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Peptide-based therapies have attracted considerable interest in the treatment of cancer, dia-
betes, bacterial infections, and neurodegenerative diseases due to their promising therapeut-
ic properties and enhanced safety profiles. This review provides a comprehensive overview of
the major trends in peptide drug discovery and development, emphasizing preclinical
strategies aimed at improving peptide stability, specificity, and pharmacokinetic properties. It
assesses the current applications and challenges of peptide-based drugs in these diseases, il-
lustrating the pharmaceutical areas where peptide-based drugs demonstrate significant po-
tential. Furthermore, this review analyzes the obstacles that must be overcome in the future,
aiming to provide valuable insights and references for the continued advancement of peptide-

1. Introduction

Peptides are versatile molecules that possess a wide range of
biological functions and therapeutic potential. Comprising amino
acids connected by peptide bonds, peptides exhibit unique se-
quences and structures ', Since the initial therapeutic application
of insulin in 1922, peptide-based drugs have undergone a cen-
tury of development. This evolution has highlighted the increas-
ing importance of peptides due to their specificity and efficacy in
treating various diseases, ranging from metabolic disorders to
cancers “. Frost & Sullivan predicts that the global market for pep-
tide-based therapies will expand from USD 62.8 billion in 2020 to
USD 96 billion in 2025, with the Chinese market growing from
USD 8.5 billion to USD 18.2 billion during the same period. The
projected compound annual growth rates (CAGRs) for the China
and global markets are 16.4% and 8.9%, respectively *. Notably,
Novo Nordisk’s Semaglutide achieved global sales of USD 10.914
billion in 2022, securing the top position, followed by Lilly’s Dula-
glutide with sales of USD 7.44 billion *. In the first three quarters
of 2023, Semaglutide sales increased by 49% year-on-year,
reaching USD 14.232 billion, while Tirzoptide, launched in May
2022, generated sales of USD 2.958 billion during the same peri-
od °. These data underscore the rapid growth and immense po-
tential of the peptide-based drug market, emphasizing the signi-
ficance and growth momentum of such drugs worldwide. The in-
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creasing efficacy and market demand for peptide-based drugs in-
dicate that further research and innovation in this field will likely
lead to the development of more effective treatment options for a
wide range of diseases.

As of now, approximately 120 peptide-based drugs have re-
ceived international regulatory approval, primarily addressing
therapeutic areas, such as rare diseases, oncology, diabetes,
gastrointestinal disorders, immunological conditions, and cardi-
ovascular diseases (Table S1). The leading peptide-based thera-
peutics by market share are anticancer, endocrine, and metabol-
ic drugs, each accounting for 17% of total sales. Recent approvals,
particularly of glucagon-like peptide-1 (GLP-1) receptor agonists
for metabolic disorders, have elevated cancer and metabolic ther-
apies in sales rankings ‘. Furthermore, research on peptide-
based treatments for antibacterial and neurodegenerative dis-
eases has seen rapid advancements. Therefore, a comprehensive
review of the applications of peptide-based therapeutics across
these diseases is imperative.

Despite the expanding application of peptides in biomedical
fields, several inherent limitations continue to hinder their thera-
peutic efficacy, including poor oral bioavailability, short plasma
half-life, susceptibility to proteolytic degradation, and restricted
tissue penetration . To overcome these challenges, extensive re-
search has focused on structural modifications of peptides, such
as backbone remodeling, lipidation, polyethylene glycol (PEG)
conjugation, and protein fusion, which have collectively enhan-
ced their stability, bioavailability, and therapeutic efficacy .
Furthermore, peptides have gained prominence as carrier mater-
ials in nanoparticle drug delivery systems, such as peptide self-

assembly systems '*"°, capitalizing on their intrinsic biocompat-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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ibility and biodegradability for efficient drug encapsulation and
targeted delivery. These advancements show great potential for
treating complex diseases like cancer and further broaden the
market prospects for peptide-based therapeutics.

This review focuses on the transformative applications of
peptide-based drugs in the pharmaceutical field, with a particu-
lar emphasis on recent research advancements in oncology, dia-
betes, antimicrobial treatments, and neurodegenerative diseases.
Furthermore, it provides a comprehensive overview of typical
peptide-based drugs in preclinical and clinical studies, systemat-
ically examining their applications and current challenges across
various diseases. Finally, this review analyzes and anticipates fu-
ture directions for peptide-based drug modification and research,
presenting a range of prospective strategies.

2. Synthesis of peptide-based drugs

Peptide synthesis involves two fundamental methods: chem-
ical synthesis and biological synthesis. Chemical synthesis tech-
niques, including solid-phase peptide synthesis (SPPS) and liquid-
phase peptide synthesis (LPPS), create peptide sequences
through dehydration condensation reactions between amino
acids. However, due to the presence of additional functional
groups in amino acids, it is necessary to temporarily protect
these non-participating functional groups to ensure the correct
synthesis of the intended peptide product. Biological synthesis
methods encompass fermentation and enzymatic hydrolysis °
With advancements in biotechnology, genetic engineering ap-
proaches, primarily based on DNA recombination technology,
have been employed for peptide synthesis (Fig. 1).

