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Abstract

COVID-19 is a global pandemic that has claimed millions of lives. This dis-
ease is caused by a coronavirus, SARS-CoV-2, which requires the binding of
its spike protein to angiotensin-converting enzyme 2 (ACE2) for infection of
the host cell. Morinda citrifolia (noni) fruit juice has antiviral activity that
involves enhancement of immune system function. SARS-CoV-2 spike-ACE2
interaction experiments were carried out to further investigate the antiviral
properties of noni juice and its major iridoids. Noni juice inhibited binding
by approximately 69%. Scandoside was the most active of the three iridoids
evaluated, reducing average spike protein-ACE2 interaction by 79.25%. The
iridoids worked synergistically towards inhibiting spike protein binding when
assayed together, improving activity by more than 22% above the expected
level. But the modest activity of the most abundant iridoid, deacetylasperulo-
sidic acid, indicates that other phytochemicals (i.e. scopoletin, quercetin, ru-
tin and kaempferol) are also involved. Our results suggest that the presence of
several biological active phytochemicals in noni juice enhances resistance to
SARS-CoV-2 by interfering with its ability to bind ACE2. This is a new and
significant anti-viral mechanism of noni juice that does not directly involve
its immunomodulatory properties.

Keywords

Coronavirus, COVID-19, SARS-CoV-2, Spike Protein, Morinda citrifolia,
Noni, Iridoid

1. Introduction

Coronaviruses are a group of viruses known for the characteristic glycoprotein
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projections, or spike proteins, from the viral envelope which give them the
crown-like (corona in Latin) appearance from which their name is derived [1].
First isolated in the 1960s, coronaviruses were originally associated with naso-
pharyngitis, or the common cold [2]. However, these RNA viruses have since
been found to be responsible for producing much more severe symptoms in the
upper respiratory tract as well as adversely affecting other organs throughout the
body, often with lethal outcomes [3]. The recent coronavirus disease 2019
(COVID-19) pandemic was caused by the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), resulting in more than 4.18 million deaths world-
wide as of July 2021 [4] [5].

More than 20 years ago, angiotensin-converting enzyme 2 (ACE2) was dis-
covered [6] [7]. This enzyme is attached to cell membranes and converts angi-
otensin II to angiotensin (1 - 7), thereby influencing blood pressure [8]. This
enzyme is distributed widely throughout many organs of the human body. But
they are especially abundant in the epithelia of the lungs and small intestine [9]. In
2003, ACE2 was reported to be a functional receptor for SARS-CoV, which pre-
ceded the appearance of SARS-CoV-2 by 16 years [10]. Since then, SARS-CoV-2
was also found to have an ACE2 receptor-binding domain on its spike protein
[11] [12]. Infection of the cell relies on the binding of ACE2 by the spike protein,
which must first undergo proteolytic activation by host transmembrane pro-
tease, serine 2 (TMPRSS2) and furin [13] [14]. The role of the SARS-Cov-2 spike
protein and ACE2 interaction was confirmed in experiments in which polyclonal
antibodies inhibited spike protein-mediated entry of viral RNA into the cell [15].

Plant-derived foods support human health by providing nutrients and phyto-
chemicals, which are biologically active secondary plant metabolites [16]. Mo-
rinda citrifolia, commonly known as noni, is a tropical tree that produces fruit
year-round [17]. It has a well-documented history of traditional use as both food
and medicine, has been rigorously evaluated for safety, and has received official
approval as safe food by governmental agencies [18]. Some of the perceived
health benefits of noni juice, both historical and modern, have been substan-
tiated by human intervention studies. Among these are antioxidant, an-
ti-inflammatory and immunomodulatory properties [19]. For example, in-
creased serum interleukin-2 (IL-2) concentrations and natural killer (NK) cell
activity were observed in healthy volunteers who drank noni juice daily for two
months, demonstrating enhanced innate and adaptive immune system function
[20]. The same effects were observed in immunosuppressed mice that were fed
noni fruit juice extract and its major phytochemical constituent, deacetylasperu-
losidic acid [21]. In another clinical trial, four weeks of daily noni juice ingestion
reduced DNA adduct formation in the lymphocytes of cigarette smokers, there-
by preserving immune function against the damaging effects of tobacco smoke
[22]. These findings demonstrate the potential of noni juice in preventing and
mitigating viral infections.

