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ABSTRACT

SARS-CoV-2 infection still poses health threats especially to older and immunocompromised in-
dividuals. New emerging variants of SARS-CoV-2, including Omicron and Arcturus, have been chal-
lenging the effectiveness of humoral immunity resulting from repeated vaccination and infection. With
recent study implying a wave of new mutants in vaccinated people making them more susceptible to the
newest variants and fueling a rapid viral evolution, there is a need for alternative or adjunct approaches
against coronavirus infections other than vaccines. Our earlier work indicated that a specific
combination of micronutrients and phytochemicals can inhibit key infection mechanisms shared by
SARS-CoV-2 and its variants in vitro. Here we demonstrate in vivo that an intake of this micronutrient
combination before and during infection of mice with engineered SARS-CoV-2 virions and
HCoV-229E virus results in a significant decrease in viral load and level of spike protein in the lungs.
This was accompanied by decreased inflammatory response, including TNFα, IL1β, ILα, and IL17.
These and our earlier results confirm that by targeting multiple mechanisms simultaneously by a
combination treatment we can effectively and safely challenge SARS-CoV-2 and HCoV-229E virus. If
clinically confirmed, such an approach could complement already in-use preventive and therapeutic
strategies against coronavirus infections.
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INTRODUCTION

As of February 19, 2023, over 757 million confirmed cases and over 6.8 million deaths due to
COVID-19 have been reported globally [1]. It was also stated that since 2022 incidence rates
are decreasing overall, but the threat of COVID-19 is still strong in some groups of people,
i.e., the elderly and individuals with morbidities such as impaired immunity. The observa-
tions that RNA/DNA-based treatments, i.e., vaccines and drugs, offer little or no protection
against preventing infections and transmission of SARS-CoV-2 and its variants raised con-
cerns that current vaccination programs are not fully effective against new variants [2].
Variants of SARS-CoV-2, Omicron BA.1, BA.2, and BA.5, have demonstrated strong evasion
capability, posing severe challenges to the effectiveness of humoral immunity established
through vaccination and infection [3–9]. Moreover, recent study implies an increasing wave
of new mutants in vaccinated individuals as repeated vaccinations may make people more
susceptible to the newest variants and fuel rapid evolution of the virus [10].

In a search for an alternative or an adjunct approach to already applied treatments and
medications against coronaviruses, including those requiring adjustments for any new viral
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mutations, we turned to explore natural compounds known for
their anti-viral effects. Based on experimental testing we
developed a combination of compounds that can simulta-
neously affect several key mechanisms associated with SARS-
CoV-2 infection. We have shown that a combination of
vitamin C with polyphenols and other micronutrients can
suppress cellular mechanisms associated with cellular entry and
processing of SARS-CoV-2 including its Alpha, Beta, Delta,
Kappa, Mu, and Omicron variants [11]. Efficacy of this
composition against RNA-dependent RNA polymerase (RdRp)
complex (nsp12/nsp7/nsp8) of both SARS-CoV-2 and Omi-
cron variants would signal a possibility of the application of
these compounds, as a single combination, in controlling RdRp
activity across a wider spectrum of viral species [12]. In addi-
tion, this complex could inhibit spike protein binding to
receptor binding domain (RBD) of SARS-CoV-2 and its
mutated forms, including their cellular entry, as well as
angiotensin-converting enzyme 2 receptor (ACE2) expression
at the protein and RNA levels. Particularly significant was the
fact that this inhibitory effect on ACE2 molecule was
maintained even under pro-inflammatory conditions [13–15].

In this study, we tested the effects of this composition in
vivo on the viral load as well as spike protein levels in the
lungs of infected mice. The animals were infected and re-
infected with engineered SARS-CoV-2 virions (SARS-CoV-2
as rVSVΔG-SARS-CoV-2-S-D614GΔ21-NLucP) as well as
with the seasonal coronavirus HCoV-229E, in order to
evaluate its universality and potential applicability against
various human coronavirus strains.

