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ABSTRACT

Peptides, as potential therapeutics continue to gain importance in the search for active substances for
the treatment of numerous human diseases, some of which are, to this day, incurable. As potential
therapeutic drugs, peptides have many favorable chemical and pharmacological properties, starting with
their great diversity, through their high affinity for binding to all sort of natural receptors, and ending
with the various pathways of their breakdown, which produces nothing but amino acids that are
nontoxic to the body. Despite these and other advantages, however, they also have their pitfalls. One
of these disadvantages is the very low stability of natural peptides. They have a short half-life and tend
to be cleared from the organism very quickly. Their instability in the gastrointestinal tract, makes it
impossible to administer peptidic drugs orally. To achieve the best pharmacologic effect, it is desirable
to look for ways of modifying peptides that enable the use of these substances as pharmaceuticals.
There are many ways to modify peptides. Herein we summarize the approaches that are currently in
use, including lipidization, PEGylation, glycosylation and others, focusing on lipidization. We describe
how individual types of lipidization are achieved and describe their advantages and drawbacks. Peptide
modifications are performed with the goal of reaching a longer half-life, reducing immunogenicity and
improving bioavailability. In the case of neuropeptides, lipidization aids their activity in the central
nervous system after the peripheral administration. At the end of our review, we summarize all lipidized
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peptide-based drugs that are currently on the market.

Introduction

The interest of researchers and investors in peptides as poten-
tial therapeutics for various diseases has increased steadily in
the recent years. Both natural or synthesized peptides and
their analogues have shown promising pharmaceutical proper-
ties and other favorable features lacking in other substances
such as small molecules. The main promise of peptides resides
in their vast diversity, great biochemical selectivity and strong
affinity to various cellular receptors. One significant benefit is
that the degradation of peptides by hydrolysis leads to the for-
mation of nothing more than amino acids which are nontoxic
(Goodwin et al., 2012; Ahrens et al., 2012).

Peptides as therapeutics have a myriad of potential appli-
cations in the treatment of a broad range of diseases. These
diseases include, for example, metabolic disorders such as
obesity or type 2 diabetes mellitus (T2DM), various forms of
cancer, inflammation-related and microbial diseases, immune
dysfunction, hypertension, and others (Morozov & Khavinson,
1997; Goodwin et al, 2012; Mikuldskovd et al., 2016; LA
Manna et al,, 2018; Mahlapuu et al., 2020).

Despite their benefits, peptide and protein-based drugs
face many challenges. The main one lies in their low

stability in living organisms. Without special modification
providing an increased half-life, most of them tend to be
cleared from the organism in a matter of minutes. A short
blood half-life results in a demand for increased and more
frequent dosing, increasing the cost of the treatment and
narrowing the therapeutic window. Moreover, such peptides
and proteins in their natural form have a poor ability to
permeate the cellular membrane (Menacho-Melgar
et al., 2019).

It is evident that peptides need to be modified to be able
to reach their target and fulfill their function, for instance,
peptides involved in food intake regulation. The center con-
trolling the food intake regulation is in the brain, specifically
in the hypothalamus and brain stem (Mikulaskova et al,
2016). Disturbances in food intake regulation lead to obesity
or cachexia (Zhang et al, 2014). In our laboratory, we have
demonstrated that anorexigenic (food intake lowering) pep-
tides might be potential drugs for obesity (Kunes et al., 2016;
Prazienkova et al., 2017). However, without modification, they
cannot cross the blood brain barrier (hereafter BBB) and exert
a central effect after peripheral administration (Maletinska
et al.,, 2015; Kofinkova et al., 2020). Lipidization, as one of the
modification strategies, is a useful tool that results in
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increased stability and a longer half-life (Maletinska et al.,
2015), slower biodegradation, and an ability to cross the BBB
(Maletinska et al., 2015; Prazienkova et al., 2017).

Considering the above, it is highly desirable to develop
and test as many ways to modify these peptide or
protein-based drugs as possible. This article provides a broad
overview of possible peptide modifications that lead to the
stabilization or general improvement of the peptide-based
therapeutics. The approach to peptide stabilization which we
focus on is lipidization. This review also presents biological
aspects of lipidization such as prolonged half-life, bioavail-
ability and improved drug delivery. Finally, we provide an
overview summarizing the lipidized drugs that are currently
on the market.

Methods of peptide stabilization

The above introduction highlights that there are many ways
to improve and prolong the useful life of a peptide. Most of
these modifications consist in adding a specific moiety to the
original peptide chain.

PEGylation

The term PEGylation defines the modification of a
non-peptide (Veronese & Pasut, 2005), peptide or protein
molecule by linking one or more polyethylene glycol (PEG)
chains to the original structure (Harris & Chess, 2003;
Veronese & Pasut, 2005). PEG is a linear or branched poly-
mer with nontoxic, non-immunogenic (Veronese & Mero,
2008; Roberts et al., 2002), non-antigenic properties that is
highly soluble in aqueous solutions (Veronese & Pasut,
2005) and organic solvents (Roberts et al., 2002). PEGylation
helps to increase drug stability and reduce proteolysis and
renal excretion (Roberts et al., 2002; Veronese & Mero, 2008;
Yadav & Dewangan, 2021). It can be used to modify drugs,
food, or cosmetics as it has been approved by the Food and
Drug Administration (FDA) (Harris & Chess, 2003; Veronese &
Pasut, 2005). The FDA has approved PEG for all types of
injectable, topical, rectal and nasal formulations. This modi-
fication shows little toxicity and PEGylated peptides or pro-
teins are usually eliminated from the body by the kidneys
(Harris & Chess, 2003).

