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ARTICLE INFO ABSTRACT

Keywords: The ongoing COVID-19 pandemic has triggered extensive research, mainly focused on identifying effective
A"dr ographis paniculata therapeutic agents, specifically those targeting highly pathogenic SARS-CoV-2 variants. This study aimed to
Zingiberaceae investigate the in vivo antiviral efficacy and anti-inflammatory activity of herbal extracts derived from Androg-
SARS-CoV-2 . . . . . . .

Golden Syrian hamsters raphis paniculata and Boesenbergia rotunda, using a Golden Syrian hamster model infected with Delta, a repre-
COVID-1 ; sentative variant associated with severe COVID-19. Hamsters were intranasally inoculated with the SARS-CoV-2

Delta variant and orally administered either vehicle control, B. rotunda, or A. paniculata extract at a dosage of
1000 mg/kg/day. Euthanasia was conducted on days 1, 3, and 7 post-inoculation, with 4 animals per group. The
results demonstrated that oral administration of A. paniculata extract significantly alleviated both lethality and
infection severity compared with the vehicle control and B. rotunda extract. However, neither extract exhibited
direct antiviral activity in terms of reducing viral load in the lungs. Nonetheless, A. paniculata extract treatment
significantly reduced IL-6 protein levels in the lung tissue (7278 + 868.4 pg/g tissue) compared to the control
(12,495 + 1118 pg/g tissue), indicating there was a decrease in local inflammation. This finding is evidenced by
the ability of A. paniculata extract to reduce histological lesions in the lungs of infected hamsters. Furthermore,
both extracts significantly decreased IL-6 and IP-10 mRNA expression in peripheral blood mononuclear cells of
infected hamsters compared to the control group, suggesting systemic anti-inflammatory effects occurred. In
conclusion, A. paniculata extract’s potential therapeutic application for SARS-CoV-2 arises from its observed
capacity to lessen inflammatory cytokine concentrations and mitigate lung pathology.
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List of abbreviations

ALI Acute lung injury

ALT Alanine aminotransferase
BSL-3  Biosafety level 3

DMEM Dulbecco’s Modified Eagle’s Medium,
FFA Focus forming assay

FFU Focus forming units

H&E Hematoxylin and eosin
IFN-y Interferon-gamma

IL-18 Interleukin-13

IL-6 Interleukin-6

IL-6R Interleukin-6 receptor

IP-10 Interferon-gamma-induced protein 10

ISH In situ hybridization

LCMS  Liquid chromatography-mass spectrometry
LLOQ Lower limit of quantification

MEM Minimum essential medium

MIP-1, -1 Macrophage inflammatory protein la and 1§

PBMCs Peripheral blood mononuclear cells
PBS Phosphate buffered saline
PFU Plaque forming units

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2

TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor
vocC Variants of concern

1. Introduction

The COVID-19 pandemic caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) continues to pose a significant
threat to public health worldwide.! As of April 14, 2024, COVID-19 has
affected approximately 775 million people worldwide, resulting in up to
7.0 million fatalities (https://covid19.who.int). Efforts to develop
SARS-CoV-2 vaccines have effectively reduced COVID-19 mortality and
morbidity and contributed significantly to controlling the global
pandemic.” However, the emergence of new variants raises concerns
regarding the efficacy of the vaccines because these variants possess the
ability to evade neutralizing antibodies developed post-vaccination.’
Given the pandemic’s urgency, the repurposing of antivirals like
remdesivir, molnupiravir, and ritonavir-nirmatrelvir (Paxlovid) has
been instrumental in expediting therapeutics. These FDA emergency
approved drugs effectively inhibit a wide spectrum of SARS-CoV-2
variants and hold promise in reducing COVID-19’s progression.*”
Alternatively, it is recommended that hospitalized COVID-19 patients
receive immunomodulators such as corticosteroids, and interleukin-6
receptor (IL-6R) blockers (e.g., tocilizumab or sarilumab), to prevent
cytokine storms in severe cases of COVID-19.58 Despite progress in
COVID-19 treatments, maintaining diverse therapeutic options is crucial
considering the issues surrounding vaccination inadequacies, antiviral
limitations, drug resistance, supply shortages, and accessibility.” !
Herbal medicines rich in bioactive compounds'*'® have demonstrated
potential efficacy against COVID-19. Notably, our earlier research
revealed the anti-SARS-CoV-2 properties of Andrographis paniculata"*
and Boesenbergia rotunda'® in cell culture. B. rotunda, known for its
diverse bioactive compounds, has antiviral, antibacterial, and
anti-inflammatory properties,'®° and previous studies demonstrated
that it reduced lung inflammation in infected hamsters.?' A. paniculata, a
Southeast Asian native herb,?” exhibits anti-inflammatory, antiviral,
antioxidant, and hepatoprotective effects,”” >’ mainly by suppressing
pro-inflammatory cytokines via the NF-kB and MAPK pathways”®>’; its
primary bioactive compound, andrographolide, has broad antiviral
properties.®! Both A. paniculata extract and andrographolide showed in
vitro antiviral activity against SARS-CoV-2 and inhibited SARS-CoV-2’s
Mpro activity.'**>*® Given the shortages of antiviral treatment and
vaccines, Thailand’s Ministry of Public Health authorized the use of
A. paniculata extracts, commonly known as "Fah Talai Jone" for treating
mild COVID-19 symptoms.>* However, despite ongoing studies on its
real-world effectiveness,®® solid evidence supporting its use as a
COVID-19 treatment is limited, emphasizing the need for more pre-
clinical and clinical studies. COVID-19 is transitioning from an inter-
national emergency to an enduring health issue*® and we are facing
complexities in therapeutic development due to the emergence of new
variants, which complicate the path to effective treatments.’”>*>® While
the current circulating variant Omicron typically causes milder symp-
toms and requires less intensive care,”” the Delta variant, which was
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dominant in late August 2021,"" poses the greatest pathogenic threat

