaction with the core domain‐

and thereby acti vates the receptor. 26 In addition, a short

and non specific peptide linker (E FGSA) devoid of com-‐

plete exendin 4 sequence is effect ive enough to activate‐

the receptor, indicating that the N terminal sequences of‐

exendin 4 are dispensable for recept or activation. This‐

proposes that the alloster ic modulation of the NTD extra-

cellular domain foll owing ligand binding is accountable

for the activation of the receptor's core domain. However,

it is necessary to experimentally elucid ate a high resolu-‐

tion crystal structure of exendin 4 pep tide bound full‐ ‐ ‐

length GLP 1 recept or, for example by X ray crystallogra-‐ ‐

phy. It will further ascertain the role of core domai n in

the activation of GLP 1 receptor to explore its u nderlying‐

mechanisms behind the receptor activation.
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4 | M E C H A N I S M O F A C T I O N S A N D
T H E R A P E U T I C E F F E C T S

Glucagon like peptide 1, an endogenous peptide hormone‐

secreted by inte stinal L cells, is one of the mediators for‐

“ ”incretin effects .27 The acti vation of GLP 1 receptor by‐

endogenous GLP 1 peptide involves adenylyl cyclase to‐

initiate cAMP dependent second messenger pathwa ys,‐

including protein kinase A and Epac.28 Following activa-

tion of GLP 1 receptor, it triggers Ca‐
2+

‐induced exocytosis

of insulin containing vesic les to facilitate secretion of insu-‐

lin. The activation of GLP 1 receptor causes an enhanced‐

glucose dependent insulin secretion from pancreatic cells,‐ β‐

in addition to the inhibition of inappropria te glucagon

secretion.28 This prom otes glucose uptake when the plasma

glucose levels are high, especially after a n oral glucose

load such as food ingestio n or parenteral injection of glu-

cose. Exendin 4 is equally potent at activating the mam-‐

malian GLP 1 receptor as end ogenous GLP 1 itself.‐ ‐
13 It

activates GLP 1 recepto r and elicits an insulino tropic effect‐

when the plasma glucose level s are high 29 (Figure 4).

