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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused 403 million cases of
COVID-19 coronavirus disease (COVID-19) and resulted in more than 5.7 million deaths worldwide. Extensive
ACE2

research has identified several potential drug treatments for COVID-19. However, the development

TMPRS.SZ of new compounds or therapies is necessary to prevent the emergence of drug resistance in SARS-
Chromium (III)-Based compound . . .
SARS-CoV-2 CoV-2. In this study, a novel compound based on hexaacetotetraaquadihydroxochromium(III)

diiron(IlI) nitrate, which contains small amounts of chromium (III), was synthesised and evaluated
for its effectiveness against multiple variants of COVID-19 using both in vitro and in vivo models. This
innovative compound demonstrated interference with the interaction between the spike protein of
SARS-CoV-2 and angiotensin-converting enzyme 2 (ACE2). Furthermore, in vitro experiments
showed that this compound downregulated the expression of ACE2 and transmembrane serine
protease 2 (TMPRSS2). It also exhibited a reduction in the activity of 3-chymotrypsin-like protease
(3CL) and RNA-dependent RNA polymerase (RdRp). Pretreatment with this small chromium (III)-
based compound resulted in reduced ACE2-rich cell infection by various variants of SARS-CoV-2
spike protein-pseudotyped lentivirus. Finally, the compound effectively inhibited viral infection
by multiple variants of SARS-CoV-2 spike protein-pseudotyped lentivirus in both the abdominal and
thoracic regions of mice. In conclusion, this compound lowers the likelihood of SARS-CoV-2 entry
into cells, inhibits viral maturation and replication in vitro, and reduces infection levels of multiple
variants of SARS-CoV-2 spike protein-pseudotyped lentivirus in the abdomen and thorax following
pretreatment. Small chromium (III)-based compounds have the potential to restrict the progression
of SARS-CoV-2 infections.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped single-stranded positive-sense RNA virus with a
genome of approximately 30,000 nucleotides [1]. It first emerged in Wuhan, Hubei Province, People’s Republic of China, causing the
novel coronavirus disease 2019 (COVID-19). From the end of 2019 to early 2020, COVID-19 rapidly spread worldwide and was
declared a pandemic [2]. As of February 2022, the World Health Organisation (WHO) has reported 403 million COVID-19 cases and
more than 5.7 million deaths across 220 countries (source: https://covid19.who.int). This novel coronavirus shares similarities with
the SARS-CoV responsible for the 2002 SARS pandemic, but SARS-CoV-2 exhibits higher infectiousness, resulting in a pandemic [3].
The genome of SARS-CoV-2 is 80% similar to that of SARS-CoV and approximately 96% identical to the bat coronavirus BatCoV
RaTG13 [4]. The emergence of viral variants has impacted the development and efficacy of vaccines [5]. Despite some effective
therapies identified for COVID-19, there is an urgent need to develop universal vaccines and effective drugs to combat this pandemic.
Additionally, existing vaccines have shown reduced efficacy over time due to the emergence of SARS-CoV-2 variants such as the alpha,
delta, and omicron variants, with the latter being the current primary concern [6,7].

SARS-CoV-2 generally comprises proteins with structural functions (envelope, nucleocapsid, membrane, and spike) as well as
nonstructural functions (NSP1 to NSP10 and NSP12 to NSP16) [8]. Entry of SARS-CoV-2 into host cells requires angiotensin-converting
enzyme 2 (ACE2) as a receptor and transmembrane serine protease 2 (TMPRSS2) on the host cell surface to facilitate cell entry [9]. The
viral spike proteins bind to host ACE2 receptors and are cleaved by TMPRSS2, leading to fusion between the viral and host membranes.
Consequently, inhibiting the expression and function of ACE2 and/or TMPRSS2 could be a potential strategy to prevent SARS-CoV-2
entry into host cells [10]. After entering host cells, SARS-CoV-2 releases its viral RNA genome, and the unstructured amino acid se-
quences, polyproteins 1a and 1 ab, are translated in the cytoplasm. These polyproteins are cleaved by papain-like and 3C-like proteases
to form 16 nonstructural proteins that serve as replication-transcription complexes. Structural proteins, encoded at the 3" ends, play
essential roles in virus maturation and transmission [4]. Transcription-replication complex proteins, including RNA-dependent RNA
polymerase (RdRp), facilitate viral RNA replication. Viral structural proteins translated from viral RNA are inserted into the endo-
plasmic reticulum, and viral genome packaging occurs at the endoplasmic reticulum-Golgi interface. Finally, mature SARS-CoV-2 is
released from host cells via the constitutive exocytic pathway [11,12]. Several drugs, including lopinavir, molnupiravir, nirmatrelvir,
remdesivir, and ritonavir, have shown potential as treatment options for COVID-19 [13-16], with some being used to reduce
COVID-19 severity in clinical settings. While some SARS-CoV-2-infected individuals remain asymptomatic, others experience cold or
flu-like symptoms and may develop severe complications such as hypoxia and pneumonia, which can be fatal [17]. Even after re-
covery, COVID-19 can have long-term health consequences [18]. Therefore, the development of medications and therapies to prevent
and treat SARS-CoV-2 infection is crucial. New treatments are necessary to combat the emergence of drug-resistant viruses.