and is associated with severe disease risk and high hospitalization
rates.”'~** Delta’s high fusogenicity, which causes syncytial formation,
and its dependence on TMPRSS2 for entry increase its patho-
genicity.45 0 In contrast, Omicron forms fewer syncytia, indicating it is
less reliant on TMPRSS2 and potentially has a less severe disease
course.”' > Nevertheless, Omicron’s high mutation rate and the intro-
duction of specific substitutions (L452R, R346T, N460K, V83A) in its
subvariants heighten its fusogenicity, generating concerns about
possible increases in disease severity.”>® These substitutions may
contribute to increased virulence and more severe disease. Additionally,
the severity of COVID-19 is strongly associated with the excessive
release of proinflammatory cytokines, known as hypercytokinemia or
cytokine storm, which can lead to multiple organ failure.”®°° Patients
with severe COVID-19 exhibit a more pronounced cytokine storm,
characterized by elevated levels of various cytokines such as inter-
leukin-1p (IL-1p), interleukin-6 (IL-6), interferon-gamma-induced pro-
tein 10 (IP-10), tumor necrosis factor (TNF), interferon-gamma (IFN-y),
macrophage inflammatory protein 1a and 1p (MIP-1q, -1f), and vascular
endothelial growth factor (VEGF).”® Among these cytokines, IL-6 is a key
mediator of the inflammatory response of severe COVID-19 °. Elevated
IL-6 levels are associated with disease progression and respiratory fail-
ure and can be used as a marker for monitoring severe COVID-19 pa-
tients.®® For these reasons, our focus was on studying the Delta variant
because this warrants prioritization in preclinical trials, to potentially
guide effective strategies against future, similarly virulent, variants.
Therefore, the objective of our study was to assess the efficacy of
A. paniculata and B. rotunda extracts as antiviral agents and their ability
to reduce inflammation in Golden Syrian hamsters infected with the
SARS-CoV-2 Delta variant. We examined several parameters, including
survival rate, body weight loss, clinical symptoms, lung viral load,
cytokine levels, and lung histology, in hamsters treated with the extracts
compared to a control group. Our findings contribute to understanding
the therapeutic benefits of A. paniculata and B. rotunda, highlighting
their potential efficacy as alternative therapeutic strategies against
COVID-19.

2. Materials and methods
2.1. Cells

TMPRSS2-expressing VeroE6 cell lines (Vero E6/TMPRSS2 cells)
were obtained from the Japanese Collection of Research Bioresources
(JCRB) Cell Bank, Japan (JCRB number: JCRB1819). TMPRSS2, a
surface-localized protease, is responsible for cleaving and activating the
SARS-CoV-2 spike protein, essential for viral entry into host cells.®! The
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
with low glucose (Gibco, USA), supplemented with 10 %
heat-inactivated FBS (Gibco), 1 mg/mL of G418 (Nacalai Tesque,
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Japan), and 100 U/mL penicillin-streptomycin (Gibco). A human
ACE2-and TMPRSS2-expressing A549 lung carcinoma cell line
(A549-hACE2-TMPRSS2) (a549-hace2tpsa) was obtained from Inviv-
oGen. Cells were cultured in high-glucose DMEM supplemented with 10
% heat-inactivated FBS, 2 mM i-glutamine, 100 U/mL pen-
icillin-streptomycin, 100 pg/mL normocin (Invivogen), 0.5 pg/mL pu-
romycin (Invivogen), and 300 pg/mL hygromycin B (Invivogen). Vero
cells (ATCC: CCL-81) were grown in minimum essential medium (MEM)
supplemented with 10 % heat-inactivated FBS and 100 U/mL pen-
icillin-streptomycin. DMEM and MEM were used to supply essential
nutrients and maintain an optimal environment for each cell culture. All
cell lines were incubated at 37 °C in an incubator containing 5 % CO,.

2.2. Viruses

SARS-CoV-2 variants were isolated from a patient who had been
admitted to a hospital in Thailand and tested positive for COVID-19 via
real-time PCR. The Delta variant (SARS-CoV-2/human/THA/
NH657_P3/2021; Accession number: MZ815438), Alpha variant (SARS-
CoV-2/human/THA/NH088_P3/2021; Accession number:
MZ815440.1), and Omicron BA.2.10 variant (SARS-CoV-2/human/
THA/OTV114/2022) were used in this study. To propagate the virus,
Vero E6/TMPRSS2 cells were cultured in low-glucose DMEM supple-
mented with 2 % FBS, 100 U/mL penicillin, 1 mg/mL of G418, and 100
pg/mL streptomycin. After 96 h of incubation at 37 °C in a 5 % CO,
incubator, the infected cells were harvested for viral titer determination
by plaque assay. All experiments involving the SARS-CoV-2 virus were
conducted in a certified Biosafety level 3 (BSL-3) laboratory located at
the Department of Microbiology, Faculty of Science, Mahidol University,
Thailand.

2.3. Plaque assay

Vero cells were used for performing the standard plaque assay.
Briefly, 10-fold serial dilutions of the SARS-CoV-2 viruses were grown
on the Vero cells for 1 h, and subsequently, the supernatant was removed
and the cells overlaid with plaque assay medium. The medium contained
a final concentration of 1.2 % Avicel (RC581; FMC BioPolymer, USA), 2
% FBS (Gibco), 100 U/mL penicillin (Gibco), and 100 pg/mL strepto-
mycin (Gibco). At 3 d.p.i., the cells were fixed with 3.7 % formaldehyde
for 1 h before the overlay medium was removed, and the cells were
stained in 1.25 % crystal violet solution. The plaques were counted and
the plaque-forming units (PFU)/mL calculated.

2.4. Extracts and reagents

The herb extracts were provided by the Chao Phya Abhaibhubejhr
Hospital Foundation Under the Royal Patronage of H.R.H. Princess
Bejraratanarajsuda, Thailand. B. rotunda extract was obtained using CO5
extraction and found to contain 29.0 % w/w of panduratin A (Supple-
mentary Table 1). A. paniculata extract was prepared by 95 % ethanol
extraction and had 14.24 % w/w of andrographolide (Supplementary
Table 2). For analysis, puerarin as internal standard (purity >98 %) and
andrographolide (purity >95 %) were purchased from Sigma-Aldrich,
USA. The analytical standard for panduratin A (purity >98 %) was
supplied by Biosynth Carbosynth, UK.

