
Turnitin Universitas Muslim Indonesia

test plagiat

Fatty acid-heterocyclic hybrids  from green algae as novel therapeutic  prospects for diabetes management

Fatty acid-heterocyclic hybrids  from green algae as novel 
therapeutic  prospects for diabetes management

Arvanita puba

Document Details

Submission ID

trn:oid:::1:3586542956

Submission Date

Jun 4, 2026, 2:26 PM GMT+8

Download Date

Jun 4, 2026, 2:34 PM GMT+8

File Name

Syarat_Khusus_dr._Aryanti.pdf

File Size

2.1 MB

42 Pages

23,750 Words

141,821 Characters

Page 1 of 53 - Cover Page Submission ID trn:oid:::1:3586542956

Page 1 of 53 - Cover Page Submission ID trn:oid:::1:3586542956



9% Overall Similarity
The combined total of all matches, including overlapping sources, for each database.

Filtered from the Report

Bibliography

Quoted Text

Cited Text

Exclusions
7 Excluded Sources

5 Excluded Matches

Match Groups

190 Not Cited or Quoted  9%
Matches with neither in-text citation nor quotation marks

0 Missing Quotations  0%
Matches that are still very similar to source material

0 Missing Citation  0%
Matches that have quotation marks, but no in-text citation

0 Cited and Quoted  0%
Matches with in-text citation present, but no quotation marks

Top Sources

6% Internet sources

8% Publications

2% Submitted works (Student Papers)

Integrity Flags
1 Integrity Flag for Review

Replaced Characters
37 suspect characters on 24 pages 
Letters are swapped with similar characters from another alphabet.

Our system's algorithms look deeply at a document for any inconsistencies that 
would set it apart from a normal submission. If we notice something strange, we flag 
it for you to review.

A Flag is not necessarily an indicator of a problem. However, we'd recommend you 
focus your attention there for further review.

Page 2 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 2 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956



Match Groups

190 Not Cited or Quoted  9%
Matches with neither in-text citation nor quotation marks

0 Missing Quotations  0%
Matches that are still very similar to source material

0 Missing Citation  0%
Matches that have quotation marks, but no in-text citation

0 Cited and Quoted  0%
Matches with in-text citation present, but no quotation marks

Top Sources

6% Internet sources

8% Publications

2% Submitted works (Student Papers)

Top Sources
The sources with the highest number of matches within the submission. Overlapping sources will not be displayed.

1 Internet

pmc.ncbi.nlm.nih.gov <1%

2 Internet

dmsjournal.biomedcentral.com <1%

3 Internet

mdpi-res.com <1%

4 Publication

Hasan M. H. Mansoor, Mohammad Ali Alquaary, Fouda Mohammed Ali Aisha, Abd… <1%

5 Publication

Md. Shahidul Islam. "Organic Acids in Diabetes - Applications and Mechanisms", C… <1%

6 Publication

Ghulam Md Ashraf, Md. Habibur Rahman, Karri V. V. S. Narayana Reddy, Chenmal… <1%

7 Publication

Aysun Yücetepe, Waseem Khalid, Iskandar Azmy Harahap, Farzana Siddique et al.… <1%

8 Internet

e-dmj.org <1%

9 Internet

ebin.pub <1%

10 Internet

greenmedicaljournal.umi.ac.id <1%

Page 3 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 3 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://pmc.ncbi.nlm.nih.gov/articles/PMC12144844/
https://dmsjournal.biomedcentral.com/counter/pdf/10.1186/s13098-025-01869-4.pdf
https://mdpi-res.com/d_attachment/ijms/ijms-27-04753/article_deploy/ijms-27-04753.pdf?version=1779712745
https://doi.org/10.1007/s44217-026-01356-6
https://doi.org/10.1201/9781003495802
https://doi.org/10.1201/9781003478652
https://doi.org/10.1016/j.tifs.2026.105778
https://e-dmj.org/journal/view.php?number=2601
https://ebin.pub/olives-and-olive-oil-in-health-and-disease-prevention-2nbsped-0128195282-9780128195284.html
https://greenmedicaljournal.umi.ac.id/index.php/gmj/article/download/138/74/


11 Publication

Masrul Lubis, Andri Iskandar Mardia. "Integrated in silico and in vitro evaluation … <1%

12 Internet

public-pages-files-2025.frontiersin.org <1%

13 Publication

"Reactive Oxygen Species in Metabolic Inflammation", Springer Science and Busi… <1%

14 Publication

Johnatan Torres-Torres, Irma Eloisa Monroy-Muñoz, Javier Perez-Duran, Juan Mari… <1%

15 Internet

www.frontiersin.org <1%

16 Publication

"IUNS. 21st International Congress of Nutrition. Buenos Aires, Argentina, Octobe… <1%

17 Publication

Shandesh Bhattarai, Edivan Carvalho Vieira, Mahendra Rai. "Bioactive Compound… <1%

18 Internet

vital.seals.ac.za:8080 <1%

19 Internet

www.preprints.org <1%

20 Publication

"Algae: A Promising Source of Food, Feed and Bioproducts", Springer Science and … <1%

21 Publication

Fahrul Nurkolis, Nurpudji Astuti Taslim, Rony Abdi Syahputra,  Annette d’Arqom e… <1%

22 Internet

hal.science <1%

23 Internet

www.all4nutra.com <1%

24 Publication

Marcello Mikhael Kadharusman, Rony Abdi Syahputra, Rudy Kurniawan, Edwin H… <1%

Page 4 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 4 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://doi.org/10.1007/s11033-026-11704-2
https://public-pages-files-2025.frontiersin.org/research-topics/65839/epub
https://doi.org/10.1007/978-3-032-11752-6
https://doi.org/10.3390/ijms252111641
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2022.1015622/full
https://doi.org/10.1159/000480486
https://doi.org/10.1201/9781003668169
http://vital.seals.ac.za:8080/vital/access/services/Download/vital:40606/SOURCE1
https://www.preprints.org/manuscript/202307.0722/v1
https://doi.org/10.1007/978-3-032-22521-4
https://doi.org/10.1016/j.jafr.2025.101873
https://hal.science/hal-05009710
http://www.all4nutra.com/wp-content/uploads/2026/02/Marine-nutraceuticals-and-their-role-in.pdf
https://doi.org/10.1186/s13098-025-01823-4


25 Publication

"Algae in Diabetes Management", Springer Science and Business Media LLC, 2025 <1%

26 Internet

link.springer.com <1%

27 Internet

www.drugpatentwatch.com <1%

28 Publication

Anushka Sharma, Rahul Dubey, Ritu Bhupal, Preeti Patel, Sant Kumar Verma, Sav… <1%

29 Internet

jcis.cust.edu.pk <1%

30 Internet

www.hollandclinic.com <1%

31 Publication

Arti Devi, Nancy George, Zaved Ahmed Khan, Vagish Dwibedi. "Exploring Herbal S… <1%

32 Publication

Dora Mutlu, Ayse Nilay Doldur, Deniz Cavdar, Gulay Ozkan, Fatma Duygu Ceylan. … <1%

33 Publication

Rakesh Kumar Tekade, Shailendra Saraf, Swarnlata Saraf. "Biomolecular and Safe… <1%

34 Publication

Tiago Conde, Diana Lopes, Wojciech Łuczaj, Bruno Neves et al. "Algal Lipids as Mo… <1%

35 Publication

Yingxin Tian, Yiming Ni, Ting Zhang, Yemin Cao, Cheng Zhao, Mingmei Zhou. "Pot… <1%

36 Publication

"RSSDI 2025 NUTRITION GUIDELINES FOR INDIVIDUALS WITH TYPE 2 DIABETES (S… <1%

37 Publication

Rakesh Kumar Bachheti, Archana Bachheti, Azamal Husen. "Phenolic Compounds… <1%

38 Publication

Tingting Zhang, Mingyue Li, Jingyang Lu, Jia Wang, Min Zhang, Pharkphoom Pani… <1%

Page 5 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 5 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://doi.org/10.1007/978-981-95-0571-5
https://link.springer.com/chapter/10.1007/978-981-97-1662-3_4?code=bd06543b-94cc-4383-8cf2-20cec0787da9&error=cookies_not_supported
https://www.drugpatentwatch.com/p/drugs-in-development/drugname/vendors/patent-applications/vendors/patent-applications/clinical-trials/index.php?query=Dexanabinol
https://doi.org/10.1007/s11030-023-10728-1
https://jcis.cust.edu.pk/wp-content/uploads/2025/06/Naveed_Iqbal_Soomro_Bio.pdf
https://www.hollandclinic.com/inflammation-and-obesity
https://doi.org/10.1201/9781003539131
https://doi.org/10.1007/s44187-025-00573-6
https://doi.org/10.1201/9781003546634
https://doi.org/10.3390/metabo12020096
https://doi.org/10.1016/j.ijbiomac.2025.149823
https://doi.org/10.1007/s13410-025-01502-0
https://doi.org/10.1201/9781003527671
https://doi.org/10.3390/molecules30030665


39 Publication

Vito Anggarino Damay, Juan Leonardo, Axel Brahmantyo Maynardo Nugroho, Vin… <1%

40 Internet

biosignaling.biomedcentral.com <1%

41 Internet

www.sochob.cl <1%

42 Publication

"Advanced Targeting of the Lymphatic System", Springer Science and Business M… <1%

43 Publication

"Neuroprotective Marine Bioactives", Springer Science and Business Media LLC, 2… <1%

44 Publication

Visuddho Visuddho, Princella Halim, Helen Helen, Adi Muradi Muhar et al. "Modul… <1%

45 Internet

brieflands.com <1%

46 Internet

healthjade.com <1%

47 Student papers

Galen College <1%

48 Publication

Sara Saber, Abdel Ghany F. Shoier, Abdelrahman I. Nasab, Omar M. Shokir et al. "… <1%

49 Internet

dspace.uib.es <1%

50 Publication

Pinky Arora, Arnav Tyagi, Vanktesh Kumar, Stalin Arulsamy, Mahi Kaushik, Shubh… <1%

51 Publication

Rajkumar Rajendram, Victor R. Preedy, Vinood B. Patel. "Ancient and Traditional F… <1%

52 Student papers

University of Louisiana, Lafayette <1%

Page 6 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 6 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://doi.org/10.1016/j.phyplu.2025.100929
https://biosignaling.biomedcentral.com/articles/10.1186/s12964-025-02354-1
https://www.sochob.cl/web1/wp-content/uploads/2024/08/Adipose-Tissue-A-Novel-Target-of-the-Incretin-Axis-A-Paradigm-Shift-in-Obesity-Linked-Insulin-Resistance.pdf
https://doi.org/10.1007/978-3-031-64828-1
https://doi.org/10.1007/978-981-95-5791-2
https://doi.org/10.3390/md22080338
https://brieflands.com/articles/jnms-158696
https://healthjade.com/glp-1/
https://doi.org/10.1002/slct.202504804
https://dspace.uib.es/xmlui/bitstream/handle/11201/170148/Barcel%c3%b3_Nicolau_Maria%20%20.pdf?isAllowed=y&sequence=1
https://doi.org/10.1016/j.molstruc.2026.146281
https://doi.org/10.1201/9781003260028


53 Internet

pubannotation.org <1%

54 Publication

Olugbemi Tope Olaniyan, Abraham Olufemi Asuku, Chioma A. Ohanenye. "Apithe… <1%

55 Publication

Raymond Rubianto Tjandrawinata, Isabela Caiado Caixeta Vencio, Axel Brahmant… <1%

56 Publication

Sandesh Kumar Pattanaik, Manisha Prajapati Anil, Sudipta Jena, Diptirani Rath. "… <1%

57 Internet

cst.kipmi.or.id <1%

58 Internet

era.ed.ac.uk <1%

59 Internet

impactfactor.org <1%

60 Internet

www.bloomtechz.com <1%

61 Publication

Alejandro M. S. Mayer, Aimee J. Guerrero, Abimael D. Rodríguez, Orazio Taglialate… <1%

62 Publication

Daniela Gabbia, Sara De Martin. "Brown Seaweeds for the Management of Metab… <1%

63 Publication

Maima Matin, Magdalena Koszarska, Atanas G. Atanasov, Karolina Król-Szmajda, … <1%

64 Publication

Mihaela Popescu, Kristina Radivojevic, Diana-Maria Trasca, Renata Maria Varut, Ir… <1%

65 Publication

Mohammed A. Marzouk. "Pyrimidine derivatives as multifaceted antidiabetic age… <1%

66 Internet

cuir.car.chula.ac.th <1%

Page 7 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 7 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://pubannotation.org/docs/sourcedb/PMC/sourceid/4942928
https://doi.org/10.1201/9781003685654
https://doi.org/10.1186/s13098-025-01868-5
https://doi.org/10.2174/0115733998335480241022084655
https://cst.kipmi.or.id/journal/article/download/1497/190/
https://era.ed.ac.uk/bitstream/handle/1842/41695/McNeill2024.pdf?isAllowed=y&sequence=3
https://impactfactor.org/PDF/IJDDT/16/IJDDT,Vol16,Issue17s,Article81.pdf
https://www.bloomtechz.com/info/the-emerging-role-of-imidazole-2-carboxaldehyd-99659552.html
https://www.mdpi.com/1660-3397/18/1/5
https://doi.org/10.3390/molecules25184182
https://doi.org/10.3390/molecules29194695
https://doi.org/10.3390/ph18050682
https://doi.org/10.1016/j.ejmech.2025.117859
http://cuir.car.chula.ac.th/bitstream/123456789/43601/1/5173802523.pdf


67 Internet

dokumen.pub <1%

68 Internet

molmed.biomedcentral.com <1%

69 Internet

onlinelibrary.wiley.com <1%

70 Internet

repository.aaup.edu <1%

71 Publication

"Algae-Derived Biochemicals of Industrial Importance", Springer Science and Bus… <1%

72 Publication

"Biomass-based Cosmetics", Springer Science and Business Media LLC, 2024 <1%

73 Publication

"Model Organisms in Biological Research", Springer Science and Business Media … <1%

74 Publication

Anna Merlo, Fosca Conti. "Bioactive Derivatives from Algae: Properties and Applic… <1%

75 Publication

Ewgenij Proschak, Pascal Heitel, Lena Kalinowsky, Daniel Merk. "Opportunities an… <1%

76 Publication

Greta Gujytė, Giedrė Rapševičiūtė, Aleksandra Černiakova, Ieva Petrauskaitė, Agn… <1%

77 Publication

Sammueal Ong Jun Kai, Matthew Myint, Chee Fan Tan, Yi Fan Hong et al. "Is gree… <1%

78 Publication

Santiago Garcia-Vallvé, Laura Guasch, Sarah Tomas-Hernández, Josep Maria del B… <1%

79 Publication

Sonia Srivastava, Swarnima Mishra, Gyan Babu, Banalata Mohanty. "Neurotensin … <1%

80 Publication

Thakur Gurjeet Singh, Sanjana Mehta. "Pharmacotherapy Approaches Toward En… <1%

Page 8 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 8 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://dokumen.pub/plant-secondary-metabolites-chemistry-and-role-a-biosynthetic-and-mechanistic-approach.html
https://molmed.biomedcentral.com/counter/pdf/10.1186/s10020-024-00977-7.pdf
http://onlinelibrary.wiley.com/store/10.1046/j.1442-1984.2000.00037.x/asset/j.1442-1984.2000.00037.x.pdf;jsessionid=C15703EBB97835595743B2D88D9CCAA5.f03t02?s=9beabe07be371f18f8a177acf1a38dd7fd3157a9&t=ibbazfxd&v=1
https://repository.aaup.edu/bitstream/123456789/3432/1/BMS-CP-2024-51.pdf
https://doi.org/10.1007/978-3-031-85550-4
https://doi.org/10.1007/978-981-97-1908-2
https://doi.org/10.1007/978-981-92-0038-2
https://doi.org/10.2478/rtuect-2023-0032
http://pubs.acs.org/doi/abs/10.1021/acs.jmedchem.6b01287
https://doi.org/10.3390/ijms27115030
https://doi.org/10.1016/j.algal.2025.104268
https://doi.org/10.1021/jm501155f
https://doi.org/10.1016/j.repbio.2023.100828
https://doi.org/10.1201/9781779640154


81 Publication

Vijayendar Venepally, Ram Chandra Reddy Jala. "An insight into the biological acti… <1%