2.1. Chemical synthesis

2.1.1. SPPS

SPPS, developed by Merrifield in 1963, is based on anchor-
ing the C-terminus of the first amino acid to a solid support resin.
The N-terminus of this amino acid is protected by a protecting
group “’. Peptide chain elongation occurs through iterative cycles
of protecting group removal and coupling with an excess of the
next activated amino acid derivative. Upon completion of the tar-
get peptide chain assembly, it is cleaved from the resin, then isol-
ated, and purified. The choice of protecting groups is critical in
SPPS, with the two most common being the Boc group, intro-
duced by Merrifield, and the Fmoc group, introduced by Carpino.
The Fmoc group, which offers superior acid stability, minimizes
side reactions and enhances synthesis efficiency, making it the
preferred method in modern peptide synthesis. SPPS is advant-
ageous for its precise control over peptide chain length, suitabil-
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ity for large-scale production, and compatibility with automated,
high-throughput peptide synthesis. However, this process re-
quires an excess of amino acids and coupling agents, resulting in
substantial consumption of raw materials and increased produc-
tion costs >,

2.1.2. LPPS

LPPS, initially proposed by Bayer and Mutter in 1972, shares
a fundamental principle with SPPS. However, the primary distinc-
tion lies in the replacement of the solid-phase resin with soluble
reagents that link to the C-terminus of the first amino acid **.
LPPS primarily divides into two strategies: stepwise synthesis
and fragment condensation. Stepwise synthesis is straightfor-
ward and rapid, suitable for synthesizing various biologically act-
ive peptide segments. Fragment condensation methods mainly in-
clude native chemical ligation and Staudinger ligation. In recent
years, LPPS fragment synthesis has rapidly advanced, achieving
significant breakthroughs in the synthesis of peptides and pro-
teins. Compared with SPPS, LPPS offers the advantage of elimin-
ating the need for repeated washes, thereby reducing reagent
use, lowering costs, and enhancing environmental sustainability.
However, it suffers from low synthesis efficiency and complex
purification steps *.

2.2. Biosynthesis of peptides

2.2.1. Enzymatic hydrolysis

Enzymatic hydrolysis represents a specialized technique for
peptide preparation. The process involves the hydrolysis of pro-
teins at specific amino acid sites using particular proteases, such
as alkaline protease and trypsin, resulting in peptide products. In
both laboratory research and commercial production, enzymatic
hydrolysis is primarily employed to generate biologically active
peptides derived from food sources, including nut peptides and
milk peptides. Laboratory studies have demonstrated that pep-
tides produced via enzymatic hydrolysis exhibit biological func-
tions such as antioxidant activity and blood pressure reduction.
However, in commercial production, enzymatic hydrolysis is
primarily employed in the production of medical nutrition
products and nutraceuticals. Therefore, its application in manu-
facturing pharmaceutical-grade is limited ****.

2.2.2. Microbial fermentation

Microbial fermentation is another method used for the pro-
duction of bioactive peptides through the metabolic processes of
microorganisms. Antihypertensive peptides, for instance, can be
derived from the fermentation products of Lactobacillus helvetic-
us and Lactobacillus acidophilus. However, this approach is inher-

_ Enzymatic Protein Enzymatic s Separation .
hydrolysis solution hydrolysis Sterilization purification Peptides
Biosynthesis ~T | Fermentation Culture Fermentation Separation Peptides
of peptides medium purification P
L. | Recombinant DNA Expression Separation Pentides
DNA technology| |recombination P purification P
Solid-phase . Separation .
synthesis Synthesis purification Peptides
Chemical
synthesis
| | Liquid-phase . Separation .
synthesis Synthesis purification Peptides

Fig. 1 Synthesis method of polypeptide.
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ently limited to peptides that the microorganisms can produce,
restricting its scope to compounds with biological functions. Con-
sequently, microbial fermentation is not widely employed as a
method for the production of peptide-based drugs .

2.2.3. Recombinant DNA technology

Since its initial application in the production of human in-
sulin in 1982 *°, recombinant DNA technology has been extens-
ively utilized in the manufacture of peptide-based drugs. This ap-
proach involves two primary stages: the design and amplification
of a gene fragment encoding the target peptide, followed by the
expression of this gene fragment within a host cell. Microorgan-
isms serve as the primary host cells in recombinant DNA techno-
logy. Compared with SPPS and LPPS, recombinant DNA techno-
logy provides the benefits of reduced production costs and en-
hanced efficiency, finding commercial applications in the realms
of peptide antibiotics, interferons, and human hormones .
However, when contrasted with chemical synthesis methods, re-
combinant DNA technology presents challenges such as an in-
creased occurrence of by-products and more complex product
purification processes (Table S2).

3. Peptides in oncology

Cancer remains one of the most challenging diseases to treat,
with current therapies often limited by issues such as non-spe-
cificity, toxicity, and poor bioavailability. In recent years, pep-
tides have emerged as a focal point in cancer research due to
their molecular specificity, favorable safety profile, and im-
proved bioavailability. These properties enable peptides to func-
tion effectively in targeted therapy, immune regulation, and drug
delivery for tumors. Therefore, peptide-based drugs hold im-
mense potential to revolutionize cancer treatment strategies.

3.1. Anticancer peptides (ACPs)

ACPs have garnered significant attention in the field of anti-
tumor therapy, propelled by advancements in molecular biology.
These peptides specifically target cancer cells through various
mechanisms while minimizing collateral damage to healthy
cells *°. ACPs exert their effects by inducing apoptosis, disrupting
cellular membranes, inhibiting angiogenesis, and modulating sig-
naling pathways. Moreover, these peptides possess the ability to
disrupt crucial signaling pathways that support the survival, pro-
liferation, and metastatic potential of cancer cells. By targeting
and regulating proteins involved in cell cycle regulation, growth
factor signaling, or survival pathways, ACPs effectively suppress
cancer cell growth and survival ***’. As of 2022, the Food and
Drug Administration (FDA) and EMA have approved more than
20 ACPs for clinical use *'.

