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Abstract

:

The Zika virus (ZIKV) is a mosquito-borne virus that already poses a danger to worldwide human health. Patients infected with ZIKV generally have mild symptoms like a low-grade fever and joint pain. However, severe symptoms can also occur, such as Guillain-Barré syndrome, neuropathy, and myelitis. Pregnant women infected with ZIKV may also cause microcephaly in newborns. To date, we still lack conventional antiviral drugs to treat ZIKV infections. Marine natural products have novel structures and diverse biological activities. They have been discovered to have antibacterial, antiviral, anticancer, and other therapeutic effects. Therefore, marine products are important resources for compounds for innovative medicines. In this study, we identified a marine natural product, harzianopyridone (HAR), that could inhibit ZIKV replication with EC50 values from 0.46 to 2.63 µM while not showing obvious cytotoxicity in multiple cellular models (CC50 > 45 µM). Further, it also reduced the expression of viral proteins and protected cells from viral infection. More importantly, we found that HAR directly bound to the ZIKV RNA-dependent RNA polymerase (RdRp) and suppressed its polymerase activity. Collectively, our findings provide HAR as an option for the development of anti-ZIKV drugs.
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1. Introduction


Zika virus (ZIKV) is a small, enveloped positive-strand RNA virus with an icosahedral symmetrical structure of round particles about 40–70 nm in diameter [1]. It is a mosquito-borne virus belonging to the flavivirus types of the flavivirus family [2]. In 1947, ZIKV was first isolated from rhesus monkeys through a flavivirus surveillance network in the Zika Forest in Uganda, Africa [3]. For decades, ZIKV infections have been sporadic in humans [4]. The first ZIKV epidemic was reported in Micronesia, where nearly 73% of local residents were infected [5]. Subsequently, another large outbreak broke out in French Polynesia [6], which was followed by an outbreak of ZIKV infections in the Americas in 2015 [7]. Since then, ZIKV has been reported in 89 countries and districts, becoming a severe global public health challenge [8,9]. Most people infected with ZIKV are asymptomatic [10]. Even when symptoms occur, they are generally mild, such as rashes, fever, and muscle and joint pain [11]. However, ZIKV infection should not be ignored, as pregnant women infected with ZIKV may cause microcephaly in newborns [12]. Moreover, infected people can also lead to Guillain-Barré syndrome [13], neuropathy, and myelitis [14]. Currently, there is no targeted treatment for ZIKV infection or disease [15]. The recommended treatments are symptomatic management. Acetaminophen is often used clinically for fever and antihistamines for itchy rashes [2]. Thus, there is still a powerful demand for the development of anti-ZIKV drugs [16].



Natural products are materials produced by living creatures. They have a variety of medicinal characteristics and bioactivities for medicinal treatment. Seventy-five percent of the Earth’s surface area is the sea, which contains 80% of the world’s species [17]. More than 60 years have passed in the research of marine medicines. To date, due to the accomplishments of marine natural products, accomplishments have also been achieved in the development and application of clinical medication [18]. Some natural products have long been the traditional source of medication molecules. As an important resource for human natural medicine research, many metabolites produced by marine organisms not only have a unique chemical structure, but also have significant biological activity and high medicinal value. In addition, marine natural products have been indicated to have significant antibacterial, antiviral, antitumor, antioxidant, and immunomodulatory functions [19,20]. Vidarabine is an antiviral drug obtained from a natural sponge prototype product. It has been used to treat herpes simplex virus type 1 and type 2 infection diseases for many years [21]. Polymannuronate phosphate (PMP) is a promising anti-SARS-CoV-2 drug, and polymannuronate monophosphate (PMPD) is the most effective ingredient to block the interaction between spike and ACE2 [22]. Sulfated chitooligosaccharide has also been proven to exert inhibitory functions on the human immunodeficiency virus (HIV), inhibiting virus entry into host cells [10]. Moreover, many marine alkaloids have biological activity against neglected tropical diseases that are caused by pathogens like protozoan parasites and malaria [23]. Polycyclic indoles of fascaplysin and homofascaplysin, extracted from the sponge Hyrtios cf. erecta, are a class of dichloromethane/methanol extracts and have anti-protozoal activity [24]. As a neglected disease, dengue affects about 50% of the world’s population, with an estimated 100 to 400 million infections occurring annually [25]. Several compounds with anti-dengue virus (DENV) activity have been isolated from the marine environment [26]. Fucoidan is a sulfated polysaccharide isolated from Cladosiphon okamuranus, a natural brown seaweed in Okinawa, Japan, that shows inhibitory activity against DENV-2 [27]. Diterpenes (dolastanes and ecodolastanes) isolated from Canistrocarpus cervicornis show inhibitory activity against DENV-1 and DENV-3 [28]. ZIKV belongs to the Flavivirus family. Yuan et al. have found that cyclodepsipeptides (CDPs), extracted from the sea sponge-associated fungus Beauveria feline, exhibit anti-ZIKV activity [29]. In Vero cells, the dichloromethane extract of the red seaweed Bryotamnion triquetrum inhibits ZIKV replication [30]. Above all, marine natural products are crucial for the development of new antiviral drugs, especially for neglected diseases. In this context, mining antivirals in marine natural products is beneficial in accelerating anti-ZIKV agent exploitation.



Harzianopyridone (HAR) (Figure 1) is a volatile organic compound derived from the strain Trichoderma sp. That was obtained from sponge (Callyspongia sp.) samples. Secondary metabolites (SMs) of Trichoderma sp. have been proven to have antimicrobial activity against phytopathogenic fungi and are one of the possible methods used for biological prevention today. Antifungal HAR was first isolated from Trichoderma harzianum in 1989 [31], containing a penta-substituted pyridine ring system in a 2,3-dimethoxy-4-pyridyl pattern [32]. There are few studies on the biological activity of HAR. It has been demonstrated that HAR can effectively inhibit mitochondrial complex II [33,34]. Moreover, HAR can reduce myosin heavy chain-embryonic levels and effectively inhibit the formation of muscle cells in vitro and in vivo [35]. In our study, we found that HAR has anti-ZIKV activity in cell culture models. Subsequently, it was further clarified that the antiviral effect was manifested by direct interaction with ZIKV RNA-dependent RNA polymerase (RdRp). Above all, these results further demonstrate its possibility as a drug development.




