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[Abstract] Peptides (or polypeptides) are generally defined as those molecules compounded with less than 
100 amino acids linked by peptide bonds, and the relative molecular weight is less than 10 000 Da usually. 
To date, more than 7 000 naturally peptides have been identified, and they play critical roles in mammalian 
pathophysiology. Peptide drugs are a unique kind of pharmaceutical compounds due to their different biochemical 
and therapeutic characteristics. This review will briefly introduce the application of peptide drugs in the treatment 
of common metabolic diseases and available discovery strategies for potential peptide drugs.
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REVIEWS

1  Introduction 
Peptide therapeutics are used for a range of 

disorders, such as diabetes, cardiovascular disease, 
osteoporosis, central nervous system disease, and 
cancers among others[1]. Compared with small 
molecule drugs, peptide drugs have advantages 
including high biological activity, strong specificity, 
weak toxicity, less interaction with other drugs, and 
excellent affinity with their receptors[2]. The most 
attractive merit of peptides over small molecule 
drugs is their low systemic toxicity, because 
most of them were derived directly or indirectly 
naturally, and after degradation only amino acids 

left[3]. Compared with protein and antibody drugs, 
peptides drugs have other advantages such as lower 
production cost, higher activity per unit mass, higher 
stability[4], and less immunogenicity, these even for 
the artificial peptides[5]. Together with the maturation 
of peptide synthetic technology, acceptable prices, 
recognized by the market, in recent two decades, 
peptide drug development has obtained more and 
more attentions, although their limitations like short 
circulation time, low oral bioavailability, and low 
plasma stability and so on are still there. 

In general, peptides work as signaling molecules 
to bind with specific cell surface receptors, the 
core of many intracellular physiological actions[6-7]. 
G protein-coupled receptors (GPCRs) are the main 
targets of the marketed peptide drugs, thereinto, 
receptors for Glucagon-like peptide-1 (GLP-1), 
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attractive field in pharmaceutical studies globally in 
both industry and academy.

2  Peptide drugs for the metabolic 
diseases

All life activities are dependent on metabolic 
homeostasis, which is maintained by multiple 
biological pathways in the body. Metabolic diseases 
are slow developing and intractable diseases induced 
with a group of complex etiologies with different 
aspects of metabolic homeostasis disruption. It's 
estimated that nearly 35% adults and 50% aged 
people have metabolic diseases in the US[15]. The 
prevalence of metabolic diseases among aging 
people in China was about 36.9% in 2019[16]. The 
most common metabolic diseases include obesity, 
diabetes, nonalcoholic fatty liver disease (NAFLD) 
or metabolic (dysfunction) associated fatty liver 
disease (MAFLD), osteoporosis, and cardiovascular 

GLP-2, chemokine 4, opioid, growth hormone, 
melanocortin, and oxytocin are famous examples[8]. 
In addition, the targets of peptide include cytokine 
receptor superfamily and natriuretic peptide receptor 
family[8]. The number of peptide drug targeted 
receptor molecules is increasing continuously. 

Peptide drug approvals have grown steadily 
over the past 60 years and accounted for about 5% 
of the global pharmaceutical market in 2019, with 
sales exceeded 50 billion USD[9]. The global peptide 
market is growing at an average rate about 7.7% and 
continually growing and expanding[9-10]. By 2021, 
there are 88 peptide drugs have been approved by 
the U.S. Food and Drug Administration (FDA) as 
we know, 10 out of them in the metabolic diseases 
field[7,11-14]. The FDA approved peptide drugs for 
metabolic diseases are listed in Table 1, account for 
about 12% of peptide drugs ever in the market. The 
peptide research related to metabolic diseases is an 

Table 1  FDA approved peptide drugs for Metabolic diseases[7,9]

Peptide name Brand name Indication Derived from Production Administration AA
FDA Approval 

Data

Pramlintide[57] Symlin Type 1 and 2 diabetes Human amylin Synthetic Subcutaneous 31 03/2005