To bind PEG to a molecule, it is first necessary to activate
it. This can be easily done by preparing a molecule PEG that
has a functional group at least at one terminus (Roberts
et al, 2002). Originally, in the first-generation PEGylation
processes, it was only possible to bind PEG to the desired
amino acids. PEGylation was accomplished by alkylation or
acylation of the target amino acid. In the case of proteins,
PEG binds to reactive amino acids such as lysine, cysteine,
histidine, arginine, aspartic acid, glutamic acid, serine, thre-
onine, tyrosine, or N-terminal amino acid groups (Veronese,
2001; Roberts et al, 2002; Harris & Chess, 2003; Santos
et al, 2018). In their first-generation, PEGylation processes
consisted of the activation of PEG to make it suitable for its
reaction with lysine and N-terminal amino acid groups and
only linear PEGs were used. However, the bond between

PEG and the peptide was unstable and led to the degrada-
tion and poor stability of the PEGylated peptide during
manufacture and administration by injection (Harris & Chess,
2003). To increase the stability of the PEGylated peptide,
methoxy-PEG (m-PEG) was used. However, m-PEG was con-
taminated with PEGdiol and resulted in protein crosslinking
and formation of an inactive aggregate (Roberts et al., 2002;
Harris & Chess, 2003). Second-generation PEGylation pro-
cesses allow for the binding of PEG to the thiol, amide, or
hydroxyl group (Veronese & Pasut, 2005). Researchers have
come up with many changes to improve the PEGylated
derivates and their bonds to drugs. The purpose of
second-generation PEGylation processes is to make
PEGylated drugs larger and more stable, thus improving
their pharmacokinetic and pharmacodynamic properties
(Roberts et al., 2002; Harris & Chess, 2003; Veronese & Mero,
2008; Santos et al., 2018).

PEGylation is without a doubt a significant modification in
the scope of drug development. It changes both the physical
and chemical properties of the molecule, such as conforma-
tion, hydrophobicity, size, or electrostatic binding (Veronese
& Mero, 2008). These changes result in the improvement of
pharmacokinetic and pharmacodynamic properties of the
PEGylated peptide (Harris & Chess, 2003; Veronese & Mero,
2008). PEGylation reduces toxicity and renal clearance, simply
by making the molecule bigger. The kidneys filter all mole-
cules by their size, so increasing compound size by PEGylation
leads to slower clearance (Harris et al., 2001). At the same
time, the connection of PEG to a peptide or protein protects
it against proteolytic enzymes (Harris et al., 2001; Harris &
Chess, 2003).

In summary, PEGylation of a protein improves its pharma-
cokinetic and pharmacodynamic properties (Veronese, 2001;
Harris et al., 2001; Roberts et al., 2002; Yadav & Dewangan,
2021), reduces its imunogenicity (Roberts et al, 2002;
Veronese & Pasut, 2005), prevents degradation (Harris &
Chess, 2003; Jevsevar et al., 2010) and maintains the stability
of the drug and increases the retention time of conjugates
in the blood, possibly allowing reduced dosing frequency
(Harris et al.,, 2001; Veronese & Pasut, 2005; JevSevar et al.,,
2010). Despite many advantages, PEGylation also has its
inconveniences. Similarly to other substances, PEGylated pro-
teins are polydisperse (i.e. composed of different numbers of
monomers). This can possibly result in population of conju-
gates with potentially different biological behavior (Veronese
& Pasut, 2005).

Today, despite their limitations, PEGylated drugs are being
used and studied as treatments for many types of disease
such as immunodeficiency or cancer (Harris & Chess, 2003),
for example, the PEGylated drug peginesatide (Omontys).
Peginesatide is a dimeric peptide composed of 21 amino
acids, linked with a spacer linker to a PEGylation chain
(methoxy polyethylene glycol-epoetin beta). Such modifica-
tion significantly prolongs its half-life in vivo. This new ana-
logue has no structural homology with the first and second
generation of erythropoiesis-stimulating agents. This com-
pound is approved by the FDA since 2012 and it is being
used for the treatment of anemia (Bennett et al., 2012;
Hermanson et al., 2016).



Glycosylation

Protein glycosylation entails the covalent attachment of a
carbohydrate-based molecule (saccharide moiety) to the sur-
face of a protein (Sola & Griebenow, 2010). It is one of the
most frequent, post-translational modifications of a stereo-
chemical complex (Sold & Griebenow, 2010; Jayaprakash &
Surolia, 2017). Glycosylation improves the bioavailability of
protein-based drugs and results in a better pharmacokinetic
profile and improved pharmacodynamic properties. It has
been shown to increase the ambient circulation level of a
drugs and to prolong the duration of the effect. The improved
pharmacokinetic properties are due to improved absorption
and distribution, a longer half-time of circulation, and
decreased hepatic clearance (Sinclair & Elliott, 2005; Sold &
Griebenow, 2010).

The variety of glycans involved in protein glycosylation is
greatly diverse. This is achieved by assembling a total of 41
bonds between up to thirteen monosaccharide units such as
glucose, mannose, lactose, fucose, etc. and eight amino acids
that participate in the glycosidic bond (Moharir et al., 2013;
Jayaprakash & Surolia, 2017). There are therefore at least 31
glycan-amino acids combinations (Spiro, 2002). Glycosylation
can be further divided into six types: N-linked glycosylation,
O-linked glycosylation, C-linked mannosylation, S-linked gly-
cosylation, phosphoglycation and glypiation (Spiro, 2002;
Moharir et al.,, 2013; Jayaprakash & Surolia, 2017). However,
the N-linked and O-linked glycosylation is the most relevant
(Ohtsubo & Marth, 2006; Jayaprakash & Surolia, 2017).

O-linked glycosylation is usually mediated through the
attachment of a single monosaccharide group (most likely
N-acetylgalactosamine) to serine or threonine. By contrast,
N-linked glycosylation is facilitated by the transfer of a
14-residue oligosaccharide to the nascent peptide, specifically
to the amino acid Asn located in the Asn-X-Ser/Thr section. X
can be any amino acid except Pro (Sinclair & Elliott, 2005;
Reily et al.,, 2019).

Due to their positive effect on pharmacokinetic and phar-
macodynamic properties, glycoproteins are increasingly being
investigated and tested as potential drugs for various dis-
eases (Reily et al,, 2019).