Despite the potential of cationic peptides, their therapeutic
efficacy is often hindered by drawbacks such as high toxicity and
inadequate targeting. Consequently, a primary focus of research
in this field is the efficient modification or reconstruction of ACPs
to enhance their targeted therapeutic performance while minim-
izing toxicity ***. For instance, Li et al. developed a VEGFR-3
homing peptide library using computational design. The overlap
between positive immunostaining and VEGFR-3 expression con-
firmed the high affinity and selectivity of a novel peptide, CP-7.
This finding suggests that CP-7 is a promising homing peptide for
VEGFR-3-positive cancers in vitro and in vivo, with the potential
to facilitate efficient drug delivery *. In another study, Setrerrah-
mane et al. successfully synthesized bifunctional peptides by
combining HM-3 and AP25, which target avf33 and a5B1 integ-
rins, respectively, using recombinant DNA technology in E. coli.
The results demonstrated promising antiangiogenic and antipro-
liferative effects in vitro, particularly enhancing activity against
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gastric cancer cells while maintaining safety profiles in normal
cells . Furthermore, Li et al. engineered a novel fusion protein,
LMRAP, by combining a GnRH-Fc fragment with the integrin-tar-
geting AP25 anti-tumor peptide. Experimental data revealed that
the LMRAP fusion protein maintained the function of GnRH re-
ceptor blockade, exhibited antiangiogenic properties, and dis-
played favorable tolerance and extended half-life *°.

In summary, the optimization of ACPs through various
strategies can further reduce toxicity while enhancing targeting
ability and therapeutic efficacy, ultimately maintaining their anti-
cancer activity. These studies have established a foundation for
the clinical application of ACPs; however, they have not provided
novel research ideas for the development of safer and more ef-
fective ACPs.

3.2. Peptides in tumor immunization

Immunotherapy-based cancer treatments have been extens-
ively investigated since 1890 *’. The primary mechanism of can-
cer immunotherapy involves the reactivation of anti-tumor im-
mune responses mediated by various immune cells, effectively
countering tumor immune evasion **. Immune checkpoint inhibit-
ors (ICls) represent one of the most advanced forms of immuno-
therapy. The FDA and the National Medical Products Administra-
tion (NMPA) in China have approved antibodies that target im-
munological checkpoints, such as programmed cell death protein
1 (PD-1)/programmed cell death ligand 1 (PD-L1) antibodies, for
the treatment of a wide range of cancers, resulting in favorable
clinical outcomes (Fig. 2).

However, the large molecular size of antibodies often hinders
their tumor penetration, limiting their clinical applications. Con-
versely, peptides possess the ability to infiltrate tumors and in-
hibit PD-1/PD-L1 interactions within the tumor microenviron-
ment *. For instance, Miao et al. developed JMPDP-027, an optim-
ized cyclic peptide that demonstrated T-cell reactivation capabil-
ities comparable to pembrolizumab, an anti-PD-1 monoclonal an-
tibody, and effectively disrupted PD-1/PD-L1 protein-protein in-
teractions *’. Similarly, Tao et al. employed phage display to
identify P-F4, a PD-1-targeting peptide that modulated T-cell
activity in vitro and inhibited the PD-1/PD-L1 interaction at the
cellular level *'. These studies further exemplify the immense po-
tential of peptides as immune checkpoint inhibitors in anticancer
therapy. The high specificity, adaptability, ease of production and
modification, and minimal side effects of peptides render them a
highly promising immunotherapy approach. As research and de-
velopment of peptide immune checkpoint inhibitors progress,
they are anticipated to assume a more pivotal role in cancer
treatment in the future.

An alternative approach in tumor immunotherapy involves
utilizing peptides as antigens to stimulate immune responses and
activate antigen-presenting cells (APCs). This process encom-
passes several critical stages: 1) Antigen recognition: tumor cells
express tumor-associated antigens (TAAs) or neoantigens, which

Tcell receptor 4
]]tlé’ea

PD-1 inhibitor | 11
7 O
/ e
// PD-L1

PD-L1 inhibitor

T-cell |

——
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Fig. 2 Mechanism diagram of PD-1 immunotherapy.
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are recognized as “non-self”. 2) Antigen presentation: APCs, in-
cluding dendritic cells, macrophages, or B cells, internalize and
process peptide antigens. These antigens are then displayed on
their surface, bound to major histocompatibility complex (MHC)
molecules. 3) Cell activation: T-cell receptors (TCRs) recognize
the presented antigen, leading to T-cell activation and the initi-
ation of an immune response targeting tumor cells ***. However,
when designing such peptides, it is crucial to ensure the immuno-
genicity of the peptide antigens while simultaneously avoiding
autoimmune responses. Moreover, the stability of peptide anti-
gens in vivo and their efficient delivery to APCs rely on effective
delivery methods. For instance, Shi et al. employed docking tech-
niques to model the interaction between HLA-A2 and MAGE-
1p230-238, elucidating the structure-activity relationship of tu-
mor-associated antigen peptides. They engineered several novel
tumor antigen peptides using SAYGEPRKL (MAGE-1p230-238) as
alead compound. Among these, peptide I-6 exhibited a high affin-
ity for HLA-A2 and elicited a potent, targeted immune response
in CD8" T cells both in vivo and in vitro . This research presents a
novel strategy to enhance the anti-tumor efficacy of antigenic
peptides by increasing the affinity between peptides and present-
ation molecules, offering a practical, straightforward, and safe
approach to cancer immunotherapy.

3.3. Peptide-drug co-delivery

In recent years, peptide-drug co-delivery has demonstrated
significant potential in drug delivery and anticancer treatment.
The primary approaches include peptide-drug conjugates (PDCs),
physical encapsulation of peptides and drug molecules, and pep-
tide-mediated co-assembly with drug molecules ““*’. While each
of these technologies has its own merits and limitations, they col-
lectively enhance drug delivery efficiency, improve targeting in
cancer treatment, minimize side effects, and ultimately increase
the overall efficacy of the treatment (Fig. 3).

