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Although vaccines have been developed for rotavirus infections, there is currently no effective therapeutic treatment. Therefore, this study aimed to evaluate the efficacy of 18-hydroxyferruginol (1) and 18-oxoferruginol (2) isolated from Torreya nucifera (T. nucifera) against bovine G8P[7] and porcine G5P[7] rotaviruses using two different assay strategies: 1) reduction of viral infectivity by neutralizing the virus (virucidal assay) and 2) inhibition of viral replication after infection (post-treatment assay). In the post-treatment assay, compounds 1 and 2 exhibited strong anti-rotavirus activity, with 50% effective concentration values of 24.7 μM (selectivity index; SI= 2.52) and 23.2 μM (SI= 1.75) against bovine G8P[7], 21.1 μM (SI= 2.95) and 22.6 μM (SI= 1.80) against porcine G5P[7], respectively. During viral replication, the two compounds demonstrated stronger inhibition of viral RNA synthesis in the late stages (18 h) than in the early stages (6 h). Compounds 1 and 2 also inhibited the synthesis of viral proteins such as VP6, as determined by immunofluorescence assay. Thus, it appears that compounds 1 and 2 isolated from T. nucifera possess strong antiviral activity against rotaviruses, inhibit viral replication, and may be developed into potential plant-derived therapeutic candidates against rotavirus infection.
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INTRODUCTION
Rotavirus, a member of the Reoviridae family, is a significant pathogen that causes severe acute diarrhea that causes dehydration in young children and a wide variety of young animals (Estes and Greenberg, 2013; Desselberger, 2014). Rotaviruses are large, non-enveloped viruses consisting of triple-layered particles that surround the viral genome and are composed of 11 segments of double-stranded RNA (Estes and Greenberg, 2013). Specifically, rotaviruses cause severe diarrhea in neonatal and post-weaning piglets and calves (Estes and Greenberg, 2013; Desselberger, 2014).
Antiviral drugs, including chemicals, probiotics, immunoglobulins, and natural products, are used to treat rotavirus infections (Grandy et al., 2010; Téllez et al., 2015). The chemical compounds Ribavirin, 3-deazaguanine (3-DG), and inosine pranobex have shown antiviral effects against the simian rotavirus SA11 strain (Smee et al., 1982; Linhares et al., 1989), and immunoglobulins have been used to treat rotavirus-induced diarrhea. However, the use of these drugs is limited due to their high cost, and their potential side effects remain unknown (Yolken et al., 1985; Guarino et al., 1994). Natural products from plants, such as black tea (theaflavin compound) (Clark et al., 1988), Stevia rebaudiana (anionic polysaccharide compound) (Takahashi et al., 2001), Brazilian medicinal plants (Cecilio et al., 2012), Quillaja Saponaria (Tam and Roner, 2011), and dietary plants (Huang et al., 2015), inhibit the absorption or replication of human and animal rotaviruses. Currently, medicinal plants and natural molecules are not widely available for use in human or animal treatments of rotavirus infections. To date, no clinically approved drugs are available specifically for the treatment of rotavirus infections. The gold standard treatment for patients with acute gastroenteritis involves replenishing lost fluids and electrolytes through rehydration therapy (Crawford et al., 2017). Nevertheless, diarrhea caused by rotaviruses remains a significant issue; thus, the development of new drugs is urgently needed to effectively control rotavirus infections.
Torreya nucifera (T. nucifera), a member of the Taxaceae family, is a tree species that grows in snowy regions, such as Jeju Island in Korea. This tree has been used in traditional Asian medicine to treat various diseases, including stomachaches, hemorrhoids, and rheumatoid arthritis (Bae, 2000). Various abietane diterpenoids isolated from the leaves of T. nucifera have been reported to possess antiviral activity against the influenza virus (Bae et al., 2023) and SARS-CoV 3CLpro (Ryu et al., 2010). However, the anti-rotavirus activities of extracts and compounds isolated from T. nucifera remain unknown. Thus, this study identified the in vitro anti-rotavirus activity of abietane diterpenoids and its mechanism of anti-rotavirus activity.