Previous studies have investigated the use of various drugs, including lopinavir, molnupiravir, nirmatrelvir, remdesivir, and ri-
tonavir, for COVID-19 treatment [13-16]. Some of these drugs have been employed to reduce the severity of COVID-19 in clinical
settings. However, the emergence of viral drug resistance necessitates the development of novel compounds or therapies. In this study,
we synthesised a novel chromium (IlI)-based compound, hexaacetotetraaquadihydroxochromium(Ill)diiron(Il) nitrate
[CrFea(CH3C0,)6(H20)4(OH),]1 TNO3 (Fig. 1), and investigated its effects on multiple SARS-CoV-2 variants using cell and animal
models.
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Fig. 1. Structure of a novel small chromium (III)-based compound.
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2. Materials and methods
2.1. Materials

All chemicals utilised in this study were of analytical grade and procured from Sigma-Aldrich (St. Louis, MO, USA) and Merck
(Darmstadt, Germany), unless specified otherwise. Hexaacetotetraaquadihydroxochromium(IlI)diiron(III) nitrate was synthesised by
TOMA BIO. Co. Ltd., (Taipei, Taiwan) and dissolved in Phosphate Buffered Saline (PBS). Primary antibodies against ACE2 (sc-390851)
and B-actin (sc-47778) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA), while TMPRSS2 (ab92323) was acquired
from Abcam (Cambridge, UK). Various fluorescent SARS-CoV-2 spike pseudotyped lentiviral particles representing different variants
were procured from RNAicore (Academia Sinica, Taipei, Taiwan). The preparation of viral particles was performed following
established protocols [19,20].

2.2. SARS-CoV-2 spike protein-ACE2 binding assay

The COVID-19 Spike-ACE2 Binding Assay Kit from RayBiotech (Peachtree Corners, GA, USA) was utilised to assess the impact of the
chromium (III)-based compound on the binding affinity between ACE2 receptors and the SARS-CoV-2 spike protein, following the
manufacturer’s protocol. An optically clear flat-bottom 96-well plate was employed for the in vitro enzyme-linked immunosorbent
assay. Various concentrations of the chromium (III)-based compound were added to the ACE2 protein mixture and incubated in 96-
well plates containing recombinant SARS-CoV-2 Spike binding domain protein that had been pre-coated, while shaking at 200 rpm at
22 °C for 2.5 h. Subsequently, the plate was washed four times using 300 pL of wash buffer, and the primary antibody (goat anti-ACE2
antibody) was added to each well. This washing step was repeated three times. Next, horseradish peroxidase-conjugated anti-goat
secondary antibody was added to each well, and the entire plate was incubated with shaking at 200 rpm at 22 °C for 60 min. Following
this, 100 pL of 3,3,5,5-tetramethylbenzidine one-step substrate was added to each well, and the plate was once again incubated in a
dark location, while shaking at 200 rpm at 22 °C for 60 min. The reaction was terminated by adding a 50 pL stop solution, and the
absorbance of each well was measured at 405 nm using a multimode plate reader.