3.3.1. PDCs

PDCs are emerging as one of the most promising conjugate
medicines following the development of antibody-drug conjug-
ates (ADCs) ™. PDCs are formed when a drug is covalently linked
to a functional peptide sequence through a unique linker, consist-
ing of three primary components: the drug, the peptide, and the
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linker (Fig. 4). Initially, PDCs achieve targeted distribution to spe-
cific regions through peptide-mediated active or passive target-
ing. Subsequently, they effectively deliver the PDCs into cells via
cell-penetrating peptides or receptor-mediated translocation °'.
Finally, to exert the therapeutic effect, the linkers cleave specific-
ally in response to environmental cues or enzymatic action, re-
leasing the active payload °°. Furthermore, PDCs are also com-
monly used as imaging agents, utilizing radionuclides instead of
hazardous compounds as the payload. These PDCs can perform
imaging or therapeutic functions using various radionuclides,
with some radionuclides possessing the ability to fulfill both
roles. For example, 111In-DTPA-octreotide was the first radio-
nuclide-containing PDC approved by the FDA *°.

In comparison with conventional chemotherapy agents, PDCs
have demonstrated enhanced anticancer efficacy, revolutionizing
the traditional perspective on cancer treatment and marking sig-
nificant advancements in targeted anticancer therapeutics. Cur-
rently, over 90 types of PDCs are undergoing clinical trials glob-
ally, with representative examples outlined in Table S3. However,
PDCs still face certain challenges, such as the susceptibility of
peptide-based drugs to enzymatic hydrolysis in vivo, which di-
minishes their bioavailability and therapeutic efficacy *. Peptide-
based drugs often exhibit a short half-life, necessitating frequent
administration and increasing the burden on patients. Further-
more, the challenge of further enhancing targeting specificity to
minimize side effects persists. Consequently, the primary re-
search focuses on PDCs include the exploration of novel peptide
sequences to improve targeting and stability, the design of multi-
functional peptides that simultaneously target multiple receptors
to enhance therapeutic efficacy, and the improvement of PDC sta-
bility and bioavailability **. For instance, Zhou et al. developed
the cyclic peptide Cyclo-GCGPep1, which exhibited a high affinity
for HER2 based on computational simulations of antibody bind-
ing to the HER2 protein. They constructed PDCs with camp-
tothecin (CPT), preserving CPT’s pro-apoptotic and Topo I inhib-
itory properties while demonstrating effective targeting of HER2-
positive cells *°. As research progresses, PDCs are anticipated to
become increasingly targeted, biocompatible, and safe, making
significant contributions to cancer therapy and human health.

3.3.2. Peptide-drug co-assembling
PDCs have demonstrated significant potential in enhancing

( Peptide-based assembly delivery system )

[Excellent biocompatibility, easy modification, better target ability, improved stability, multifunction ]

t—v—l
Drug peptide derivatives

Peptide-drug conjugate

Elaborate synthetic process and
altered pharmacological activities

Physical encapsulation

Peptide mediated co-assembly

Drug leaks in the blood circulation system

Adjustable drug
release profiles

Improved drug stability, loading
capacity and targeting function

Enhanced therapeutic

R R A effects or synergistic effect

Fig. 3 Illustration of the peptide-based delivery system.
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Fig. 4 The structure of PDCs.

drug targeting and efficacy; however, their stability and bioavail-
ability remain challenging. Furthermore, the use of covalent con-
jugation is complicated by intricate synthesis processes and po-
tential alterations to pharmacological activity. To address these
limitations, nanomaterial delivery systems have emerged as an
innovative solution, attracting increasing attention. The advance-
ment of nanomedicine has led to substantial progress in nano-
drug delivery systems, including nanotubes, nanofibers, micelles,
and nanoparticles ***°. These systems have been shown to en-
hance the therapeutic effects of anticancer drugs, reduce side ef-
fects, and improve drug solubility " °***°. Nevertheless, chal-
lenges persist, such as the lack of optimal biocompatibility when
utilizing inorganic materials and the potential to elicit immune
responses. Moreover, the complexity of synthetic polymer struc-
tures limits their application, resulting in suboptimal delivery
outcomes "7, Consequently, there is a pressing need to develop
non-toxic, highly efficient delivery systems with superior target-
ing capabilities. In this context, peptide self-assembly has
emerged as a promising new class of nanomaterials. Peptide self-
assembly involves non-covalent interactions that facilitate the
spontaneous formation of well-ordered architectures **’*’°, De-
pending on their distinct physical properties, these peptides can
form various nanostructures, including nanoparticles, nanotubes,
nanofibers, micelles, supramolecular hydrogels, and dendrim-
ers 7%, Currently, peptide-based self-assembly is widely invest-
igated for drug delivery applications (Fig. 5).

Researchers are diligently working to develop innovative
cancer drug delivery systems utilizing self-assembling peptide
materials composed of short peptides. These systems can incor-
porate single amino acids, dipeptides, or tripeptides **. Extens-
ive research has also been conducted on larger peptide self-as-
semblies and hybrid assemblies for cancer drug delivery systems.
Certain peptides possess specific biological activities, such as an-
tibacterial, anticancer, and cell growth-promoting functions, and
their activity and stability are enhanced through self-assem-
bly 7 *%_ Moreover, external stimulus-responsive self-assembly
is a crucial nanotechnology employed in the design and construc-
tion of functional nanostructures that respond to external stim-
uli ***. These self-assembled systems can achieve structural re-
organization, drug release, or signal transmission in response to
changes in external conditions such as light, temperature, pH
value, or the presence of biomolecules °>*""”*, For instance, Zhu
et al. designed a pH-responsive nonapeptide hydrogel fabricated
for the delivery of the tumor-targeting drug doxorubicin (DOX).
They synthesized a nonapeptide named P1 using the solid-phase
synthesis method, which structurally resembles a surfactant-like
peptide (SLP) due to its hydrophobic tail and hydrophilic head. In
vitro drug release studies demonstrated that the DOX-P1 hydro-
gel was highly sensitive to acidic conditions. Furthermore, in vivo
experiments showed that the DOX-P1 hydrogel could amplify the
therapeutic effect and increase DOX accumulation at the tumor
site ', Liu et al. developed an injectable pH-responsive OE pep-
tide hydrogel for delivering the anticancer drugs Pentatonix
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(PTX) and Gemcitabine (GEM). These drugs can be simultan-
eously released at the tumor site to achieve anticancer effects '”.
As research on self-assembled peptide materials progresses, it is
anticipated that more cancer drug delivery systems with robust
targeting, excellent biocompatibility, and high safety will be de-
veloped. These systems are expected to gain wider clinical applic-
ation, leading to new breakthroughs in cancer treatment. Future
research directions may include more complex self-assembled
structures, more efficient external stimulus-response mechan-
isms, and the integration of other nanotechnologies to further en-
hance the precision and efficacy of drug delivery.