2. Results


2.1. HAR Exerts Antiviral Potential without Obvious Cytotoxicity


To determine whether HAR could inhibit the replication of ZIKV, we infected three susceptible cell lines with ZIKV, including A549, SNB19, and Vero. Subsequently, cells were treated in medium containing different concentrations of HAR (1, 2, 4, 7, and 15 µM). The results show that HAR was effective against ZIKV in SNB19 cells, with an EC50 value of 0.46 ± 0.13 µM (Table 1), while showing low cytotoxicity (CC50 = 45.17 ± 2.16 and SI = 98.20). The results were also consistent in Vero and A549 cells, as HAR inhibited ZIKV infection with EC50 values from 1.40 to 2.63 µM (Table 1) and did not cause significant cell cytotoxicity (CC50 = 92.31 ± 6.66 in Vero cells and CC50 = 82.87 ± 4.94 in A549 cells). Moreover, in the above three cell lines, HAR also proved remarkably lower EC90 values (Table 1) compared favorably with its CC50 value (>45 µM). Furthermore, the plaque-forming assay also shows consistent results that HAR significantly repressed the number of live ZIKV particles (Figure 2), indicating HAR as a potent antiviral agent.




2.2. HAR Inhibits the Expression of ZIKV Proteins


To further clarify the antiviral effects of HAR, we determined the expression of two important ZIKV proteins in three different cell lines by Western blotting analysis. NS5 is the largest NS protein of ZIKV, which inhibits the innate immunity signal to mediate ZIKV evasion from the antiviral defense in the host [36]. By binding to a receptor with the E protein, the viruses enter the cell, making the E protein an ideal antiviral target [37]. The results show that the expression of these two important viral proteins was inhibited effectively in a dose-dependent manner after HAR treatment (Figure 3). Our results show that ZIKV proteins were not expressed in SNB19 and Vero cells when the concentration of HAR was 7 µM (Figure 3). While in A549 cells, it was 15 µM or higher concentrations of HAR that could completely inhibit the expression of ZIKV proteins (Figure 3). These results agreed with the results of the EC50 values against ZIKV and the plaque-forming assays in the above three cell lines.




2.3. HAR Protects Cells against ZIKV Infection


Furthermore, we used an immunofluorescence assay to visualize the antiviral effects of HAR against ZIKV. After ZIKV infection, a large number of cells emitted red fluorescence in the control cells that were treated with DMSO (Figure 4A). While the number of cells in red fluorescence considerably decreased and even disappeared after treatment with HAR (Figure 4A), indicating that HAR protects cells against ZIKV infection, the quantitative results also indicate a huge statistical difference between the DMSO group and the HAR group (Figure 4B). These results show that HAR has great anti-ZIKV activities.




2.4. HAR Directly Targets the ZIKV RdRp


We further explored the specific mechanism of the antiviral function of the HAR. ZIKV NS5 protein, which contains an RdRp domain and contributes to the replication of the viral RNA [38]. In consideration of the importance of the NS5 protein for ZIKV and the significant inhibitory effects of HAR on NS5 expression, we firstly used a mini-genome reporter system to further explore whether HAR affects NS5-mediated ZIKV RNA synthesis. The ZIKV RNA polymerase NS5 and a viral mini-genomic RNA encoding a reporter gene Gluc, in which the Gluc expression cassette was flanked by 5′ and 3′ untranslated regions (UTRs) of ZIKV, were co-transfected in 293T cells. Gluc mRNA was synthesized by cellular pol II, and then Gluc was expressed. The viral RdRp amplified the mRNA after the expression of ZIKV NS5, which led to higher Gluc levels (Figure 5A). The viral RNA synthesis by NS5 was reflected by the content of Gluc secreted into a culture medium. As shown in Figure 5A, the treatment of HAR significantly inhibited the Gluc signals, indicating impaired viral RNA synthesis. Moreover, we found that HAR treatment did not affect Gluc activity in cells expressing the reporter alone (Figure 5B). Next, we immobilized RdRp protein purified from Escherichia coli on a CM5 sensor chip for surface plasmon resonance biosensor (SPR)-based BIAcore experiments and investigated the direct interaction between HAR and RdRp protein. The results show that HAR could directly bind to ZIKV RdRp (Kd = 52 µM) (Figure 5C), while ribavirin and RdRp protein show no interaction (Figure 5D). These findings indicate that ZIKV RdRp was the target of HAR.





3. Discussion


In February 2016, ZIKV was declared a global public health emergency by the World Health Organization (WHO). Nowadays, ZIKV transmission has diminished, but it is still important to remain vigilant for its reemergence and global spread [4]. In addition to preventive measures, antiviral drug treatment is also an important strategy against infectious diseases [39]. To date, no specific antiviral drugs have been permitted for the treatment of ZIKV infection. Clinically, conventional drugs are often used to relieve symptoms, such as acetaminophen, which is a common treatment used to control fever and pain, and histamine antagonists, which are useful to cure itchy rashes. In this study, we identified a marine natural compound that exerted antiviral effects. In SNB19 cells, the concentration of HAR at less than 0.5 µM could inhibit half of the viral replication. In Vero and A549 cells, the EC50 values also did not exceed 3 µM, indicating HAR has great antiviral activities. We have previously reported a series of compounds with inhibitory activity against ZIKV. Compound 22 indicates potent anti-ZIKV activity, with an EC50 value ranging from 1.33 μM to 5.72 μM [40]. Dapoxetine has been found to show a concentration-dependent anti-ZIKV effect with an EC50 value ranging from 4.2 µM to 12.6 µM [41].Fidaxomicin inhibits half of ZIKV replication at about 10 µM in vitro [42]. In addition, amodiaquine shows inhibitory activity for ZIKV with an EC50 value of 3.07 µM [43]. Baz and Cai et al. demonstrated the inhibitory effect of favipiravir on multiple ZIKV strains in vitro (EC50 = 35 μM) [44]. There are also some marine natural products that have activity against ZIKV. The dichloromethane extract of the marine seaweed Canistrocarpus cervicornis exhibits an antiviral effect at 10 µM in Vero cells [45]. These data illustrate that HAR is an effective anti-ZIKV agent with an EC50 at low concentrations in cell culture models. Subsequently, we used a microgenomic reporter system to verify the effect of HAR on ZIKV RNA synthesis. Surface plasmon resonance (SPR) experiments demonstrate the direct binding between HAR and NS5 RdRp (Kd = 52 µM). Our previous reports have indicated that dapoxetine also has interaction with NS5 RdRp (Kd = 49.8 µM) [41] and fidaxomicin directly binds ZIKV NS5 full-length protein (Kd = 19 µM) [42]. All these fruitful findings are expected to provide new candidates for anti-ZIKV drug development.



ZIKV is a small enveloped positive-strand RNA virus [46]. For all RNA viruses, RdRp is a major target for medicine design, given its critical function in RNA viral replication [47,48]. For viral RdRp inhibitors, nucleoside polymerase inhibitors (NIs) and non-nucleoside polymerase inhibitors (NNIs) have been approved for viral infection. Sofosbuvir is the first clinically effective anti-HCV NI drug. The active ingredient of sofosbuvir undergoes phosphorylation and binds to the active site of RdRp in the cells. Thus, it can compete with natural substrates for RNA synthesis [49]. Favipiravir is a novel antiviral drug that characteristically and effectively inhibits RdRp in flavivirus, orthomyxovirus, norovirus, and other viruses. Nevertheless, the exact molecular mechanism of interaction with RdRp has not been fully elucidated. Evelyn J. et al. suggested that favipiravir has a lethal mutational effect on ZIKV [50]. Rilpivirine, a non-nucleoside reverse transcriptase inhibitor (NNRTI), is used to deal with HIV-1 infection. In primary human astrocytes, rilpivirine inhibits the enzymatic activity of NS5 and suppresses ZIKV infection and replication [51]. In our previous studies, we identified a series of small anti-ZIKV molecules as RdRp inhibitors, such as fidaxomicin [42], doramectin [52], and compound 22 [40], similar to HAR in this study.