2.5. Animal experiment and ethics statement

Male, 8-week-old, Golden Syrian Hamsters were purchased from
Charles River Laboratories, Inc. The animals were randomly divided into
experimental groups and kept for 7 days in a temperature-controlled
room (20-22 °C) with 12:12 h light/dark cycles for quarantine and
acclimatization. Their health status was checked by measuring their
alanine aminotransferase (ALT) and creatinine levels prior to starting
the experiment. The animals were group-housed in an HEPA-filtered
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cage system and were provided with commercial diet and chlorinated
water ad libitum. A total of 36 hamsters were divided into three groups
(n =12 per group) to receive 2 mL/kg/day dimethyl sulfoxide (DMSO as
vehicle control), 1000 mg/kg/day A. paniculata extract, or 1000 mg/kg/
day B. rotunda extract with loading dose 1000 mg/kg on the first day. All
hamsters were anesthetized by isoflurane, and 25 pL of SAR-CoV-2 (dose
5 x 10* PFU) were dropped into each nostril with a pipette in a total
volume of 50 pL. At 12 h post-inoculation, the hamsters were adminis-
tered the vehicle control, B. rotunda extract, or A. paniculata extract (oral
administration, p.o.) twice-daily (BID, 12 h intervals) with a mainte-
nance dose of 500 mg/kg for 7 consecutive days. The virus inoculum and
extract dosages were selected in accordance with established in vivo
study on the prototypical SARS-CoV-2 strain.”! This foundational work
verified the susceptibility of the model to the virus, ensuring reliable
disease development, and also established the safety and therapeutic
efficacy of the extract treatments. A schematic of the experimental
design for therapeutic treatment of the hamster model is shown in
Fig. 1A. Animals (n 4) from each group were euthanized after
receiving the test compound 4 h after infection on days 1, 3, 7. To align
our examination timings corresponding with the pre-symptomatic,
symptomatic, and recovery stages of infection observed in hamsters
stages with human infection Specifically, 12 h post-infection in hamsters
corresponds to 1-3.5 days in humans, representing the pre-symptomatic
stage; 3 days post-infection in hamsters aligns with the symptomatic
stage in humans; and 7 days post-infection in hamsters matches the
recovery stage. This model was utilized to simulate the timely admin-
istration of herbal extracts early in human infection.®>°® Blood and lung
tissues were collected at necropsy for further analysis. A humane
endpoint was applied when the animals exhibited severe clinical signs
(Supplementary Table 3) along with body weight reduction of more than
15 % from their initial body weight. All animal work under the protocol
number 21-08 was reviewed and approved by the Institutional Animal
Care and Use Committee of the Armed Forces Research Institute of
Medical Sciences (AFRIMS), Bangkok, Thailand (Approval date: July 26,
2021). The facility is fully accredited by AAALAC International, and all
animal work was performed in compliance with the ARRIVE guidelines.
All procedures involving SARS-CoV-2 were performed in a certified
animal biosafety level 3 laboratory at the Department of Veterinary
Medicine, AFRIMS, Bangkok.

2.6. Focus forming assay

To quantify the infectious titers of SARS-CoV-2, homogenized lung
tissues were processed using focus forming assay (FFA). In brief, 10-fold
serial dilutions of tissue supernatants were added to Vero cells in 96-well
plates for 60 min. After carefully removing the inoculum from the cell
monolayer, DMEM medium, which contained 1.2 % Avicel (RC581; FMC
BioPolymer, USA), 2 % FBS (Gibco), 100 U/mL penicillin (Gibco), and
100 pg/mL streptomycin (Gibco), was added. The plates were kept in a
5 % CO; incubator at 37 °C for 24 h. The medium was removed and
replaced with 4 % formaldehyde in phosphate buffered saline (PBS) for
60 min to fix the cell monolayer, then washed three times with PBS. For
viral foci detection, the cells were permeabilized in 0.5 % triton X-100 at
room temperature for 10 min. After that, we washed the cells twice in
PBS, and a 1:2500 dilution of rabbit monoclonal antibody against SARS-
CoV-2 Nucleoprotein (Sino Biological, China) was added, and the cells
incubated at room temperature for 60 min. The cells were washed three
times with PBS, and a 1:1000 dilution of horseradish peroxidase-
conjugated goat anti-rabbit IgG secondary antibody (Dako, USA) was
added, followed by incubation. Then True-Blue peroxidase substrate
(Sera Care, USA) was applied to stain the cells. Viral foci were counted,
and we evaluated the viral load in the lung tissue in terms of focus
forming units (FFU) per gram of tissue.
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Fig. 1. Therapeutic effects of A. paniculata and B. rotunda extracts on SARS-CoV-2 infected hamsters: weight change, clinical observation, and survival
analysis. (A) Schematic of the experimental design for therapeutic treatment in a hamster model. Golden Syrian hamsters were inoculated with 5 x 10* PFU of SAR-
CoV-2 Delta variant. Vehicle control (DMSO at 2 mL/kg/day), A. paniculata extract (1000 mg/kg/day), or B. rotunda extract (1000 mg/kg/day) was administered
orally 12 h after inoculation. Treatment was then continued every 12 h for 7 consecutive days until end of the experiment. Hamsters were daily monitored for body
weight change (B), clinical observation (C) and survival (D) for 7 days. The data are presented as mean + SD. Statistical analysis was performed by using non-
parametric Kruskal-Wallis test with Dunn’s multiple testing. *p < 0.05, ***p < 0.001.

2.7. IL-6 detection

To the homogenized lung tissues was added 10X RIPA lysis buffer
(ab156034, Abcam, UK) to achieve 1 x concentration to inactivate
SARS-CoV-2. The samples were incubated at room temperature for 45
min and then diluted 1:5 with DMEM media. IL-6 concentrations (pg/
mL) were measured in the lung tissue using individual ELISA kits for IL-6
(MBS700950, MyBioSource, USA) following the manufacturer’s
instructions.

2.8. IL-6, IP-10, and TNFa mRNA expression

Total RNA was extracted from homogenized lung tissue and pe-
ripheral blood mononuclear cells (PBMCs) using the RNeasy Mini kit
(Qiagen, Germany), and gene expression levels were assessed by real-
time quantitative reverse transcription PCR (qQRT-PCR) using the One-
Step RT-PCR kit (Qiagen). Primer pairs for hamster p-actin, IL-6, IP-10,
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and TNF-a genes were chosen from a previously published study®* as

follows: Hamster ACTB primer 1 (5-GGC CAG GTC ATC ACC ATT-3");
Hamster ACTB primer 2 (5-GAG TTG AAT GTA GTT TCG TGG ATG-3);
Hamster IL-6 primer 1 (5-GGT ATG CTA AGG CAC AGC ACA CT-3%;
Hamster IL-6 primer 2 (5-CCT GAA AGC ACT TGA AGA ATT CC-3);
Hamster IP-10 primer 1 (5-GCC ATT CAT CCA CAG TTG ACA-3);
Hamster IP-10 primer 2 (5-CAT GGT GCT GAC AGT GGA GTC T-3";
Hamster TNF-o primer 1 (5-AGC TGG TTG TCT TTG AGA GAC ATG-3;
Hamster TNF-a primer 2 (5-GGA GTG GCT GAG CCA TCG T-3). The
gRT-PCR conditions consisted of incubation at 60 °C for 30 min, 95 °C
for 15 min, followed by 40 cycles of 95 °C for 30 s, 55 °C for 30 s, and
72 °C for 30 s. Using Rotor Gene Q software (Qiagen), standard curves
were generated for the viral spike RNA using a known concentration of
SARS-CoV-2 RNA for absolute viral gene quantification, expressed as
gene copies/g tissue. The AACT method was employed to calculate the
relative cytokine expression levels, which were then normalized to
B-actin mRNA and reported as relative expression levels compared to the
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vehicle control group.