Besides, exendin 4 is 10 times more potent than GLP‐ ‐1 in

the differentiation of AE42J cells (pancr eatic precursor

cells) into insulin and glucagon islet cells.‐
30 Furthermore,

exendin 4 is more stable against enzymatic degrada tion by‐

dipeptidyl peptidase (DDP 4) as compared to endogenous‐ ‐

GLP 1, resulting in a longer biol ogical half life and pro-‐ ‐

ducing a prolonged effect with subst antially lower blood

glucose levels.31 Therefore, exendin 4 offer s a better thera-‐

peutic option for T2DM as compared to GLP 1.‐

4.1 | Cytoprotection of pancreatic cells andβ‐

insulinotropic effect of exe ndin 4‐

Type II diabetes mellitus is manifested by chronic insulin

resistance or malfunct ion of cells resultin g in impairedβ‐ 

insulin secretion. Exe ndin 4 activates GLP 1 receptor and‐ ‐

stimulates the secretion of insulin to prom ote the glucose

uptake in muscle and adipocytes via phosphoinositol 3 ki-‐

nase signalling pathway (Figure 4 ). The insulinotropic

effect of exendin 4 is also related to its antagonistic action‐

against glucagon, thus prom oting glucose dependen t insul in‐

release. Exe ndin 4 could also stimulate counter regul atory‐ ‐

responses during hypoglycaemia stage. 32 An in vitro study

using 50 isolated pancreatic Islet of Langerhans from male

Lewis rats as a control, were perfus ed wi th HBSS buffer

containing 3 mmol/L of glucos e before treatment wi th

20 nmol/L exendin 4 and GLP 1.‐ ‐
29 The finding showed

that a 7 10 times increase in the secretion o f insulin was‐

observed in the exendin 4 treated groups. A concurr ent‐ –

study was conducted using in vivo male Lewis rats that

were intravenously infused with exendin 4 and showing a‐

maximum insulinotropic effect from 30 to 90 minutes. after

infusion. The in vivo insulinotropi c effect s of exendin 4‐

are also extrapolated in T2DM patients. The therapeuti c

doses of exendin 4 in T2DM patients incre ased by 3 times‐

the time taken for 50% stomach emptying. 33 As reported

by Egan and colleagues in 2002, 34 exendin 4 also triggers‐

glucose dependent insulin secretion in T2DM patients,‐

thereby suppre ssing the secretion of glucagon in a dose de-‐

pendent manner without delayi ng gastric emptying. The

insulin levels remained high for severa l hours in blood,

even after withdr awal of exendin 4.‐

Besides, a number of studie s have revealed the role of

exendin 4 in promoting the proliferation and neogenesis of‐

pancreatic cell s. Exendin 4 is found to increase the massβ‐ ‐

of cell islets and thus promotes insulin secretion.β‐
35 The

proliferation of cells is more likely mediated by epider -β‐

mal growth factor receptor (EGFR) and Wnt5a path-

way. 36,37 On the other hand, exendi n 4 also promotes the‐

expression of insulin recept or substrate 2 (Irs 2) and stimu-

lates Akt phosphorylation leading to proliferation of c ellsβ ‐

by 2 times.38 This causes a delayed progression of hyper-

glycaemia and a signifi cantly reduced level of glycated

haemoglobin A1c (HbA1c), a biomarker for mean plasma

glucose levels. 39

In addition, exendin 4 exhibits cytopr otective effect s on‐

β‐cells to avoid unnecessary cell death. For example, exen-

din 4 suppresses CXCL10 gene associated dysfunctio ns in‐ ‐

human MIN6 pancreat ic cells through MAP3 kinase path-β‐

way. 40 On the other hand, exendin 4 also possesses a protec-‐

tive effect against tert butyl hydroperoxid e (t BHP) induced‐ ‐ ‐

apoptosis in muri ne MIN6 pancreat ic cells. This cytopr o-β‐

tective effect is mediated by substantially diminished cas-

pase 3 activity, inhibit ion of endoplasmic reticu lum‐

transmembrane protein (IRE1) and suppression of apoptotic

mediators such as JNK and c Jun.‐
41,42 Furthermore, exendin‐

4 protects the cells mitochondr ia from the detrimentalβ‐ ’

effects of reactive oxygen species. 43 The antioxidant mecha-

nisms of exendin 4 are attributed to its agonistic action on‐

GLP 1 receptor via elevation of intr acellular cAMP levels,‐

followed by ac tivation of Epac dependent signalling path-‐

ways which up regulate the expression of antioxidant‐

enzymes such as catalase and glutathi one peroxidase. 44 The

cytoprotection mechanisms of cells and insulinotropicβ‐

effects of exendin 4 are summa rised in Figure 4.‐

4.2 | Pharmacology of exendin 4 in type II‐

diabetes mellitus (T2DM)

Diabetic neuropathy and nephropathy are both critical com-

plications in diabetic patients. Exendin 4 prevents diabetic‐

neuropathy with pronounced neuroprotective effects. In

exendin 4 treated diabetic rats, there is an observable‐ –

increase in the GLP 1 receptor expression, followed by a‐

reduction in myelinated fibre size of the sciatic nerve. 45
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The loss of intraepid ermal nerve fibre in the skin of dia-

betic rats was successfully ameliorated. The neuroprotective

effects are likely to link to the anti apoptotic action and‐

restoration of cAMP levels in the presen ce of exendi n 4.‐
45

Besides, neuroprotective effect s of exendi n 4 prevent‐

impairment of cognitive functions in T2DM through

modulation of inflammation, attenuation of oxidative stress

and maintenance of normal synaptic function. This is due

to the anti a poptotic role of exendin 4 in rescuing brain tis-‐ ‐

sues through acti vation of phosphoinositol 3 kinas e (PI3K)/‐

Akt signalli ng pathway, down regulatio n of caspas e and‐

elevation of Bcl 2 levels.‐
46 Exendin 4 is also potentially‐

F I G U R E 4 The biological effects of exendin 4 following activation of glucagon like peptide 1 (GLP 1) receptor in pancreatic cells. Such‐ ‐ ‐ β‐

effects include glucose dependent insulin secretion, cytoprotection and regulation of cells proliferation for normal physiological‐ β ‐

functions. Exendin 4 binds to GLP 1 receptor, stimulates adenylyl cyclase (AC) and causes an elevation of intracellular cAMP levels. This leads‐ ‐

to activation of protein kinase A (PKA) and Epac (exchange protein activated by cAMP). Lower levels of cAMP induce preferential activation of

PKA, but Epac becomes more sensitive to cAMP when PKA is saturated. This is essential for the regulation of insulin secretion and cells cycle.

