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Abstract 

Respiratory syncytial virus (RSV) is a major cause of acute lower respiratory tract 

infections in infants. Currently, ribavirin, a nucleoside analog containing 1,2,4-triazole-

3-carboxamide moiety, is a first-line drug for its treatment, however, its clinical use has 

been limited due to its side effects. Here, we designed a new aryl-nitro-1,2,3-triazole 
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triterpenes derivatives as novel anti-RSV drugs. Their anti-RSV and cytotoxic activity 

were evaluated in vitro, RSV protein F gene effects by RT-PCR and molecular 

modeling IMPDH enzyme was performed. Compound 8 was the best performing 

compound, with EC50 values of 0.053μM and a TI of 11160.37 and it inhibited hRSV 

protein F gene expression by approximately 65%. Molecular docking showed a top-

ranked solution located in the same region occupied by crystallographic ligands in their 

complex with IMPDH. The results obtained in this study suggests that compound 8 

might be a new anti- candidate. 

Keywords 

Antiviral, bioisosterism, respiratory syncytial virus, triterpene, betulinic acid, ursolic 

acid.  

Introduction 

Respiratory syncytial virus (RSV), an enveloped RNA-type virus, usually causes cold-

like symptoms and is considered the major cause of acute lower respiratory tract 

infections (ALRIs) in infants. Until 2019, RSV was a major cause of morbidity in the 

elderly and immunocompromised people. It has been linked to more than 40,000 

hospitalizations and about 11,000 deaths in older adults every year in the United 

States1. It has been suggested that RSV was responsible for approximately 5.2% of 

under-five deaths globally2,3; however, during the SARS-CoV-2 pandemic, scientists 

and physicians have noticed that respiratory illnesses cases, like flu and RSV 

infections, are less compared to the previous years. In the United States, RSV season 

is usually between December and February; but in 2020-2021 the was no such peak. 

The same phenomenon could be observed in South Africa and Australia, where RSV 
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season is also in winter; except that, in those countries, the 2020 peak came later than 

expected and, in the under-five range, there was an increase in reported cases, which 

caused a great deal of discussion about the causes of the anomaly. Some 

epidemiologists believe that this change to the numbers can be associated with 

COVID-19 precautions; however, they state that less RSV cases now could reduce  

immunity and they fear there will be a rebound in infections after the pandemic4–7. 

As a therapeutic resource, ribavirin, a nucleoside analog prodrug containing the 1,2,4-

triazole-3-carboxamide moiety (RBV, Figure1), is one of the few licensed drugs for 

treating RSV infection8,9. Although there are many suggested mechanisms of action, 

the main mechanisms for RBV involve the inhibition of the enzymes RNA-dependent 

RNA polymerase and inosine monophosphate dehydrogenase (IMPDH). IMPDH is 

required for the synthesis of guanosine triphosphate, which leads to a GTP depletion, 

thus, it prevents the replication of many RNA and DNA viruses10. Despite this, its 

efficacy has been controversial, as its use can cause hemolytic anemia, which is the 

leading cause for treatment being discontinued in 36% of real-life case studies11. 

Therefore, is not indicated for patients with a history of or ongoing heart disease. In 

addition, RBV is also not indicated for patients with renal impairment, pregnant women, 

or those with autoimmune hepatitis12,13. 

In 1998, the FDA approved palivizumab for clinical use against RSV, a specific 

humanized monoclonal antibody that can reduce RSV-related hospitalizations, 

however, its use is only indicated for the prophylaxis of severe RSV infection in 

children. There have been discussions since early 2000 regarding the cost-

effectiveness of this immunization and some researchers have suggested that 

adopting palivizumab should be restricted to only a few cases, such as patients with 

chronic lung disease or bronchopulmonary dysplasia, otherwise, the impact of the 

therapeutic agent is not significant14–16.  
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Despite all these factors, the huge economic impact, the forecast of increasing 

numbers of RSV infections in the future and the medical requirements associated with 

severe RSV infections, no vaccine or effective drugs has been developed so far, which 

reinforces the urgency for the research and development of a new type of anti-RSV 

drugs that can be widely adopted for clinical use17.  

