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Abstract
Background  With the rising demand for peptide-based drugs, enhancing their stability against proteolytic degradation 
has become a critical challenge. Strategies to improve peptide stability include cyclization, substitution of L-amino acids 
with D-amino acids, incorporation of β-amino acids, and various formulation techniques. An innovative approach involves 
modifying the peptide backbone by reversing the amide bond direction and inverting the stereochemistry of amino acids in 
the same segment. This approach results in the formation of retro-inverso peptides, which offer increased stability, perme-
ability, and cellular uptake.
Purpose  The aim of this review is to provide a comprehensive analysis of retro-inverso peptides, focusing on their concept, 
synthesis, and applications as potential therapeutic agents, drug delivery systems, and in aesthetic applications.
Methods  The review explores the theoretical underpinnings of retro-inverso peptide design and its application to both linear 
and cyclic peptides. The synthesis strategies of retro-inverso peptides are discussed in detail, along with their formulation 
and practical utility in various biomedical fields.
Results  Retro-inverso peptides show promise in enhancing peptide stability and improving biological properties such as 
permeability and cellular uptake. Their unique structure offers advantages in drug development and potential as therapeutic 
agents or drug carriers.
Conclusion  Retro-inverso peptides represent a valuable strategy for overcoming the limitations of conventional peptides, 
especially regarding stability and bioavailability. This review highlights their potential in therapeutic development and other 
applications, reinforcing the importance of continued research and innovation in peptide chemistry.
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Introduction

In 2023, global pharmaceutical revenues reached a total of 
$1.6 trillion (Mikulic 2024). Within this expansive market, 
the UK’s pharmaceutical sector, is expected to reach $31.3 
billion in 2024, representing a substantial and influential 
segment, accounting for about 2.6% of the global pharma-
ceutical market (Statista Team 2024). The three largest and 
fastest-growing categories of new biotherapeutic products 

in development are peptides, monoclonal antibodies, and 
oligonucleotides (Torre and Albericio et al. 2024). Peptide-
based drugs now make up nearly one-tenth of all drugs and 
represent an increasing proportion of new medicines (Al 
Shaer et al. 2023). Pharmaceutical manufacturing is crucial 
for the future of medicine and is a strong industrial player 
in the UK. Medicinal chemistry has been instrumental in 
delivering peptides with diverse structures and applications. 
Interestingly, therapeutic peptides are considered a comple-
ment to, and in many cases more favourable than, small mol-
ecules and biologics. They offer a tolerable safety profile and 
can address unmet medical challenges.

Various strategies are employed to enhance the proteo-
lytic stability of peptides, ensuring their efficacy as therapeu-
tic agents. Cyclisation is a prevalent chemical modification 
employed to enhance the proteolytic stability (White and 
Yudin 2011; Pelay-Gimeno et al. 2013; Mourão et al. 2020), 

 *	 Othman Al Musaimi 
	 othman.almusaimi@newcastle.ac.uk; 

o.al-musaimi@imperial.ac.uk

1	 School of Pharmacy, Newcastle University, 
Newcastle Upon Tyne NE1 7RU, UK

2	 Department of Chemical Engineering, Imperial College 
London, London SW7 2AZ, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/s10989-024-10639-1&domain=pdf


	 International Journal of Peptide Research and Therapeutics           (2024) 30:56    56   Page 2 of 16

incorporating non-proteinogenic amino acids (Werner et al. 
2016; Wei et al. 2014), N-methylation (Werner et al. 2016; 
Chatterjee et al. 2013), and substitution with β-amino acids 
(Cheloha et al. 2016). However, these approaches could 
lead to a potential loss of the peptide's biological activity 
(Al Musaimi et al. 2022). An important class of peptides 
introduced by Dr Goodman in 1970, known as retro-inverso 
(RI) peptides offer an alternative approach to enhancing 
peptide stability. It involves inverting the stereochemistry 
of amino acid residues and reversing the amide bond in pep-
tides, thereby maintaining the side chain orientation while 
switching the positions of the carbonyl and amide groups. 
This strategy was initially tested on the aspartame sweetener 
(MacDonald et al. 1980). RI peptides hold significant prom-
ise for extending the in vivo lifetime of biologically active 
peptides, addressing one of the major challenges in peptide 
delivery (Pallai et al. 1983). This innovative approach has 
since been applied to various biologically active peptides, 
finding utility across diverse fields including immunology, 
diagnostics, and drug discovery (Chorev 2005). However, 
it's important to acknowledge the numerous unsuccessful 
attempts where these analogues have lost their biological 
activity.