It has been suggested that activation of incretin receptor in response to high blood glucose levels causes metabolism of glucose to produce ATP.

The glucose uptake into cells is mediated by glucose transporter 2 (GLUT2). The ATP is essentially used for activation of ATP sensitiveβ‐ ‐

potassium ion channel (K ATP channels), for depolarisation of cell membranes allowing Ca2+ influx via voltage gated Ca‐
2+ channel. At the same

time, Epac is involved in the release of Ca 2+ from endoplasmic reticulum (ER). Ca 2+ then stimulates insulin secretion from cells by anβ‐ 

exocytosis of the insulin secretory vesicles. Besides, Ca 2+ also activates Ca 2+/Calmodulin kinase, which recruits transcription complex NAFT that

leads to an expression of insulin genes. The secreted insulin promotes high rates of glucose uptake into adipocytes and muscle cells via a glucose

transporter 4 (GLUT4). Activation of GLP 1 receptor by exendin 4 also increase the gene expression of insulin receptor substrate 2 (IRS2),‐ ‐

followed by activation of PI3 kinase/Akt pathway. Stimulation of Akt phosphorylation suppresses apoptosis of beta cells via down regulation of‐

caspase enzyme and elevation of BCl 2. On the other hand, exendin 4 action also increases expression of cyclin D1 via EGFR mediated Wnt5a‐ ‐ ‐

pathway, which increases the cell proliferation and inhibit apoptotic pathways in cells. Epac is also involved in up regulation of the genesβ‐ ‐

encoded for antioxidant enzymes such as glutathione peroxidase (GPX) and catalase to ameliorate reactive oxygen species in cells. Exendin 4β‐ ‐

suppresses CXCL10 gene associated dysfunctions in pancreatic cells through MAP3 kinase pathway. This is achieved by inhibition of ER‐ β‐

transmembrane protein (IRE1). Inactivation of MAPK also reduces the synthesis of cytokines and cyclooxygenase 2 (COX 2).‐ ‐

Altogether, exendin 4 exhibits anti inflammatory roles and possesses cytoprotective effects for cells‐ ‐ β‐
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ameliorating diabetic nephrop athy and diabetic induced‐

renal fibrosis . As observed in exendin 4 treated db/db mic e,‐ ‐

there was a significant reduction in urinary albumin excre-

tion associated with glomerular hypertrophy, expansion of

the mesangial matrix and expression of growth factor

TGF 1. There was also less appearan ce of inflammatory‐β

and apopto tic cells in the glom eruli of treated db/db

mice. 47 This is attributed to the capability of exendin‐4 i n

combatting the endogeno us oxidative stre ss by restoring

antioxidant levels 48 as well as down regulation of miR‐ ‐

192 from damaged kidney tubular epithelial cell s.49 The

nephroprotective effects of exendin 4 are also linked to up‐ ‐

regulation of ATP binding cassette transporter A1‐

(ABCA1) in glomerular endothelial cells. 50

Other than the thera peutic effects for diabetic complica-

tions as discussed earlier, exendin 4 has wound healing‐ ‐

properties as well, attributed to its anti inflammatory prop-‐

erties. The anti inflamm atory properties of exendin 4 suc-‐ ‐

cessfully attenuate inflamm atory mediators such as IL 1 ,‐ β

TNF and IFN . It increases circulating endothelial pro-‐α ‐ γ

genitor cells for the capillary tube formation and activates

transforming growth factor /matrix metalloproteinase as‐β

well as promoting angiog enesis.51 Since oxidat ive stre ss

appears to be the contributing factors for cellular damage

such as ne uronal cells, renal glomerular epithelial cells

and pancreatic cells in diabetic patients, the above find-β‐

ings support the role of exendin 4 as free radical scav-‐ ‐

engers by restoring the normal redox homeo stasis.

Furthermore, it enhances normal osteo blastic differentiation

in periodontal ligament stem cells (PDLSCs) by attenua-

tion of ROS. 52

Exendin 4 possesses the cardiop rotective function as it‐

improves coronary endothelial funct ions in T2DM patients.

