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Abstract—This review is devoted to the 100-year history of the investigation of peptide hormones and the cre-
ation of drugs on their basis, starting from the insulin discovery and its introduction into a medical practice
in 1921. The basic groups of the peptide hormones are discussed: neurohypophyseal hormones, hypotha-
lamic releasing hormones, incretins, insulin, adrenocorticotropic hormone (ACTH), and calcitonin. The
first therapeutic agents based on the peptide hormones were created by a traditional approach that involved
the isolation of peptides from animal tissues, their purification to individual compounds, determination of
their primary structure, their chemical synthesis or their deep purification, and the creation of a pharmaceu-
tical substance. A modern approach to creation of peptide hormone drugs is based on their consideration as
ligands of the corresponding cellular receptors and the use of computer modeling, efficient synthesis meth-
ods, and high-throughput screening. The combination of these methods enabled the development of analogs
which would be more active than the corresponding natural compounds, exhibit other activities in addition
to the hormonal regulation, and be resistant to biodegradation. Such therapeutic agents have been designed
on the basis of agonistic and antagonistic analogs of somatostatin and luliberin, and have found wide appli-
cation in hormonal regulation and cancer treatment. Over the past two decades, the glucagon-like peptide
(GLP-1) has been intensively investigated as a potential therapeutic agent. In our review, we describe modi-
fications which resulted in the most highly effective long-acting drugs. Now, natural hormones and their ana-
logs are widely present in the pharmaceutical market.
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are important regulators of the functioning of nearly
all living organisms, starting from protozoa. These
compounds are signal molecules for many physiologi-
cal functions, thus, they can correct a wide spectrum
of biological processes of an organism. Earlier, pep-
tides were generally used for hormonal replacement
therapy that restored the peptide level in cases where
natural production is reduced or discontinued. Nowa-
days, the extent of peptide application is much wider.
Peptide hormones were initially used in medicine in
the first half of the 20th century. The fundamental
event was the isolation and purification of insulin in
1921.

The use of peptides as therapeutic agents has
evolved with time and is developing along with prog-
ress in biochemistry, molecular biology, and medi-
cine. Two main periods can be distinguished in the
process of the discovery and development of peptide
hormonal drugs [1—3]. The first one is associated with
traditional approaches that involve isolation of pep-
tides from animal tissues, their purification to individ-
ual compounds, determination of their primary struc-
ture, their chemical synthesis or deep purification,
and, finally, creation of a pharmaceutical agent. The
propagation of peptide therapy was limited by such



222

Chain A

1213 14 15

MARTINOVICH, BARADZINA

16

Fig. 1. The chemical structure of insulin [8].

properties of the natural peptides as their short half-
life in blood plasma and low peroral bioavailability.
The short half-life period of many peptide hormones
is explained by the action of many peptidases and
excretory processes which inactivate and remove the
peptides. This property is responsible for a rapid mod-
ulation of the hormonal level in an organism to main-
tain homeostasis, but presents a serious problem in the
development of therapeutic drugs.

The modern approach to creation of the peptide
drugs is associated with the development of molecular
biology. Information on the genome provides a possi-
bility of cloning genes which encode therapeutically
important biological targets and express their protein
products. This approach is based on a consideration of
the ligand—receptor interaction as a universal method
of the information transduction by cells and tissues of
an organism. The structural correspondence neces-
sary for the protein-target binding serves as the main
criterion for a design of the peptides with therapeutic
potential. This approach also involves modifications
of the ligand structures to increase their resistance to
biodegradation and their activity in comparison with
the natural analogs. In addition, large combinatorial
libraries of organic substances and highly efficient
screening technologies allow the creation of small
nonpeptide molecules which are targeted to peptide
receptors [3, 4]. These compounds are usually more
suitable for peroral administration and are more easily
produced than peptides. However, such an approach
does not displace the peptide compounds, their use in
medicine is only expanding. Undoubtedly, the most
important factor in progress in the field of therapeutic
agents of the peptide nature is the introduction of new
methods for peptide production, such as automated
solid-phase peptide synthesis and gene-engineering
technologies.
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The first peptide on the basis of which the import-
ant therapeutic agent was created was insulin. It is a
peptide hormone that consists of 51 amino acid resi-
dues. Insulin is produced by the -cells of the islets of
Langerhans, which are formations in the pancreas,
and regulates biosynthesis and consumption of glu-
cose by cells. This hormone was first isolated from pig
pancreas 100 years ago by Banting et al. [5]. As soon as
the capability of insulin isolated from animals to regu-
late glucose consumption was confirmed, the medici-
nal drug based on purified animal insulin was created,
though the insulin structure remained unknown for
more than 30 years. Sanger et al. determined the pri-
mary structure of insulin only in 1954 (Fig. 1) [6, 7].
Insulin consists of two polypeptide chains connected
by two disulfide bridges. The third bridge is placed in
the A-chain between Cys6 and Cys11. Generally, insu-
lin serves as a good marker for the development of bio-
chemistry. Many landmarks of insulin research are
marked by Nobel Prizes. In 1923, F.G. Banting and
J.J.R. Macleod received the Nobel Prize in the field of
physiology and medicine. For the determination of
the primary structure of insulin, F. Sanger was
awarded the Nobel Prize in 1958, and D. Hodgkin
received the Nobel Prize in 1964 for the development
of crystallographic studies and the determination of
the spatial structure of insulin [8].