MATERIALS AND METHODS

Viral particles and antibodies

Human coronavirus 229E (HCoV-229E) was obtained from
ATCC (American Type Culture Collection) (Manassas, VA,
USA) and maintained in Modified Eagle’s Medium con-
taining 10% fetal bovine serum. Replication-competent
SARS-CoV-2 as rVSVΔG-SARS-CoV-2-S-D614GΔ21-
NLucP was purchased from Kerafast (Boston, MA, USA).
rVSVΔG-SARS-CoV-2-S-D614Gd21-NLucP is a recombi-
nant vesicular stomatitis virus, in which the native glyco-
protein has been replaced with the SARS-CoV-2 spike
protein lacking the last 21 residues of the cytoplasmic tail
and contains the D614G amino acid change
(SMet1D614GΔ21), thus the virus is capable of interacting
and entering cells through the SARS-CoV-2 spike, but once
fusion occurs, it replicates using the vesicular stomatitis vi-
rus (VSV) machinery. This virus also encodes nano-lucif-
erase PEST (nLucP) to enable easy quantification of viral
replication. SARS-CoV-2 anti-spike antibody was purchased
from GeneTex (Irvine, CA, USA), whereas, anti-CD11b
antibody and anti-β-actin antibody were obtained from Cell
Signaling (Danvers, MA, USA). HCoV-229E anti-spike
antibody was acquired from R&D Systems (Minneapolis,
MN, USA). SARS-CoV-2 viral like particles (VLPs) were
obtained from Creative Biostructure (Shirley, NY, USA).

MixV composition

The combination of natural compounds (MixV) tested in
this study is presented in Table 1. Stock solution of this
combination was prepared in DMSO at 50 mg ml�1. Con-
centration of each individual compound accounted for 4.44
mg/mouse.

NF-κB activity assay

NF-κB activity was performed according to the Indigo
Biosciences assay kit (State College, PA, USA). Briefly, 21 ml
suspension of reporter cells was distributed into 96-well
plates (200 μl per well) and pre-incubated in 37 8C at 5%
CO2 for 5 h. Next, the medium was removed, cells were
rinsed with Cell Screening Medium (CSM) and replaced
with stock solution of MixV diluted with CSM to 10 μg ml�1

concentration. SARS-CoV-2 VLPs (with properties of
inducing immune responses) were used at 5 μg ml�1, and
‘no treatment’ control was included as well. The plates were
kept in 37 8C at 5% CO2 for 23 h. Next, the treatment me-
dium was discarded and 100 μl of Luciferase Detection Re-
agent (LDR) was added to each well of the assay plate. After
5 min, chemiluminescence was measured. Results are
expressed as a percentage of composition-free control
(mean ± standard deviation (SD), n 5 4).

Cytokines ELISA assays

Pro-inflammatory cytokines and chemokines release was
assessed using the Mouse Cytokines ELISA array assay kit
(Signosis, Santa Clara, CA, USA) according to the manu-
facturer’s protocol. Briefly, 100 μl of bronchoalveolar lavage
(BAL) was incubated for 2 h in 96-well plates at room
temperature with gentle shaking. Next, all wells were washed
three times with 1 3 Assay Wash Buffer and again incu-
bated with 100 μl of biotin-labeled antibody mixture for 1 h
at room temperature with gentle shaking. The washing step
was then repeated and all wells were again incubated with
streptavidin-HRP conjugated for 45 min at room tempera-
ture with gentle shaking followed by one more washing step.
Signal was developed with TMB substrate followed by
adding a stop solution. Optical density was measured within
30 min at 450 nm. Results are expressed as a percentage of
composition-free control (mean ± SD, n 5 4).

Table1. Composition of the test MixV

Compound

Curcumin
Theaflavin 3,30 digallate
Quercetin
Baicalin
Resveratrol
Naringenin
NAC
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In vivo study

6-8 week-old K18-hACE2 C57BL/6J mice weighing
approximately 20–25 g were used in this study (The Jackson
Laboratory, Bar Harbor, ME, USA). The mice were kept at
an ambient temperature of 21 8C with standard rodent diet
and water provided ad libitum during a light and dark cycle
of 12 h. Mice were randomly divided into five experimental
groups: uninfected animals were gavaged with 1.0% ethanol,
intra-tracheally infected animals with 1.0% ethanol, unin-
fected animals with 100 mg/kg MixV, and intra-tracheally
infected animals with 100 mg/kg MixV. Either 1 3 105 tis-
sue infectious doses (TCID50) of HCoV-229E or 3 3 105 of
tissue infectious dose (TCID50) of rVSVΔG-SARS-CoV-2-S-
D614Gd21-NLucP particles were inoculated intra-tracheally
into animals from infected only and infected and treated
experimental groups. Additionally, part of the animals from
infected and infected and gavaged experimental groups were
mid-term intra-tracheally re-infected with continued oral
gavaging of MixV. Oral gavaging began 24 h prior to viral
infection. At the end of the study all animals were sacrificed
and the lung samples were collected for further testing.
Weights of gavaged animals were measured daily. All ani-
mals were sacrificed by overdosing of isoflurane. Lung and
BAL samples were collected, immediately snap-frozen in
liquid nitrogen and subjected to RT-qPCR and/or ELISA
assay. For histology/immunohistochemistry, tissues were
fixed in 10% neutral-buffered formalin for 3 days and placed
in 70% ethanol and stored until histology/immunohisto-
chemistry was performed.

