


Review Article

Opportunities and challenges in the development of antiviral phytopharmaceuticals

Abstract:
The increasing outbreak of infections caused by viruses has compelled scientists to search for less hazardous antiviral phyto-molecules as an alternative to antiviral drugs like protease inhibitors, nucleic acid analogues, and other toxic synthetic compounds. Since ancient times, people have used plants and many of their secondary metabolites for therapeutic purposes. This practice is prevalent across the world. They give us a variety of bioactive phytochemicals that work together to sustain human health. Developing clinical drugs from phyto-pharmaceuticals is a popular strategy for finding environmentally acceptable compounds for medicinal use. In Western countries, whole plants or their parts constitute the source of more than 50% of pharmaceuticals. Significant antiviral properties are also seen in several plants. Relatively little is known about plants that have significant antiviral properties. The mode of action, prospective uses in the treatment or prevention of viral infections, and numerous phytochemicals and bioactive compounds that have been extracted from plants and include antiviral compounds are briefly addressed in this article.
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Introduction:
“The majority of emerging diseases involve viruses like COVID-19, HIV, Influenza, Herpes simplex virus (HSV), Dengue, Chikungunya, Zika, Hepatitis A (HSV), Hepatitis B (HSB), Hepatitis C (HCV), etc. Several infectious viral diseases have been reported to date, and newer ones are occurring frequently” (Orhan, I. et al., 2009; Monath, T, P. et al., 2016; Dyer, O. et al., 2015). “Since viral infections are difficult to treat because of the mutative nature of their genomes, and it also represent a serious threat to human health” (Yasuhara-Bell, J. et al., 2015). New resistant virus strains are always emerging, necessitating the development of new antiviral drugs with lower side effects and cell toxicity (Farrar, J. et al., 2007). Deadly viruses have historically sparked global pandemics, raising the possibility of viral illnesses spreading between continents. So far, very few medications have been developed that can successfully treat viral infections(Muller, V.et al., 2007). The majority of approved antiviral drugs have side effects and when used for an extended period of time, develop virus resistance (Moscana AN 2005). “Many therapeutic substances found in plants have the ability to prevent the spread of viruses via controlling viral adsorption, attaching to cell receptors, preventing virus entry into the host cell, and fighting for pathways that initiate intracellular signals” (Khan, MTH. et al., 2005; Ghosh, T. et al., 2009; Dikid, T. et al., 2013; Yenon et al., 2025).
Antiviral molecules of plant origin:
“Research on natural medicine is important to investigate, identify, and determine its therapeutic benefits. however, only a very small portion of phytochemicals have undergone thorough research to determine ifthey have any medicinal potential” (De Clercq, C, 2005; Hostettmann, K.M. et al., 2000). An alternative method for finding antiviral drugs with significant pharmacological effects is offered by natural products (Cos, P. et al., 2004; Hostettmann, K. and Marston, A. 2002). Nowadays, plants account for around 25% of medicines that are prescribed (Cragg, G.A. and Newman, D.J. 2005). “Plant products are the source of many anti-infective and anti-cancer drugs” (Sala, E., et al., 2011). “Since ancient times, herbalists have used traditional herbs to treat a variety of diseases in humans and animals, particularly in Asia” (Slikkerveer, L. 2006). “In several parts of the world, people still rely on traditional plants and their products for livelihood, health, and basic healthcare” (Farnsworth N.R. 1985). “Globally, about 2500 species of medicinal plants have been identified to cure a wide range of infections and diseases” (Shinwari Z.K 2010; De Smet P.A 2002). Significant bioactive phytochemicals that have been shown to fight viral infections include polyphenols, alkaloids, flavonoids, saponins, quinones, terpenes, proanthocyanidins, lignins, tannins, polysaccharides, steroids, thiosulfonates and coumarins (Figure 1).
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Figure 1.Different classes of antiviral phytomolecules.