2.3. Cell culture

Calu-3 human lung adenocarcinoma cell lines (ATCC HTB-55 and P8-P10) and Caco-2 human colorectal adenocarcinoma cell lines
(ATCC HTB-37 and P8-P10) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Both cell lines
were maintained in Eagle’s Minimum Essential Medium supplemented with 20% foetal bovine serum (Gibco™, Thermo Fisher Sci-
entific, Waltham, MA, USA) and 1% penicillin/streptomycin. Human bronchial epithelial cells BEAS-2B (95102433, Sigma-Aldrich)
were cultured in low glucose DMEM medium (Gibco, USA) with 10% foetal bovine serum and 1% penicillin/streptomycin. The
cells were cultured at 37 °C in a humidified incubator with 95% air and 5% CO».

2.4. Cell viability assay

BEAS-2B cells were seeded in triplicate into 96-well plates, and various concentrations of chromium (III)-based compounds were
administered. Following a 24-h treatment period, the cells were exposed to 0.5 mg/mL of MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium-bromide] reagent and incubated in a humidified atmosphere with 5% CO2 at 37 °C for 2 h. After incubation, the
formazan crystals were dissolved in dimethyl sulfoxide (DMSO), and the absorbance was measured at 570 nm using an ELISA reader.
Three independent experiments were conducted, following the previously described protocol. Cell viability was calculated as a per-
centage of the control using the following formula: (treated — blank)/(untreated control — blank) x 100%.

2.5. Western blot

For Western blot analysis, the cultured cells were rinsed twice with PBS and harvested using a scraper. The collected cells were then
centrifuged at 3000 rpm for 10 min to remove the PBS. Subsequently, the cell pellet was treated with RIPA buffer containing protease
and phosphatase inhibitors and gently vortexed to homogenise the samples. The samples were incubated on ice for 1 h and then
centrifuged at 12,500 rpm for 30 min at 4 °C. The resulting supernatant was collected, and the protein concentration was determined.
To prepare the protein samples, sterile water and 5 x loading dye were added and the mixture was boiled at 95 °C for 10 min. The
protein samples were separated using 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) at 100 V. After
separation, the protein samples were transferred to a 0.2 pm PVDF membrane (88520, Thermo Fisher Scientific) at 60 V for 120 min.
The membranes were then blocked with 5% skim milk buffer at 25 °C for 60 min. Subsequently, the blocked membranes were
incubated with primary antibodies at 4 °C for more than 12 h. On the following day, the membranes were washed and incubated with
secondary antibodies at 25 °C for 1 h on a shaker. The blots were visualised using a chemiluminescent reagent (WesternBright® ECL)
and captured using an iBright 1500 luminescent image analyser, as previously described [21-23].
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2.6. Quantification of 3-chymotrypsin-like protease (3CL) activity

The SensoLyte® 520 SARS-CoV-2 3CL Protease Activity Assay Kit (AS-72262, Kaneka Eurogentec S.A., Seraing, Belgium) was
utilised to assess the impact on fluorescence resulting from the cleavage of the FRET peptide substrate by the 3CL protease. The
experimental procedure provided by the manufacturer was strictly followed. Aliquots of 40 pL of enzyme solution were combined with
10 pL of the chromium (III)-based compound in a 96-well plate. Separate wells were designated for positive, vehicle, inhibitor, test
compound, and substrate controls. A total volume of 50 pL of the reaction mixture was added to each well and incubated for 30 min.
The protease activity was then measured at 490 nm/520 nm using a multimode plate reader.

2.7. The activity assay of RNA-dependent RNA polymerase (RdRp)

We employed a Viral (Flavivirus) RNA-dependent RNA polymerase assay kit (ProFoldin, Hudson, MA, USA) to evaluate the impact
of chromium (III)-based compounds on RdRp activity. The manufacturer’s protocol was strictly adhered to throughout the experiment.
A reaction mixture of 30 pL was prepared and incubated at 37 °C for 60 min. Following incubation, a 1x fluorescence dye was added to
the reaction mixture, and the fluorescence intensity was measured at 535 nm using a multimode plate reader.

2.8. Assay of SARS-CoV-2 spike protein pseudotyped lentivirus in ACE2 rich bronchial cells (Calu-3) and colorectal cells (Caco-2)

A total of 2 x 10 cells were seeded onto a chamber slide and incubated overnight. Subsequently, the cells were pretreated with a
chromium (II)-based compound. After 12 h, fluorescent SARS-CoV-2 spike protein pseudotyped lentiviruses were introduced, and the
cells were incubated for 48 h. Following this, the cells were washed with PBST and sealed with mounting medium. All images were
captured using an Axio Observer 207 A1 digital fluorescence microscope (Olympus, Tokyo, Japan).

