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Abstract

:

Influenza poses a significant threat to public health worldwide, particularly among vulnerable populations such as children, the elderly, immunocompromised individuals, and those with chronic diseases. It is associated with high mortality and morbidity rates. Neuraminidase inhibitors play a crucial role in influenza treatment by mitigating the risk of complications and death. However, the genetic variability of the influenza virus enables the emergence of drug-resistant mutations. This review focuses on the search for new compounds that are not analogous to sialic acid, aiming to inhibit the activity of viral neuraminidase in vitro, viral replication in cell cultures, or animal models. Influenza virus strains that have been reported in the literature present specific mutations that generate resistance to neuraminidase inhibitors. Since these inhibitors bear structural resemblance to sialic acid, the predominant location for these mutations is the enzyme’s active site. Consequently, exploring alternative compound classes becomes imperative to circumvent this interaction pattern. These compounds will introduce diverse molecular frameworks, serving as foundational structures for further development through rational drug design, thereby engendering novel antiviral agents targeting influenza. The potential prospects for developing novel influenza antivirals based on these findings are discussed.
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1. Introduction


Influenza is an acute respiratory infection caused by a negative-strand RNA virus belonging to the Orthomyxoviridae family [1]. Influenza viruses are highly contagious, and symptoms can be mild or severe. Certain populations, such as children, individuals with chronic diseases, immunocompromised individuals, pregnant women, and the elderly, are more susceptible to experiencing higher morbidity and mortality rates [2]. According to the World Health Organization (WHO), the annual incidence of influenza virus infections ranges from 3 to 5 million, resulting in 290,000 to 650,000 deaths worldwide [3].



Influenza is categorized into four types: A, B, C, and D. In terms of human health, influenza A and B viruses are the most significant, causing annual epidemics. Influenza A viruses have the potential to cause pandemics, with some outbreaks resulting in millions of deaths. Influenza A viruses are further classified into subtypes based on the antigenic reactivity of their two surface proteins: hemagglutinin (HA) and neuraminidase (NA). There are 18 different hemagglutinin subtypes (H1–H18) and 11 different neuraminidase subtypes (N1-N11). On the other hand, influenza B viruses are not subdivided into subtypes but are classified into two lineages: Yamagata and Victoria [4].



Vaccination plays a crucial role in preventing influenza; however, antiviral medications are essential for the treatment of established influenza infections. The timely administration of antivirals can shorten the duration of the illness, reduce hospitalization rates, and prevent complications and death [5,6].



Several viral proteins have served as primary targets for the development of antiviral drugs. The M2 protein has been targeted by drugs such as amantadine and rimantadine (adamantanes), although their use has declined due to widespread resistance among circulating influenza viruses. The neuraminidase protein (NA) has been targeted by drugs like oseltamivir and zanamivir, which are still in use. More recently, drugs targeting components of viral RNA polymerase, such as baloxavir marboxil (targeting the polymerase acidic domain—PA), favipiravir, and pimodivir, have been approved. However, adamantanes are no longer recommended because most circulating influenza viruses are resistant, while NA and PA inhibitors are still used, but there are different proportions of viruses in populations that show resistance or low sensitivity [7,8].



Due to the emergence of resistance, there is a need to search for new drugs for influenza treatment. While there have been numerous investigations reporting potential new molecules, most of them are still in the preclinical stage and their effectiveness as drugs has not been fully established.



The main neuraminidase inhibitors are designed as sialic acid analogs [8]. However, there is ample evidence indicating the inhibitory activity of non-analog molecules to sialic acid [9,10]. These compounds present a potential advantage, as these non-analog inhibitors may not face the same limitations regarding resistance observed with sialic acid analogs [11]. Nevertheless, this hypothesis needs to be tested once non-sialic acid analogs are widely used.



For these reasons, the objective of the present study was to conduct a systematic review to gather information on molecules with evidence of in vitro inhibitory activity against influenza virus neuraminidase, as reported in peer-reviewed articles. In this article, we provide a summary of the data on the most promising molecules, which could serve as a starting point for their further development and application in the field of antiviral therapy against influenza.