Exenatide[50] Byetta Type 2 diabetes Gila monster 
Exendin- 4

Synthetic Subcutaneous 39 04/2005

Liraglutide[19] Victoza Type 2 diabetes and 
Obesity

GLP- 1 Recombinant Subcutaneous 37 01/2010

Albiglutide[58] Tanzeum Type 2 diabetes GLP- 1 fused to 
Human serum 
albumin

Recombinant Subcutaneous 2×30 04/2014

Dulaglutide[59] Trulicity Type 2 diabetes GLP- 1 fused to 
IgG

Recombinant Subcutaneous 2×30 09/2014

Lixisenatide[25] Lyxumia Type 2 diabetes Gila monster 
Exendin- 4

Synthetic Subcutaneous 44 07/2016

Semaglutide[21] Ozempic Type 2 diabetes and 
Obesity

GLP- 1 Recombinant Subcutaneous, 
Oral

31 12/2017
09/2019

Salmon Calcitonin[60] Miacalcin Osteoporosis and 
Hypercalcemia

Salmon Calcitonin Synthetic Subcutaneous 32 07/1986

Teriparatide[28] Forteo Osteoporosis Parathyroid 
hormone

Recombinant Subcutaneous 34 11/2002

Abaloparatide[29] Tymlos Osteoporosis Parathyroid 
hormone related 
peptide

Synthetic Subcutaneous 34 04/2017

AA, amino acids; GLP- 1, Glucagon-like peptide-1; IgG, Immunoglobulin G. 
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diseases[17]. In recent years, several peptide drugs 
for metabolic diseases treatment have become 
blockbusters in the pharmaceutical market.

2.1  Peptides for Obesity and Type 2 
diabetes mellitus(T2DM) 

Saxenda and Victoza (both Liraglutide) and 
Rybelsus and Ozempic (both Semaglutide) are 
the only two drugs in obesity drug market, both 
are peptides. Liraglutide is an agonist for GLP-1 
receptor (GLP-1R) whose physiological effects 
include increasing insulin release, decreasing glucagon 
secretion, delaying gastric emptying, and reducing 
sense of hunger[18]. Clinically, Victoza is used in the 
treatment of diabetic patients, and Saxenda used 
for weight loss of obese patients[18]. Studies found 
that adding liraglutide to a lifestyle intervention 
experiment resulted in an average weight loss of 
4 to 6 kg in one year[19-20]. Similar as liraglutide, 
semaglutide also has effects both in the hypoglycemic 
and weight loss. Studies pointed out that compared 
with the placebo group, semaglutide 14 mg group 
lost 3.7 kg body weight in 26 weeks treatment[21-22].

GLP-1 analogs are acknowledged as the most 
successful peptide drugs for treatment of T2DM. 
The earliest GLP-1 analogs in this category are 
those with low amino acid sequence homology to 
human GLP-1, such as exenatide, lixisenatide and 
loxenatide, which are all based on the polypeptide 
Exendin-4 in saliva of American lizard[23-25]. While, 
the current category is with high homology to 
human GLP-1, obtained through the substitution 
or processing of a few amino acid (AA) residues 
in the sequences, such as semaglutide, liraglutide, 
benaglutide, and dulaglutide[21-23,26]. 

2.2  Peptides for Osteoporosis (OP)

Sa lmon  Ca lc i t on in ,  Te r ipa ra t i de  and 
Abaloparatide are marketed peptide drugs developed 
for OP treatment. Salmon Calcitonin is a drug 
approved in 1986, no longer a first-line treatment 
for OP clinically today. Teriparatide has unique roles 

and advantages in the treatment of OP fractures, can 
promote bone formation, increase bone density to 
reduce the risk of fractures[27-28]. Abaloparatide is a 
latest developed drug for OP, can increase the bone 
density of the OP patients, considered with better 
bioeffect than teriparatide[29].

2.3  Peptides for MAFLD/NAFLD

Drug development for MAFLD/NAFLD is 
currently a major direction in the pharmaceutical 
industry. There is no MAFLD drug in mainstream 
market, yet. The current peptide drug developing 
for the treatment of MAFLD include liraglutide, 
cotadutide, and semaglutide[30]. These peptide drugs 
approved for other disease have been found with 
the effect of improving liver inflammation and liver 
fibrosis, now all at different clinical trial stages on 
or after phase Ⅱ[30-33]. Among them, cotadutide is 
believed possessing better effect than liraglutide. 
Semaglutide also has been extended in the 
treatment of nonalcoholic steatohepatitis (NASH) 
in clinical trials[31-33]. 