In conclusion, peptides exhibit significant promise in cancer
therapy. Researchers have employed diverse approaches, includ-
ing ACPs, immunotherapy, novel PDCs, and self-assembled nano-
technology, to enhance drug specificity, efficacy, and safety. Fu-
ture research will focus on optimizing peptide structure design
and improving delivery systems to further refine the clinical ap-
plication of peptide-based cancer treatments.

4. Peptides in type 2 diabetes mellitus (T2DM) and obesity

In China, T2DM represents the most prevalent form of dia-
betes, encompassing over 90% of adult diabetic patients '*.
Obesity constitutes a significant risk factor for T2DM, as excess
body weight contributes to insulin resistance, resulting in inad-
equate blood sugar control '””. Furthermore, obesity can precipit-
ate chronic inflammation and metabolic dysfunction, exacerbat-
ing the progression and manifestation of T2DM '*. Recent ad-
vancements highlight the promising potential of peptide-based
therapeutics in the management of T2DM and obesity, including
GLP-1 receptor agonists, melanocortin-4 receptor agonists, and
amylin receptor agonists '**'"". Notably, GLP-1 receptor agonists
predominate the research landscape, accounting for more than
90% of investigations. Consequently, this section provides a com-
prehensive overview of GLP-1 receptor agonists.

4.1. Structure and action mechanism

GLP-1, a 30-amino acid peptide, is released from gut enter-
oendocrine cells in response to the stimulation of luminal nutri-
ents immediately following meal ingestion. The bioactive forms
secreted from gut enteroendocrine L cells are N-terminally trun-
cated GLP-1(7-37) and GLP-1(7-36)NH, '"*. In a hyperglycemic
state, GLP-1 stimulates insulin secretion by binding to GLP-1 re-
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ceptors on pancreatic beta cells, contributing to the reduction of
blood sugar levels. Additionally, it inhibits glucagon secretion by
pancreatic alpha cells, further diminishing hepatic glucose out-
put and lowering blood sugar levels. Moreover, GLP-1 can decel-
erate gastric emptying and prolong the residence time of food in
the stomach, thereby delaying glucose absorption and aiding in
the regulation of postprandial blood sugar. GLP-1 also acts on the
central nervous system, particularly the hypothalamus, increas-
ing satiety and reducing food intake, which assists in weight man-
agement '”’. However, the rapid degradation by dipeptidyl pepti-
dase-4 (DPP-1V) and kidney filtration limits the half-life of endo-
genous GLP-1, rendering it unsuitable for use as a therapeutic
agent ''*. Consequently, the primary objective of the early devel-
opment of GLP-1-based medications was to extend the half-life of
GLP-1.

4.2. Marketed drugs and clinical research

Several long-acting GLP-1 receptor agonists are available, in-
cluding dulaglutide, liraglutide, and semaglutide '". These agon-
ists are primarily utilized in the treatment of T2DM. Recent clinic-
al trials have revealed that they also provide significant weight
loss benefits "> ''°. Semaglutide, liraglutide, and tirzepatide have
received approval for weight loss purposes (Table S4).

Oral semaglutide, developed by Novo Nordisk, has demon-
strated promising results in clinical trials for weight loss and has
received FDA approval for market release. However, with a
bioavailability of less than 1%, there is significant potential for
further development """, Additionally, to enhance the weight
loss effects of GLP-1 drugs and minimize adverse reactions, the
development of multi-target drugs has emerged as another aven-
ue for advancement. GIP, glucagon, and amylin receptors have
become popular targets for synergistic action with GLP-1 recept-
ors """ '*’, Beyond the already approved tirzepatide (GLP-1/GIP
receptor), leading developments in multi-target formulations in-
clude mazdutide (GLP-1/glucagon receptor) by Zeinda Bio, re-
tatrutide (GLP-1/GIP/glucagon receptor) by Eli Lilly, and Cag-
riSema (a combination formulation of GLP-1 receptor agonist and
amylin receptor agonist) by Novo Nordisk '**"'**.

4.3. Modification strategies

Prior research on GLP-1 has primarily concentrated on its
long-acting effects. Common methods for extending the duration
of action of GLP-1 include PEG modification and fatty acid acidi-
fication '*"*®, For instance, Han et al. synthesized Xenopus GLP-1
and xGLP-1B analogs, conjugating PEG chains of varying molecu-
lar weights to the peptides, resulting in a series of PEGylated con-
jugates '*”"*°, Furthermore, Han et al. designed and synthesized a
series of GLP-1 fatty chain conjugates and coumarin-modified
GLP-1 derivatives *''*’. All conjugates maintained significant
GLP-1 receptor activation potency while exhibiting enhanced al-
bumin-binding properties and in vitro plasma stability. Sustained-
release microspheres represent another frequently employed
long-term method. For example, Zhang et al. chemically cross-
linked two pH-responsive biomaterials, alginate, and hyaluronic
acid, to create a novel material for encapsulating exenatide in mi-
crospheres. The bioavailability of the exenatide-loaded micro-
spheres, compared to subcutaneous exenatide injection, reached
10.2% '**. Ruan et al. synthesized and evaluated a novel GLP-1
analog (PGLP-1) with an extended half-life. Subsequently, they
prepared PGLP-1-loaded poly (d, l-lactide-co-glycolide) micro-
spheres to achieve long-term effects on blood glucose control **°.