MATERIALS AND METHODS
Materials
The leaves of T. nucifera were collected from Jeju Island, Republic of Korea, in October 2003. A voucher specimen of the plant material was deposited in the author’s laboratory for future reference and authentication purposes (Ryu et al., 2010).
Cells and viruses
African rhesus monkey kidney (MA-104) cells were procured from the American Type Culture Collection (ATCC CRL-2373.1; Manassas, VA, United States). The MA-104 cells were cultivated in Eagle’s minimum essential medium (EMEM) accompanied by a supplementation of 5% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, and 100 U/mL amphotericin B (Park et al., 2006). The KJ-56 (bovine rotavirus, G8P[7]) and 85A (porcine rotavirus, G5P[7]) viruses isolated from fecal samples of diarrheic Korean calves and piglets were pre-activated with 10 μg/mL trypsin (1:250; GIBCO Invitrogen Corporation, California) for 30 min at 37°C before being inoculated into confluent MA-104 cells. Subsequently, the infected cells were sustained in EMEM with 1 μg/mL trypsin.
Cytotoxicity assay
MA-104 cells (1 × 105 cells/well) were seeded into 96-well plates and incubated for 24 h. The media were removed and substituted with EMEM containing serial dilutions of the extracts (1–200 μg/mL) or compounds (1–100 μM) dissolved in DMSO (with a final concentration at 0.5% DMSO). Control groups were cultured in the presence of 0.5% DMSO. After incubation for 72 h, the media were discarded, and 5 µL of MTT (3-[4,5-dimethylthiozol-2-yl]-2,5-diphenyltetrazolium bromide; Sigma, St. Louis, MO) solution was added to each well. After 4 h at 37°C, the supernatant was removed, and 100 µL of 0.04 M HCl-isopropanol was added to each well to dissolve formazan crystals. The absorbance of each well was assessed at 540 nm by using a microplate reader. After subtracting the background absorbance at 655 nm, the 50% cytotoxic concentration (CC50) of each extract was estimated using regression analysis.
Antiviral assay
The antiviral assays employed in this study have been previously described (Bae et al., 2023), and observation of these assays was carried out using the neutral red method, as described briefly. In the virucidal assay, each extract and compound were mixed with a 0.01 multiplicity of infection (MOI) of rotaviruses at various concentrations (1–100 μg/mL or 1–30 μM) and incubated at 4°C for 1 h. The mixtures were incubated in triplicate onto near-confluent MA-104 cell monolayers for 1 h, accompanied by intermittent rocking. The solution was removed and the replaced by EMEM containing 1 μg/mL trypsin. The cells were incubated for 72 h at 37°C under 5% CO2 atmosphere until the cells in the infected, untreated control showed complete viral CPE by light microscopy. In the post-treatment assay, rotaviruses at a 0.01 MOI were inoculated onto near-confluent MA-104 cell monolayers (1 × 105 cells/well) for 1 h with occasional rocking. The solution was removed and replaced by EMEM containing 1 μg/mL trypsin and various concentrations (1–100 μg/mL or 1–30 μM) of each extract or compound dissolved in DMSO (with a final concentration at 0.5% DMSO) in triplicate. Infected/untreated and uninfected/untreated cells were cultured in the presence of 0.5% DMSO. The cells were incubated for 72 h at 37°C until cells in the infected/untreated group exhibited complete viral CPE as observed under light microscopy. Neutral red solution was added to each well at 0.034% (w/v), and the plates were incubated for 2 h at 37°C in the dark. After discarding the neutral red solution, the cells were washed with PBS (pH 7.4) and followed by the addition of a destaining solution (1% glacial acetic acid, 49% H2O, and 50% ethanol). After being incubated in darkness for 15 min at room temperature, the absorbance of each well was at 540 nm using a microplate reader. The 50% effective concentration (EC50) value was calculated by regression analysis. The selectivity index (SI) was calculated using the following formula: SI = 50% cytotoxic concentration (CC50)/EC50.