Other in vivo and in vitro studies further our understanding of how noni juice

DOI: 10.4236/jbm.2021.911005

43 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2021.911005

B. J. West, S. Deng

influences immune responses to viral exposure. Chickens fed noni juice expe-
rienced increased humoral immune response as determined by the hemaggluti-
nation assay following infectious bursal disease virus challenge [23]. Neonatal
bovine CD4+ and CD8+ T cell activation increased when animals were fed noni
fruit puree from French Polynesia for two weeks [24]. A follow-up study re-
vealed that noni puree supplementation for the first three weeks of life also re-
duced respiratory treatments by 61% [25]. After three weeks of Tahitian Noni®
Juice ingestion, peripheral blood CD4+/CD8+ ratio and IL-2 levels increased
significantly [26]. Noni fruit extracts also stimulated splenocyte proliferation in vi-
tro and increased the humoral immune response of immunosuppressed rats [27].
Finally, 16-days of Tahitian Noni Juice ingestion increased interferon-gamma ex-
pression in splenocytes and peritoneal exudate cells [28].

The studies discussed above have centered largely on the ability of noni juice
to mount an immune response to infected cells. The purpose of our present inves-
tigation was to evaluate additional antiviral properties of noni juice and its major
phytochemical constituents (iridoids), with specific interest in SARS-CoV-2. Ac-
cordingly, we focused on the mechanism whereby this virus enters host cells,
spike protein binding of ACE2.

2. Materials and Methods
2.1. Sample Material and Iridoid Analysis

Noni fruit was harvested by hand in French Polynesia and allowed to fully ripen.
The fruit was then processed into a puree by mechanical removal of the seeds
and skin with a micro-mesh screen in a commercial fruit pulper. This puree was
then pasteurized at 87°C for 3 seconds at a good manufacturing certified fruit
processing facility in Mataiea, Tahiti. This is the same source of noni fruit puree
that was approved by the European Commission in 2003 as a safe novel food for
use in pasteurized beverages [29]. The puree was then filtered through a 0.45 um
PTEE filter to produce a clarified noni juice for testing.

Previously, we identified iridoids as the major phytochemical constituents of
noni fruit. We confirmed the presence of these iridoids (deacetylasperulosidic
acid, asperulosidic acid and scandoside) according to our validated method [30].
The filtered puree was diluted with methanol-H,O (1:1), and chromatographic
separation was performed using a C-18 column (4.6 mm x 250 mm; 5 pm, Wa-
ters Corporation, Milford, MA, USA) and two mobile phases: A; acetonitrile
(MeCN), and B; 0.1% formic acid in H,O (v/v). A linear gradient of 100% B for 0
- 5 minutes was followed by 70% B and 30% A for 40 minutes at an elution rate
of 0.8 mL/min. Eluted compounds were detected by photodiode array (PDA)
within 210 - 400 nm. Pure deacetyl asperulosidic acid, asperulosidic acid and

scandoside were also obtained for use in the spike protein binding experiments.