Current research on GLP-1 primarily centers on oral GLP-1
receptor agonist formulations and GLP-1-based multi-target
drugs. The development of oral formulations must surmount the
obstacles posed by the acidic environment and proteolytic de-
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gradation in the gastrointestinal tract. To enhance peptide
bioavailability, researchers have employed various strategies, in-
cluding the optimization of drug delivery systems and the refine-
ment of formulations, such as liposomes, microspheres, and
nanocarriers "** ¥, GLP-1-based multi-target drugs have demon-
strated remarkable efficacy in clinical settings, and ongoing re-
search endeavors to combine GLP-1 with targets beyond the
gastrointestinal tract to achieve superior therapeutic outco-
mes 120,137, ‘138.

The development of long-acting GLP-1 receptor agonists, or-
al GLP-1 receptor agonists, and GLP-1-based multi-target drugs
represents significant innovative trajectories in the treatment of
diabetes and obesity. As research progresses, future investiga-
tions may focus on ultra-long-acting GLP-1 receptor agonists,
while oral administration will optimize drug formulations and de-
livery systems to enhance efficacy and safety. Furthermore, com-
bining GLP-1 with other targets has the potential to mitigate the
side effects associated with GLP-1, such as weight rebound and
muscle mass reduction. These novel treatment approaches will
offer patients more efficient, convenient, and comprehensive
therapeutic strategies.

5. Peptides in antimicrobial applications

Antibiotics, one of the most significant medical advances of
the 20" century, have saved millions of lives worldwide '*’.
However, the misuse of antibiotics has led to antimicrobial resist-
ance, limiting treatment options for bacterial infections, espe-
cially those caused by multidrug-resistant bacteria. This situ-
ation necessitates the development of novel or alternative anti-
bacterial drugs '*’. Antimicrobial peptides (AMPs) have gained
prominence as potential alternatives to traditional antibiotics. As
crucial components of the innate immune system, AMPs exhibit a
broad-spectrum antimicrobial activity against bacteria, fungi, vir-
uses, and parasites '*". Due to their extensive antimicrobial activ-
ity and lower potential for resistance development, these peptide
molecules are now considered frontline defenses against mul-
tidrug-resistant microbial infections ***.

5.1. Structure and action mechanism

Over 3000 naturally occurring or synthetically produced
AMPs have been discovered and documented. AMPs can be cat-
egorized into four primary types based on their structural prop-
erties: a-helical, -sheet, cyclic, and those abundant in particular
amino acids '*’. This classification system highlights the structur-
al heterogeneity of AMPs and implies that different categories of
AMPs may function through unique mechanisms of action.

The antimicrobial mechanisms of AMPs primarily involve
disrupting microbial cell membranes, interfering with vital intra-
cellular processes, and modulating the host’s immune response
to enhance infection resistance. AMPs act by directly interacting
with bacterial membranes to create pores, resulting in the loss of
cellular contents and thus rapidly killing or inhibiting the mi-
crobes. Furthermore, some AMPs can penetrate cell membranes,
directly disrupt bacterial metabolic pathways, or block crucial in-
tracellular signaling pathways. In addition to their direct antimi-
crobial effects, AMPs can also modulate host immune cells to en-
hance the body’s overall resistance to infections ***'*.

The unique characteristics of AMPs highlight their potential
as pioneering agents in the forthcoming era of anti-infection ther-
apies, particularly in light of the escalating global crisis of antibi-
otic resistance. AMPs present a promising and potent approach to
tackle this pressing issue, emphasizing their substantial applica-
tion prospects within the domain of infection control and treat-
ment.
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5.2. Marketed drugs and clinical research

The market features several AMPs, such as colistin, daptomy-
cin, and polymyxin B. These drugs primarily target the treatment
of infections caused by recalcitrant Gram-negative bacteria and
have demonstrated effective therapeutic outcomes. For instance,
colistin, an older drug repurposed as a peptide antibiotic, is em-
ployed in treating severe infections caused by multidrug-resist-
ant Gram-negative bacteria. Furthermore, daptomycin, a lipo-
peptide antibiotic, is utilized for the treatment of serious skin and
soft tissue infections by disrupting the integrity of bacterial cell
membranes, resulting in cell death "***%,

In the realm of clinical research, numerous AMPs are under-
going trials to investigate their potential applications in the treat-
ment of infections. MBI-226, a peptide drug currently in phase III
clinical trials, aims to address catheter-related bloodstream infec-
tions. This drug has exhibited activity against Candida in animal
models, providing a scientific foundation for its clinical utiliza-
tion. Moreover, indolicidin analogs are being evaluated in phase
IT and III clinical trials for their efficacy in treating acute acne and
combating methicillin-resistant Staphylococcus aureus (MRSA).
These studies not only demonstrate the capabilities of AMPs in
addressing common bacterial infections but also highlight their

significant potential against drug-resistant strains '*’.