The ocean is a treasure trove of natural products rich in species diversity. Marine natural products are a significant source for the research and development of original new drugs nowadays. Most of the existing marine drugs are active ingredients extracted directly from marine organisms. Some are obtained by artificial synthesis or biotechnological modification of marine biological active substances. Marine drugs are mainly divided into three categories: marine traditional Chinese drugs, marine chemical drugs, and marine biological goods. At present, the main development direction of marine drugs is to develop new drugs for major human diseases such as tumors, cardiovascular diseases, pathogenic microorganisms, and nervous system diseases [53]. Marine organisms can produce many bioactive substances and metabolites with special structures [54,55]. Marine drugs also have remarkable pharmacological stability and potency [56], relatively small toxicities and side effects [57], and have a unique effect on the prevention and treatment of cancer [58,59], AIDS [60], and cardiovascular and cerebrovascular diseases [61]. Today, marine organisms are one of the major contributors to the development of new and specialty drugs [62]. As a marine natural product, HAR is extracted from Trichoderma sp. that was isolated from sponges. HAR has an inhibitory effect on phytopathogenic fungi, such as P. ultimum and G. graminis var. tritici [63]. This is the first report that HAR could also inhibit ZIKV by suppressing viral RNA synthesis and directly targeting NS5 RdRp, increasing its biological function. In view of the drug properties, the anti-ZIKV activity of HAR in mammals still needs to be explored.



The development of new drugs is a long-term and expensive procedure with a particularly high failure rate. Repurposing “old” drugs is becoming a progressively attractive suggestion for unusual or rare diseases. It can save a lot of time and resources by significantly speeding up the drug development process. Avarone is a marine natural product obtained from the sponge Dysidea avara [64]. Avarone has many kinds of medicinal functions, including anti-tumor [65], antibacterial, and antiviral [66]. In recent years, it has been found that avarone can be designed as a multi-target drug. The drug can treat diabetes and its pathological complications [67]. From ZIKV and Ebola to COVID-19 in 2019, infectious diseases caused by viruses pose a significant global health burden. One of the major global medical needs is specific treatment for most viral infectious diseases. Over the past few years, drug repurposing has made a significant contribution to the identification of new antiviral molecules and therapeutic intervention targets. Remdesivir [68], chloroquine [69], and fluvoxamine [70] are considered to be promising drugs for the treatment of COVID-19. Amodiaquine, as an antimalarial drug approved by the FDA, also shows anti-ZIKV activity [43].Two of the compounds we found with anti-ZIKV activity were also repurposed by “old” drugs. One is fidaxomicin, which is a first-in-class macrocyclic antibiotic [42]; the other is dapoxetine, which can particularly inhibit serotonin reuptake [41]. Potential drugs approved for the treatment of HCV infection have also been reported, including ribavirin [71] and sofosbuvir [72], which can also inhibit ZIKV. Therefore, drug repurposing is an effective strategy for the development of antiviral drugs.



In conclusion, our results provide a potential marine natural product, HAR, against ZIKV by directly binding to the RdRp and inhibiting its polymerase activity. Based on our in vitro data, it is necessary to further verify the effectiveness and toxicity of HAR in animals. Further efforts are also needed to achieve structural optimization and transformation in the future investigation. In this study, HAR provides an alternative drug molecular backbone for the human drug molecule library, especially in anti-ZIKV drugs.




4. Materials and Methods


4.1. Cell Culture and Virus


Primary human lung adenocarcinoma cell line A549, kidney epithelial cells of African green simian Vero, and human embryonic kidney cell line 293T were obtained from the Cell Bank of the Chinese Academy of Sciences (CBCAS), Shanghai, China. Human glioblastoma cell line SNB19 (CRL-2219, ATCC, Manassas, VA, USA) was obtained from ATCC. A549, Vero, 293T, and SNB19 cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS) (GIBCO, Carlsbad, CA, USA), 2 mM L-glutamine, 100 μg/mL streptomycin, and 100 units/mL penicillin (Invitrogen, Carlsbad, CA, USA) at 37 °C under 5% CO2. All cell lines were authenticated by short tandem repeat (STR) fingerprinting at the Medicine Laboratory of the Forensic Medicine Department of Sun Yat-Sen University (SYSU) (Guangzhou, China) and were found to be free of mycoplasma contamination. ZIKV ZG-01 strain (China, 2016, GenBank accession number KY379148) was a kind gift from Professor Xi Huang (Sun Yat-sen University, Guangzhou, China) [73].




4.2. Compound Preparation


The strain Trichoderma sp. SMU 410205 was isolated from a sponge (Callyspongia sp.) sample that was collected near Weizhou Island (Guangxi, China) in the Beibu Gulf of the South China Sea. This strain was stored on MB agar (malt extract 15 g, sea salt 10 g, H2O 1 L, PH 7.4–7.8) slants at 4 °C and deposited at the School of Traditional Chinese Medicine, Southern Medical University. The ITS sequence region of the strain SMU 410205 was amplified by PCR, and rDNA sequencing showed that it shared significant homology to that of Trichoderma. The rDNA sequence has a 100% sequence identity to that of Trichoderma lixii, so it was designated as Trichoderma sp. SMU 410205. The culture broth was extracted with ethyl acetate and then concentrated. The extract was chromatographed to obtain eight fractions (Frs. 1~9). Using HPLC analysis, Frs. 3 was purified again to obtain ten subfractions (Frs. 3-1~3-10). Frs. 3-6 was purified by semipreparative HPLC to obtain a pure compound, which was identified as Harzianopyridone (HAR) as reported [74]. HAR, determined to have ≥95% purity by analytical HPLC, was stored at −20 °C until use and dissolved in DMSO to a stock concentration of 10 mM.




4.3. Cell Viability Assay


Cell viability was detected by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, according to a previously described method [40]. Briefly, cells were seeded in 96-well plates at a density of 8 × 103 cells per well and cultured at 37 °C for 24 h. The cells were treated with continuously diluted HAR for 48 h. Then, 5 mg/mL of MTT solution was added to the cells and incubated for 4 h before detection. The insoluble formazan was dissolved in 160 mL of DMSO and read on 96-well plates at 490 nm with an enzyme standard instrument. The assay was performed in triplicate in three independent experiments.