Quantification of RNA

rVSVΔG-SARS-CoV-2-S-D614Gd21-NLucP genome copies
in lung tissues were quantified by extracting RNA with a
Qiagen RNA Plus Isolation kit (Germantown, MD, USA),
according to manufacturer’s protocol. 2.0 μg ml�1 extracted
RNA was then taken for cDNA synthesis using the High-
Capacity RNA-to-cDNA kit following the manufacturer’s
protocol (Thermo Fisher, Waltham, MA, USA). Two-step
RT-qPCR exploiting the TaqManTM principle was then
executed in triplicates for each sample using Vesicular Sto-
matitis Virus Polymerase (L) Gene® Genesig Advanced Kit
(Primerdesign Ltd, Plymouth Meeting, PA, USA) and Bio-
Rad CFX instrument (Hercules, CA), with cycling
parameters as: 2 min at 95 8C; and 50 cycles at 95 8C for 10 s
and 60 8C for 60 s. Viral copies of SARSCoV-2 were detected
using primers for the L region of the VSV genome. Genomic
copies per lung tissue were normalized to the relative
expression of the mouse RNA Polymerase II gene (Pol2Ra)
using TaqMan�. Gene Expression Assays (Thermo Fisher,
Waltham, MA, USA).

HCoV-229E genome copies in lung tissues were quan-
tified by extracting RNA with a Qiagen RNA Plus Isolation
kit (Germantown, MD, USA), according to the manufac-
turer’s protocol. 2.0 μg ml�1 extracted RNA was then taken
for cDNA synthesis using a High-Capacity RNA-to-cDNA
kit, following the manufacturer’s protocol (Thermo Fisher,
Waltham, MA, USA). Two-step RT-qPCR with TaqManTM

Advanced Master Mix and TaqMan� Gene Expression
Assay (Thermo Fisher, Waltham, MA, USA) was then
executed in triplicates for each sample on a BioRad CFX
instrument (Hercules, CA), with cycling parameters as: 20 s
at 95 8C; and 40 cycles at 958C for 3 s and 60 8C for 30 s.
Genomic copies per lung tissue were normalized to the
relative expression of the mouse RNA Polymerase II gene
(Pol2Ra) using TaqMan�.Gene Expression Assays (Thermo
Fisher, Waltham, MA, USA).

Immunohistochemistry

Lung tissues were immediately fixed after harvesting,
embedded in paraffin, subjected to sectioning (5 μm sec-
tions), and stained with hematoxylin and eosin (H&E) as
well as with antibodies against SARS-CoV-2 spike protein
and CD11b (pan myeloid cells), respectively. For H&E
staining, lung sections were processed following standard
histological procedure. For indirect immunohistochemistry
(IHC), lung sections were also processed following standard
immuno-histochemical technique with antigen retrieval (i.e.,
15 min heat-induced with EDTA pH 6.0). Primary anti-
bodies were used as follows: anti-spike protein at 1:200
dilution and anti-CD11b at 1:200 dilution. Images taken
were scanned with the Aperio AT2 system (Leica, Buffalo
Grove, IL). The areas with detected spike protein and CD11b
were divided by the sum of the areas corresponding to
cellular structures counterstained with hematoxylin þ anti-
spike protein and anti-CD11b, respectively. Calculated ratios
are represented as a percentage of control. All histology and
IHC was performed - by a third party at the Inotiv facility
(Boulder, CO, USA).

Western blot

Lung tissue samples were lysed with the RIPA lysis buffer
(Sigma, St. Louis, MO, USA). The protein concentration was
measured by the Dc protein assay (Bio-Rad, Hercules, CA).
An 80 μg/well of protein was separated on 8–16% gradient
SDS-PAGE gels (i.e., Tris-based electrophoresis using stan-
dard Laemmle’s method) and transferred to a PVDF
membrane. Proteins were detected either with commercially
available anti-spike antibody at 1:100 dilution and anti-
β-actin antibody at 1:2500 dilution as a loading control.
Western blot (WB) images were acquired using the Azure
cSeries 600 system and auto-exposure settings (Azure
Biosystems, CA).