Substitution of L-amino acid with D-amino acid

All amino acids forming natural peptides and proteins are
L-amino acids (Mahalakshmi et al, 2006). D-amino acids
(non-coded amino acids) are not usually found in natural
proteins, and, maybe for this reason, they have certain note-
worthy properties. For example, their different and unnatural
stereochemistry gives them greater stability and resistance to
proteolytic enzymes (Mitchell & Smith, 2003; Lu et al., 2020).
Many articles have reported that modification consisting in
replacing an L-amino acid with a D-amino acid increases the
stability of the peptide, prolongs its half-life and reduces its
cytotoxicity, without interfering with its biological activity
(Molhoek et al., 2011; Carmona et al.,, 2013). Some peptides
containing D-amino acids have even greater biological activ-
ity than their original L-residual analogue (Checco et al,
2018). Chen et al. have reported an improvement in the
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binding affinity and stability of peptide ligand, specifically, a
bicyclic peptide inhibitor of the cancer-related protease plas-
minogen activator. Those parameters have been improved by
exchanging the amino acid glycine for a D-amino acid,
D-serine specifically (Chen et al, 2013). A great example of
this type of modification is the synthetic analogue of vaso-
pressin called desmopressin/DDAVP (deamino D-arginine
vasopressin) (Vavra et al.,, 1968). The structure of desmopres-
sin differs from that of vasopressin in two main modifica-
tions. The first one is deamination of the first amino acid and
the second one a substitution of L-arginine with D-arginine
at position 8. The original treatment with vasopressin was
administered intramuscularly, the duration of action was up
to 24hours and the treatment was too painful. The amino
acid substitution allows using subcutaneous or intravenous
administration with the average duration of action of around
eight to twelve hours (Drugs.com, 2022). Nowadays, a new
and very attractive way to administer DDAVP is on the mar-
ket, a nasal spray. DDAVP was originally approved for the
treatment of diabetes insipidus. Since its first clinical use in
1977 DDAVP has also found application in the treatment of
hemophilia A or Willebrand syndrome (Karanth et al., 2019).
Since 2008 it has also been approved by the FDA in a tablet
form. It is now being used for the treatment of mentioned
diseases and many other health conditions such as heavy
menstrual bleeding or kidney diseases (Lee et al., 1976; Kadir
et al,, 2002; Garrahy & Thompson, 2020).

Amino acid substitution

A useful way to stabilize or protect a peptide from fast deg-
radation is to substitute amino acids and add different amino
acids to the peptide backbone (Henikoff & Henikoff, 1992).
Many peptides have been reported to have been modified
with a different amino acid to protect the structure. One
example in which this modification occurs is an anorexigenic
prolactin-releasing peptide (PrRP). Maletinskd et al. modified
PrRP with norleucin at position 8. This modification prevents
the fast oxidation of the original methionine. The same pro-
cess has been applied to the cocaine- and amphetamine-
regulated transcript (CART) peptide. In both these peptides,
the change in amino acid was not found to affect biological
activity (Maletinska et al.,, 2015; PraZienkova et al., 2019). An
example of this type of modification is an analogue of
anorexigenic neuropeptide FF, called 1DMe (Mazarguil et al.,
2001). The structure of this peptide contains several changes
that lead to stabilization. The first one is a substitution of
phenylalanine at position 1 with tyrosine. However, the newly
added tyrosine at position 1 is not L-tyrosine, but D-tyrosine.
The next change uses N-methylation of the third peptide
bond. This modification is described in detail below (Xu
et al, 1999).

N-methylation

Another way of stabilizing peptides is N-methylation. This
type of modification consists in replacing the original natural
amino acid with an N-methyl amino acid (NMAA). This, in
effect, means that the amide bond in the original structure is
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methylated. N-methylation has been found to strongly
enhance pharmaceutical properties such as oral availability,
reduce enzymatic degradation, and improve the enzymatic
stability of the modified structure (Biron et al., 2008; Sharma
et al, 2018; Rader et al., 2018). Peptide modification by
monomethylation has been used for years. However, because
of the possible activity loss and difficulties during prepara-
tion multiply N-methylated peptides are now widely used
instead of mono-N-methylated ones (Chatterjee et al.,, 2008).
There are also dozens of naturally N-methylated peptides, for
example, cyclosporine A. It is a hepta-N-methylated cyclic
peptide with a strong immunosuppressive effect. Due to the
seven methyl groups attached to nitrogen atoms, this com-
pound is very stable and can be administered orally (Cohen
et al, 1984; Tedesco & Haragsim, 2012; Chatterjee et al.,
2013). Despite all the advantages, N-methylation has its own
pitfalls. N-methylation has been reported to have a highly
detrimental effect on the receptor binding affinity of some
peptides (Gazdik et al., 2015).

Cyclization

A simple way to stabilize a peptide is its covalent peptide
cyclizing. The essence of this process is the joining of the N
and C termini, or any specific part of the peptide chain, to
produce a cyclized main chain, or eventually the side chains
can also be cyclized (Purkayastha & Kang, 2019). There are
several approaches to generate a cyclic peptide, which
include backbone cyclization, native chemical ligation and
others. These structures can be formed using stable chemical
bonds such as the amide, lactone, ether, thioether or disul-
fidic bond (Gilon et al., 1991; Qvit et al.,, 2017; Zhang et al.,
2018). Such modification significantly improves resistance to
thermal stress or proteolytic degradation. Moreover, these
modifications provide stable analogues with improved phar-
macodynamic properties (Moll et al., 2009). According to
Zhang et al. (2018), cyclic peptides could be used as thera-
peutics with oral administration. There are also many natu-
rally occurring cyclic peptides that can be associated with
diverse biological activities such as hemolytic, anti-HIV, cyto-
toxic activity, and many others (Zhang et al., 2018).

Encapsulation in nanoparticles or microparticles

A relatively novel way of stabilizing peptides utilize colloidal
systems consisting of nanoparticles or microparticles. These
particles are designed to encapsulate (protect) the bioactive
peptide and help to deliver it to the desired location.
Nanoparticles or microparticles are usually obtained from
food grade ingredients such as polysaccharides, mineral oils,
or lipids. These colloidal particles are designed to allow the
drug to be administered orally (Mcclements, 2015). However,
polymeric nanoparticles also play an important role in the
delivery of peptide drugs. Polymeric nanoparticles are capa-
ble of gradual releasing peptides over long periods of time,
leading to a significant decrease in the frequency of admin-
istration. Encapsulated peptides have the potential to provide
enhanced therapeutic activity, prolonged stability, and better
bioavailability (Yadav et al., 2011).

