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A B S T R A C T   

The open reading frame 8 (ORF8) protein of SARS-CoV-2 has been implicated in the onset of cytokine storms, 
which are responsible for the pathophysiology of COVID-19 infection. The present study investigated the po-
tential of isolated compounds from Clerodendrum volubile leaves to stall oxidative bursts in vitro and interact with 
ORF8 mRNA segments of the SARS-CoV-2 whole genome using computational tools. Five compounds, namely, 
harpagide, 1-(3-methyl-2-butenoxy)-4-(1-propenyl)benzene, ajugoside, iridoid glycoside and erucic acid, were 
isolated from C. volubile leaves, and their structures were elucidated using conventional spectroscopy tools. 
Iridoid glycoside is being reported for the first time and is thus regarded as a new compound. The ORF8 mRNA 
sequences of the translation initiation sites (TIS) and translation termination sites (TTSs) encoding ORF8 amino 
acids were retrieved from the full genome of SARS-CoV-2. Molecular docking studies revealed strong molecular 
interactions of the isolated compounds with the TIS and TTS of ORF8 mRNA. Harpagide showed the strongest 
binding affinity for TIS, while erucic acid was the strongest for TTS. The immunomodulatory potentials of the 
isolated compounds were investigated on neutrophil phagocytic respiratory bursts using luminol-amplified 
chemiluminescence technique. The compounds significantly inhibited oxidative burst, with 1-(3-methyl-2- 
butenoxy)-4-(1-propenyl)benzene having the best activity. Ajugoside and erucic acid showed significant inhib-
itory activity on T-cell proliferation. These results indicate the potential of C. volubile compounds as immuno-
modulators and can be utilized to curb cytokine storms implicated in COVID-19 infection. These potentials are 
further corroborated by the strong interactions of the compounds with the TIS and TTS of ORF8 mRNA from the 
SARS-CoV-2 whole genome.   

1. Introduction 

Since the emergence of COVID-19 in Wuhan, China, in December 
2019, there has been increased spread of the disease worldwide, 
resulting in a global pandemic [1]. The disease, which is caused by the 
novel β-coronavirus severe acute respiratory syndrome coronavirus 2 

popularly regarded as SARS-CoV-2, has led to unprecedented pressure 
on the global health sector irrespective of a country’s economic strength 
[2]. Over time, the virus has undergone mutations, with different vari-
ants reported in different parts of the world. These variants and mutants 
are Alpha (B.1.1.7) B.1.177, B.1.258; Beta (B.1.351) B.1.1.33; Gamma 
(P.1); Delta (B.1.617.2); Kappa (B.1.617.1) B.1.617.3; Epsilon 
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(B.1.427/B.1.429; Zeta (P.2); Eta (B.1.525) B.1.1.20; Iota (B.1.526); and 
B.1.1.298 (Mink Variant). These mutations are of major health concerns, 
as they reportedly exacerbate the infectious rate of the virus [3]. This is 
depicted by the high global mortality associated with the recent waves 
of the disease [4,5]. Thus, there is a continuous search for novel and 
suitable therapies to treat and manage the disease. 

SARS-CoV-2 has been reported to cause infection by triggering an 
excessive immune response depicted by aggravated levels of macro-
phage inflammatory protein 1-α, tumour necrosis factor-α (TNF-α), in-
terleukins (IL)-2 and − 7, monocyte chemoattractant protein 1, and 
granulocyte colony stimulating factor [6–8]. This process is regarded as 
cytokine storm and has been implicated in the pathology and severity of 
COVID-19 and its mortality [9,10]. Oxidative bursts in neutrophils have 
also been implicated in the aggravation of cytokine storm and the pa-
thology of COVID-19 and its complication [11–13]. Cytokine storm ac-
tivates the macrophages and neutrophils to produce respiratory bursts 
which generates superoxides and hydrogen peroxide, thus leading to 
oxidative stress [11]. Oxidative stress further aggravates the induction 
of cytokine storm, thus provoking a cycle of continues generation of 
cytokines. This has led to increasing reports on the arrest of neutrophil 
oxidative burst as possible therapeutic target for the treatment and 
management of COVID-19 [12,13]. 

Open reading frames (ORFs) are among the major nonstructural 
proteins in SARS-CoV-2, and they possess information for the synthesis 
and replication of genomic RNA [14]. It consists of ORF1ab, ORF3, 
ORF6, ORF7a, ORF8, and ORF10. The ORF8 protein has been reported 
for its role in glycosylation, which is important for the maturation and 
transportation of the SARS-CoV-2 spike (S) protein [15]. Aside from 
glycosylation, studies have implicated ORF8 in SAR-COV-2-mediated 
activation of cytokine storms in COVID-19 infection [16–18]. The pro-
tein is utilized by SARS-CoV-2 to elude the immune system by down-
regulating the surface expression of MHC-І [18]. This is supported by 
reports that ORF8 activates the IL-17 and NLRP3 signaling pathways, 
upregulates proinflammatory factors [16,19], and inhibits the produc-
tion of IFN types I and II (IFN–I and IFN-II) [19]. 

Clerodendrum volubile ranks among commonly consumed vegetables 
for food and medicinal purposes in southern Nigeria [20,21]. In tradi-
tional medicine, the leaves are utilized in the treatment and manage-
ment of arthritis, diabetes, ulcers, dropsy and rheumatism [22]. The 
ability of the leaves to suppress blood glucose levels and improve 
metabolism linked to hypoglycemia has been reported in type 2 diabetic 
rats [23,24]. The leaves have also been linked to improved antioxidant 
activities in type 2 diabetes and cancers [23–26]. Its immunomodulatory 
properties have been linked to the ability of the leaves and flowers, as 
well as protocatechuic acid, pectolinarigenin, and harpagide 
5-O-β-D-glucopyranoside (isolated from the leaves), to suppress the 
oxidative burst in isolated neutrophils and macrophages [6,23,27,28]. A 
new compound, harpagide 5-O-β-D-glucopyranoside isolated from 
C. volubile leaves, was proposed via in silico studies as a suitable inhibitor 
of initiation and termination codons of SARS-CoV-2 spike protein [6]. 

Targeting the ORF8 protein of SARS-CoV-2 has been suggested as a 
suitable therapy against COVID-19 infection [16,29,30]. The present 
study aimed to investigate the possible mutation trend of ORF8 in 
SARS-CoV-2 variants from the United Kingdom (UK), USA, India, China, 
Brazil and South Africa. The study also investigated the ability of com-
pounds isolated from C. volubile leaves to interact with the initiation and 
termination codons of ORF8 mRNAs isolated from the whole genome of 
SARS-CoV-2 using computational tools. The study also investigates the 
ability of the isolated compounds to quench oxidative bursts in 
polymorpho-nuclear neutrophils (PMNs), as well as their anti-
proliferative activity on T-cells. 