4.4. RNA Extraction, Reverse Transcription, and Real-Time PCR


RNA from cell supernatants was prepared with the RaPure Viral RNA/DNA Kit (Vazyme, Nanjing, China) according to the manufacturer’s instructions. The first-strand cDNA was synthesized using random hexamer primers. Real-time PCR was conducted using AceQ qPCR SYBR Green Master Mix (Vazyme, Nanjing, China). The viral RNA copy numbers were determined as described previously [75]. Briefly, a standard curve was generated using in vitro-transcribed viral RNA standards, and the threshold cycle (Ct) value of each sample was compared with the standard curve to obtain the RNA copy number. Experiments were performed at least three times, with triplicate replicates. The primer sets used for real-time PCR were as follows:



qp-ZIKV-primer-F: TGGAGATGAGTACATGTATG



qp-ZIKV-primer-R: GGTAGATGTTGTCAAGAAG




4.5. Plaque-Forming Assay


Plaque assays were performed to assess viral titers, as previously described [52]. Vero cells were seeded in a 12-well plate at a density of 8 × 104 cells per well and cultured at 37 °C in 5% CO2 overnight. Then, the medium was removed, and 5-fold serial diluents of virus were used to inoculate the cells. After 2 h, the supernatant was removed, and the cells were overlaid with a solution of 2.4% methylcellulose in MEM supplemented and incubated for 7 days at 37 °C. Next, the cells were fixed with 4% paraformaldehyde for 30 min, washed, and stained with 2% crystal violet for 30 min. DMSO was used as a solvent control. Experiments were performed in triplicate.




4.6. Western Blotting Analysis


Protein expression was assessed using Western blotting, as previously reported [75]. The proteins from the cells were prepared with RIPA lysis buffer (Millipore, Bedford, MA, USA). Protein concentrations were measured with a bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, Rockford, IL, USA). Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane. Non-specific antibody binding sites were blocked with 5% non-fat milk in Tris-buffered saline (TBS) (20 mM Tris-HCl [pH 7.6], 135 mM NaCl, and 0.1% Tween 20) for 1 h at room temperature and then incubated with the following primary antibodies: anti-ZIKV E (GTX133314, 1:2000, GeneTex Inc., Irvine, CA, USA), anti-ZIKV NS5 (GTX133312, 1:1000, GeneTex Inc., Irvine, CA, USA), and anti-GAPDH (60004-1-IG, 1:5000, Proteintech, Rosemont, IL, USA). Membranes were incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature, and signals were detected by enhanced chemiluminescence using a commercial kit (Thermo Fisher Scientific) according to the manufacturer’s suggested protocols.




4.7. Immunofluorescence


Cells were fixed in 4% paraformaldehyde for 20 min and then permeabilized with 0.2% Triton X-100 and blocked with 5% BSA in PBS for 1 h. Then, cells were incubated with an anti-ZIKV E antibody (1:500, BioFront Technologies, Tallahassee, FL, USA) for 16 h at 4 °C. After three washes with PBS containing 0.1% Tween 20 (PBST), a secondary antibody Alexa 555-conjugated goat anti-mouse IgG (Thermo Fisher Scientific, Rochester, NY, USA) was used for 1 h and then 4′,6-diamidino-2-phenylindole nuclear stain (DAPI, 1:1000, Sangon Biotech, Shanghai, China) was counterstained for 10 min. The immunofluorescent images were taken with an inverted microscope (Carl Zeiss, Oberkochen, Germany).




4.8. ZIKV NS5 RdRp Activity Assay


ZIKV NS5 RdRp activity was measured by the ZIKV-Gluc reporter plasmid, as previously reported [76]. 293T cells were typically co-transfected in a 6-well plate (2 × 105/mL cells per well) with 10 ng reporter plasmid and 2 μg ZIKV NS5 protein expression plasmid following the addition of different concentrations of HAR. After 24 h post-transfection, Gluc activity was measured. Briefly, cell supernatants were added to a white and opaque 96-well plate and injected with 60 μL of 16.7 μM coelenterazine-h (Promega, Madison, WI, USA, #S2011) per well. The luminescence was acquired for 2 s using the Infinite F500 (TECAN, Grödig, Austria).




4.9. BIAcore Analysis


Surface plasmon resonance (SPR) experiments were performed on a BIAcore T100 device (BIAcore Inc., Uppsala, Sweden) using CM5 sensor chips (General Electric Company, GE, Boston, MA, USA) according to the protocol provided by the manufacturer. Recombinant ZIKV NS5 protein was immobilized on a CM5 chip. Different concentrations of HAR or ribavirin were injected at a flow rate of 30 µL/min for 3 min. Subsequently, data were collected for a 3 min association followed by a 20 min dissociation. The chip was regenerated by injecting 10 µL of 15 mM NaOH for 20 s. All procedures were run in 1% DMSO PBS-P20 (GE Healthcare, Beijing, China) as a running buffer. The binding kinetics were analyzed with the software BIA-evaluation version 3.1 using a 1:1 Langmuir binding model. The Kd value was calculated as previously described [42]. The recombinant ZIKV NS5 protein was the same as the protein in another article [52].




4.10. Statistical Analysis


Statistical analysis was performed on triplicate experiments using a two-tailed Student’s t-test in the GraphPad Prism 9.0 software. The data were expressed as the mean ± standard deviation (SD) of triplicate experiments. p values were indicated by * p < 0.05, ** p < 0.01, *** p < 0.001, and “ns” indicates not significant.








Author Contributions


Conceptualization, J.Y. (Jie Yuan) and J.Y. (Jianchen Yu); methodology, K.Z., J.Y. (Jianchen Yu), J.L., L.H., X.X. and B.Z.; formal analysis, K.Z., J.L., B.Z., L.H., X.X. and J.Y. (Jianchen Yu); Writing—original draft preparation, K.Z.; Writing—review and editing, K.Z., Z.H. and J.Y. (Jie Yuan); supervision, Z.H., H.T. and J.Y. (Jie Yuan); funding acquisition, Z.H., H.T. and J.Y. (Jie Yuan). All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Guangdong Marine Economy Development Special Project, No. GDNRC [2022]35 and No. GDNRC [2023]39, the National Natural Science Foundation of China (81971146, 82171675), the Natural Science Foundation of Guangdong Province, China, Grant No. 2022A1515011037, the Open Project Fund of the Key Laboratory of Tropical Disease Control (Sun Yat-sen University), and the Ministry of Education (2022kfkt03).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We owe our special thanks to Xi Huang of Sun Yat-sen University for providing materials (ZIKV ZG-01 strain) and Shan Cen from the Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences, and Peking Union Medical College for the Gluc reporter and ZIKV NS5 RdRp plasmid, which were essential for this work.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Sharma, A.; Zhang, X.; Dejnirattisai, W.; Dai, X.; Gong, D.; Wongwiwat, W.; Duquerroy, S.; Rouvinski, A.; Vaney, M.C.; Guardado-Calvo, P.; et al. The epitope arrangement on flavivirus particles contributes to Mab C10’s extraordinary neutralization breadth across Zika and dengue viruses. Cell 2021, 184, 6052–6066.e18. [Google Scholar] [CrossRef]