Quantitative reverse transcription PCR (qRT-PCR)
MA-104 cells were cultured until 90% confluence, infected with rotavirus at 0.01 MOI, and cultured with 18-hydroxyferruginol (1) and 18-oxoferruginol (2). Infected/untreated cells were cultured with 0.5% DMSO. After 6 and 18 h, the culture medium was removed, and the cells were detached by scraping. Subsequently, the cell washed twice with phosphate-buffered saline (PBS) and collected by centrifugation at 500× g for 3 min. Total RNA was extracted utilizing the Qiagen RNeasy Mini Kit (QIAGEN, Hilden, Germany) following the guidelines provided by the manufacturer. Specific primers were used for the reverse transcription of viral RNA (vRNA; NSP 3 gene, 5′-ACCATCTWCACRTRACCCTCTATGAG-3’ (upstream) and 5′-GGTCAC ATAACGCCCCTATAGC -3′ (downstream). GAPDH was used as an internal control for cellular RNAs, with the primer sequences 5′-TCA​ACA​GCG​ACA​CCC​ACT​C-3′ (upstream) and 5′-CTT​CCT​CTT​GTG​CTC​TTG​CTG-3′ (downstream). cDNA was synthesized from total RNA using the cDNA Master Mix (Applied Biosystems, CA, United States). qRT-PCR was conducted using 2 μL cDNA and Power SYBR Green PCR 2 × Master Mix (Applied Biosystems, CA, United States) according to the manufacturer’s recommended thermal cycling conditions (40 cycles of 15 s at 95°C and 60 s at 60°C). qRT-PCR was conducted using the Step One Plus Real-time PCR System and the data were analyzed using StepOne software v2.1 (Applied Biosystems, Foster City, CA, United States). Relative viral RNA expression levels were normalized by GAPDH gene according to the 2-△Ct method, and expressed as a ratio of infected controls.
Immunofluorescence assay (IFA)
MA-104 cells were cultured on 8-well chamber slides (LAB-TEK, NUNC, United States), and the cells were infected with rotavirus at 0.01 MOI for 1 h. The supernatant was removed and replaced with EMEM containing 1 μg/mL trypsin and 25 μM of the compounds. The cells were incubated for 24 h at 37°C in a 5% CO2 atmosphere, washed three times with PBS (pH 7.4), and fixed in 4% paraformaldehyde solution for 15 min at room temperature. After three washes with PBS (pH 7.4), the cells were incubated at 37°C for 1 h with a monoclonal antibody against rotavirus VP6 protein (Santa Cruz, California) diluted 1:50 in PBS (pH 7.4). After washing with PBS (pH 7.4), the cells were incubated at 37°C for 1 h with a FITC-conjugated goat anti-mouse IgG antibody (Santa Cruz) diluted 1:100 in PBS (pH 7.4). Cells were washed with PBS (pH 7.4), stained with 500 nM 4′,6-diamidino-2-phenylindole (DAPI) solution for 10 min at room temperature, and washed thrice with PBS (pH 8.0). Slides were mounted using the SlowFade Gold antifade reagent (Invitrogen, CA, United States). Confocal fluorescence imaging was performed using the Carl Zeiss LSM 510 META con-focal microscope (Carl Zeiss Inc., Jena, Germany). Confocal fluorescence imaging was quantified using ImageJ software 1.8.0.
Statistical analysis
All experiments were performed in triplicate. Data are expressed as mean ± SE. Statistical analysis was performed using Sigma Plot Statistical Analysis software. Differences between group mean values were determined using a one-way analysis of variance, followed by a Tukey’s test, assuming equal variances.