PASylation

One promising way of peptide stabilization appears to be
PASylation. PASylation is based on conjugation, achieved by
genetic fusion or chemical coupling, of certain pharmaceuti-
cally active compounds, such as peptides, proteins or small
molecules, with a hydrophilic amino acid polymer comprising
proline, alanine and/or serine (hence PAS). These PAS
sequences are uncharged with a random coil and possess
with hydrophilic properties. Such a structure has a large
hydrodynamic volume, which leads to the retardation of kid-
ney filtration, thus slowing down the excretion of the com-
pound from the organism, similarly to PEGylation (Binder &
Skerra, 2017; Zvonova et al, 2017; Ahmadpour &
Hosseinimehr, 2018).

PASylation dramatically prolongs pharmacokinetics in vivo.
PASylated peptides show high stability in the plasma and no
immunogenicity. This kind of modification has already been
utilized to alter several peptides, such as leptin, interferon
B-1, interferon a and erythropoietin, in all cases leading to
the stabilization of the original molecule and increased ther-
apeutic efficiency in vivo (Bolze et al., 2016; Zhang et al., 2023).

Lipidization

About thirty years ago, researchers came up with a new way,
to stabilize a peptide/protein-based drug called lipidization
(Pardridge, 1992). Lipidization entails of the attachment of a
lipid group to a protein. There are various types of lipid mod-
ification that can be performed on a protein/peptide chain.
These modifications include: prenylation on cysteine (e.g.
S-geranylgeranyl lipids), fatty acylation at either the
N-terminus or at the lateral amino acid group (e.g. N-palmitoyl,
O-palmitoyl or N-myristoyl lipids); cholesterol, glycosylphos-
phatidylinositol (GPI), or phosphatidylethanolamine (PE) can
also be used for the attachment of an additional moiety to
the C-terminus of a peptide. In general, lipidization is a
post-translational modification that yields a lipophilic prod-
rug derived from the original hydrophilic peptide. The pro-
cess of lipidization falls in the groups of post-translational
modifications called acylation. Lipidization is an approach
that may allow modified peptides to cross the blood-brain
barrier (BBB) (Jain et al.,, 2013; Erak et al., 2018; Menacho-Melgar
et al, 2019; Botti et al, 2021; Hanna et al., 2022). This modi-
fication is also FDA-approved (Menacho-Melgar et al., 2019),
so it is highly desirable to invent peptide drugs using this
modification to achieve the best pharmacokinetic and phar-
macodynamic properties. A good example of a naturally
lipidized peptide is ghrelin. It is the only known peptide syn-
thesized in the stomach that acts centrally and has a strong
orexigenic effect (Kojima et al., 1999). The structure of ghrelin
contains the amino acid serine acylated with n-octanoic acid,
which is essential for its biological activity (Bednarek et al.,
2000; Maletinskd et al, 2012; Mdller et al., 2015; Zemenova
et al, 2017).

One type of lipidization is prenylation. Prenylation is a
post-translational protein/peptide modification character-
ized by the irreversible covalent attachment of one or sev-
eral isoprenoid units to conserved Cys residues at or close



to the protein C-terminus. The binding of these units is
mediated through a thioether bond. There are several types
of prenylation, for example, geranyl (10-carbon, containing
two isoprenoid units) farnesylation (15-carbon, containing
three isoprenoid units) and geranylgeranylation (20-carbon,
containing four isoprenoid units) (Zhang & Casey, 1996;
Hannoush & Sun, 2010; Wang & Casey, 2016; Hanna et al,,
2022). Although prenyl groups are most commonly attached
through sulfur via a thioether bond, this attachment can
also be mediated by oxygen or nitrogen. Such modification
yield peptides with a lipophilic C-terminus, thanks to which
they acquire an increased capacity to interact with cell
membranes (Alhassan et al., 2014; Wang & Casey, 2016;
Hanna et al.,, 2022). The addition of a prenyl chain to the
peptide significantly alters the pharmacological properties
of the original peptide. Prenylated compounds usually pos-
sess improved biological properties, so they are being stud-
ied as potential compounds useful in the treatment of
varying diseases. Despite these benefits, there are still no
FDA-approved prenylated peptides on the market. One of
the investigated substances is Salirasib, which contains a
farnesyl group modifying salicylic acid. However, this sub-
stance is still being investigated in preclinical studies
(Alhassan et al., 2014).

Another type of protein lipidization is the attachment of a
GPI anchor (glypiation). It is a widely used and well-known
post-translational modification that usually occurs also at the
C-terminus of a protein. This whole process stems from the
fact that GPI is a signal peptide with the C-terminus cleaved
from the original protein. Subsequently, the new C-terminus
is linked to the amino group of the ethanolamine residue in
the GPI precursors (Chatterjee & Mayor, 2001; Ikezawa, 2002;
Mayor & Riezman, 2004; Hanna et al., 2022). This type of
lipidization usually takes place naturally in cells and occurs in
the endoplasmic reticulum (lkezawa, 2002). GPl-anchored
proteins play important roles in various biological conditions,
although GPl-anchored proteins have diverse applications,
their synthesis remains complicated, which slows their
research greatly (Zhu & Guo, 2017).

Lipidization can be also mediated by a phosphatidyletha-
nolamine (PE) anchor. This is a post-translational modification
that is made through a covalently attached C-terminal Gly
residue of a protein and an amino group of the PE. This
attachment is done through an amide bond. This type of
lipidization is quite rare and is not very well studied (Ichimura
et al.,, 2000; Mejuch & Waldmann, 2016; Hanna et al., 2022).