2. Materials and methods 

2.1. Instrumentation 

FT-IR spectra were measured on potassium bromide pellets using an 
FT-IR spectrophotometer. 1H and 13C NMR/DEPT (90 and 135) spectra 
(500 MHz and 150 MHz, respectively) and two-dimensional correlation 
spectroscopy (COSY), NOSEY, HSQC, and HMBC, were recorded in ppm 
on a Bruker AV-600 spectrometer in CD3OD. Chemical shifts were re-
ported in δ (ppm) values as a solvent and TMS as an internal reference. 
The molecular weight was determined by positive mode electron ioni-
zation mass spectrometry (EI-MS) on a JEOL-MSRoute HX 110 spec-
trometer. The TOF-ESI-MS was recorded on a JEOL JMS-HX-110 mass 
spectrometer. Thin layer chromatography (TLC) was carried out on 
precoated silica gel 60 F254 plates (E. Merck, 0.25 mm), and spots were 
viewed under UV light (365 and 254 nm) and by spraying with ceric 
sulfate reagent. 

2.2. Softwares 

The computational softwares used for this work were the RNA Fold 
web server, RNAComposer, Maestro software, AutoDockGPU, Auto-
DockTools, ADMETlab platform, and MEGA X server. 

2.3. Viral genome sequences and ORF8 extraction 

SARS-CoV-2 ORF8 mRNA sequence was obtained from the NCBI 
database from the coronavirus whole genomes (ADD accession NUM-
BER). About 26 to 30 mRNA nucleotide sequence from both initiation 
and termination codons (Table 1) were converted into 3 D single mRNA 
strand and prepared for docking. 

2.4. Phylogenetic analysis and evolutionary relationships of taxa 

Sequences of ORF8 protein in SARS-CoV-2 variants from various 
countries including United Kingdom (UK), USA, India, China, Brazil and 
South Africa were retrieved from GenBank database. The ORF8 se-
quences were prepared and aligned using the CLUSTALW program [31] 
for the Phylogenetic analysis. Phylogenetic tree was constructed using 
the neighbor-joining method [32] implemented in MEGA X [33] and 
statistically supported by performing 1000 bootstrap replications. The 
evolutionary history was inferred using the UPGMA method [34]. The 
optimal tree is shown. (next to the branches). The evolutionary distances 
were computed using the Poisson correction method [35] and are in 
units of the number of amino acid substitutions per site. The proportion 
of sites where at least 1 unambiguous base is present in at least 1 
sequence for each descending clade is shown next to each internal node 
in the tree. This analysis involved 7 amino acid sequences. All ambig-
uous positions were removed for each sequence pair (pairwise deletion 
option). There were a total of 70 positions in the final dataset. Evolu-
tionary analyses were conducted in MEGA X [33]. 

Table 1 
Sequence of initiation and termination sites of SARS-COV-2 ORF8 accessory 
protein mRNA.  

Sequence site ORF8 (27894..28259) 

Translation initiation site 5′-AUGAAAUUUCUUGUUUUCUUAGGAAUC-3′

Translation termination site 5′- ACGUUCGTGUUGUUUUAGAUUUCAUCUAA-3′
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2.5. Plant material 

The leaves of C. volubile were collected from local farmers at Ifon, 
Ondo State, Nigeria. The leaves were identified, deposited and assigned 
a voucher number, UBHC284, at the Herbarium, Department of Botany, 
University of Benin, Benin City, Nigeria. The leaves were dried under 
shade, blended to fine powder and stored in a zip-lock bag until further 
analysis. 

2.6. Extraction and isolation 

The powdered plant sample was extracted with methanol (MeOH) at 
room temperature. The extract was concentrated in vacuo using a rotary 
evaporator. Approximately 100 g of the concentrated extract was further 
dissolved in MeOH/distilled water (1:3) before liquid-liquid fraction-
ation using chemicals of increasing polarity vis-à-vis n-hexane (Hex), n- 
dichloromethane (DCM), ethyl acetate (EtOAc), and butanol (BuOH). 
All the fractions were concentrated in vacuo and stored in glass vials at 
− 20 ◦C. 

The EtOAc fraction was parked into a column chromatograph loaded 
with silica gel for further fractionation via solvent elution. The elution 
process started with 100% hexane and thereafter mixtures of Hex and 
EtOAc (9:1) in increasing order of polarity up to 100% EtOAc. Each elute 
was collected in glass vials, and its purity was confirmed with thin-layer 
chromatography on precoated silica gel 60 F254 sheets. They were 
sprayed with ceric sulfate reagent, dried under hot light, and viewed 
under UV light (254 nm). Elutes from 100% EtOAc showed 2 over-
lapping spots and were further separated using reversed-phase recycling 
HPLC with a solvent system of EtOAc:MeOH (80:20). Harpagide was 
obtained after several recycling cycles and was identified by comparison 
of its NMR spectral data with those reported in the literature [36–38]. 

The BuOH fraction was further subjected to fractionation by VLC 
using DCM and DCM:EtOAc (1:1). Fraction obtained from DCM:EtOAc 
was loaded into a column filled with silica gel and subjected to elution 
starting with 100% DCM and then mixtures of DCM and MeOH (95:5) in 
increasing order. Each elute was collected in glass vials, and its purity 
was confirmed with thin-layer chromatography on precoated silica gel 
60 F254 sheets. They were sprayed with ceric sulfate reagent, dried under 
hot light, and viewed under UV light (254 nm). Elutes obtained from 
DCM:MeOH (93:7) and (90:10) showed single spots each. They were 
subjected to NMR and mass analyses. Elutes from 90:10 were identified 
as erucic acid after comparison of spectral data with the literature [39]. 
Elutes from 93:7 were identified as 4,5-dihydroxy-6-(hydroxyme-
thyl)-5-methoxy-3-(1,3,4,5-tetrahydroxypentan-2-yloxy)tetrahy-
dro-2H-pyran-2-yloxy)-5-hydroxy-7-methyl-1,4a,5,6,7,7a-hexahydro-
cyclopenta[c]pyran-7-yl acetate. Elutes from DCM:MeOH (85:15) and 
(75:25) showed overlapping spots on TLC. They were subjected to 
further separation using reversed-phase recycling HPLC with a solvent 
system of MeOH:H2O (55:45). Ajugoside and 1-(3-methyl-2-butenox-
y)-4-(1-propenyl)benzene were obtained from the respective elutes after 
several recycling cycles and were identified by comparison of their 
spectral data with those reported in the literature [40–43]. 