In this review, the concept of RI is reviewed in detail, 
including its adoption for both linear and cyclic peptides, 
various synthetic approaches, and its potential applications 
in therapeutics and other fields.

Linear Peptides

The RI concept can yield a variety of structural conforma-
tions depending on the number of modified amide bonds and 
the specific amino acid residues involved (Pallai et al. 1983). 
These modifications alter the peptide's backbone structure, 
while maintaining the spatial distribution of side chains. 
This alteration makes the molecules less susceptible to enzy-
matic cleavage at the reversed bonds (Pallai et al. 1983). The 
RI approach is particularly intriguing because it offers ver-
satile analogues with various conformational effects, which 

is advantageous for peptides that are susceptible to cleavage 
at multiple sites. When a single amide bond is reversed, it is 
referred to as a pairwise modification. This transformation 
renders a pseudopeptide that includes a gem diamino alkyl 
and a 2-substituted malonyl residues (alkyl = R3, Fig. 1A). 
Reversing an additional adjacent amide bond will result in 
a pseudopeptide where a new 2-substituted malonyl residue 
replaces the original one (alkyl = R4, Fig. 1B). Reversing 
multiple amide bonds, along with the incorporation of some 
d-amino acids, is known as extended modification.

It is important to note that pairwise modification within 
an α-helical array disrupts the hydrogen-bonding network. 
This disruption is further exacerbated by repulsive interac-
tions between adjacent carbonyl groups and adjacent NH 
groups (Gomez et al. 1989). In contrast, the extended modi-
fication enables the construction of fully hydrogen-bonded 
parallel and antiparallel β-sheets (Gomez et al. 1989).

Extending the RI concept to every amino acid in a linear 
peptide is known as retro-enantio or retro-all-D peptides. 
This process involves switching the end-groups, result-
ing in a different arrangement of side chains compared to 
the parent peptide (Fig. 2). Various research groups have 
endeavored to address this issue by attempting to restore 
the original topological arrangement of each terminal end.

End‑Group Problem

The end-groups play a crucial role in such modified peptides, 
where various RI peptides have been found to be completely 
devoid of biological activity. As discussed by Goodman and 
Chorev (1979), failure to address the end-group issue has 
resulted in the loss of activity for several biologically active 
peptides. Examples includes the RI modification of brady-
kinin (Vogler and Lanz 1966), α-MSH-(5–9)-pentapeptide 
(Chung and Li 1967), and RI tuftsin (Dutta et al. 1976). The 
rationale for not addressing the end-group problem in brady-
kinin is because both termini contain the same amino acid 
(Arg). However, the loss of activity may be attributed to the 
crucial role of the carboxyl functionality. The retro-isomer 
of bradykinin did not exhibit kinin activity, possibly due to 

Fig. 1   Structural transforma-
tions: A Pairwise modification 
(one amide bond is reversed 
only). B Extended modifica-
tion (multiple amide bonds 
are reversed and the chirality 
of amino acids involved is 
inverted)
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the presence of Proline in its sequence. When the end-groups 
are free, they hinder the realisation of the RI concept. There-
fore, to solve this issue, the end-groups should be protected 
(blocked), removed, or modified to achieve closer comple-
mentarity with the parent peptide and resolve this problem 
(Table 1). Protecting and/or eliminating the end-groups are 
shown in (#1 and 2, Table 1), whereas modifying them is 
shown in (#3–7, Table 1).

Shemyakin and colleagues suggested blocking the free 
end-groups (structure 4, Fig. 2) with appropriate blocking 
groups to ensure identical topochemical circumstances as the 
parent peptide (#1, Table 1) (Shemyakin et al. 1969). They 
proved the activity of Ac-LY-NHCH3 and its RI analogue 

Ac-yl-NHCH3 in terms of pepsin inhibition ability (She-
myakin et al. 1969). Somatostatin is a cyclic peptide stabi-
lised by a disulfide bridge. Since the ring closure does not 
involve the peptide backbone, it can be considered akin to 
a linear peptide regarding the end-group problem. Activ-
ity towards growth hormone was observed in a modified 
RI analogue of somatostatin, where the end-groups were 
eliminated (#2, Table 1). On the other hand, the activity 
was absent in the case of the modified end-group RI (Immer 
et al. 1976).