Our laboratory works on metabolism diseases 
for years. After the discovery of Obestatin in 
2005 with similar strategy[34], we have discovered 
a novel circulating peptide hormone named 
Metabolitin (MTL), a potential MAFLD drug[33]. 
After the identification of its endogenous receptor 
GPRC6A, we found MTL-GPRC6A can improve 
hepatosteatosis and insulin resistance, regulate the 
lipid absorption and intestinal hormone Neurotensin 
and GLP-1 secretion in intestine. More interestingly, 
the biological effect of oral MTL administration is 
consistent with that of intraperitoneal injected one. 
This study was published in Journal of Hepatology 
in February 2020, which laid the foundation for the 
follow-up research and introduced new bioactive 
molecule and signaling pathway for MAFLD 
diseases[35]; most importantly, it seems MTL works 
through a new strategy which is absent in the 
MAFLD treatment before.
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3  Peptide drugs discovery strategies
Peptide drug is still a small class relative to 

other drugs. Unlike small molecule drug discovery 
has been highly matured to achieve comprehensive 
and systematic screening, peptide drugs screening 
strategies are still sparse and limited[6,36]. So far, there 
is no common and replicable development strategy 
for peptide in the pharmaceutical industry, but still 
dependent much on basic research to find potential 
targets for subsequent preclinical and, hopefully 
clinical development. Based on the properties 
of peptide itself, related pathways, molecule-
molecule interactions and individual biofunctional 
characteristics, usually, laboratories develop their 

own specific strategies under a basically same 
peptide study framework (Fig. 1).

Due to the aforementioned l imitations 
of peptide, peptide drug discovery is also a 
complicated and struggling field in pharmaceutical 
industry. So far, for the most time, only the well-
studied and well-understood peptides, the so 
called 'low hanging fruits', may payback the effort 
of those studies[36]. However, once there's major 
breakthrough for an individual peptide candidate, 
peptide drugs' high efficacy, low immunogenicity, 
rarely observed drug-drug interactions, and 
nonmechanistic-based toxicology[37] will make the 
research and development process much smoother 
compare to other drug categories. 

Fig.1  Peptide drug development, discovery resources and techniques. 
All the molecular structure used in this figure are obtained from the PubChem website: https://pubchem.ncbi.
nlm.nih.gov/.
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3.1  Based on known human peptide 
hormones or functional peptides

Based on known human peptide hormones or 
known functional peptide to start drug development, 
is the most commonly used strategy for peptide. 
Started from insulin, the first major peptide drug 
which was identified in 1921 and commercialized 
in 1922, peptide researches have mainly focused on 
innate human peptide hormones in the last several 
decades[38]. Peptide hormones, as natural biological 
molecules, usually represent viable and validated 
leads for drug discovery. These endogenous 
molecules exercise their hormonal function through 
their receptors or target proteins, most of them have 
very short half-lives. Once a bioeffect determined 
peptide approach to the preclinical study stage, 
inevitably, the medicinal chemistry techniques are 
involved to improve their stability, pharmacokinetics 
and pharmacodynamics[39-41]. 

Among peptide drugs, there's a particularly 
successful example for this strategy, GLP-1. This 37 AA 
long peptide can be broken rapidly by dipeptidyl 
peptidase 4 (DPP4) in vivo, its degradation 
susceptibility bottlenecks its possibility to develop 
into a drug[42]. A replacement modification of 
position 2 Alanine residue by other short side-chain 
AAs like glycine improves the molecule's ability 
to against enzymes' degradation and smoothes the 
subsequent pharmaceutical processing. Besides, 
further modifications are needed to improve peptides' 
drug product performance. D-amino acids and 
unnatural amino acids substitution, amino-terminal 
(N-terminal) capping, deamination and particular 
residues replacing are common ways[43]. Since 1980s, 
based on this strategy, nearly 20 peptide drugs have 
been successfully developed, such as oxytocin, 
vasopressin, desmopressin and atosiban[44-45].

3.2  Based on natural product from other 
species

Peptides from other organisms are another 
resource of drug candidates. This natural source 

provides opportunities for novel bioactive peptides 
mining and drug development[46]. These peptides often 
have unique structures and nonstandard amino acids 
like ornithine, kynurenine, etc., which endows them 
better drug properties including higher selectivity, 
potency and in vivo stability. 