Another lipophilic molecule that can be attached to a
peptide for its stabilization is cholesterol. It can be coupled
to the peptide through an ester or thioester linkage, and this
bond can be achieved on the N-terminus of the peptide, the
C-terminus and also in the middle of a peptide chain (Creanga
et al, 2012; Erak et al., 2018; Hanna et al.,, 2022). Although
there are still no FDA approved peptide drugs with the cho-
lesterol attachment, some of them are in the preclinical trials.
For instance, Ingallinella et al. synthetized a peptide, HIV
inhibitor, derivatized with cholesterol. This compound pos-
sesses higher stability in blood plasma in vitro and prolonged
half-life in vivo (tested in mice). The attachment of cholesterol
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also causes higher affinity to its receptors (Ingallinella
et al., 2009).

The most widespread, the most advantageous and the
easiest type of lipidization is fatty acid acylation. This adjust-
ment is based on the covalent attachment of diverse fatty
acids to the target peptide or protein. There are long, medium
and short fatty acids that can be attached to peptides and
each of them provides a different biochemical property.
Usually, fatty acids such as caprylic (C8), myristic (C14), pal-
mitic (C16), or stearic acid (C18) are used. However, myristic
acid and palmitic acid are the most common modifying
groups (Hannoush & Sun, 2010; Peng et al,, 2016; Resh, 2016;
Garst et al,, 2021). The choice of fatty acid, the type of bond
that attaches the fatty acid to the peptide, or the use of a
linker that binds the peptide and the fatty acid are important
factors that influence the physicochemical properties, binding
affinity to different receptors, and bioactivity of the final
lipidized peptide. Lipidization can be classified into three
groups based on the type of lipid bond formation with the
peptide chain and the fatty acid: amidation, esterification (S-
or O-) and S bond (ether or disulfide) (Zhang & Bulaj, 2012).
Amidation and a disulfide bond provide a strong covalent
bond unlike S- and O-esterification, which are not so stable.
The O-ester bond is formed through the hydroxyl group of
the carboxylic acid present in the amino acid. (Hannoush &
Sun, 2010; Zhang & Bulaj, 2012). The two most commonly
occurring types of lipidization are, N-acylation (i.e.
N-myristoylation, N-palmitoylation) and S-palmitoylation
(Walsh et al., 2005).

All the aforementioned types of lipidization and their
structural design are summarized in (Figure 1).

There are many ways to connect a chosen fatty acid to
the peptide backbone. As mentioned above, the common
bonds used for this are amide, ester, or disulfide bonds.
However, there are also other types of bonds that can be
used. Another way to attach a fatty acid to a peptide is via a
linker/spacer. One widely used linker is a y-glutamyl linker,
namely gamma glutamic acid (Zhang & Bulaj, 2012;
Prazienkovd et al., 2019). It has been shown (by a
dose-response study of interactions with specific receptors)
to enhance the potency of a lipidized peptide in comparison
to other linkers or bonds. The y-glutamic acid linker can be
used to attach a fatty acid to the termini or in the middle of
a peptide (Hutchinson et al., 2018). Most commonly the
y-glutamic acid linker binds to the amino acid lysine, to
which it is attached on the secondary amino group (Ward
et al.,, 2013; Hutchinson et al., 2018).

The next possibility of attaching a fatty acid to a peptide
is through a short chain of polyethylene glycol
(1,13-diamino-4,7,10-trioxadecan-succinamic acid) called the
TTDS linker (Prazienkova et al.,, 2019; DE Prins et al., 2020).
This type of linker is usually attached to lysine at the peptide
backbone. Furthermore, a series of linkers have been tested
in search of potential new types of peptide lipidization. Some
examples of them are: gamma-aminobutyric acid (GABA),
8-amino-3,6-dioxactanoic acid and OEG-OEG. Figure 2 pres-
ents the individual types of linkers that can be used for
lipidization.
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Figure 1. Examples of peptide lipidization; GIcN: glukoseamine; GPI: glypiation, ins: inositol; man: mannose; PE: phosphatidylethanolamine. Note: the figure was

drawn by the authors.

Figure 2. Structure of linkers used for peptide lipidization; (a) y-glutamyl linker, (b) OEG-OEG, (c) gamma-aminobutyric linker, (d) TTDS linker, (e) 8-amino-3,

6-dioxactanoic acid. Note: the figure was drawn by the authors.

Improved pharmacological properties of lipidized
drugs

Lipidization significantly improves the stability and many bio-
logical properties of peptides, such as bioavailability, enables
new methods of administration, improves drug delivery, pro-
longs the half-life. A list of biological properties affected by
the lipidization process is detailed below.

Prolonged half-life

One of the properties that needs to be improved in
peptide-based drugs is their half-life in the blood plasma.
Because of their small size and hydrophilic properties,
unmodified peptides usually have a short plasma half-life. It
is caused by fast renal clearance and fast enzymatic degrada-
tion that occurs in the systemic blood circulation (Werle &
Bernkop-Schniirch, 2006). Such processes require more

frequent administration of these nonmodified peptides and
thus make the overall treatment more expensive (Morrow &
Felcone, 2004). Lipidization gives inherently hydrophilic pep-
tides an amphiphilic nature. Lipidized peptides than bind
more strongly to serum albumin, which helps the modified
peptide reach the target tissue and prolongs its half-life in
the blood plasma (Wang et al., 2002). The albumin structure
has seven binding sites, but under usual physiological cir-
cumstances, only two of them are occupied. This fact elimi-
nates the threat of the lipidized drug competing for the
binding site of albumin (Markussen et al., 1996). In general,
the longer the fatty acid attached to the peptide, the stron-
ger the binding to albumin, and the longer the half-life of a
peptide. As mentioned above, lipidization can be performed
at both ends of the peptide or anywhere on the peptide
chain. It has been proven that the location of the fatty acid
has no effect on binding to the albumin. At the same time
peptides derivatized with two fatty acids were synthetized



and tested, specifically di-palmitoylated peptides. The results
clearly showed decreased affinity to particular receptors
(Knudsen et al., 2000; Prazienkova et al, 2017; Holubova
et al,, 2018; Menacho-Melgar et al., 2019).

One example of lipidized compound with a prolonged half-life
(from minutes to hours) is liraglutide (Victoza — T2DM treatment/
Saxenda - obesity treatment, Novo Nordisk) (Drucker et al.,
2010). This lipidized drug is described in more detail below.