2.9. Determination of panduratin A and andrographolide concentration
in the plasma and lung tissue

All herbal extracts were freshly prepared in DMSO and administered
to the infected animals every 12 h after inoculation, which continued for
7 consecutive days. The experimental groups (n = 12 per group) in this
study consisted of vehicle, B. rotunda extract, and A. paniculata extract
groups. The extracts were administered with a loading dose of 1000 mg/
kg and a maintenance dose of 500 mg/kg BID for 7 consecutive days.
Venous blood and lung tissue samples were collected 4 h after admin-
istration on days 1, 3, and 7. Blood samples were centrifuged at 5000 xg
for 5 min to obtain the plasma and kept at —20 °C until analysis. Lung
tissues were mixed with 2.8-mm stainless-steel beads (Benchmark Sci-
entific, USA) operated using a BeadBug bead homogenizer at 3000 rpm
for 3 min. The mixtures were then centrifuged at 5000xg for 5 min to
obtain supernatant and kept at —20 °C. The bioactive compounds of the
B. rotunda and A. paniculata extracts (panduratin A and andrographo-
lide) were determined by LCMS method. Bioanalytical validation was
conducted in compliance with USFDA guidance, and the results are
shown in Supplementary Table 4. Fifty microliters of the biological
samples were transferred to 200 pL of acetonitrile, which contained
puerarin (20 ng) as the internal standard (IS). The mixtures were vor-
texed for 10 min and then centrifuged at 12,000xg for 10 min at 4 °C to
obtain the supernatant. Ten microliters of the supernatants were directly
injected into the LCMS system.

2.10. Instruments and analytical conditions

The LCMS analyses were carried out with an ExionLC Series equip-
ped with QTRAP 4500 triple quadrupole mass spectrometer (AB Sciex,
USA). In the stationary phase, a Synergi Fusion-RP C18 column (Phe-
nomenex, USA) was used for chromatographic separation and the tem-
perature in the column was maintained at 35 °C. The gradient system of
the mobile phase was composed of 0.1 % formic acid in water (A) and
acetonitrile (B) and run in accordance with the following conditions. (A)
was run at 90 % over 0.0-0.5 min, 90%-10 % over 0.5-3.0 min, 10 %
over 3.0-4.5 min, and 10%-90 % over 4.5-6.0 min, and maintained at
90 % for 1.5 min as the initial condition at a flow rate of 0.4 mL/min.
Quantification was obtained using multiple reaction monitoring in
negative mode of the transition at a mass to charge of 405.2/166.0 for
panduratin A, at a mass to charge of 395.2/330.7 for andrographolide,
and at a mass to charge of 415.0/294.9 for puerarin (IS). The bio-
analytical validation method for the targeted analytes was adopted from
our previous published paper because it showed good specificity and
linearity for all of the targeted analytes and IS. The calibration curves
were linear over the selected concentration range in different matrices
with a coefficient of determination R? > 0.99. The concentration range
of andrographolide was within the range of 10-10,000 pg/L while
panduratin A was within the range of 1-1000 pg/L. All compounds in
this study showed a lower limit of quantification (LLOQ) within the
range of 1-10 pg/L. Analytical software version 1.7.1 and MultiQuant
software version 3.0.3 (AB Sciex, USA) were used for data acquisition
and evaluation. The chromatograms, retention times, and chemical
structures of the target analytes in solvent and plasma are shown in
Supplementary Figs. 1, 2, and 3, respectively.

2.11. Lung histopathology

Necropsy of the lung tissues was conducted in the ABSL3 laboratory.
In brief, lung tissues were fixed in 10 % neutral buffered formalin for a
minimum of 48 h, and then tissues were embedded in paraffin.
Embedded tissues were sectioned at 4 pm and dried overnight at
40-42 °C before staining. The tissue sections were processed for He-
matoxylin and Eosin (H&E) staining using a series of xylene substitutes
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and isopropanol for de-paraffinization and rehydration before dying.
The stained sections were sent for lesion evaluation by board-certified
veterinary pathologists.

2.12. In situ hybridization for SARS-CoV-2 RNA detection

In situ hybridization (ISH) was performed using the RNAscope 2.5
HD Red Detection Kit (Advanced Cell Diagnostics, USA) according to the
manufacturer’s instructions. The V-nCoV2019-S RNAscope probe
(Advanced Cell Diagnostics) specific for the SARS-CoV-2 S gene based on
isolate Wuhan-Hu-1 (Genbank accession number, NC_045512.2, tar-
geting region 21631-23303) was used. Briefly, formalin-fixed paraffin-
embedded lung tissue sections were de-paraffinized. Tissue sections
were then pre-treated with HyO; for 10 min at room temperature, and 1
X target retrieval solution was added for 15 min in a steamer that
maintained the temperature above 99 °C. The sections were transferred
to be incubated with Protease Plus (Advanced Cell Diagnostics) for 30
min at 40 °C and then incubated with the SARS-CoV-2-specific probe for
2 h at 40 °C in a HybEZ oven (Advanced Cell Diagnostics). A Fast Red
solution was used for detecting the signal, and the stained sections were
counterstained with 50 % Gill hematoxylin III (Sigma Aldrich) for 2 min.
The final sections were sent for lesion evaluation by board-certified
veterinary pathologists.

2.13. Acute lung injury scoring system

H&E-stained sections were evaluated for the severity of lung damage
by two independent pathologists using the acute lung score (ALI) scoring
system from the American Thoracic Society.®® Five independent vari-
ables related to histological evidence of injury were adopted as follows:
(A) the presence of neutrophils in the alveolar space, (B) the presence of
neutrophils in the interstitial space, (C) the formation of hyaline mem-
branes, (D) the presence of proteinaceous debris in the airspaces, and (E)
thickening of the alveolar septum. The injury score was within the range
of 0-1, which was calculated using the equation, ALI score = ((20 x A)
+ (14 x B) + (7 x C) + (7 x D) + (2 x E))/(number of fields x 100).