	



Musso, D.; Gubler, D.J. Zika Virus. Clin. Microbiol. Rev. 2016, 29, 487–524. [Google Scholar] [CrossRef] [PubMed]

	



Dick, G.W.; Kitchen, S.F.; Haddow, A.J. Zika virus. I. Isolations and serological specificity. Trans. R Soc. Trop. Med. Hyg. 1952, 46, 509–520. [Google Scholar] [CrossRef] [PubMed]

	



Musso, D.; Ko, A.I.; Baud, D. Zika Virus Infection—After the Pandemic. N. Engl. J. Med. 2019, 381, 1444–1457. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, M.R.; Chen, T.H.; Hancock, W.T.; Powers, A.M.; Kool, J.L.; Lanciotti, R.S.; Pretrick, M.; Marfel, M.; Holzbauer, S.; Dubray, C.; et al. Zika virus outbreak on Yap Island, Federated States of Micronesia. N. Engl. J. Med. 2009, 360, 2536–2543. [Google Scholar] [CrossRef] [PubMed]

	



Cauchemez, S.; Besnard, M.; Bompard, P.; Dub, T.; Guillemette-Artur, P.; Eyrolle-Guignot, D.; Salje, H.; Van Kerkhove, M.D.; Abadie, V.; Garel, C.; et al. Association between Zika virus and microcephaly in French Polynesia, 2013-15: A retrospective study. Lancet 2016, 387, 2125–2132. [Google Scholar] [CrossRef]

	



Triunfol, M. Microcephaly in Brazil: Confidence builds in Zika connection. Lancet Infect. Dis. 2016, 16, 527–528. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Zika Virus. Available online: https://www.who.int/news-room/fact-sheets/detail/zika-virus (accessed on 13 February 2024).

	



Zika virus: A new global threat for 2016. Lancet 2016, 387, 96. [CrossRef] [PubMed]

	



Lucey, D.R. Time for global action on Zika virus epidemic. BMJ 2016, 352, i781. [Google Scholar] [CrossRef]

	



Lessler, J.; Chaisson, L.H.; Kucirka, L.M.; Bi, Q.; Grantz, K.; Salje, H.; Carcelen, A.C.; Ott, C.T.; Sheffield, J.S.; Ferguson, N.M.; et al. Assessing the global threat from Zika virus. Science 2016, 353, aaf8160. [Google Scholar] [CrossRef]

	



Driggers, R.W.; Ho, C.Y.; Korhonen, E.M.; Kuivanen, S.; Jääskeläinen, A.J.; Smura, T.; Rosenberg, A.; Hill, D.A.; DeBiasi, R.L.; Vezina, G.; et al. Zika Virus Infection with Prolonged Maternal Viremia and Fetal Brain Abnormalities. N. Engl. J. Med. 2016, 374, 2142–2151. [Google Scholar] [CrossRef] [PubMed]

	



Brasil, P.; Sequeira, P.C.; Freitas, A.D.; Zogbi, H.E.; Calvet, G.A.; de Souza, R.V.; Siqueira, A.M.; de Mendonca, M.C.; Nogueira, R.M.; de Filippis, A.M.; et al. Guillain-Barré syndrome associated with Zika virus infection. Lancet 2016, 387, 1482. [Google Scholar] [CrossRef] [PubMed]

	



Tang, H.; Hammack, C.; Ogden, S.C.; Wen, Z.; Qian, X.; Li, Y.; Yao, B.; Shin, J.; Zhang, F.; Lee, E.M.; et al. Zika Virus Infects Human Cortical Neural Progenitors and Attenuates Their Growth. Cell Stem Cell 2016, 18, 587–590. [Google Scholar] [CrossRef] [PubMed]

	



Miner, J.J. Defeating Zika. Sci. Transl. Med. 2017, 9, eaan2785. [Google Scholar] [CrossRef] [PubMed]

	



Plourde, A.R.; Bloch, E.M. A Literature Review of Zika Virus. Emerg. Infect. Dis. 2016, 22, 1185–1192. [Google Scholar] [CrossRef] [PubMed]

	



Marris, E. Marine natural products: Drugs from the deep. Nature 2006, 443, 904–905. [Google Scholar] [CrossRef] [PubMed]

	



Desbois, A.P. How might we increase success in marine-based drug discovery? Expert. Opin. Drug Discov. 2014, 9, 985–990. [Google Scholar] [CrossRef]

	



Abdelmohsen, U.R.; Bayer, K.; Hentschel, U. Diversity, abundance and natural products of marine sponge-associated actinomycetes. Nat. Prod. Rep. 2014, 31, 381–399. [Google Scholar] [CrossRef]

	



Villa, F.A.; Gerwick, L. Marine natural product drug discovery: Leads for treatment of inflammation, cancer, infections, and neurological disorders. Immunopharmacol. Immunotoxicol. 2010, 32, 228–237. [Google Scholar] [CrossRef]

	



Gogineni, V.; Schinazi, R.F.; Hamann, M.T. Role of Marine Natural Products in the Genesis of Antiviral Agents. Chem. Rev. 2015, 115, 9655–9706. [Google Scholar] [CrossRef]

	



Yang, C.; Li, D.; Wang, S.; Xu, M.; Wang, D.; Li, X.; Xu, X.; Li, C. Inhibitory activities of alginate phosphate and sulfate derivatives against SARS-CoV-2 in vitro. Int. J. Biol. Macromol. 2023, 227, 316–328. [Google Scholar] [CrossRef] [PubMed]

	



Tempone, A.G.; Pieper, P.; Borborema, S.E.T.; Thevenard, F.; Lago, J.H.G.; Croft, S.L.; Anderson, E.A. Marine alkaloids as bioactive agents against protozoal neglected tropical diseases and malaria. Nat. Prod. Rep. 2021, 38, 2214–2235. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Luis, S.; Gómez, J.F.; Spadafora, C.; Guzmán, H.M.; Gutiérrez, M. Antitrypanosomal alkaloids from the marine bacterium Bacillus pumilus. Molecules 2012, 17, 11146–11155. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Dengue and Severe Dengue. Available online: https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue (accessed on 13 February 2024).