Decreased immunogenicity

Peptide-based drugs are likely to start a defensive immune
reaction. Unmodified peptide drugs, including those with
100% structural homology to natural human peptides, are
known to be capable of initiating a host immune response,
also known as immunogenicity. Because of this, it is neces-
sary to modify the respective peptide to make it unrecogniz-
able by the immune system (Tornesello et al., 2020). Several
studies show that lipidization is a powerful tool that can give
rise to peptides with lower immunogenicity. The length of
the attached fatty acid plays an important role in the pro-
cess. The longer the fatty acid, the more significant a reduc-
tion in immunogenicity occurs (Kowalczyk et al., 2017).

Improved drug delivery
Peptide-based drugs are hydrophilic in unmodified form. This
fact significantly influences their ability to cross the cell
membrane or any membrane in general

(Pavan & Dalpiaz, 2011). In recent years, neuropeptides,
such as PrRP, the CART peptide and, very importantly GLP-1
agonists, have been persistently studied due to their poten-
tial for use in the treatment of obesity, T2DM or neurodegen-
eration (Maletinska et al, 2008; Popelova et al., 2018;
Holubova et al., 2019). Worth mentioning are dual GLP-1/
glucose-dependent insulinotropic polypeptide (GIP) agonists
and triple GLP-1/GIP/glucagon. GLP-1 agonists are being
investigated for the potential treatment of overweight or
obese T1DM patients. Also tested as possible anti-obesity
therapeutics are GLP-1/GIP coagonist peptides, also called
dual agonists, and s triple GLP-1/GIP/glucagon agonists
(Janzen et al., 2016; Tan, 2023; Tran et al.,, 2023). However, in
their natural form, they cannot cross the BBB and induce the
desired effect on the respective receptors in the brain. The
BBB, together with the blood-cerebrospinal fluid barrier (CSF,
BCSFB) and the arachnoid barrier, forms the main barrier
between the CNS and blood (Abbott et al., 2010). Lipidization
helps overcome this challenge and induces a central effect
after peripheral administration (Zemenova et al., 2017). In the
case of PrRP, novel lipidized analogues, palmitoylated PrRP,
were synthesized, palmitoylated PrRP in position 11 using a
y-glutamic linker (palm'™-PrRP). Testing this analogue in
mouse and rat models found it to attenuate body weight. In
conclusion, lipidization aids drug delivery, specifically by
helping peptides pass through physiological membranes.

New potential routes of administration
The change in peptide character from hydrophilic to hydropho-
bic allows lipidized peptides to penetrate through the cell
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membrane. Because of that, the use of new routes of administra-
tion is allowed, for example oral, topical or pulmonary
(Menacho-Melgar et al.,, 2019). Although most lipidized therapeu-
tics focus on subcutaneous administration (s.c.), acylation specifi-
cally offers several potential benefits for oral administration for
peptide-based therapeutics (Trier et al, 2015). Such a drug
administration option would naturally be much more convenient
for patients than s.c. administration. It has also been demon-
strated that acylation has the ability of peptide drugs to perme-
ate intestinal tissue. Earlier in this review, we mention liraglutide,
a lipidized GLP-1 receptor agonist. Another example of an acy-
lated GLP-1 receptor agonist is semaglutide. Semaglutide was
designed as a long-acting GLP-1 agonist with potential adminis-
tration once a week s.c. It has 94% structural homology with
natural GLP-1 with three main improvements: substitution of
alanine at position 8 with 2-aminoisobutyric acid, substitution of
lysine with arginine at position 34 and attachment of a palmitic
acid using a y-glutamic linker at position 26. Semaglutide has an
even longer half-life compared to liraglutide (183 vs 11 - 15h)
after s.c. injection (Christou et al, 2019; Kalra & Sahay, 2020).
Initially, semaglutide was approved for the treatment of T2DM
with s.c. administration. Subsequently, a new formulation allow-
ing oral administration was developed, followed by a novel tab-
let formulation with an absorption enhancer invented to cross
the gastric epithelium. Semaglutide is now available as an oral
formulation and has been approved since 2019 by the FDA to
treat T2DM (Eliaschewitz & Canani, 2021).

Improved bioavailability

When using peptide-based drugs, it is common to encounter
another pitfall, which is low bioavailability. Bioavailability is
one of the main pharmacological properties. It is closely
related to the method of administration. When a drug is
administered intravenously (i.v.), its bioavailability is by defi-
nition 100%, whereas via another route, its bioavailability
decreases (Toutain & Bousquet, 2004). Lipidization has been
proven to help achieve improved bioavailability and even
increased CNS bioavailability after intraperitoneal (i.p.) admin-
istration (Zhang et al., 2009; Green et al,, 2010). Wang et al.
(2003) have mentioned another example of improved bio-
availability where a lipidized peptide achieves four times
greater bioavailability after subcutaneous administration than
the unmodified peptide (Wang et al., 2003).

Lipidized drugs on the market

As already stated above, the number of lipidized drugs has been
steadily growing over the last few years. We present an overview
of the lipidized peptide-based therapeutics currently available on
the market. The following table summarizes these compounds,
their indication, the routes of their administration and the paren-
tal molecules of which they are analogues (Table 1).

Liraglutide

Liraglutide (Saxenda, Novo Nordisk) is a glucagon like
peptide-1 (GLP-1) receptor agonist. It was discovered during
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Table 1. Currently approved lipidized peptide-based therapeutics.