It helps reduce the levels of soluble intercellular adhesion

molecule 1 (sICAM 1), soluble vascula r cell adhesion‐ ‐

molecule 1 (sVCAM 1) and react ive oxygen species‐ ‐

(ROS). Exendin 4 also increases the synthesis of nitr ic‐

oxide by stimulating the enzyme endothelia l nitric oxide

synthase (eNOS).53

On the other hand, exendin 4 exhibits anorexi genic‐

effects on the mesolimbic reward system involving a central

GLP 1 recept or and sensory affere nt pathway.‐
54 The ano rex-

igenic effects are crucial in food intake, appetite control and

weight gain and the contributing factors to oral glucose

loads. In an in vivo study using mic e model s, ex endin 4 was‐

found to cause a reduction in food intake, net weight loss

and inhibition of gastric emptying as well as enhanced secre-

tion of glucagon.55 In another study using ob/ob mice treated

with exendin‐4 a t 1 0 μ μg/kg or 20 g/kg for 60 days, there

was a significant decline in body weight, plasma glucose‐

levels and oxidative stress followed by an improved insul in

sensitivity and lipid metabolism. Simi lar effects were also

observed in Zucker fatty rats treated with exendin 4,‐

including an acute decreas e in food intake. 56 On the other

hand, exendin 4 could also attenuate postprandial hypergly-‐

caemia by min imising the endogenous gluconeogenesis by

up to 50% and encourage a delay in gastric emptying . 57

4.3 | Other therapeutic applications of
exendin 4‐

The neuroprotective properties of exendin 4 enable explo-‐

ration of its additional therapeutic potency in neurode gener-

ation disorders. A precl inical study revealed that exendin 4‐

is able to prevent degener ative disorder in Alzheimer's dis-

ease. Exendin 4 protects the rat model against amyloid beta‐

(A 1 42) induced cognitive behavi oural impairmentβ ‐ ‐
58 in

a dose dependen t manner. This is mediated by increased‐ 

expression of BCl 2 and down regulation of caspase 3.‐ ‐ ‐

Besides, exendin 4 is also found to be an effect ive thera-‐

peutic option for Parkinson's disease. In the most recent

study by Chen and colleagues, 59 post administration of‐

exendin 4 was found to elevat e the level of tyrosine‐

hydroxylase in substantia nigra and striatum . Tyrosine

hydroxylase is a key enzyme for the form ation of L Dopa,‐

which is the rate limiting b iosynthesis step of dopamine.‐

Exendin 4 also reduces the neurodegeneration of dopamin-‐

ergic neurons in the 6 hydroxy dopamine rate model.‐
59 The

clinical trials for exendin 4 as a novel therapeutic drug in‐

Alzheimer's and Parkinson's disease are in progress.

Besides, the activati on of downstream effector signalling

cascades following of GLP 1 receptor by exendi n 4 enables‐ ‐

the extrapolation to potentially target cancer signalling

pathways. For example, exendin 4 inhibits GLP 1 recept or‐ ‐ ‐

mediated extracellular signa l regul ated kinase (ERK) mito-‐ ‐

gen activated prote in kinase (MAPK) pathway, resulting in‐

a remarkable imp ediment of prostate cancer growth. 60 In

addition, exendin 4 suppresses proliferation and metastasis‐

of ovarian cancer cells in nude mice model s through apop-

tosis and inhibit ion of PI 3K/Akt pathway. 61

Last but not least, development of new fluorochrome

compounds based on exendi n 4 is essent ial for rapid cells‐ β‐ 

analysis, for instance, in vivo imaging using flow cytom e-

try and microscopy in basic and trans lational cellsβ‐

research.62 Moreover, it provokes an additional possibility

for such exendin based fluorochrome as a diagnostic tool‐

for detection of abnormalities in cells.β ‐

5 | P H A R M A C O K I N E T I C S O F
E X E N D I N ‐ 4

5.1 | Pharmacokinetics of exendin‐4 in
animals

Pharmacokinetics of exendin 4 has been studied in animal‐

models via different routes of adminis tration. Most of the
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animal models used are rodents, either healthy or diabetic/

obese rats. The pharmacokinetics of exendin 4 in experi-‐

mental animal model s differs greatly according to the route

of adminis tration and administered dose. Table 1 sum-

marises the pharmacoki netic parame ters of exendin‐4 i n

animal models. The subcutaneous ( .) administration ofs.c

exendin 4 exhibits a better bioavailability compared to oral‐

ingestion (Table 1). This is because when exendi n‐4 i s

ingested orally, it is absorbed via intestinal epithelial cell s

and enters the hepatic portal system which can be metabo-

lised by the enzyme peptidases in liver.63 The first pass‐

effects of oral ingestion reduce the bioava ilability of exen-

din 4. However, based on intravenous ( .) admi nistration‐ i.v

in animal models, exendin 4 has a shorter biological half‐ ‐

life compa red to the . route (Table 1). Thi s suggests thats.c

s.c. is an ideal route of administration for exendin 4. There-‐

fore, exendi n 4 is parenteral ly admi nistered via . injec-‐ s.c

tion for thera peutic purposes in human volunteers.