2. Materials and Methods


2.1. Systematic Review


A comprehensive search for full-text articles was conducted on PubMed (https://www.ncbi.nlm.nih.gov/pubmed; last access date was 10 December 2021) to identify articles that reported molecules with neuraminidase inhibition activity against any type or subtype of influenza virus. The search terms used as keywords were “neuraminidase”, “influenza A”, and “inhibitors”. Only studies published in English were included in the review. The selection of relevant articles was based on the following criteria: original articles published from January 2015 to June 2021; the inclusion of information stating that the studied molecules were not sialic acid analogs and were of high purity; the presentation of protocols for neuraminidase inhibition analysis using influenza A viral neuraminidase; and reported values of the inhibitory concentration 50% (IC50) below 100 µM.




2.2. Data Analysis


Non-original or incomplete articles were excluded from the analysis. The database search, study screening, and primary data analysis were independently conducted by three coauthors. Any discrepancies or inconsistencies that arose during the process were resolved through group discussions, leading to a final consensus on the data. The information extracted from the selected articles was categorized and organized based on the publication year, with articles arranged in descending order. A table was created, including the article name, author, compound type, IUPAC name, compound ID, structure, subtype or strain of the studied influenza virus, and values of IC50 (inhibitory concentration 50%), Ki (inhibition constant), CC50 (50% cytotoxic concentration), selectivity index (SI), or EC50 (50% effective concentration). The table can be found in the Supplementary Materials.





3. Results


Description of Included Studies


Initially, a total of 992 articles were identified through an original search conducted using the specified keywords as described in the methodology. After removing duplicates and applying the selection criteria, 31 articles were deemed relevant for extracting the desired information. To provide a visual representation of the article selection process, a flow chart was constructed following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) guidelines. Figure 1 and Table 1 present a summary of the number of articles included and discarded at each stage of the analysis process.



Among the 31 selected articles, a total of 192 compounds were identified as inhibitors of viral neuraminidase (NA) activity at concentrations below 100 μM. Notably, seven of these compounds exhibited nanomolar potency, with IC50 values ranging from 20 nM to 100 nM. It is noteworthy that the order of magnitude in which these molecules exhibit their activity is in the nanomolar range, similar to what has been observed for oseltamivir and zanamivir, which are currently used as antivirals. Among the selected compounds, four belong to the dihydrofurocoumarin derivative class, one is a diazenylaryl sulfonic acid compound, and two are polyphenolic compounds (Figure 2 and Figure 3, Table 1). Additionally, we identified 11 compounds that exhibited significant inhibitory activity against viral replication in vitro. Out of these, 10 compounds demonstrated an EC50 below 0.1 μM, while the remaining compound had an EC50 of 0.2 μM. Furthermore, three compounds underwent testing in animal experiments, indicating their potential for further development (Figure 2, Table 1). In the studies involving the most promising compounds (Table 1), the majority centered on the human serotype H1N1, with only one compound tested against H3N2. Compound 114 was specifically tested in vitro against different mutants of the H1N1 subtype that are known to exhibit resistance to oseltamivir and zanamivir. It is important to note that there is no available evidence on the selected compounds regarding non-human viral subtypes, such as avian or porcine strains, at nanomolar (nM) concentrations.





4. Discussion


4.1. Compounds with IC50 < 1 μM In Vitro


Neuraminidase inhibitors (NAIs) play a crucial role in preventing the release and spread of viral progeny by blocking the function of the neuraminidase enzyme. These inhibitors are designed to mimic the structure of the viral substrate, sialic acid. In vitro evaluation of NA sensitivity to NAIs is commonly performed using enzyme inhibition tests with fluorescent or chemiluminescent substrates [12,13]. Determining the inhibitory concentration 50 (IC50) through these tests allows for the assessment of new compounds with inhibitory activity against viral neuraminidase. This methodology enables comparisons between different viral subtypes and strains, including those with mutations that reduce susceptibility to NAIs. Identifying compounds that can act on viruses with existing resistance to current antivirals is of particular importance [14,15,16].