2.7. Pharmacokinetic prediction 

The pharmacokinetic properties of the phytocompounds were 
assessed using the ADMETlab platform (https://admet.scbdd.com/calcp 
re/index/) based on a previously published method [44]. This was 
carried out for individual physiochemical properties such as absorption, 
distribution, metabolism, etc. by computing the canonical SMILEs of the 
compounds obtained from the PubChem database into the server. The 
structure of 5-dihydroxy-6-(hydroxymethyl)-5-methoxy-3-(1,3,4,5-tet-
rahydroxypentan-2-yloxy)tetrahydro-2H-pyran-2-yloxy)-5-hydroxy-7--
methyl-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-7-yl acetate was 
drawn using ChemDraw software (V2.42) and submitted as a sdf file. 
The analysis was carried out principally based on a database consisting 

of 288,967 compounds from peer-reviewed publications and ChEMBL, 
EPA and DrugBank databases. All the data were refined by the Molecular 
Operating Environment (MOE, version 2016) and divided into six clas-
ses (basic, A, D, M, E and T). The corresponding basic information and 
experimental values of these entries form the basis for prediction on a 
new compound established on a computational similarity check. 

2.8. Drug likeness prediction 

The drug likeness properties of the compounds were predicted using 
the same ADMETlab platform (https://admet.scbdd.com/calcpre/ca 
lc_rules/) according to a previously published method [44]. Canonical 
SMILEs of the compounds obtained from the PubChem database as well 
as the generated sdf file were computed into the server. The compounds 
were screened for drug-likeness properties based on numerous expert 
criteria considered crucial for a drug candidate. The most commonly 
used rules considered in this work include Lipinski’s rule, Ghose’s rule, 
Operea’s rule, Veber’s rule and Varma’s rule. 

2.9. Molecular modeling studies on TIS and TTS 

Molecular modeling studies were conducted to gain deeper insights 
into the interacting pattern of various compounds on SARS-CoV-2 ORF8 
mRNA sites. The sequences of the translation initiation sites (TISs) and 
translation termination sites (TTSs) were retrieved from the full genome 
of SARS-CoV-2 from the experiments presented in this study. Further-
more, the TIS and TTS sequences were converted into 2D configurations 
employing the RNA Fold web server using the default input parameters 
[45]. Then, the mRNA 2D structure was submitted and further converted 
into a single-stranded mRNA 3D structure by means of the automated 
web server called RNAComposer [46]. Small molecules, such as erucic 
acid, ajugoside, 1-(3-methyl-2-butenoxy)-4-(1-propenyl) benzene, and 
harpagide, were retrieved from the PubChem database [47]. The novel 
compound (4,5-dihydroxy-6-(hydroxymethyl)-5-methoxy-3-(1,3,4, 
5-tetrahydroxypentan-2-yloxy)tetrahydro-2H-pyran-2-yloxy)-5-hydrox-
y-7-methyl-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-7-yl acetate) 
was constructed using the 2D-sketcher tool in Maestro software. To 
perform the molecular docking studies, the recent version of docking 
software, i.e., AutoDockGPU [48] together with its GUI AutoDockTools 
(ADT) [49], was used. Earlier, both the obtained 3D mRNA structures 
and all the ligands were prepared and converted into the AD4-PDBQT 
format utilizing the scripts prepare_ligand4.py and prepare_receptor4. 
py, which are a part of AutoDockTools. The grid boxes of the TIS and TTS 
were parameterized to accommodate the whole predicted mRNA 
structure, as it does not contain any particular active site. For TIS, a set 
of grids with 66 Å × 100 Å × 48 Å along with its grid centers (13.743, 
− 28.472, 14.243) at x, y, z coordinates with a spacing constraint of 
0.669 Å. For TTS, a different set of grids with 96 Å × 50 Å × 88 Å with 
grid centers (− 29.556, 5.025, 4.624) on their x, y, z coordinates and 
spacing of 0.669 Å were constructed using an AutoGrid4 element. For 
each ligand against both the TIS and TTS, 100 independent dockings 
were run. Each independent docking includes 20 million energy evalu-
ations using the Lamarckian Genetic Algorithm Local Search (GALS) 
method for the conformational search. The docking poses of the ligands 
were established on the clusters with a root-mean-square deviation 
(rmsd) of 2 Å. The scoring of the binding poses was calculated based on 
the binding free energy (ΔGAD4). 

2.10. Luminol-amplified chemiluminescence assay 

Neutrophils were isolated from fresh blood samples collected from 
an apparently healthy volunteer after obtaining his consent as previ-
ously described [50]. The isolated neutrophils were subjected to 
luminol-amplified chemiluminescence assay [51]. Briefly, isolated 
neutrophils (1 × 106 ⁄ mL) were suspended in modified Hank’s solution 
(MHS) and incubated with different concentrations (0.5, 5.00 and 50.00 
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μg/mL) of the isolated compounds for 30 min. After incubation, 1 
mg/mL zymosan was added to the reaction mixture, followed by 25 μL 
of luminol (10− 5 M). Total chemiluminescence (CL) was measured using 
a luminometer (Lab system Luminoskan RS, Helsinki, Finland). Control 
(+C) consisted of MHS containing cells only. 

2.11. T-cell proliferation assay 

T-cells were extracted from freshly collected blood obtained from an 
apparently healthy volunteer by Ficoll-Hypaque gradient centrifugation 
and proliferation as described previously [52]. The cells were cultured 
in a 96-well round bottom tissue culture plate at a concentration of 5 ×
105/mL. They were then stimulated with 1.25 mg/mL phytohemagglu-
tinin before incubating with the isolated compounds (0.5, 5.00 and 
50.00 μg/mL) at 37 ◦C in a 5% CO2 incubator for 72 h. The reaction was 

pulsed with titrated thymidine 0.5 μCi/well and further incubated for 
18 h. Thereafter, the cells were harvested using a cell harvester (SKA-
TRON A.S. Flow Lab., Norway) into a glass fibre filter (Cambridge 
Technology USA). A liquid scintillation counter was utilized to count the 
cells with the aid of a liquid scintillation counter. The counts per minute 
(cpm) results were recorded after 120 s [27]. All studies were carried out 
under the ethical guidelines of the International Center for Chemical and 
Biological Sciences, University of Karachi, Karachi, Pakistan. 

2.12. Statistical analysis 

The wet experiments were repeated at least three times to address 
biological variability. Each treatment group consisted of three samples 
(n = 3). The wet experiments were repeated at least three times to 
address biological variability. The results are presented as the mean ±

Fig. 1. Evolutionary relationship between ORF8 mRNAs of genomes of SAR-CoV-2 variants from China, Brazil, India, Nigeria, South Africa, USA and the UK.  