2.14. Statistical analysis

All statistical tests were performed using GraphPad Prism version 5
(GraphPad Company). The Kaplan-Meier Survival with Log-rank Test
was used to measure the difference of the survival outcomes, and the
Kruskal-Wallis Test with Dunn’s Multiple Test was selected for deter-
mine the differences of other outcomes. P value of <0.05 was considered
statistically significant.

3. Results

3.1. Administration of therapeutic A. paniculata extract alleviates the
lethality and clinical signs caused by SARS-CoV-2 Delta infection in
Golden Syrian hamsters

In our recent study, we demonstrated the promising in vitro anti-
SARS-CoV-2 activities of A. paniculata extract and its bioactive com-
pound andrographolide, as well as B. rotunda extract and its phytocon-
stituent panduratin A. Both andrographolide and panduratin A exhibited
post-infection anti-SARS-CoV-2 activity on human airway epithelial
cells (Calu-3).'%'° Extending these finding, we accessed the in vivo
antiviral efficacy of these two extracts using a Golden Syrian hamster
model, which is well-established for efficacy studies with the prototypic
SARS-CoV-2 (Wuhan strain).”’ We used the SARS-CoV-2 Delta variant
for our investigation which is known for its ability to induce severe
disease in the hamsters and its high viral replication, pathogenicity, and
transmissibility compared with the prototypic SARS-CoV-2.1%:66:67
Before conducting the experiment, we acclimatized the hamsters and
monitored their health by measuring serum ALT and creatinine levels to
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assess liver and kidney functions, which were found to be within normal
ranges (Supplementary Table 5). Golden Syrian hamsters were intra-
nasally inoculated with 5 x 10* PFU of the SARS-CoV-2 Delta variant. At
12 h post-inoculation, the hamsters were administered the vehicle
control, B. rotunda extract, or A. paniculata extract (oral administration,
p-o.) twice-daily (BID, 12 h intervals) with a loading dose of 1000 mg/kg
(first dose) and a maintenance dose of 500 mg/kg for 7 days (Fig. 1A).
Body weight changes and clinical observations were monitored daily.
Viral loads, cytokines, and histopathological changes in the lungs were
determined to evaluate the in vivo efficacy of the extracts. Infected
hamsters were euthanized when they lost more than 15 % body weight
and exhibited severe clinical signs (clinical score >5) according to the
daily clinical observation record/score sheet (Supplementary Table 3).
The results showed that, at 1 day post-infection (d.p.i.), none of the
infected hamsters showed significant weight loss or severe clinical signs
(Fig. 1B and C). However, at 3 d.p.i., most infected hamsters in the
vehicle control (n = 8) and B. rotunda extract (n = 8) groups exhibited
euthanasia criteria due to severe clinical signs, such as ruffled fur,
hunched posture, ocular discharge, panting, or rapid breathing (total
clinical signs score >5) and a progressive weight loss of 15 % (Fig. 1B
and C). In contrast, infected hamsters receiving A. paniculata extract had
a significantly lower clinical score compared with the vehicle control
group at 2 d.p.i. and 3 d.p.i. and survived until 7 d.p.i. (Fig. 1C),
resulting in a 100 % survival rate (Fig. 1D). These findings indicate that
A. paniculata extract offer more effective protection against the
SARS-CoV-2 Delta variant in hamsters compared with B. rotunda extract
and vehicle control.

3.2. Concentrations of panduratin A and andrographolide in plasma and
lung tissues of infected hamsters administered B. rotunda and
A. paniculata extracts

In a parallel experiment using LCMS, we determined the concen-
trations of panduratin A and andrographolide in the plasma and lung
tissues of hamsters infected with SARS-CoV-2 Delta and treated with
A. paniculata and B. rotunda extracts. The results presented in Table 1
demonstrate that the levels of panduratin A in the plasma of infected
hamsters receiving B. rotunda extract at a dosage of 1000 mg/kg/day
were approximately 4.21 pM at 1 d.p.i. and 7.27 pM at 3 d.p.i. These
concentrations were 2- to 3.6-times higher than the ICs of panduratin A
observed in an in vitro model of SARS-CoV-2 (2.04 pM). Similarly, the
plasma concentrations of andrographolide in hamsters treated with
A. paniculata extract at 1000 mg/kg/day p.o. were approximately 5.48
pMat 1 d.p.i., 5.51 pM at 3 d.p.i., and 8.01 pM at 7 d.p.i. (Table 1). These

Table 1
The concentration of Panduratin A and Andrographolide in plasma and lung
tissues of the infected hamsters.

Experimental groups

Type of

Vehicle  B. rotunda extract 1000 A. paniculata extract 1000
samples
mg/kg p.o. mg/kg p.o.
Panduratin A Andrographolide
Plasma (pg/L)
Day 1 ND 1710.4 + 284.3 (~4.21 1921.3 + 508.4 (~5.48 pM)
pM)
Day 3 ND 2954.1 + 582.1 (~7.27 1930.1 + 257.7 (~5.51 pM)
HM)
Day 7 ND N/A 2808.1 + 547.4 (~8.01 M)
Lung (pg/g)
Day 1 ND 0.186 + 0.015 (~0.37 0.750 + 0.206 (~1.72 pM)
HM)
Day 3 ND 0.262 + 0.047 (~0.52 0.800 + 0.144 (~1.83 uM)
pM)
Day 7 ND N/A 0.850 + 0.181 (~1.94 uM)

ND: not detected; N/A: not available. The data are presented as mean =+ SD, (n =
12 per experimental group, n = 4 per subgroup).
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concentrations were 3.3- to 4.7-fold higher than the average ICs (1.68
uM) used for inhibiting SARS-CoV-2 in Calu-3 cells.'* However, we
observed lower concentrations of panduratin A and andrographolide in
the lung tissue compared to the plasma. The average concentrations of
panduratin A and andrographolide in lung tissue were approximately
0.19-0.26 pg/g and 0.75-0.80 png/g, respectively (Table 1). On the basis
of the estimated water content of lung tissue, which is approximately 80
% by weight,°® the calculated concentrations of panduratin A in the lung
tissue were 0.37 pM at 1 d.p.i. and 0.52 pM at 3 d.p.i. (Table 1), which
were lower than the in vitro ICsy observed in Calu-3 cells.'® The esti-
mated concentrations of andrographolide in the lung tissue were 1.72
puM and 1.83 pM for 1 d.p.i. and 3 d.p.i., respectively, which were
slightly higher than the average ICsq value found in Calu-3 cells.'* The
calculated lung-to-plasma (L/P) ratio of andrographolide was approxi-
mately 0.3-0.4, while that of panduratin A was around 0.1, indicating
there was limited penetration of the compound into the lungs.