Triterpenes are an extensive group of natural products, divided into several classes 

and presenting a huge variety of biological activities. For a long time, triterpenes have 

been receiving attention from the scientific community18, especially for antiviral 

research, as the glycyrrhizic acid, an oleanane, has demonstrated antiviral activity in 

the SARS-CoV-2 virus by inhibiting the ACE2 expression and SARS-CoV in vitro in 

Vero cells (IC50= 365μM), while chemical modifications to its backbone have been 

described which can enhance the potency of its antiviral activity19,20. Ursanes, 

represented by ursolic acid and lupanes, represented by betulinic acid, both natural 

pentacyclic triterpenes, are commonly found in several plant species and could provide 

interesting prototypes for developing new antivirals, more specifically anti-RSV, 

compounds21. Betulinic (1) and ursolic (2) acids (Figure 1) have demonstrated various 

antiviral activities, such as anti-HIV protease (IC50= 8 and 9μM)22. In addition, 1 has 

demonstrated some anti-SARS-CoV activity (EC50= 10μM; SI= >10) by having an 

inhibitory effect on the 3CL protease function21,23. Moreover, several studies have 

showed that semisynthetic triterpenes with modifications at the C-3 and C-28 positions 

might have the potential to be anti-human immunodeficiency virus type-1 (HIV-1) 

drugs24–27. Bevirimat, a betulinic acid derivative modified at the C-3 position, 

demonstrated secure, selective, and potent anti-HIV activity, however it failed in phase 

IIb clinical trials due to viral resistance28–31. Even so, this class of natural products has 

great antiviral potential and its chemical modification could lead to new, efficient and 

safe therapeutic resources. 
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In this scenario, this paper aims to develop new triterpenes derivatives using a 

bioisosterism approach with RBV as an IMPDH inhibitors and anti-RSV agent. 

 

 

Figure 1.  Structures of RBV, betulinic acid (1), and ursolic acid (2 

Results and Discussion  

Chemistry 

In this study, we synthesized two new heterocycle-modified triterpene derivatives 

(compounds 7 and 8) with the 1,2,3-triazole ring by click chemistry in order to mimic 

the 1,2,4-triazole-3-carboxamide structure of RBV. This strategy was based on the 

bioisosteric relationship between both rings established in several papers32–34.  Studies 

have made modifications at the C-3 and C-28 positions of triterpenes to synthesize 

1,2,3-triazole derivatives via the Huisgen 1,3-cycloaddition reaction, but, as far as we 

know, this is the first report of the application of click chemistry to triterpenes with this 

objective35–37. 

Click chemistry is one of the most important tools used for the synthesis of biological 

compounds, including RBV derivatives38,39. Owing to the high yields, accessibility, and 
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low cost, the click chemistry synthetic strategy is a promising option for use in medicinal 

chemistry studies40.   

The desired compounds 7 and 8 were obtained with yields of 68 and 59%, respectively. 

Initially, ortho-nitro-azides (c) were obtained from ortho-nitroaniline (a) (Scheme 1) at 

excellent yields (98%), as previously described41.  

 

 
                                                                                         

                                                        Scheme 1. Synthesis of ortho-nitro-azides (c) 
 
The protection of the 3β-OH group of the triterpene skeleton was carried out by 

acetylation using acetic anhydride to prevent cleavage in basic conditions, which 

resulted in the synthesis of derivatives 3 and 4, at 90 and 83% yield respectively 

(Scheme 2). C-28-propargylated triterpene esters (5 and 6, 70% yield for both) of the 

acetate derivatives (3 and 4) were obtained. Finally, the reaction of derivatives 5 and 

6 with ortho-nitro-azide (c) using click chemistry resulted in the synthesis of compounds 

7 and 8 (Scheme 2). 
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Scheme 2. Synthesis of the triazole triterpene derivatives 7 and 8. 

Biological assay 

The anti-RSV activities of triterpene derivatives, intermediates, and scaffolds were 

evaluated using MTT and SRB assays in A549 cells treated 4 hours after viral infection 

(Table 1 and Figure 2). Both assays were compared and resulted in a statistically 

similar outcome, which showed a robust activity in the compounds tested. Ninety-six 

hours after infection, the antiviral activity was determined based on the RSV- induced 

death of the A549 cells and the viability of infected A549 cells after treatment, showing 

the anti-RSV or protective effect of the compounds. Also, we evaluated the cytotoxic 

effects of these compounds in VERO, HEP2, A549, and B16F10 cells. Control cells 
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were treated with 1% dimethyl sulfoxide (DMSO), which was used to dilute the test 

compounds.  