	



Teixeira, R.R.; Pereira, W.L.; Oliveira, A.F.; da Silva, A.M.; de Oliveira, A.S.; da Silva, M.L.; da Silva, C.C.; de Paula, S.O. Natural products as source of potential dengue antivirals. Molecules 2014, 19, 8151–8176. [Google Scholar] [CrossRef] [PubMed]

	



Hosseini, S.; Muñoz-Soto, R.B.; Oliva-Ramírez, J.; Vázquez-Villegas, P.; Aghamohammadi, N.; Rodriguez-Garcia, A.; Martinez-Chapa, S.O. Latest Updates in Dengue Fever Therapeutics: Natural, Marine and Synthetic Drugs. Curr. Med. Chem. 2020, 27, 719–744. [Google Scholar] [CrossRef] [PubMed]

	



Koishi, A.C.; Zanello, P.R.; Bianco, É.M.; Bordignon, J.; Nunes Duarte dos Santos, C. Screening of Dengue virus antiviral activity of marine seaweeds by an in situ enzyme-linked immunosorbent assay. PLoS ONE 2012, 7, e51089. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, B.; Wu, Z.; Ji, W.; Liu, D.; Guo, X.; Yang, D.; Fan, A.; Jia, H.; Ma, M.; Lin, W. Discovery of cyclohexadepsipeptides with anti-Zika virus activities and biosynthesis of the nonproteinogenic building block (3S)-methyl-l-proline. J. Biol. Chem. 2021, 297, 100822. [Google Scholar] [CrossRef]

	



Cirne-Santos, C.C.; Barros, C.D.S.; Rabelo, V.W.; Esteves, P.O.; Gomes, M.W.L.; Teixeira, V.L.; Paixão, I.C.D.P. In vitro antiviral activity against Zika virus from a natural product of the Brazilian red seaweed Bryothamnion triquetrum. Acta Virol. 2021, 65, 402–410. [Google Scholar] [CrossRef]

	



Khan, R.A.A.; Najeeb, S.; Hussain, S.; Xie, B.; Li, Y. Bioactive Secondary Metabolites from Trichoderma spp. against Phytopathogenic Fungi. Microorganisms 2020, 8, 817. [Google Scholar] [CrossRef]

	



Shah, A.A.; Shah, A.N.; Bilal Tahir, M.; Abbas, A.; Javad, S.; Ali, S.; Rizwan, M.; Alotaibi, S.S.; Kalaji, H.M.; Telesinski, A.; et al. Harzianopyridone Supplementation Reduced Chromium Uptake and Enhanced Activity of Antioxidant Enzymes in Vigna radiata Seedlings Exposed to Chromium Toxicity. Front. Plant Sci. 2022, 13, 881561. [Google Scholar] [CrossRef]

	



Bat-Erdene, U.; Kanayama, D.; Tan, D.; Turner, W.C.; Houk, K.N.; Ohashi, M.; Tang, Y. Iterative Catalysis in the Biosynthesis of Mitochondrial Complex II Inhibitors Harzianopyridone and Atpenin B. J. Am. Chem. Soc. 2020, 142, 8550–8554. [Google Scholar] [CrossRef] [PubMed]

	



Selby, T.P.; Hughes, K.A.; Rauh, J.J.; Hanna, W.S. Synthetic atpenin analogs: Potent mitochondrial inhibitors of mammalian and fungal succinate-ubiquinone oxidoreductase. Bioorg. Med. Chem. Lett. 2010, 20, 1665–1668. [Google Scholar] [CrossRef] [PubMed]

	



Oh, T.S.; Hutchins, D.C.; Mainali, R.; Goslen, K.H.; Quinn, M.A. Itaconate and Its Derivatives Repress Early Myogenesis In Vitro and In Vivo. Front. Immunol. 2022, 13, 748375. [Google Scholar] [CrossRef]

	



Grant, A.; Ponia, S.S.; Tripathi, S.; Balasubramaniam, V.; Miorin, L.; Sourisseau, M.; Schwarz, M.C.; Sánchez-Seco, M.P.; Evans, M.J.; Best, S.M.; et al. Zika Virus Targets Human STAT2 to Inhibit Type I Interferon Signaling. Cell. Host Microbe 2016, 19, 882–890. [Google Scholar] [CrossRef] [PubMed]

	



Larocca, R.A.; Abbink, P.; Peron, J.P.; Zanotto, P.M.; Iampietro, M.J.; Badamchi-Zadeh, A.; Boyd, M.; Ng’ang’a, D.; Kirilova, M.; Nityanandam, R.; et al. Vaccine protection against Zika virus from Brazil. Nature 2016, 536, 474–478. [Google Scholar] [CrossRef] [PubMed]

	



Coloma, J.; Jain, R.; Rajashankar, K.R.; García-Sastre, A.; Aggarwal, A.K. Structures of NS5 Methyltransferase from Zika Virus. Cell Rep. 2016, 16, 3097–3102. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Tan, Z.; Wei, J.; Zhang, S.; Liu, Y.; Miao, Y.; Ding, Q.; Yi, W.; Gan, M.; Li, C.; et al. Identification of novel anti-ZIKV drugs from viral-infection temporal gene expression profiles. Emerg. Microbes Infect. 2023, 12, 2174777. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Yu, J.; Chen, T.; Liu, W.; Huang, Y.; Li, J.; Zhang, B.; Zhu, G.; He, Z.; Long, Y.; et al. Design, synthesis, and biological evaluation of a series of new anthraquinone derivatives as anti-ZIKV agents. Eur. J. Med. Chem. 2023, 258, 115620. [Google Scholar] [CrossRef]

	



Zhang, B.; Yu, J.; Zhu, G.; Huang, Y.; Zhang, K.; Xiao, X.; He, W.; Yuan, J.; Gao, X. Dapoxetine, a Selective Serotonin Reuptake Inhibitor, Suppresses Zika Virus Infection In Vitro. Molecules 2023, 28, 8142. [Google Scholar] [CrossRef]

	



Yuan, J.; Yu, J.; Huang, Y.; He, Z.; Luo, J.; Wu, Y.; Zheng, Y.; Wu, J.; Zhu, X.; Wang, H.; et al. Antibiotic fidaxomicin is an RdRp inhibitor as a potential new therapeutic agent against Zika virus. BMC Med. 2020, 18, 204. [Google Scholar] [CrossRef]

	



Han, Y.; Mesplède, T.; Xu, H.; Quan, Y.; Wainberg, M.A. The antimalarial drug amodiaquine possesses anti-ZIKA virus activities. J. Med. Virol. 2018, 90, 796–802. [Google Scholar] [CrossRef] [PubMed]

	



Baz, M.; Goyette, N.; Griffin, B.D.; Kobinger, G.P.; Boivin, G. In vitro susceptibility of geographically and temporally distinct Zika viruses to favipiravir and ribavirin. Antivir. Ther. 2017, 22, 613–618. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, R.S.; Santos, F.C.P.; Campana, P.R.V.; Costa, V.V.; de Pádua, R.M.; Souza, D.G.; Teixeira, M.M.; Braga, F.C. Natural Products and Derivatives as Potential Zika virus Inhibitors: A Comprehensive Review. Viruses 2023, 15, 1211. [Google Scholar] [CrossRef] [PubMed]

	