3.3. Therapeutic B. rotunda and A. paniculata extracts do not affect viral
load in the lungs of SARS-CoV-2-infected hamsters

The significant finding that A. paniculata extract reduced the severity
and lethality of SARS-CoV-2 infection in hamsters, despite the limited
penetration of the bioactive compounds of B. rotunda and A. paniculata
extracts into the lung tissues, inspired further investigations. In these,
we aimed to evaluate the antiviral efficacy of both extracts against
SARS-CoV-2 in Golden Syrian hamsters. We determined the infectious
viral titers in the lung homogenates of infected hamsters treated with the
extracts using a FFA. The viral titers were calculated as FFU per gram of
tissue. All infected hamsters that reached the euthanasia criteria at 3 d.p.
i. were included in the analysis. Lung infectious titers at 3 d.p.i. were not
significantly reduced in the B. rotunda (n = 8) or A. paniculata (n = 4)
extract-treated groups compared to the vehicle control group (n = 8)
(Fig. 2A). Additionally, we determined the viral RNA load in the lungs of
SARS-CoV-2-infected hamsters using qRT-PCR with primers targeting
the spike gene. The viral RNA load was expressed as RNA copies per
gram of lung tissue for each hamster. The results showed that lung RNA
loads were not significantly reduced in the B. rotunda (n = 8) or
A. paniculata (n = 4) extract-treated groups compared with the vehicle
control group (n = 8) (Fig. 2B). We also conducted in situ hybridization
to detect the presence of viral infection in the lungs of hamsters at 3 d.p.
i. by staining lung tissue sections for SARS-CoV-2 spike RNA. No sig-
nificant reduction in spike RNA was observed in the lungs of hamsters
treated with B. rotunda or A. paniculata extracts compared with those of
the control group (Fig. 2C and D). The results demonstrated that neither
B. rotunda nor A. paniculata extracts significantly lowered viral load or
spike RNA levels in the lungs of hamsters infected with SARS-CoV-2

3.4. Therapeutic A. paniculata extract, but not B. rotunda, significantly
reduces IL-6 in the lung tissue of infected hamsters

Previous studies have shown that elevated levels of inflammatory
cytokines, including IL-1p, IL-6, IP-10, TNFa, interferon-y, MIP-1a/18,
and VEGF, are associated with the severity and complications of COVID-
19 5659 with increased IL-6 levels strongly linked to lower survival
rates.’” Our recent findings demonstrated that A. paniculata extract
improved survival among SARS-CoV-2-infected hamsters without
reducing viral loads in the lung, indicating potential anti-inflammatory
benefits that could improve lung pathology. To better understand the
efficacy of A. paniculata and B. rotunda extracts in modulating the in-
flammatory response, we further evaluated their impact on cytokine
levels, focusing on IL-6 as a representative cytokine, as well as assessing
the mRNA expression levels of cytokines IL-6, IP-10, and TNFo. Lung
tissues were harvested at 3 d.p.i., and then subjected to homogenization.
We determined the IL-6 concentration in lung tissue homogenates using
an ELISA kit specific for hamster IL-6. The results showed that treatment
with A. paniculata extract (n = 4) significantly reduced the IL-6 levels in
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Fig. 2. Infectious viral titer, RNA load, and in situ hybridization analysis of SARS-CoV-2 infected hamsters treated with B. rotunda or A. paniculata ex-
tracts. (A) Infectious viral titer in the lungs of SARS-CoV-2 infected hamsters in vehicle control, B. rotunda or A. paniculata extract-treated groups was determined by
focus forming assay at 3 days post-infection (d.p.i.). (B) Viral RNA load in lung tissues were determined by qRT-PCR targeting the spike RNA at 3 d.p.i. (C)
Representative figures of in situ hybridization (ISH) for the detection of SARS-CoV-2 RNA targeting spike (S) gene in the lung autopsy tissue sections of each group at
3 d.p.i. Scale bar: 50 pm. (D) ISH score of the lung of infected hamster treated with the extracts compared to the vehicle control group is shown. The data are
presented as mean + SEM (A and B), mean + SD (D) from 4 to 8 hamster per group. Each dot represents individual hamster. Statistical analysis was performed by
using non-parametric Kruskal-Wallis test with Dunn’s multiple testing. ns, not significant.

the lung tissue induced by SARS-CoV-2 (7278 + 868.4 pg/g tissue)
compared with the vehicle control group (n = 8) at 3 d.p.i. (12,495 +
1118 pg/g tissue) (Fig. 3A). However, there were no statistically sig-
nificant differences in the mRNA expression levels of IL-6, IP-10, and
TNFa in the lung tissues of infected hamsters treated with the extracts
(Fig. 3B). Nevertheless, IL-6 and IP-10 levels showed a decreasing trend
(~1 log2 reduction) in the A. paniculata extract-treated group (Fig. 3B).
These findings indicate that A. paniculata extract effectively decreases
IL-6 levels in the lungs of hamsters infected with the Delta variant of
SARS-CoV-2.

3.5. Administration of therapeutic A. paniculata or B. rotunda extracts
significantly reduces IL-6 and IP-10 mRNA expression in the peripheral
blood mononuclear cells of infected hamsters

As previously mentioned, higher levels of andrographolide or pan-
duratin A were observed in the blood compared with the lung tissues of
hamsters administered with the extracts in this study. This observation
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prompted us to investigate the potential anti-inflammatory effects of
these extracts at the systemic level. To assess this, we examined the
expression levels of inflammatory cytokines in PBMCs isolated from the
infected hamsters. Total RNA was extracted from the isolated PBMCs,
and RT-qPCR was conducted to evaluate the mRNA expression of three
selected cytokines (IL-6, IP-10, and TNFa). The comparative CT (AACT)
method was used to calculate the relative expression levels, which were
then normalized to p-actin mRNA and presented as relative expression
levels compared to the vehicle control group. The results showed a
significant reduction in IL-6 and IP-10 mRNA expression levels in the
PBMC:s of infected hamsters following treatment with both A. paniculata
and B. rotunda extracts (Fig. 4, our findings offer supporting evidence
that treatment with A. paniculata or B. rotunda extract significantly re-
duces IL-6 and IP-10 mRNA expression levels in PBMCs, indicating their
potential as anti-inflammatory agents that can suppress systemic
inflammation.
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Fig. 3. Effect of B. rotunda and A. paniculata extracts on protein levels of
interleukin 6 (IL-6) and cytokine expression levels in the lung tissue of
infected hamsters. Lung tissues of SARS-CoV-2 infected hamsters in vehicle
control, B. rotunda extract, and A. paniculata extract treated group were
collected at 3 d.p.i. (A) IL-6 concentration (pg/g tissue) were measured in the
RIPA inactivated lung homogenates using ELISA for IL-6 level. (B) mRNA
cytokine expression of IL-6, IP-10 and TNF-« in lung tissues were quantified by
qRT-PCR and calculated as mRNA fold change over the vehicle control using
comparative CT (AACT) method. Data are presented as mean + SEM from 4 to
8 hamster per group. Each dot represents individual hamster. Statistical anal-
ysis was performed by using non-parametric Kruskal-Wallis test with Dunn’s
multiple testing. *p < 0.05, ns, not significant.