It is important to evaluate the functionality of the compounds mentioned with both group 1 (N1, N4, N5, and N8) and group 2 (N2, N3, N6, N7, and N9) neuraminidase (NA) subtypes. Group 1 NA presents a cavity within the active site called “cavity 150”, while in group 2, NA is absent. This conformational difference affects the susceptibility of the compounds towards NA. Most of the selected compounds were analyzed only with H1N1 subtypes, and it is unknown if they also affect N2 subtypes. Another adjacent cavity in the active site, cavity 430, has also been identified [17,18,19]. Both cavities have been used as anchoring sites for relatively large compounds, as analyzed in Table 1, which prevent or modify the interaction of the substrate with the active site. Therefore, these compounds have certain characteristics that enable them to modify or prevent access to the active site of the substrate, such as steric effects, functional groups for electrostatic interactions, and the ability to form hydrogen bonds or hydrophobic interactions with amino acid residues within the active site or in cavities 430 or 150 in group 1 NA. These interactions stabilize the compound–NA interaction, achieving the objective of inhibiting enzymatic activity [20].



Only compound 114 was evaluated in viruses with characteristic neuraminidase mutations, such as H274Y, N294S, Q136L, or I427Q/M. These mutations are known to result in reduced susceptibility to NAIs, especially oseltamivir [21]. It was observed that the compound maintained its inhibitory capacity regardless of the presence of these mutations. This is because most of the mutations are found within the active site and the scaffold, so the strategy of using cavities 150 and 430, away from the active site, to anchor the compound allows it to circumvent such viral defense mechanisms.




4.2. Compounds with EC50 < 1 μM In Vitro


Ten of the eleven compounds were described by Chintakrindi et al. in 2019, of which six are derived from flavones (ID 86–91) and three from aurones (ID 92–94), while the tenth is quercetin (ID 95), a polyphenolic flavonoid. These compounds demonstrated the inhibition of both NA activity in vitro (with IC50 values ranging from 7.75 to 45.36 μM) and the replication of the influenza A/Pune/2009 (H1N1) virus. The inhibition of viral replication was determined by observing reduced activity of viral hemagglutinin (HA) [22].



The eleventh compound, described by Boechat et al. (2015), was an oxoquinoline derivative. This compound exhibited activity against the NA of influenza viruses A/WA/10/2008 WT (H1N1) and A/WA/01/2007 WT (H3N2). Importantly, it also demonstrated inhibitory effects against the NA of two oseltamivir-resistant strains of the virus: A/TX/12/2007 E119V (H3N2) and A/FL/21/2008 H275Y (H1N1). The compound displayed IC50 values ranging from 2.6 to 19.9 μM for the tested strains. Furthermore, the compound exhibited an EC50 value of 0.20 ± 0.01 μM for inhibiting viral replication, along with a selectivity index of 2830, indicating low toxicity in the cell culture. The specific viral strain used in this study was not specified [23].



The mentioned 11 compounds examined exhibit lower EC50 values (inhibition of viral replication) than IC50 values (viral NA inhibition), indicating that these compounds possess additional mechanisms of inhibition against the influenza virus beyond NA inhibition. Given that hemagglutinin and neuraminidase both recognize sialic acid as their ligand, certain molecules have been identified to inhibit both glycoproteins. These compounds not only decrease viral replication by blocking the release of virions through neuraminidase inhibition but also impede virion entry into target cells by preventing hemagglutinin binding to sialic acid. Furthermore, multi-target compounds such as epigallocatechin-3-O-gallate (EGCG) have been discovered, capable of inhibiting the activity of neuraminidase, hemagglutinin, and RNA-dependent RNA polymerase concurrently [24,25,26].