The number of peptide drugs discovered 
from non-human species keeps increasing. Some 
peptide drugs, such as vancomycin and cyclosporin, 
are derived from bacteria and fungi, which are 
synthesized by large multi-modular enzymes 
called nonribosomal peptide synthetases but not by 
ribosome with nonstandard amino acids[47]. Venomous 
animals' vast array of peptide toxins supply variety of 
pharmacological targets. Most of these venoms are 
disulfide-rich peptides, highly permissive to mutation, 
which endues them good engineering operability 
for screening new functions[48-49]. For example, the 
human hormone derived GLP-1 peptide undergoes 
rapid in vivo renal clearance (1-2 minutes), but the 
Gila monster venom derived 39-AA residues peptide 
exendin 4, can be stable under the DPP4 degradation 
and have much slower renal clearance rate. Meantime, 
this 53% human GLP-1(7-37) homologous peptide 
has high affinity to the GLP-1 receptor, supporting 
its development into the drug exenatide[43,50].

3.3  Emerging strategies based on new 
techniques and approaches

Theoretically, thousands of untapped peptides 
could be served as targets for drug development. 
However, the traditional screening, purifying, 
sequencing, and then elucidating a hit is a time-
consuming and inefficient approach. The involvement 
of some state-of-the-art techniques in drug discovery 
has created new and possibly powerful strategies for 
polypeptide drug development.

Molecular display technology has been 
invented for almost four decades, with the maturity 
of recombinant technologies and library design, in 
recent days, this method has become more efficient 
and applicable for the discovery of peptide leads 
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against biological targets. The first approved peptide 
drug by using display technology was peginesatide, 
an erythropoiesis-stimulating agent without 
homology with natural erythropoietin, screened 
from a peptide library[51]. There are other approved 
peptide drugs also based on this strategy, such as 
romiplostim[52] and ecallantide[53].

With the rapid development, bioinformatics 
and computational biology has ushered in an 
era of quicker, cheaper and more effective drug 
discovery. High-throughput data such as genomic, 
transcriptomic and proteomic data accelerate 
establishment of protein/peptide libraries and 
identification of drug targets. Cryo-electron 
microscopy (Cryo-EM) greatly accelerates the 
protein structural information collecting, which 
paves the way for more realistic protein-peptide 
docking information and more informative virtual 
screening[54]. Now, it's much efficient to obtain a 
predict information such as structure, surface charge 
or interaction affinity of generated peptide.

3.4  A glance at future peptide drug 
discoveries and applications

Due to the mechanisms of peptide to regulate 
the bioeffects, as it is being, peptide drugs 
developed in the following years will still be 
used to treat metabolic disorders. Because of the 
complicated modulations peptide involved in, 
peptide drug development is still concentrated in the 
preclinical development stage in the next decade. 
There still need new techniques to deal with the 
pharmaceutical disadvantages of the peptides, from 
upgraded screening library, synthesis of specially 
constructed peptides, to efficient delivery methods 
for the discovery, production, and optimization of 
successful peptide drug development. However, with 
the development of advanced techniques such as the 
protein structure prediction tool Alphafold[55], and the 
powerful tool just developed by Cao et al. to design 
protein binding proteins using only the 3-dimentional 
structure of the target[56], the successful rate of 

peptide drugs could be accelerated.

4  Conclusion

Peptide drugs have raised tremendous interest in 
pharmaceutical industry and in academic researchers 
in recent years with their outperformed characteristics 
over small molecules and large biologics. Compare 
to small molecular and macromolecular drugs, 
peptides have obvious advances to meet medical 
needs. Although the peptide drugs are still a smaller 
proportion in modern pharmaceutical market, with 
the peptide drug discovery in both academy and 
industry actively, there will be a promising future for 
this field.

5  Conflicts of interest
These authors have no conflict of interest to 

declare.

6  Acknowledgement
This research was supported by the Nation 

Key Research and Development Program of China 
(2021YFA0719303), Nation Natural Science 
Foundation of China (32100572), Shenzhen Science 
and Technology Program (JCYJ20200109115441918, 
JCYJ20210324102013035 and JCYJ20210324123610028), 
Shenzhen Key Laboratory of Metabolic Health 
(ZDSYS20210427152400001).  

References
[1] Kaspar AA, Reichert JM. Future directions for peptide 

therapeutics development[J]. Drug Discov Today, 
2013, 18(17-18):807-817.

[2] David L. Lehninger principles of biochemistry[M]. 
6th ed. New York: New York Worth Publishers, 2013.