2.9. The design of SKH1 mice experiments

All experiments were conducted in accordance with the protocols approved by the Institutional Animal Care and Ethics Committee
(IACUC) of Hualien Tzu Chi Hospital, Hualien, Taiwan (approval number 109-50). The SKH1 mice provided by Dr. Tzu-Kai Lin were
housed in a controlled environment with a 12/12-h light/dark cycle, at a temperature of 24 + 2 °C and humidity maintained at 55 +
10%. They were provided with a standard laboratory diet (PMI Nutrition International, Brentwood, MO, United States) and access to
reverse osmosis-treated water. For evaluating the impact of the chromium (III)-based compound on viral adhesion and the infective
viral load of multiple variants of SARS-CoV-2, eight-week-old SKH1 mice were utilised. The treated mice received oral pretreatment of
200 pL of the chromium (III)-based compound at doses of either 10 mg/mouse/day or 100 mg/mouse/day for three consecutive days.
The control group mice were administered the vehicle, PBS. Starting from the fourth day, in addition to the chromium (III)-based
compound administration, the mice were intranasally infected with 500 pL of 1.2 x 10° pseudotyped lentiviral particles daily for three
consecutive days, using a nebuliser (Aeroneb USB controller, Kent Scientific Corporation Torrington, CT, USA) at a flow rate of 0.4 mL/
min. On the seventh day, the pseudotyped lentiviral particle load accumulation in the mice was determined using an In Vivo Imaging
System (IVIS, PerkinElmer, UK). Each group consisted of nine mice.

Binding Assay (OD 450)

Chomium (III)-based compound
(ng/ml)

Fig. 2. Effect of the chromium (III)-based compound on the interaction between rhACE2 and the SARS-CoV-2 Spike (RBD) protein. The
interaction between the spike (RBD) glycoprotein and rhACE2 was measured using the SARS-CoV-2 Spike-ACE2 binding assay with different doses
(up to 500 pg) of the chromium (III)-based compound. **p < 0.01; ***p < 0.001.
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2.10. Statistical analysis
Statistical comparisons were conducted using GraphPad Prism software (version 7.0; GraphPad Software, San Diego, CA, USA).

Differences between groups were statistically analysed utilising one-way analysis of variance, followed by Tukey’s multiple com-

parison tests. Data are presented as means + standard deviation. A significance level of p < 0.05 was considered statistically significant
[24,25].

3. Results
3.1. Novel small chromium (III)-based compound disrupts the interaction between the SARS-CoV-2 spike protein and ACE2

In order to assess the ability of the novel small chromium (III)-based compound to inhibit the interaction between SARS-CoV-2
spike proteins and ACE2 in host cells, we utilised SARS-CoV-2 Spike-ACE2 binding assay kits for confirmation. The results
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Fig. 3. Effect of the chromium (III)-based compound on cytotoxicity. The potential of the chromium (III)-based compound to induce cyto-
toxicity was investigated using BEAS-2B cells and the MTT assay. Doses ranging from 200 to 800 pg/mL of the chromium (III)-based compound did
not significantly inhibit cell survival rate in BEAS-2B cells. (A) First biological repeat. (B) Second biological repeat. (C) Third biological repeat.
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Fig. 4. Effect of the chromium (III)-based compound on the expression of ACE2 and TMPRSS2. (A) Western blotting was used to determine the
dose-dependent changes in the expression of ACE2 and TMPRSS2 proteins in response to the chromium (III)-based compound at doses of 300 and
600 pg. (B) Dose-dependent effects of chromium(III)-based compounds on target signalling molecules relative to untreated control cells.
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indicated that the small chromium (III)-based compound exhibited a dose-dependent inhibition of the binding between the viral SARS-
CoV-2 spike protein and ACE2 (Fig. 2), highlighting its potential to inhibit the interaction between the SARS-CoV-2 spike protein and
ACE2 in host cells.