5.3. Modification strategies

Current research on AMPs focuses on several key areas to ad-
dress the limitations of existing peptides and expand their mar-
ket applications: 1) Structure-function relationship studies: this
research aims to elucidate the antimicrobial mechanisms of pep-
tides by analyzing their amino acid sequences, three-dimensional
(3D) structures, and interactions with bacterial cell membranes.
These studies guide the design and modification of new AMPs to
enhance their efficacy "*’. 2) Synthesis and modification research:
researchers employ chemical synthesis and genetic engineering
techniques to synthesize and modify AMPs, seeking to improve
their stability, antimicrobial activity, and selectivity while redu-
cing toxicity and cost. Methods include amino acid substitution,
cyclization, and the integration of other functional sequences "',
3) Resistance studies: this research explores the mechanisms by
which bacteria develop resistance to AMPs, aiming to find ways
to mitigate resistance. These studies typically analyze changes in
bacterial gene expression, mutation rates, and adaptive
sponses under the pressure of AMPs, ensuring long-term effect-
iveness in clinical applications '**. 4) Multifunctional AMP re-
search: researchers are investigating peptides that possess mul-
tiple functional activities, such as antimicrobial, antiviral, anti-in-
flammatory, and immunomodulatory properties, to broaden their
application scope. These multifunctional AMPs operate through
various mechanisms, including directly killing pathogens, modu-
lating immune responses, and reducing inflammation (Table S5).

In summary, AMPs are broad-spectrum antibiotics that exert
their effects by disrupting cell membranes or targeting intracellu-
lar metabolic processes. They offer several advantages, including
a rapid onset of antimicrobial activity, low susceptibility to drug
resistance, and multifunctional biological activity, positioning
them as a focus in biomedical research. Future research will fo-
cus on further optimizing the stability and biological activity of
AMPs and explore their full clinical potential. Additionally, ex-
ploration will be conducted to address the challenges of drug res-
istance and to meet the multifunctional clinical needs associated
with AMPs.

re-

6. Peptides in neurodegenerative diseases

Neurological diseases impact the central nervous system,
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which encompasses the brain and spinal cord, or the peripheral
nervous system, consisting of nerves and ganglia in other regions
of the body. Prevalent neurological disorders include Alzheimer’s
disease (AD) '*°, Parkinson’s disease (PD) '**, multiple sclero-
sis '*°, and epilepsy '*°. AD and PD, as globally widespread neuro-
degenerative diseases, have garnered significant attention from
the scientific community. The common characteristic of these dis-
eases is the misfolding of proteins and the formation of amyloid
fibrils, which contribute to neuronal dysfunction and cell death.
Peptides present promising avenues for treating illnesses associ-
ated with protein misfolding and aggregation due to their low
toxicity, high target affinity, favorable membrane permeability,
effective blood-brain barrier penetration, and low immunogeni-
city 7

6.1. Structure and action mechanism

Peptide-based drugs inhibit the aggregation of misfolded
proteins by mimicking or blocking interactions with key proteins
associated with disease. For example, certain peptides can dir-
ectly interact with beta-amyloid (AB), preventing its aggregation
or facilitating its degradation '*°. These peptides are typically de-
signed with high specificity to precisely target critical proteins in-
volved in the pathological process, such as Af, tau protein, or al-
pha-synuclein. Thus, for the prevention and treatment of neuro-
degenerative diseases, it is essential to investigate the molecular
mechanisms underlying protein misfolding and amyloid fibril
formation, identify the sources of cytotoxicity and pathological
states induced by amyloid fibrils, and develop effective thera-
peutics to inhibit protein misfolding and aggregation '’

The potential of peptide-based therapy methods renders
them highly relevant in the quest for innovative treatments tar-
geting neurodegenerative disorders. By specifically addressing
the pathogenic processes that drive disease progression, these
approaches may constitute a significant improvement over tradi-
tional treatment options.

6.2. Modification strategies

Current research on peptide-based drugs for neurodegener-
ative diseases primarily remains at the in vitro and cellular exper-
imental levels, with few peptides progressing to preclinical stud-
ies and none yet demonstrating efficacy in clinical settings. Re-
searchers are actively investigating these mechanisms and devel-
oping peptide-based drugs to further explore the pathogenic
mechanisms of degenerative diseases '*’. For instance, Shen et al.
demonstrated that in vivo overexpression of Dishevelled-2 (DVL-
2), mimicking von Hippel-Lindau (VHL) inactivation, conferred
protection against Parkinson’s disease (PD). Subsequently, they
designed a competing peptide, Tat-DDF-2, to inhibit the interac-
tion between VHL and DVL-2, which exhibited pharmacological
potential for PD protection in vitro and in vivo '*. Yao et al. as-
sessed several peptides containing Gly-Ser-Ala (SNP) sequences
that tend to form f-sheets. They discovered that SNP-9 is an ef-
fective neuroprotective peptide that reduces Af oligomers by co-
assembling with toxic AB oligomers to form hetero-oligomers,
demonstrating potential as an Alzheimer’s disease treatment '*'.
Liu et al. evaluated the neuroprotective effect of walnut peptide
(WP) against oxidative stress on PC12 cells, finding that WP sup-
pressed H,0,-induced cell death in PC12 cells. In the zebrafish
model, WP exhibited a notable neuroprotective effect **’. Zhang et
al. designed and synthesized an apolipoprotein E mimetic pep-
tide (MOP) that can reduce AP deposition by inhibiting A ag-
gregation and accelerating Af clearance. MOP can self-assemble
into various nanostructures, enhancing blood-brain barrier
(BBB) permeability '*’. Guo et al. designed a fusion peptide TPL
containing BBB-penetrating peptide TGN and neuron-binding
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peptide Tetl connected via a tetraglycine linker. Compared to
Tetl or CGN alone, the fusion peptide TPL exhibits improved
blood stability and enhanced structural flexibility, resulting in
higher binding affinity with GT1b ganglioside receptors or brain
capillary endothelial bEnd.3 cells. Administration of TPL-NP in
AD mice significantly improved cognitive performance, downreg-
ulated tau phosphorylation levels, promoted axonal transport,
and attenuated microgliosis, markedly enhancing AD treatment
efficacy '**

Future research may demonstrate that treating degenerative
diseases with a multifaceted therapeutic approach, such as dis-
rupting the amyloid fibrillation process, can yield highly success-
ful outcomes. Moreover, the development of biomarkers based on
the amyloid fibrillation process is essential for the identification
and diagnosis of disorders, the evaluation of treatment efficacy,
and the early detection of degenerative diseases. This approach
has the potential to significantly improve outcomes by providing
treatment options and enhancing our ability to identify and mon-
itor these diseases in their early stages.