Fig. 2. Isolated compounds from the ethyl acetate and butanol fractions of C. volubile methanolic extract. (1) Harpagide, (2) 1-(3-Methyl-2-butenoxy)-4-(1-propenyl) 
benzene, (3) Ajugoside, (4) 4,5-dihydroxy-6-(hydroxymethyl)-5-methoxy-3-(1,3,4,5-tetrahydroxypentan-2-yloxy)tetrahydro-2H-pyran-2-yloxy)-5-hydroxy-7-methyl- 
1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-7-yl acetate, and (5) Erucic acid. 
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SD, following subjection to one-way analysis of variance (ANOVA). 
Significant differences (p < 0.05) were obtained using Tukey’s HSD- 
multiple range post hoc test. IBM Statistical Package for the Social Sci-
ences (SPSS) for Windows, version 23.0 (IBM Corp., Armonk, NY, USA) 
was used for the analyses. 

3. Results and discussion 

Cytokine storms have been implicated in the pathophysiology of 
COVID-19 infection and its complications. This is depicted by exacer-
bated cellular levels of proinflammatory cytokines such as TNF-α, IL-2 
and IL-7 [6–8]. ORF8 has been reported to play a major role in 
SARS-CoV-2 induction of cytokine storms in COVID-19 [16,18,19]. This 
study investigated the ability of compounds isolated from C. volubile to 
suppress cytokine storms via molecular interactions with the translation 
initiation sites (TIS) and translation termination sites (TTS) of ORF8 
mRNA from the whole genome of SARS-CoV-2 using proteomic and 
molecular docking tools. 

3.1. Phylogenetic and evolutionary relationships of ORF8 

As shown in Fig. 1, the ORF8 mRNAs from whole genomes of SARS- 
CoV-2 variants from China, Brazil, India, Nigeria, the USA, the UK and 
South Africa showed 100% homology and clustered with each other. 
This is further depicted by the alignment of their amino acid sequences. 
Thus, the mutation of the studied variants did not affect the ORF8 
protein of the virus. There have been concerns about SARS-CoV-2 mu-
tations, especially with their increased transmissibility and pathoge-
nicity [53,54]. There have also been concerns about the effect of these 
mutations on the efficacy of vaccines and treatment for COVID-19 [55, 
56]. The non-effect of the viral mutations on ORF8 indicates that the 
efficacies of therapies targeting the protein may not be altered in the 
variants. Thus, these results corroborate previous reports on ORF8 as a 
potential therapeutic target in COVID-19 treatment [16]. 

3.2. Isolation of compounds from C. volubile leaves 

As shown in Fig. 2, Harpagide (compound 1), 1-(3-Methyl-2-bute-
noxy)-4-(1-propenyl)benzene (compound 2), Ajugoside (compound 
3), 4,5-dihydroxy-6-(hydroxymethyl)-5-methoxy-3-(1,3,4,5-tetrahy-
droxypentan-2-yloxy)tetrahydro-2H-pyran-2-yloxy)-5-hydroxy-7-meth 
yl-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-7-yl acetate (compoun 

d 4), and erucic acid (compound 5) were isolated from the leaves of 
C. volubile. 

3.2.1. Compound 1 
Harpagide C15H24O10; IR (KBr); 1H NMR (500 MHz, CD3OD) δ: 6.35 

(1H, d, H-3), 5.75 (1H, br, s; H-1), 4.90 (1H, d, H-4), 4.55 (1H, d, H-1ˈ), 
4.02 (1H, d, H-6ˈa), 3.77–3.62 (2H, m, H-6ˈb, H-3), 3.47–3.29 (2H, m, H- 
4ˈ, H-5′), 3.26–3.15 (1H, dd, H-2ˈ) 2.85 (1H, br, s, H-9), 1.97 (1H, dd, H- 
7a), 1.85 (1H, dd, H-7b), 1.28 (3H, s, H-10); 13C NMR (150 MHz, 
CD3OD) δ: 94.09 (C-1), 142.00 (C-3), 104.00 (C-4), 71.94 (C-5), 78.13 
(C-6), 49.42 (C-7), 93.97 (C-8), 62.76 (C-9), 23.00 (C-10), 100.03 (C-1), 
76.31 (C-2ˈ) 77.47 (C-3), 72.97 (C-4ˈ), 78.16 (C-5ˈ), 64.23 (C-6ˈ). ESI- 
MS: m/z 387.21 corresponding to [M + Na]+ calculated for 
C15H24O10. HRESI-MS: m/z 387.21. 

Harpagide is an iridoid glycoside that was characterized using a 
combination of spectral data (1H NMR, 13C NMR, FAB-BS, ESI-MS and 
HRESI-MS) and comparison with literature values (Ahmed et al., 2003; 
Venditi et al., 2017; Manguro et al., 2011). ESI-MS gave a molecular ion 
peak at m/z 387.21 [M + Na]+, and HRESI-MS indicated the molecular 
formula corresponding to C15H24O10. Compound 1 was characterized as 
harpagide, also known as (1S,4aS,5R,7S,7aR)-7-methyl-1-[(2S,3R,4S, 
5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy-1,5,6,7a-tet-
rahydrocyclopenta[c]pyran-4a,5,7-triol, having a molecular formula of 
C15H24O10. Harpagide, a close relative of ajugoside, has been reportedly 
isolated from Stachys alopecuros of the Lamiaceae family [37,38]. 

3.2.2. Compound 2 
1-(3-Methyl-2-butenoxy)-4-(1-propenyl)benzene C14H18O; IR (KBr) 

Vmax: 3032 (Ar-CH, 2879 (C–H), 1512 (C––C), 1219 (C–O), 1043 (C–O) 
cm− 1; 1H NMR (600 MHz, CD3OD) δ: 8.17 (2H, d, H-3, H-5), 8.10 (2H, d, 
H-2, H-6), 5.80 (1H, m, H-11), 6.70 (1H, s, H-7), 4.59 (2H, d, H-10), 1.97 
(3H, d, H-9), 1.96 (3H, s, H-13), 1.68 (3H, s, H-14); 13C NMR (150 MHz, 
CD3OD) δ: 153.69 (C-1), 142.00 (C-12), 141.19 (C-7), 127.0 (C-3, C-5), 
104.39 (C-6), 101.27 (C-2), 62.95 (C-10), 126.00 (C-11), 22.16 (C-13), 
26.52 (C-14, 21.28 (C-9), 128.0 (C-4), 124.00 (C-8). EI-MS: m/z 202 
[M]+ calculated for CHO; FAB-MS: m/z 201 [M − H]+ calculated for 
C12H15O2. 