The MarketsandMarkets analytical company
priced the world market of human insulin drugs at
about 25 billion US dollars in 2018, and a tendency of
permanent growth is observed [9]. Now, three major
producers of insulin (Eli Lilly, Novo Nordisk, and
Sanofi) control 96% of the insulin world market.
Nowadays, most of the insulin drugs are produced by
the gene-engineering technologies using recombinant
plasmids carrying the proinsulin synthetic gene, which
are incorporated into bacterial or yeast producer
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Table 1. Source or chemical nature of the first peptide drugs [2]

Peptide Source of isolation Y§ar ofin_trc.)duction Nature of a structure
into a clinical use

Insulin Isolated from bovine pancreas 1920s Native hormone

Adrenocorticotropic |Isolated from bovine and pig hypophysis 1950s Native hormone

hormone (ACTH)

Calcitonin Isolated from the salmon thyroid glands 1971 Native hormone

Oxytocin Synthetic 1962 Native hormone

Vasopressin Synthetic 1962 Native hormone

Octreotide Synthetic analog of somatostatin 1988 The cyclic octapeptide analog of
somatostatin-14

Leuprorelin Synthetic analog of gonadorelin 1984 The nonapeptide analog of the
gonadorelin decapeptide

strains. Proinsulin is expressed by bacteria or yeasts
and is converted to insulin by enzymatic hydrolysis.
The so-called semisynthetic insulin drugs, whose
amino acid sequence has been changed to correspond
to human insulin, are prepared from a hormone iso-
lated from the pancreas of animals. Insulin structural
analogs with different duration of action have been
created along with natural insulin. Such insulin drugs
are widely represented in the pharmaceutical market
[10]. The importance of insulin research can scarcely
be overestimated. Insulin is considered to have opened
a new stage of targeted replacement therapy. The insu-
lin discovery has signified the end of the so-called pre-
insulin era and paved the way for new therapeutic
approaches [11].

The most important hormonal peptide therapeutic
agents that were mainly created on the basis of the
“classic” approaches are listed in Table 1 [2].

Several drugs were isolated and introduced into the
clinical practice as a result of studies of a relationship
of the hormonal and nervous systems and regulation
of the synthesis and release of the adenohypophysis
hormones by the central nervous system. The first of
these drugs is adrenocorticotropic hormone (ACTH).
ACTH consists of 39 amino acid residues and has the
following amino acid sequence: Ser-Tyr-Ser-Met-
Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-
Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-Ala-Glu-
Asp-Glu-Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe.
It stimulates secretion of glucocorticoid hormones
from the adrenal cortex. ACTH was isolated from the
bovine hypophysis in 1942 [12], and the therapeutic
agent based on it was created in 1950s [2, 13]. The bio-
logically active 1—24 fragment of ACTH was synthe-
sized in 1960s. Both natural and synthetic adrenocor-
ticotropic hormones are applied to the treatment of
rheumatism, polyarthritis, podagra, bronchial
asthma, eczema, the hormonal disorders that are
associated with insufficient ACTH production and the
adrenal cortex dysfunction (Addison’s disease and
Cushing’s syndrome), and other diseases [14]. This
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hormone is also used in diagnostic kits for a determi-
nation of the ACTH content by enzyme immunoassay
methods. The ACTH level is a marker of not only hor-
monal disorders but the hormone-dependent cancers
as well. Based on the ACTH structure, short peptides
with an action spectrum radically distinct from that of
the original hormone have been created. The Semax
peptide (Met-Glu-His-Phe-Pro-Gly-Pro) should be
first to be mentioned. Semax was a Russian drug that
was introduced into medicine in 1997 [15]. Semax was
created on the basis of the ACTH,_,, fragment, con-
sisting of the 4—7 fragment of ACTH (Met-Glu-His-
Phe) and the Pro-Gly-Pro sequence, which increased
the Semax resistance to enzymatic hydrolysis and its
nootropic activity tenfold in comparison with the nat-
ural ACTH,_,,. This drug was completely deprived of
hormonal activity, but exhibited a wide spectrum of
nootropic and adaptive properties. Semax is used for
the treatment of stroke, transient ischemic attack,
memory and cognitive disorders, gastric ulcers, dis-
eases of the optic nerve, and also for strengthening the
immune system [16, 17].