Table 1. Antiviral activity and cytotoxic effect of derivatives 1-8  
 

 
VERO HEP2 B16F10 A549 A549+RSV 

[c] TI 
Compoun

d 
[a] IC50± SD [a] IC50± SD [a] IC50 ± SD [a] IC50± SD 

[b] EC50± SD 

1 14.2 ± 0.2 28 ± 0.3 22.7 ± 0.8 17.77 ± 0.6 5.3 ± 0.7 3.352 

2 12.9 ± 0.8 26.9 ± 0.4 16.2 ± 0.8 26.7 ± 0.9 17.3 ± 0.9 1.49 

3 13.4 ± 2.1 11.5 ± 1.5 10.2 ± 1.1 53 ± 0.9 44.4 ± 0.5 1.2 

4 12.6 ± 1.2 17.2 ± 0.9 12.4 ± 0.8 133 ± 1.1 14.29 ± 0.6 9.3 

5 14.5 ± 0.2 18.4 ± 0.6 25.6 ± 0.5 88.8 ± 1 0.58 ± 0.8 153.1 

6 26.1 ± 0.6 20.3 ± 0.4 29 ± 1.1 67.2 ± 0.5 36.2 ± 0.9 1.85 

7 18.9 ± 1.4 23.8 ± 2 18.8 ± 0.7 42.7 ± 0.6 0.314 ± 0.1 135.98 

8 21.6 ± 0.9 19.9 ± 1.2 9.8 ± 0.6 59.15 ± 0.9 0.053 ± 0.3 11160.37 

RBV Nd Nd Nd Nd 4.9 ± 1.4 Nd 
 

[a] Concentration (µM) that is toxic to 50% of non-infected VERO, HEP2, B16F10, and 
A549 cells by MTT test.    
[b] Concentration (µM) that inhibits RSV replication by 50%. 
[c]  Therapeutic index (TI) = IC50(A549)/EC50(A549 + RSV) 
Nd = not determined. 
 
 

Our results showed that the introduction of aryl-1,2,3-nitro-triazole in the C-28 position 

of both compounds 7 and 8 (EC50= 0.314 and 0.053µM, respectively) increased their 

antiviral activity, compared to that of the scaffolds 1 and 2 (EC50= 5.3 and 17,3µM, 

respectively) and acetylted compounds 3 and 4 (EC50= 44.4 and 14.29µM, 

respectively). Although betulinic acid (1) exhibited greater antiviral activity than that of 

ursolic acid (2), the addition of aryl-1,2,3-nitro-triazole to 2 was more efficient than its 

addition to the 1 scaffold. Moreover, all test compounds showed low cytotoxicity in 

VERO, HEP2, B16F10, and A549 non-infected cells. The therapeutic index (TI) is a 

comparison between the amount of a compound that causes therapeutic effect and the 
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amount that causes toxicity. Although all derivatives showed a reasonable cytotoxic 

effect in non-infected cells, compound 8 was the most efficient of them, with the highest 

TI of more than 1,100. Results are summarized in Table 1. Our results are consistent 

with those of42 for 1 and 2 and show that our rational design was successful. 

As result, the incorporation of an aryl-1,2,3-nitro-triazole group into triterpenes resulted 

in more active and RSV-selective derivatives. The most active derivative (8) had a 

lower EC50 value against RSV than that of RBV (0.053 and 4.9 µM, respectively), 

which suggests that it might be a promising anti-RSV drug candidate. Compound 8 

could control viral infection by preventing the proliferation of RSV in A549 cells, 

compared to the positive control (A549 cells infected with RSV without treatment). 

Furthermore, derivative 8 had low cytotoxicity in all non-infected cells tested, which is 

different to that observed for other derivatives where TI was expressively lower (Table 

1 and Figure 2A). 

The effect of compound 8 on RSV protein F gene expression was investigated using 

RT-PCR assay. Total RNA was extracted from RSV-infected cells, both treated and 

untreated with compound 8 (12.5 and 50 µM). A real-time PCR was performed for the 

amplification of the RSV protein F gene using specific primers and probes: forward, 5'-

AACAGATGTAAGCAGCTCCGTTATC-3'; reverse, 5'-

GATTTTTATTGGATGCTGTACATTT-3'; and probe, 5'-

FAM/TGCCATAGCATGACACAATGGCTCCT-TAMRA/-3', using human β-actin as an 

endogenous control gene using the TaqMan assay43. The delta cycle-threshold (ΔCt) 

was obtained by subtracting the endogenous control Ct value from the RSV protein F 

Ct value. Compound 8 reduced RSV protein F gene expression by approximately 65% 

at a concentration of 12.5 µM, compared to that of the control (Figure 2B). These 

results are in accordance with the EC50 value of compound 8, verifying that compound 

8 exhibited antiviral activity against RSV. 
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FIgure 2. (A) Activity of compound 8 in A549 cells infected with RSV. MTT assay 96 h 

after treatment. DMSO (0.1%) was used as a negative control. A549 cells were infected 

with RSV and used as positive controls for infection (PC). Closed boxes represent non-

infected A549 cells treated with compound 8. Open boxes represent RSV-infected cells 

treated with compound 8. (B) Viral load quantification by real-time PCR after treatment 

with compound 8. 

