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A R T I C L E  I N F O   

Keywords: 
Natural products 
Coronavirus 
Antiviral activity 
Autophagy 
Endoplasmic reticulum stress 
Calreticulin 

A B S T R A C T   

The Covid-19 infection outbreak led to a global epidemic, and although several vaccines have 
been developed, the appearance of mutations has allowed the virus to evade the immune 
response. Added to this is the existing risk of the appearance of new emerging viruses. Therefore, 
it is necessary to explore novel antiviral therapies. Here, we investigate the potential in vitro of 
plant extracts to modulate cellular stress and inhibit murine hepatitis virus (MHV)-A59 replica
tion. L929 cells were treated with P2Et (Caesalpinia spinosa) and Anamu SC (Petiveria alliacea) 
plant extracts during infection and virus production, ROS (reactive oxygen species), UPR 
(unfolded protein response), and autophagy were assessed. P2Et inhibited virus replication and 
attenuated both ROS production and UPR activation induced during infection. In contrast, the 
sustained presence of Anamu SC during viral adsorption and replication was required to inhibit 
viral infection, tending to induce pro-oxidant effects, and increasing UPR gene expression. 
Notably, the loss of the PERK protein resulted in a slight decrease in virus yield, suggesting a 
potential involvement of this UPR pathway during replication. Intriguingly, both extracts either 
maintained or increased the calreticulin surface exposure induced during infection. In conclusion, 
our findings highlight the development of antiviral natural plant extracts that differentially 
modulate cellular stress.   

1. Introduction 

Coronaviruses are classified into the Coronaviridae family belonging to Ribovira, order Nidovirales, and suborder Coronavirinae. 
Coronaviruses are a highly diverse family of positive-sense single-stranded RNA (+ssRNA) enveloped viruses, and the Orthocor
onavirinae subfamily consists of four genera: alpha, beta, gamma, and delta [1]. Betacoronaviruses genus includes SARS-CoV, MERS, 
and SARS-CoV-2 viruses, among others that affect human health, and the prototype mouse hepatitis virus (MHV) [2]. The SARS-CoV-2 
virus appeared in late 2019 in Wuhan, China. It is responsible for the COVID-19 pandemic, which has had a huge global impact. The 
higher rates of contagiousness during COVID-19 infection and lethality increased the search for new therapeutic strategies [3]. 

The cell stress response plays a significant role during viral adsorption and replication in RNA viruses. The induction of oxidative 
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stress and antioxidant response deprivation plays a significant role during viral adsorption and replication in RNA viruses allowing 
infection maintenance through homeostatic disbalance [4]. Usually, during the induction of oxidative stress two main mechanisms are 
activated in the cells to remove the protein damage and help to restore cellular homeostasis, autophagy, and unfolded protein response 
(UPR) [5,6]. Autophagy may eventually enable viral assembly during replication of RNA viruses such as influenza [7,8]. In this sense, 
different reports tried to elucidate whether coronaviruses induce autophagy for their replication [9]. Some authors suggest that 
increased autophagy in cells infected with MHV is necessary to promote the viral replication cycle [10]. However, more recent evi
dence suggests an inhibitory role of the autophagic process by betacoronaviruses [7]. SARS-CoV and MERS-CoV protease PLP2 block 
the autophagosome and lysosome fusion, suppressing the autophagic flux [11]. MERS-CoV depends on the degradation of beclin-1 
protein induced by the SPK2 ubiquitin ligase to block the autophagy and promote viral replication, thus, generating a possible 
therapy target that promotes an autophagic flux enough to overpass this block and reduce viral replication [12]. Similarly, recent 
studies showed that betacoronavirus infection disrupts the delicate balance of endoplasmic reticulum (ER) homeostasis, leading to ER 
stress and the unfolded protein response (UPR) activation to counteract the disturbance in ER function. The UPR is a complex signaling 
network encompassing three branches: PERK, IRE1, and ATF6. This intricate interplay between betacoronaviruses and the ER stress 
response is now recognized as a critical factor influencing viral replication, pathogenesis, and the host immune response [13]. 

On the other hand, it has been proposed that polyphenols and other natural compounds with antioxidant activities can be used to 
develop new therapies against COVID-19 [14]. Polyphenols can interfere with the adsorption and penetration of the virus in the host 
cells. For example, luteolin and quercetin inhibit the entry of the SARS-CoV-2 virus into Vero E6 cells, associated, at least for luteolin, 
with its ability to bind protein S of the virus with high affinity. In addition, polyphenols could also disrupt viral replication. There is 
evidence that epigallocatechin gallate and quercetin inhibit the SARS-CoV-2 viral protease 3CLpro, which is needed to process the viral 
polyprotein; meanwhile, resveratrol inhibits the viral RNA-dependent RNA polymerase (RdRp) in MERS infection [14]. The study of 
natural extracts has also shown that different natural compounds can promote autophagy and regulate the REDOX balance in several 
cell lines. These findings suggest the role of natural compounds in interfering with viral infection processes; however, there is no clear 
evidence in this sense [15]. 