2.2. SARS-CoV-2 Spike Protein-ACE2 Binding Inhibition Assay

The ability of noni juice and iridoid samples to inhibit the binding of SARS-CoV-2
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spike protein to ACE2 was measured by an enzyme-linked immunosorbent assay
kit (Cayman Chemical Company, Ann Arbor, Michigan, USA) involving re-
combinant rabbit immunoglobulin (Fc)-tagged SARS-CoV-2 spike S1 receptor
binding domain (RBD) and His-tagged ACE2. In this assay, a polystyrene
96-microwell plate is precoated with a mouse anti-rabbit monoclonal antibody
attached to the rabbit Fc-tagged spike S1 RBD. In the absence of an inhibitor, a
recombinant histidine (His)-tagged ACE2 protein binds the spike S1 RBD. The
resulting complex is detected with a horseradish peroxidase (HRP)-conjugated
anti-His antibody which is quantified by measuring absorbance at 450 nm in a
microplate reader (Synergy™ HT, BioTek Instruments, Winooski, Vermont,
USA). The absorbance measured without any inhibitor served as the initial ac-
tivity control, representing 100% spike protein binding. Prior to absorbance
measurements, the experiment was performed as follows. A buffer composed of
0.14 M NaCl, 10 mM dibasic sodium phosphate, 0.1% bovine albumin, 1.76 mM
monobasic potassium phosphate and 2.68 mM KCl was prepared. 100 pL of this
buffer was added to the precoated microwells. Iridoid samples were prepared by
dissolving them in the buffer. Next, 50 puL of the dissolved sample solutions, noni
juice or buffer (initial activity control) were added to the microwells. Lyophilized
His-tagged ACE2 protein (Cayman Chemical Company) was dissolved in the
buffer, and 50 uL of this solution was added to each microwell. The Lyophilized
SARS-CoV-2 spike RBD (Cayman Chemical Company) was also dissolved in
buffer, with the 50 pL of the resulting solution being added to each microwell.
The microwell plate was incubated 60 minutes at room temperature on an orbit-
al shaker. Following this initial incubation, the wells were washed three times
with 300 pL of a wash buffer composed of 7.61 mM dibasic potassium phosphate
and 2.37 mM monobasic potassium phosphate and Polysorbate 20 (500 uL/L).
After washing, 150 puL of HRP conjugated anti-His-antibody solution, prepared
with a new buffer (0.4 M NaCl, 75.78 mM dibasic potassium phosphate, 23.51
mM monobasic potassium phosphate, 1.1% bovine albumin and 0.038% ETDA
tetrasodium salt), was added to each well. The wells were then incubated a
second time at room temperature for 30 minutes on an orbital shaker. Next, the
wells were emptied and washed three times again followed by the addition of 175
uL of 3,3',5,5'-tetramethylbenzidine (TMB) solution, a substrate of HRP and in-
cubation for 10 to 20 minutes at room temperature. 75 pL of 2.8% sulfuric acid
solution was added to each well to stop the enzymatic reaction. Finally, absor-
bance was read with the microplate reader.

Inhibition percentage was calculated from the difference between control and
sample absorbance divided by the absorbance of the control. Replicate samples
of the iridoids were prepared and analyzed at 500 pg/mL. A mixture of the three
iridoids, at 167 pg/mL each in the final assay, was also evaluated. The expected
percent inhibition of the mixture was calculated from the result of each replicate
test and the ratio of the concentration of each iridoid in the mixture to its con-
centration in the individual test. Replicate assays were performed with the noni

juice.
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3. Results and Discussion
3.1. Iridoid Analysis

Chromatographic analysis confirmed the presence of iridoids in the noni juice
samples (Figure 1). Their concentrations were within the ranges that we had
observed previously in pasteurized noni fruit puree [31]. The average (+ stan-
dard deviation) deacetylasperulosidic acid, asperulosidic acid and scandoside
contents of the samples were, respectively, 1.40 £ 0.12, 0.41 £ 0.06 and 0.04 +
0.01 mg/g.

3.2. SARS-CoV-2 Spike Protein-ACE2 Binding Inhibition Assay

The results of the SARS-CoV-2 spike protein binding inhibition experiments are
summarized in Table 1. Noni juice exhibited significant anti-spike protein po-
tential by reducing average spike protein-ACE2 binding by 69.14%. Deacetylas-
perulosidic acid did not exhibit significant activity, only reducing binding by
approximately 8%. Asperulosidic acid was somewhat more active, reducing
binding by almost 15%. Scandoside, however, displayed a high degree of biolog-
ical activity. On average, it prevented 79.25% of spike protein-ACE2 binding.
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Figure 1. HPLC chromatogram of noni puree juice: 1-deacetylasperulosidic acid, 2-scandoside acid

and 3-asperulosidic acid.