At the beginning of the 1960s, the calcitonin
32-member peptide hormone was isolated in a pure
form [18]. Calcitonin is secreted by the parafollicular
cells of the thyroid glands of humans and other ani-
mals. This hormone decreases the calcium content in
blood, and this effect is opposite to that of the para-
thyroid hormone. Calcitonin has the following pri-
mary structure: Cys-Gly-Asn-Leu-Ser-Thr-Cys-
Met-Leu-Gly-Thr-Tyr-Thr-Gln-Asp-Phe-Asn-Lys-
Phe-His-Thr-Phe-Pro-GIn-Thr-Ala-Ile-Gly-Val-Gly-
Ala-Pro(S—S,_;). It involves the 7-member cycle that
is formed by the disulfide bond between Cysl and
Cys7. For the first time, the calcitonin drug was cre-
ated on the basis of the hormone from salmon thyroid
glands:  Cys-Ser-Asn-Leu-Ser-Thr-Cys-Val-Leu-
Gly-Lys-Leu-Ser-GIn-Glu-Leu-His-Lys-Leu-Gln-
Thr-Tyr-Pro-Arg-Thr-Asn-Thr-Gly-Ser-Gly-Thr-
Pro(S—S,_;). The salmon calcitonin more actively
regulates the human calcium metabolism than the
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human calcitonin in spite of a considerable difference
in their structures (16 amino acid residues of 32 are
different).

Currently, only synthetic calcitonin serves as a sub-
strate for the therapeutic agent. This calcitonin is pre-
pared using recombinant DNA or by solid phase syn-
thesis. Elcatonin is a calcitonin-relative drug, the ana-
log of eel calcitonin which contains the stable C—N
bond in its 7-member cycle instead of the S—S bond
[19]. Calcitonin medicines are used for treatment of
hypercalcemia and osteoporosis. They inhibit adsorp-
tion and autolysis of bones, and, thus, result in a
decrease in the calcium content in blood, prevent the
solution and transfer of bone salts, facilitate the excre-
tion of calcium and phosphorus with urine, inhibit
readsorption of calcium, phosphorus, and sodium in
the renal tubules, and support the normal calcium
level in blood.

A traditional approach to a design of the peptide
drugs was continued by studies of oxytocin and vaso-
pressin. These compounds are neurohypophyseal
peptide hormones produced in the hypothalamus and
are secreted into the neurohypophysis and, further,
into the bloodstream. Du Vigneaud et al. were the first
who isolated these compounds from the posterior lobe
of the hypophysis and determined the structures of
both hormones [20, 21]. The Cys-Tyr-Ile-GIn-Asn-
Cys-Pro-Leu-Gly-NH,(S—S,_¢) oxytocin peptide
and the Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-
NH,(S—S,_¢) vasopressin peptide consist of nine
amino acid residues and contain the 6-member cycle
formed by the disulfide bond between Cys1 and Cysb6.
The content of these hormones in the brain tissues is
insignificant, and, therefore, their preparative isola-
tion is completely unprofitable. Therefore, oxytocin
was the first synthetic peptide hormone and the first
synthetic peptide substance of the peptide drug. Du
Vigneaud et al. performed the chemical synthesis of
oxytocin and vasopressin in 1953 [22, 23]. The oxyto-
cin medicine was introduced into clinical practice in
1962 and, since that time, oxytocin was used in medi-
cine as a stimulator of the smooth muscle contraction
and an irreplaceable agent for obstetrics in gynecology
and veterinary medicine. Vasopressin is known as a
hormone that regulates the water—salt metabolism
and blood pressure. Medicines for treatment of diabe-
tes insipidus were also created based on the vasopres-
sin substance.

Nowadays, the role of oxytocin and vasopressin is
not limited to hormonal regulation. These peptides are
evolving components of the oxytocin—vasopressin
integrated adaptive system. The more ancient vaso-
pressin peptide supports individual survival and plays
a role in defensive behavior, including mobilization
and aggression. Oxytocin is associated with positive
social behavior and can be considered as a biological
metaphor of a social attachment and love [24]. The
vasopressin influences human biorhythms has also
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been found; this peptide is directly involved in regula-
tion of the circadian cycle of the suprachiasmatic
nucleus of the hypothalamus [25].