82 Publication

Vineet Kumar, Sarvesh Kumar, Mohammad Hassan, Hailong Wu et al. "Novel Chal… <1%

83 Publication

Yinxian Li, Xuejiao Cao, Juzi Wang, Limei Qi, Jing Yan. "Time-to-event risk predicti… <1%

84 Internet

backend.orbit.dtu.dk <1%

85 Internet

datapdf.com <1%

86 Internet

ehemj.com <1%

87 Internet

elibrary.tucl.edu.np <1%

88 Internet

ia800205.us.archive.org <1%

89 Internet

impa.usc.edu <1%

90 Internet

paravet3.um.ac.ir <1%

91 Internet

pharmrxiv.de <1%

92 Internet

storage.imrpress.com <1%

93 Internet

www.asclepius-biotech.com <1%

94 Internet

www.dovepress.com <1%

Page 9 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 9 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://doi.org/10.1016/j.ejmech.2017.09.069
https://doi.org/10.1021/jm2002348
https://doi.org/10.1186/s12911-026-03485-2
https://backend.orbit.dtu.dk/ws/files/442443869/aa55859-25.pdf
https://datapdf.com/organometallic-anticancer-compounds-acs-publications-americafdbf00d583f68d14653f210b527ed6b687199.html
http://ehemj.com/browse.php?a_id=1863&ftxt=1&sid=1&slc_lang=en
https://elibrary.tucl.edu.np/bitstream/123456789/19111/1/FINAL%204-26%20Basanta%20%20PhD%20Thesis%20%20CD%20%282%29.pdf
https://ia800205.us.archive.org/21/items/BasicAndClinicalPharmacology/Basic%20%20and%20Clinical%20Pharmacology_djvu.txt
https://impa.usc.edu/asset-management/2A3BF164ANWD
https://paravet3.um.ac.ir/Areas/Panel/Hamayesh/1/Files/Proceeding___.pdf
https://pharmrxiv.de/servlets/MCRFileNodeServlet/pharmrxiv_derivate_00021420/biomolecules-15-00820-v2.pdf
https://storage.imrpress.com/IMR/2045021316767920000/application/2768-6698-31-4-47779.pdf
https://www.asclepius-biotech.com/blog/is-apiin-effective-in-treating-diabetes-950379.html
https://www.dovepress.com/search_results.php%3Fsearch_word=management+of+cavity+woundshttps:/www.dovepress.com/browse_journals.php


95 Internet

www.eurekaselect.com <1%

96 Internet

www.jidmr.com <1%

97 Internet

www.spandidos-publications.com <1%

98 Internet

www.wjgnet.com <1%

99 Publication

"Algal Photobioreactors", Springer Science and Business Media LLC, 2026 <1%

100 Publication

Abraham Olufemi Asuku, Ayodeji Johnson Ajibare, Olugbemi Tope Olaniyan. "Bior… <1%

101 Publication

Edward Kurnia Setiawan Limijadi, Fiona Nishani, Patricia Daliu, Erda Qorri, Edwin … <1%

102 Publication

Wilbert S. Aronow, Jerome L. Fleg, Michael W. Rich. "Tresch and Aronow's Cardiov… <1%

103 Publication

"Drugs from Nature: Targets, Assay Systems and Leads", Springer Science and Bu… <1%

104 Publication

"Recent Trends and Developments in Algal Biofuels and Biorefinery", Springer Sci… <1%

105 Publication

Leopoldo Javier Ríos González, Jośe Antonio Rodríguez-De La Garza, Miguel Ángel … <1%

106 Publication

Mulchand S. Patel, Jens H. Nielsen. "Fetal and Early Postnatal Programming and It… <1%

107 Publication

Soheila Esmaili, Ahmad Ebadi, Ardeshir Khazaei, Hamideh Ghorbani et al. " Novel … <1%

108 Publication

T. Pullaiah. "Phytochemistry and Pharmacology of Medicinal Plants", Apple Acade… <1%

Page 10 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 10 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://www.eurekaselect.com/article/142157
http://www.jidmr.com/journal/wp-content/uploads/2024/06/15-D24_3099_IDA_Bagus_Narmada_Indonesia-Exp.pdf
https://www.spandidos-publications.com/10.3892/mmr.2025.13773
https://www.wjgnet.com/1948-9358/full/v15/i2/154.htm
https://doi.org/10.1007/978-981-95-8431-4
https://doi.org/10.1201/9781003657385
https://doi.org/10.1186/s13098-026-02113-3
https://doi.org/10.1201/9781003568933
https://doi.org/10.1007/978-981-99-9183-9
https://doi.org/10.1007/978-3-031-52319-9
https://doi.org/10.1201/9781003105053
https://doi.org/10.1201/9781315154312
https://doi.org/10.1021/acsomega.3c00133
https://doi.org/10.1201/9781003334873


109 Internet

worldwidescience.org <1%

Page 11 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

Page 11 of 53 - Integrity Overview Submission ID trn:oid:::1:3586542956

https://worldwidescience.org/topicpages/p/pro-+inflammatory+cytokine.html


R E V I E W Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​​/​c​r​e​a​​t​i​v​e​c​o​​m​m​o​n​​s​.​o​r​g​​/​l​i​c​e​​n​s​
e​s​/​b​​y​-​n​c​​-​n​d​/​4​.​0​/.

Bamahry et al. Discover Food           (2025) 5:329 
https://doi.org/10.1007/s44187-025-00636-8

*Correspondence:
Rony Abdi Syahputra
rony@usu.ac.id

Full list of author information is 
available at the end of the article

Fatty acid-heterocyclic hybrids 
from green algae as novel therapeutic 
prospects for diabetes management
Aryanti R. Bamahry1,2, Abdul Mubdi Ardiansyar3, Asrini Safitri1, Derren David Christian Homenta Rampengan4,  
Rony Abdi Syahputra5*, Nurpudji Astuti Taslim6, Antonello Santini7, Sergio Vencio8 and Fahrul Nurkolis9,10,11

1  Introduction
Diabetes mellitus is characterized by high blood sugar for a long period of time and is 
one of the modern health challenges because of the escalating trend worldwide related 
to obesity, inactivity, and age [1]. The incidence of diabetes is in the hundreds of mil-
lions and is likely to increase in the next two decades [2, 3]. It has been projected that 
there will be 9.50 million sufferers of type 1 diabetes [4], while the prevalence of type 2 
diabetes is on the rise, with an estimated 462 million individuals affected globally, corre-
sponding to 6.28% of the world’s population [5]. In Indonesia, according to the Interna-
tional Diabetes Federation, the prevalence of diabetes among adults in 2024 is estimated 
to be 11.3%, which translates to approximately 20.4 million people [6]. Therapeutic strat-
egies involving synthetic hypoglycemic agents and insulin could successfully lower the 
blood glucose in the circulation, but these interventions exhibit significant side effects, 
little success in attacking the root cause of the progression of the disease, and failure to 

Discover Food

Abstract
Diabetes mellitus is a major global health concern, driven by insulin dysfunction, 
oxidative stress, and chronic inflammation. Current treatments often have side 
effects, prompting interest in natural alternatives. Green algae have emerged as a 
promising source of fatty acid-heterocyclic hybrids—bioactive compounds with 
improved bioavailability, cell permeability, and multi-target antidiabetic activity. 
This review highlights their structural features, biosynthesis, extraction, and analysis, 
along with key mechanisms of action, including enzyme inhibition (α-glucosidase, 
α-amylase), modulation of insulin signaling (AMPK, PI3K/Akt), antioxidant and anti-
inflammatory effects, and beta-cell protection. While preclinical results are promising, 
further research is needed to standardize activity, enhance bioavailability, and validate 
efficacy through clinical studies. Fatty acid-heterocyclic hybrids from green algae offer 
a novel and promising approach to diabetes management.

Keywords  Green algae, Fatty acid, Diabetes, Antidiabetic agents, Insulin resistance, 
Bioactive marine compounds, Oxidative stress
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manage in the long term [7, 8]. This scenario paves the way for the use of natural prod-
ucts as potential alternatives for managing diabetes, especially from plant-derived com-
pounds [9, 10].

Marine algae are great resources of diverse bioactive metabolites, including polysac-
charides, polyphenols, and fatty acids, which can ameliorate the events associated with 
oxidative stress, inflammation, and metabolism [11, 12]. Among these, green algae pos-
sess unique biochemical complexity, which makes them more efficient in synthesizing 
fatty acid-heterocyclic hybrid molecules [13]. These hybrid molecules share an amphi-
philic nature of the fatty acid and a specific biological property exhibited by the het-
erocyclic rings, such as enzymatic inhibition, anti-oxidation, and cellular regulation. The 
inhibition of oxidative and inflammatory events could control the deterioration of the 
beta-pancreatic cells and insulin resistance [14].

This review addressed the role of green algae-based fatty acid-heterocyclic hybrids in 
regulating diabetes by exploring their mechanism of action and comparing them with 
other synthetic and natural resources for managing diabetes. This review is based on the 
available experimental and conceptual advancements to summarize the updated infor-
mation concerning the discovery, extraction, characterization, and the mechanism of 
action of green algae-derived fatty acid-heterocyclic hybrid molecules for managing dia-
betes. This review includes limitations and future studies.

To effectively present the latest advancement of fatty acid-heterocyclic hybrids, this 
study evaluated data and information extracted from in vitro and in vivo experiments, 
comparing the use of synthetic hypoglycemic agents and natural resources for manag-
ing diabetes, and exploring research and development history. In all three approaches, 
reliability and relevance were appraised with all aspects of the literature, including meth-
odological challenges. Overall, this is a comprehensive review and provides insight into 
current advances on green algae-based fatty acid-heterocyclic hybrids in managing dia-
betes, including its limitations and future prospects.

Few reports concerning green algae-based fatty acid-heterocyclic hybrids have been 
published related to diabetes, which include alpha-amylase and alpha-glucosidase 
enzyme inhibition, cellular glucose uptake, and cytoprotective effects on beta-pancreatic 
cells [15, 16]. However, these findings are preliminary results, and no clinical trials have 
been conducted. Moreover, the extraction and characterization of different compounds 
in green algae-derived hybrids require sophisticated protocols in order to extract each 
component, as the components share similar solubility.

Therefore, the aim of this review is to comprehensively explore the therapeutic poten-
tial of fatty acid-heterocyclic hybrid compounds derived from green algae in the context 
of type 2 diabetes management. This paper provides an integrative synthesis of current 
knowledge surrounding their extraction methods, structural characteristics, pharmaco-
logical activities, and molecular mechanisms of antidiabetic action, particularly focusing 
on enzyme inhibition, insulin signaling modulation, beta-cell preservation, and anti-
inflammatory and antioxidant effects.

The significance of this review lies in its systematic consolidation of preclinical evi-
dence that supports the multifunctionality of these compounds, which may offer a 
promising natural alternative to conventional synthetic antidiabetic agents that are 
often limited by adverse effects and mono-target actions. Moreover, by highlighting the 
molecular duality of fatty acid-heterocyclic hybrids—combining membrane-permeable 
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fatty acid chains and biologically active heterocyclic moieties—this review underlines 
their potential as next-generation multitarget therapeutic agents.

The novelty of this work stems from its focused discussion on the untapped poten-
tial of green algae as a sustainable and underexplored source of fatty acid-heterocyclic 
hybrids, a compound class rarely highlighted in marine pharmacology for diabetes man-
agement. To our knowledge, this is the first review that specifically unifies the chemi-
cal rationale, extraction technology, structural-functional relationships, and therapeutic 
implications of green algae-derived fatty acid-heterocyclic hybrids in type 2 diabetes, 
while also outlining current research gaps and proposing future directions, including 
structure–activity optimization, standardization, and clinical translation.

1.1  Search strategy and literature

The literature search strategy employed for this review involved systematic queries in 
reputable scientific databases, including PubMed, Scopus, Web of Science, Science-
Direct, and Google Scholar. The search was carefully structured using specific terms 
grouped into three main concepts: green algae (“Green algae,” “Chlorophyta,” “Ulva,” 
“Chlorella,” “Marine algae”), fatty acid-heterocyclic hybrids (“Fatty acid-heterocyclic 
hybrid,” “Fatty acid hybrid compounds,” “Fatty acid conjugates,” “Hybrid bioactive com-
pounds,” “Heterocyclic fatty acids”), and diabetes management (“Diabetes,” “Type 2 dia-
betes,” “Insulin resistance,” “Glycemic control,” “Antidiabetic”). Boolean operators were 
strategically applied to combine these concepts effectively, ensuring comprehensive cov-
erage of relevant scientific literature. Inclusion criteria were limited to peer-reviewed 
studies published in English since 2000, focusing specifically on bioactive compounds 
from green algae and their antidiabetic properties, including both in vitro and in vivo 
models. Exclusion criteria omitted studies on non-green algae or those without explicit 
relevance to diabetes treatment. To enrich the review further, references cited within key 
retrieved articles, recent review papers on marine bioactives, and pertinent book chap-
ters on marine pharmacology and natural product chemistry were also consulted. This 
structured approach facilitated a robust analysis, beginning with an introduction to dia-
betes mellitus and the rationale for marine-derived bioactives, followed by an exploration 
of the structural properties, synthesis, and pharmacological effects of fatty acid-hetero-
cyclic hybrids from green algae. Subsequent sections detailed extraction and charac-
terization methods, elucidated potential antidiabetic mechanisms—including enzyme 
inhibition, modulation of insulin signaling, anti-inflammatory, antioxidant effects, and 
pancreatic beta-cell protection—and summarized key pharmacological findings. Finally, 
the literature review highlighted limitations, such as challenges in bioavailability, stan-
dardization, and the scarcity of clinical trials, proposing future research directions for 
advancing these promising hybrid compounds toward therapeutic application.

2  Fatty acid-heterocyclic hybrids: emerging bioactive compounds
In the realm of innovative bioactive compounds, this section describes fatty acid-hetero-
cyclic hybrids, their structural aspects, synthesis methods, and pharmacological benefits 
with reference to diabetes. These compounds are being mined out from green algae as 
well as synthesized in laboratories. The mechanism of action of these compounds is dis-
cussed in this chapter, along with their significant benefits and integration as an innova-
tive treatment method for diabetes as multifunctional bioactive compounds.
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2.1  Definition and structural features

A fatty acid–heterocyclic hybrid is a chemical entity in which a heterocyclic core — an 
organic ring system containing at least one non-carbon atom such as nitrogen, oxygen, 
or sulfur — is covalently linked to a fatty acid or fatty-acyl moiety (Fig. 1). The fatty acid 
component typically consists of a long hydrocarbon chain (usually C8–C22) terminated 
with a carboxylic acid or its derivatives (esters, amides, hydrazides), while the heterocy-
clic component can range from simple aromatic heterocycles (e.g., pyridine, imidazole, 
triazole, coumarin) to complex fused systems (e.g., quinoline, thiazolidinedione). This 
hybridization strategy combines the lipophilicity and membrane-affinity of fatty acids 
with the diverse biological recognition and reactivity of heterocycles, often enhancing 
pharmacokinetic properties and bioactivity.

Fatty acid-heterocyclic hybrid compounds, in which a fatty acid is covalently linked to 
a heterocyclic ring, have attracted much attention in the last decades. The addition of 
a fatty acid may enhance the solubility of natural products in hydrophobic lipid mem-
branes and thereby improve their oral bioavailability and systemic distribution [17], 
often limited by the poor solubility of many natural products in either aqueous or lipid 
environments. In addition, the covalent linkage between the fatty acid and the heterocy-
clic moieties is likely to improve their stability in vivo and transport them across cellu-
lar membranes, which would be advantageous because diabetes pathophysiology mostly 
occurs in membrane environments.

A comprehensive look at the chemical structures of fatty acid-heterocyclic hybrid 
compounds reveals a wide range of molecular diversity that underpins their varied bio-
logical activities. These hybrids, formed by covalently linking a fatty acid to a hetero-
cyclic ring, have been a focus of extensive research, particularly in the synthesis and 
evaluation of their medicinal properties [18]. The structural variations often involve the 
type of heterocyclic ring and the length and saturation of the fatty acid tail. For instance, 
five-membered heterocycles such as pyrazole, pyrrole, and oxadiazole have been syn-
thesized with various fatty acid chains. In one study, a series of 2,5-dimethyl pyrrole 
derivatives were created by reacting fatty acid hydrazides with acetonyl acetone, demon-
strating how a fatty acid chain can be integrated into a nitrogen-containing heterocyclic 
system [19]. Other research has focused on six-membered heterocycles like quinoline 
and isoquinoline, where fatty acid chains were attached to form hybrid molecules [20]. 
The specific chemical linkages, such as amide bonds, can be crucial in creating stable 
and effective compounds for therapeutic applications. These studies collectively high-
light how the precise chemical structure, including the type of heterocyclic scaffold and 
the characteristics of the fatty acid, can be systematically altered to produce a library of 
compounds with diverse biological profiles.