We obtained two natural extracts from Petiveria alliacea L. and Caesalpinia spinosa (Molina) Kuntze plants. We have previously 
shown that the standardized extract called P2Et from C. spinosa (Molina) Kuntze contains various compounds, a diversity of poly
phenols such as gallic acid and ethyl gallate, with antioxidant properties over cancer cells [16]. Recently, we showed that the P2Et 
extract promotes apoptosis in different ways in tumor cells depending on the induction of ERs and autophagy via PERK and Beclin-1, 
respectively [17,18]. In contrast, Anamu SC extract (obtained from P. alliacea L.) presents some sulfur compounds, sterols, triterpenes, 
and flavonoids as its main compounds. Anamu SC could induce oxidative stress because it interferes with glycolysis and mitochondrial 
respiration in cancer cells [19]. Furthermore, we investigated the antiviral properties of P2Et and Anamu SC extracts against 
SARS-CoV-2, the causative agent of COVID-19. In vitro experiments using Vero E6 cells revealed a significant inhibition of viral 
replication by both extracts. Subsequently, a phase II multicentric randomized, double-blind clinical trial was conducted to assess the 
impact of P2Et treatment on clinical outcomes and immunological response in COVID-19 patients [20]. 

Considering the activities of the extracts related to processes such as modulation of oxidative stress, ERs, and autophagy induction, 
this study aimed to evaluate the possible inhibitory effects of P2Et and Anamu SC extracts on viral infection caused by coronaviruses. 
Our results showed that the extracts present activities in a differential way where P2Et inhibits viral replication, being antioxidant and 
decreasing the UPR; meanwhile Anamu-SC decrease virus infection and was slightly pro-oxidant, increasing the UPR. 

2. Material and methods 

2.1. Plant extract preparations and ultra-performance liquid chromatography analysis 

The Colombian Environmental Ministry agreement authorized the Access to Genetic Resources and Derived Products No. 220/2018 
(RGE 0287-6) to use plant material for research. Caesalpinia spinosa (Molina) Kuntze plant pods were collected in Villa de Leyva, 
Boyacá, Colombia, and identified by Luis Carlos Jimenez from the Colombian National Herbarium (voucher specimen number COL 
523714). P2Et, an ethanolic Caesalpinia spinosa (Molina) Kuntze extract, was produced under good manufacturing practice (GMP); it 
was standardized and chemically characterized as previously described [16]. In each assay, dried P2Et extract was diluted in 95 % 
ethanol, obtaining a 25 mg/mL fresh solution. For Anamu SC extract, plant material was identified by Antonio Luis Mejia from the 
Colombian National Herbarium, voucher number COL 333406. Anamu SC extract was produced from leaves of Petiveria alliacea L., as 
we described before [21]. The extract was obtained through supercritical fluids in La Corporación Universitaria Lasallista at 60 ◦C, 400 
bar, 30 kg/h, and ethyl acetate 15 % like cosolvent. The stock solution of the extracts was prepared by reconstitution in 95 % ethanol at 
a concentration of 25 mg/mL and stored at 4 ◦C. 

The UPLC analysis was conducted using an Acquity H Class UPLC system from Waters® equipped with an el Acquity photodiode 
array (PDA) detector, quaternary pump, degasser, and autosampler. Empower® 3 software was employed for data processing. A BEH 
Shield C18 1.7 μm 2.1 mm × 150 mm Waters® column was utilized, maintained at a temperature of 35 ◦C ± 1. The elution process 
involved a gradient of acetonitrile (solvent A) and 0.1 % formic acid (solvent B), with a flow rate of 0.37 mL min^(− 1) and an injection 
volume of 3 μL. A wavelength of 274 nm was employed for detection, while the UV spectrum was monitored within a range of 200–400 
nm. Peaks were characterized by comparing their retention times and UV spectra with reference standards. The concentration of the 
P2Et extract was determined to be 2000 μg/mL. The standard solutions and the extract were dissolved in methanol and water (1:1 v/v). 
Individual compounds were quantified using an eleven-point linear regression curve (r^2 > 0.997). All standard solutions were 
analyzed in triplicate, and the average peak areas were calculated. The analysis showed the presence of marker compounds ethyl 
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gallate (78.97 ± 1.49 μg/mL), gallic acid (59.82 ± 0.72 μg/mL), and methyl gallate (20.1 ± 0.62 μg/mL) according to previous batch 
analyses (Supplementary Fig. 1a) [16]. It is important to note that all experiments were conducted using the same batch of P2Et. 