5.2 | Pharmacokinetics of exendin‐4 in
human volunteers

To date, there are tw o different formulations of exendin 4‐

for therapeutic uses, namely Exenatide QW and Exenatide

BID. Exenatide BID is a fast acting exendin 4 for twice‐ ‐ ‐

daily administration while Exe natide QW is an extended‐

release, long acting preparation of exendin 4 for once‐ ‐ ‐

weekly injectio n. Exenatide QW contains the same active

exendin 4 encapsu lated into biodegradable hydrogel micro-‐

spheres of poly(D,L lactide co glycolide) for an ex tended‐ ‐ ‐

duration and sustained release of exendi n 4‐
64 for therapeu-

tic purposes. Their pharmacokinetic properties are different,

especially in the absorption phase wher eby the absorption

rate of exena tide BID follows zero order kinetics for imme-‐

diate release of e xendin 4 from the preparation.‐
65 On the

other hand, ex enatide QW exhibits first order rate in the‐

absorption process indicating a rapid initial release. 66

The initial release of exendin 4 in Exenatide QW lasts‐

for 48 hours, followed by diffusion lasting for 2 week s

and finally an erosion release which lasts for 7 weeks. 66

This active peptide is thus administered on a weekly basis

to sustain its bioavailab ility. In a population pharmacoki-

netics study of exenatide QW in 64 patients, the patients

received a single dose (either 2.5, 5, 7 or 10 mg) and

multiple doses (either 0.8 and 2 mg) for 15 weeks, reveal-

ing a steady level of exendi n 4 in diabetic patients for 8‐ ‐

10 week s.66

In human volunt eers, exendin 4 has a median volume of‐

distribution (V D ) 28 L (Table 2) demon strating a good dis-

tribution wher eby exendin 4 does not remain in the plasma;‐

instead, it is well distributed to GLP 1 receptors at pancre-‐

atic cell s. The . administration of fast acting exendin 4β‐ s.c ‐ ‐

is usually followed by a sharp elevation of its concentration

in the plasma, with a maximum time (T max) of 2‐3 hours

after administration (Table 2), while the peak concentration

of exendi n 4 in plasma (‐ C max ) is achieved approximately

2 hours after admi nistration (Table 2). The C max of exen-

din 4 falls within a concent ration range of 193 220 pg/mL‐ ‐

for a single dose of 10 g, whereas a single dose of 2.5 gμ μ

and 5 g of exendin 4 results inμ ‐ C max values of 56 pg/m L

and 85 pg/mL, respective ly (Table 2), sugges ting a dose ‐

dependent absorption manner. The . administration ofs.c

exendin 4 in human volunteers record ed a bioava ilability‐

of 93% 97%, indicating that this route of administration is‐

ideal for the therapeutic purpos e (Table 2). On the other

hand, the bioava ilability of exendin 4 in animals falls‐

T A B L E 1 Pharmacokinetics parameters of exendin 4 following experimental administration into in vivo animal models‐

Animal models Dose

Route of

administration Tmax T1/2 β CL AUC (%) ReferencesF

Sprague Dawley‐

rat

0.05, 0.5, 5,

and

50 nmol/L

i.v. bolus 18 41 min 3.7 8.3 mL/min 0.69 172 nmol/L h 100— ‐ ‐ ‐
29

i.v. infusion N.D. 28 49 min 2.8 763 nmol/L h 100‐ — ‐

s.c. 30 min 90 216 min 1.16 112 nmol/L h 65 75‐ — ‐ ‐

i.p. 60 min 125 174 min 0.63 128 nmol/L h 74 76‐ — ‐ ‐

Type II diabetic

Goto Kakizaki‐

rats

0.5, 1.5, 5,

10 g/kgμ

i.v. 15 33 min 8.6 mL/min/kg— ‐ — —
85

5 g/kgμ s.c. 15‐20 min 70 min — — 51

50 g/kgμ s.c. 1 h ‐ — —

Wistar rats 1.5 nmol/L . 35.1 min 10.1 mL/min/kg 100i.v —
86

Rhesus monkeys 1,3, 10 g/kg . 0.5 22.72 h 0.78 1.94 h 0.21 0.29 h/kg 3.43 47.1 ngh/mL 67 75μ s.c ‐ ‐ ‐ ‐ ‐
87