The studies of vasopressin, oxytocin, and their
antagonists and agonists have reached a new level after
a discovery of their receptors and determination of the
receptor structures. Oxytocin and vasopressin mediate
their biological effects (hormonal and adaptive)
through an interaction with the specific receptors like
nearly all peptide hormones. Three types of the vaso-
pressin receptors (V1aR, V1bR, and V2R) and one
oxytocin receptor (OTR) are known [26, 27]. They
belong to the G-protein-coupled receptor family and
are found in many organs and tissues. The wide occur-
rence and variability of these receptors explain the
multifunctionality of the neurohypophyseal hormones
[28, 29]. Two other atypical receptors that exhibited an
affinity to arginine-vasopressin and mediate intracel-
lular responses to this hormone were discovered later:
the angiotensin-vasopressin receptor (Angll/AVP)
and the calcium immobilization receptor-1 (VACM-1)
[30, 31]. It is interesting that the sequences of both
receptors differ from those of the vasopressin receptor
family, but their location is similar to that of V1aR and
VIbR [30]. In addition, Angll/AVP has been found to
have a high affinity to antagonists of the V1-receptors,
and VACM-1 can distinguish vasopressin and oxyto-
cin [30—32]. The discovery of the receptors and the
determination of their structures gave rise to a novel
approach to a design of analogs of the neurohypophy-
seal hormones and an appraisal of the previously syn-
thesized analogs. To date, several thousand peptide
and nonpeptide analogs (agonists and antagonists) of
vasopressin and oxytocin were synthesized [33, 34].
Many of them are highly selective and effective. How-
ever, only seven peptides and two nonpeptide agonists
are approved for medicinal use in the United States
according to data of the Manning Laboratory, which is a
leader in this area (data on 2012, Table 2) [34].

In Russia, vasopressin drugs of the natural struc-
ture are allowed and predominantly used for treatment
of diabetes insipidus. Drugs based on desmopressin
are also used. Desmopressin is the structural analog of
vasopressin with the deaminated residue of Cysl and
the replacement of L-Arg by D-Arg in position 8.
These modifications considerably increase the enzy-
matic resistance of the peptide and change its precep-
tor specificity. Desmopressin selectively activates the
V2-receptors and has no influence on the VI-recep-
tors of the smooth-muscle cells of vessels and internal
organs. As a result, the ratio of the antidiuretic activity
and the pressor action is 2000 : 1 in comparison with
that of arginine-vasopressin (1 : 1) [35]. The enzy-
matic resistance of desmopressin allows its application
in tablet form and as a nasal spray.

The injection forms of oxytocin of the natural
structure and desaminooxytocin (the deaminated
analog of oxytocin) are widely used in gynecology. The
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Fig. 2. Clinical application of TRH and its analogs [43].

intranasal spray of oxytocin is also allowed for use in
Russia [35]. At present, studies of the peptides of the
oxytocin and vasopressin family are generally aimed at
the creation of the compounds which have no hor-
monal activity but selectively affect the different CNS
functions. The peptides which are structurally related
to vasopressin and oxytocin are examined as potential
therapeutic agents for the treatment of the autism and
anxiety disorders, for stimulation of memory and
teachability, and as the adaptive drugs in surgery [36—
38]. Activation of the vasopressin system is considered
to play an important role in the prophylaxis and treat-
ment of cognitive disorders during the Alzheimer’s
disease [39]. Systems of oxytocin and vasopressin are
of interest as potential targets for the treatment of
alcoholism [40].

HYPOTHALAMIC RELEASING HORMONES
AND THEIR ANALOGS

The new stage of the medicinal application of pep-
tide hormones began at the end of 1960s and at the
beginning of 1970s. It has been associated with the iso-
lation and determination of the chemical structure of
hypothalamic regulators of biosynthesis and secretion
of the adenohypophysis hormones. These compounds
implement a connection between CNS and the endo-
crine system and occupy a key position in the hypo-
thalamus-hypophysis-peripheral endocrine glands
system. The structure of the thyrotropin-releasing
hormone, TRH (the first discovered hypothalamic
hormone) was determined in 1969 by two groups of
scientists [41, 42]. TRH proved to be the pGlu-His-
Pro-NH, tripeptide. It stimulates biosynthesis and
secretion of thyrotropin and prolactin adenotropic
hormones, plays a key role in support of the homeo-
stasis of the thyroid gland, and exhibits a pronounced
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neurotropic effect along with the hormonal action.
This effect manifests itself as the activation of a num-
ber of CNS functions [43—47]. TRH exhibits anticon-
vulsant, anticataleptic, and antihypothermic effects
and acts as an antagonist of many CNS inhibitors.
TRH removes effects of reserpine, chlorpromazine,
and haloperidol and exhibits analeptical properties,
blocking the action of ethanol and barbiturates and
several effects of morphine and opioid peptides. Bio-
logical studies of TRH and its analogs differentiate
more than ten possible areas of their application as
activators of the CNS functions (Fig. 2) [44].