This structural diversity is a key determinant of the compounds’ biological and phar-
macological properties. For example, the anticancer activity of these hybrids has been 
shown to be dependent on both the nature of the heterocyclic ring and the length of the 
fatty acid chain [13]. Some studies have found that a carbon chain length in the range of 

Fig. 1  Example of C16 Fatty Acid (1,2,3-triazole Hybrid)
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14–18 atoms is optimal for inhibiting cancer cell growth, while the addition of double 
bonds can also enhance potency and selectivity against certain cell lines [21]. Beyond 
cancer, these fatty acid-heterocyclic hybrids have also shown promise as antimicrobial 
and antidepressant agents, with their activity influenced by the specific fatty acid chain 
length and the presence of hydroxyl groups on the chain. The strategic combination of 
fatty acids, which can enhance lipophilicity and membrane permeability, with hetero-
cyclic rings, which provide specific bioactivity, offers a powerful platform for designing 
next-generation therapeutics. This approach allows researchers to create compounds 
that are not only potent but also have improved bioavailability and reduced toxicity by 
potentially targeting multiple disease pathways simultaneously.

Combining two bioactive domains with complementary functions is the rationale 
behind hybrid natural products in drug discovery. Regarding fatty acid-heterocyclic 
hybrid compounds, the typical features are medium- to long-chain fatty acid residues 
and nitrogen, oxygen, or sulfur heterocycles. Nitrogen heterocycles such as pyrroles and 
imidazoles can target specific enzymes and receptors in the cell that are important for 
glucose homeostasis and insulin signaling in type 2 diabetes [22]. The modulation of 
the length and saturation of fatty acids influences the affinity of fatty acid-heterocyclic 
hybrid compounds toward membrane environments, enhancing their ability to selec-
tively interact with lipid bilayers. The incorporation of oxygen or sulfur atoms into the 
heterocyclic portion increases redox potential, enhancing their antioxidant activity.

This strategy can be used to obtain hybrid compounds tailored for the treatment of 
diverse aspects of type 2 diabetes, ranging from glycemic control to prevention or delay 
of diabetic complications (Fig.  2). Fatty acid-heterocyclic hybrid compounds reduce 
postprandial hyperglycemia by inhibiting α-glucosidase and α-amylase activity in the 
small intestine, both of which are very important for complex carbohydrate metabolism 
[23]. The inhibition occurs by blocking the enzyme’s active site for substrate binding by 
competitive or non-competitive mechanisms.

By combining dual targets in the treatment of diabetes – inhibition of carbohydrate 
metabolizing enzymes and oxidative stress-related factors – fatty acid-heterocyclic 
hybrid compounds control both the source and utilization of glucose. The fatty acid 
portion anchors the hybrid compound to cell membranes or to the surface of digestive 
enzymes, and the heterocyclic portion inhibits or modulates enzyme activity [24]. This 
can lead to a more gradual release of glucose into the bloodstream, thus lowering post-
prandial glycemia and mitigating diabetic complications. This is a dual-target drug strat-
egy for which the hybrid is better able to provide its pharmacological effect than using a 
single compound alone.

Some studies have focused on the multiple diabetes-relevant molecular functions of 
green algae-derived fatty acid-heterocyclic hybrid compounds, and there is also evi-
dence that they improve insulin signaling, reduce inflammation, and protect pancreatic 
beta cells from stress-induced cytotoxicity [25, 26]. It can be said that green algae-
derived fatty acid-heterocyclic hybrid compounds combine multiple molecular and met-
abolic functions. In these types of hybrids, the modulation of adiponectin secretion and 
the activation of AMP-activated protein kinase (AMPK) have been demonstrated, two 
molecular targets directly associated with enhanced glucose homeostasis and metabo-
lism [27]. Also, the antioxidant and anti-inflammatory activities enhance beta-cell sur-
vival, which further lowers the risk of late diabetic complications as the patients are able 
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to produce their own insulin. Thus, they cover multiple parameters and molecular pro-
cesses altered in type 2 diabetes.

The dual function of green algae-derived fatty acid-heterocyclic hybrid compounds 
has the potential to link membrane-related metabolic regulation with intracellular sig-
naling pathways and thus to improve their antidiabetic activity [13]. The amphiphilic 
feature can facilitate the binding of hybrid molecules to cell membranes and therefore 
influence membrane-related processes, such as the action of glucose transporters and 
localized enzymatic activities, and the heterocyclic portion impacts insulin signaling, 
inducing a cascade of metabolic events inside the cell, such as improved glucose trans-
port and AMPK phosphorylation. In addition, the anti-oxidative activity protects pan-
creatic beta-cells against high-glucose- and high-cholesterol-induced cellular oxidative 
stress in vitro.

It is likely that the spatial arrangements and/or the precise chemistries of the hybrid 
linkages in fatty acid-heterocyclic hybrid compounds are important to ensure their 
specificity and potency toward distinct diabetic-relevant molecular targets, which 
would further contribute to the rational bioengineering of these natural products with 
improved drug candidates. Consistent with this hypothesis, in vivo bioactivity studies of 
total green algae extracts showed significant improvements in several diabetic metabolic 
markers. And further structural-bioactivity association analysis proved that these bene-
ficial activities are exclusively attributed to the presence of fatty acid-heterocyclic hybrid 
compounds [13]. This opens the door for green algae to become a valuable resource of 

Fig. 2  Pharmacological Mechanisms of Fatty Acid-Heterocyclic Hybrids Against Type 2 Diabetes. The figure sum-
marizes the main antidiabetic mechanisms of fatty acid-heterocyclic hybrids: inhibition of α-glucosidase and 
α-amylase, modulation of insulin signaling (via PI3K/Akt, AMPK), GLUT4 translocation, oxidative stress reduction, 
and anti-inflammatory effects through cytokine regulation. Each mechanism is linked to hybrid structural domains. 
Created using BioRender
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multifunctional natural drug candidates with the potential of becoming innovative ther-
apeutics against type 2 diabetes.

In conclusion, the structural features, bioactivity, and multi-target mechanism suggest 
that fatty acid-heterocyclic hybrid compounds may be potent lead candidates for the 
treatment of diabetes.

2.2  Synthetic approaches and biosynthetic pathways

Fatty acid-heterocyclic hybrids from green algae can be produced by biosynthetic mech-
anisms that occur naturally in algal cells, or through synthetic chemical routes in the 
laboratory [28]. Each method offers several advantages but is equally limited by oth-
ers, rendering a unified approach more efficient and productive. In green algae, fatty 
acid-heterocyclic hybrids are naturally biosynthesized by enzymatic processes involv-
ing esterification or amidation between fatty acid precursors and heterocyclic moieties 
[18]. Biosynthetic capacity in green algae permits the formation of structurally diverse 
hybrids. It also provides an environmentally friendly process using renewable resources. 
However, yields are often low and subject to algal species and growth conditions. 
Chemical synthesis methods can offer more scalable procedures for the production of 
fatty acid-heterocyclic hybrids as well as allow for a more precise structural modifica-
tion and synthesis of analog libraries for a better understanding of the structure-activity 
relationship.

However, one cannot have access to a diverse array of bioactive hybrids made naturally 
by algae using solely synthetic routes. To extract fatty acid-heterocyclic hybrids from 
green algae, solvent-based techniques such as methanolic or ethanolic extraction have 
been applied. In these extractions, solvent polarity, temperature, and duration of extrac-
tion are often optimized to isolate fatty acid-heterocyclic hybrids [29]. To isolate pure 
compounds from algal extracts, liquid-liquid partitioning and high-performance liquid 
chromatography (HPLC) have been used to separate fatty acid-heterocyclic hybrids from 
complex algal biomass. Linking these isolation protocols to bioassay-guided screening 
is important for correlating antidiabetic effects to isolated compounds. There are also 
significant hurdles for consistency between laboratories. The difference in algal biomass 
from year to year and in different locations may hinder the reproducibility of antidia-
betic activity between laboratories.

Because the chemical structure of many fatty acid-heterocyclic hybrids found in green 
algae is similar to several metabolites commonly found in algal extracts, gas chroma-
tography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry (LC-
MS), and nuclear magnetic resonance (NMR) spectroscopy have been implemented for 
metabolite characterization and identification to provide structural characterization and 
identification of hybrid fatty acid-heterocycles and to ensure their structural distinction 
from any non-hybrid substances with similar structure [30, 31]. In the identification and 
characterization of fatty acid-heterocyclic hybrids, GC-MS, LC-MS, and NMR can be 
used to distinguish hybrid metabolites with varied alkyl chain length, degree of unsat-
uration, and diverse heterocyclic ring systems for assessment of their ability to inhibit 
enzymes involved in the pathogenesis of T2D.

Green algae present significant structural diversity in fatty acid-heterocyclic hybrid 
synthesis, a result of combining the structural and physicochemical variety inherent to 
fatty acid tails with various heterocyclic moieties. Structural variations include fatty acid 
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chains that vary in length and degree of unsaturation as well as several combinations of 
five- and six-membered heterocyclic systems [18]. Fatty acid tail length and degree of 
unsaturation are key determinants for the bioavailability of the hybrid in terms of the 
kinetics of drug absorption and metabolism, plasma levels of the drug, distribution of 
the drug throughout the organism, and bioavailability. The degree of saturation directly 
determines the pharmacokinetics, lipophilicity, and capacity for membrane-targeting 
ability [13]. Heterocycles are useful structures in modern therapeutics because of the 
high degree of biological activity that they contribute to their conjugates. Additionally, 
the functional groups on the heterocyclic systems serve as binding sites and increase 
cell and tissue specificity through different mechanisms [32]. In contrast to fatty acids, 
the role of the heterocyclic part of hybrid fatty acid-heterocycles in in vivo potency and 
bioavailability is generally less understood. It is believed that diverse heterocyclic sub-
stituents lead to variable and diverse enzyme inhibition, bioactivity, cellular uptake, and 
specificity.

Although algae have the capacity to synthesize a vast diversity of fatty acid-heterocy-
clic hybrids, the exploitation of biosynthetic pathways to drug discovery requires careful 
considerations of the biosynthesis and potential biosynthetic regulation of these com-
plex hybrid molecules within the algal cell. Biosynthetic processes in algae can aid in the 
isolation of hybrids and identification of lead structures for the development of antidia-
betic therapies [11]. Optimization of extraction strategies and protocols for algal lipids 
must be coupled to characterization of their genetic regulation. Also, co-culture strate-
gies can be exploited for enhancing specific active compounds. It has been shown that 
the production of select compounds is greater in the presence of bacteria co-cultured 
with microalgae compared to pure algal culture [33].

Genetic alterations in the metabolic pathways of algal biosynthesis also hold sig-
nificant potential for altering the lipid content of algae and potentially enhancing pro-
duction of hybrid fatty acid-heterocycles with higher activity against diabetes-related 
enzymes [34]. These efforts can be complemented with the analysis of “omics” data, 
where, in some cases, increased levels of transcripts involved in fatty acid biosynthe-
sis have been recorded after exposure to nitrogen depletion and enhanced light inten-
sities in algal biomass. Combining multiple biochemical analyses, such as genome and 
proteome information, with other cellular characteristics, such as lipid and biomass 
content, leads to optimized algal biomass production conditions as well as extraction 
protocols for hybrid lipids with optimal health benefits that can be used in downstream 
clinical studies. Therefore, genetic information will be instrumental in the sustainable 
harvesting and biosynthesis of hybrid fatty acid-heterocyclic metabolites for antidiabetic 
therapeutic development.

In summary, both biosynthetic and synthetic routes offer important paths for discov-
ering fatty acid-heterocyclic lead compounds to aid in antidiabetic therapy development. 
While the algal biosynthetic routes show many potential advantages in drug discovery in 
regard to yield, diversity, and environmentally conscious chemistry, a hybrid approach 
combining laboratory chemistry with algal biosynthesis presents an opportunity to cir-
cumvent some of the inherent limitations in algal culture variability and low yield, as is 
generally the case in biosynthetic pathways.
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2.3  Pharmacological advantages of hybrids

Fatty acid-heterocyclic hybrids synthesized from green algae have good pharmacologi-
cal advantages due to their structural duality, which improves their potential usefulness 
in antidiabetic therapy. The structural duality involves the membrane targeting ability 
of the fatty acid moiety with enzyme and receptor selectivity by heterocyclic scaffolds 
[35]. This helps to improve their bioavailability and efficiency of multi-target modula-
tion, thus showing better effectiveness compared to monofunctional antidiabetic drugs. 
Thus, increasing their ability to be properly delivered and dispersed in cells to achieve 
their therapeutic potential. This characteristic gives it an edge over other natural prod-
ucts and places it as a potential candidate for further development of drugs with anti-
diabetic ability because of its ability to penetrate membrane/aqueous interfaces.

One of the pharmacological advantages of fatty acid-heterocyclic hybrids is their 
strong ability to selectively bind to enzymes and receptors that are linked with the 
pathology of type 2 diabetes, e.g., α-glucosidase, α-amylase, and PTP1B, and thus inhib-
iting them [36, 37]. Inhibition of these enzymes and receptors with high selectivity is 
critical for diabetes management, because they are involved in pivotal steps in glucose 
metabolism. This ability to selectively bind to enzymes and receptors is because of their 
heterocyclic scaffolds, which fit the enzyme and receptor binding domains. This gives it 
more advantages than the non-hybrid compounds, which possess a single target inhibi-
tory activity. Due to the multiple processes affected, they are effective in reducing the 
long-term metabolic impairment in people with T2D. Therefore, further study of this 
ability is needed.

In order to avoid chronic postprandial hyperglycemia, there is a need to retard the 
absorption and metabolism of sugars and other complex carbohydrates, and therefore, 
fatty acid-heterocyclic hybrids help in managing blood sugar and long-term complica-
tions associated with type 2 diabetes [25]. In addition to the inhibition of α-glucosidase 
and α-amylase, they have been found to reduce the secretion of inflammatory cytokines 
like TNF-α and IL-6. This anti-inflammatory activity helps in reducing the onset of insu-
lin resistance. The ability to reduce inflammation is important in diabetes mellitus since 
it induces insulin resistance. Also, they reduce the impact of oxidative stress. In addi-
tion to improving the activity of antioxidant enzymes, which is critical for combating 
reactive oxygen species (ROS), they also have a protective role in preserving the health 
and functionality of pancreatic beta cells, which is important for insulin synthesis. With 
these findings, it is clear that fatty acid-heterocyclic hybrids improve insulin sensitivity, 
reduce inflammation, and oxidative stress. Hence, fatty acid-heterocyclic hybrids have 
an advantage over the synthetic drugs and thus should be further studied.

The fact that fatty acid-heterocyclic hybrids activate AMPK in vitro and improve gly-
cemic control in vivo makes them superior candidates for diabetes mellitus prevention 
and treatment when compared to other monofunctional natural products [38]. There-
fore, to enhance the potential pharmacological activity of fatty acid-heterocyclic hybrids 
as anti-diabetic agents, further studies on their pharmacological activities should be 
explored to prevent, manage, and reduce the risk of developing type 2 diabetes melli-
tus and other metabolic syndrome-related ailments. In addition, fatty acid-heterocyclic 
hybrids also enhance adiponectin secretion, which induces insulin sensitivity. Insulin 
sensitivity is affected by inflammation and is usually present in individuals suffering 
from T2D; since the fatty acid-heterocyclic hybrids exhibit anti-inflammatory activities, 
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these hybrids can improve glucose uptake in vivo by decreasing oxidative stress in cells 
and boosting cell metabolism by restoring insulin sensitivity.

The lipid chains present in these hybrids contribute to enhancing their oral absorption 
and cell permeation, while the heterocyclic domains are mainly involved in inhibiting 
glucose metabolism enzymes such as PTP1B and DPP-4, insulin signaling pathways, and 
improving insulin sensitivity. A study by [39] showed that extracts of seaweeds Ulva and 
Chlorella, which are mainly made up of fatty acid-heterocyclic hybrids, improve glucose 
tolerance and reduce the levels of fasting blood glucose and plasma insulin compared to 
the other non-hybrid compounds extracted. This indicates that hybridization helps to 
achieve better PK and PD properties. Thus, studies exploring the optimal configuration 
of these chains and scaffolds can yield potential therapeutic molecules against T2D.