Barrows, N.J.; Campos, R.K.; Liao, K.C.; Prasanth, K.R.; Soto-Acosta, R.; Yeh, S.C.; Schott-Lerner, G.; Pompon, J.; Sessions, O.M.; Bradrick, S.S.; et al. Biochemistry and Molecular Biology of Flaviviruses. Chem. Rev. 2018, 118, 4448–4482. [Google Scholar] [CrossRef] [PubMed]

	



Godoy, A.S.; Lima, G.M.; Oliveira, K.I.; Torres, N.U.; Maluf, F.V.; Guido, R.V.; Oliva, G. Crystal structure of Zika virus NS5 RNA-dependent RNA polymerase. Nat. Commun. 2017, 8, 14764. [Google Scholar] [CrossRef] [PubMed]

	



Nascimento, I.; Santos-Júnior, P.; Aquino, T.M.; Araújo-Júnior, J.X.; Silva-Júnior, E.F.D. Insights on Dengue and Zika NS5 RNA-dependent RNA polymerase (RdRp) inhibitors. Eur. J. Med. Chem. 2021, 224, 113698. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.; Zhang, H.; Song, W.; Si, S.; Han, Y.; Jiang, J. Identification and characterization of Zika virus NS5 RNA-dependent RNA polymerase inhibitors. Int. J. Antimicrob. Agents 2019, 54, 502–506. [Google Scholar] [CrossRef] [PubMed]

	



Franco, E.J.; Cella, E.; Tao, X.; Hanrahan, K.C.; Azarian, T.; Brown, A.N. Favipiravir Suppresses Zika Virus (ZIKV) through Activity as a Mutagen. Microorganisms 2023, 11, 1342. [Google Scholar] [CrossRef]

	



Sariyer, I.K.; Gordon, J.; Burdo, T.H.; Wollebo, H.S.; Gianti, E.; Donadoni, M.; Bellizzi, A.; Cicalese, S.; Loomis, R.; Robinson, J.A.; et al. Suppression of Zika Virus Infection in the Brain by the Antiretroviral Drug Rilpivirine. Mol. Ther. 2019, 27, 2067–2079. [Google Scholar] [CrossRef]

	



Zhu, Y.; Liang, M.; Yu, J.; Zhang, B.; Zhu, G.; Huang, Y.; He, Z.; Yuan, J. Repurposing of Doramectin as a New Anti-Zika Virus Agent. Viruses 2023, 15, 1068. [Google Scholar] [CrossRef]

	



Mbaoji, F.N.; Nweze, J.A.; Yang, L.; Huang, Y.; Huang, S.; Onwuka, A.M.; Peter, I.E.; Mbaoji, C.C.; Jiang, M.; Zhang, Y.; et al. Novel Marine Secondary Metabolites Worthy of Development as Anticancer Agents: A Review. Molecules 2021, 26, 5769. [Google Scholar] [CrossRef] [PubMed]

	



Schwartsmann, G. Marine organisms and other novel natural sources of new cancer drugs. Ann. Oncol. 2000, 11 (Suppl. S3), 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Vinothkumar, S.; Parameswaran, P.S. Recent advances in marine drug research. Biotechnol. Adv. 2013, 31, 1826–1845. [Google Scholar] [CrossRef] [PubMed]

	



Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. J. Nat. Prod. 2016, 79, 629–661. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.Y.; Zhang, L.; Liu, J.Z.; Chen, S.G.; Xiao, T.W.; Liu, G.Z.; Wang, J.X.; Wang, L.X.; Hou, M. Marine drug Haishengsu increases chemosensitivity to conventional chemotherapy and improves quality of life in patients with acute leukemia. Biomed. Pharmacother. 2016, 81, 160–165. [Google Scholar] [CrossRef] [PubMed]

	



Yun, C.W.; Kim, H.J.; Lee, S.H. Therapeutic Application of Diverse Marine-derived Natural Products in Cancer Therapy. Anticancer. Res. 2019, 39, 5261–5284. [Google Scholar] [CrossRef]

	



Sawadogo, W.R.; Boly, R.; Cerella, C.; Teiten, M.H.; Dicato, M.; Diederich, M. A Survey of Marine Natural Compounds and Their Derivatives with Anti-cancer Activity Reported in 2012. Molecules 2015, 20, 7097–7142. [Google Scholar] [CrossRef] [PubMed]

	



Wender, P.A.; Hardman, C.T.; Ho, S.; Jeffreys, M.S.; Maclaren, J.K.; Quiroz, R.V.; Ryckbosch, S.M.; Shimizu, A.J.; Sloane, J.L.; Stevens, M.C. Scalable synthesis of bryostatin 1 and analogs, adjuvant leads against latent HIV. Science 2017, 358, 218–223. [Google Scholar] [CrossRef]

	



Zhou, J.; Liu, W.; Zhao, X.; Xian, Y.; Wu, W.; Zhang, X.; Zhao, N.; Xu, F.J.; Wang, C. Natural Melanin/Alginate Hydrogels Achieve Cardiac Repair through ROS Scavenging and Macrophage Polarization. Adv. Sci. 2021, 8, e2100505. [Google Scholar] [CrossRef]

	



Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the last 25 years. J. Nat. Prod. 2007, 70, 461–477. [Google Scholar] [CrossRef]

	



Vinale, F.; Marra, R.; Scala, F.; Ghisalberti, E.L.; Lorito, M.; Sivasithamparam, K. Major secondary metabolites produced by two commercial Trichoderma strains active against different phytopathogens. Lett. Appl. Microbiol. 2006, 43, 143–148. [Google Scholar] [CrossRef] [PubMed]

	



Imperatore, C.; Gimmelli, R.; Persico, M.; Casertano, M.; Guidi, A.; Saccoccia, F.; Ruberti, G.; Luciano, P.; Aiello, A.; Parapini, S.; et al. Investigating the Antiparasitic Potential of the Marine Sesquiterpene Avarone, Its Reduced form Avarol, and the Novel Semisynthetic Thiazinoquinone Analogue Thiazoavarone. Mar. Drugs 2020, 18, 112. [Google Scholar] [CrossRef] [PubMed]

	



Shen, Y.C.; Lu, C.H.; Chakraborty, R.; Kuo, Y.H. Isolation of sesquiterpenoids from sponge Dysidea avara and chemical modification of avarol as potential antitumor agents. Nat. Prod. Res. 2003, 17, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Sarin, P.S.; Sun, D.; Thornton, A.; Müller, W.E. Inhibition of replication of the etiologic agent of acquired immune deficiency syndrome (human T-lymphotropic retrovirus/lymphadenopathy-associated virus) by avarol and avarone. J. Natl. Cancer Inst. 1987, 78, 663–666. [Google Scholar] [PubMed]

	