Ethics

Experimental animal protocol No. 04/B042021 was reviewed
by and approved in 2021 by the Animal Care and Use
Committee at the Dr Rath Research Institute.

Statistical analysis

Data for all experiments, unless indicated otherwise, are
presented as an average value and SD from at least three
independent experiments, each at least in three replicates.
Comparison between different samples was done by a

European Journal of Microbiology and Immunology 3

Unauthenticated | Downloaded 06/01/23 08:27 PM UTC



two-tailed T-test using the Microsoft Office Excel program.
Differences between samples were considered significant at
p values less than 0.05.

RESULTS

In vivo study using engineered SARS-CoV-2 virons

The overall scheme of the steps completed in the in vivo
study with engineered SARS-CoV-2 and human HCoV-
229E virus, respectively, is presented in Fig. 1. The results
presented on Fig. 2 demonstrate the outcomes of the
experiment performed with engineered SARS-CoV-2 and
show that oral administration of MixV in K18-hACE2 mice
caused a mild significant weight change in infected animals,
i.e., after 3 days post infection (dpi), and no weight change in
re-infected with rVSVΔG-SARS-CoV-2-S-D614Gd21-
NLucP virions mice, i.e., after 5 dpi (Fig. 2A). Figure 2B
instead concludes that the viral loads in lung samples of
infected mice that were on oral administration of MixV

decreased by 1.2 log10 at 3 dpi and subsequently was lower
by 0.6 log10 at 5 dpi, compared to their representative
controls. Interestingly, we noticed about 1.1 log10 lower viral
load in lung samples of control animals collected at 5 dpi
versus the lung samples collected at 3 dpi. Viral burden in
lung tissue was determined by RT-qPCR and is represented
as VSV L gene copies normalized to mouse Pol2Ra. The
presence of spike protein followed a similar trend as
observed with viral load. As shown on Fig. 2C about 32.4%
decrease in spike protein level was noticed in samples from
mice infected and treated with MixV on 3 dpi compared to
its control, and about 21.2% decrease in samples gathered
from animals infected and treated with MixV on 5 dpi
compared to its control. Again, control samples acquired on
5 dpi have about 17.9% lower amount of spike protein
compared to control samples of animals collected on 3 dpi.

Histologic analysis of the lung tissue and immunohis-
tochemistry evaluation for the presence of spike protein in
mice taking MixV is presented in Fig. 3. The results on the
upper panel show changes in H&E lung structure with
infection and re-infection, whereas results on the lower
panel represent immunochemical staining against SARS-
CoV-2 protein in pulmonary tissue of mice. Their analysis
revealed that infected and re-infected mice developed pul-
monary pathology that encompassed the presence of peri-
vascular leukocytes, hyaline membrane, and edema. Also,
lung tissue of MixV-gavaged mice had noticeably lower
degree of pathology compared to control infected mice
especially around pulmonary vasculature with less alveolar
and peribronchiolar disease manifestation. Interestingly, re-
infection did not meaningfully worsen this picture. Immu-
nostaining for SARS-CoV-2 spike protein revealed its more
prevalent distribution in infected untreated animals
compared to more curbed distribution in MixV-gavaged
animals. Again, presence of detected SARS-CoV-2 spike

Fig. 1. Scheme representing the experimental design,
dpi - days post-infection

Fig. 2. Effect of the test composition on weight change, viral load and spike protein in lung tissue in mice infected with rVSVΔG-
SARS-CoV-2-S-D614Gd21-NLucP virion and after re-infection. A. Effect of four-day gavaging of MixV in K18-hACE2 mice with

observed weight change and six-day of gavaging of MixV in K18-hACE2 mice, which were mid-term re-infected with no observed weight
change after five days of infection. B. Decrease in viral load (Log10) in infected lung tissue in mice consuming MixV after 4 days (3 dpi) and
6 days (5 dpi) with re-infection on third day by the same virus. The decrease was expressed by Log10 compared to respective controls. C.
Decrease in spike protein in the mice lungs after consuming MixV for 4 and 6 days with re-infection with the same virus on third day.
Quantification of SARS-CoV-2 spike protein in mice lungs was performed as described in Materials and Methods. Data are presented
as mean± SD; infected untreated animal n 5 8, infected treated animal n 5 8, re-infected untreated animal n 5 8, re-infected treated

animal n 5 8, #P ≤ 0.05, dpi - days post-infection
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protein in re-infected animals compared to infected animals
was less revealing.