Drugs based on the native TRH structure have
been created and are present in the pharmaceutical
market, but a wide spectrum of activities of this com-
pound, its fast biodegradation, and low bioavailability
limit its use. TRH is generally applied to diagnostics of
the thyroid function. TRH administration is used for
an evaluation of the hypophysis’ ability to secrete the
thyrotrophic hormone (TSH). The TSH level before
and after the TRH stimulation is determined in this
test. The direct determination of TRH by the enzyme
immunoassay is more rarely used. To date, several
hundred TRH analogs with different action profiles
have been synthesized [43, 48—51]. Active research
into novel synthetic analogs of TRH is still ongoing
[52, 53], but few of them have successfully passed all
the three phases of clinical trials. Only taltirelin, devel-
oped in Japan, is used as a drug [50]. Taltirelin is the
TRH analog with a substitution of 2,4-dioxo-3-meth-
ylpyrimidinic acid for Glp. It is used for treatment of
various neurodegenerative disorders [54]. Taltirelin’s
ability to increase the dopamine level during the Par-
kinson’s disease seems especially promising [55].

The structure of one more releasing-hormone,
luliberin (releasing-hormone of gonadotrophic hor-
mones, GnRH) was determined in 1971. Luliberin
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proved to be the ten-member peptide: pGlu-His-Trp-
Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH, [56, 57]. This
hormone is a regulator of the reproductive sphere. It
stimulates secretion and biosynthesis of luteinizing
and follicular-stimulating hormones. Rapid develop-
ment of the peptide synthesis was observed in the
1970s. Along with the multistage time-consuming
conventional peptide synthesis, the solid phase pep-
tide synthesis was put to use. This method allowed
automation and acceleration of the peptide prepara-
tion and removed restrictions on the length of a pep-
tide chain. Several thousand luliberin analogs (ago-
nists and antagonists) had been prepared using con-
ventional and solid phase methods of peptide
synthesis by the mid-1980s [58, 59]. The super active
agonists that were several hundred times more active
than the natural hormone were designed. The Gly res-
idue in position 6 was replaced by a residue of a
D-amino acid in these analogs. Several of these peptides
additionally involved ethyl amide instead of glycyl amide.
The ovulation-stimulating therapeutic agents that pro-
vided a preparation of ova for extracorporeal fertilization
were prepared based on these agonists. Tryptorelin
(pGlu-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Pro-Gly-NH,)
with the D-tryptophan residue in position 6, leuprolide
(H-Pyr-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NHEt),
buserilin (D-Ser(‘Bu)®EA'°-LHRH), and other pep-
tides belonged to such agents. Leuprolide and other
super agonists of GnRH are also used for treatment of
the hormone-dependent tumors, such as prostate and
breast cancers, hysteromyomas, and endometriosis.
The treatment of cancers and hormonal disorders is
based on the paradoxical inhibitory effect of the super
agonists [60, 61]. They cause an initial intensive stim-
ulation of the hypophysis, but, later, exhibit an inhib-
itory effect if the agonist concentration in blood is
constant. The inhibition occurs due to resistance of
the GnRH super agonists to degradation by the
hypophyseal enzymes. The super agonists block the
gonadotrophic receptors in the hypophysis and make
them insensitive after the initial stimulation, i.e.,
receptor desensitization occurs, resulting in the dra-
matic decrease in the gonadotropin level in blood.
Correspondingly, the level of the sex hormones is also
decreased, and hormonal blockage occurs. The inhib-
itory effects of the agonists are completely reversible.

The structure of the GnRH antagonists differs
from that of the natural molecule in a larger degree
than the agonist structures. The antagonists often
contain residues of unnatural amino acids. The N-ter-
minal region of all the antagonists is changed in com-
parison with the natural GnRH. The GnRH antago-
nists preserve the ability to be bound to the GnRH
receptors, compete for the receptor binding sites with
the natural hormone, but do not cause the generation
of a cellular signal and a release of the luteinizing and
follicle-stimulating hormones. Thus, the action of the
natural GnRH is blocked. The antagonists stabilize
the receptors in their inactive conformation, and the
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stimulation phase is absent distinct from the super
agonists. The effect is prolonged due to the high resis-
tance of the antagonists to the action of peptidases.
Effective antitumor drugs and regulators of the hor-
monal disorders were also created based on the super-
active antagonists. Degarelix, cetrorelix, abarelix,
ganirelix, and ozarelix are the best known drugs [62,
63]. These peptides involve the Ac-D-Nal-D-Cpa-D-
Pal sequence (where Nal is 3-(2-naphthyl)alanine, Pal
is 3-(2-pyridyl)alanine, and Cpa is B-cyclopropylala-
nine) in the amino terminal area, different derivatives
of D-amino acids in position 6, and D-Alain the C-ter-
minal region. The primary structures of the best
known antagonists of GnRH are listed in Table 3.
Both super agonists and super antagonists were intro-
duced into clinical practice in the mid-1980s and are
currently widely used.