3.2. Effect of the chromium (III)-based compound on ACE2 and TMPRSS2 expression

Subsequently, we employed BEAS-2B cells and the MTT assay to investigate the potential cytotoxicity induced by chromium (III)-
based compounds. As anticipated, doses ranging from 200 to 800 pg/mL of the chromium (III)-based compound did not significantly
inhibit cell survival rate in BEAS-2B cells (Fig. 3). These findings demonstrate that chromium (III)-based compounds do not exert
cytotoxic effects on cell growth. Additionally, we assessed the impact of the chromium (III)-based compound on the protein expression
of ACE2 and TMPRSS2, which are crucial for viral infectivity and facilitate viral cell membrane fusion. The results indicated a dose-
dependent inhibition of ACE2 and TMPRSS2 protein expression in Calu-3 cells after 24 h with doses of 300-600 pg/mL of the chro-
mium (III)-based compound (Fig. 4). Given the critical roles played by ACE2 and TMPRSS2 in SARS-CoV-2 infection, these findings
suggest that the chromium (III)-based compound at doses of 300-600 pg/mL effectively suppresses the protein expression of TMPRSS2
and ACE2, thus preventing SARS-CoV-2 infection in the cellular model.
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Fig. 5. Dose-dependent decrease in the activity of 3CL protease and RdRp by the chromium (III)-based compound. (A) Effects of different
doses of the chromium (III)-based compound on 3CL protease activity. The results show that the compound at concentrations ranging from 100 to
400 pg/mL reduced 3CL protease activity. (B) The greatest decrease in RdRp activity was observed at concentrations of 800-1000 pg/mL of the
chromium (III)-based compound. *p < 0.05.
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Fig. 6. Effect of the chromium (III)-based compound on SARS-CoV-2 S-pseudotyped lentivirus penetration in ACE-rich Calu-3 and Caco-2
cells. (A) Calu-3 and (B) Caco-2 cells infected with Alpha (B.1.1.7) SARS-CoV-2 S-pseudotyped lentivirus displayed green fluorescence when treated
with 100, 200, 300, 400, 500, or 600 pg/mL of the chromium (III)-based compound compared to the control. *p < 0.05; **p < 0.01; ***p < 0.001.
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3.3. Reduction of 3CL protease and RdRp activities by the chromium (III)-based compound

The 3CL protease and RdRp play crucial roles in viral maturation and replication. In order to assess the inhibitory effects of the
chromium (III)-based compound on the activity of 3CL protease and RdRp, we employed the SensoLyte® 520 SARS-CoV-2 3CL pro-
tease activity assay kit and viral RdRp assay kits. The results from the SARS-CoV-2 3CL protease activity assay demonstrated a pro-
nounced dose-dependent inhibitory effect of the chromium (III)-based compound on 3CL protease activity (Fig. SA). Similarly, the
RdRp activity assay revealed that the chromium (III)-based compound inhibited SARS-CoV-2 replication at higher doses (800-1000
pg/mL, Fig. 5B). However, lower doses of the chromium (III)-based compounds exhibited a less significant impact on RdRp activity.
Collectively, the chromium (III)-based compounds effectively suppressed the activities of 3CL protease and RdRp, thereby inhibiting
viral maturation and replication.

3.4. Chromium (III)-based compound inhibits infection of SARS-CoV-2 spike protein-pseudotyped variant lentiviruses in ACE2-rich
bronchial cells (Calu-3) and colorectal cells (Caco-2)