[3] Kaur K, Singh I, Kaur P, et al. Food and drug 
administration (fda) approved peptide drugs[J]. Asian 
J Res Biological Biol Pharm Sci, 2015, 3(3):75-88.

[4] Ladner RC, Sato AK, Gorzelany J, et al. Phage 
display-derived peptides as therapeutic alternatives to 
antibodies[J]. Drug Discov Today, 2004, 9(12):525-529.

[5] McGregor DP. Discovering and improving novel 
peptide therapeutics[J]. Curr Opin Pharmacol, 2008, 
8(5):616-619.



Journal of Holistic Integrative Pharmacy, Vol.3  Issue 1  March 202230

[6] Fosgerau K, Hoffmann T. Peptide therapeutics: 
current status and future directions[J]. Drug Discov 
Today, 2015, 20(1):122-128.

[7] D'Hondt M, Bracke N, Taevernier L, et al. Related 
impurities in peptide medicines[J]. J Pharm Biomed 
Anal, 2014, 101:2-30.

[8] Wang KQ, Xu HM. Advances in Research on 
Polypeptide Drugs[J]. Prog Pharm Sci, 2015, 
39(9):642-650.

[9] Muttenthaler M, King GF, Adams DJ, et al. Trends 
in peptide drug discovery[J]. Nat Rev Drug Discov, 
2021, 20(4):309-325.

[10] Wang L, Wang N, Zhang W, et al. Therapeutic 
peptides: current applications and future directions[J]. 
Signal Transduct Target Ther, 2022, 7(1):48.

[11] Rastogi S, Shukla S, Kalaivani M, et al. Peptide-
based therapeutics: quality specifications, regulatory 
considerations, and prospects[J]. Drug Discov Today, 
2019, 24(1):148-162.

[12] Al Shaer D, Al Musaimi O, Albericio F, et al. 
2019 FDA TIDES (peptides and oligonucleotides) 
harvest[J]. Pharmaceuticals, 2020, 13(3).

[13] Al Musaimi O, Al Shaer D, Albericio F, et al. 
2020 FDA TIDES (peptides and oligonucleotides) 
harvest[J]. Pharmaceuticals, 2021, 14(2):145.

[14] Al Shaer D, Al Musaimi O, Albericio F, et al. 
2021 FDA TIDES (Peptides and Oligonucleotides) 
Harvest[J]. Pharmaceuticals, 2022, 15(2):222.

[15] Aguilar M, Bhuket T, Torres S, et al. Prevalence of 
the metabolic syndrome in the United States, 2003-
2012[J]. JAMA, 2015, 313(19):1973-1974.

[16] Yan HM, Zhang M, Zhang X, et al. Study of 
epidemiological characteristics of metabolic syndrome 
and influencing factors in elderly people in China[J]. 
Chin J Epidemiol, 2019, 40(3):284-289.

[17] Faulds MH, Dahlman-Wright K. Metabolic diseases 
and cancer risk[J]. Curr Opin Oncol, 2012, 24(1): 
58-61.

[18] Whitten JS. Liraglutide (saxenda) for weight loss[J]. 
Am Fam Physician, 2016, 94(2):161-166.

[19] Davies MJ, Bergenstal R, Bode B, et al. Efficacy of 
liraglutide for weight loss among patients with type 
2 diabetes: the SCALE diabetes randomized clinical 
trial[J]. JAMA, 2015, 314(7):687-699.

[20] Pi-Sunyer X, Astrup A, fujioka K, et al. A randomized, 
controlled trial of 3.0 mg of Liraglutide in weight 
management[J]. N Engl J Med, 2015, 373(1):11-22.

[21] Goldenberg RM, Steen O. Semaglutide: review and 
place in therapy for adults with type 2 diabetes[J]. 
Can J Diabetes, 2019, 43(2):136-145.

[22] Aroda VR, Rosenstock J, Terauchi Y, et al. PIONEER 
1: randomized clinical trial of the efficacy and safety 
of oral semaglutide monotherapy in comparison with 
placebo in patients with type 2 diabetes[J]. Diabetes 
Care, 2019, 42(9):1724-1732.