Molecular docking 

Therefore, owing to its excellent level of activity and lack of toxicity, evidenced by a 

high TI, we selected compound 8 for further studies, starting with the elucidation of the 

mechanism of action. 

Our hypothesis on the elucidation of the mechanism of action relied on a comparison 

of compound 8 with crystallographic ligands of IMPDH, on the basis that it would 

represent a secure interpretation of the site interactions similarity with inhibitors, thus, 

suggesting that this compound acts by the same mechanism. Therein, flexible docking 

for compound 8 to the IMPDH protein from Mycobacterium tuberculosis (PDB code 

4ZQP) was performed. After 10 docking runs, a top-ranked solution was identified and 

definitively located at the same region occupied by IMP and inhibitor MAD1, ligands of 
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the crystallographic structure in complex with IMPDH. As can be seen in Figure 3, 

compound 8 (in yellow sticks) interacted through hydrogen bonds with Arg108 and 

Tyr421, represented by magenta dots, similar to the interactions observed in the 

crystallographic complex with IMP and the inhibitor MAD1, in cyan sticks. Moreover, 

the acetate group (at C-3 position) and aryl-1,2,3-nitro-triazole (at C-28 position) of 

compound 8 mimicked the phosphate group and triazole ring of crystallographic 

ligands, respectively. In addition, the triterpene skeleton of compound 8 was located at 

the same region occupied by the aromatic rings of both IMP and inhibitor MAD1 ligands 

(Figure 3B). One of the main known mechanisms of action of RBV is the depletion of 

intracellular GTP pools via the inhibition of cellular IMPDH induced by the 5-

monophosphate metabolite of RBV44.   

Thus, our finding based on these results is that compound 8 may act similarly to IMPDH 

inhibitors and the active metabolite of RBV, leading to GTP depletion, since best poses 

achieved for the tested compound interacts in an equivalent way as IMP and inhibitor 

MAD1 and in the same site of action, suggesting that compound 8 can be a bioisostere 

for IMPDH inhibitors that could be used to combat RSV infections. 
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Figure 3. (A) Superposition of the top-ranked docking solution of compound 8 (carbon 

atoms in yellow, in stick representation) with the crystallographic poses of IMP and 

inhibitor MAD1 (carbon atoms in cyan, in stick representation) inside the IMPDH active 

site from Mycobacterium tuberculosis (carton representation - PDB code 4ZQP). (B) 

The main interactions observed between compound 8 and selected active site 

residues, such as hydrogen bonds (in magenta dashes). 
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Conclusion 

Conclusion text In this study, we synthesized new bioisosteric triterpenes derivatives 

of RBV, containing the aryl-1,2,3-nitro-triazole pharmacophore via click chemistry 

reactions catalyzed by copper. The introduction of a proper aryl-1,2,3-nitro-triazole 

substituent into triterpenes resulted in promising anti-RSV activity, compared to that of 

RBV, one of the few drugs available for treating RSV infections. Compound 8 was the 

most active in vitro derivative, even when compared to RBV. It could decrease the 

expression of RSV protein F at low concentrations and presented a low cytotoxic effect 

on non-infected cells compared to the same cell line infected with RSV. Our hypothesis 

of mechanism was supported by molecular modeling studies, which showed strong in 

silico interaction with the inhibition site of IMPDH, suggesting that compound 8 acts by 

the same mechanism as the approved drug RBV, causing GTP depletion and a 

decrease in viral load.In summary, this study highlighted the importance of chemical 

modifications, in this case by linking a triazole ring to a triterpene backbone for the 

development of secure and efficient anti-RSV agents. Compound 8 could be a new 

anti-RSV drug candidate for preclinical studies. Furthermore, our results could 

represent important progress toward the development of new compounds to combat 

RSV, which particularly affects children, the elderly, and immunocompromised people. 

Supporting Information  

Supporting information text 

Supporting Information File 1: 

Experimental details of obtaining compounds 1 and 2 and experimental details for the 

preparation of compounds 3–8 and as well as the biological assays. 