3.6. Therapeutic A. paniculata extract reduces histopathological lesions in
the lungs of infected hamsters

We further investigated the efficacy of the extracts in reducing lung
damage and thereby improving respiratory function and reducing the
severity of SARS-CoV-2-Delta-induced lung symptoms in hamsters. Lung
tissue samples were obtained from infected hamsters treated with
vehicle, B. rotunda extract, or A. paniculata extract at 3 d.p.i. H&E
staining was performed on the lung tissue sections, and two certified
veterinary pathologists independently evaluated the histological
changes using the ALI scoring system.®® The lung histopathology of the
hamsters infected with SARS-CoV-2 and treated with vehicle control
exhibited extensive lung abnormalities, including necrosis of the bron-
chial epithelial cells, proteinaceous exudate or cellular debris in the
alveoli, alveolar hemorrhaging, thickening of the alveolar septa due to
inflammatory cell infiltration, and hyperplasia of the pneumocytes
(Fig. 5A-D). Similar lung lesions were observed in the B. rotunda
extract-treated group (Fig. 5E-H). In contrast, hamsters treated with
A. paniculata extract showed less severe lung histological changes
compared to the vehicle control group. The A. paniculata extract-treated
group showed no evidence of septal thickening, and the most prominent
lesions observed were mild alveolar hemorrhaging and hyperemia
(Fig. 5I-L). ALI scores, used to evaluate lung injury, were found to be
associated with histological lung damage (Fig. 5M). Notably, hamsters
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Fig. 4. Effect of B. rotunda or A. paniculata extracts on cytokine expression
levels in PBMCs infected hamsters. Peripheral blood mononuclear cells
(PBMCs) were isolated from infected hamsters. Total RNAs were extracted from
these cells, and the mRNA cytokine expression levels of IL-6, IP-10, and TNF-o
in PBMCs were quantified using qRT-PCR. The cytokine expression levels were
calculated as mRNA fold change over the vehicle control group using the
comparative CT (AACT) method. Data are presented as mean + SEM from 4 to
8 hamster per group. Dot represents individual hamster. Statistical analysis was
performed by using non-parametric Kruskal-Wallis test with Dunn’s multiple
testing. *p < 0.05, **p < 0.01, ns, not significant.

treated with A. paniculata extract, but not B. rotunda extract, showed a
statistically significant reduction in ALI score compared with the vehicle
control, indicating the A. paniculata extract reduced lung pathology.
These results suggested that A. paniculata extract may alleviate the
severity of SARS-CoV-2 infection by reducing inflammatory cytokine
production and lung pathology through its immunomodulatory activity.

3.7. Andrographolide exhibits dose-dependent antiviral activity in SARS-
CoV-2 infection in ACE2-TMPRSS2-overexpressing A549 cells with
various variants of concern

The emergence of novel variants of SARS-CoV-2 has raised concerns
regarding the need for broad antiviral treatments. Previous research has
shown the potential of using andrographolide as a monotherapy against
SARS-CoV-2 in cell cultures. However, our in vivo study showed it had
limited antiviral activity in lung tissue, suggesting the poor penetration
of andrographolide into the primary site of infection. Enhancing the
delivery system could potentially improve andrographolide’s distribu-
tion in the lungs and increase its antiviral efficacy. This would open up
the possibility that andrographolide could be developed as an inde-
pendent therapeutic agent. We further assessed the in vitro anti-viral
effect of andrographolide against different SARS-CoV-2 variants,
including the omicron variant in ACE2-TMPRSS2-expressing A549 cells.
The results showed that andrographolide significantly inhibited the viral
replication of all variants of concern (VOC), as evidenced by the dose-
dependent decrease in viral nucleoprotein in infected cells (Fig. 6A
and B). The ICsg calculated for andrographolide were 7.085 pM, 7.354
pM, and 4.619 pM for Alpha, Delta, and Omicron BA.2 variants,
respectively (Fig. 6C). These results highlight andrographolide’s effec-
tiveness against multiple SARS-CoV-2 variants in lung epithelial cells,
emphasizing its potential as a broad-spectrum antiviral for this virus.

4. Discussion

COVID-19 vaccines have reduced the pandemic’s impact, generally
causing mild symptoms in vaccinated individuals.®® However, break-
through infections and resistant strains still pose risks,”’° highlighting
the need for novel antiviral drugs. Exploring traditional herbal medi-
cines has become a key alternative for resource-limited regions. Recent
studies show that herbal compounds effectively inhibit SARS-CoV-2
replication through various mechanisms.”'”® For instance, Artemisia
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Fig. 5. Histopathological analysis of lung tissue from SARS-CoV-2 infected hamsters treated with B. rotunda or A. paniculata extracts. Lung tissue of SARS-
CoV-2-infected hamsters treated with vehicle, B. rotunda extract, and A. paniculata extract were collected at 3 days post infection (d.p.i.). The lung tissue sections
were then stained with H&E. The representative images of histopathological changes in the lung section were examined (A-P). In the vehicle control group, the lung
tissues show thickened alveolar septa combined with inflammatory cell infiltration and hyperplasia of pneumocyte type II (A, 10x and B, 40x), and demonstrate
detachment and necrosis of bronchiolar epithelium, accumulation of cellular debris (black arrow, D), inflammatory cells and small number of RBCs in bronchiolar
lumen (C, 10x and D, 40x). In B. rotunda extract treated group, the lung tissues demonstrate remarkably thickened alveolar septa due to infiltration of inflammatory
cells into the septa, and type II pneumocyte hyperplasia (E, 10x and F, 40x), The accumulation of degenerate neutrophils in bronchiolar lumen (black arrow, H) and
thickening of mucosal epithelium due to proliferation of bronchiolar epithelial cells infiltration of inflammatory cells into lamina propria (G, 10x and H, 40x). In the
A. paniculata extract treated group, the lung sections exhibit normal thickness of alveolar septa with mild hyperemia (I, 10x and J, 40x) clear bronchiolar lumen, none
of inflammatory cells was detected in the lumen. Only few cellular debris was detected (K, 10x and L, 40x). The histological features of the lung lesion were scored
using acute lung injury (ALI) scoring system of an American Thoracic Society (M). Data are presented as mean + SEM from 4 to 8 hamster per group. Dot represents
individual hamster. Statistical analysis was performed by using non-parametric Kruskal-Wallis test with Dunn’s multiple testing. **p < 0.01, ns, not significant.