Although scenarios (#1 and 2, Table 1) help minimise the 
influence of the end-groups by appropriately blocking and/or 
eliminating them, they also have adverse effects by altering 

Fig. 2   Structural transforma-
tions of peptide. Arbitrary 
amino acids (A, R, N) selected 
for demonstration. Grey arrow 
indicates the direction of amide 
bond
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the chemical environment around the end-groups compared 
to that of the parent peptide. To overcome this challenge, 
Goodman and colleagues proposed preserving the proximity 
of the end-groups and instead converting them into another 
motif that resembles the structure of the parent peptide. 
Their solution involves converting the C-terminal into a Cα-
alkyl malonyl moiety and the N-terminal into an α,α-dialkyl 
moiety using Curtius rearrangement (structure 5, Fig. 2) 
(Chorev 2005). Interestingly, structure 5 in Fig. 2 closely 
resembles the parent peptide structure. It involves reversing 
the amide bonds, inverting the chirality of all amino acids, 
and modifying the end-groups to have the same orientation 

with respect to the side chains as in the parent structure. 
This modification was first proposed by Rudinger (Momany 
et al. 1981). Morely followed modification #3 from Table 1 
and synthesised end-group modified RI peptide, d-2-ben-
zylmalonamyl-d-Asp-d-Met-tryptamide, however, it did not 
exhibit biological activity (Dutta et al. 1976). RI angiotensin 
analogues were tested following modifications #3 and 4 from 
Table 1 (Goodman and Chorev 1979). The authors recog-
nised the challenge posed by proline-containing peptides. 
Proline's structure includes a pyrrolidine ring that needs to 
engage with the backbone nitrogen to form a ring. In RI 
analogues, the nitrogen and carbonyl positions are reversed, 

Table 1   Scenarios to solve the end-group problem

No Modification N-terminal C-terminal N-terminal C-terminal

1 Blocking both termini RCONH– –CONHR′ RNHCO– –NHCOR′

2 Eliminating both termini (Desamino 
and descarboxy)

H– –H H– –H

3 Desamino plus maloamyl residue H– –CONH2 H– –CONH2

4 Malonyl residue H2N– –COOH HCOO– –COOH

5 Desamino plus malonyl residue H– –COOH H– –COOH

6 Gem-diaminoalkyl and malonyl ester 
residue

H2N– –COOR H2N– –COOR

7 N-acetylated-gem-diaminoalkyl and 
maloamyl residue

RCONH– –CONH2 RCONH– –CONH2
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preventing the pyrrolidine ring from fulfilling this require-
ment (Fig. 3) (Goodman and Chorev 1979).

Such challenges can significantly affect the interaction 
and engagement of the peptide with its therapeutic recep-
tor. Therefore, maintaining the biological activity of new 
analogues is crucial. In addressing this issue, the authors 
replaced the proline residue with β-alanine in some ana-
logues. Interestingly, this single modification successfully 
restored bioactivity (Goissis et al. 1976). Moreover, the pres-
ence of a secondary chiral centre, such as in Ile or Thr, can 
lead to improper three-dimensional positioning of the side 
chains (Brugidou et al. 1995). Therefore, in some cases, Ile 
can be substituted with Val, as studies have shown that such 
a change does not compromise the peptide's internalisation 
capacity (Derossi et al. 1994). On the other hand, Awahara 
and colleagues demonstrated that substituting Ile residues 
in the human T-cell leukaemia virus (HTLV)-1 protease 
substrate with d-allo-Ile significantly lowered the protease's 
affinity and increased its inhibitory activity (Awahara et al. 
2022).

Not to underestimate the significance of the carbonyl and 
amine backbone, the case of Aspartame being 200 times 
sweeter than sucrose highlights the importance of the free 
α-amino group, the methoxycarbonyl end-groups, and the 
carboxymethylene and benzyl side chains (Chorev 2005). 
Therefore, even the end-group modified RI Aspartame was 
tasteless, which, as Goodman highlighted, is attributable to 
the steric, electronic, and directional properties of the amide 
bond (MacDonald et al. 1980). On the other hand, while 
the end-group modified RI thiorphan retains its capacity to 

form a crucial hydrogen bond between the carbonyl of the 
amide bond in thiorphan and the complementary acceptor in 
the enkephalinase active site, this was not the case with the 
acceptor in the active site of the ACE (Roques et al. 1983). 
Also, scandium-44 radiolabeled-DA7R conjugate has lost 
affinity towards neuropilin-1 (NRP-1) because the crucial 
C-terminal Arg with a free COOH, necessary for receptor 
interaction, has been moved to the N-terminal with an amine 
group instead (Masłowska et al. 2023).