14 

Acknowledgements  

This work was supported by grants and financial support from Brazilian Agencies 

CNPq and CAPES. The authors are also grateful to the Graduate Programme in 

Pharmaceutical Sciences (PPGCF/UFRGS). GNSS received CAPES Fellowship. 

References 

(1)  Falsey, A. R.; Walsh, E. E. Respiratory Syncytial Virus: An Old Foe in a New 

Era. J. Infect. Dis. 2020, 222 (8), 1245–1246. 

https://doi.org/10.1093/INFDIS/JIAA362. 

(2)  Baker, R. E.; Mahmud, A. S.; Wagner, C. E.; Yang, W.; Pitzer, V. E.; Viboud, C.; 

Vecchi, G. A.; Metcalf, C. J. E.; Grenfell, B. T. Epidemic Dynamics of Respiratory 

Syncytial Virus in Current and Future Climates. Nat. Commun. 2019 101 2019, 

10 (1), 1–8. https://doi.org/10.1038/s41467-019-13562-y. 

(3)  RSV in Older Adults and Adults with Chronic Medical Conditions | CDC 

https://www.cdc.gov/rsv/high-risk/older-adults.html (accessed 2022 -04 -25). 

(4)  Increase in Respiratory Syncytial Virus (RSV) Cases 2020 - NICD 

https://www.nicd.ac.za/increase-in-respiratory-syncytial-virus-rsv-cases-2020/ 

(accessed 2022 -04 -25). 

(5)  Welsh, J. COVID-19 precautions may be reducing cases of flu and other 

respiratory infections https://www.sciencenews.org/article/covid-19-coronavirus-

precautions-flu-respiratory-infections-cases (accessed 2022 -04 -25). 

(6)  RSV is a common winter illness in children. Why did it see a summer surge in 

Australia this year? https://theconversation.com/rsv-is-a-common-winter-illness-

in-children-why-did-it-see-a-summer-surge-in-australia-this-year-156492 

(accessed 2022 -04 -25). 



15 

(7)  The perfect storm: Influenza and RSV during the season of COVID-19 

https://www.contemporarypediatrics.com/view/the-perfect-storm-in-fluenza-

and-rsv-during-the-season-of-covid-19 (accessed 2022 -04 -25). 

(8)  Carbonell-Estrany, X.; Rodgers-Gray, B. S.; Paes, B. Challenges in the 

Prevention or Treatment of RSV with Emerging New Agents in Children from 

Low- and Middle-Income Countries. 

https://doi.org/10.1080/14787210.2021.1828866 2020. 

https://doi.org/10.1080/14787210.2021.1828866. 

(9)  Nicholson, E. G.; Munoz, F. M. A Review of Therapeutics in Clinical 

Development for Respiratory Syncytial Virus and Influenza in Children. Clin. 

Ther. 2018, 40 (8), 1268–1281. 

https://doi.org/10.1016/J.CLINTHERA.2018.06.014. 

(10)  Chang, Q. yan; Guo, F. cheng; Li, X. rui; Zhou, J. hua; Cai, X.; Pan, Q.; Ma, X. 

xia. The IMPDH Inhibitors, Ribavirin and Mycophenolic Acid, Inhibit Peste Des 

Petits Ruminants Virus Infection. Vet. Res. Commun. 2018 424 2018, 42 (4), 

309–313. https://doi.org/10.1007/S11259-018-9733-1. 

(11)  Loustaud-Ratti, V.; Debette-Gratien, M.; Jacques, J.; Alain, S.; Marquet, P.; 

Sautereau, D.; Rousseau, A.; Carrier, P. Ribavirin: Past, Present and Future. 

World J. Hepatol. 2016, 8 (2), 123. https://doi.org/10.4254/WJH.V8.I2.123. 

(12)  Rebetol, Ribasphere (ribavirin) dosing, indications, interactions, adverse effects, 

and more https://reference.medscape.com/drug/rebetol-ribasphere-ribavirin-

342625 (accessed 2022 -04 -25). 

(13)  Nyström, K.; Waldenström, J.; Tang, K. W.; Lagging, M. Ribavirin: 

Pharmacology, Multiple Modes of Action and Possible Future Perspectives. 

Future Virol. 2019, 14 (3), 153–160. https://doi.org/10.2217/FVL-2018-

0166/ASSET/IMAGES/LARGE/FIGURE1.JPEG. 



16 

(14)  Hodgson, D.; Pebody, R.; Panovska-Griffiths, J.; Baguelin, M.; Atkins, K. E. 