The structure of compound 2 was established using a combination of 
spectral data and comparison with the literature [42,43]. The IR had no 
O–H stretching, confirming the absence of any hydroxyl group. Aro-
matic C–H stretching was observed at 3032 cm− 1, while aliphatic C–H 
stretching and C––C vibrations were observed at 2879 and 1512 cm− 1, 

Fig. 3. (A) Significant HMBC (blue lines) and NOESY (red lines); and (B) Significant HSQC (blue lines) and 1H–1HCOSY (red lines) of compound 4.  
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respectively. EI-MS indicated the molecular ion peak at m/z 202 and a 
prominent peak at m/z 135 corresponding to C9H10O following the 
cleavage of an ether, methylbut-2-ene (-C5H10). DEPT-135 also shows 
only one methylene at δ 62.95 and three methyl groups. Compound 3 
was identified as 1-(3-Methyl-2-butenoxy)-4-(1-propenyl)benzene with 
the molecular formula C12H16O2. 1-(3-Methyl-2-butenoxy)-4-(1-pro 
penyl)benzene was detected in Ocotea bofo Kunth (Lauraceae) Calyces 
(Guerrini et al., 2006) and Illicium verum extract [43,57,58]. 

3.2.3. Compound 3 
Ajugoside (C17H26O10), an iridoid glycoside, was isolated for the 

second time from C. volubile leaves, and the 1H NMR and m/z data have 
already been published [41]. 

3.2.4. Compound 4 
4,5-dihydroxy-6-(hydroxymethyl)-5-methoxy-3-(1,3,4,5-tetrahydro 

xypentan-2-yloxy)tetrahydro-2H-pyran-2-yloxy)-5-hydroxy-7-methyl- 
1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-7-yl acetate (C23H38O15), 
1H NMR (CD3OD, 500 MHz): Aglycone δH 6.40 (d, 1H), 4.63 (t, 1H), 2.20 
(q, 1H), 3.25 (q, 1H), 1.97 (s, 1H), 1.53 (s, 3H), 1.90 (s, 3H), 2.80 (t, 1H), 
4.80 (d, 1H). Sugar moiety 4.70 (d, 1H), 3.58 (d, 1H), 3.32 (tt, 2H), 3.27 (s, 
3H), 3.40–3.45 (m, 2H), 3.72 (q, 1H), 3.51–3.58 (m, 6H), 1.95–2.00 (m, 
6OH), 3.2 (q, 1H), 3.61 (t, 1H). 13C NMR (CD3OD, 150 MHz): δC 173.2 
(CO), 142.0 (1), 101.3 (1), 100.0 (1), 94.1 (1), 88.0 (1), 83.5 (1), 78.6 (1), 
78.16 (1), 78.0 (1), 77.1 (1), 74.8 (1), 73.8 (1), 71.9 (1), 71.7 (1), 64.7 (1), 
64.4 (1), 62.9 (1), 47.5 (1), 28.44 (1), 22.17 (1). EI-MS (+) calculated for 
aglycone C12H18O6 [M − 2H]+ m/z 256.3. 

The proposed structure of the compound was established using 

various NMR techniques to be iridoid glycoside. The distortionless 
enhancement by polarization transfer (DEPT) 90 and 135 experiments 
confirms the presence of fifteen methine protons, three methylene pro-
tons and three methyl protons. Two quaternary carbons were also 
observed. Broad band decoupled carbon-13 NMR showed the presence 
of twenty-three carbons, including the carbonyl of the acetate. The 
disappearance of the signals at 173 and 88 ppm in the DEPT spectrum 
confirms the presence of quaternary carbons. The data suggests an iri-
doid. The aglycone moiety of the compound had a NMR signal similar to 
that of ajugoside. Major differences were obtained in the sugar moiety as 
well as the methoxy of the aglycone. Following the details of the data 
presented, the compound was assigned an iridoid glycoside, as shown in 
Fig. 2. The atom connectivities are established by two-dimensional NMR 
spectrometries, which include double quantum filtered proton-proton 
correlation spectroscopy (DQF 1H–1H COSY), nuclear Overhauser ef-
fect spectroscopy (NOESY), heteronuclear single quantum coherence 
(HSQC) and long-range heteronuclear multiple bond correlation 
(HMBC), as indicated in Fig. 3A and B. 

3.2.5. Compound 5 
Erucic acid (13-Docosenoic acid; C22H42O2), IR (KBr): 3500 (O–H), 

2075 (C––O), 1636 (aliphatic C––C) cm− 1.1H NMR (CD3OD, 500 MHz): δ 
9.93 (OH, s), δ 5.38 (1H, m), δ 5.37 (1H, m), 2.18 (2H, tt), δ 1.67–1.28 
(m, 34H, CH2), 0.89 (t, 3H, CH3). 13C NMR (CD3OD, 150 MHz): δ 190.1 
(CO), 130.8 (2), 33.6 (1), 30.8–30.4 (12), 28.1–22.5 (5), 14.4 (1). LRMS 
(ESI) calcd for C22H42O2 [M]+ m/z 338.0 found m/z 338. HRMS (ESI) for 
C22H42O2 found m/z 338.3472. 

The FT-IR spectrum of erucic acid revealed peaks at 3500, 2075, and 

Table 2 
Predicted Pharmacokinetic profile of the selected compounds.  

Category Property (unit) Predicted Result Inference/Reference Range 

1 2 3 4 5 

Basic physicochemical 
property 

LogP (partition coefficient) (log 
mol/L) 

− 3.464 4.065 − 2.008 − 3.951 7.669 Optimal: 0< LogP <3 
LogP <0: poor lipid bilayer permeability. 
LogP >3: poor aqueous solubility.  

LogD7.4 (Distribution coefficient 
D) (log mol/L) 

1.243 1.833 1.069 1.364 1.767 <1: High Solubility; 
1 to 3: Moderate Solubility; 
≥3: Low Solubility. 

Absorption Papp (Caco-2 permeability) (cm/ 
s) 

− 6.455 − 4.272 − 6.22 − 6.935 − 4.87 Optimal: higher than − 5.15 or − 4.70 

HIA (Human Intestinal 
Absorption) (%) 

0.181 0.78 0.183 0.115 0.794 >0.5: HIA positive 
<0.5: HIA negative 

Distribution PPB (Plasma protein binding) (%) 20.96 86.9 24.3 21.9 84.12 90%: Significant with drugs that are highly protein-bound 
and have a low therapeutic index. 

BBB (Blood brain barrier) (%) 0.635 0.938 0.453 0.058 0.91 ≥0.1: BBB positive. 
<0.1: BBB negative. 