Analysis of H&E-stained and Spike-CoV-2 protein-
stained lung sections from 3 dpi and 5 dpi animals indicated
an inflammatory process similar to the one previously re-
ported [16]. Further, immunochemical staining against
CD11b (i.e., pan myeloid cells) that have been shown to
correlate with disease severity in patients with COVID-19
was significantly lower by about 26.2% in MixV-gavaged
mice for four days compared to control and by about 19.3%
in MixV-gavaged mice for six days compared to respective
control (Fig. 4A and B). This analysis also showed a 17.1%
decrease in CD11b-positive cells in the non-treated and re-
infected animals compared to non-treated and only-once-
infected animals.

Additionally, the levels of cytokines TNFα, IL1β, ILα,
and IL17 in the BAL was also significantly lower in those
infected mice that were MixV-treated for five days compared
to its respective untreated infected control (Fig. 4C). Also, in
BAL from the lung of infected mice collected on 5 dpi,
compared to infected mice collected on 3 dpi, lower level of
IL10 and similar level of TNFα and IL17 were found. In
addition, our experiment with SARS-CoV-2 VPLs showed

that activation of NF-κB decreases to the level similar to
control (i.e., unstimulated cells) in cells treated with MixV
(Fig. 4D).

In vivo study using HCoV-229E virus

Figure 5 presents the results of the experiment performed
with human HCoV-229E virus and shows that the weight of
mice gavaged with MixV underwent slight non-statistical
change on 3 dpi compared to its representative control
(Fig. 5A). Interestingly, re-infection did not have a signifi-
cant impact on body weight. Viral load in the lungs
decreased about 1.3 log10 on 3 dpi compared to its repre-
sentative control (Fig. 5B). Also, in control mice re-infected
on a third day there was about 0.7 log10 decrease in viral load
in the lung tissue samples collected on 5 dpi compared to
respective controls. Moreover, in obtained control samples
from 5 dpi, a 1.2 log10 decrease was observed compared to
control samples collected on 3 dpi. The presence of spike
protein paralleled the pattern observed for a viral load with
about 43.3% decrease on 3 dpi compared to the control
(Fig. 5C and D). Re-infection resulted in reduced spike level
by about 27.6% compared to the control. Re-infected control

Fig. 3. Effect of the test composition on histological changes in the lung tissue after rVSVΔG-SARS-CoV-2-S-D614Gd21-NLucP virion
infection and re-infection. Representative photomicrographs of in vivo experiment where rVSVΔG-SARS-CoV-2-S-D614Gd21-NLucP
virion were used. Upper panel show H&E staining whereas lower panel presents detection of spike protein in lung tissue on 3 dpi and 5 dpi.

Quantification of anti-spike protein antibody was performed as described in Materials and Methods section. Mock animals n 5 2,
infected untreated animal n 5 8, infected treated animal n 5 8, re-infected untreated animal n 5 8, re-infected treated animal

n 5 8, scale bar 5 3 mm and 200 μm; dpi – days post-infection, arrow – positive staining

European Journal of Microbiology and Immunology 5

Unauthenticated | Downloaded 06/01/23 08:27 PM UTC



mice samples from 5 dpi also had lower spike protein level
by 14.5% compared to the level of spike protein detected in
control mice on 3 dpi.

DISCUSSION

Current approaches against SARS-CoV-2 infection,
including the vaccines, have limited applications since their
high specificity requires frequent adjustments to the rapidly
mutating virus. In search of a more universal approach, we
turned to micronutrients, which as natural compounds, have
a capacity to simultaneously affect multiple cellular mech-
anisms. Our earlier report indicated that a specific combi-
nation of vitamins, polyphenols, and other natural
ingredients (i.e., MixV) can be effective in inhibiting key

cellular mechanisms associated with SARS-CoV-2 infection
in vitro, including its variants [11–15]. Here we evaluated
the efficacy of this composition in vivo using K18-hACE2
C57BL/6J mice infected with rVSVΔG-SARS-CoV-2-S-
D614Gd21-NLucP virions (as a suricate for SARS-CoV-2)
and also a seasonal coronavirus HCoV-229E. In regards to
SARS-CoV-2 virus, our experiment was limited by the use of
rVSVΔG-SARS-CoV-2-S-D614Gd21-NLucP virions char-
acterized by lower infectivity. These virions, however, are
replication-competent and infectious, thus suitable for
BSL2þ laboratories. The engineered SARS-CoV-2 virions
used are appropriate for in vivo experiments to study pul-
monary pathologies, especially with respect to inflammatory
response, as we previously showed as well [16].