Evaluating the next Generation of RSV Intervention Strategies: A Mathematical 

Modelling Study and Cost-Effectiveness Analysis. BMC Med. 2020, 18 (1), 1–

14. https://doi.org/10.1186/S12916-020-01802-8/FIGURES/3. 

(15)  Olchanski, N.; Hansen, R. N.; Pope, E.; D’Cruz, B.; Fergie, J.; Goldstein, M.; 

Krilov, L. R.; McLaurin, K. K.; Nabrit-Stephens, B.; Oster, G.; Schaecher, K.; 

Shaya, F. T.; Neumann, P. J.; Sullivan, S. D. Palivizumab Prophylaxis for 

Respiratory Syncytial Virus: Examining the Evidence Around Value. Open Forum 

Infect. Dis. 2018, 5 (3). https://doi.org/10.1093/OFID/OFY031. 

(16)  Mac, S.; Sumner, A.; Duchesne-Belanger, S.; Stirling, R.; Tunis, M.; Sander, B. 

Cost-Effectiveness of Palivizumab for Respiratory Syncytial Virus: A Systematic 

Review. Pediatrics 2019, 143 (5). https://doi.org/10.1542/PEDS.2018-4064. 

(17)  Mejias, A.; Rodríguez-Fernández, R.; Oliva, S.; Peeples, M. E.; Ramilo, O. The 

Journey to a Respiratory Syncytial Virus Vaccine. Ann. Allergy, Asthma 

Immunol. 2020, 125 (1), 36–46. https://doi.org/10.1016/J.ANAI.2020.03.017. 

(18)  Barreto Vianna, D. R.; Gotardi, J.; Baggio Gnoatto, S. C.; Pilger, D. A. Natural 

and Semisynthetic Pentacyclic Triterpenes for Chronic Myeloid Leukemia 

Therapy: Reality, Challenges and Perspectives. ChemMedChem 2021, 16 (12), 

1835–1860. https://doi.org/10.1002/CMDC.202100038. 

(19)  Murck, H. Symptomatic Protective Action of Glycyrrhizin (Licorice) in COVID-19 

Infection? Front. Immunol. 2020, 11, 1239. 

https://doi.org/10.3389/FIMMU.2020.01239/BIBTEX. 

(20)  Ahidjo, B. A.; Loe, M. W. C.; Ng, Y. L.; Mok, C. K.; Chu, J. J. H. Current 

Perspective of Antiviral Strategies against COVID-19. ACS Infect. Dis. 2020, 6 

(7), 1624–1634. 

https://doi.org/10.1021/ACSINFECDIS.0C00236/ASSET/IMAGES/MEDIUM/ID



17 

0C00236_0003.GIF. 

(21)  Xiao, S.; Tian, Z.; Wang, Y.; Si, L.; Zhang, L.; Zhou, D. Recent Progress in the 

Antiviral Activity and Mechanism Study of Pentacyclic Triterpenoids and Their 

Derivatives. Med. Res. Rev. 2018, 38 (3), 951–976. 

https://doi.org/10.1002/MED.21484. 

(22)  Ma, C.; Nakamura, N.; Miyashiro, H.; Hattori, M.; Shimotohno, K. Inhibitory 

Effects of Constituents from Cynomorium Songaricum and Related Triterpene 

Derivatives on HIV-1 Protease. Chem. Pharm. Bull. (Tokyo). 1999, 47 (2), 141–

145. https://doi.org/10.1248/CPB.47.141. 

(23)  Wen, C. C.; Kuo, Y. H.; Jan, J. T.; Liang, P. H.; Wang, S. Y.; Liu, H. G.; Lee, C. 

K.; Chang, S. T.; Kuo, C. J.; Lee, S. S.; Hou, C. C.; Hsiao, P. W.; Chien, S. C.; 

Shyur, L. F.; Yang, N. S. Specific Plant Terpenoids and Lignoids Possess Potent 

Antiviral Activities against Severe Acute Respiratory Syndrome Coronavirus. J. 

Med. Chem. 2007, 50 (17), 4087–4095. https://doi.org/10.1021/JM070295S. 

(24)  Marciniec, K.; Chrobak, E.; Dąbrowska, A.; Bębenek, E.; Kadela‐tomanek, M.; 

Pęcak, P.; Boryczka, S. Phosphate Derivatives of 3-Carboxyacylbetulin: 

SynThesis, In Vitro Anti-HIV and Molecular Docking Study. Biomol. 2020, Vol. 