annua disrupts viral spike protein and main protease activities, critical Additionally, compounds from Zingiber officinale provide
for viral replication.”* Similarly, flavonoids like quercetin and kaemp- anti-inflammatory benefits and enhance immune responses.”® In our
ferol from Ginkgo biloba block viral entry.”® Curcumin from Curcuma previous in vitro study, we screened 100 Thai medicinal plants and
longa prevents viral binding to ACE2 receptors and reduces proin- identified two plants, A. paniculata and B. rotunda, exhibiting significant

flammatory cytokines, mitigating severe COVID-19 symptoms.’®”” anti-SARS-CoV-2  activity at pharmacokinetically achievable
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ical replicates).

concentrations.'*'° Subsequently, we conducted an in vivo efficacy test
using hamsters infected with the Wuhan strain of SARS-CoV-2,
demonstrating that B. rotunda extract protected the infected hamsters
from mortality and significantly reduced lung injury.?' Expanding upon
our promising findings, we conducted a comparative study to assess the
in vivo efficacy of A. paniculata and B. rotunda against the Delta variant,
representing a highly virulent strain of SARS-CoV-2. Our objective was
to assess these extracts’ antiviral properties and their capacity to reduce
inflammation in Golden Syrian hamsters infected with this variant.
Infected hamsters treated with A. paniculata extract showed significantly
lower clinical scores and no severe symptoms or weight loss, leading to a
100 % survival rate, unlike the B. rotunda or control groups (Fig. 1B-D).

Our study provides a rationale for exploring immunomodulatory
phytotherapeutics like A. paniculata as adjunctive treatments for COVID-
19. By regulating aberrant inflammation, a key driver of pathogenesis,
such approaches could complement direct-acting antivirals in an inte-
grative management strategy for severe cases. Notably, while
A. paniculata extract did not exhibit direct antiviral effects in vivo by
reducing lung viral loads (Fig. 2A-C), its therapeutic benefits likely stem
from modulating the dysregulated inflammatory response. Despite
achieving effective in vitro concentrations (Table 1), the limited in vivo
antiviral activity could be attributed to factors like poor bioavailability,
metabolic instability, and protein binding of the bioactive compound
andrographolide.’? ?”%f0 Formulation strategies employing drug de-
livery systems have shown promise in improving andrographolide’s
pharmacokinetic profile.®’*?> Considering these challenges, future ani-
mal studies should prioritize enhancing in vivo antiviral efficacy through
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optimized bioavailability.

In contrast to its lack of direct antiviral effects, A. paniculata extract
significantly reduced IL-6 protein levels in hamster lung tissue (Fig. 3A),
aligning with andrographolide’s reported ability to inhibit IL-6 pro-
duction by targeting several pathways.”® %38 1t inhibits the NF-xB
pathway by covalently binding to p50-NF-kB and preventing and
phosphorylation of NF-kB related proteins, blocking cytokine produc-
tion such as IL-6 %3, Andrographolide also impedes the MAPK signaling
pathway by blocking the phosphorylation of ERK1/2, p38, and JNK,
crucial in activating AP-1 and HIF-10.?7°° Additionally, it targets
p-STAT3 in the JAK/STAT pathway to inhibit IL-6 production®**® and
also interacts with the Nrf2/Keapl pathway,®® enhancing the tran-
scription of anti-inflammatory genes, presenting a significant potential
for treating inflammation-related conditions. While IL-6, IP-10, and
TNF-a mRNA levels were not significantly impacted (Fig. 3B), likely due
to post-transcriptional mechanisms, the extract did reduce IL-6 and
IP-10 mRNA in peripheral blood mononuclear cells (Fig. 4), corrobo-
rating its systemic anti-inflammatory potential.?®%%%-8% Histopatho-
logical analyses further revealed mitigation of lung lesions by
A. paniculata treatment (Fig. 5). Collectively, these findings suggest
A. paniculata alleviates COVID-19 severity by modulating inflammatory
cytokine production and lung pathology through its immunomodulatory
activities.

The contrasting results observed with B. rotunda extract, which
lacked efficacy in reducing lung viral loads, inflammatory markers, and
pathology scores in Delta-infected hamsters, could be attributed to
variant-specific  differences in inflammatory responses and
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pathogenicity.?°° Determining optimal dosing regimens tailored to
specific SARS-CoV-2 variants may be crucial for realizing B. rotunda’s
therapeutic potential.

While our study did not include approved antivirals as compara-
tors,”> the findings provide a compelling basis for evaluating
phytotherapeutic-antiviral combination regimens. Leveraging the syn-
ergistic effects of complementary mechanisms could yield more effective
therapeutic strategies against severe COVID-19.

Moreover, our in vitro data demonstrating andrographolide’s inhib-
itory activity against emerging Omicron subvariants highlight its po-
tential as a broad-spectrum antiviral candidate. Mechanistic studies
have predicted andrographolide may target viral proteins involved in
the autophagy-lysosomal pathway, a critical SARS-CoV-2 replication
route.”*® Exploring these mechanisms could facilitate the way for
developing andrographolide derivatives with optimized antiviral po-
tency and drug-like properties.

In summary, our findings underscore the therapeutic promise of
A. paniculata extract, particularly its principal bioactive andrographo-
lide, as an immunomodulatory and potential broad-spectrum antiviral
agent against SARS-CoV-2. Further research delineating its specific anti-
inflammatory pathways, evaluating synergies with antivirals, and opti-
mizing its pharmacological properties is warranted to fully harness its
potential in an integrative treatment approach for COVID-19.

5. Conclusion

The potential efficacy of A. paniculata extract as an adjunct thera-
peutic intervention for SARS-CoV-2 is derived from its demonstrated
ability to reduce levels of inflammatory cytokines and alleviate lung
pathology that is linked to viral infection.
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