Because of their natural evolution over time in an array of climatic environments, plants have rich complex of secondary metabolites or phytochemicals with a broad range of pharmacokinetic effects. Only a few numbers of phytochemicals have undergone purification as well as structural and medicinal property research. The majority of products derived from crude plants extracts are sold as pharmaceuticals while lacking validated purity and effectiveness. Strong antiviral activity against HCV, HBV, H1N1 and other viruses has been found for a wide variety of traditional medicinal plants and herbs. To ascertain these phytochemicals' efficacy in whole-organism systems, including reactogenicity and toxicity tests, animal and human  research  must be conducted. Isolation of antiviral molecules from plants has been shown in figure 2.
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It might be difficult to get traditional knowledge from local or indigenous people or to extract bioactive molecules or phytochemicals for the purpose of healing various ailments from ethnomedical significant plants. “Effective extraction of biologically active phytochemicals from plants depends on a variety of factors, including the type of solvent (polar or non-polar) used, the plant part or tissue selected for bioactive constituent extraction, and many others. In order to evaluate the antiviral activity of plants, a systematic strategy to isolate and characterize the bioactive molecules and virus replication inhibition assays in animals or mammalian cell systems are actually necessary before such phyto molecules could actually be used to treat viral infection” (Zhang N.et al., 2010). In order to carry out biological activity such as their antibacterial, antifungal, and antiviral characteristics, several techniques for isolating and purifying bioactive molecules/phytochemicals from plant extracts must be developed. An essential initial step in the study of plants to extract the necessary phytochemicals or bioactive molecules is the extraction of the bioactive principle. To obtain and facilitate the identification of the bioactive molecules/phytochemicals, traditional practices in their isolation using various separation techniques-including Thin layer chromatography, column chromatography, flash chromatography, high performance self-compacting concrete, high performance liquid chromatography, fourier transform infrared spectroscopy, nuclear magnetic resonance, and mass spectroscopy have been extensively utilized. The ultimate objective of developing high throughput screening assays has been to quickly and correctly identify bioactive molecules/phytochemicals from huge chemical libraries. Appropriate in vivo research (animal models) and subsequent clinical trials are required to clearly confirm the antiviral efficiency and adverse effects such as reactogenicity or toxicity of the isolated phyto molecules. Using high-speed counter-current chromatography (HSCCC), a bioactive flavonoid called "Baicalein" that was extracted from the Chinese medicinal herb Scutellaria baicalensis Georgi shown antiviral activity (Serkedjieva, J. and Ivancheva, S. 1999 ; Li, H.B. and Chen, F. 2005 ; Chuanasa, T. et al., 2008 ; Xu, J.J. et al., 2014 ; Scaglia, L.F.N. et al ., 2014 ; Lin, J.C. 2003 ; Choi, H.J. et al., 2009 ; Kuo, Y.C et al., 2002 ; Huanga,T.J. et al., 2014 ; Barquero, A.A.et al., 2006 ; Zhang, Y. et al., 2007 ; Cheng, H.Y. et al., 2004 ; Wahyuni,T.S. et al., 2014 ; Cui, H. et al., 2014 ; Li, F.Y. et al., 2005 ; Hayashi, K. et al., 1998 and Nagai, T. et al., 1995) The chemical structures of few anti-viral molecules are shown in figure 3.