Routes of
Drug Type of modification Parental molecule Indication administration Reference
Liraglutide Acylation GLP-1 T2DM s.C. injection lepsen et al. (2015)
Obesity s.C. injection NovoNordisk (2020)
Semaglutide Acylation GLP-1 T2DM s.C. injection Oral Scheen (2020)
Obesity s.C. injection FDA (2021)
Detemir Acylation Insulin Diabetes s.C. injection Home and Kurtzhals
(2006)
Degludec Acylation Insulin Diabetes s.C. injection Jarosinski et al. (2021)
Xultophy Acylation Insulin + GLP-1 T2DM s.C. injection Steyn (2022)
Somapacitan Acylation Human growth Growth hormone s.C. injection FDA (2020)
hormone deficiencies
Tesamorelin Acylation Human growth HIV-associated s.C. injection Stanley et al. (2019)
hormone releasing lipodystrophy
hormone
Tirzepatide Acylation GLP-1/GIP T2DM s.C. injection Syed (2022)
Mifamurtide PE-anchor attachment+acylation Muramyl dipeptide Osteosarcoma i.v. injection Frampton (2010)
Polymyxin B Acylation Bacterial infection i.v. injection/inhalation/ Moffatt et al. (2019)
topical
Daptomycin Acylation Bacterial infection i.v. injection Heidary et al. (2017)

studies of GLP-1 derivatives with the intention to create an
analogue with an increased plasma half-life compared to
human GLP-1, which is approximately two minutes (Drucker
et al, 2010; Mehta et al,, 2017). This GLP-1 analogue has a
97% structural homology with the natural human GLP-1 hor-
mone. The structure of liraglutide differs in amino acid posi-
tion 34 where liraglutide has an arginine instead of a lysine.
Unlike natural GLP-1, liraglutide is lipidized with palmitic acid
attached through a glutamic spacer at position 26. Such
modifications prolong the plasma half-life of liraglutide from
two minutes to thirteen hours (assuming subcutaneous
administration). Liraglutide was originally developed for the
treatment of T2DM, but it has also exhibited great dose
dependent anti-obesity properties. Liraglutide was approved
by the FDA in 2010 as an injectable GLP-1 receptor agonist
for the treatment of T2DM. Later in 2013 it was approved by
the FDA as an anti-obesity treatment (Astrup et al., 2009;
Drucker et al., 2010; Knudsen, 2010; Ng & Wilding, 2014).

Semaglutide

Semaglutide (Ozempic/Rybelsus or Wegovy, Novo Nordisk), is
similarly to liraglutide, a GLP-1 receptor agonist with a pro-
longed plasma half-life (Kalra & Sahay, 2020). A big advantage
of semaglutide is its once weekly dosing; liraglutide, by con-
trast, is administered once a day (Linderoth et al, 2021).
Semaglutide is being used for the treatment of both T2DM
(Ozempic or Rybelsus) and obesity (Wegovy). It is available in
tablets and injections for the treatment of T2TDM. For the
treatment of obesity, only s.c. administration has been
approved by the FDA (Bergmann et al., 2023). The structure of
semaglutide is described in detail above.

Insulin detemir

Another example of a commercially available acylated drug is
insulin detemir (Levemir, Novo Nordisk). This drug is an ana-
logue of natural insulin that has undergone modifications
such as: the removal of the amino acid threonine in chain B

at position 30 and acylation with the myristoyl fatty acid at
position 29 on lysine (Havelund et al., 2004). Detemir has a
prolonged half-life in comparison with neutral Protamine
Hagedorn (NPH) insulin (Novolin N/Humulin N, Novo Nordisk)
also known as isophane insulin. Acylated insulin shows a sta-
ble pharmacokinetic and pharmacodynamic profile, meaning
that it causes lesser and less frequent fluctuations of the
mean plasma glucose concentration and fewer overall hypo-
glycemic events than NPH insulin (Athanasiadou et al., 2022).
Insulin detemir is prescribed to treat TIDM and T2DM, and it
has been approved by the FDA since June 2005. The only
route of administration is subcutaneous (Home & Kurtzhals,
2006; Hermansen & Davies, 2007).

Insulin degludec

Commercially available under the name of Tresiba (Novo
Nordisk) is another insulin analogue called insulin degludec.
Degludec is an ultra-long-acting basal insulin which is, pro-
duced by modifying the base structure of insulin. In this case
the modification consists in adding the hexadecanedioic fatty
acid to lysine at position B29 and the removal of threonine at
position 30 (Steensgaard et al., 2013; Keating, 2013). Degludec
was approved by the FDA in September 2005 and is being
used for the treatment of both TIDM and T2DM in adults,
adolescents and children. The administration of this substance
is subcutaneous and thanks to its long half-life (24.5hours) it
can be administered once daily at any time of day (Traynor,
2015; Marso et al, 2017). It has been proven the effect of
insulin degludec is equally distributed over the course of the
day, with approximately 25% every six hours (Kalra, 2013).

Xultophy

In November 2016 the FDA approved the first fixed-ratio
combination of basal insulin, insulin degludec and liraglutide,
so called IDeglLira (Xultophy, Novo Nordisk). The usual recom-
mended starting dosage is 16 units/mL of IDeg and 0.6 mg of
liraglutide once daily using the subcutaneous administration
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Figure 3. Structures of lipidized peptides on the market; (a) liraglutide, (b) semaglutide, (c) insulin detemir, (d) insulin degludeg, (e) somapacitan, (f) tesamorelin,
(9) mifamurtide, (h) polymyxin B;, (i) daptomycin. Note: the figure was drawn by the authors.

(Rodbard et al, 2016). It can be taken regardless of meal report the beneficial influence of IDeglLira on cardiovascular
times and the time of day, alone or as an add-on therapy and renal function. Simultaneously, IDeglira seems to be
together with an oral antidiabetic drug. Some studies also suitable for diabetic patients with a chronic kidney disease
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Figure 3. Continued.



Figure 3. Continued.

(Bando et al.,, 2022). This drug is more effective than other
basal insulin regimens in reaching individualized glycated
hemoglobin target, with a lower dose of insulin per day. It
also has a favorable effect on body weight and reduces over-
night hypoglycemia compared to basal insulin. IDegLira has
less gastrointestinal adverse effects with respect to liraglutide
itself (Scheen & Mathieu, 2018).