[23] Chinese Elderly Type 2 Diabetes Prevention and 
Treatment of Clinical Guidelines Writing Group,Geriatric 
Endocrinology and Metabolism Branch of Chinese 
Geriatric Society, Geriatric Endocrinology and 
Metabolism Branch of Chinese Geriatric Health Care 
Society, et al. Clinical guidelines for prevention and 
treatment of type 2 diabetes mellitus in the elderly in 
China (2020 edition)[J]. Chin J Endocrinol Metab, 2021, 
13(4):311-398.

[24] Egan JM, Clocquet AR, Elahi D. The insulinotropic 
effect of acute exendin-4 administered to humans: 
comparison of nondiabetic state to type 2 diabetes[J]. 
J Clin Endocrinol Metab, 2002, 87(3):1282-1290.

[25] Zhang Z, Zou DJ. Progress on the studies of 
lixisenatide and basal insulin combination therapy[J]. 
Drug Evaluation, 2019, 16(21):4-6.

[26] Zinman B, Aroda VR, Buse JB, et al. Efficacy, safety, 
and tolerability of oral semaglutide versus placebo 
added to insulin with or without metformin in 
patients with type 2 diabetes: the PIONEER 8 trial[J]. 
Diabetes Care, 2019, 42(12):2262-2271.

[27] Dempster DW, Cosman F, Kurland ES, et al. Effects 
of daily treatment with parathyroid hormone on 
bone microarchitecture and turnover in patients with 
osteoporosis: a paired biopsy study[J]. J Bone Miner 
Res, 2001, 16(10):1846-1853.

[28] Kendler DL, Marin F, Zerbini CAF, et al. Effects 
of teriparatide and risedronate on new fractures in 
post-menopausal women with severe osteoporosis 
(VERO): a multicentre, double-blind, double-
dummy, randomised controlled trial[J]. Lancet, 2018, 
391(10117):230-240.

[29] Brent MB. Abaloparatide: A review of preclinical 
and clinical studies[J]. Eur J Pharmacol, 2021, 909: 
174409.

[30] Attia SL, Softic S, Mouzaki M. Evolving role for 
pharmacotherapy in NAFLD/NASH[J]. Clin Transl 
Sci, 2021, 14(1):11-19.

[31] Ohki T, Isogawa A, Iwamoto M, et al. The effectiveness 
of liraglutide in nonalcoholic fatty liver disease patients 
with type 2 diabetes mellitus compared to sitagliptin 
and pioglitazone[J]. Sci World J, 2012, 2012:496453.

[32] Nahra R, Wang T, Gadde KM, et al. Effects of 
cotadutide on metabolic and hepatic parameters in 
adults with overweight or obesity and type 2 diabetes 



Journal of Holistic Integrative Pharmacy, Vol.3  Issue 1  March 2022 31

a 54-week randomized phase 2b study[J]. Diabetes 
care, 2021, 44(6):1433-1442.

[33] Newsome PN, Buchholtz K, Cusi K, et al. A Placebo-
controlled trial of subcutaneous semaglutide in 
nonalcoholic steatohepatitis[J]. N Engl J Med, 2021, 
384(12):1113-1124.

[34] Zhang JV, Ren PG, Orna AK, et al. Obestatin, 
a peptide encoded by the ghrelin gene, opposes 
ghrelin's effects on food intake[J]. Science, 2005, 
310(5750):996.

[35] Teng B, Huang C, Cheng CL, et al. Newly identified 
peptide hormone inhibits intestinal fat absorption and 
improves NAFLD through its receptor GPRC6A[J]. 
J Hepatol, 2020, 73(2):383-393.

[36] Henninot A, Collins JC, Nuss JM. The current state of 
peptide drug discovery: back to the future [J]. J Med 
Chem, 2018, 61(4):1382-1414.

[37] Otvos L Jr, Wade JD. Current challenges in peptide-
based drug discovery[J]. Front Chem, 2014, 2:62.

[38] Karamitsos DT. The story of insulin discovery[J]. 
Diabetes Res Clin Pract, 2011, 93:S2-S8.

[39] Nestor JJ Jr. The medical chemistry of peptides[J]. 
Curr Med Chem, 2009, 16(33):4399-4418.

[40] Gentilucci L, De Marco R, Cerisoli L, et al. Chemical 
modifications designed to improve peptide stability 
incorporation of non-natural amino acids, pseudo-
peptide bonds, and cyclization[J]. Curr Pharm Des, 
2010, 16(28):3185-3203.