Table 1. Percent inhibition (mean + standard deviation) of SARS-Cov-2 spike protein
binding to ACE2.

Sample % Inhibition

Noni juice 69.14 + 9.27
Deacetylasperulosidic acid (500 ug/mL) 7.99 £ 0.95
Asperulosidic acid (500 ug/mL) 14.82 +2.15
Scandoside (500 pg/mL) 79.25 £ 1.70
Mixture of the iridoids (167 pg/mL each)* 55.48 £ 5.25

*The expected % inhibition of the mixture, determined from individual iridoid results
and concentration ratios, is 32.60 + 1.89.
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The mixture of these iridoids, with each at lower concentrations, was expected to
reduce spike protein-ACE2 interaction by 32.60%. But the mixture was much
more active than expected, preventing binding by an average of 55.48%. Deace-
tylasperulosidic acid is the major phytochemical constituent of noni juice. It has
been found to be responsible, to a large degree, for the antioxidant, immunomodu-
latory and DNA protective properties of noni juice. However, our results suggest
that it has a minor role in the ability of noni juice to prevent SARS-CoV-2 binding
of the ACE2 receptor. Scandoside displayed very high activity in preventing
SARS-CoV-2 binding. But asperulosidic acid and scandoside are present in
smaller concentrations in noni juice than those evaluated in our assay. Although
it appears that all three iridoids act synergistically when combined, with an addi-
tional 22.88% reduction in spike protein binding beyond the expected levels,
they do not appear to be responsible for all the inhibitory activity of noni juice.

Other phytochemicals in noni juice may also be contributing to its anti-spike
protein binding activity. Scopoletin, rutin, quercetin and kaempferol are present
in noni fruit and juice [32] [33]. In silico studies (computer modeling or simula-
tion) have revealed that scopoletin and related compounds have structural proper-
ties that allow it to bind to and inhibit SARS-CoV-2 main protease (Mpro) as well
as interact with ACE2, thereby interfering with spike protein-ACE2 recognition
[34] [35] [36]. Rutin exhibited potent spike protein binding and anti-Mpro ac-
tivity in molecular docking studies [37] [38]. Quercetin and kaempferol demon-
strated high binding affinity for the spike protein-ACE2 complex, potentially
perturbing effective binding [39]. Thus, it is likely that the combination of mul-
tiple phytochemicals in noni juice act synergistically to prevent the binding of
SARS-CoV-2 to ACE2.

Our current experiment focused solely on binding interactions between
SARS-CoV-2 spike S1 RBD and ACE2 and did not evaluate inhibition of cellular
proteases. As host cell proteolytic priming of S1 RBD enhances binding affinity,
inhibition of furin and serine proteases by noni juice and its phytochemical con-
stituents may further impede the ability of SARS-CoV-2 to infect cells. Scopole-
tin is reported to be a potent furin inhibitor [40]. Molecular docking studies
found that quercetin also inhibits furin [41]. Geniposide, an iridoid with a
chemical structure very similar to deacetylasperulosidic acid and scandoside, dis-
played a high degree of interaction with TMPRSS2 in silico [42]. This suggests that

phytochemicals in iridoids in noni juice may also limit spike protein priming.

4. Conclusion

Noni juice reduced the ability of SARS-CoV-2 to bind ACE2 in vitro. The irido-
ids in noni juice are also capable of this. But it appears that other phytochemical
constituents also contribute to the level of activity observed in noni juice. Syner-
gistic inhibition of spike protein-ACE2 interaction occurs amongst the iridoids,
and further synergies can be expected with scopoletin, quercetin and rutin.

These findings provide additional insight into biological activities of noni juice
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that are not mediated by the immune system but may still improve resistance to
SARS-CoV-2 infection.
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