Somapacitan

The active compound somapacitan (Sogroya, Novo Nordisk) is
the first growth hormone deficiency (GHD) therapeutic. GHD in
children is defined primarily by diminished height gain veloc-
ity or height below the normal range or the range expected
considering the parent’s height. Somapacitan is a once-weekly
subcutaneously administered treatment for both, children and
adults. Unlike the natural growth hormone, somapacitan is
modified with a single amino acid substitution and the addi-
tion of a short fatty acid. These changes enable somapacitan
to reversibility and non-covalently bind to the albumin, which
significantly prolongs its half-life and reduces clearance
(Battelino et al.,, 2017; Savendahl et al., 2020; Johannsson et al,,
2020). The first growth hormone analogue somapacitan was
approved by the FDA in August 2020 (FDA, 2020).
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Tesamorelin

Another analogue of the growth hormone-releasing hormone
is tesamorelin  (Egrifta, Theratechnologies’/EMD  Serono).
However, this compound is being used for the treatment of
HIV-infected patients also undergoing antiretroviral therapy.
These patients often tend to develop changes in body compo-
sition. Such changes mainly include an excess of abdominal
visceral fat and a reduction of abdominal subcutaneous fat,
which is then followed by reduced quality of life, possibly con-
tributes to body dysmorphia anxiety. Tesamorelin induces
increased growth hormone secretion, reduces excessive
abdominal visceral fat and improves metabolic abnormalities
(Falutz et al,, 2010; Grunfeld et al., 2011). The structure of tes-
amorelin is made up of 44 amino acids and contains a
trans-3-hexenoyl fatty acid group, which is responsible for the
compound’s prolonged half-life caused by strong binding to
serum albumin. This fatty acid is anchored on tyrosine at posi-
tion 1 at the N-terminus of the compound. Tesamorelin was
approved by the FDA in November 2010 (Mateo et al., 2011).

Tirzepatide

Tirzepatide (Mounjaro, Eli Lilly) is a new compound on the
market, approved by the FDA May 2022 for the treatment of
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T2DM. It is also in phase lll development for heart failure,
obesity and cardiovascular disorders in T2DM and in phase Il
of development for nonalcoholic steatohepatitis. Tirzepatide
is a dual GLP-1/GIP agonist acting on both the respective
endogenous receptors (Syed, 2022; Karagiannis et al., 2022).
This lipopeptide was tested in several studies, and at a dose
5mg it proved superior to semaglutide at a dose of 1mg
with respect to how it reduced the level of glycated hemo-
globin in patients with T2DM, receiving metformin. Tirzepatide
was also superior to semaglutide at reducing of body weight
(Frias et al., 2021).

Mifamurtide

Mifamurtide (Mepact, Takeda) is also known as a liposomal
muramyl tripeptide phosphatidylethanolamine (L-MPT-PE). It
is being used for the treatment of osteosarcoma. Osteosarcoma
is an ultra-orphan disease that affects about 1,000 new peo-
ple worldwide each year. The arrival of mifamurtide resulted
in a decreased number of deaths by one-third when used in
combination with chemotherapy. Since March 2009, mifamur-
tide has been approved by the FDA for the treatment of
osteosarcoma in combination with chemotherapy (Meyers,
2009; Anderson et al,, 2010). The structure of mifamuretide
has two palmitoyl phosphatidylethanolamine groups, which
cause increased lipophilicity of the compound and prolonga-
tion of its half-life in the organism (Meyers, 2009).

Polymyxin B

Aerosporin (GlaxoSmithKline), Metamyxin (Pola Pharma),
Polomyxin B (Fuji Yakuhin), Poly-RX (X-Gen), Polyfax (Intra)
or Polyxx (Celon) are different commercial names for poly-
myxin B. The polymyxin B lipopeptide is an antibiotic iso-
lated from Bacillus polymyxa. Its structure contains various
fatty acids: Polymyxin B, contains 6-methyloctanoic acid,
polymyxin B, 6-methylheptanoic acid, polymyxin B, octa-
noic acid, and polymyxin B, heptanoic acid. All types of
polymyxins act as bactericidal agents with a detergent-like
mechanism of action. They interact with lipopolysaccha-
rides of the outer membrane of Gram-negative bacteria
causing this membrane to be penetrated and their subse-
quent death. Polymyxins are used for the treatment of
infections of the urinary tract, the meninges or the blood
stream. Polymyxin B was officially approved for the medi-
cal use in the United States in 1964; however, it was
approved by the FDA in 2015 for topical administration
only (Zavascki et al., 2007; DrugBank, 2019).

Daptomycin

Daptomycin (Cubicin, Pfizer) is a lipopeptide antibiotic pro-
duced by the bacterium Streptomyces roseosporus. It is clinically
used for the treatment of severe infections by Gram-positive
bacteria. The mechanism of its function resides in the perme-
abilization and depolarization of the bacterial cell membrane,
which leads to cell death. The structure of daptomycin con-
tains one N-terminally attached caprylic fatty acid. Daptomycin

was approved for use in September 2003 (FDA, 2003; Taylor &
Palmer, 2016).

Chemical structures of all the lipidized peptides men-
tioned above are presented in Figure 3.

Conclusion

Peptide therapeutics have become a unique category of
compounds with great potential for the treatment of various
diseases. They include a low immune reaction, bind to natu-
ral receptors and, last but not least, are relatively easy to syn-
thesize. All in all, peptides are in many ways more promising
than small molecules. Despite all the benefits, peptides in
their natural form generally suffer from poor stability in vivo
and impermeability through cell membranes. Ongoing stud-
ies have explored various ways to overcome this pitfall,
including peptide modifications such as PEGylation, glyco-
sylation, aminoacidic substitution or insertion, encapsulation
by nanoparticles, cyclization, N-methylation and lipidization.
Lipidization appears to be of special significance, and several
lipidized drugs are currently available on the pharmaceutical
market. Lipidization changes the properties of peptides from
hydrophilic to lipophilic, helping them better elicit pharmaco-
logical effects. So far, fatty acid acylation seems to be the
most frequently taken approach to lipidization.

The development of peptide therapeutics has seen a great
progress in recent years. The pathways that lead to peptide
stabilization are increasingly diverse and due to their signifi-
cant benefits, peptide drugs serve as potential therapeutics
for the treatment of many diseases. Numerous commercially
available drugs are made by the process of peptide lipidiza-
tion and lipopeptides not only have a salient place on the
pharmaceutical market, but have a great potential, for
instance, in the treatment of hitherto incurable diseases.
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