Both Calu-3 and Caco-2 cells infected with alpha (B.1.1.7) SARS-CoV-2 spike protein-pseudotyped lentivirus displayed strong green
fluorescence, indicating successful viral adhesion and entry of viral RNA. However, the green fluorescence intensity was reduced in
both Calu-3 and Caco-2 cells following pretreatment with 100-600 pg of a chromium (III)-based compound. This compound effectively
inhibited the entry of alpha (B.1.1.7) SARS-CoV-2 spike protein-pseudotyped viruses into the cells (Fig. 6). Similarly, ACE2-rich cells
infected with Beta (N501Y-V2), Gamma (P1), and Delta (B.1.617.2) SARS-CoV-2 spike protein-pseudotyped lentivirus exhibited
significant fluorescence, indicating successful viral adhesion and entry of viral RNA. However, pretreatment with 100-600 pug of the
chromium (III)-based compound led to a reduction in fluorescence intensity (Fig. 7). These results demonstrate that the Alpha, Beta,
Gamma, and Delta variants of SARS-CoV-2 pseudotyped viruses showed strong fluorescence in Calu-3 and Caco-2 cells, but the
chromium (III)-based compound significantly decreased the fluorescence intensity, indicating the inhibition of viral entry into lung
and colorectal cells. Thus, the chromium (III)-based compound exhibited inhibitory effects against SARS-CoV-2 variants with high
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Fig. 7. Effect of the chromium (III)-based compound on Beta, Gamma, and Delta variants of SARS-CoV-2 S-pseudotyped lentivirus with
high transmission rates. Caco-2 and Calu-3 cells infected with SARS-CoV-2 S-pseudotyped lentivirus variants were treated with 50, 100, 200, 300,
500, or 600 pg/mL of the chromium (III)-based compound compared to the control. (A) Beta variant, (B) Gamma variant, and (C) Delta variant. **p
< 0.01; ***p < 0.001.
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transmission and infection rates, including the alpha, beta, gamma, and delta variants.

3.5. Chromium (III)-based compound effectively reduces wild-type SARS-CoV-2 accumulation in the thorax and abdomen of SKH1 mice

We investigated the efficacy of a chromium (III)-based compound in vivo using SKH1 mice infected with a wild-type SARS-CoV-2
spike protein-pseudotyped lentivirus. The mice were pretreated with the chromium (III)-based compound three days prior to lentivirus
infusion, and viral accumulation was assessed on day 7 using IVIS imaging (Fig. 8A). Challenge with the wild-type SARS-CoV-2 spike
protein-pseudotyped lentivirus on day 4 led to SARS-CoV-2 infection in the SKH1 mice. IVIS imaging on day 7 revealed the viral load in
the thorax and abdomen of the control mice. Pretreatment with the chromium (III)-based compound at doses of 10 and 100 mg/
mouse/day demonstrated a significant dose-dependent inhibition of the viral load of wild-type SARS-CoV-2 in both the thorax and
abdomen of the mice (Fig. 8B). Compared to the control group, the reduction in viral accumulation was lower in the 10 mg/mouse/day
group, with an 80% reduction in the nasopharynx and a 56% reduction in the gut. In contrast, the 100 mg/mouse/day group exhibited
a greater reduction in viral accumulation, with an 85% reduction in the nasopharynx and a 90% reduction in the gut compared to the
control group. Therefore, oral administration of the chromium (III)-based compound may effectively reduce the systemic accumulation
of SARS-CoV-2.

3.6. Chromium (III)-based compound effectively inhibits viral infection by multiple variants of SARS-CoV-2 spike protein-pseudotyped
lentivirus in abdomen and thorax of SKH1 mice

The administration of the chromium (III)-based compound effectively reduced viral accumulation of various variants of SARS-CoV-
2 spike protein-pseudotyped lentivirus. Oral treatment with the compound at doses of 10 mg/mouse/day and 100 mg/mouse/day
resulted in reduced infection by SARS-CoV-2 spike protein-delta-pseudotyped lentivirus (Delta variant, Fig. 9A). Compared to the
control group, the 10 mg/mouse/day group exhibited a 50% reduction in viral accumulation in the nasopharynx and a 30% reduction
in the gut. In contrast, the 100 mg/mouse/day group demonstrated a more significant reduction, with an 86% reduction in the
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Fig. 8. Effect of the chromium (III)-based compound in reducing viral load in the thorax and abdomen. (A) Schematic diagram of the in vivo
infection protocol: 6-8-week-old female SKH1 mice were pretreated with the chromium (III)-based compound (10 mg and 100 mg) for three days.
Then, for the next three days, mice were infected with SARS-CoV-2 pseudolentivirus intranasally while continuing chromium (III)-based compound
administration. On the seventh day, viral load accumulation was visualised using IVIS. (B) Infection with SARS-CoV-2 wild type commenced on Day
3 and continued for three consecutive days. A dose-dependent comparison was made between the control group and mice treated with 10 and 100
mg/day of the chromium (III)-based compound.
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Fig. 9. Effect of chromium (III)-based compound administration on the accumulation of SARS-CoV-2 variants in SKH1 mice. SKH1 mice
were pretreated with chromium (III)-based compounds (10 mg and 100 mg) for three days. Infection with different SARS-CoV-2 variants
commenced on day 3 and continued for three consecutive days. On the seventh day, viral load accumulation was visualised using IVIS. A dose-
dependent comparison was made between the control group and mice treated with 10 mg/day and 100 mg/day of the chromium (III)-based
compounds. (A) Delta variant, (B) Beta variant, and (C) Omicron variant.