Cyclic Peptides

Due to the absence of termini in head-to-tail cyclised pep-
tide structures, there are no issues with end-groups. Cyclic 
peptides that incorporate the RI concept exhibit different 
stereochemical structures (Goodman and Chorev 1979). In 
terms of enantiomeric differences, there are two types: enan-
tiomers and cycloenantiomers. Enantiomers have reversed 
amide bonds, and their reflection in a plane results in a new 
distribution of chiral centres. Cycloenantiomers, on the 
other hand, also have reversed amide bonds but maintain the 
same distribution of chiral centres upon reflection in a plane 
(Goodman and Chorev 1979). Cyclic peptides can be classi-
fied as cyclodiastereoisomers, where the in-plane reflection 
results in a distribution of chiral centres and reversed amide 
bonds that are not superimposable. This class arises due to 
the lack of a C2 axis of symmetry in enantiomers (Goodman 
and Chorev 1979).

It is important to note that introducing different amino 
acid residues in cyclic structures can result in structural 
isomers (cycloisomers A and B). These isomers do not 
have a symmetrical distribution of their amino acids, which 
becomes evident when starting from a specific amino acid 
and proceeding in different directions of the amide bond 
(Fig. 4) (Goodman and Chorev 1979). The asymmetrical 
distribution of these cycloisomers is apparent when moving 

Fig. 3   3-D representation of APG cyclic peptide and its RI showing 
the offset problem due to proline residue
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Fig. 4   Structural isomers of cyclic peptide (cycloisomers). Arbitrary 
amino acids (Arg and Ala) are for demonstration purposes. Arrows 
show the direction of amide bond



	 International Journal of Peptide Research and Therapeutics           (2024) 30:56    56   Page 6 of 16

clockwise (ARA​RRA​) or counterclockwise (AAR​RAR​) 
from amino acid (1) (Goodman and Chorev 1979).

Heterocyclic peptides exhibit a wide range of structural 
transformations (Goodman and Chorev 1979). Reversing the 
amide bonds in peptide A results in retro-isomer B; however, 
it is not a cycloisomer because it does not have the same 
sequence as the parent peptide. Peptide C, the mirror image 
of peptide B, is the RI (enantiomer) of peptide A (Fig. 5).

However, topochemical equivalence does not always 
adversely affect the final biological activity of peptides. 
The RI [D-Tyr6] antamanid has maintained its antioxidant 
activity with respect to the parent analogue, [Tyr6] antama-
nid (Wieland et al. 1972). Nevertheless, the authors con-
sider that topochemical investigation as a powerful tool for 
structure-activity relationship (SAR) studies (Wieland et al. 
1972).

Synthesis of Gem‑Diamino Alkyl Derivatives

The azide precursor is obtained from the free acid by cou-
pling with NaN3 or from an acyl hydrazide. The hydrazide 
can be converted to an azide using various methods. An 
appropriate amino acid serves as a precursor to the isocy-
anate. In the Curtius rearrangement, the carboxylic acid is 
converted to an isocyanate via an acyl azide intermediate 
(Fig. 6). Alternative routes to these compounds include 

the Curtius, Hofmann, and Schmidt rearrangements. The 
Curtius route is labour-intensive and requires an additional 
deprotection step to prepare the target molecule, whereas the 
Hofmann and Schmidt rearrangements have limited appli-
cability for peptides due to their harsh reaction conditions 
(Pallai and Goodman 1982).

To deliver the important partially modified RI (PMRI) 
peptides, monoacyl2-alkyl gem-diamines is required (Pallai 
and Goodman 1982). Several approaches can be pursued for 
their synthesis. Introducing gem-diaminoalkyl and 2-alky-
lmalonyl residues enables the alteration of specific peptide 
bonds' direction without impacting the end-groups (Pal-
lai et al. 1983). The synthesis of optically pure monoacyl 
2-alkyl gem-diamines directly from their peptide amide pre-
cursors is achieved using [bis(trifluoroacetoxy)iodo]benzene 
(TIB). It was introduced by Loudon et al., where the amide 
is converted into an amine using I,I-bis(trifluoroacetoxy)
iodobenzene under mild conditions and without the need 
to trap the isocyanate intermediate (Fig. 7) (Radhakrishna 
et al. 1979).