Somatostatin, also known as a growth hormone-
inhibiting hormone (GHIH), was isolated in 1970s.
Somatostatin is a 14-member cyclic peptide (Ala-Gly-
Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-
Cys(S—S;_,4)) [64]. This compound is a multifunc-
tional regulator and is produced not only in the hypo-
thalamus, but in the stomach, bowels, and pancreas as
well. Somatostatin inhibits the secretion of the
somatotropic and thyrotrophic pituitary hormones,
peptides that are produced in the stomach, bowels,
liver, and pancreas, and serotonin. Somatostatin
inhibits the secretion of insulin, glucagon, gastrin,
cholecystokinin, vasoactive intestinal polypeptide, the
insulin-like growth factor-1, and other compounds.
Somatostatin is used for therapy of hormonal disor-
ders that are associated with hyperproduction of the
somatotropin growth hormone and various diseases of
the gastrointestinal tract and pancreas [65]. The
modustatin and stilamin drugs that have the natural
structure of somatostatin were developed and intro-
duced into medicinal practice at the end of 1980s.

The structure-functional studies of somatostatin
resulted in the creation of its highly active agonistic
analogs, octreotide and lanreotide [65—68]. Oct-
reotide is a cyclic octapeptide of the following primary
structure: D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr-
OI(S—S,_5). It pharmacologically imitates the natural
somatostatin, but much more effectively inhibits the
growth hormone, glucagon, and insulin in compari-
son with the natural hormone. An important advan-
tage of octreotide is its high resistance to enzymatic
degradation due to such structural modifications as
the introduction of the D-amino acid residues and
changes in the N-terminus and C-terminus of the nat-
ural molecule. Octreotide is widely used for treatment
of hormone-depended tumors. Lanreotide (Naphtyl-
D-Ala-Cys-Tyr-D-Trp-Lys-Val-Cys-Thr-NH,(S—S,_,))
is also stable to degradation but differs from soma-
tostatin and lanreotide in its spectrum of action. Lan-
reotide exhibits the more pronounced affinity to the
peripheral somatostatin receptors (hypophysial and
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Table 2. The oxytocin-relative and vasopressin-relative drugs that are approved in the United States (2012) [34]
Peptide drugs Drugs of the nonpeptide nature
Carbetocin (Depotocin, Pabal) Conivaptan hydrochloride (vaprisol)
Desmopressin (Minirin, DDAVP) Tolvaptan
Ornitine-vasopressin (Ornipressin)
Lypressin
Oxytocin
Terlipressin (Glypressin)
Vasopressin
Table 3. The structure of the GnRH antagonists [61]
The number of an amino acid residue
Compound
1 2 3 4 5 6 7 8 9 10

GnRH pGlu His Trp Ser | Tyr Gly Leu |Arg Pro | Gly-NH,
Cetrorelix (Cetrotide) | Ac-D-Nal| D-Cpa | D-Pal | Ser | Tyr D-Cit Leu |Arg Pro | D-Ala-NH,
Ganirelix (Orgalutran) | Ac-D-Nal| D-Cpa | D-Pal | Ser | Tyr D-hArg (Et,) | Leu | hArg (Et,) | Pro | D-Ala-NH,
Abarelix Ac-D-Nal| D-Cpa | D-Ala|Ser |Tyr D-Asp Leu |Lys (iPr) |Pro | D-Ala-NH,
Degarelix (Firmagon) | Ac-D-Nal| D-Cpa | D-Pal | Ser | Aph (Hor)| D-Aph (Cba)|Leu | Lys (iPr) |Pro | D-Ala-NH,

pancreatic) than that to the central receptors [68].
This property is responsible for the lanreotide selectiv-
ity towards a secretion of somatotropin and the exo-
crine secretion by pancreas and the intestinal glands.