7. Summary and outlook

Due to their distinct properties, peptides have been extens-
ively employed in the treatment of cancer, diabetes, obesity, bac-
terial infections, and nervous system disorders. Furthermore,
peptides have demonstrated significant potential in addressing
rare diseases, autoimmune conditions, cardiovascular ailments,
and immune system disorders. In comparison with small mo-
lecule drugs, peptide-based drugs exhibit high specificity and low
toxicity, enabling targeted interactions with specific receptors or
molecules, thereby reducing adverse effects and minimizing the
risk of drug resistance. This approach not only deviates from the
conventional treatment paradigm of small molecule drugs but
also serves as a valuable complement to existing therapeutic
strategies. However, peptide-based drugs face challenges such as
low oral bioavailability, susceptibility to degradation by digest-
ive enzymes, poor stability, high preparation and production
costs, and complex synthesis and modification processes. These
characteristics endow peptide medicines with immense potential
while simultaneously presenting numerous obstacles in research
and application. Therefore, we propose that the following consid-
erations should be taken into account when investigating peptide-
based drugs.

The rapid degradation of peptide-based drugs by enzymes
and their limited bioavailability present significant challenges to
their clinical application. To mitigate this issue, the incorporation
of non-natural amino acids has emerged as a widely employed
modification strategy. These modifications can enhance the sta-
bility, biological activity, pharmacokinetic properties, and target-
ing capabilities of peptides. Common non-natural amino acid
modifications include substituting L-amino acids with D-amino
acids, inserting N-alkylated amino acids, and incorporating f-
amino acids, a-substituted a-amino acids, or [S-substituted a-
amino acids '*'®’. The use of D-amino acids involves replacing
metabolically labile natural L-amino acids, which are highly sus-
ceptible to proteolytic degradation, with their 3D mirror ima-
ges '*”'% The N-alkyl group influences the conformational flexib-
ility of the peptide backbone and nearby residue side chains,
eliminates the dominance of the trans vs cis peptide bond config-
uration, and affects certain intra- and intermolecular hydrogen
bonds. Furthermore, the adjacent carbonyl group contributes to
increased basicity and reduced polarity '*. Replacing a-amino
acids with f-amino acids enhances the biological activity and pro-
teolytic stability of peptides, with the strategic insertion of a
single f-amino acid being sufficient to confer proteolytic stabi-
lity '”°. a-Substituted a-amino acids can introduce conformation-
al constraints into the peptide backbone, thereby increasing pep-
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tide resistance to proteolytic degradation "'. S-Substituted a-

amino acids are frequently utilized to induce specific conforma-
tional changes in the side chains, typically resulting in increased
biological activity and stability of the modified peptides "% In
conclusion, the introduction of non-natural amino acid modifica-
tions significantly improves the performance of peptide-based
drugs, highlighting their enhanced potential in the treatment of
complex diseases.

A critical consideration is the potential immunogenicity of
peptide therapeutics, which may lead to inefficacy or severe ad-
verse reactions. Future studies should focus on optimizing pep-
tide structure and sequence to minimize immunogenicity.
Strategies such as humanization, peptide sequence optimization,
and surface modifications can contribute to reducing the immun-
ogenicity of peptide-based medications. Furthermore, immun-
omodulatory technology-based drug delivery systems, including
immunoblotting nanoparticles and immunomodulatory peptides,
offer promising avenues for mitigating the immunogenic poten-
tial of peptide-based drugs '*"”".

Peptides represent a highly valuable therapeutic agent, and
the potential for oral administration carries significant implica-
tions for enhancing patient compliance and convenience. Oral
semaglutide and octreotide exemplify the successful combination
of peptide characteristics with permeability enhancers, despite
their bioavailability being less than 1%. While challenges such as
gastrointestinal enzymatic degradation, limited absorption rates,
and instability persist, researchers have made steady progress in
overcoming these obstacles through the utilization of chemical
modifications, nanoparticle carriers, and enzyme inhibitors '*’.
We posit that future peptide-based research should prioritize the
improvement of stability and bioavailability while concurrently
reducing immunogenicity. Moreover, oral peptides represent a
burgeoning area of research, diverging from the traditional pep-
tide-based therapy paradigm. Through sustained innovation and
optimization, peptide-based pharmaceuticals hold the potential
to significantly expand their market presence and contribute sub-
stantially to the advancement of medical science.

In conclusion, peptide-based drugs hold immense potential
for the treatment of a wide array of medical conditions. While
peptide drugs face numerous challenges in clinical applications,
such as delivery efficiency, stability, and immunogenicity, ongo-
ing technological advancements and research endeavors suggest
that peptides are poised to become a crucial tool in addressing a
broad spectrum of diseases. Future research should prioritize en-
hancing the stability and bioavailability of peptide-based drugs,
mitigating their immunogenicity, developing oral peptide formu-
lations, and exploring novel applications. Through continuous in-
novation and optimization, peptide pharmaceuticals are expec-
ted to offer novel therapeutic options for patients, ultimately im-
proving their quality of life and making significant contributions
to medical progress.
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