Based on the current evidence, it can be proposed that fatty acid-heterocyclic hybrids 
help to bridge the gap between transmembrane processes, such as glucose uptake, and 
intracellular pathways, such as insulin sensitivity enhancement. This hypothesis indi-
cates that these hybrids possess a dual anchoring and enzyme-regulating mechanism 
of action and hence are potential candidates for antidiabetic therapy. They affect the 
GLUT4 translocation on the cell surface by inhibiting insulin receptors. They have also 
been proposed to stimulate metabolic pathways (AMPK) and improve signaling path-
ways (PI3K/Akt) in insulin-responsive tissues [40]. More research to modulate and 
understand the role of these hybrids on insulin receptor distribution within lipid rafts 
and their clustering could reveal more evidence of their ability to improve insulin recep-
tor sensitivity.

Moreover, fatty acid-heterocyclic hybrids possess health-promoting properties such 
as antioxidative and hepatoprotective activity. It has been established that they possess 
strong antioxidant ability in vivo by suppressing the oxidative stress levels [21]. Anti-
oxidants and ROS scavengers (e.g., superoxide dismutase, catalase) have been shown to 
decrease the levels of oxidative stress markers in various experimental T2D models, and, 
therefore, it is of great importance that more extensive evaluations are done to better 
understand the anti-oxidative mechanisms of fatty acid-heterocyclic hybrids in vitro, as 
well as to examine the effectiveness of this anti-oxidative activity. With the antioxidant 
abilities of these hybrids, they may protect cells from hyperglycemia-induced toxicity 
in diabetic subjects and other metabolic diseases characterized by enhanced oxidative 
stress levels. On the other hand, fatty acid-heterocyclic hybrids are a very attractive 
choice as potential hepatoprotective candidates due to their ability to inhibit lipid per-
oxidation, lipid accumulation, and inflammatory responses in liver tissue. They not 
only help to reduce fat accumulation, thereby preventing fatty liver, but they also help 
in reducing lipid peroxidation. With their hepatoprotective and antioxidant character-
istics, the natural sources of fatty acid-heterocyclic hybrids will definitely make an ideal 
therapeutic resource for improving the liver’s health and help avoid fatty liver associ-
ated with diabetes mellitus. Besides, these fatty acid-heterocyclic hybrids are found to 
possess great hepatoprotective effects, which were reported by [41], and ursolic acid, a 
derivative of them, has been further studied to promote its solubility and bioavailability 
by undergoing esterification into oleanolic acid-3-O-oleate ester. They show great effi-
ciency as a potential therapeutic agent for the treatment of metabolic syndrome-related 
complications and hepatopathy in vivo. In addition, their anti-angiogenic effect against 
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the abnormal growth of blood vessels, leading to damage in diabetic retinopathy, con-
tributes to their ability to treat more complications resulting from T2D.

Based on the various roles they play, such as improvement of insulin sensitivity, the 
fact that these hybrids have multi-target characteristics on enzymes and receptors, and 
the activation of the molecular pathways of glucose uptake and secretion (adiponectin 
secretion), fatty acid-heterocyclic hybrids offer the potential for improved therapy in 
the treatment and prevention of diabetes. AMPK also induces skeletal muscle and adi-
pose glucose uptake and metabolism via phosphorylation-dependent mechanisms that 
enhance glucose transporter translocation and glucose clearance. Therefore, a prom-
ising strategy to restore insulin receptor function and signaling activity would be to 
inhibit protein kinases involved in these processes, as well as to improve glucose uptake 
through regulating PPAR and PI3K/Akt. Based on their potent anti-diabetic properties, 
these fatty acid-heterocyclic hybrids are very appealing for the development of new ther-
apeutics, especially for the prevention, management, and reduction in the risk of devel-
oping T2DM and related metabolic diseases, such as dyslipidemia and cardiovascular 
ailments, both in humans and in animal models.

3  Green algae as source of fatty acid-heterocyclic hybrids
The sustainable production of fatty acid-heterocyclic hybrids, which possess antidiabetic 
properties that hold promise, can be achieved through green algae, a natural reservoir. 
The complexity and richness of these bioactive compounds are revealed through explor-
ing their identification, extraction, and characterization techniques. For the purpose of 
harnessing the full potential of algae in the development of innovative and effective dia-
betes therapeutics, an understanding of these processes is essential, particularly within 
the broader scope of natural product research.

3.1  Identification and extraction techniques

Extraction of fatty acid-heterocyclic hybrids from green algae is essential in developing 
them as potential antidiabetic drugs (Fig. 3). Methanolic and ethanolic-based solvents 
have been widely used to extract the hybrids due to higher yields and minimized deg-
radation. Methanol is most efficient when extracting polar heterocycle-bearing hybrids, 
while mixed solvent systems are used for the extraction of polar and non-polar hybrids. 
However, using these conventional solvents as the major method indicates a knowledge 
gap to use more benign solvents for hybrid extraction.

Temperature regulation can minimize the degradation of hybrids during extraction. 
Cold extraction or room-temperature extraction preserves the native structure of enzy-
matically synthesized hybrid molecules. For instance, heated conditions and oxidative 
processes cause the degradation of several hybrid structures of fatty acids and hetero-
cycles [42]. It has to be considered that it takes long extraction times to prevent any 
thermal or oxidative denaturation of bioactive molecules when using lower-temperature 
extraction conditions.

Prior to extraction, pretreatment of algal biomasses to remove impurities such as other 
organic residues, cellular organelles, cellular debris, and excess of water, may improve 
the efficiency of hybrid extraction [43]. During pretreatment, algal biomass is homog-
enized, and then the resulting homogenate is filtered for the removal of insoluble par-
ticles. This procedure promotes solvent penetration into algal cells, increasing the yields 
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of desired hybrids, by making the procedure more reproducible. The reproducibility, 
though, can depend on factors such as the source and composition of green algal bio-
mass, solvent type, sample preparation, and operational parameters.

Several analytical tools are useful for chemical characterization, structural identifica-
tion, and quantification of these complex hybrid molecules. GC-MS, LC-MS, and NMR 
are widely utilized to identify the presence of fatty acid-heterocyclic hybrids in green 
algae. GC-MS and LC-MS techniques can be utilized to detect minor hybrid constitu-
ents present within algal extracts, even at trace concentrations [44]. In addition to the 
quantitative analyses, mass spectroscopy is an important tool for the qualitative identi-
fication and structural confirmation of the fatty acid-heterocyclic hybrids. NMR spec-
troscopy is used to analyze the connectivity of fatty acids and heterocycles and provides 
detailed structural information to identify their identities. NMR can distinguish a par-
ticular hybrid from many similar compounds present in the crude extract by determin-
ing their specific connections, which are used to verify structural assignment. Due to 
the structural diversity and similarities of the compounds extracted from algal matrices, 
challenges like overlapping spectra may lead to ambiguous results. Therefore, multidi-
mensional spectral analysis and sequential purification techniques are used to improve 
structural identification accuracy.

Isolation of fatty acid-heterocyclic hybrids is challenging due to the simultaneous 
extraction of multiple algal constituents with varying compositions. Crude algal extracts 
often show the presence of mixtures of hybrids and other organic metabolites. A sin-
gle isolation step for these hybrid molecules is hard to achieve due to the abundance 
of many compounds bearing the same chemical composition; thus, isolation needs to 
be accomplished by a combination of several extraction and isolation steps. A standard 
isolation scheme comprises extraction, purification, isolation, and analysis. Due to low 
yields of natural hybrid products, multistep isolation, which requires a large number of 

Fig. 3  Extraction and Characterization Workflow of Fatty Acid-Heterocyclic Hybrids. Overview of the extraction, 
purification, and identification steps of fatty acid-heterocyclic hybrids from green algae. Techniques include meth-
anol/ethanol extraction, solvent partitioning, HPLC, GC-MS, LC-MS, and NMR for structural elucidation. Optimized 
protocols enhance hybrid yield and enable bioactivity correlation. Created using BioRender
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solvents, and tedious and time-consuming steps, are required to achieve purified frac-
tions for activity evaluation [45]. Most chromatographic techniques for hybrid isolation 
involve partitioning based on relative lipophilic/hydrophilic ratios among solvents, and/
or column and high-performance liquid chromatography (HPLC) that utilizes varying 
resin and eluent combinations to facilitate the separation. Bioassay-guided fraction-
ation further confirms the hybrid’s potential antidiabetic activity, which can be further 
assessed for other therapeutic and biomedical purposes.

Scale-up of hybrid extraction is difficult to manage because of the compositional varia-
tion within natural resources during different phases of development. Algal cultivation 
may be limited because of species-specific seasonal variations in biomass. Production 
variation is one of the greatest challenges when attempting to scale up the extraction of 
hybrids because natural product production by algal metabolism varies depending on 
climate change and other environmental stress factors [46]. Due to species differences, 
different biomass availability, variations in laboratory-scale extraction, and changes in 
the environment, extraction and scale-up are often difficult to compare for different 
algal extracts.

Although extraction techniques have been developed to isolate a wide variety of 
hybrids, there is an increased desire to manipulate algae for higher yields of these impor-
tant molecules. It has been reported that, due to the environmental stresses, algae accu-
mulate a diversity of secondary metabolites and other chemical constituents as adaptive 
measures to combat the stress effects. Therefore, it is possible to affect the secondary 
metabolites through changing a wide variety of physical parameters, such as light expo-
sure, temperature, nutrients, and stress stimuli. Nutrient limitation increases the yield of 
fatty acid-heterocyclic hybrids in some algae. For instance, depriving of nitrogen supply 
or increasing irradiance induced increased hybrid biosynthesis in several algae [47, 48]. 
Nutrient limitation or environmental stress stimuli such as high salinity could improve 
the hybrid content per cell in algae and, therefore, can make algae more effective in 
production. Similarly, co-cultivation of algae with other organisms, such as bacteria or 
yeasts, can improve the yields of hybrids. Additionally, altering the levels of enzymes 
involved in the biosynthesis of fatty acid-heterocyclic hybrids is one of the promising 
ways to enhance the synthesis of target products by metabolic pathway regulation.

In order to produce target compounds in large quantities, algal cultivation needs to 
be performed with high reliability and reproducibility. Bioreactor culture techniques 
have been developed to regulate environmental factors and to grow algae on a large 
scale for the production of biomass [49, 50]. In controlled, artificial environmental con-
ditions within bioreactors, algal strains may produce a higher amount of desired fatty 
acid-heterocyclic hybrids and can yield reproducible results. Moreover, monitoring algal 
strains within bioreactors using omics technology can provide insights that could lead 
to further increased accumulation of hybrids with therapeutic importance. Despite the 
potential for higher biomass productivity and regulated biochemical quality, cultivation 
in bioreactors can be extremely expensive to build and requires significant investment in 
human resources and expertise.

Most cultivation methods are usually designed according to the species-specific prop-
erties, and environmental conditions or stresses. Fatty acid-heterocyclic hybrids in algae 
are also influenced by the availability of nutrients, environmental factors, and light inten-
sity. Therefore, different factors can greatly impact the yield, production, or properties 
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of algae. Based on such analyses and optimization, a selective medium and the precise 
method of nutrient supplement can be decided. With careful control of environmental 
variables, higher biomasses can be cultivated with limited resources.

3.2  Characterization of compounds derived from green algae

Characterization of fatty acid-heterocyclic hybrids from green algae is important for 
their development as antidiabetic agents. Analytical methods such as GC-MS, LC-MS, 
and NMR are necessary to determine the molecular weight, fragmentation pattern, and 
proton and carbon environment, and to confirm their hybrid structures from those of 
non-hybrid metabolites. This guarantees that observed antidiabetic activities are attrib-
uted to correctly identified hybrids. Algal extract complexity means that the methods 
have to be integrated to yield unambiguous results. Application of the methods demands 
reliable, robust protocols for identification to benefit from their potential as therapeutics.

Spectroscopic methods, particularly 2D NMR spectroscopy and MS/MS techniques 
[51], are valuable in determining the linkage between fatty acids and heterocycles by 
probing the structural relationship between heterocyclic rings and fatty acid chains. 
Such knowledge is critical to linking structure to the activity of different combinations. 
Even minor changes in the linkage can alter pharmacological outcomes. The downside 
of the methods is that they require a well-trained specialist and are expensive to operate 
and maintain, limiting their use to well-equipped laboratories.

The complex metabolite composition in green algae requires the use of sequential 
and complementary purification protocols to isolate fatty acid-heterocyclic hybrids. 
Sequential solvent partitioning to fractionate crude algal extracts using solvents of dif-
fering polarities can reduce non-hybrid constituents in fractions containing hybrids. 
This ensures less interference from metabolites in bioassays to measure antidiabetic 
activity. Fractionation and purification techniques provide fractions for HPLC-based 
purification for the structural isolation of closely related fatty acid-heterocyclic hybrids 
from extracts and algal matrices [52]. Combining these techniques increases chances 
for proper identification and ensures that bioactivity measured is attributable to specific 
hybrids rather than co-extracted non-hybrids, despite the difficulty and labor of these 
methods. The application of HPLC is useful for hybrid isolation from algal matrix con-
stituents to ensure adequate compound amounts for pharmacology testing. Combined 
or orthogonal purification steps ensure that hybrid structural characterization is associ-
ated with the observed antidiabetic effects. This minimizes any possibilities of improper 
bioactivity assessment owing to the presence of non-hybrids and increases chances for 
more reliable attribution of bioactivity.

The lipid composition of green algae, such as Ulva lactuca, includes various saturated, 
monounsaturated, and polyunsaturated fatty acids and their derivatives. Unsaturated 
fatty acids have been found to improve cytoprotective effects such as the activation of 
Nrf2-ARE [53]. Therefore, different structural fatty acid variants from green algae are 
worth exploring for their pharmacological benefits as antidiabetic agents. The limitation 
is the diversity of fatty acids in algae among the algal species. All green algal fatty acids 
can act as precursors for fatty acid-heterocyclic hybrids [13].

Another potential approach is to culture algae under controlled conditions in an 
attempt to elicit and increase the expression of certain biosynthetic pathways in 
green algae. Some of the cultivation conditions tested for their influence on metabolic 
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production were light intensity, nutrients, temperature, and salinity. It was observed that 
nitrogen-deprived and high light intensity cultures, in particular, had increased total 
biomass, metabolite yield, and the expression of targeted biosynthetic pathways [54, 55]. 
This is advantageous in that it is cost-effective and eco-friendly. This also addresses some 
of the limitations of traditional methods that rely on complex and labor-intensive chro-
matographic protocols that separate only based on chemical attributes and not by bio-
logical activity [13].

In conclusion, characterization of fatty acid-heterocyclic hybrids from green algae 
requires in-depth scientific exploration and advancement to enhance the possibility of 
their development as antidiabetic therapeutics.

3.3  Antidiabetic activities of algae-derived hybrids

A number of fatty acid-heterocyclic hybrids from green algae have been determined as 
inhibitors of both α-glucosidase and α-amylase, which prevents the absorption of glu-
cose (see Table 1), therefore avoiding hyperglycemia after meals. This ability to reduce 
postprandial glucose levels and blood sugar is especially important for diabetic patients 
[56]. In green algae, most hybrids inhibit both carbohydrate-digesting enzymes; this sug-
gests that their structures can occupy the binding sites of both enzymes. These proper-
ties suggest that fatty acid-heterocyclic hybrids can be further developed as anti-diabetic 
drugs [23]. However, these assumptions need to be further studied in order to elucidate 
how the molecular diversity of the hybrids affects the inhibition mechanisms and how to 
obtain improved hybrids for glucose absorption control.

In crude algae extracts, it has been suggested that polyphenols and polysaccharides 
might exert synergy effects with the fatty acid-heterocyclic hybrids. They could syner-
gistically exert glucose level-regulating activity and improve other related health ben-
efits [56]. Since the results regarding hybrid activity are commonly based on the activity 
of the crude extract or fractionations, this limits the possibility to clearly assign such 
activity solely to the isolated hybrid; instead it is recommended to assess it by isolating 
and identifying such compound utilizing bioassay-guided fractionation of these com-
plex mixtures. Furthermore, the interactions between hybrids with other algae bioactive 
compounds need to be clearly investigated.