Several drugs which are applied to the treatment of
many diseases are created on the basis of octreotide
and lanreotide. Four Russian companies produce oct-
reotide: Ellara, Farm-Sintez, Farmkompaniya, and
FarmFirma Soteks. Major world manufacturers of
octreotide are Novartis Pharma (Switzerland), Frese-
nius KABI Deutschland (Germany), and Sun Phar-
maceutical Industries (India) [69]. The production
volume of lanreotide is smaller. This drug is produced
by the Ipsen Pharma Biotech (France) under the
names of Somatuline and Somatuline Autogel [70].

ANALOGS OF THE GLUCAGON-LIKE
PEPTIDE-1

It has become evident in the last quarter of the 20th
century that peptide hormones are multifunctional
bioregulators, and there are a majority of receptors for
these hormones in an organism. The peptide hor-
mones have been found to be produced not only in the
system of hypothalamus-hypophysis-endocrine
glands, but in other organs and tissues as well. Incre-
tins that are secreted by the gastrointestinal tract
occupy an important place among these “nonclassic”
hormones [71]. These compounds regulate the carbo-
hydrate metabolism and a number of the gastrointesti-
nal functions and serve as an initial material for the
creation of novel therapeutic agents. The glucagon-
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like peptide-1 (GLP-1) has attracted the special atten-
tion of scientists among the other incretins. GLP-1 is
the 36-member peptide whose receptors are widely
distributed in many organs and tissues. The activity
spectrum of this universal bioregulator is very wide. Its
action extends to important organs and tissues along
with its stimulation effect on biosynthesis and excre-
tion of insulin (Table 4) [72]. The shortened GLP-
1(7—37) and GLP-1(7—36)-NH, peptides also exhibit
biological activity.

The main obstacle for the application of the GLP-1
peptide as the drug substance is its short half-life
(2 min). To date, this disadvantage has been elimi-
nated, and several drugs based on stable GLP-1 ana-
logs have been developed [73—76]. This strategy for a
design of these therapeutic agents is a good example of
the use of modern approaches to the creation of pep-
tide drugs with the desired properties and involves sev-
eral steps. The purpose of the modifications was to
make the hormone molecule stable, increase its half-
life, while maintaining its high level of activity. The
analogs should have a high structural correspondence
to the cellular GLP-1 receptor, resistance to the
dipeptidylpeptidase-4 (DPP4), and the ability to
reversibly bind to albumin. These desired properties
would prevent rapid degradation of the analogs. Lira-
glutide and semaglutide were created using this
approach [73].

A long-chain fatty acid was chosen and attached to
the hormone molecule, taking into account the high
albumin affinity to hydrophobic compounds. Posi-
tions which modification with a fatty acid residue has
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Table 4. The influence of GLP-1 on human organs and systems [69]

Organ or system

Effect

Stomach

Inhibits a secretion of hydrochloric acid

Relaxes the motor activity

Increases the insulin secretion

Stimulates a transcription of the insulin gene

Pancreatic gland

Inhibits a secretion of somatostatin and glucagon

Regulates an expression of ATP-dependent potassium channels of B-cells

Induces a proliferation and neogenesis of the B-cells

Increases a response of the -cells to glucose

Cardiovascular system Increase the heart rate

Thyroid gland Stimulates an excretion of thyrocalcitonin from the gland
Increases a relaxation of lung muscles

Lungs -
Increases the mucous secretion

Kidneys Facilitates diuresis and sodium uresis

Stimulates a secretion of luteinizing releasing-hormone from hypothalamus

Central nervous system

Stimulates a secretion of the thyrotrophic hormone, luteinizing hormone, and corticosteroids

Inhibits an entrance of food and water

little influence on conformational peculiarities of
GLP-1 and its high affinity to the receptor were deter-
mined. As a result, the Lys26 residue was chosen. The
derivatives with the C12—CI18 fatty acid chains and
with or without a carboxyl on the free terminus were
prepared. In general, 36 compounds were synthesized
in order to choose the most suitable position of the
modification and structures of the linker and the fatty
acid. An examination of their binding to the GLP 1(7—
37) receptor revealed liraglutide as the most active and
long-lived compound. Its structure is given in Fig. 3.