RESULTS
Cytotoxicity of 18-hydroxyferruginol (1) and 18-oxoferruginol (2) isolated from T. nucifera in MA-104 cells
The structures of 18-hydroxyferruginol (1) and 18-oxoferruginol (2) are presented in Figure 1. Diterpenoid compounds were isolated from the ethanol extracts. The cytotoxicity of T. nucifera extracts and compounds was evaluated using the MTT assay at 50% cell cytotoxicity (CC50). Confluent MA-104 cells were incubated with EMEM in the absence or presence of a two-fold diluted EtOH extract (1–200 μg/mL) or compounds (1–100 μM) for 72 h, and MTT reagents were added to the cells. The cytotoxicity of the extracts and compounds differed at different concentrations. The EtOH extract of T. nucifera showed a high CC50 at 133.8 μg/mL (Table 1). The cytotoxicities of compounds 1 and 2 were determined as CC50 values of 62.7 and 40.7 μM (Table 1). Hence, at concentrations of compounds 1 and 2 < 25 μM, no toxic effects were observed on MA-104 cells. Subsequent experiments designed to assess the antiviral efficacy of the compounds were conducted at minimally toxic concentrations, resulting in >95% cell viability.
[image: Figure 1]FIGURE 1 | The structures of 18-hydroxyferruginol (1) and 18-oxoferruginol (2).
TABLE 1 | In vitro anti-rotavirus activities for extract and two compounds isolated from Torreya nucifera against KJ-56 (bovine, G8P[7]) and 85A (porcine, G5P[7]) on MA-104 cells in post-treatment assay.
[image: Table 1]Antiviral activity of 18-hydroxyferruginol (1) and 18-oxoferruginol (2) on rotavirus replication
Time-of-addition experiments were performed to determine the viral replication stage at which the compounds exerted their maximum inhibitory effects. Our findings showed that 18-hydroxyferruginol (1) demonstrated the most antiviral activity against KJ-56 (G8P[7]) (EC50 = 24.7 μM, SI = 2.52) and 85A (G5P[7]) (EC50 = 21.1 μM, SI = 2.95) in the post-treatment assay. Moreover, 18-oxoferruginol (2) exerted antiviral activity against all strains, with KJ-56 (G8P[7]) (EC50 = 23.2 μM, SI = 1.75) and 85A (G5P[7]) (EC50 = 22.6 μM, SI = 1.80) (Table 1). These results indicate that both compounds 1 and 2 can effectively inhibit rotavirus during the post-treatment stage.
Inhibition of rotavirus viral RNA synthesis and viral protein
As rotavirus viral RNA is synthesized in the early (6 h) and late (18 h) stages, we tested the effects of these compounds on both synthesis stages in infected cells using qRT-PCR. As shown in Figure 2, viral RNA levels (NSP3 gene) were decreased by 76.6% (KJ-56) and 63.15% (85A) by compound 1 and by 13.25% (KJ-56) and 15.91% (85A) by compound 2 at 6 h. We showed that rotavirus viral RNA levels were markedly decreased by 81.5%–86.3% by compound 1% and 77.2%–95.0% by compound 2 (25 μM) in all virus strains at 18 h compared with infected/untreated cells (0.5% DMSO) (Figure 2). These results indicate that compounds 1 and 2 exerted a stronger inhibitory effect against KJ-56 (Bovine, G8P[7]) and 85A (Porcine, G5P[7]) on the late stage of viral replication than on the early stage. Notably, we examined the intracellular trafficking of the rotavirus VP6 protein in virus-infected cells using immunofluorescence. The VP6 protein was found mainly to show green fluorescence in the cytoplasm of rotavirus-infected cells (Figures 3B, F) but not in mock-infected MA-104 cells (Figures 3A, E). However, cell treatment with 25 μM of compounds 1 (Figures 3C, G) or 2 (Figures 3D, H) after infection reduced the number of fluorescence-positive cells in the cytoplasm, indicating that these compounds disturbed viral protein production (Figure 3I).
[image: Figure 2]FIGURE 2 | Effects of 18-hydroxyferruginol (1) and 18-oxoferruginol (2) on rotavirus viral RNA levels (NSP3 gene) by quantitative reverse transcription PCR. MA-104 cells were infected with rotavirus (0.01 MOI) for 1 h, viruses were removed, and cells were treated with 0.5% DMSO, 25 μM 18-hydroxyferruginol (1), or 25 μM 18-oxoferruginol (2) for 6 and 18 h after (A) KJ-56 (bovine rotavirus, G8P[7]) and (B) 85A (porcine rotavirus, G5P[7]) strain rotavirus infection. Total RNA was extracted after virus infection, and the level of the NSP3 gene was measured. Rotavirus RNA levels normalized to GAPDH. * p < 0.05; *** p < 0.001.