Metabolism CYP1A2-Inhibitor 0.008 0.475 0.009 0.019 0.968 >0.5: An inhibitor 
<0.5: Non-inhibitor 

CYP1A2-Substrate 0.198 0.476 0.226 0.22 0.118 >0.5: Substrate 
<0.5: Non-substrate 

CYP3A4-Inhibitor 0.038 0.017 0.015 0.131 0.006 >0.5: An inhibitor 
<0.5: Non-inhibitor 

CYP3A4-Substrate 0.348 0.584 0.35 0.346 0.03 >0.5: Substrate 
<0.5: Non-substrate 

Excretion Clearance (mL/min/kg) 1.288 1.938 1.133 0.71 1.13 Range: >15 high; 
5< Cl < 15: moderate; 
<5: low. 

T1/2 (Half life) (H) 0.864 1.587 0.723 1.098 1.736 Range: >8H: high; 
3h < Cl < 8H: moderate; 
<3H: low. 

Toxicity hERG (hERG blockers) 0.458 0.447 0.311 0.474 0.437 >0.5: A Blocker 
<0.5: Non-blocker 

H-HT (Human Hepatotoxicity) 0.618 0.43 0.722 0.626 0.038 >0.5: HHT positive 
<0.5: HHT negative 

AMES (Ames mutagenicity) 0.418 0.176 0.49 0.422 0.016 >0.5: Positive 
<0.5: Negative 

1 = Harpagide, ECA = Erucic Acid, AJD = Ajugoside, IGD = Iridoid Glycoside and MBB = 1-(3-Methyl-2-butenoxy)-4-(1-propenyl)benzene. 
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1636 cm− 1, which correspond to hydroxyl, carbonyl and olefinic C––C 
stretching vibrations. The 1H and 13C NMR spectral data were also in 
agreement with the proposed structures. The 1H NMR spectrum of erucic 
acid indicated the presence of a carboxylic acid functional group at 9.93 
ppm (OH, s), with one double bond at 5.38 ppm (1H, m). Other proton 
signals were seen at 2.18 ppm (2H, tt) and 1.67–1.28 ppm overlap (m, 
34H, CH2). The terminal methyl signal was observed upfield 0.89 ppm. 
The H-decoupled 13C NMR spectrum of the compound revealed the 
presence of twenty-two carbons. The carbonyl carbon resonated at 
190.1 ppm, while the alkene carbons resonated at 130.8 ppm. Other 
carbons appeared at 33.6 (1), 30.8–30.4 (12), 28.1–22.5 (5), and 14.4 
(1). The ESI mass spectrum of erucic acid showed a molecular ion [M]+

at m/z 338, in agreement with the molecular formula C22H42O2 and 
literature data [39]. 

3.3. Pharmacokinetic prediction 

As shown in Table 2, the compounds exhibited moderate solubility 
based on the distribution coefficient and poor bilayer permeability as 
well as aqueous solubility based on the partition coefficient. The com-
pounds indicated the potential to be absorbed by human epithelial 
colorectal adenocarcinoma cells, with the exception of compound 2. 
Compounds 2–4 showed an ability to cross human intestinal cells, which 
may be attributed to the attached sugars and –OH groups [59,60]. 
Plasma protein binding prediction suggested that the compounds to be 
transported in the bloodstream were not bound to plasma proteins, and 
all, with the exception of compound 3, could cross the blood-brain 
barrier (BBB). The ability of these compounds to cross the BBB makes 
them good candidates for the treatment of neurodegenerative diseases 
[61,62]. The metabolism of the compounds in consideration of Cyto-
chrome 1A2 and 3A4 illustrates that the compounds do not interact with 
these enzymes except for compound 5, which is predicted to inhibit 
cyt1A2. This suggests that the compounds may not cause a drug-drug 
interaction when administered with drugs metabolized by these en-
zymes [63]. However, compound 2 was predicted to be a substrate for 
cyt3A4, thus insinuating a drug-drug interaction with drugs metabolized 

by the enzyme. The predicted excretion properties of the compounds 
revealed a very low clearance rate and half-life time. The compounds 
were also predicted to be nonhERG blockers, nonmutagenic and hepa-
totoxic (except for compounds 1 and 3). The predicted hepatoxicity may 
require caution in the consumption of compounds 2, 4 and 5. 

3.4. Drug likeness prediction 

The benchmarks outlined by Lipinski, Ghose, Oprea, Vaber and 
Verma were used to predict the druggable character of the compounds. 

Table 3 
Drug likeness Properties of the Selected Compounds.  

S/N Name of Rule Property Rules Predicted Result 
and Percentages 
Matches for 
Erucic Acid 

Predicted Result 
and Percentages 
Matches for 
Ajugoside 

Predicted Result 
and Percentages 
Matches for 
Harpagide 

Predicted Result 
and Percentages 
Matches for 
Iridroid 
Glycoside 

Predicted Result 
and Percentages 
Matches for 1-(3- 
Methyl-2- 
butenoxy)-4-(1- 
propenyl) 
benzene 

1 Lipinki’s rule Molecular weight ≤500 338.6 75% 390.4 100% 364.4 75% 510.5 25% 202.3 100% 
Lipophilicity (logP) ≤5 7.7 − 2.01 − 3.5 − 3.95 4.1 
Hydrogen bond acceptor ≤10 1 10 10 14 1 
Hydrogen bond donors ≤5 1 5 7 8 0 

2 Ghose’s rule Lipophilicity (logP) − 5.6<logP < − 0.4 7.7 75% − 2.01 75.0% − 3.5 75% − 3.95 50% 4.1 100% 
Molecular weight 160<MW < 480 338.6 390.4 364.4 510.5 202.3 
Molar refractivity 40<MR < 130 105.6 86.64 78.6 110.6 66.1 
Total number of atoms 20<atoms<70 66 53 49 69 33 

3 Oprea’s rule Number of rings ≥3 0 33% 3 66.7% 3 66.7% 3 100% 1 0% 
Number of rigid bonds ≥18 4 24 24 27 11 
No. of rotatable bonds ≥6 19 5 3 10 4 

4 Veber’s rule No. of rotatable bonds ≥10 19 66.7% 5 33.9% 3 33% 10 33% 5 100% 
TPSA ≤140 37.3 155.1 169.3 225.1 9.2 
Hydrogen bond donor ≤12 1 5 7 8 0 
Hydrogen bond acceptor ≤12 1 10 10 14 1 

5 Varma’s rule Molecular weight ≤500 338.6 80% 390.4 100% 364.4 60% 510.5 40% 202.3 100% 
TPSA ≤125 37.3 155.1 169.3 225.1 9.2 
Hydrogen bond donor ≤9 1 5 7 8 0 
Hydrogen bond acceptor ≤9 1 10 10 14 3   
No. of rotatable bonds ≥6 19  5  3  10  4   