nasopharynx and a 70% reduction in the gut. Similarly, for the SARS-CoV-2 spike protein-beta-pseudotyped lentivirus (Beta variant,
Fig. 9B), the 10 mg/mouse/day group displayed a lesser reduction in viral accumulation, with a 60% reduction in the nasopharynx and
a 25% reduction in the gut compared to the control group. However, the 100 mg/mouse/day group exhibited a greater reduction, with
a 66% reduction in the nasopharynx and an 80% reduction in the gut compared to the control group. Additionally, in the case of the
SARS-CoV-2 spike protein-Omicron-pseudotyped lentivirus (Omicron variant, Fig. 9C), the 10 mg/mouse/day group exhibited a lower
reduction in viral accumulation, with a 75% reduction in the nasopharynx and a 70% reduction in the gut compared to the control
group. Conversely, the 100 mg/mouse/day group demonstrated a greater reduction, with an 80% reduction in the nasopharynx and an
80% reduction in the gut compared to the control group. These findings indicate that the chromium (III)-based compound can prevent
and reduce infection by multiple variants of SARS-CoV-2 in vivo.

4. Discussion

Due to the ongoing COVID-19 pandemic and the emergence of new SARS-CoV-2 variants, the development of new medications to
prevent SARS-CoV-2 infection and reduce the severity of COVID-19 remains crucial. In this article, we discuss strategies for developing
anti-SARS-CoV-2 compounds and provide some examples. Scientists are currently focusing on targeting the SARS-CoV-2 life cycle to
develop inhibitors of viral infection. For instance, both ACE2 and TMPRSS2 play essential roles in the attachment of SARS-CoV-2 and
facilitate fusion with host cells. Previous research has shown that cepharantine and hesperidin can inhibit the interaction between
ACE2 and the SARS-CoV-2 spike protein [20,26,27]. The infection of cells by SARS-CoV-2 through TMPRSS2 can be hindered by
aprotinin, camostat, or nafamostat [27]. SARS-CoV-2 enters host cells via endosomes, and pH and cathepsins are key factors deter-
mining viral entry through the endosomal pathway. Teicoplanin, a cathepsin inhibitor, directly prevents viral genome entry into the
cytoplasm [28]. Additionally, compounds such as azithromycin, chloroquine, and hydroxychloroquine indirectly inhibit viral genome
entry by altering pH levels and suppressing cathepsin activity [26,27]. However, the efficacy of chloroquine and hydroxychloroquine
against SARS-CoV-2 has been observed primarily in vitro, as clinical trials have demonstrated no significant effects on the clinical
outcomes of COVID-19 patients, raising concerns about adverse events such as damage to the retina, liver, skeletal, and cardiac muscle
cells due to their affinity for lysosomes. The FDA initially granted emergency use authorisation for hydroxychloroquine against
COVID-19 in March 2020, but this authorisation was revoked on June 15th, 2020 [29,30]. Other potential targets for COVID-19
treatment are 3C-like protease and RdRp, two enzymes involved in viral replication after the viral genome is released into the
cytoplasm.

Baicalin and baicalein, components of Scutellaria baicalensis, can inhibit 3C-like protease activity. Paxlovid, which contains
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nirmatrelvir and ritonavir, also inhibits 3C-like protease activity [31]. Favipiravir, remdesivir, and molnupiravir inhibit viral RNA
replication by targeting RdRp [14,26,32]. Paxlovid, remdesivir, and molnupiravir have all been used in clinical settings to treat
COVID-19 patients.