Based on the above results, the following hypothesis is proposed. The fact that fatty 
acid-heterocyclic hybrids appear in numerous different species and display a high num-
ber of variations suggests that this molecular diversity enables a widespread mechanism 
of action. In this way, their capability to inhibit the intestinal uptake of glucose might 
derive from the nature of their structure. They may be able to insert into multiple bind-
ing sites from the intestine enzymes and transporters involved in glucose absorption and 
control postprandial glucose levels. This hypothesis needs to be validated with a more 
comprehensive assessment in the form of molecular docking and enzymatic tests to pro-
vide substantial data regarding enzyme bindings and activity [57].

Studies in Ulva and Chlorella species have also shown that fatty acid-heterocyclic 
hybrids improve glucose uptake by cells, leading to increased insulin sensitivity [13]. 
This is a crucial feature in treating insulin resistance, a hallmark of type 2 diabetes. Fatty 
acid-heterocyclic hybrids can enhance the translocation of glucose transporters (GLUT) 
in the skeletal muscle and adipose tissues, which could further lead to improved periph-
eral uptake of glucose by the body. Several in vitro experiments have also identified an 
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increased level of the major GLUT receptor GLUT4 in adipose tissues when compared 
to untreated controls. In vitro experiments suggest this mechanism is due to the regu-
lation of GLUT-dependent signaling pathways, which promote the entrance of glucose 
into the cells by translocation and exocytosis in the cell surface. However, it has not been 
proven if the process is induced by insulin signaling pathways.

The activation of adiponectin in tissues can further prevent and reduce the incidence 
of obesity-related diseases. Adiponectin is an adipocyte-secreted protein hormone that 
enhances insulin sensitivity by acting upon muscle, liver, and adipose tissues, where its 
receptors are expressed [56]. Also, this protein regulates glucose, lipid metabolism, and 

Table 1  Antidiabetic data for fatty acid heterocyclic-hybrid molecules
Authors 
(Year)

Hybrid Type (Short) Model (In 
Vitro / In Vivo)

Reported IC₅₀ or Dose 
(Units As In Paper)

Comparative Activity / 
Note

Boudeb-
bous et 
al. (2022) 
[64]

1,3,4-Thiadiazole – 
1,2,4-triazine hybrids 
(series where heterocyclic 
cores were acylated/
modified; paper presents 
acyl-type substitutions)

In-vitro 
α-glucosidase 
assay

IC₅₀ range 14.36 ± 0.70 
→ 743.15 ± 0.86 µM; 
best = 14.36 µM

Best analogs ≈ are sig-
nificantly more potent 
than the acarbose control 
reported in that study 
(acarbose ≈ 844.8 µM in the 
same assay)

Khan et 
al. (2023) 
[65]

1,2,3-triazole containing 
bis-hydrazone hybrids 
(lipophilic acyl groups in-
troduced on heterocycle 
scaffold)

In-vitro 
α-glucosidase 
& α-amylase

IC₅₀ range report-
ed ≈ 0.70 ± 0.05 → 
35.70 ± 0.80 µM for the 
most potent series

Several compounds showed 
sub-10 µM α-glucosidase 
inhibition and dual 
α-amylase/α-glucosidase 
activity — suggested as 
lead molecules (paper com-
pares with acarbose)

Pedrood 
et al. 
(2022) 
[66]

Diphenyl-quinoxaline-
6-carbohydrazide 
hybrids (acyl-hydrazone 
motifs = acylated/hydro-
phobic substituents on 
heterocycle)

In-vitro 
α-glucosidase 
assay

IC₅₀ range 110.6 ± 6.0 
→ >750 µM; most 
potent ~ 110.6 µM

Authors compared to acar-
bose (acarbose report-
ed ~ 750 µM in their assay); 
some hybrids were better 
than acarbose in that assay

Esmaili et 
al. (2023) 
[67]

Pyrano[3,2-c]quinoline-
1,2,3-triazole hybrids 
— hydrophobic substitu-
ents/alkyl/acyl side chains 
used to tune lipophilicity

In-vitro 
α-glucosidase 
& α-amylase.

Example best: 
compound 5 g IC₅₀ = 
7.54 ± 1.10 µM (others in 
low-µM range)

Several hybrids showed 
sub-10 µM α-glucosidase 
inhibition; docking and 
kinetics included

Nkoana 
et al. 
(2024) 
[68]

Various heterocycle-acyl 
hybrids (e.g., benzothi-
azine, chalcone hybrids 
bearing lipophilic chains)

In-vitro 
α-glucosidase 
& α-amylase 
(some studies 
also report 
cell-based 
glucose uptake 
assays)

Reported IC₅₀s vary 
widely — sub-micro-
molar → hundreds of 
µM depending on scaf-
fold; many best analogs 
in the single-digit to 
low-tens µM range

Multiple series included 
acyl/fatty-like residues 
to improve potency and 
membrane interactions; 
compared with acarbose or 
standard inhibitors

Kaya et 
al. (2024) 
[69]

Aromatic carbohydrazide 
/ isobenzofuranone / 
imidazole-based hybrids 
with acyl groups

In-vitro 
α-glucosidase 
& α-amylase; 
some in-vivo 
hypoglycemic 
screening 
reported for 
lead(s)

Examples: many IC₅₀s 
reported across the se-
ries; e.g., representative 
analog 8i IC₅₀ ≈ 153.5 
µM in that paper for 
one end of the series

Most active analogs were 
advanced to kinetic/dock-
ing work; a few tested in 
rodent models (where 
reported) showed oral 
antihyperglycemic effects at 
mg/kg doses

Singh et 
al. (2024) 
[70]

Triazole-tethered thymol/
carvacrol-coumarin 
hybrids (natural-prod-
uct + heterocycle + li-
pophilic terpenyl/fatty 
residues — hybrid 
design).

In-vitro 
α-glucosidase 
and in-vivo 
antihyper-
glycemic test 
(rodent)

Lead AS14 IC₅₀ 
= 4.32 ± 0.11 µM 
(α-glucosidase); in-vivo 
led to significant antihy-
perglycemic activity in 
mouse model

Hybridization of lipo-
philic (terpenyl) and 
heterocyclic/coumarin 
moieties produced selective 
α-glucosidase inhibitors 
with in-vivo efficacy
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inflammation in mice. Adiponectin improves insulin sensitivity, reducing metabolic and 
atherosclerotic syndromes [58]. However, it is also necessary to assess the molecular 
mechanism involved in the stimulation of adiponectin secretions by these hybrids.

The presence of both polar and non-polar regions in this hybrid structure, or, in other 
words, the amphiphilic properties, may make them easily inserted into lipid membranes 
and could affect intracellular signaling events that regulate glucose metabolism. The 
coexistence of a fat molecule linked to a cyclic system might determine the way the mol-
ecule can be introduced inside the membrane and how the signaling pathways are sub-
sequently affected [59]. The activity of these hybrids in influencing glucose control can 
have a more pronounced effect than in the isolated chemical entities. However, the bio-
physical role of this structural property in their function at the cellular level still needs to 
be validated through detailed characterization in different biological settings.

Numerous studies also indicated that several algae species exert anti-inflammatory 
activity, which can have synergistic effects on glucose homeostasis [58]. Inflammation 
is the primary source that affects the pancreatic β-cell, the one responsible for insulin 
secretion, in patients suffering from type 2 diabetes [60]. Oxidative stress can reduce the 
synthesis of insulin by the pancreatic β-cell. Thus, oxidative stress and pro-inflammatory 
cytokines, together with advanced glycation end-products and other elements associ-
ated with cellular metabolism, are all contributors to β-cell dysfunction and the progres-
sion of diabetes [61]. In in vitro studies, these hybrids have been proven to act at low 
doses on TNF-α and IL-6 production. Furthermore, other studies show the upregulation 
of key antioxidant enzymes, such as superoxide dismutase and glutathione peroxidase, 
after hybrid treatment [60]. It is thus possible that hybrids exert antioxidant benefits 
through intracellular signaling, which, in turn, may attenuate the inflammation caused 
by these events. In the above-mentioned study, levels of TNF-α and IL-6 were signifi-
cantly decreased by the algal hybrids in vivo, as was malondialdehyde content, an index 
of lipid peroxidation; antioxidant markers were augmented [62]. Therefore, future stud-
ies are required in order to establish more concrete evidence that might help prove this 
hypothesis.

Due to the fact that the pancreatic β-cell plays the central role in the production of 
insulin, the ability of these hybrids to reduce the number of cytokines present might also 
allow them to protect themselves from death due to their cytotoxicity [58]. Since it has 
been identified that hybrids could protect the pancreatic β-cells, the next step is to con-
firm this activity at the level of cells, with a more specific study targeting intracellular 
molecules [57]. Some animal studies have found a protective effect in β-cells where they 
are still capable of insulin production, and pancreatic islet integrity, thus preventing dia-
betes progression.

Fatty acid-heterocyclic hybrids might be even more effective than other potential 
therapeutic compounds, such as polyphenols, since the former seem to be beneficial at 
multiple levels (see Table 1). These hybrids could serve as insulin-sensitizing agents that 
function by stabilizing cellular membranes, enzyme inhibitors, and immune modulators, 
providing multi-target actions that can be useful in treating the multifactorial condi-
tions of diabetes [63]. The primary challenge consists of isolating hybrids by performing 
bioassay-guided fractionation. The ultimate objective remains the identification of each 
bioactive compound, not only to establish structure-activity relationships and perform 
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biological studies for testing specific mechanisms, but also to understand each contribu-
tion to the overall activities (see Table 1).

In conclusion, algae-derived hybrids show promising results against various compli-
cations associated with insulin resistance. Their anti-inflammatory and anti-oxidant 
activities could further contribute to their therapeutic use in diabetes and obesity by 
protecting the pancreatic β-cell from destruction. Further evidence is necessary to prove 
these possibilities.

4  Molecular mechanisms of action for diabetes
Comprehending how fatty acid-heterocyclic hybrids exert influence on critical molecu-
lar pathways is essential for uncovering their therapeutic potential for diabetes. Specifi-
cally, this section focuses on the molecular mechanisms involved in insulin signaling, 
pancreatic beta-cell function, inflammation, and gut microbiota modulation. The mech-
anisms unveiled provide crucial understanding to translate their experimental efficacy 
to promising clinical interventions in the development of new strategies for diabetes 
treatment.

4.1  Modulation of insulin signaling pathways

Fatty acid-heterocyclic hybrids from green algae modulate the insulin signaling path-
ways and therefore seem interesting compounds to fight the complex nature of type 
2 diabetes by improving glucose homeostasis. They improve the phosphorylation and 
activation of the insulin receptor and substrates. It is suggested that these compounds 
improve this pathway via adiponectin by increasing its serum levels. Adiponectin is a 
potent insulin-sensitizing hormone, improving the response of target tissues to this 
hormone (Fig. 4). The exact mechanism of action by which the fatty acid-heterocyclic 
hybrids are able to induce the expression of this hormone is still to be clarified. It would 
be necessary to conduct further studies to understand whether the expression of this 

Fig. 4  Insulin Signaling Modulation by Algal Hybrids. A mechanistic diagram showing how fatty acid-heterocyclic 
hybrids modulate insulin signaling pathways. Key interactions include enhancement of insulin receptor substrate 
(IRS) phosphorylation, activation of PI3K/Akt, suppression of PTP1B and inflammatory kinases (e.g., JNK), and AMPK 
activation leading to GLUT4 translocation. Created using BioRender
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hormone is improved by direct interaction of the algal compounds with the adiponectin 
receptors or by indirect actions of their metabolites.

Fatty acid-heterocyclic hybrids from green algae exert their hypoglycemic effects 
through a sophisticated, multi-target approach that addresses the core pathologies of 
diabetes. At the cellular level, these compounds actively modulate insulin signaling path-
ways by enhancing the phosphorylation of the insulin receptor and its substrates (IRS), 
thereby propagating the signal downstream [23]. This activation promotes the recruit-
ment of PI3K, which in turn activates Akt. The PI3K/Akt pathway is critical for driving 
the translocation of GLUT4 to the cell membrane, facilitating glucose uptake in insulin-
responsive tissues such as muscle and fat. In parallel, these hybrids activate AMPK, a 
key energy sensor that stimulates glucose uptake and metabolism independent of insulin 
signaling. The compounds also counter insulin resistance by inhibiting negative regu-
lators of these pathways, such as PTP1B, which dephosphorylates and inactivates the 
insulin receptor. Furthermore, they suppress inflammatory kinases like c-Jun N-terminal 
kinase (JNK), which typically impair insulin signaling by phosphorylating IRS on serine 
residues. This comprehensive modulation of multiple signaling cascades, along with the 
suppression of pro-inflammatory cytokines such as TNF-α and IL-6, collectively restores 
cellular glucose homeostasis and improves overall glycemic control.

The fact that these compounds improve the levels of adiponectin suggests that they 
contribute to the improvement of the activation of insulin receptor substrates [71]. This 
process leads to the propagation of the signal along the insulin pathway, allowing for 
downstream insulin-dependent effects, such as glucose transport. This involves the 
phosphorylation of the substrates, which allows for the recruitment and activation of 
multiple enzymes responsible for transmitting the insulin-induced signal, such as phos-
phoinositide 3-kinase (PI3K) and Akt. Further studies should be performed to analyze 
whether the increase in substrate phosphorylation occurs due to their direct binding to 
the algal compounds or due to the improved activation of the insulin receptor.

The presence of both fatty acids and heterocyclic parts in the structure of algal hybrids 
endows them with amphiphilic properties. This might contribute to their association 
with membranes, allowing the compound to get closer to membrane-bound recep-
tors, improving the interactions with this system. Consequently, this might improve 
the receptor binding and autophosphorylation. By bringing the compounds close to the 
insulin receptor, they may be able to enhance the receptor’s binding to insulin, improv-
ing autophosphorylation and the propagation of the signal through the pathway [72]. To 
understand whether the presence of this structural amphiphilicity really confers advan-
tages regarding the receptor engagement of fatty acid-heterocyclic hybrids, further stud-
ies regarding the synthesis and effect of the precursors used in their formation must be 
performed.

These compounds appear to be able to counteract the insulin signaling defects char-
acteristic of type 2 diabetes by multi-target modulation of different key enzymes of 
insulin-mediated glucose transport. As stated, they increase the levels of IRS phosphor-
ylation, but, additionally, they can activate other key players, such as the PI3K/Akt and 
the AMPK, which are important for the process of glucose transport into the cell [73]. 
The activation of this kinase promotes glucose uptake by improving GLUT4 expres-
sion and translocation to the cell membrane, thus being an important event in the pro-
cess of insulin-mediated glucose transport [74]. Since this kinase improves the process 
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by directly enhancing GLUT4 translocation independently of insulin, this seems to be 
a significant event that needs further investigation. In future studies, the participation 
of each pathway in the improved insulin signaling should be further determined, and 
whether their contribution is also observed in the skeletal muscle or is limited to other 
organs.

There are also studies that reveal the ability of fatty acid-heterocyclic hybrids to inhibit 
the activity of enzymes that can downregulate the insulin signaling cascade, such as the 
protein tyrosine phosphatase 1B (PTP1B) [75]. This enzyme dephosphorylates the insu-
lin receptor (IR), thereby abolishing its activation, leading to the end of the insulin sig-
naling pathway. By suppressing the activity of this enzyme, the hybrid can amplify the 
duration of IR activity and enhance the phosphorylation of substrates. PTP1B plays a 
critical role in regulating insulin sensitivity since, often, it is seen as highly activated in 
insulin resistance and diabetes, and it is an important cause of the attenuation of the 
effects of insulin. Understanding the structural aspects of fatty acid-heterocyclic hybrids 
that are important for their activity to counteract PTP1B activity can improve their ther-
apeutic potential and increase selectivity for their targets.

Due to the importance of inflammatory processes in the development of insulin resis-
tance, several studies address the anti-inflammatory properties of algal compounds. It 
is known that, during chronic inflammation, cells activate stress kinases, such as c-Jun 
N-terminal kinase (JNK), that are able to impair insulin signaling by phosphorylating 
IRS on serine residues, an event that abolishes their effect as insulin effectors [76]. Fatty 
acid-heterocyclic hybrids have been shown to reverse the inhibitory phosphorylation of 
IRS-1 by suppressing inflammatory pathways and, in turn, JNK signaling. By abolishing 
this negative phosphorylation event, these compounds contribute to the regeneration of 
insulin signaling cascade integrity.