Later on, the Goodman group found that the conversion of 
dipeptide amides using this reagent proceeds without race-
misation and with appreciable yield (Pallai and Goodman 
1982). However, not all derivatives of gem-diaminoalkyl 
are stable to this reagent, as exemplified by Z-Phe-NH2 or 
Boc-NH2, where hydrolysis could occur (Pallai and Good-
man 1982). These observations were consistent with those 
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obtained by Loudon (Loudon et al. 1981). Moreover, due to 
the oxidative nature of this reagent, it cannot be used with 
oxidatively sensitive amino acids, where side reactions are 
likely to occur. For instance, incubating Boc-Tyr(Bzl)-OH 
with TIB results in oxidative cleavage of the side chain pro-
tecting group after 3 h. In contrast, tBu protecting groups 
have been shown to be stable against this reagent. Since 
the coupling reaction of gem-diaminoalkyl-containing frag-
ments can be slow, malonate is considered an alternative in 
such cases (Pallai et al. 1983).

So, the Hofmann rearrangement of N-carbamate protected 
amino acids is not straightforward under solution conditions. 
This is due to the instability of the generated gem-diamine 
in solution. Another tactic to avoid this problem is to carry 
out the reaction using urethane or acyl-protected dipeptide 
amides. Fehrentz and co-workers suggested an alternative 
approach using solid-phase settings (Cantel et al. 2003). 
They anchored the amino acid to the resin via its amine 
functionality (Fig. 8), allowing for various chemistries at the 
carboxylic acid group. They incorporated amino acids with 
an amide terminal instead of an acid. Then, the Hofmann 
rearrangement was carried out accordingly to convert it into 
an amine functionality, enabling the synthesis of various 
molecules thereafter.

Applications

The RI modification of peptides results in having distinct 
structural conformation while maintaining the same three-
dimensional orientation of the side chains (Chorev 2005). 
RI peptides incorporate d-amino acids, maintaining the 
same side chain topology but with reversed amide bonds. 
Experimental and theoretical studies have demonstrated that 
this modification significantly impacts the way the peptide 
interacts with biological targets and can either enhance or 
reduce its activity (Shemyakin et al. 1969). While a noticea-
ble enhancement in the stability of RI peptides was achieved 
by substituting l-amino acids with d-amino acids, various 
studies have shown that this modification compromises 
biological activity. This confirms that the backbone plays a 
crucial role in the engagement process with the biological 
target as well (MacDonald et al. 1980; Chorev 2005; Roques 
et al. 1983; Masłowska et al. 2023).

Notably, reversing the peptide sequence increases helic-
ity, with the RI peptide exhibiting a 40% helicity compared 
to the 20% helicity of the parent P53 peptide (Atzori et al. 
2013). This enhanced helicity is attributed to a higher frac-
tion of hydrogen bonding, which plays a crucial role in the 
peptide's biological activity. Specifically, these structural 
changes impact the peptide's interaction with cell mem-
branes, its penetration capabilities, and cellular uptake, 
thereby influencing its overall biological function (Atzori 
et al. 2013). Moreover, reversing the sequence leads to a 
distinct peptide surface behaviour and alters its interaction 
with lipids compared to a molecule with the same structure 
(Atzori et al. 2013).

RI peptides demonstrate enhanced proteolytic resistance 
compared to their parent analogues. Studies have shown that 
these derivatives can induce higher and longer-lasting lev-
els of antibodies than conventional peptides. Moreover, the 
affinity of immunoglobulin G1 (IgG1) isotype antibodies 
for the reversed peptide is significantly greater than for the 
parent peptide of identical structure (Guichard et al. 1996). 
Modifying the side chain is crucial for receptor interactions. 
However, there is increasing interest in modifying the main 
chain due to numerous studies demonstrating its impact on 
conformational stabilisation, intermolecular interactions, 
and enzymatic cleavage processes. PMRI shows promise in 
extending the lifetime of biologically active peptides. Impor-
tantly, in PMRI, the termini are not swapped as they are 
when reversing the entire sequence (Pallai et al. 1983). This 
approach is also favoured by the inventor of the concept, 
Goodman. In Goodman's research group, they demonstrated 
that the PMRI analogue of Met-Enkephalin exhibits higher 
activity in vitro compared to the native peptide (Chorev 
2005).