In this study, we introduce a novel chromium (III)-based compound named hexaacetotetraaquadihydroxochromium(II)diiron(III)
nitrate [CrFe,(CH35C05)6(H20)4(0OH)2] TNO3 (Fig. 1) and demonstrate its antiviral activity. The molecular weight of the compound is
686.11, with the following elemental composition: Cr, 7.36%; Fe, 19.31%; N, 2.21%; C, 21.73%; H, 3.86%; and O, 44.21%. Treatment
with 100 pg/mL of this compound significantly reduced more than 50% of the interactions between the SARS-CoV-2 spike protein and
ACE2 (Fig. 2). Moreover, the chromium (III)-based compounds exhibited no significant cytotoxicity in terms of inhibiting cell growth
(Fig. 3). However, treatment with this compound resulted in a reduction in the expression of ACE2 and TMPRSS2 in cells (Fig. 4).
Higher doses of the chromium (III)-based compounds further reduced the activities of 3C-like protease and RdRp (Fig. 5). These
findings provide evidence that chromium (III)-based compounds can target multiple stages of the viral life cycle. In comparison to
compounds or drugs that specifically inhibit the ACE2 and TMPRSS2 pathways of SARS-CoV-2 entry, the chromium (III)-based
compound not only prevents SARS-CoV-2 infection but also restricts viral replication within host cells, thus preventing severe infection
in the body. Therefore, the use of chromium (III)-based compounds represents a multifaceted approach to prevent SARS-CoV-2
infections.

To investigate the efficacy of the chromium (III)-based compound in blocking the entry of pseudovirus variants into ACE2-rich
cells, we utilised fluorescent SARS-CoV-2 spike protein-pseudotyped lentiviral particles (Figs. 6 and 7). Treatment with the chro-
mium (III)-based compound resulted in a reduced entry of pseudovirus variants. In vivo studies also demonstrated reduced levels of
pseudovirus accumulation in the abdomen and thorax of treated mice (Figs. 8 and 9). Importantly, the antiviral efficiency was higher in
the high dose group compared to the low dose group. These findings suggest that chromium (III)-based compounds warrant further
investigation as potential agents for the prevention and treatment of SARS-CoV-2 infections.

While this novel small Cr (III)-based compound shows promise in the treatment of COVID-19, there are some limitations to this
study. The functional activities of the 3CL protease and RdRp were determined using commercial kits in the viral enzyme assay, and
data from cell models were not included. It should be noted that the ACE2-rich Calu-3 and Caco-2 cell lines used in the study are cancer
cells and may respond slightly differently to chromium (III)-based compounds compared to normal cells. Additionally, the study only
included a few common SARS-CoV-2 variants. Given the rapid mutation rate of SARS-CoV-2, future investigations should include a
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Fig. 10. Proposed model of potential targets for the chromium (III)-based compound in the SARS-CoV-2 life cycle. Selected mechanisms of
SARS-CoV-2 pathogenesis targeted by the chromium (III)-based compound: Binding of the viral spike protein of SARS-CoV-2 to ACE2 and priming of
the spike protein of SARS-CoV-2 by TMPRSS2. Suppression of 3CL protease and replication activity of SARS-CoV-2.
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broader range of variants to assess the therapeutic effects of chromium (III)-based compounds. Lastly, due to national regulations and
limited equipment availability, only SARS-CoV-2 spike protein-pseudotyped lentivirus, and not the actual SARS-CoV-2 virus, was used
for in vitro and in vivo experiments. However, clinical trials are planned to further evaluate the potential of chromium (III)-based
compounds. Despite these limitations, we believe that small Cr (III)-based compounds have the potential to be effective in the pre-
vention and treatment of COVID-19.
5. Conclusion

Due to the SARS-CoV-2 pandemic, new strategies are necessary to prevent and treat viral infections. In this study, we introduce a
novel compound based on chromium (III) that shows promise in preventing SARS-CoV-2 infection. This compound directly inhibits the
interaction between the spike protein of SARS-CoV-2 and ACE2. Moreover, it leads to reduced expression levels of ACE2 and TMPRSS2
in cells. The compound also demonstrates inhibitory effects on the functional activities of 3CL protease and RdRp, as observed in the
viral enzyme assay (Fig. 10). Furthermore, in an in vitro model, it significantly reduces the entry of pseudoviral variants into cells.
Consistently, in an in vivo animal model, treatment with this novel compound leads to reduced viral accumulation in the abdomen and
thorax. Overall, this small compound based on chromium (III) demonstrates potential in reducing SARS-CoV-2 infection by targeting
various stages of the viral life cycle, and thus merits further investigation as a novel therapy for COVID-19.
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