Inflammation also abolishes the proper activity of the insulin signaling pathway by pro-
moting the activation of some cytokines, which can hinder the pathway’s activity. Fatty 
acid-heterocyclic hybrids were shown to reduce the expression and activity of some pro-
inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), contributing to 
improved activating phosphorylation profiles within the insulin pathway [77]. Moreover, 
by modulating inflammatory pathways, the fatty acid-heterocyclic hybrids can improve 
other metabolic alterations associated with type 2 diabetes. However, these studies need 
more characterization by identifying the exact intracellular targets that are able to coun-
teract inflammatory responses and improve insulin signaling activity.

The overall results found in these studies are in favor of the antidiabetic proper-
ties of algal compounds. By the analysis of blood glucose and other parameters from 
experimental models, a marked improvement in glucose control and sustained insulin 
action is evident in samples that are treated with fatty acid-heterocyclic hybrids [25, 78]. 
Moreover, biochemical assays performed on different intermediates of insulin signal-
ing suggest an improvement of the activity in the presence of these hybrids, promoting 
an increased phosphorylation of the insulin receptor and its substrates. These prelimi-
nary results of preclinical models suggest that algae contain novel fatty acid-heterocyclic 
hybrids with insulin signaling regulation and glucose metabolism that may be applied 
to type 2 diabetes. While promising results from animal and cell models are seen with 
the use of fatty acid-heterocyclic hybrids derived from green algae, to address the mul-
tifactorial complications associated with type 2 diabetes, human studies are also critical. 
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Unfortunately, often this process is much more difficult since human models require 
extensive studies in order to allow proper data collection and interpretation.

The effectiveness of new therapies against type 2 diabetes depends on multiple vari-
ables. While animal models are a relevant means of study, they still lack some key 
information that must be obtained from humans, such as potential side effects, drug 
bioavailability, and efficacy, among other relevant pharmacokinetic features [79]. This 
often reflects a certain complexity in designing and interpreting human studies since we 
are not genetically identical and are often treated with different drugs. Additionally, the 
heterogeneity observed within a population with type 2 diabetes must be considered. 
Multiple comorbidities, such as hypertension, hypercholesterolemia, and obesity, greatly 
affect the responses of patients during a clinical trial, resulting in variations in glucose 
levels, metabolic parameters, or even the extent and duration of action of algal hybrids 
[80]. In this case, a great sample size must be studied in order to gain sufficient insights 
into the impact of algal hybrids in type 2 diabetes patients.

The most important issue that must be solved for these novel bioactive compounds 
is the poor data regarding their pharmacokinetic fate. No standardized protocol for 
absorption, distribution, metabolism, and excretion assays in humans is found for algal 
compounds. It is critical to perform studies to understand how these fatty acid-hetero-
cyclic hybrids interact with the complex physiology of the human gastrointestinal tract. 
It also needs to be further determined which organs are responsible for its metabo-
lism. The bioavailability and activity must also be determined for each metabolite in 
humans to see how this impacts its therapeutic potential. Delivery systems designed for 
increased intestinal bioavailability or that target specific organs or cells responsible for 
insulin production/utilization may be necessary to fully understand their potential ben-
efits in the management of type 2 diabetes.

Another important study regarding fatty acid-heterocyclic hybrids needs to address 
the structure and activity relationships. There is a report concerning novel fatty acids 
that have been shown to improve insulin sensitivity in animals and humans. These fatty 
acids also present a wide structural variability depending on chain length and the num-
ber and positioning of saturation [81]. This is also the case with algal fatty acid-heterocy-
clic hybrids. Different algae present diverse fatty acid chains and heterocyclic structures, 
each of which may have different activities that regulate different enzymes or transport-
ers responsible for improving the insulin signaling pathway.

Future research would benefit by evaluating fatty acid-heterocyclic hybrids, varying 
only their fatty acid lengths, saturation points, or heterocyclic substitutions, to under-
stand which characteristics account for certain effects. This would allow us to better 
define the mechanism behind the observed benefits of insulin action or any undesirable 
effects. The structure-activity relationship studies of the algae-derived fatty acid-hetero-
cyclic hybrids should include high-resolution mass spectrometry, and also 2D-nuclear 
magnetic resonance, as well as in silico molecular docking experiments. These studies 
would improve the understanding of the mechanism of action for these algal compounds 
as well as the identification of the most efficient structures for use in preclinical trials 
and the subsequent potential clinical use. In addition, the knowledge obtained from the 
structural and activity characterization would allow further improvement and optimiza-
tion by performing computer-based analyses.
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In summary, these algae-derived fatty acid-heterocyclic hybrids improve several of the 
defects characteristic of the complex nature of type 2 diabetes. To obtain more specific 
and detailed information about the effects of these novel molecules, studies need to be 
carried out regarding the following:

 	• Structure-activity relationship assessment;
 	• Bioavailability and bioavailability studies in humans;
 	• Standardized absorption, distribution, metabolism, and excretion (ADME) protocols.

4.2  Regulation of pancreatic beta-cell function

Fatty acid-heterocyclic hybrids have shown significant potential in regulating pancreatic 
beta-cell function and preventing beta-cell damage for diabetic care. By reducing oxida-
tive stress and inflammatory cytokines, these hybrids may be able to restore beta-cell 
function. In vivo and ex vivo tests show improved islet functionality after application 
(Fig. 5). This alteration is thought to play a significant role in the prevention of beta-cell 
dysfunction.

It has been revealed that green algae-derived hybrids have significant anti-inflam-
matory properties by lowering the levels of inflammatory cytokines such as TNF-α 
and IL-6. Moreover, it was discovered that algae may also promote anti-inflammatory 
cytokine responses in vivo [82]. In the research by [83], hybrids displayed an increase in 

Fig. 5  Impact of Fatty Acid-Heterocyclic Hybrids on Pancreatic Beta-Cell Function. Illustration of protective effects 
of algal hybrids on pancreatic beta-cells. Mechanisms include antioxidative enzyme upregulation, reduction of 
TNF-α and IL-6, stabilization of lipid rafts, inhibition of apoptosis (via Bcl-2/Bax modulation), and stimulation of 
insulin gene expression (INS1, INS2) through AMPK activation. Created using BioRender
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the production of anti-inflammatory mediators that are vital for maintaining beta-cell 
viability.

Fatty acid-heterocyclic hybrids have also exhibited significant antioxidant effects 
to upregulate hepatic antioxidant enzyme activity and reduce oxidative stress [84]. In 
addition, it was revealed that laminarin and fucoidan may not only reduce liver oxida-
tive stress but may also effectively prevent the exacerbation of oxidative damage in pan-
creatic tissue as a result of their positive impacts in other organs [85]. This may occur 
because a reduction in liver oxidative stress results in lower systemic levels of oxida-
tive stress. This finding is consistent with the importance of lowering beta-cell oxidative 
stress because this will promote protection against beta-cell dysfunction and death.

According to research, some hybrid fractions are able to effectively decrease fasting 
blood glucose, restore insulin secretion from pancreatic beta-cells, and enhance insulin 
sensitivity in diabetic animal models. In addition to their previously demonstrated abil-
ity to enhance beta-cell function and protect against beta-cell damage, there is evidence 
that fucoidan supplementation significantly elevates the levels of adiponectin and other 
pro-insulin mediators in both animal models and human cells [84].

It has been reported that several algae-derived hybrids could effectively alter beta-
cell membrane fatty acid composition and therefore improve beta-cell function. For 
example, a higher n-3 and n-6 long-chain PUFA ratio has shown potential to effectively 
preserve beta-cell function and enhance insulin sensitivity [86]. In individuals who are 
potentially at risk of latent autoimmune diabetes or type 2 diabetes who exhibit autoim-
mune characteristics, it is possible that supplementation with n-3 PUFAs derived from 
green algae has the potential to act as a unique and tailored therapeutic modality due to 
its specific effects on the cell [87, 88].

In order for the cellular signaling pathways to be activated, signaling protein receptors 
and the insulin granule release machinery are required. However, the lipid raft is impor-
tant to support these signal transducers and, therefore, initiate signal transmission. Once 
the algae-derived hybrid inserts into the beta-cell’s phospholipid bilayer, the phospho-
lipid structure within the cell membrane would likely undergo changes in its biophysical 
state and composition [86]. These adaptations can influence the activity and regulation 
of insulin granule docking proteins and signaling receptors in the cell. Furthermore, the 
change in phospholipid composition influences the function of cellular membrane sig-
naling and its transduction. This suggests that incorporating algae-derived hybrids into 
beta-cell phospholipid bilayers enhances beta-cell function and survival. Nonetheless, 
more detailed studies are needed to investigate the biophysical mechanism of algae-
derived hybrids that directly affect cellular membranes.

The activation of energy sensors, such as AMPK, may result in the metabolic and insu-
lin-stimulating effects of fatty acid-heterocyclic hybrids. Additionally, green algae were 
able to activate AMPK to elicit elevated gene transcription of INS1 and INS2 to elicit 
beta-cell protective effects in an in vitro setting and in a mouse model [89]. The activa-
tion of the aforementioned energy sensor resulted in a significantly elevated expression 
of the insulin gene and, therefore, was demonstrated as an important protective factor 
for beta-cell survival and function. This may potentially prove to be extremely beneficial, 
as the function of most of these processes is suppressed in response to hyperglycemia.

In recent years, it has been revealed that the secretion of adiponectin not only 
improves peripheral insulin sensitivity, but also that it may directly support beta-cell 
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health [90]. Adiponectin promotes activation of prosurvival kinases in beta-cells and 
protects islet cells from apoptosis. As such, further research into the relationship 
between algae-derived hybrids and adiponectin is important to promote positive health 
impacts for beta-cell function. Additionally, recent research shows that hybrids can pre-
vent beta-cell apoptosis by lowering pro-apoptotic proteins such as Bax and activating 
anti-apoptotic markers such as Bcl-2. The enhancement of cell viability and lowering of 
apoptotic signal activation can result in greater islet cell mass and overall improved insu-
lin secretion, which is therefore important for diabetic individuals, as both forms of dia-
betes can ultimately contribute to diminished insulin-producing capacity.

Overall, algae extracts comprise diverse biochemical constituents. However, whether 
their effect results from a synergistic action of individual hybrids or the presence of just 
one predominant active hybrid is still unknown. To identify certain molecules as effec-
tive hybrids requires more effort. These effects and biochemical analyses of purified 
and crude extracts for biological activities can then be utilized to elucidate the precise 
structures. Identification and characterization would greatly aid in establishing definitive 
structure-activity relationships. The elucidation of this relationship will assist in gaining 
approvals for these promising hybrids as nutraceuticals or even medicines.

Moreover, the crude extract analysis and biological and biochemical analysis-driven 
bioactivity fractionation assay will allow us to isolate the highly bioactive hybrids and 
determine their structure. Such a bioactivity fractionation assay is highly recom-
mended for evaluating crude extracts with multiple compounds. This information would 
also allow for direct comparison of the in vivo effects of crude extracts with bioactive 
hybrids. Furthermore, with the advancement of purification techniques, hybrid-to-
hybrid differences could be fully distinguished to explore whether these subtle changes 
have differential effects on islet cells. By utilizing this combination of extraction and 
bioactivity-driven purification methods, a broader spectrum of bioactive molecules can 
be identified, and a structure-activity relationship can be characterized, which facilitates 
regulatory authorization of new drug sources, nutraceuticals, and medicines for beta-
cell regeneration.

In this area of research, recent advancements in molecular and analytical technolo-
gies have led to improvements. Although hybrid analyses are possible, they still create a 
hurdle in the elucidation and development of effective hybrids due to the fact that most 
of the algal extracts have shown various hybridized structures [84]. Moreover, due to the 
lack of individual hybrid information, it has proven very difficult to measure algal hybrid 
effects and apply them as medicinal treatments. However, through advanced methodol-
ogies, like high-throughput cell assay screening paired with the LC-MS and NMR data-
base mapping system, these algal species, along with many other species in the kingdom 
of algae, will become easier to isolate in order to allow for exploration and future bio-
medical advancements.

In conclusion, these fatty acid-heterocyclic hybrids were selected because they appear 
to have great health and disease-modifying benefits, which is also supported by experi-
mental evidence demonstrating that various compounds from this class have antioxidant 
and anti-inflammatory activities, stimulate insulin production, and inhibit pancreatic 
cell death.
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4.3  Anti-inflammatory and antioxidant effects

Fatty acid-heterocyclic hybrids from green algae have been shown to have great anti-
inflammatory capacity in diabetic models by regulating the production of pro-inflam-
matory cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) 
(Fig. 6). Both of them enhance insulin resistance and beta-cell impairment, thus decreas-
ing the production of inflammatory cytokines, reducing chronic inflammation, and pro-
moting beta-cell protection and glucose utilization. On the other hand, more research is 
needed to understand the pathways involved in the selective inhibition of inflammatory 
cytokines like TNF-α and IL-6 (Fig. 5).

The reduction in the production of the pro-inflammatory cytokines TNF-α and IL-6 is 
an attractive therapeutic strategy because, when their levels are elevated, they enhance 
inflammatory conditions, leading to insulin resistance and, thus, to diabetes progres-
sion [91]. Therefore, reducing these inflammatory mediators could contribute to restor-
ing glucose homeostasis in diabetic patients and promoting beta-cell health. Chronic 
inflammation is directly related to insulin resistance and is associated with the elevated 
levels of TNF-α and IL-6, which can activate stress kinases such as c-Jun N-terminal 
kinase (JNK) and in this manner inhibit insulin signaling by the activation of insu-
lin receptor substrates. In this way, this natural compound suppresses inflammatory 
stress, promoting an increase of insulin sensitivity in peripheral tissues and pancreas 
beta-cells. Conventional anti-inflammatory drugs have also the capability to inhibit 
inflammation, however, unlike algae-derived hybrids, they are not directly associated 
with the beginning of inflammatory stress. Conventional drugs modulate the produc-
tion of pro-inflammatory cytokines by the activation of pathways such as nuclear factor 
kappa B (NF-κB) and JNK, therefore, they act later on the inflammatory cascade, while 
green algae hybrids, in turn, act in the first steps, targeting the inflammatory response 
and therefore preventing diabetes progression. Moreover, the ability of these hybrids to 
regulate cellular inflammation also decreases lipid peroxidation levels. The overall anti-
inflammatory and antioxidant activity provides benefits in metabolic regulation and pro-
tection of target tissues [92]. Nonetheless, more research is needed in order to prove the 

Fig. 6  Anti-Inflammatory and Antioxidant Roles of Algae-Derived Hybrids in Diabetes. This figure presents dual 
roles of fatty acid-heterocyclic hybrids in suppressing diabetes-related inflammation and oxidative stress. The com-
pounds downregulate pro-inflammatory cytokines (TNF-α, IL-6), upregulate IL-10 and antioxidant enzymes (SOD, 
GSH-Px), and reduce lipid peroxidation, thereby protecting tissues and improving insulin sensitivity. Created using 
BioRender
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hypothesis that inflammation reduction and inflammatory-related gene suppression is 
a novel strategy for effective glycemic management in the clinical treatment of diabetes.

Besides the downregulation of the pro-inflammatory mediators TNF-α and IL-6, the 
fatty acid-heterocyclic hybrids also enhanced the production of the anti-inflammatory 
cytokine interleukin-10 (IL-10), which is necessary to stimulate anti-inflammatory 
pathways as well as to promote tissue repair [93]. This mechanism is very relevant to 
re-establish homeostasis and restore immunity response and regulate systemic inflam-
mation in chronic inflammatory diseases, such as diabetes. Furthermore, the mecha-
nisms by which the levels of IL-10 are enhanced by the algal hybrids were not explored, 
and therefore need further investigation in order to identify those specific compounds 
responsible for the upregulation of this cytokine. These effects are not totally explored, 
and therefore, more research is needed, analyzing, for example, the correlation between 
structural changes among different hybrids, with their bioactivity in relation to specific 
cytokines.

Finally, the fatty acid-heterocyclic hybrids, derived from green algae, displayed potent 
antioxidant activity that is associated with their anti-inflammatory capacity. These 
hybrids enhance the activity of several hepatic antioxidant enzymes such as superoxide 
dismutase and glutathione peroxidase, thus decreasing the oxidative damage of beta-
cells and peripheral tissues, improving glycemic control as well as cytoprotection. These 
effects seem relevant in diabetes management because the reduction of oxidative stress 
can lead to better glycemic control. Oxidative stress plays a critical role in the develop-
ment of diabetes-related complications [94, 95]. Thus, these algal-derived compounds 
show a promising potential against these events by enhancing endogenous antioxidant 
defense mechanisms. Further studies are needed to identify which of these algae-derived 
hybrids are more effective antioxidants, thus preventing oxidative damage in vivo.