10, Page 1148 2020, 10 (8), 1148. https://doi.org/10.3390/BIOM10081148. 

(25)  Wu, H. F.; Morris-Natschke, S. L.; Xu, X. D.; Yang, M. H.; Cheng, Y. Y.; Yu, S. 

S.; Lee, K. H. Recent Advances in Natural Anti-HIV Triterpenoids and 

Analogues. Med. Res. Rev. 2020, 40 (6), 2339. 

https://doi.org/10.1002/MED.21708. 

(26)  Swidorski, J. J.; Liu, Z.; Sit, S. Y.; Chen, J.; Chen, Y.; Sin, N.; Venables, B. L.; 

Parker, D. D.; Nowicka-Sans, B.; Terry, B. J.; Protack, T.; Rahematpura, S.; 

Hanumegowda, U.; Jenkins, S.; Krystal, M.; Dicker, I. B.; Meanwell, N. A.; 

Regueiro-Ren, A. Inhibitors of HIV-1 Maturation: Development of Structure–



18 

Activity Relationship for C-28 Amides Based on C-3 Benzoic Acid-Modified 

Triterpenoids. Bioorg. Med. Chem. Lett. 2016, 26 (8), 1925–1930. 

https://doi.org/10.1016/J.BMCL.2016.03.019. 

(27)  Li, J.; Goto, M.; Yang, X.; Morris-Natschke, S. L.; Huang, L.; Chen, C. H.; Lee, 

K. H. Fluorinated Betulinic Acid Derivatives and Evaluation of Their Anti-HIV 

Activity. Bioorg. Med. Chem. Lett. 2016, 26 (1), 68. 

https://doi.org/10.1016/J.BMCL.2015.11.029. 

(28)  Lu, W.; Salzwedel, K.; Wang, D.; Chakravarty, S.; Freed, E. O.; Wild, C. T.; Li, 

F. A Single Polymorphism in HIV-1 Subtype C SP1 Is Sufficient to Confer Natural 

Resistance to the Maturation Inhibitor Bevirimat. Antimicrob. Agents Chemother. 

2011, 55 (7), 3324–3329. https://doi.org/10.1128/AAC.01435-

10/ASSET/2FFB2F5D-E4C9-483E-93DD-

F44F32F865B1/ASSETS/GRAPHIC/ZAC9991099880003.JPEG. 

(29)  Dang, Z.; Lai, W.; Qian, K.; Ho, P.; Lee, K. H.; Chen, C. H.; Huang, L. Betulinic 

Acid Derivatives as Human Immunodeficiency Virus Type 2 (HIV-2) Inhibitors. J. 

Med. Chem. 2009, 52 (23), 7887. https://doi.org/10.1021/JM9004253. 

(30)  Dang, Z.; Qian, K.; Ho, P.; Zhu, L.; Lee, K. H.; Huang, L.; Chen, C. H. Synthesis 

of Betulinic Acid Derivatives as Entry Inhibitors against HIV-1 and Bevirimat-

Resistant HIV-1 Variants. Bioorg. Med. Chem. Lett. 2012, 22 (16), 5190. 

https://doi.org/10.1016/J.BMCL.2012.06.080. 

(31)  Dang, Z.; Ho, P.; Zhu, L.; Qian, K.; Lee, K. H.; Huang, L.; Chen, C. H. New 

Betulinic Acid Derivatives for Bevirimat-Resistant Human Immunodeficiency 

Virus Type-1. J. Med. Chem. 2013, 56 (5), 2029. 

https://doi.org/10.1021/JM3016969. 

(32)  Castro, M. C.; Kim, S.; Barberia, L.; Ribeiro, A. F.; Gurzenda, S.; Ribeiro, K. B.; 

Abbott, E.; Blossom, J.; Rache, B.; Singer, B. H. Spatiotemporal Pattern of 



19 

COVID-19 Spread in Brazil. Science (80-. ). 2021, 372 (6544), 821–826. 

https://doi.org/10.1126/SCIENCE.ABH1558. 

(33)  Cosson, F.; Faroux, A.; Baltaze, J. P.; Farjon, J.; Guillot, R.; Uziel, J.; Nadège, 

L. G. Synthesis of Ribavirin 2’-Me-C-Nucleoside Analogues. Beilstein J. Org. 

Chem. 1374 2017, 13 (1), 755–761. https://doi.org/10.3762/BJOC.13.74. 