Verdini and colleagues demonstrated that the PMRI ana-
logue of the tuftsin peptide reproduces the anti-inflammatory 
activity of the parent molecule and is more potent than the 
parent peptide in stimulating the production of antibody-
secreting cells (Verdini et al. 1991). Its enhanced in vivo 
activity could be ascribed to its resistance to peptidases 
(Verdini et al. 1991). Modifying indolicidin results in a pep-
tide that is equipotent to the parent peptide in its antimicro-
bial activity against Salmonella typhimurium (Nagpal et al. 
2002). Interestingly, RI of Antp-derived peptide resulted 
in 3.4-fold higher intracellular concentration compared 
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to the parent peptide (Brugidou et al. 1995). Most impor-
tantly, retro inversion of peptides with potent T-cell epitopes 
results in loss of their ability to bind to MHC II molecules, 
rendering them poor immunogens. In conclusion, RI offers 
good penetration, high resistance against enzymatic degra-
dation and lack of immunogenicity and antigenicity (Hervé 
et al. 1997). In the internalisation process, the motor region 
is considered the main component, while other regions 
play diverse roles in enhancing the internalisation process 
(Aldrian-Herrada et al. 1998; Gallazzi et al. 2003). Various 
studies have demonstrated the plasma stability of RI peptides 
and their ability to internalise into cells (Aldrian-Herrada 
et al. 1998; Gallazzi et al. 2003). Cao and co-workers have 
designed RI and inverso peptide isomers that can bind to 
and inhibit α7 nAChR with an IC50 of 0.35 µM, where better 
stability in the plasma was noticed in the case of d-peptide 
(Cao et al. 2024).

A fascinating study exploited RI to block the autoim-
mune response between HLA-DQ8 positive APCs and 
CD4+ T-cells. The idea is that RI can occupy the same 
pocket in the HLA groove, preventing the binding of path-
ogenic peptides and thereby stopping the destruction of β 
cells (Lombardi et al. 2020). Similarly, another study has 
employed a similar strategy, utilising an RI peptide with high 
affinity for the HLA-DRβ1-Arg74 peptide binding pocket to 
block thyroid antigen binding. This approach has potential 
applications in autoimmune thyroid diseases (AITD) (Li 
et al. 2023).

In cell-penetrating peptides (CPPs), modified peptides 
are effectively internalised into cells. Moreover, some of 
these peptides were found to be more stable in insulin-
secreting cell lines (Snyder et al. 2004). Hybrid peptides 
derived from HIV-TAT and p53, along with their RI forms, 
were also shown to be effectively internalised. The hybrid 
HIV-TAT peptide remained stable in the insulin-secreting 
cell line (βTC-3) for 2 weeks and provided complete pro-
tection against IL-1β-induced apoptosis during this period. 
This suggests its potential as a therapeutic agent for protect-
ing β-cells from autoimmune destruction associated with 
type 2 diabetes (Snyder et al. 2004; Borsello et al. 2003). 
RI analogue of the hybrid peptide p53[361–382]-Gly-TAT-
HIV(Taylor et al. 2000; Wang et al. 2018; Dong et al. 2023; 
Liu et al. 2015; Carver et al. 1997; Zhang et al. 2022; Muller 
et al. 1998; Errante et al. 2024; Pandey et al. 2020; Suzuki 
et al. 2024; Cushman et al. 1977) efficiently activates the p53 
tumour suppressor pathway, offering promising treatments 
for various preclinical cancer models (Snyder et al. 2004).

Prosaptide peptides derived from the 14-amino acid 
region of prosaposin [326–339], where neurotrophic activ-
ity is localised, have been investigated (Taylor et al. 2000). 
Two RI analogues of prosaptide-derived undecapeptides (D4 
and D5) have shown biological activity, the ability to cross 
the blood-brain barrier (BBB), and stability in vivo (Taylor 

et al. 2000). Wei et al., demonstrated that angiopep, a 19-mer 
peptide, and its RI analogue exhibit high uptake capacity via 
lipoprotein-related protein 1 (LRP-1), which is expressed on 
brain capillary endothelial cells (Wei et al. 2014). Moreover, 
the RI analogue was observed to be more stable in rat blood 
compared to the parent analogue, with 85% degradation of 
the parent analogue occurring over 2 h (Wei et al. 2014). 
So, RI peptides show significant potential for the advance-
ment of treatments for central neurodegenerative diseases. 
RI peptides have demonstrated better resistance against 
proteolytic degradation than the parent analogue, attributed 
to the presence of d-amino acids (Brugidou et al. 1995). 
A 16-mer peptide from antennapedia is known to be sus-
ceptible to degradation due to the presence of dibasic sites, 
namely Lys-Lys and Arg-Arg, which are well recognised 
by neuronal proteases. Its RI peptidomimetic analogue has 
shown complete stability against these endoproteases, with 
eight times more internalisation than the parent analogue 
(Brugidou et al. 1995).