3 g/kg . 0.48 h 0.07 h/kg 15.2μ i.v — —

AUC, area under the curve; CL, systemic clearance; Dash ( ), no available data; , bioavailability; ., intraperitoneal; ., intravenous; ., subcutaneous; T— F i.p i.v s.c 1/2 β,

half life of elimination phase;‐ T max, time to reach maximum concentration.
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between 51% and 75% (Table 1). Sev eral clinical reports

have reported the pharm acokinetic parameters of fast re-‐

lease or extended release exendin 4. The pharmacokinetic‐ ‐

parameters of exendin 4 reported by several clin ical studies‐

are summarised in Table 2. Most of the reported pharma-

cokinetic values reflect the pharmacokine tic proper ties of

exendin 4 in T2DM patients, and it is notable that the bio-‐

logical half life of exendin 4 is up to 4 hours only.‐ ‐

Exendin 4 is not susceptible to en zymatic degradation‐

by dipeptidyl pepti dase 4 (DPP 4 ), unlike the endogenous‐ ‐

GLP 1. This extends its plasma half life for prolonged‐ ‐

incretin actions, in comparison with GLP 1. Passi ve‐

glomerular filtration is the primary route of renal elimina-

tion for exendin 4.‐
67 The enzym es respon sible for the pro-

teolytic actions of exendin 4 are metalloproteases,‐

aminopeptidases and serine proteases. 63 The in vitro data

also suggest that the b reakdown of exendin 4 in the liver‐

first occu rs throu gh the actions of endopeptidases before

being further excised by exopeptidases.63 The main peptide

fragments produced from the proteolytic degrada tion of

exendin 4 are inactive met abolites indicates that they‐

neither act as agonists nor antagonists of the GLP 1‐

receptor. 63

Since exendin 4 has been shown to possess delayed‐

gastric emptying effects, drug drug interactions may occur‐

to alter the pharmacoki netics of the concom itan tly admi nis-

tered drugs. In a pharmacokinetic study reported by Blase

et al, 68 the presence of acetamino phen reduced the absorp-

tion rate of exendin 4 with lower‐ Cmax value and longer

T max, but the total exposure of exendin 4 (based on the‐

AUC value) was not affected. Similar findings have also

been documented in concomitant administration of exen-

din 4 with warfarin, digoxi n and lovastatin whereby a‐

decline in total exposure was observed for lovastatin. 69 71–

Thus, it requires extra attention when exendin‐4 is co ‐ad-

ministered with o ther drugs; especi ally, the drugs narrow

therapeutic indexes such as war farin and digoxin.

6 | C H A L L E N G E S O F E X E N D I N ‐ 4 A S
A N T I ‐ D I A B E T I C D R U G

To date, the existing therapeutic protocol for exendi n 4‐

uses Byetta ® pen injectio n of the active peptides via a sub-

cutaneous route. Neve rtheless, one of the drawbacks for

exendin 4 as an anti diabet ic drug is always attribut ed to‐ ‐

its short biological half life (1 4 hours). In order to main-‐ ‐

tain the therapeutic levels of exendi n 4, pati ents are‐

required to receive the subcutaneous dose twice daily,

which may lead to failure in patients compliance due to’

pain and inconvenience of self injectio n. Extended release‐ ‐

Exenatide QW is thus formulated for sustained release of

exendin 4, allowing weekly administration of exendi n pep-‐

tide rather than routine daily regimen. Since there is noT
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generic alternativ e, the exist ing therapeutic protocol is way

more expensi ve. Moreo ver, the risk of infections could

increase when patients rely on subcutaneous injection of

exendin 4. It prompts to an urgency to explore alternative‐

routes of drug administration besides subcutaneous route,

but also to consider bioavailabili ty of exendin 4 in other‐

routes of drug deliv ery.