[41] Adessi C, Soto C. Converting a peptide into a drug 
strategies to improve stability and  bioavailability[J]. 
Curr Med Chem, 2002, 9(9):963-978.

[42] Jones LH, Price DA. Medicinal chemistry of 
glucagon-like peptide receptor agonists[J]. Prog Med 
Chem, 2013, 52:45-96.

[43] Drucker DJ, Nauck MA. The incretin system: 
glucagon-like peptide-1 receptor agonists and 
dipeptidyl peptidase-4 inhibitors in type 2 diabetes[J]. 
Lancet, 2006, 368(9548):1696-1705. 

[44] Manning M, Misicka A, Olma A, et al. Oxytocin and 
vasopressin agonists and antagonists as research tools 
and potential therapeutics[J]. J Neuroendocrinol, 
2012, 24(4):609-628.

[45] Manning M, Stoev S, Chini B, et al. Peptide and non-
peptide agonists and antagonists for the vasopressin 
and oxytocin V1a, V1b, V2 and OT receptors: 
research tools and potential therapeutic agents[J]. 
Prog Brain Res, 2008, 170:473-512.

[46] King GF. Venoms as a platform for human drugs 
translating toxins into therapeutics[J]. Expert Opin 
Biol Ther, 2011, 11(11):1469-1484.

[47] Calcott MJ, Ackerley DF. Genetic manipulation of 
non-ribosomal peptide synthetases to generate novel 
bioactive peptide products[J]. Biotechnol Lett, 2014, 
36(12):2407-2416.

[48] Robinson SD, Undheim EAB, Ueberheide B, et al. 
Venom peptides as therapeutics: advances, challenges 
and the future of venom-peptide discovery[J]. Expert 
Rev Proteomics, 2017, 14(10):931-939.

[49] Lewis RJ, Garcia ML. Therapeutic potential of venom 
peptides[J]. Nat Rev Drug Discov, 2003, 2(10):790-802.

[50] Nielsen LL, Young AA, Parkes DG. Pharmacology 
of exenatide (synthetic exendin-4): a potential 
therapeutic for improved glycemic control of type 2 
diabetes[J]. Regul Pept, 2004, 117(2):77-88.

[51] Wrighton NC, Farrell FX, Chang R, et al. Small 
peptides as potent mimetics of the protein hormone 
erythropoietin[J]. Science, 1996, 273(5274):458-463.

[52] Mol ineux  G ,  Newland  A .  Deve lopmen t  o f 
romiplostim for the treatment of patients with chronic 
immune thrombocytopenia: from bench to bedside[J]. 
Br J Haematol, 2010, 150(1):9-20.

[53] Lehmann A. Ecallantide (DX-88), a plasma kallikrein 
inhibitor for the treatment of hereditary angioedema 
and the prevention of blood loss in on-pump 
cardiothoracic surgery[J]. Expert Opin Biol Ther, 
2008, 8(8):1187-1199.

[54] Xia X. Bioinformatics and drug discovery[J]. Curr 
Top Med Chem, 2017, 17(15):1709-1726.

[55] Jumper J, Evans R, Pritzel A, et al. Highly accurate 
protein structure prediction with AlphaFold[J]. 
Nature, 2021, 596(7873):583-589.

[56] Cao L, Coventry B, Goreshnik I, et al. Design 
of protein binding proteins from target structure 
alone[J/OL]. Nature, DOI: 10.1038/s41586-022-
04654-9.

[57] Edelman S, Maier H, Wilhelm K. Pramlintide in the 
treatment of diabetes mellitus[J]. BioDrugs, 2008, 
22(6):375-386.

[58] Baggio LL, Huang Q, Brown TJ, et al. A recombinant 
human glucagon-like peptide (GLP)-1-albumin 
protein (albugon) mimics peptidergic activation of 
GLP-1 receptor-dependent pathways coupled[J]. 
Diabetes, 2004, 53(9):2492-2500.

[59] Meier JJ. GLP-1 receptor agonists for individualized 
treatment of type 2 diabetes mellitus[J]. Nat Rev 
Endocrinol, 2012, 8(12):728-742.

[60] Chesnut CH 3rd, Azria M, Silverman S, et al. Salmon 
calcitonin a review of current and future therapeutic 
indications[J]. Osteoporos Int, 2008, 19(4):479-491.