Quercetin is a compound previously known for its inhibitory properties against influenza virus. It has been shown to not only directly inhibit viral NA in a noncompetitive manner [27] but also affect viral replication through other pathways, particularly in the initial stages [22,28]. One proposed mechanism suggests that quercetin can interact with viral hemagglutinin (HA) and inhibit viral–cell fusion [27]. Furthermore, other compounds included in this review, such as the derivatives of quercetin, flavonoids, and polyphenols, have been described to possess additional important properties, including antioxidant and anti-inflammatory activities, alongside their antiviral activity [29,30,31].



For some compounds included in the works analyzed in this review, clinical studies have been carried out in groups of people with different conditions, in which the pharmacokinetics and pharmacodynamics as well as the effectiveness of those compounds and their main metabolites have been studied. Such is the case of quercetin, which, at doses of 1000 mg/day for 12 weeks, did not induce significant side effects and was able to reduce the time and severity of illness in a group of low-risk people with upper respiratory tract infection; curiously, this effect was not observed in the group of patients with high risk [32]. The above invites us to continue studying this type of compound and their mechanisms of action in clinical studies, especially under different treatment and dosage schemes, to understand and improve their pharmacological effects. A relevant area of opportunity is to improve the formulation to increase the bioavailability of the compounds. In the case of quercetin, the design of a formulation administered orally has been achieved that facilitates obtaining plasma levels up to 20 times higher in humans and without notable side effects, thus facilitating the effective use of this flavonoid to treat various diseases in humans [33].



When designing a drug against influenza, it is crucial to consider not only the ability of the molecule to inhibit NA and viral replication but also its cytotoxicity. The 11 compounds discussed in this section have relatively high CC50 values (ranging from 115.4 to 566 μM), comparable to the CC50 of oseltamivir (321 μM) [23]. However, it is important to note that toxicity may vary in an in vivo model, and the antiviral and anti-inflammatory effects may also differ. Therefore, further research is necessary for these compounds, and exploring the derivatives or analogs of these molecules could help identify compounds with enhanced antiviral potential and reduced toxicity.



In the field of flavonoids, Liu et al. (2008) compared the effects of various types of flavonoids (aurones, flavones, isoflavones, flavanones, and flavanes) and identified aurones and flavones as the compounds with the most significant inhibitory effects against the influenza virus [34]. Furthermore, Chintakrindi et al., supported by bioinformatic analysis, found that among the studied flavones, para-substitution on the phenyl ring was preferred over meta-substitution for H1N1-NA inhibition. They also observed that methoxy substitution on the phenyl rings of flavone and aurone was favored over nitro and chloro substitution for H1N1-NA inhibition. These modifications enable the compounds to bind to cavities 150 or 430 in the active site of group 1 NAs, as discussed in the in vitro IC50 analysis [22]. In other hand, Boechat et al. found that the 4-oxoquinoline moiety is important for viral NA inhibition in the studied oxoquinoline derivatives, while the triazole ring and cyclohexenyl radical are required for antiviral activity [23].




4.3. In Vivo Studies


Out of the initial 192 molecules included in the search, only three molecules have progressed to being studied in murine models. Two of these molecules, puerarin (ID 71) and chlorogenic acid (CHA; ID 73), were derived from plants, while the third molecule, the octapeptide errKPAQP (ID 79), was synthesized in the lab [35,36,37].



Puerarin was tested in a murine model of lethal infection with H1N1 influenza virus, and it demonstrated up to 70% protection when administered at a dosage of 200 mg/kg/day. Puerarin prolonged the survival rate and improved the lung index, showing a similar effect to oseltamivir (10 mg/kg/day). Puerarin is hypothesized to act as a neuraminidase (NA) blocker, inhibiting IAV (influenza A virus) in both cellular and animal models, and it may also play a role in antiviral activity following virus adsorption [35].



On the other hand, CHA (administered at a dosage of 100 mg/kg/day) was evaluated in a murine model infected with influenza A/PuertoRico/8/1934 (H1N1) and A/Beijing/32/92 (H3N2) viruses. The treatment with CHA induced up to 60% and 50% survival rates, respectively, protecting mice from weight loss, inflammation, and lung tissue damage caused by influenza virus infection. Comparatively, oseltamivir at the same concentration of 100 mg/kg/day yielded survival rates of 70% against both viruses. CHA also exhibited the ability to inhibit in vitro NA activity, particularly against N1, and it decreased the secretion of IL-6 and TNF-α induced by influenza virus infection [36].