The structure of GLP-1(7—37) was further
changed by an introduction of the aminoisobutyric
acid residue in position 2, which significantly

Liraglutide

7 10 15 20

increased the resistance of the peptide to DPP4 with-
out a significant decrease in the activity. The Lys26
position was modified by bis-aminodiethoxyacetyl
linker and the residue of the C18 fatty diacyl acid [74].
All these modifications resulted in the highly active
and stable semaglutide analog of GLP-1. It is admin-
istered once a week, used for treatment of the type I1
diabetes, and improves functioning of the cardiovas-
cular system. The ability of semaglutide to decrease
the body weight of obese individuals without any side
effects is of the greatest interest. The therapeutic ana-
logs of GLP-1 are evidently commercially very suc-
cessful owing to a widespread prevalence of diabetes
and obesity, and the pace of development and adop-

LyGlu

30 35

H,N—HAEGTFTSDVSSYLEGQAAKEF I AWLVRGRG—-COOH

Cl18noic acid
[t

N

Semaglutide

7 10 15 20

LyGlu

bis-aminodiethoxyacetyl

35

H,N—HXEGTFTSDVSSYLEGQAAKEF I AWLVRGRG—-Co0OH

Fig. 3. Chemical structure of liraglutide and semaglutide [70].
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Table 5. Top peptide hormone drugs by sales in 2019 [1]
Generic name Most common Target diseases for Year of the first | Sales in 2019
of the peptide brand names Manufacturer treatment approval (US$ million)
Insulin and Ademelog, Apidra, Novo Nordisk, Eli | Diabetes 1982 25000
analogs Humulin, Humalog, |Lilly, and Sanofi
Insuman, NovoMix,
NovoRapid, Lantus,
Levemir, Ryzodeg,
Tresiba, Toujeo
Dulaglutide Trulicity Eli Lilly and Dain-| Diabetes 2014 4394
ippon Sumitomo
Liraglutide Victoza, Saxenda Novo Nordisk Diabetes, obesity 2010 4142
Leuprolide Lupron, Eligard AbbVie, Astellas, |Cancers 1985 2022
and Takeda
Semaglutide Ozempic, Rybelsus Novo Nordisk Diabetes, obesity 2017, 2019 1694
Octreotide Sandostatin Novartis Cancers 1988 1585
Teriparatide Forteo Eli Lilly Osteoporosis 2002 1405
Lanreotide Somatuline Ipsen Acromegaly 2007 1102
ACTH Acthar Mallinckrodt Multiple sclerosis, infan- 1950 953
tile spasms
Linaclotide Linzess, Constella Allergan, Astellas | Irritable bowel syndrome 2012 877
Pharma
Goserelin Zoladex AstraZeneca Cancers 1989 813
Exenatide Buetta, Bydureon AstraZeneca Diabetes 2005 659
Teduglutide Gattex, Revestive Takeda Short bowel syndrome 2012 555
Vasopressin Vasostrict Endo Pharma Diabetes insipidus 2014 532

tion of these drugs is very rapid. The peptide hormone
drugs that have the highest sales volumes are given in
Table 5.

CONCLUSIONS

Within the span of 100 years after the isolation of
insulin and its introduction into medical practice, the
peptide hormones, their analogs, and their mimetics
have become an important element of the pharmaceu-
tical industry. Dozens of medicinal drugs have been
created, and the insulin therapeutics stably occupy the
first place. The leading companies of the United States
and Europe produced the insulin drugs in the total
amount of 25 billion dollars in 2019. Approximately
one and a half dozen other peptide therapeutic agents
also have high cost parameters (Table 5) [1]. The
GLP-1 and GLP-2 analogs (dulaglutide, liraglutide,
semaglutide, exenatide, and teduglutide) have leading
positions. Two analogs of GnRH (leuprolide and gos-
erelin) are also represented on the pharmaceutical
market. Teriparatide (the drug based on the recombi-
nant human parathyroid hormone) has high volumes
of sales. The classical drugs of ACTH and vasopressin
also hold their positions in the market.
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The creation of drugs on the basis of the peptide
hormones is a dynamically developing industry with
clearly defined aims and a number of trends. The cre-
ation of highly active and selective analogs of the
“classic” hormones is still a topical problem. The ther-
apeutics based on hormones whose structures have
comparatively recently been determined are being
actively introduced into medicine. For example, the
tesamorelin analog of the somatotropic hormone was
approved for medicinal use in 2010. Determination of
the structure of the peptide hormone receptors gives
an opportunity to search for their ligands on the basis
of a structural correspondence using modern com-
puter technologies and databases, resulting in novel
agonists and antagonists of both peptide and nonpep-
tide natures. Problems of an increase in the stability
and bioavailability of the peptide drugs are being suc-
cessfully solved. Old ways of delivery of hormones to
an organism are improved and new delivery methods
are being developed. Investigations in the area of tech-
nologies of a preparation of the peptide hormones and
their analogs are of undiminished interest. New break-
through synthetic methods are being developed.
Undoubtedly, our knowledge of the peptide hormones
will be expanded in the future, and, hence, novel and
more ideal drugs will be designed and will find an
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application to not only hormonal therapy, but to other
areas of medicine, such as oncology, neurology, treat-
ment of the cardiovascular diseases, and metabolic
imbalances.
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