(A) Baicalin				(B) Chalchone



(C) Loliolide							(D)Honokiol


		
(E) Oleanane				(F) Limonoid



(G) Jubanine B				(H) Quercetin


(I) Dammarenolic acid 



(J) Sennoside A 			(K) Silvestrol



(L)Xanthohumol			(M) SJP-L-5
Figure 3. Anti-viral phytomolecules: (A) Baicalin; (B) Chalchone; (C) Loliolide; (D) Honokiol; (E) Oleanane; (F) Limonoid; (G) Jubanine B; (H) Quercetin; (I) Dammarenolic acid; (J) Sennoside A; (K)Silvestrol; (L)Xanthohumol and (M)SJP-L-5.
The virus specifically targets the host cells by attaching itself to receptors, puncturing the cell wall where it uncoats, and releasing its genetic material. This material then integrates or exists episomally inside the nucleus of the host cell, interfering with transcription, replication, and translation processes accordingly. It then assembles there and releases itself during host cell lysis. 
According to Qin N. et al., (2011), “plants produce over 100,000 different types of secondary metabolites, which may be categorized based on their nature and the process by which they are synthesized”. “Today, we have effectively mastered much enhanced ways of genetically modifying the structural complexity of natural products derived from plants” (Bauer A and Brönstrup M. 2014; Fernandes M.J.B.et al.,2012; Mettenleiter T.C.et al., 2006). Herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) cause blisters on the skin, lips, nose, or genitalia. They are classified as viruses with a double-stranded linear DNA genome and an icosahedral protein (Ryan, K.J. and Ray, C.G. 2004; Clarke, R.W. 2015). Glycoproteins on the viral envelope's surface and transmembrane receptors on the host cell's surface interact to allow HSV to enter the host cell (Clarke, R.W. 2015). Because of their ethnomedicinal applications plants have been considered as potential sources of novel bioactive compounds for the development of new antiviral drugs (Cos, P.et al., 2003). “It has been shown that some compounds, such as spiroketalenol ether derivatives obtained from Tanacetum vulgare rhizome extract, function as cell entrance inhibitors, blocking both viral entry and the formation of HSV-1 gC and HSV-2 gG glycoproteins. When Limonium sinense roots were cut off, samarangenin B was shown to block the production of the HSV-1 α gene. It has been found that Oxyresveratrol molecule found in Artocarpuslakoocha plants inhibits both the early and late phases of HSV-1 and HSV-2 viral multiplication. The Pterocarnin HSV-2 was prevented from attaching to and penetrating the host cells by an inaccessible substance from Pterocaryastenoptera. Around 143 million people globally are thought to be infected with the hepatitis C virus” (Clarke, R.W. 2015) ;G.B.D. (2015). Hepatitis B (HBV), C (HCV) cause hepatic viral diseases that harm the liver. Blood transfusions and risky medical procedures are among the main ways in which they are transmitted (Maheshwari, A. and Thuluvath, P.J. 2010). “It has been found that the component saikosaponin b2 from Bupleurum koi roots inhibits early HCV entrance. Ruta angustifolia(Leaves) was found to contain chalepin and pseudodane IX, which inhibited HCV at the post-entry stage, RNA replication, and viral protein synthesis. The chemical LPRP-97543, which was extracted from the root section of Liriope platyphylla, has been shown to prevent the expression, replication, and promoter activity of viruses by influencing NF-κB's ability to bind to the CS1 element of the HBV surface gene. HIV penetrates macrophages and CD4+ T cells by the fusion of the viral envelope with the cell membrane, which releases the HIV capsid into the cell, and the adsorption of glycoproteins on their surface to receptors on the target cell or cells. The trimeric envelope complex (gp160 spike) binds to CD4 and a chemokine receptor (usually CCR5 or CXCR4) on the surface of the host cell to initiate entry into the cell. Both CD4 and chemokine receptor binding domains are present in the gp160 spike” (Chan, D.C. and Kim, P.S. 1998; Wyatt R. and Sodroski, J. 1998). Significant progress has been achieved in the use of naturally occurring plant-based compounds as anti-HIV drugs that may help to avoid the disease. By incorporating and down-regulating HIV receptors (CD4, CXCR4, and CCR5), jatrophane esters inhibited viral entry. The respiratory syncytial virus or RSV, is characterized by a linear negative-sense RNA genome and just two lipoproteins-F and G that target the cell membrane; these lipoproteins are also highly conserved between isolates of RSV (Krarup, A.et al., 2015). “The intracellular replication of RSV was affected by tangeretin and nobiletin, two polymethoxylated flavones that were isolated from the pericarps of Citrus reticulate. The expression of RSV phosphoprotein (P protein) was downregulated by tangeretinsuppression of cell-cell fusion at the end of the replication cycle and early stage suppression of virus-cell fusion are reported. RSV replication was suppressed by dichaffeoylquinic acids derived from Schefflera heptaphylla. There has been evidence of Manassantin B, which was extracted from Saururus chinensis roots, having an inhibitory effect on the lytic replication of the Epstein-Barr virus (EBV). Glycirrhizic acid prevents EBV from entering the host cell in the first stage. Epithelial cells and B cells of the immune system are infected by EBV. EBV latency remains in an individual's B cells for the rest of their life once the initial lytic infection is under control” (Wolfgang, A. and Farrell, P.J. 2004). Some of the examples of antiviral components with their mode of action have been shown in table 1.