The third molecule, the peptide errKPAQP (capital letters represent the natural L-amino acids, while lowercase letters represent the unnatural D-amino acids), was designed to replicate interactions observed between oseltamivir and viral neuraminidase. This peptide (administered at a dosage of 1 mg/kg/day) showed promising results in infected mice, providing 90% protection against death, similar to oseltamivir (50 mg/kg/day). The peptide also led to weight recovery in infected mice, restored lung structure to normal, and reduced the secretion of proinflammatory cytokines IL-6, TNF-α, and IFN-γ four days after infection. Biocompatibility tests demonstrated that errKPAQP exhibited low hemolytic activity, minimal cytotoxicity, and good pharmacokinetic characteristics, such as stability in serum and cellular uptake. These findings indicate that the errKPAQP peptide has the potential to be used as a therapeutic agent for influenza virus infection in vivo [37].



In vivo studies allow for the evaluation of the global or systemic effects of compounds. While some molecules may inhibit influenza virus replication in vitro and in vivo, they can also have direct effects on the biological system being evaluated. These molecules may possess additional properties, such as antioxidant, anti-inflammatory, antiapoptotic, and anti-autophagic activities, among others. These properties can influence the overall outcome in an in vivo model.





5. Conclusions


Currently, the effectiveness of antivirals against the influenza virus is compromised due to its genetic variability, resulting in biochemical and pathogenic changes. This poses a significant challenge in controlling the disease on a global scale. The emergence of resistance to NA inhibitors, such as oseltamivir and zanamivir, is particularly concerning as it renders compounds that are similar or derived from these ineffective against the mutated strains. Therefore, there is a pressing need to identify suitable candidates that utilize alternative mechanisms to bypass these mutations and exhibit efficacy at low concentrations, while minimizing or eliminating toxic effects. Additionally, these candidates should demonstrate favorable pharmacokinetic characteristics. Although this task may seem daunting, the use of bioinformatic tools can facilitate the process by integrating experimental data and guiding the modification or generation of new derivatives that possess these desired attributes, similar to the case of the errKPAQP peptide.
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Figure 1. Flow diagram of literature search and study selection. 
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Figure 2. Heat map of influenza virus inhibitors reported in 31 selected articles. The numbers on the x-axis correspond to the numeration of all compounds, which can be found in Supplementary Table S1. It is important to note that some compounds may appear more than once on the heat map, depending on whether they were tested with different viral subtypes or if the same compound was tested in different studies. IC50: half maximal inhibitory concentration, CC50: half maximal cytotoxic concentration, EC50: half maximal effective concentration. 
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Figure 3. Molecular structures of selected compounds. (a) zanamivir, a commercial antiviral; (b,c) compounds selected for their high inhibitory capacity in vitro (IC50 < 1 μM); (d–f) compounds selected for their inhibitory activity against viral replication (EC50 < 0.1 μM); (g) compound select for in vivo studies. 
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Table 1. Selected active compounds with neuraminidase inhibition activity and in vitro/in vivo infection inhibition.






Table 1. Selected active compounds with neuraminidase inhibition activity and in vitro/in vivo infection inhibition.





	

	
Neuraminidase Inhibition

	
Infection Inhibition




	

	
ID

	
IC50 (μM)

	
Virus Strain

	
CC50 (μM)

	
Selectivity Index

	
EC50 (μM)

	
Virus Strain






	
IC50 < 1 μM in vitro

	
1

	
0.15

	
NS

	
---

	
---

	
---

	
---




	
2

	
0.02

	
NS

	
---

	
---

	
---

	
---




	
3

	
0.03

	
NS

	
---

	
---

	
---

	
---




	
6

	
0.04

	
NS

	
---

	
---

	
---

	
---




	
114

	
0.44

	
A/WSN/33 (H1N1)

	
---

	
---

	
7.17

	
A/WSN/33 (H1N1)