Fig. 4. A) Modeled single-stranded mRNA 3D-structure of TIS, the atoms are 
shown in Ribbons and Sticks and the structure is colored in Salmon B) Modeled 
single-stranded mRNA 3D-structures of TTS atoms are depicted in Ribbons and 
Sticks and the structure is colored in sea-green. The images were rendered using 
UCSF Chimera software. 
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The compounds showed robust compliance with all the standards except 
compounds 1 (33%) and 3 (33.9%) for Veber’s rule, as well as com-
pounds 2 (0%) and 5 (33%) for Oprea’s rule (Table 3). In drug and 
bioactive compounds structures, presence of hydrogen bond acceptors 
(0-10) and donors (0–5) help determine water solubility, membrane 
transport, distribution, and drug-receptor interactions [44,64]. In 
addition to those parameters, mass and size of a compound also affects 
its systemic absorption and distribution [65]. Polar surface area allows 
prediction of transport properties of a drug and a value of <125 indicate 
an efficient bioavailability of a compound [44]. Number of aromatic 
ring in a compound also play a central role in drug distribution and 
receptor interaction as it affect solubility [66]. Drug-receptor in-
teractions is heavily determined by different conformational stability of 
a compound which in turn also depend on the number of rotatable bonds 
present. Therefore, compound with these visible physicochemical 
properties could potentially be explored during drug selection, design, 
and testing and at in vitro/in vivo experiments, and clinical trials. 

3.5. Molecular docking studies 

To study the binding modes and interaction patterns of the various 
small molecules against translation initiation sites (TISs) and translation 
termination sites (TTS) of ORF8 mRNA from the whole genome of SARS- 
CoV-2 at the molecular level, molecular modeling studies were per-
formed. In this attempt, the 3D structures of TIS and TTS were modeled 
using RNA Fold and RNA Composer, as shown in Fig. 4A and B. The 
structures were visualized using molecular visualization software - UCSF 
Chimera [67]. 

3.5.1. Identification of binding sites in TIS-SARS-CoV-2 
In the docking analysis of various compounds against the TIS mRNA 

structure, it is interesting to note that all the compounds were docked at 
three different binding sites. The novel binding sites identified in this 
docking study are named Site A, Site B, and Site C, as shown in Fig. 5. 

3.5.2. Binding site A 
The Site A of TIS is lined by various nucleotides such as G13, U14, 

U15, U16, U17, C18, U19, U20, A21 and G22. The major part of the 
binding site is by the nucleotide ‘U’. This is the most dominating residue 
in this site and out of 5-compounds 3 of them are bound at this site. 
Compounds 2, 4 and 5 were bound in Site A. The enoxy part of Com-
pound 2 formed a H-bond by accepting from the side chain NH of the 
U19 nucleotide as shown in Fig. 6A. The acidic scaffold present at the 
end of the Compound 5 also formed a H bond by accepting the H from 
the side chain NH of the A21 as shown in Fig. 6B. The novel compound 
(compound 4) was tightly bound to this site making various H-bond 
interactions with various nucleotides such as exchanging of H-atom 
from the same nucleotide U19 as its side chain both accept and donate 
H-bonds with the ligand. Another H-bond interaction could be seen with 
the U17 side chain O atom accepting an H from the OH of compound 4 as 
shown in Fig. 6C. Although the binding energy of the novel compound 
(Compound 4) is comparatively less when compared to the rest of the 
ligands, the interaction pattern is tighter. The binding energies of the 
compounds are presented in Table 4. 

3.5.3. Binding site B 
The binding site B is lined by the nucleotides such as U12, U13, U14, 

U15, U16, U17, C18, and U19 . This site is heavily dominated by U. 
Except one nucleotide, the others are Uracil. Compound 1 bounded here 
and was tightly bound to the binding site B by various interactions with 

Fig. 5. Representation of global binding sites of various ligands bound at the 
various sites of TIS mRNA 3D-structure colored in Salmon. The surface of the 
TIS is shaded in white and the various binding sites are labeled as Site A, Site B, 
Site C. 

Fig. 6. The mRNA structure of TIS is colored in Salmon. The binding site nucleotides of TIS are labeled. Compounds 2, 5, and 4 are shaded in cyan, yellow, and 
magenta respectively. The H-bonds are shown in black dashed lines. 

Table 4 
Table depicting the binding energies of various compounds docked against TIS 
mRNA of SARS-CoV-2.  

Compound Binding Energy (kcal/mol) Preferred Binding Site 

Compound 1 − 4.69 Binding Site B 
Compound 2 − 4.37 Binding Site A 
Compound 3 − 4.79 Binding Site C 
Compound 4 − 1.69 Binding Site A 
Compound 5 − 2.81 Binding Site A  

O.L. Erukainure et al.                                                                                                                                                                                                                          



Computers in Biology and Medicine 139 (2021) 104964

9

the TIS such as the backbone O atom of U12 accepting multiple H-bonds 
from the multiple OH atoms of the 5,7-triol, whereas similar pattern of 
H-bond formation with 3,4-triol could be seen with the backbone O atom 
of C18. The sidechain of U19 accepts a H-bond from the OH of 2-Hydrox-
ymethyl, while the U13 NH side chain donates a H-bond to the O atom of 
oxane in Compound 1 as shown in Fig. 7 (A). 

3.6. Binding site C 

The binding site C is lined by the nucleotides continued by Binding 
site B, such as U20, A21, G22, and G23. This site was not typically 
dominated by any particular nucleotide. Compound 3 was tightly bound 
to the binding site C by having various interactions with TIS such as the 
backbone O atom of U20 donating a H-bond, a similar pattern of mul-
tiple acceptance of H-bond formation was seen with the backbone O 
atom of A21 from the 3,4,5-triols present in 2-(hydroxymethyl) oxane- 
3,4,5-triol scaffold. The Oxygen atom present in the acetate scaffold of 
the ligand also compound accepts an H-bond from the side chain NH of 
G22 as shown in Fig. 7 (B). 

3.6.1. Identification of binding sites in TTS-SARS-CoV-2 
Similar to TIS identification of binding sites, blind docking analysis 

on TTS revealed 3-binding sites, all compounds docked were bound at 
only these 3-sites. The unique binding sites identified in this docking 
study are named as Site A, Site B, Site C as shown in Fig. 8. 

3.6.2. Binding site A 
The Site A of TTS is lined by various nucleotides such as U20, U21, 

U22, C23, and A24. Unlike TIS, there is no specific nucleotide in 
abundance regarding this binding site. Indeed, similar to TIS, out of the 
5 compounds 3 of them (compounds 2, 4 and 5) bounded at this site, 
even the compounds are the same that are bound to this TIS Site A. 
Compound 2 binding pose is shown in Fig. 9A. There was no specific H- 
bond interaction seen with this compound. In Compound 5, the acidic 
scaffold at the end also formed a H bond by accepting the H atom from 

Fig. 7. The mRNA structure of TIS is colored in Salmon. The binding site nucleotides of TIS are labeled. Compounds 1 (A) and 3 (B) are shaded in white and green 
colors, respectuvely. The H-bonds are shown in black dashed lines. 