Casertano, M.; Genovese, M.; Santi, A.; Pranzini, E.; Balestri, F.; Piazza, L.; Del Corso, A.; Avunduk, S.; Imperatore, C.; Menna, M.; et al. Evidence of Insulin-Sensitizing and Mimetic Activity of the Sesquiterpene Quinone Avarone, a Protein Tyrosine Phosphatase 1B and Aldose Reductase Dual Targeting Agent from the Marine Sponge Dysidea avara. Pharmaceutics 2023, 15, 528. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.C.; Deng, Q.X.; Dai, S.X. Remdesivir for severe acute respiratory syndrome coronavirus 2 causing COVID-19: An evaluation of the evidence. Travel. Med. Infect. Dis. 2020, 35, 101647. [Google Scholar] [CrossRef] [PubMed]

	



Ferner, R.E.; Aronson, J.K. Chloroquine and hydroxychloroquine in covid-19. BMJ 2020, 369, m1432. [Google Scholar] [CrossRef]

	



Hashimoto, Y.; Suzuki, T.; Hashimoto, K. Mechanisms of action of fluvoxamine for COVID-19: A historical review. Mol. Psychiatry 2022, 27, 1898–1907. [Google Scholar] [CrossRef]

	



Kamiyama, N.; Soma, R.; Hidano, S.; Watanabe, K.; Umekita, H.; Fukuda, C.; Noguchi, K.; Gendo, Y.; Ozaki, T.; Sonoda, A.; et al. Ribavirin inhibits Zika virus (ZIKV) replication in vitro and suppresses viremia in ZIKV-infected STAT1-deficient mice. Antivir. Res. 2017, 146, 1–11. [Google Scholar] [CrossRef]

	



Snyder, B.; Goebel, S.; Koide, F.; Ptak, R.; Kalkeri, R. Synergistic antiviral activity of Sofosbuvir and type-I interferons (α and β) against Zika virus. J. Med. Virol. 2018, 90, 8–12. [Google Scholar] [CrossRef]

	



Pan, T.; Peng, Z.; Tan, L.; Zou, F.; Zhou, N.; Liu, B.; Liang, L.; Chen, C.; Liu, J.; Wu, L.; et al. Nonsteroidal Anti-inflammatory Drugs Potently Inhibit the Replication of Zika Viruses by Inducing the Degradation of AXL. J. Virol. 2018, 92, 10–128. [Google Scholar] [CrossRef]

	



Vinale, F.; Sivasithamparam, K.; Ghisalberti, E.L.; Marra, R.; Barbetti, M.J.; Li, H.; Woo, S.L.; Lorito, M. A novel role for Trichoderma secondary metabolites in the interactions with plants. Physiol. Mol. Plant Pathol. 2008, 72, 80–86. [Google Scholar] [CrossRef]

	



Liang, M.; Li, Y.; Zhang, K.; Zhu, Y.; Liang, J.; Liu, M.; Zhang, S.; Chen, D.; Liang, H.; Liang, L.; et al. Host factor DUSP5 potently inhibits dengue virus infection by modulating cytoskeleton rearrangement. Antivir. Res. 2023, 215, 105622. [Google Scholar] [CrossRef]

	



Zhou, R.; Li, Q.; Yang, B.; Quan, Y.; Liu, Y.; Liu, M.; Zhang, Y.; Shan, G.; Li, Z.; Wang, J.; et al. Repurposing of the antihistamine mebhydrolin napadisylate for treatment of Zika virus infection. Bioorg. Chem. 2022, 128, 106024. [Google Scholar] [CrossRef]








[image: Molecules 29 00978 g001] 





Figure 1. The structure of harzianopyridone (HAR). 
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Figure 2. The antiviral effects of HAR in SNB19, Vero, and A549 cells. (A) The ZIKV titers in SNB19, Vero, and A549 cells were quantified by real-time PCR (MOI = 0.2). The supernatant was obtained from cells treated with HAR at the indicated concentrations at 48 h post-infection (hpi). (B) Representative images of the plaque-forming assay. On Vero cells, the plaque-forming assay was used to confirm the ZIKV titers in the supernatant. The supernatant was obtained from SNB19, Vero, and A549 cells treated with HAR at the indicated concentrations at 48 h post-infection (hpi). 
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Figure 3. HAR inhibits the expression of ZIKV proteins. Western blotting analysis of protein expression of ZIKV NS5 and E in the cell lysates of SNB19, Vero, and A549 for the anti-ZIKV activity of HAR or DMSO at the indicated concentrations at 48 h post-infection (hpi) (MOI = 0.2). 
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Figure 4. HAR protects cells against ZIKV infection. (A) Immunofluorescence staining for ZIKV-E in ZIKV-infected cells (MOI = 0.2) under treatment by DMSO or 7.5 µM HAR. DAPI staining (blue) is used to color the cell nuclei. ZIKV-E protein is indicated in red (scale bar, 100 µm). (B) Quantification of ZIKV+ cells relative to mock infection is exhibited in the histogram counted by Image J software (1.50i NIH, Bethesda, MD, USA). * p < 0.05. 
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Figure 5. HAR directly targets the ZIKV RdRp. (A) HAR inhibited the activity of the ZIKV NS5 protein. 293T cells were co-transfected with the Gluc reporter and the ZIKV NS5 plasmid, as well as treated with different concentrations of HAR for 24 h. The culture medium was collected for luminescence examination. The transfection efficiency of NS5 was detected by a Western blotting assay. Used GAPDH as a loading control. * p < 0.05, *** p < 0.001. The symbol “+” means inclusion, and “−” means exclusion. (B) The effects of HAR on Gluc activity. 293T cells were transfected with Gluc reporter plasmid, followed by treatment with HAR (12.5, 25 or 50 µM) or 1% DMSO as a control. Determined the Gluc activities after transfection at about 24 h. “ns” indicates not significant. Experiments were performed in triplicate. (C,D) The surface plasmon resonance biosensor (SPR) assay was performed to examine the interaction between ZIKV NS5 (RdRp) protein and HAR (C). Ribavirin (D) was used as a negative control. BIAcore T100 analysis software (BIAevaluation Version 3.1) was used to analyze the Kd values. 
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Table 1. Efficacy of HAR against ZIKV in 3 different cell lines.
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	Cell Line
	EC50 (µM) 1
	EC90 (µM) 2
	CC50 (µM) 3
	SI 4





	SNB19
	0.46 ± 0.13
	1.82 ± 0.01
	45.17 ± 2.16
	98.20



	Vero
	1.40 ± 0.37
	5.27 ± 0.26
	92.31 ± 6.66
	65.94



	A549
	2.63 ± 0.68
	11.19 ± 0.22
	82.87 ± 4.94
	34.53







1 Real-time PCR assay to confirm the 50% effective concentration that reduces virus yield. 2 Real-time PCR assay to confirm the 90% effective concentration that reduces virus yield. 3 The concentrations that result in 50% morphological changes in cells were determined using a cell viability assay. 4 Selectivity index, SI = CC50/EC50.
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