As oxidative stress is an important contributor in the development of diabetes, the 
prevention or reversal of ROS-mediated damage, by scavenging free radicals and 
by enhancing the gene expression of antioxidant enzymes, is are major therapeu-
tic approach. In fact, the hybrid, described by [39], proved that lipid peroxidation was 
reduced by decreasing malondialdehyde levels in pancreas tissue as well as by restor-
ing plasma membrane integrity in liver cells from diabetic rats. It is also proven that 
green algae compounds were capable of suppressing the increase in lipid peroxidation 
in plasma and liver cells caused by diabetes induction. These promising results indicate 
that algal compounds have a dual scavenging action of ROS that may provide enhanced 
antioxidant protection compared with single antioxidants. However, more in vitro and 
in vivo research needs to be performed in order to understand how the combination of 
different fatty acid chains and heterocyclic scaffold in the hybrid molecules affects anti-
oxidant mechanisms, contributing to additive or synergistic actions of ROS scavenging 
and suppression of oxidative damage by means of upregulating antioxidant genes.

In summary, algae-derived fatty acid-heterocyclic hybrids may offer superior benefits 
and mechanisms of action for antioxidant prevention and treatment of diabetic diseases 
compared with conventional polyphenols or other synthetic antioxidants that target 
ROS. While most of the available antioxidants only scavenge free radicals, algae-derived 
compounds modulate enzymatic as well as non-enzymatic oxidative stress, also affecting 
metabolic signaling, like inflammation. Their amphiphilic nature allows them to localize 
inside cells and associate with enzymatic and non-enzymatic cellular membranes related 
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to ROS production and signaling. These characteristics make algae-derived antioxi-
dants able to intervene in metabolic and inflammatory pathways, providing protection 
against oxidative damage, insulin resistance, and impaired glucose transport. Moreover, 
the capability of algal-derived hybrids to suppress pro-inflammatory transcription fac-
tors such as NF-κB, which regulates the expression of genes involved in inflammation, 
is another advantage of these natural compounds as antioxidant drug candidates. While 
conventional antioxidants can only target specific pathways of ROS, these algal-derived 
hybrids also target ROS production, which may provide broader metabolic control and 
anti-inflammatory action by reducing stress signaling. Overall, these benefits offer the 
rationale to use algae-derived antioxidant hybrids in diabetes prevention or as coadju-
vants with conventional antidiabetic therapies for improved therapeutic efficacy and to 
decrease the dosage or adverse effects in long-term medical treatment.

Animal experiments have also shown the impact of algal-derived fatty acid-heterocy-
clic hybrids in oxidative stress and blood glucose and/or lipid parameters reduction. For 
example, algae-derived hybrids decreased fasting blood glucose, inflammatory markers, 
and plasma triglycerides in diabetic rat models. More recently, it was also confirmed that 
chronic treatment with this hybrid improved metabolic parameters, as the elevated lev-
els of fasting blood glucose and plasma triglycerides were reversed in the diabetic ani-
mal model. The levels of oxidative stress in rat models were reduced, as it was observed 
decreased levels of two important oxidative stress markers in plasma. Plasma 8-isopros-
tane and protein carbonyl content (PCC), which are the major oxidized end products 
of cellular lipid peroxidation and protein oxidation, were reduced, revealing the physi-
ological beneficial effects of the chronic treatment with this natural compound. Due to 
the complexity and chronic nature of diabetes, there is an emerging need to evaluate 
the involvement of energy regulators such as AMPK in the antioxidant action of algae-
derived hybrids. AMPK, a sensor of cell energy, promotes glucose uptake, fatty acid 
oxidation, and reduction of oxidative stress in metabolic tissues and also inhibits inflam-
mation. Interestingly, metformin is an established treatment used for Type 2 diabetic 
patients, which acts by improving glucose utilization, decreasing triglyceride accumula-
tion, reducing lipid peroxidation, and enhancing cellular antioxidant defenses [96]. This 
agent promotes the activation of AMPK-mediated processes that decrease oxidative 
stress through the enhancement of antioxidant defense mechanisms. Further research 
is necessary in order to clarify how the AMPK activation mechanism relates to the cel-
lular processes activated by the intake of green algae-derived hybrids. In addition, the 
identification of potential synergistic effects between algae-derived hybrids and conven-
tional antidiabetic treatments would also pave the way for more efficient and lower-dose 
regimens.

Besides the promising results mentioned before, the development of these compounds 
is made difficult due to the complex mixture of many different algal molecules contained 
in extracts that possess antioxidant and anti-inflammatory action. With this challenge 
in mind, bioassay-guided fractionation has proven to be a powerful tool for the identi-
fication of structure-activity relationships between chemical structures and antioxidant 
or anti-inflammatory activity [97]. It also allows for the determination of a single active 
molecule within the algal extracts using a combination of chemical isolation and bio-
assay evaluation, followed by structural characterization with highly effective analytical 
technologies. The use of next-generation technologies such as liquid chromatography 22
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coupled with high-resolution mass spectrometry and nuclear magnetic resonance has 
brought great success for the determination of algal molecules with antioxidant activity. 
However, the vast majority of these algae-based studies identify mixtures as a bioactive 
source rather than the characterization of the individual active compounds. Therefore, 
to ensure the development and clinical use of algae-derived hybrids, it is necessary to 
isolate single hybrid molecules to identify those possessing high biological activity. Fur-
ther studies, designed to explore the antioxidant and anti-inflammatory effects of differ-
ent green algae compounds containing fatty acid chains and heterocyclic scaffolds, are 
recommended. These investigations may correlate particularities of the chains with par-
ticular effects, thus optimizing algal hybrid structures for anti-inflammatory and antioxi-
dant activity.

The enhancement of biosynthesis of promising anti-inflammatory and antioxidant 
fatty acid-heterocyclic hybrids by altering algal culture conditions would be a highly 
attractive feature for clinical use. Techniques like metabolic engineering or stress induc-
tion could potentially enhance the production of the most promising hybrids. These 
approaches remain an under-explored avenue of study. Thus, more research needs to be 
performed in order to find ways to alter cultivation conditions to improve or induce fatty 
acid-heterocyclic hybrid biosynthesis of those with higher biological activity.

In sum, there is significant evidence supporting the effectiveness of the anti-inflamma-
tory and antioxidant activity of green algae-derived fatty acid-heterocyclic hybrids, thus 
making it an interesting approach in diabetes prevention. The ability to regulate the pro-
duction of pro-inflammatory cytokines, to up-regulate IL-10, and to enhance the activ-
ity of hepatic antioxidant enzymes is one of the reasons why these natural compounds 
hold promise for the treatment and prevention of diabetic events. Nevertheless, more 
research is needed regarding the exact characterization of bioactive single molecules, 
the relationship between the structural features of algae-derived compounds and their 
biological action, the exploration of algal metabolism, and the potential of algal hybrids 
as drug candidates to target mechanisms involved in chronic inflammation.

4.4  Modulation of gut microbiota

Fatty acid-heterocyclic hybrids obtained from green algae have shown the ability to 
modulate the gut microbiota, impacting several factors related to metabolic health and 
the development of diabetes. This effect enhances the abundance of beneficial bacterial 
taxa, particularly Bifidobacterium and Lactobacillus [39]. Their effect on the gut micro-
biota is related to their prebiotic function and their bioactive properties. The selective 
stimulation of beneficial gut microbial taxa has been postulated as being dependent on 
the structural differences within these hybrids, even though the mechanisms by which 
they induce this stimulation are unclear.

Ulvan and sulfated polysaccharides obtained from green algae show the potential to 
selectively stimulate short-chain fatty acids (SCFAs), such as butyrate and propionate 
[56]. Both SCFAs are fundamental in maintaining the integrity of the intestinal barrier 
and the sensitivity of insulin, contributing to the reduction of fasting glucose levels in 
vivo, emphasizing the effects on the host’s metabolism. Ulvan’s prebiotic function sug-
gests that, together with the gut microbiota, these algae hybrids may control metabolic 
outcomes in antidiabetic therapies [98]. However, further studies are needed to deter-
mine whether these effects are observed similarly across various human and animal 
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models, where variables, such as different diets, microbiota compositions, or genetic fac-
tors, play a role.

Experimental evidence has demonstrated that fatty acid-heterocyclic hybrids may 
diminish harmful bacterial groups that often cause endotoxemia, and that lead to pro-
inflammatory cascades and further inducing insulin resistance. Certain species of Clos-
tridium and Enterobacteriaceae are frequently targeted in microbial therapies for such 
complications. Even though the effect of the hybrids on microbial taxa is evident in the 
current data, the molecular pathways, or what exactly determines their specific target-
ing, are not. It is also unknown if the same hybrid will exert the same influence over 
time, since the structure and interactions of gut ecosystems are dynamically regulated.

Based on this evidence, one hypothesis states that fatty acid-heterocyclic hybrids 
could be specially designed to stimulate the growth of particular bacteria to promote 
metabolic effects. Each hybrid may have specificity for a distinct bacterial type based 
on its molecular differences: fatty acid chains, saturation, and nature of the heterocyclic 
ring [99]. The ability to induce positive health outcomes will depend on the selective 
interaction between the hybrid structure and a specific microbial population. The modu-
lation of gut microbiota is a promising strategy, and tailored approaches through diets, 
drug combinations, or novel pharmaceuticals may become a reality. Further research in 
structure-activity relationships is necessary to evaluate the selective interaction between 
hybrids and gut microbial taxa.

Certain green algae metabolites, such as ulvan extracted from Ulva lactuca, increase 
the number of SCFA-producing bacterial taxa, such as Faecalibacterium prausnitzii 
and Roseburia spp [56]. They are inversely associated with markers of insulin resistance 
and systemic inflammation, further indicating the capacity of algae-derived hybrids in 
improving metabolism by directly affecting the gut. This leads to higher fecal concentra-
tions of SCFAs that improve insulin sensitivity and glucose control. However, current 
studies in this area provide broad taxonomies and limited specificity down to species 
and strains that are influenced by the compounds’ structures. Thus, information on the 
differential responses of specific microorganisms to supplementation with fatty acid-
heterocyclic hybrids is lacking.

Algae hybrids may also impact host metabolism through their modulation of the gut 
microbiota through the effect of SCFAs on G-protein coupled receptors (GPR41 and 
GPR43) that control the metabolism through insulin secretion, energy expenditure, and 
adipogenesis [100, 101]. The gut is a rich signaling hub controlled by numerous ligands 
and receptors with far-reaching hormonal effects. Algae hybrids exert a dual effect on 
microbial composition and the receptor-ligand axis. However, more work will be needed 
to understand which outcomes are due to the hybrids or their gut microbial metabolites, 
thus impacting host metabolism.

Algae-derived hybrids have demonstrated benefits for the improvement of the met-
abolic profile in experimental animals, particularly by affecting the lipid and bile acid 
pathways [11]. Since bile acids influence both lipid and glucose levels in the body, these 
changes in the microbiota may improve both of the metabolic pathways associated with 
T2D. More investigation is needed to understand how specific hybrids can be used 
alone or in combination with probiotics and prebiotics. In future work, algae-derived 
hybrids may also be used in combination with other microbial metabolites that mimic 
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endogenous compounds, since these novel combinations can promote synergistic effects 
and optimize metabolic health.

Some green algae-derived hybrids improve glucose homeostasis by promoting the 
growth of gut microbial species that strengthen the intestinal mucosal barrier, leading 
to reduced gut permeability. It appears that Akkermansia muciniphila, a bacterium asso-
ciated with the intestinal lining and gut health [39], could be stimulated by these algae 
hybrids. The reduction of gut permeability induced by the increase of A. muciniphila 
may also decrease the leakage of lipopolysaccharides (LPS) across the gut, a main stimu-
lus of inflammation that often leads to chronic disorders [102, 103]. Improvements in 
glucose control also contribute to lower levels of systemic inflammatory cytokines and 
oxidative stress markers, highlighting that gut permeability may also be altered by other 
bacterial species, and that other signaling pathways might contribute to the overall anti-
inflammatory effects induced by the hybrids. Although these observations indicate a 
decrease in endotoxemia that reduces pro-inflammatory cytokines, further studies will 
be needed to directly assess the mechanism by which algae-derived hybrids reduce pro-
inflammatory bacterial taxa to improve gut barrier integrity and its permeability.

The observed reductions in inflammatory and oxidative stress induced by the algae 
hybrid treatment seem to occur as a result of improvements in gut microbial taxa. 
However, this may depend on the specific properties of the algal metabolites, and may 
indicate that they directly influence anti-inflammatory and antioxidant activities. A thor-
ough analysis using microbiomic, metabolomic, and hormonal tools may identify which 
particular hybrids and specific microbial products or changes in the host endocrine or 
immune systems account for the alleviation of systemic inflammation [104], thus guid-
ing future applications of dietary intervention.

Algae hybrids might also influence the enteroendocrine system. The impact of algae 
hybrids on glucose control could involve the modulation of incretin hormones. These 
hormones (glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic poly-
peptide (GIP), etc.) are often related to increased insulin secretion and a reduction of 
the rise in blood glucose postprandially. Some animal models of T2D that have been 
treated with algae-derived hybrids show enhanced GLP-1 hormone in blood [83]. This 
can provide an additional explanation by which algal hybrids improve T2D-related com-
plications. Further studies are required to address the specific signals that lead to altered 
release of the incretin hormones induced by the gut microbes or other changes in the 
metabolism of the body.

The diversity and tunability of the hybrid structures represent an avenue for selectively 
targeting the host, and could promote tailored treatments in combination with current 
drug regimens or as supplements. Systematically, metagenomic and metabolomic data 
should be merged with data for hormone-responsive cells of the pancreas to understand 
how specific gut microbial metabolic outputs can lead to improvements in systemic 
health and hormone responses. If particular compounds induce preferential responses 
that target certain microbial metabolic pathways, we may be able to predict the most 
efficacious treatment regimen on a patient-to-patient basis based on the particular 
structure of a specific hybrid compound.

Unfortunately, the interaction between hybrid structures and gut microbial taxa 
remains to be investigated. In vitro and in vivo models should be used to explore the 
ability of a specific chemical structure to affect different gut microbial communities and 
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their related products. This can be assessed using germ-free and humanized microbiota 
transplants. High-throughput screening methods may allow for a comprehensive exami-
nation of interactions in specific human and animal microbiota. Furthermore, these 
studies should combine multi-omics (e.g., transcriptomics, proteomics, metabolomics, 
etc.) to identify molecular signatures of microbiota-mediated antidiabetic effects.

In conclusion, several fatty acid-heterocyclic hybrids derived from green algae show 
great potential as modulators of the gut microbiota and could, therefore, be explored 
in metabolic diseases such as T2D. There remain significant challenges to overcoming 
the design, as well as the mechanisms that impact a single or multiple microbial spe-
cies. Studies are needed to clarify the structure-activity relationship and to assess the 
mechanism by which hybrid structures exert differential effects. New studies that merge 
microbial composition analyses with metabolomics data and host hormone responses 
are imperative. These multi-dimensional datasets should provide valuable insights into 
how to achieve an optimized and personalized gut microbiota community that impacts 
metabolism and is specific to an individual’s metabolic profile.

5  Current limitations and challenges
Several challenges and limitations exist that hinder the realization of the therapeutic 
potential of fatty acid-heterocyclic hybrids from green algae as a future drug for diabetes 
treatment. For instance, limited research has been conducted regarding their bioavail-
ability and the extent of their absorption. In most in vitro studies, the effects of intestinal 
absorption, the food matrix, and metabolic degradation of the hybrids are not well con-
sidered, influencing their stability, efficacy, and bioavailability [105, 106].

Current studies investigating the antidiabetic properties of these fatty acid-heterocy-
clic hybrids typically rely on in vitro experiments or short-term animal models, which 
have limitations in predicting human metabolic responses. Furthermore, there have 
been no large, multicentric, long-term, or clinically relevant trials conducted, and there 
is a lack of controlled clinical trials to evaluate their true antidiabetic efficacy. The com-
plex mechanism of human metabolism, involving multiple organ interactions and hor-
monal feedback, requires more realistic long-term research to fully understand the 
therapeutic effectiveness of these hybrids [107].