6.1 | Modification of exendin 4 to improve‐

bioavailability

Several modifica tion approaches are atte mpted to increase

the bioavailability of exendi n 4 to be stably delivered to‐

β‐ ‐cells. The analogue of exendin 4 with improved helicity is

named E19 and comprises the same peptide length wi th

structural similarit y to exendin 4, but appears to be more‐

helical than exendin 4.‐
72 In some c ircumstances, exendin 4‐

has poo r hydroph ilicity resulting in the formation of aggre-

gates incapable of interacting wi th GLP 1 receptors for‐

responses, thus reducing its bioavailab ility (usual ly animal F

is 50% 70%, Table 1; human is 93% 97%, Table 2). The‐ F ‐

E19 analogue possesses a folded Trp cage to prevent“ ”

helix helix interaction with bett er folding stability and water‐

solubility. This wel l folded Trp cage is introduced to E19‐ “ ”

analogue through a step by step elongation of the Trp cage‐ ‐ “ ”

head from the parent 20 ami no acid residues.72 Although an

increase in water solubility of E19 leads to bett er bioavail-

ability, the exact b ioavailability of E19 is yet to be co n-

firmed.

6.2 | Modification of exendin 4‐
pharmacophore by protein engineering

Chronic exposure of GLP 1 receptor to exendin 4 causes‐ ‐

receptor sensitisation (an enhancement of the responses

resulting from GLP 1 receptor activation following‐

repeated and prolonged exposure to exendin 4) and over‐ ‐

expression of cyclin D1, leading to pro prolifera tion of‐

pancreatic cells.β‐
73 It prom pts the matter to reconceive the

pharmacophore of exendin 4 to halt the prolonged sensiti-‐

sation of the receptor. Modification to the existing exendin‐

4 has been un dertaken to alter the pharmacophore of exen-

din 4. For example, a short stretch of glucagon sequence is‐

integrated to exendi n 4 to design a novel glucagon exendin‐ ‐

fusion protein. This fusion protein exhibi ts a dual co ago-‐

nism with significant effects on better loweri ng effect of

glucose levels and weight loss, compared to pure exendin‐

4. 74 It helps to switch single receptor activity to dual activ-

ity with an equilibrium of the relative GLP 1/glucagon‐

receptor activity ratio. This diversifies the agonism of exen-

din peptide, not restricting to just GLP 1 recept or but also‐

glucagon receptor, and it helps prevent prolonged receptor

sensitisation.

6.3 | Modification of exendin 4 to improve‐

the biological half life of exendin 4‐ ‐

The biological half life of exendi n 4 is prolonged by sub-‐ ‐

stitution of its amino acid at position 20 or 38 through acy-

lation of lysine residues with carboxy lic acid. A residue

substitution of Gln28 for Asn28 in exendin 4 potentially‐

increases its action without degradation after subcut aneous

administration. 75 This variant of exendin 4 demonstrates a‐

better stabi lity and longer half life with no effects on its‐

pharmacology in rodents, which is suitable for a once‐

monthly regimen.

Other attempt s to increase the half life of exendin 4 are‐ ‐

by PEGyl ation, an amal gamation process of polyethylene

glycol (PEG) to exendi n 4 that reduces the degradation rate‐

by metabolic enzymes an d reducing immunogenicit y. 76

This is achiev able by replacing the Cys 39 with PB 105,‐ ‐

providing a free thiol group readily for a conjugation.

Other modifications of existing exendin 4 can also be‐

achieved by the conjug ation of exogenous molecules to the

incretin peptide. For example, a conjugation with malei-

mide derivativ es of Evans blue dye produce s an exendin

peptide with longer half life and better hypoglycaemic‐

effects.77 Another example is the conjugation of fatty acids

with lysine residues of exe ndin 4 to form a sterical ly stable‐

micelle for an extens ive absorption.78 On the other hand,

conjugation of exendin 4 to IgG Fc was found to have‐

extended biological half life for long term glucose regula-‐ ‐

tion in diabetic mice in a dose depend ent manne r.‐
79

6.4 | Modification to the formulation of
exendin 4 to alter the route of administration‐

Researchers have also opted for a new exendin 4 analogue‐

with other routes of administration wi th a better bioavail-

ability, potency an d more convenient for patients. One

example is pulmonary inhalation, which allows drugs with

limited oral bioava ilability to enter more readi ly into sys-

temic circu lation. This is because the lung has a large sur-

face area and it is highly perfused with blood. It provides a

better absorption of the drugs with higher bioavailability.