[image: Figure 3]FIGURE 3 | Effects of 18-hydroxyferruginol (1) and 18-oxoferruginol (2) on viral protein production (VP6) by immunofluorescence assay. MA-104 cells were infected with rotavirus at 0.01 MOI in the presence of (B,F) 0.5% DMSO, (C,G) 25 μM 18-hydroxyferruginol (1), or (D,H) 25 μM 18-oxoferruginol (2), or (A,E) mock-infected. After 24 h, the cells were fixed in 4% paraformaldehyde. After blocking, the cells were incubated with the anti-VP6 antibody (green). DAPI was used as a nuclear counterstain (blue). (I) Green fluorescence imaging of VP6 protein was quantified using ImageJ software 1.8.0. * p < 0.05; ** p < 0.01.
DISCUSSION
Over the past few decades, medicinal plants have been increasingly studied and investigated as potential alternative antiviral agents. Moreover, a growing number of medicinal plants have been investigated for their potential antiviral efficacy in experimental and/or clinical settings and have been shown to affect different stages of the cycle of rotavirus infection (Takahashi et al., 2001; Tam and Roner, 2011; Huang et al., 2015; Jiang et al., 2016). In a previous study, abietane diterpenoids isolated from T. nucifera were reported to have antiviral activity against SARS-CoV 3CLpro and the influenza virus (Ryu et al., 2010; Bae et al., 2023). However, the anti-rotavirus activity of 18-hydroxyferruginol (1) and 18-oxoferruginol (2) are currently unclear. To our knowledge, this study demonstrates that compounds 1 and 2 isolated from T. nucifera inhibit the replication cycle of rotaviruses.
The targets of anti-rotavirus agents can be different stages of viral replication, including adsorption, cell penetration, uncoating, transcription, translation, assembly, and viral release from infected cells (Estes and Greenberg, 2013). We hypothesized that the antiviral effects of compounds 1 and 2 would act at two distinct time steps: 1) viral neutralization (virucidal) and/or 2) viral replication after entry into cells (post-treatment). In this study, the two compounds showed inhibitory effects against rotaviruses in a post-treatment assay against all strains (KJ-56 and 85A). We investigated the effects of compounds 1 and 2 on viral RNA synthesis and protein expression. We found that compounds 1 and 2 decreased rotavirus RNA synthesis. The IFA results also confirmed that compounds 1 and 2 suppressed the viral protein (VP6) synthesis in MA-104 cells (Figure 3). This suggests that these compounds are more effective at targeting rotavirus replication, potentially by disrupting the processes of viral RNA and protein synthesis.
Viral survival depends on the ability to evolve strategies that modulate host cell signaling pathways, especially those involved in apoptosis and cell survival (Cooray, 2004). Activation of the PI3K signaling pathway has been identified as a critical factor in boosting the production of infectious rotaviruses because it enhances the adhesion and survival of infected cells (Halasz et al., 2008). The activation of PI3K-dependent Akt signaling induces rotavirus infection, as observed in rotavirus-induced early apoptosis and rotavirus protein synthesis (Dutta et al., 2009; Bagchi et al., 2010; Bagchi et al., 2013). In a previous study, we reported that 18-hydroxyferruginol (1) and 18-oxoferruginol (2) from T. nucifera inhibited influenza virus infection by modulating the PI3K-Akt and ERK signaling pathways (Bae et al., 2023). The consequence of these events is the inhibition of viral RNP export from the nucleus and disruption of influenza virus replication (Bae et al., 2023). Therefore, we are currently attempting to determine the specific mechanisms through which these compounds act against rotaviruses.
In conclusion, this study showed that compounds 1 and 2 inhibited both G8P[7] bovine rotavirus and G5P[7] porcine rotavirus infections, probably by blocking viral replication after viral entry into the host cell. Therefore, we suggest that 18-hydroxyferruginol (1) and 18-oxoferruginol (2) have good potential as candidates for developing natural therapeutic drugs against rotaviruses.
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