Table 1. Mode of action of specific phytomolecules with antiviral activity.
	S. No.
	Plant
	Plant part utilized
	Phytomolecules
	Target
	Mode of action
	References

	1
	Scutellariabaicalensis

	Roots
	5,7,4' trihydroxy-8- methoxyflavone (F36) 

	A/PR8 
(mouse-adapted influenza virus) 
	Decreases A/PR8's single-cycle replication in a dose-dependent manner within 4 to 12 hours after incubation, but does not prevent A/PR8 from adhering to MDCK cells. 
	Qin. N. et al. (2011)

	2
	Prunella vulgaris 

	Fruit spikes
	Lignin–carbohydrate complex 
(PPS-2b) 
	HSV-1 and HSV-2 

	Inhibit HSV-1's ability to attach and enter Vero cells.
	Cheng, H.Y. et al.,(2004)

	3
	Melia azedarach L. 

	Leaves
	Tetranortriterpenoid 1-cinnamoyl-3, 11-dihydroxymeliacarpin (CDM) 
	VSV 
HSV-1 
	In addition to restricting VSV-G protein to the Golgi apparatus and blocking VSV entry, CDM also slows down the activation of the NF-κBsignalling pathway in HSV-1-infected conjunctival cells, which causes the p65 NF-κB subunit to accumulate in the cytoplasm of treated Vero cells that are not infected.
	Zhang, Y. et al., (2007)

	4
	Tanacetum vulgare 

	Rhizome
	Spiroketalenol ether derivative 

	HSV-1 
HSV-2 
	Inhibit the production of HSV-1 gC and HSV-2 gG glycoproteins and prevent viral entrance. The suppression of mRNA synthesis coding for Gc and gG was the cause of the decrease in viral glycoprotein. 
	Bauer, A. and Brönstrup, M. (2014)

	5
	Euphorbia amygdaloides
spp. and semiperfoliata
	Whole plant
	*Compound 3 (Jatrophane esters) 

	CHIKV HIV-1 
HIV -2 
	Selective anti-replication inhibitor that also causes HIV receptors (CD4, CXCR4, and CCR5) to be downregulated.
	Lin, J.C. (2003) 

	6
	Houttuynia cordata 

	Aerial parts
	Quercetin 3rhamnoside 
(Q3R) 
	Anti-influenza A/ WS/33 virus 
	Through indirect contact with viral particles, inhibit the replication of the virus during its early stages of infection.
	Kuo, Y.C. (2002)

	7
	Bupleurum kaoi

	Roots
	Saikosaponin b2 
(Terpenoid) 
	HCV 
	Blocking viral adhesion and inhibiting early HCV penetration, including neutralizing virus particles.
	Xu, J.J. (2014)

	8
	Saururus chinensis 

	Roots
	Manassantin B 
(Dineolignans) 
	EBV 
	Effects that inhibit the lytic replication of EBV.
	Li, F.Y. (2005) 

	9
	Liriope platyphylla

	Roots
	LPRP-Et-97543 
	HBV 
	Prevent the expression and replication of viral genes. Inhibit the functioning of viral promoters. 
	Barquero, A.A. (2006) 

	10
	Scoparia dulcis L. 
	Whole plant
	Manassantin B 
(Dineolignans) 
	EBV 
	Effects that inhibit the lytic replication of EBV. 
	Li, F.Y. (2005) 