The particle size of the formulation is the fundam ental fea-

tures for the drugs to be delivered inhalation.via 80 Drugs

must first be co nverted into simpler particles with excipi-

ents or surfactant s that can be formulated into nebulisers or

inhalers. In a modification attempt by Kim et al, 81 the

researchers constructed a new proto type of a porous micro-

sphere comprising poly(lactic co glycolic acid) PLGA‐ ‐

coated with palmityl acetylated exendin 4, a fatty acid‐ ‐ ‐

modified exendin 4 analogue. The findings showed that the‐

modified analogue was a sustained release formulation and

possessed an efficient absorption through the lung with

more pronounced hypoglycaemic effects. This PLGA‐
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palmityl conjugated exendin 4 was further improved for its– ‐

half life by coating the surface of the parti cles wi th a gly-‐

col chitosan. 82 The encapsu lated peptide can also be formu-

lated in a mic roscopic needle for minimal invasive

injection into the skin.83 Although oral adminis tration of

exendin 4 is less likely used as one of the delivery options‐

due to first pass effects, oral ingestion is still the most con-‐

venient way for drug administration for better pati ent com-

pliance. Therefor e, a new exendin 4 analogue, Trypsin‐

Cleavage Site Muta ted Exendin 4 Cysteine 1 (TSME 1),‐ ‐ ‐

has been designed with simil ar biological activity wi th

exendin 4, but completely resistant to trypsin digestion and‐

having higher bioavailability than that of exendin 4.‐
84 The

modifications of existing exendin 4 suggest the new exen-‐

din 4 analogue as a potential therapeutic candidate for‐

T2DM in the futur e.

7 | C O N C L U S I O N A N D F U T U R E
D I R E C T I O N S

The discovery and isolation of exendin 4 from‐ H. suspec-

tum venom has resul ted in the further development of this

small incre tin mimetic peptide as one of the therapeutic‐

options for T2DM . Due to the fact that it is resistant to

enzymatic degradation by dipeptidyl peptidase, it has been

used as a potent drug for T2DM. To date, the synthesized

form of exendin 4 is commerci alised in two formulat ions,‐

namely Exenatide QW and Exenatide BID, either in Bye-

tta® or Bydureon® . Nonetheless, there is currently no gen-

eric equiva lent versi on of Byetta® available, maki ng it a

costly product. Exendin 4 rescues normal physiologi cal‐

functions of pancreatic cells to elicit glucose dependentβ‐ ‐

insulin secretion.

The structural properties of exendi n peptide explain its

better agonistic effect on the GLP 1 recept or, as compared to‐

the endogenous GLP 1 peptide. It adopts a two domain bind-‐ ‐

ing mechanism, the C terminal extension contai ning Trp‐

cage further enhancing its bindin g affinity. After binding of

the receptor to NTD, it acts as an allosteric modulator,

enabling the extracellular NTD to acquire close contact to

the core domai n of GLP 1 receptor for signal trans duction.‐

However, there are no stru ctural data available about the

receptor core domain, and the crystal structure of the exen-

din bound receptor complex is not fully elucidated . It is‐

essential to determine the crystal structure of exendin bound‐

GLP 1 receptor to clearly indicate the pharmacophor e for‐

future modification of exendin 4 with better efficacy and‐

potency.

Subcutaneous inje ction appears to be the primary route of

delivery for exendin 4 with a bioava ilability >93% in h uman‐

volunteers. How ever, it has relatively short er plasma half‐

life, thus requiring a repeated dosing regimen to maintain the

therapeutic levels. One of the main challenges en countered

during therapeutic applicati on of exendin 4 is patient com-‐

pliance when using self injection pen which may lead to pos-‐

sible risk of infec tions. Different modification approaches

are attempted to improve its pharm acophor e charact eristics

and pharmacokinetics with different routes of administration.

This includes structural alte ration by amino acid substitutio n,

conjugation with different molecules, encapsulation or coat-

ing of exendin peptide with microporous materials.

Although preclinical assessments of the modified exendi n 4‐

analogues demonstrate added therapeutic values to exendin‐

4, demonstrated clinical data are still lacking in human vol-

unteers. The development of new formulations certa inly

requires establishment of the effica cy, potency, safety and

the pharmacokin etic properties. Artificial intelligence (AI)

platform can be incorporated for more precise prediction of

the pharm acophore properties of exendin 4, enabling devel-‐

opment of precise anti diabet ic medicine. Fu rthermore, it‐ 

allows better and organized collation of big data such as data

of clinical trials and adverse drug effects. This is a faster,

more effective and cheaper approach for future drug modifi-

cation, and encourages develo pment of generic exendin at

an affordable cost.
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