	
0.62

	
A/WSN/193 (H1N1) NA N294S

	
---

	
---

	
---

	
---




	
0.33

	
A/WSN/1933 (H1N1) NA Y155YH

	
---

	
---

	
---

	
---




	
0.74

	
A/WSN/1933 (H1N1) NA Q136L

	
---

	
---

	
---

	
---




	
0.51

	
A/WSN/1933 (H1N1) NA I427Q

	
---

	
---

	
---

	
---




	
0.77

	
A/WSN/1933 (H1N1) NA I427M

	
---

	
---

	
---

	
---




	
136

	
1.00

	
NS

	
---

	
---

	
---

	
---




	
137

	
0.70

	
NS

	
---

	
---

	
---

	
---




	
EC50 < 1 μM In Vitro

	
86

	
32.60

	
A/Pune/2009 (H1N1)

	
174.3

	
3654

	
0.0477

	
A/Pune/2009 (H1N1)




	
87

	
27.65

	
A/Pune/2009 (H1N1)

	
115.4

	
3214

	
0.0359

	
A/Pune/2009 (H1N1)




	
88

	
10.76

	
A/Pune/2009 (H1N1)

	
263.4

	
20955

	
0.01257

	
A/Pune/2009 (H1N1)




	
89

	
8.74

	
A/Pune/2009 (H1N1)

	
191.8

	
20491

	
0.00936

	
A/Pune/2009 (H1N1)




	
90

	
15.36

	
A/Pune/2009 (H1N1)

	
269.1

	
19058

	
0.01412

	
A/Pune/2009 (H1N1)




	
91

	
13.20

	
A/Pune/2009 (H1N1)

	
162.5

	
13621

	
0.01193

	
A/Pune/2009 (H1N1)




	
92

	
45.36

	
A/Pune/2009 (H1N1)

	
272.4

	
5301

	
0.05139

	
A/Pune/2009 (H1N1)




	
93

	
37.50

	
A/Pune/2009 (H1N1)

	
169.4

	
4802

	
0.03528

	
A/Pune/2009 (H1N1)




	
94

	
41.00

	
A/Pune/2009 (H1N1)

	
253.8

	
4598

	
0.04632

	
A/Pune/2009 (H1N1)




	
95

	
7.75

	
A/Pune/2009 (H1N1)

	
253.8

	
3007

	
0.08446

	
A/Pune/2009 (H1N1)




	
186

	
19.90

	
A/WA/01/2007 (H3N2)

	
566

	
2830

	
0.2

	
NS




	
Studies in Animal Models

	
71

	
15.70

	
A/FM/1/47(H1N1)

	
1086.9

	
20.87

	
52.06

	
A/FM/1/47(H1N1)




	
73

	
22.13

	
A/PuertoRico/8/1934 (H1N1)

	
364.3

	
8.12

	
44.87

	
A/PuertoRico/8/1934(H1N1)




	
9.24

	
39.42

	
A/FM1/1/47 (H1N1)




	
5.84

	
62.33

	
A/Beijing/32/92 (H3N2)




	
7.11

	
51.23

	
A/Human/Hubei/3/2005(H3N2)




	
59.08

	
A/Beijing/32/92 (H3N2)

	
312.67

	
6.24

	
58.34

	
A/Jinnan/15/2009(H1N1)




	
5.06

	
71.93

	
A/Zhuhui/1222/2010(H3N2)




	
8.20

	
38.14

	
A/PuertoRico/8/1934(H1N1)




	
4.67

	
66.89

	
A/Beijing/32/92 (H3N2)




	
79

	
4.25

	
H1N1 (A/Puerto Rico/8/1934)

	
---

	
---

	
2.26

	
A/PuertoRico/8/1934 (H1N1)




	
---

	
---

	
1.46

	
A/Vietnam/1203/2004 (H5N1)








NS—not specified in this article; (---)—Not determined. IC50: half maximal inhibitory concentration, CC50: half maximal cytotoxic concentration, EC50: half maximal effective concentration.
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