Overall, our results show that a short-term (i.e., four
days) administration of MixV caused the decrease of viral

Fig. 4. Effect of the test composition on inflammatory response in vitro and in vivo. A. Effect of MixV on NF-κB activity, where reporter
cells were treated with 10 μg ml�1 concentration of MixV and stimulated with SARS-CoV-2 VLPs. Activity was assessed using NF-κB

activity ELISA kit after 24 h post-treatment. B. Effect of MixV on cytokines level in BAL of K18-hACE2 mice after 4 days of
administration or 6 days of oral administration with mid-term re-infection. The cytokines level was assessed with ELISA as described in

Materials and Methods section. C. Effect of MixV on CD11b antibody level in lung sections of orally gavaged mice for 4 days and
orally gavaged mice for 6 days, with mid-term re-infected. D. Quantification of CD11b antibodies was performed as described in
Materials and Methods section. Data are presented as mean± SD; infected untreated animal n 5 8, infected treated animal n 5 8,

re-infected untreated animal n 5 8, re-infected treated animal n 5 8, scale bar 5 3 mm and 200 μm; #P ≤ 0.05, Δ P ≤ 0.01,
pP ≤ 0.001, dpi - days post-infection, BAL - bronchoalveolar lavage, VLPs - viral like particles, arrow – positive staining
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load and spike protein level in the lungs of mice infected
with SARS-CoV-2 virions. A similar inhibiting effect was
observed in mice that were re-infected and gavaged. Anal-
ogous response patterns were observed when mice were
infected or re-infected with HCoV-229E seasonal corona-
virus resulting in decreased viral load and levels of spike
protein in the lung tissue. Significantly, these inhibiting ef-
fects were similar or even greater than those reported for
remdesivir in a similar mouse model [17]. We found it
interesting that there were fewer viral particles detected in
the lung tissue of re-infected animals compared with lungs
of animals infected only once. A similar observation of
decreased viral load and peribronchial and perivascular
inflammation was reported with the original SARS-CoV-2
virus as well [17]. This could be wholly or partially influ-
enced by innate and/or humoral responses, which in turn is
facilitated by the viral spike protein.

Our in vivo results confirm a significantly reduced viral
replication and viral-triggered inflammation in the lungs of
infected mice treated with MixV. They also reaffirm a
decreased presence of infiltration with CD11b (pan-myeloid

cells) that were acknowledged as initiators and maintaining
factors of lung inflammatory process associated with SARS-
CoV-2 infection [17–21]. This recruitment of blood mono-
cytes into the lung has been also recognized as an ‘initiator
and keeper’ of pulmonary inflammatory responses in other
lung diseases such as ARDS [21].

One consistent outcome observed in our in vivo studies
was that mice consuming MixV responded similarly in
decreasing viral load and spike protein in the lungs infected
and re-infected with HCoV-229E and rVSVΔG-SARS-CoV-
2-S-D614Gd21-NLucP. This would suggest that the MixV
was not specific to one type of coronavirus but rather
affected common mechanisms of coronavirus infectivity.

Both our in vitro and in vivo studies showed that
application of MixV was effective in decreasing pro-in-
flammatory cytokines. Since inflammation is the leading
factor in SARS-CoV-2-triggered lung injury, our findings are
of particular significance. In both, initial infection and
subsequent re-infection, the levels of CD11b antibodies in
the lungs of mice infected with HCoV-229E and rVSVΔG-
SARS-CoV-2-S-D614Gd21-NLucP virus decreased to a