(34)  Krajczyk, A.; Kulinska, K.; Kulinski, T.; Hurst, B. L.; Day, C. W.; Smee, D. F.; 

Ostrowski, T.; Januszczyk, P.; Zeidler, J. Antivirally Active Ribavirin Analogues - 

4,5-Disubstituted 1,2,3-Triazole Nucleosides: Biological Evaluation against 

Certain Respiratory Viruses and Computational Modelling. Antivir. Chem. 

Chemother. 2014, 23 (4), 161–171. https://doi.org/10.3851/IMP2564. 

(35)  Khan, I.; Guru, S. K.; Rath, S. K.; Chinthakindi, P. K.; Singh, B.; Koul, S.; 

Bhushan, S.; Sangwan, P. L. A Novel Triazole Derivative of Betulinic Acid 

Induces Extrinsic and Intrinsic Apoptosis in Human Leukemia HL-60 Cells. Eur. 

J. Med. Chem. 2016, 108, 104–116. 

https://doi.org/10.1016/J.EJMECH.2015.11.018. 

(36)  Majeed, R.; Sangwan, P. L.; Chinthakindi, P. K.; Khan, I.; Dangroo, N. A.; Thota, 

N.; Hamid, A.; Sharma, P. R.; Saxena, A. K.; Koul, S. Synthesis of 3-O-

Propargylated Betulinic Acid and Its 1,2,3-Triazoles as Potential Apoptotic 

Agents. Eur. J. Med. Chem. 2013, 63, 782–792. 

https://doi.org/10.1016/J.EJMECH.2013.03.028. 

(37)  Hu, J.; Lu, J. R.; Ju, Y. Steroid/Triterpenoid Functional Molecules Based on 

“Click Chemistry.” Chem. – An Asian J. 2011, 6 (10), 2636–2647. 

https://doi.org/10.1002/ASIA.201100378. 

(38)  Bankowska, E.; Balzarini, J.; Głowacka, I. E.; Wróblewski, A. E. Design, 

Synthesis, Antiviral and Cytotoxic Evaluation of Novel Acyclic Phosphonate 

Nucleotide Analogues with a 5,6-Dihydro-1H-[1,2,3]Triazolo[4,5-d]Pyridazine-



20 

4,7-Dione System. Monatshefte Fur Chemie 2014, 145 (4), 663. 

https://doi.org/10.1007/S00706-013-1137-X. 

(39)  Ma, N.; Wang, Y.; Zhao, B. X.; Ye, W. C.; Jiang, S. The Application of Click 

Chemistry in the Synthesis of Agents with Anticancer Activity. Drug Des. Devel. 

Ther. 2015, 9, 1585–1599. https://doi.org/10.2147/DDDT.S56038. 

(40)  Wu, H.; Li, H.; Kwok, R. T. K.; Zhao, E.; Sun, J. Z.; Qin, A.; Tang, B. Z. A 

Recyclable and Reusable Supported Cu(I) Catalyzed Azide-Alkyne Click 

Polymerization. Sci. Reports 2014 41 2014, 4 (1), 1–5. 

https://doi.org/10.1038/srep05107. 

(41)  Shi, F.; Waldo, J. P.; Chen, Y.; Larock, R. C. Benzyne Click Chemistry: Synthesis 

of Benzotriazoles from Benzynes and Azides. Org. Lett. 2008, 10 (12), 2409–

2412. https://doi.org/10.1021/OL800675U/SUPPL_FILE/OL800675U-

FILE001.PDF. 

(42)  Li, Y.; Jiang, R.; Ooi, L. S. M.; But, P. P. H.; Ooi, V. E. C. Antiviral Triterpenoids 

from the Medicinal Plant Schefflera Heptaphylla. Phytother. Res. 2007, 21 (5), 

466–470. https://doi.org/10.1002/PTR.1962. 

(43)  Schmittgen, T. D.; Livak, K. J. Analyzing Real-Time PCR Data by the 

Comparative C(T) Method. Nat. Protoc. 2008, 3 (6), 1101–1108. 

https://doi.org/10.1038/NPROT.2008.73. 

(44)  Leyssen, P.; Balzarini, J.; De Clercq, E.; Neyts, J. The Predominant Mechanism 

by Which Ribavirin Exerts Its Antiviral Activity in Vitro against Flaviviruses and 

Paramyxoviruses Is Mediated by Inhibition of IMP Dehydrogenase. J. Virol. 

2005, 79 (3), 1943–1947. https://doi.org/10.1128/JVI.79.3.1943-1947.2005. 

 


	Cover
	Manuscript