	11
	Ruta angustifolia 

	Leaves
	Chalepin and pseudane IX 
	HCV 
	Reduced the amounts of viral protein synthesis and RNA replication of HCV and inhibited the virus in the post-entry stage.
	Cui, H. (2014) 

	12
	Pterocaryastenoptera

	Bark
	Pterocarnin A 
	HSV-2 
	Prevent HSV-2 from adhering to and entering cells. Additionally, even when administered 12 hours after infection, it significantly inhibited HSV-2 replication in Vero cells. 
	Wahyuni, T.S. et al., (2014)

	13
	Citrus reticulate 

	Pericarps
	Tangeretin and nobiletin (Polymethoxylated flavones) 
	RSV 
	Influenced the RSV's intracellular replication. RSV phosphoprotein (P protein) expression was downregulated by tangeretin.
	Scaglia, L.F.N. et al., (2014)

	14
	Artocarpuslakoocha

	Heartwood
	Oxyresveratrol

	HSV-1 HSV-2 
	Inhibition of HSV-1 and HSV-2 viral replication both in the early and late stages. Inhibition of the production of late proteins.
	Chuanasa, T. et al., (2008)

	15
	Glycyrrhiza radix 

	Roots
	Glycyrrhizic acid (GL) 
	EBV 

	An early stage of the EBV replication cycle is disrupted by GL. 
	Choi, H.J. et al., (2009)

	16
	Schefflera heptaphylla

	Leaf stalks
	Dicaffeoylquinic acids 
	RSV 
	Early-stage suppression of virus-cell fusion and late-cycle inhibition of cell-cell fusion during the RSV replication cycle. 
	Hayashi, K. et al., (1988)

	17
	Limonium sinense

	Roots
	Samarangenin B 
	HSV-1 
	Stop HSV-1 DNA synthesis and structural protein expression in Vero cells, as well as β transcripts such DNA polymerase mRNA, to suppress HSV-1 α gene expression, which includes the expression of the ICP0 and ICP4 genes. 
	Huanga, T.J. et al., (2014)