Fig. 5. Effect of test composition on weight change, viral load and spike protein in lung tissue infected and re-infected with human
coronavirus 229E (HCoV-229E). A. Effect of four-days of oral administration of MixV in K18-hACE2 mice with no significant weight
change after 3 dpi and 5 dpi and oral administration of MixV with mid-term re-infection. B. The viral load in lung tissue after 3 dpi with oral
administration of MixV and 5 dpi with oral administration and mid-term re-infection, determined by RT-qPCR as described in Materials
and Methods section. C. Spike protein detection by WB in representative lung tissue samples. D. Quantification of spike protein performed
as described in Materials and Methods section. Data are presented as mean± SD; infected untreated animal n 5 8, infected treated animal

n 5 8, re-infected untreated animal n 5 8, re-infected treated animal n 5 8; #P ≤ 0.05, Δ P ≤ 0.01, dpi - days post-infection
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similar degree. This was accompanied by decreased cyto-
kines levels in BAL samples as well as NF-κB activity in
vitro.

MixV evaluated in this study contains natural com-
pounds with strong antioxidant, anti-inflammatory, and
viral metabolic pathways modulating properties as the basis
of wide specificity and pleiotropic efficacy. In our earlier
study we showed that among 56 natural compounds eval-
uated, brazilin, theaflavin-3,30-digallate (TF3), and curcumin
had the highest binding ability with the RBD of spike pro-
tein, thereby inhibiting viral attachment to the human ACE2
and thus cellular entry of pseudo-typed SARS-CoV-2 virions
[22]. In addition, TF3 and curcumin inhibited activity of
TMPRSS2 and cathepsin L proteases that facilitate the
binding and endosomal egress of SARS-CoV-2 virus.
Quercetin revealed its anti-viral efficacy as well by inter-
fering with various stages of the SARS-CoV-2 entry and
replication cycle affecting PLpro, 3CLpro, and NTPase/
helicase [23]. The antiviral properties of baicalin tested both
in vitro and in vivo showed its modulatory activity against
viral protein NS1, resulting in up-regulation of IFN
signaling, and a decrease in PI3K/Akt pathway [24]. Another
compound, resveratrol, is strong antioxidants with an anti-
inflammatory effect inhibiting of NF-κB pathway. Its anti-
viral effects also include inhibitions of viral replication,
protein synthesis, gene expression, and nucleic acid syn-
thesis as reported by Nayak et al. [25]. Sulforaphane (SFN),
the principal biologically active phytochemical of broccoli
extract, was shown in vitro to inhibit replication of six
strains of SARS-CoV-2, including Delta and Omicron vari-
ants. Prophylactic administration of SFN to K18-hACE2
mice prior to intranasal SARS-CoV-2 infection significantly
decreased the viral load in the lungs and upper respiratory
tract reducing lung injury and pulmonary pathology as well
[26]. These data in addition to our own evaluations indi-
cated complementary anti-SARS-CoV-2 effects of these
natural compounds’ combinations [14].

Nonetheless, all this scientific evidence warrants further
medical evaluation regarding suitability of their application in
clinical settings. SARS-CoV-2 infection, as well as many other
pathologies, are often a result of multiple extracellular and
intracellular factors, so it may be too optimistic to assume that
targeting one mechanism will eradicate the problem. Using
one natural compound even in high amounts does not always
fully address the complexity of metabolic problem, as illus-
trated by clinical application of vitamin C in high doses in
COVID-19 patients as well [27–29]. However, such efficacy
may be enhanced by complementary nutrients. Our research
confirms the potential value of this combination of natural
compounds in simultaneously inhibiting various key pathways
of coronavirus infectivity. In this aspect, we have also shown
earlier that those individual components, e.g., ascorbic acid,
which has been clinically applied in high doses in COVID-19
patients [29], can significantly decrease cellular expression of
ACE2 receptors at the protein and RNA levels. Its efficacy can
also be potentiated by combining it with other micronutrients
and phytochemicals (i.e., zinc, epigallocatechin-3-gallate)
[13–15].

Towards this, our research reaffirms the value of
simultaneously targeting key metabolic pathways of SARS-
CoV-2, its mutants and seasonal coronavirus infectivity by
administering a combination treatment and addressing
complex metabolic pathologies. While each ingredient dis-
plays distinct metabolic specificity, their synergistic and
complementary interactions allow for increased efficacy and
simultaneous expansion of cellular mechanisms affected. In
addition, application of natural compounds as multi-
nutrient combinations also allows achieving desired results
with lower doses of individual compounds compared to
their use as separate ingredients. A lack of, or negligent side
effects of, natural compounds are also beneficial for their
potential application in preventive and therapeutic aspects of
infection.
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