Fig. 8. Representation of global binding sites of various ligands bound at the 
various sites of TTS mRNA 3D-structure colored in sea-green. The surface of the 
TTS is shaded in white and the various binding sites are labeled as Site A, Site B, 
Site C. 

Fig. 9. The mRNA structure of TTS is colored in Sea-green. The binding site nucleotides of TTS are labeled. Compound 2, 5, and 4 are shaded in cyan, yellow, and 
magenta colors respectively. The H-bonds are shown in black dashed lines. 

Table 5 
Table depicting the binding energies of various compounds docked against TTS 
mRNA of SARS-CoV-2.  

Compound Binding Energy (kcal/mol) Preferred Binding Site 

Compound 1 − 4.42 Binding Site B 
Compound 2 − 4.66 Binding Site A 
Compound 3 − 5.45 Binding Site C 
Compound 4 − 1.58 Binding Site A 
Compound 5 − 2.14 Binding Site A  
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the side chain NH of the U22 and donated a H-bond to the side chain O 
atom of U21, as shown in Fig. 9B. The novel compound, (compound 4) 
bounded tightly to this site making various H-bond interactions with 
various nucleotides via exchange of H-atom from the same nucleotide 
U22 as its side chain O atom accepts and side chain NH donate H-bonds 
with the ligand. Another H-bond interaction is seen with the U20 side 
chain O atom accepting an H from the OH of compound 4 as shown in 
Fig. 9C. Although the binding energy of the compound 4 is compara-
tively less when compared to the rest of the ligands, the interaction 
pattern is tighter which is also very similar in case of these compounds 
docked against TIS. The binding energies of the compounds are shown in 
Table 5. 

3.6.3. Binding site B 
The binding site B is lined by the nucleotides such as G12, U13, U14, 

C23, A24, and U25. It is noticeable that there is a presence of U in 
abundance at this site. Compound 1 bounded tightly to the binding site B 
by having various interactions with the TTS such as the 2-(hydrox-
ymethyl) oxane-3,4,5-triol scaffold is involved in an H-bond interaction 
with the U14 backbone O atom by donating a H-atom to it. The back-
bone O atom of A24 accepting multiple H-bonds from the OH atoms 
involving 1,4a,5,7-tetrol scaffolds of the ligand, whereas similar pattern 
of H-bond formation is seen with the backbone O atom of U25. The 
backbone O atom of U25 is accepts a H-bond from the OH atom of 
compound 1 is shown in Fig. 10 (A). 

3.6.4. Binding site C 
The binding site C is lined by the nucleotides continued by Binding 

site B, such as U15, U16, A17, G18, A19, U20, A24, U25, and C26. There 
were a couple of nucleotides that are present in both binding sites B and 
C such as A24 and U25, and participates in interactions with both 
compounds 1 and 3. Compound 3 bounded tightly to the binding site C 
by having various interactions with TIS such as the backbone O atom of 
U20 donating a H-bond, the similar pattern of multiple acceptance of H- 
bond formation is seen with the backbone O atom of U25 4,5 OH atoms 
of the 2-(hydroxymethyl) oxane-3,4,5-triol scaffold. The backbone O 
atom of U16 also seem to be accepting an H-bond from the 3-hydroxy 
OH atom and Compound 3 accepts an H-bond from the side chain NH 
of A19 as shown in Fig. 10 (B). 

These molecular interactions of the compounds with the binding 
sites of the TIS and TTS of ORF8 mRNA indicate potentials of the 
compounds to impair and/or prevent the recruitment of initiating and 
terminating factors around mRNA sequence. Thereby arresting the 
translation of ORF8 protein mRNA and ultimately suppressing the 
initiation of cytokine storm which has been implicated in the patho-
physiology of COVID-19 infection. 

Fig. 10. The mRNA structure of TTS is colored in Sea-green. The binding site nucleotides of TTS are labeled. Compounds 1 (A) and 3 (B) are shaded in white and 
green colors, respectively. The H-bonds are shown in black dashed lines. 

Fig. 11. Effect of compounds isolated from C. volubile leaves on (A) oxidative 
burst of neutrophils; (B) and (C) T-cell proliferation. Values = mean ± SD; n =
3. +C = positive control; –C = negative control; RLUs = relative light units; 
TCP = T-cell proliferation; CPM = counts per minute. *Statistically significant 
(p < 0.05) compared to positive control; #Statistically significant (p < 0.05) 
compared to negative control. abcValues with different letter above the bars are 
significantly (p < 0.05) different from each other. 
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3.7. Oxidative burst and T-cell proliferation 

The role of the phagocytic respiratory oxidative burst in innate im-
munity and the generation of inflammatory cytokines have been re-
ported [6,68]. The phagocytic respiratory oxidative burst is 
characterized by exacerbated ROS production arising from amplified 
nonmitochondrial oxygen consumption from glucose dehydrogenation 
through the hexose monophosphate shunt [23,69]. This is depicted in 
the present study by the increased production of ROS in PMNs following 
stimulation with zymosan, as shown in Fig. 11A. ROS production was 
significantly (p < 0.05) inhibited dose-dependently in neutrophils 
incubated with the isolated compounds, with compound 2 having the 
best activity. Inhibition of oxidative phagocytic respiratory burst can 
contribute to suppressed production of inflammatory cytokines and 
therefore arrest cytokine storms. Thus, the isolated compounds have the 
potential to suppress cytokine storms and hence may be beneficial in the 
treatment and management of COVID-19 infections. 

The proliferation of T cells has also been linked to the activation of 
cytokine storms in COVID-19 infections [70–72]. Studies have therefore 
suggested that targeting T-cell proliferation may be a therapeutic 
mechanism against COVID-19. In the present study, however, only 
compounds 3 and 5 significantly (p < 0.05) inhibited T-cell prolifera-
tion, as shown in Fig. 11B and C. Thus, these compounds have the po-
tential to suppress cytokine production. 

4. Conclusion 

Taken together, these results indicate the potential of compounds 
isolated from C. volubile as immunomodulatory agents which can be 
utilized to curb cytokine storms implicated in COVID-19 infection. These 
potentials are further corroborated by the strong interactions of the 
isolated compounds with the translation initiation and translation 
termination sites of ORF8 mRNA from the whole genome of SARS-CoV-2 
at the molecular level. Further studies are recommended on the immu-
nomodulatory properties of the new compound iridoid glycoside and its 
potential in drug development for the treatment and management of 
COVID-19 infection. 
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