*(2R,3R,4S,5R,7S,8R,13R,15R)-3,5,7,15-Tetraacetoxy-2-hydroxy-8-tigloyloxy-9,14-dioxojatropha-6(17),11E-diene
Potential benefits and key difficulties in production of antiviral phytopharmaceuticals:
Plants with small quantities of precious natural substances are excellent sources for the development of new pharmaceuticals. Newer phytomolecule-based medicines are made possible by modern drug development, which has its roots in traditional medicine (Paterson, I. and Anderson, E.A. 2005). These days, the pharmaceutical industry's main focus is shifting towards profitable endeavours like extracting, marketing and selling phytoconstituents (Jarvis, M.F. 2010). In the discovery of new drugs or identifying natural compounds derived from plants or their extracts, a number of difficulties arise. The process of isolating the bioactive compounds from plant source involves a number of steps namely, isolation, purification, and characterization. Furthermore, reduction of bioactivity of bioactive compound in each step during fractionation of plant extracts leads to the loss of synergistic effects between analogue constituents. (Zak, O. and Sande, M.A. 1999). In order to maintain the availability of potential drug candidates, a lot of research has been focused towards the synthesis of bioactive natural products from plants by applying a metabolically engineered method involving E. coli. Nonetheless, one possible drawback might be the lack of functioning of some essential plant enzymes (Leonard E.et al., 2008). “Metabolically engineered natural products or substances derived from plants definitely holds significant potential but with a low success rate. The incorporation of a gene encoding Hyoscyanin 6β-hydroxylase, which was isolated from Hyoscyamusniger into Atropa belladonna led to the the accumulation of a high value end product called Scopolamine. But this molecule was overexpressed in Hyoscyamusmuticus hairy roots. Therefore, a high concentration of hyoscyamine also obtained in the hairy roots in addition to a significant quantity of scopolamine” (Jouhikainen, K. et al., 1999; Yun, D.J.et al., 1992). “It is true that further biotechnology tools are required to improve the utilization of plant cell cultures for the production of natural products or compounds. Examples of this include the generation of berberine by Copis japonica cell culture and skinonin from Lithospermumerythrorhizon” (Fujita, Y. and Tabata, M. 1987). “The fact that most drugs and molecules have many pharmacological activities and rarely concentrate on just one site of action is another significant hurdle in the study of natural compounds and drug development. Thus, multi-component plant mixtures which include 10-20 different plants in their formula have been anticipated as a major alternative model for drug discovery with the advancement of the science of network pharmacology, which interprets the mechanism of drug action and shifts one target or one drug to target a disease” (Hopkins, A.L. 2007; Hopkins, A.L. 2008). Currently in the market, there are several scavengers (Eames, J. and Watkinson, M. 2001), nucleophilic (Kennedy, A.L. et al., 2002), and electrophilic (Shanmuganathan S. et al., 2010) that may be used to prevent repetitive purifications of the crude compounds before the final HPLC purification. Pharmaceutical research is now paying special attention to nanomedicine (Peer, D. et al., 2007). Phytonanotechnology provides innovative, easy, fast, stable, economical, and environmentally friendly ways to synthesize nanoparticles. Among its benefits are its biocompatibility and potential for use in medicine (Noruzi, M. 2015).They serve as capping and stabilizing agents since they are phytochemicals (Makarov, V.V. 2014). Unfortunately, the body quickly metabolizes many naturally occurring substances, including the phytochemical quercetin, which has low water solubility and bioavailability. This decreases the compound's effectiveness in treating disorders (Kumari, A. et al., 2012). It may be possible to delay quercetin's metabolism and maintain a sufficient quantity of free quercetin in the circulation by encapsulating the compound in biodegradable and biocompatible nanoparticles. But a significant obstacle is that nanoparticles may be harmful. Thus, encapsulated phytochemical delivery can be enhanced by adding a targeted ligand to the surface of nanoparticles.(Duncan, R. and Gaspar, R. 2011). Limited information is available on tissue-specific pharmacokinetics and nanocarrier bioavailability (Srinivas, P.R.et al., 2010).Limited information is available on tissue-specific pharmacokinetics and nanocarrier bioavailability.Utilization of in-silico information systems opens up more possibilities for network integration that might reduce plant exploitation by using databases to link constituents to their network profiles. These tactics could also make it possible to find novel drugs from plants that are widely found around the planet.
Conclusion: 
Viruses are obligatory intracellular parasites that can live inside their host for a short or long time. They have evolved variations in genetics, transmission and reproduction. Researchers and scientists may develop affordable, efficient antiviral medications that specifically target particular viral sites by understanding the molecular mechanisms of viral invasion and reproduction in the host cell or cells. The majority of recognized clinically significant antiviral medications have the ability to selectively target one or more viral enzymes (proteolytic viral enzymes, viral polymerase, integrase, and reverse transcriptase) during various phases of the viral replication process. A nucleoside analogue that significantly reduces the Herpes virus infection is acyclo-guanosine, sometimes referred to as acyclovir. Because they hide the glycans on the viral envelope, carbohydrates-binding substances may potentially function as inhibitors of viral binds. The immune system is compelled to respond against viral envelope epitopes as a result of this process, which also prevents virus entrance and causes certain damages in the envelope glycan barrier. It has been observed that both HIV and HCV include glycans, which frequently have a significant impact on how well the virus enters tolerant target cells. The combination of conventional medicine and high-throughput technology may be essential for the innovative discovery of new drugs by helping to find promising compounds originating from plants. Although they combat viral infections, there is still more to be done in terms of discovery, isolation, and mechanistic research before they may be used in medical applications. Considering the wide variety and complexity of bioactive compounds, or phytochemicals, found in plants, a persistent and tireless strategy is required to investigate unidentified phytoconstituents with significant antiviral properties. In order to demonstrate the desired effect of the phyto-constituent in an in vivo and/or in vitro model within a realistic timeframe, this clearly calls for greater funding and systematic research.
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