Even though the chemical structures of fatty acid-heterocyclic hybrids make them 
ideal for cellular entry, their susceptibility to metabolism in the gastrointestinal tract and 
liver should be investigated. Do the hybrids or their metabolites have bioactivity? What 
is their metabolic fate in the body? Answering these questions and determining their 
pharmacodynamic activity is an essential step in assessing the true antidiabetic efficacy 
of fatty acid-heterocyclic hybrids from algae.

Dietary fibers, proteins, and other bioactive compounds in algae may alter the rate of 
solubilization and release of these hybrids in the digestive tract [108]. This may hinder 
or promote their bioactivity. Therefore, more efforts are required to study the influence 
of the food matrix on these molecules. The absence of a standard analytical method 
for estimating the absorption, distribution, metabolism, and excretion (ADME) of the 
hybrids would pose significant challenges in calculating the risk-benefit ratio of using 
these compounds in the clinical setting. Accurate in vivo pharmacokinetic data are dif-
ficult to obtain because of the lack of highly advanced techniques such as stable isotope 
labeling in mass spectrometry.
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The extraction of the desired fatty acid-heterocyclic hybrid from green algae is not 
always straightforward. The challenge arises in part from the complexity of the extrac-
tion processes and a lack of knowledge on how to standardize the methodology. Fac-
tors such as algal species, culture methods, and extraction techniques can significantly 
influence the yields, purity, and bioactivity of the extracts. Therefore, more efforts are 
required to standardize the extraction procedure for each specific type of algae. Algal 
metabolism is strongly dependent on extrinsic factors, such as the availability of nutri-
ents, light intensity, temperature, season, pH, and salt concentration [109]. These fac-
tors can lead to variability from batch to batch. To avoid batch-to-batch variability, it 
would be necessary to optimize culture conditions, either by precisely controlling envi-
ronmental conditions, for example, by utilizing closed-loop bioreactors, or through 
genetic manipulation. Differences in the extraction solvent used can affect the amount 
and purity of fatty acid-heterocyclic hybrids that are isolated, directly influencing the 
biological activity and comparability of studies in different laboratories.

As there are currently no established protocols for isolating pure fatty acid-heterocy-
clic hybrids from algal species, some pharmacological studies do not accurately reflect 
the intrinsic antidiabetic activity of these compounds. For instance, some studies report 
on the effects of algal extracts containing a mixture of other natural metabolites as well 
[110]. Future research should focus on a bioassay-guided isolation of active algal com-
ponents. The cost of purification and production by spectroscopic methods, such as 
chromatographic techniques, at the industrial scale is very high and would limit their 
large-scale production for treating millions of people. Therefore, bioengineering and 
bioprocess optimization efforts are greatly required.

The structure of fatty acid-heterocyclic hybrids derived from green algae is complex 
and difficult to characterize using current analytical methods. As a result, the biologi-
cal (antidiabetic) activity has not been correlated with certain functional moieties within 
the structure of these molecules [109]. The development of more advanced and high-
throughput spectrometric techniques would facilitate their identification. Furthermore, 
because fatty acids and heterocyclic moieties are also commonly found in algae, their 
chromatographic and spectrometric signatures are superimposed, complicating the 
detection and quantification of real hybrids [109]. This requires further improvement 
of techniques such as HPLC-MS and GC-MS that can differentiate structurally similar 
substances and discriminate bioactive molecules from the algal extract in a reproducible 
manner.

In order to reliably correlate chemical structure with antidiabetic activity, further 
analyses using bioassay-guided fractionation approaches linked with cutting-edge tech-
niques, such as NMR-based metabolite identification, are required to separate true fatty 
acid-heterocyclic hybrids from non-hybrid compounds, thereby determining which 
chemical substructures contribute to a desired biological property. Crude extracts of 
algae contain several chemical entities that need to be fractionated further and purified 
extensively to obtain the desired target molecules. The complexity of the algal matrix 
may lead to the degradation of fatty acid-heterocyclic hybrids or the removal of synergis-
tic co-factors [109].

A crucial gap in the current research is the lack of a robust clinical perspective, 
which is essential for translating promising preclinical findings into viable therapies. 
While our review acknowledges the absence of clinical trials, a deeper elaboration on 
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key translational issues is necessary. This includes addressing the critical need for com-
prehensive data on toxicity, pharmacokinetics (PK), bioavailability, and the significant 
regulatory hurdles that any new therapeutic candidate must overcome. For fatty acid-
heterocyclic hybrids, their unique structure, combining a lipid tail with a heterocyclic 
head, presents a complex challenge for PK studies. This requires sophisticated analyti-
cal techniques, such as stable isotope labeling, to accurately track their absorption, dis-
tribution, metabolism, and excretion (ADME) in the body. Without this fundamental 
information, determining a safe and effective dosage for humans is impossible, and any 
serious clinical consideration remains out of reach.

Furthermore, the path to regulatory approval for these compounds is fraught with 
challenges that must be explicitly discussed. Beyond efficacy, a thorough toxicological 
profile is non-negotiable. This includes assessing potential genotoxicity, carcinogenicity, 
and long-term safety, especially since these compounds are being considered for chronic 
conditions like diabetes. The potential for off-target effects and systemic toxicity must 
be evaluated, as well as any possible interactions with conventional antidiabetic med-
ications. As these hybrids are derived from natural sources, their interaction with the 
food matrix and the gut microbiota also needs to be characterized, as these factors can 
significantly alter their bioavailability and bioactivity. Addressing these issues requires 
a transition from basic in vitro and animal studies to well-designed, placebo-controlled 
clinical trials that rigorously test for efficacy, safety, and optimal dosage in diverse human 
populations.

There is currently a limited amount of in vivo studies to test and confirm that algal 
extracts or pure fatty acid-heterocyclic hybrids exert their therapeutic benefits through 
the improvement of insulin sensitivity and/or pancreatic beta-cell survival [111, 112]. 
Most in vivo experiments fail to account for all complex and interacting elements found 
in the human body, such as the immune system, the cardiovascular system, different 
organ systems, and hormonal regulations, since in vitro and in vivo experiments are 
conducted under extremely simplified conditions. Therefore, experiments on human 
subjects with multiple, coexisting illnesses and with multi-drug use would be required. 
As no trials have been conducted to determine the appropriate dose of fatty acid-het-
erocyclic hybrids to use on human subjects, additional controlled studies in large, mul-
ticentric, long-term, or clinically relevant trials are required to validate and clarify their 
real antidiabetic efficacy, safety, and optimal dosage for therapeutic use in patients with 
T2D. Due to the lack of research, it is difficult to ascertain how the fatty acid-heterocy-
clic hybrids affect the immune system. Studies should be performed to evaluate potential 
immunomodulatory effects.

Even though earlier reports have shown that no apparent cytotoxicity was detected for 
some cell lines, further studies are required to evaluate the effects of toxicity in vivo on 
mammals, including teratogenicity and carcinogenicity [109]. Potential off-target effects 
and systemic toxicity of most algae-derived bioactive metabolites are largely unknown 
and require further investigation. Genotoxicity, carcinogenicity, and toxicity to repro-
duction are all important factors in evaluating the potential of using fatty acid-heterocy-
clic hybrids as a medicine.

Fatty acid-heterocyclic hybrids are comprised of very structurally heterogeneous mol-
ecules. It remains to be determined if and how these algal metabolites may be interact-
ing with host metabolic pathways or the gut microbiota when consumed long-term. The 
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potential accumulation and metabolic transformation of these hybrids in tissue over 
time and the possible interactions with common antidiabetic agents are also completely 
uncharacterized. Many different organs and/or tissues are being targeted in the body 
for treatment using algae-derived fatty acid-heterocyclic hybrids. Therefore, long-term 
safety studies are imperative to determine the impact of these new drug candidates on 
non-target tissues.

Even though the algae-derived fatty acid-heterocyclic hybrids look promising as an 
antidiabetic treatment for T2D, some challenges should be addressed before they can 
be used therapeutically. Additional research is needed for the proper identification and 
extraction of effective hybrids.

6  Future directions and research recommendations
The development and standardization of extraction and isolation procedures for fatty 
acid-heterocyclic hybrids from green algae is critical to overcoming reproducibility and 
yield barriers. Poor recovery rates and the labile nature of the hybrids require optimized 
solvent-based extraction strategies in which parameters such as polarity, temperature, 
and time must be carefully adjusted to minimize decomposition and recover bioactive 
hybrids with high antidiabetic bioactivity. Purification of highly complex algal matrix 
can be achieved through HPLC fractionation or multidimensional liquid chromatogra-
phy to isolate hybrids with high purity and remove structurally similar molecules that 
can potentially compromise the bioactivity analyses. A combination of these techniques 
with real-time analytical methods such as MS and NMR may be required to ensure 
proper structure elucidation and reproducibility of extraction efficiency among different 
algal species. Development of bioassay-guided isolation protocols is essential to isolate 
individual hybrids linked to specific pharmacological activities. Finally, bioengineering 
strategies involving modified culture conditions such as nutrient availability, light expo-
sure, or co-cultivation with microorganisms may elicit the production of a certain num-
ber of specific hybrids. Although this approach has the potential to facilitate the scale-up 
of particular hybrids, there are several important points that will need to be addressed 
before it can become a widespread strategy.

Further in vivo studies are required to address the lack of comprehensive evidence 
regarding the antidiabetic effectiveness of these compounds. Preclinical animal models 
are considered to be important predictors of the effects of a molecule on human physi-
ology and physiology. These are well-established tools for evaluating drug effective-
ness, mechanisms of action, and efficacy of pharmaceuticals. In vitro and in vivo animal 
models may often over-simplify complex physiological conditions, such as diabetes, and 
may lack hormonal feedback systems and multi-organ interactions [113]. Systematic in 
vivo testing using diabetic animal models that accurately mimic the multifaceted patho-
physiology of the human disease, with varying degrees of insulin resistance, comorbidi-
ties, and exposure to chronic medications, is essential for translating in vitro findings 
to clinical trials [114]. Once hybrids have been found to be effective in preclinical ani-
mal models, clinical trials will be needed to determine the optimal dosing regime, treat-
ment duration, and safety. Randomized, placebo-controlled clinical trials that employ 
adequate endpoints such as reduction of HbA1c levels, improved glucose tolerance, and 
overall safety and efficacy are required before these algal fatty acid-heterocyclic hybrids 
can be considered appropriate candidates for clinical use. In addition to determining 
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optimal dosage strategies, randomized placebo-controlled clinical trials with an ade-
quate duration are also required to determine the long-term efficacy and safety of algal-
derived fatty acid-heterocyclic hybrids. These trials will ideally incorporate multiple 
endpoints in a comprehensive effort to determine the effectiveness of the compounds in 
a diabetic human population and to determine their role in regulating diabetes compli-
cations such as nephropathy, neuropathy, or retinopathy. Mechanistic biomarker studies 
focusing on DPP-4 and PPAR-γ may also aid in achieving the regulatory approval of this 
algal-derived novel class of drugs [114].

The lack of definitive data on bioavailability, pharmacokinetics, and metabolism in 
animal and human systems limits the progress of this promising therapeutic class. The 
ADME properties of algae-derived fatty acid-heterocyclic hybrids, along with poten-
tial biotransformation by the gut microbiota, are critical to determine the dosage, 
clinical activity, safety, and drug interactions. To identify suitable molecules that are 
well-absorbed, distributed, metabolized, and excreted, advanced pharmacokinetic eval-
uations will need to be conducted. For example, labeled hybrids can be administered to 
animals to examine the organ-specific concentration, absorption, distribution, metabolic 
clearance rate, and half-life, and to evaluate potential target organs for the drug. In vitro 
metabolism studies using human liver microsomes can identify the nature of the metab-
olites that can be potentially active and enhance or reduce the antidiabetic and toxicity 
potential of the hybrid [115]. Information gained on the absorption and drug metabo-
lism of these hybrid molecules may provide important feedback that can be used in the 
development of novel drug delivery systems that enhance hybrid bioactivity and drug-
targeting potential. For example, encapsulation and conjugation systems of these hybrids 
can improve their solubility and prevent their degradation in the body.

Further investigation into the mechanism of action will be crucial in bringing algae-
derived fatty acid-heterocyclic hybrids to clinical trials. The multi-target action of 
these hybrids raises considerable potential, but to translate the biological activity into 
medicinal use, it is important to elucidate the molecular mechanisms and the precise 
target site. Although crude algal extracts are readily available for mechanistic studies, 
researchers must use pure algal-derived hybrid components in combination with bio-
assay-guided fractionation to isolate individual hybrid molecules and to confirm which 
structures are driving the mechanistic response. Future work should aim to understand 
how the algal-derived fatty acid-heterocyclic hybrids regulate gut microbiota. This may 
be addressed using combined metagenomics and metabolomics and may lead to insights 
into the changes to the microbiota as a result of exposure to these algal molecules. Fur-
thermore, more extensive studies are needed to assess whether algal-derived hybrids 
modulate the release of incretin hormones like GLP-1 and to assess the cytoprotec-
tive role of these algal-derived hybrids on beta cells, since these actions of algal fatty 
acid-heterocyclic hybrids will aid in improving diabetic conditions as well as protect-
ing beta-cell health. Further advancement toward the development of potent therapeu-
tics may involve the use of emerging in silico tools to aid drug design and discovery and 
the employment of high-throughput assays to discover hybrid molecules that have the 
desired mechanism(s) of action. With respect to the former, this may include in silico 
docking, which is designed to estimate binding energies of a variety of hybrid molecules 
based on the geometry of the ligand and the structure of a target receptor/enzyme. In 
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terms of the latter, this may require employing combinatorial bioassay strategies for the 
de novo discovery of hybrid leads that exhibit the desired biological activities.

Proper toxicological evaluation, as described for any new pharmaceutical candidates, 
is required to ensure the safety of algal fatty acid-heterocyclic hybrid drugs for the treat-
ment of diabetes. Initial work performed on the literature showed very low cytotoxicity 
of algal extracts, but more rigorous investigations are necessary. Initial in vitro testing 
should be performed with primary human cell lines that are diabetic vs. non-diabetic, 
allowing the examination of selective cytotoxicity or metabolic imbalances [116]. Both 
acute and chronic in vivo testing in animals is required and will provide critical infor-
mation regarding hepatic and renal function, histopathology, and immunogenicity in 
treated animals as well as the potential for bioaccumulation of these molecules. Addi-
tional screening for allergenicity and hemocompatibility is recommended, as it may 
impact whether the hybrids are administered parenterally or via the oral route. Test-
ing of specific hybrids for oral delivery will require in vitro testing to examine their 
capacity to diffuse across the gut barrier, their interactions with intestinal enterocytes 
and metabolism, and the absorption by these cells [117]. All aspects of toxicology are 
greatly enhanced by the use of in silico screening that enables the prediction of biologi-
cal activity and toxicity. Computer-based methods are available that predict the toxicity 
of new chemicals. All chemical substances have a complex structure, with a number of 
substituents and bonds, each contributing in some way to its overall properties, includ-
ing its toxicology. In silico toxicology techniques identify structural alerts in new chemi-
cals, and this allows the synthesis and assessment of safer molecules, which can also be 
incorporated into libraries of molecules to accelerate drug design and discovery [115]. 
These methods are beneficial to identify compounds that have a higher degree of safety, 
decreasing the burden on animal testing. After the drugs are in widespread clinical use, 
a robust post-marketing surveillance program that ensures continuous vigilance against 
unexpected adverse reactions is also required.

Overall, the progress of algal fatty acid-heterocyclic hybrids as therapeutics for the 
treatment of diabetes will require optimized extraction and isolation protocols, com-
prehensive in vivo validation, improved knowledge of bioavailability and metabolism, 
deeper mechanistic studies, and proper toxicological and safety assessments.

7  Conclusion
Fatty acid-heterocyclic hybrids from green algae represent a novel and promising class 
of bioactive compounds with significant antidiabetic potential. Their multifactorial 
mechanisms—ranging from inhibition of carbohydrate-digesting enzymes, modulation 
of insulin signaling pathways, to antioxidative and anti-inflammatory effects—highlight 
their therapeutic relevance in addressing the complex pathophysiology of diabetes. Sup-
ported by emerging preclinical evidence, these hybrids offer an innovative strategy for 
drug development. Nevertheless, comprehensive pharmacokinetic profiling, safety vali-
dation, and well-designed clinical trials are urgently needed to translate their potential 
into clinical practice.
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