RI peptide showed promising performance in the tumour 
tissue penetration. C-end rule peptide (CendR) is a hepta-
peptide (RGERPPR) that is able to enhance the permeabil-
ity of the tumour blood vessels and tumour tissue through 
binding to neuropilin-1 (NRP-1). Wang et al., investigated 
the RI analogue of this peptide and obtained higher binding 
affinity with NRP-1 and more cellular uptake, and improved 
cell penetration in comparison to the parent peptide (Wang 
et al. 2018). In 2023, Dong and co-workers investigated 
the same CendR peptide as well as its inverso and RI ana-
logues (Dong et al. 2023). They modified the three peptides 
on the outer surface of human H chain ferritin and loaded 
paclitaxel (PTX) into each ferritin inner cavity (Dong et al. 
2023). The inverso modified analogue displayed a stronger 
cellular uptake as well as penetration efficiency, thus, it is 
holds promise in providing effective dual-targeting platform 
for treatment of cancers (Dong et al. 2023). iRGD is a cyclic 
nonapeptide (CRGDKGPDC), the Arg, Gly, Asp amino 
acids motif has high binding affinity towards αvβ3 and 
αvβ5 integrins abundant in tumour vasculatures (Liu et al. 
2015). iRGD can specifically bind integrins and NRP-1 that 
are overexpressed in on various tumours (Liu et al. 2015). 
The cleaved form of iRGD binds to NRP-1 and prompts the 
NRP-1 dependent endocytosis hence enhancing the tumour 
penetration (Liu et al. 2015). RI based on RGD peptides cou-
pled with CPP offer enhanced tumour targeting efficiency 
similar to RDG motif alone (Liu et al. 2015). RI of RGD-
containing peptide showed the same antigenic activity with 
respect to the parent peptide (Carver et al. 1997). Although 
both analogues have different backbone conformation, they 
adopt the same structure, quasi-planer, which implies similar 
topologies with a flexibility around the Arg (Carver et al. 
1997). RI follicle-stimulating hormone (FSH) peptide has 
been engineered for the delivery of pyruvate dehydrogenase 
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kinase 2 (PDK2) shRNA to target chemo-resistant ovarian 
cancer (Zhang et al. 2022). This approach resulted in higher 
PDK2 expression, which subsequently inhibited prolifera-
tion and migration and promoted apoptosis in both cisplatin-
sensitive and cisplatin-resistant ovarian cancer cells (Zhang 
et al. 2022).

RI peptides have also potential in synthetic peptide vac-
cines (Muller et al. 1998). A PNA antisense targeting AUG 
translation initiation was linked to a RI peptide. This biocon-
jugate was rapidly internalised by cultured cerebral cortex 
neurons within minutes e (Aldrian-Herrada et al. 1998). The 
PNA alone can also enter the cell, albeit at a slower rate 
(Aldrian-Herrada et al. 1998).

RI found applications in cosmeceutical as well aiming at 
enhancing the resistance against dermal enzymes. Rovero 
and coworkers have designed a RI tetrapeptide (Ac-KVVN-
NH2), a sequence that was devised from a serine protease 
inhibitor (serpin A1) (Errante et al. 2024). Higher in vitro 
activity was observed with the designed RI peptide with 
respect to the parent one. Its high resistance against human 
proteases is ascribed to their inability to recognise such 
rationally modified peptides.

From another perspective, RI peptides can not only mimic 
the biological activity of their parent analogues but also 
interact with pre-formed aggregates of the parent peptide. 
A study conducted by Pandey and colleagues demonstrated 
that an RI of amylin, a 37-mer peptide used to treat type 2 
diabetes, can inhibit the formation of amylin fibrils, which 
are often formed in diabetic conditions for unknown reasons 
(Pandey et al. 2020). Moreover, RI peptides can be utilised 
to investigate the role of hydrogen bonds in supramolecular 
structures and aggregates (Pandey et al. 2020).

Sometimes, the biological activity could be devoid by 
adopting RI and does not always reproduce the bioactive 
conformation. For instance, RI of a bicyclic hexapeptide 
showed no cytotoxicity towards certain cancer cell lines 
(Suzuki et al. 2024). According to the crystal structure, the 
three Tyr residues reside in the same vicinity, while struc-
tural differences in the peptide backbone and in the CH3 of 
the Ala residue were observed with respect to the parent 
peptide. The authors believes that the loss of the activity 
(IC50 > 150 µM) might be attributed to those differences, 
which could have hampered the interaction with the ribo-
some of eukaryotic cells (Suzuki et al. 2024).

Table 2 summarises various additional peptides and their 
modified analogues, along with the observed effects of their 
RI counterparts.

Various RI peptides have paved the way for clinical stud-
ies. uPAR-FPR1 analogues represent promising leads for 
developing anti-metastasis therapeutics (#13, Table 2) (Car-
riero et al. 2017). NR58-3.14.3 with its nano-molar effec-
tive dose (ED50), it could serve as a useful broad-speci-
ficity chemokine inhibitor in vivo (#8, Table 2). However, 

the authors emphasised that further research will be needed 
to determine if molecules like NR58-3.14.3 have clinically 
relevant anti-inflammatory properties in humans (Reck-
less et  al. 2001). Interestingly, NR58-3.14.4 shares the 
same sequence with NR58-3.14.3, with an additional d-Ala 
linked to the side chain of Asp, but it showed no activity 
as a chemokine inhibitor (Reckless et al. 2001). GnRH RI 
peptides have important therapeutic implications for patients 
with GnRH receptor-activating autoantibodies (AAb), pro-
viding a basis for their use in clinical applications, includ-
ing diagnostic testing and therapeutic interventions (#14, 
Table 2) (Li et al. 2022). The all-D and RI forms of HHC36 
(#17, Table 2) reduce the effective concentrations of DOX 
and d-peptides, particularly all-D HHC36, showing potential 
for combination treatments in in vivo models. The authors 
are considering these studies in their laboratory (Behzadi 
et al. 2022). MID (#19, Table 2) shows promise for express-
ing a long-lasting muscle-building effect in skeletal muscles 
(Takayama et al. 2022). The cyclic-inverso AHSG 1e30 pep-
tide (#21, Table 2) holds potential for future applications in 
osteoarthritis (Akker et al. 2023). In addition, 68 Ga-labelled 
TMTP1 (NVVRQ) (#27, Table 2) is promising for the early 
detection of highly metastatic primary hepatocellular carci-
noma (Wang et al. 2024). These advancements are likely to 
find applications in the expanding field of Peptide Recep-
tor Radionuclide Therapy (PRRT) (Bergsma et al. 2012; Al 
Musaimi 2024).

According to the examples in Table 2, we can conclude 
that RI peptides hold promise in various fields, often demon-
strating similar or even better binding affinities with poten-
tial receptors. However, in some cases, the RI strategy led 
to a loss of affinity and consequently a reduction or even 
a complete loss of biological activity. Furthermore, some 
studies have reported inconsistent results when using RI in 
different applications. For instance, DA7R exhibited prom-
ising outcomes in terms of affinity towards VEGFR2 and 
NRP-1 when coupled to a liposome system (#15, Table 2) 
but lost its affinity towards NRP-1 when conjugated to scan-
dium-44 (#16, Table 2). In conclusion, RI can be effective 
in some applications but not in others, and this variability 
applies to common peptides as well, not just RI peptides. 
For further readings about the applications of RI in cancer, 
immunology, neurodegenerative, and antimicrobials, readers 
are encouraged to refer to the detailed review by Doti et al. 
(Doti et al. 2021).

Conclusion

Since their inception, RI peptides have evolved through 
several developmental stages, demonstrating their utility 
across various peptide applications, which are increas-
ingly important and in demand. The RI strategy offers the 
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possibility to enhance peptide potency by increasing their 
binding potential with receptors, activating or deactivating 
them (Lombardi et al. 2020; Li et al. 2023; Cushman et al. 
1977; Arcoleo et al. 1997; Fromme et al. 2003; Ying et al. 
2016; Ma et al. 2023). RI peptides demonstrated greater 
resistance to enzymatic degradation, including enzymes 
involved in dermal degradation, leading to subsequently 
prolonged half-lives. Interestingly, RI strategies often lead 
to peptides that do not bind effectively to MHC II, mak-
ing them poor immunogens and eliciting less immunogenic 
responses. Indeed, some studies demonstrate the potential of 
RI analogues to interact with the parent peptide and inhibit 
its aggregation formation process that arise from certain 
pathological diseases.

Although RI help in boosting the stability of peptides, 
they could also compromise their biological activity, there-
fore, proper evaluation studies have to be considered to 
establish the optimum modifications that render an active 
analogue (Li et al. 2010).
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