For the Anamu SC, a BEH Shield C18 1.7 μm 2.1 mm × 100 mm Waters® column was employed, maintained at a temperature of 
25 ◦C ± 1. The elution gradient consisted of acetonitrile (solvent A) and 0.1 % formic acid (solvent B), with a flow rate of 0.15 mL min^ 
(− 1) and an injection volume of 3 μL. Detection was performed at a wavelength of 274 nm, and the UV spectrum was monitored 
200–400 nm. The UPLC-PDA chromatographic profile of the Anamu SC extract revealed the identification of myricetin and dibenzyl 
disulfide (Supplementary Fig. 1B). 

As previously reported, the cytotoxic activity for P2Et and Anamu SC was evaluated using MTT assay [22]. The P2Et and Anamu SC 
were dissolved in ethanol, and this vehicle was used as a negative control. The IC50 (50 % inhibition of cell growth) value was 
calculated using a nonlinear regression log (inhibitor) versus response-variable slope graph in GraphPad Prism (GraphPad Prism 
Software, Inc.). 

2.2. Cell culture, virus production and plaque assay 

Virus stocks of mouse hepatitis virus A59 strain (MHV-A59, VR-764) and their producer cell lines NCTC-1469 (CCL-9.1) were 
obtained from the American Type Culture Collection (Manassas, VA, USA). NCTC-1469 cells were used for propagation of MHV-A59, 
and cell cultures were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 4.5 g/l D-glucose, two mM L- 
glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 10 % horse serum (GIBCO Laboratories, Grand Island, N.Y.). Propa
gation of virus stocks was performed using permissive cells cultured on T75 flaks and infected with the multiplicity of infection (MOI) 
of 1.0 or 0.1 for 1 h at 37 ◦C of virus suspension. MHV-A59 infected cells were frozen in their culture flasks after 48h. Then, cells were 
subjected to three freeze-thaw cycles to allow the release of the virus. The contents of the flasks were centrifuged at 3.000g for 10 min 
to separate the virus from cell debris. The supernatant was filtered through 0.20 μm, tittered on L929 cells, and freezer at − 70 ◦C. For 
titration, L929 cells, kindly provided by Dr. Carlos Guerrero (Universidad Nacional de Colombia), were seeded in 12-well plates at a 
concentration of 1.2 × 105 per well and cultured overnight. The supernatant virus was assayed following serial dilution in DMEM after 
removing the culture medium. For each 10-fold dilution up to 10-5, each well was inoculated with 200 μl of the virus suspension. 
Following adsorption at room temperature for 60 min, plates were overlaid with DMEM plus 2 % FBS containing 0.6 % agarose. 
Plaques were visualized in the L929 monolayers at 48 h post-infection with 0.5 % crystal violet following fixation with 20 % formalin 
for 30 min. Finally, plaque-forming units (PFU) per milliliter were calculated. 

Melanoma B16–F10 cell line (American Type Culture Collection, Manassas, VA, USA) was cultured in RPMI-1640 (Gibco, Life 
Technologies, NY, USA). Obtaining the CRISPR clones (PERK KO, beclin K.O., and XBP-1 KO) was previously described [17,18]. The 
medium was supplemented with heat-inactivated fetal calf serum (10 %), 2 mmol/L L-glutamine, 100 U/mL penicillin, 100 μg/mL 
streptomycin, and 25 mmol/L Hepes buffer (Gibco, Life Technologies, NY, USA). Cells were incubated in a humidified environment at 
37 ◦C and 5 % CO2 and grown until 75 % confluence. Cells were collected using 1x trypsin/EDTA (ethylenediamine-tetra-acetic acid) 
0.25 % phenol red (Gibco, Life Technologies, NY, USA). B16–F10 cells and clones were seeded in 12-well plates at a concentration of 
1.5 × 105 per well and cultured overnight until confluence, and the infection process was carried out as previously mentioned. 

2.3. Viral inhibition assays 

L929 cells were seeded in 12-well plates at a concentration of 1.2 × 105 per well and cultured overnight. Cells were pretreated for 2 
h with the extracts or controls, washed twice with PBS 1X, and inoculated with 200 μl of the virus suspension to 0.1, 0.01, or 0.001 MOI 
in DMEM, 1 h at room temperature (RT) in agitation. The virus inoculum was removed, and alternatively, cells were treated again or 
not with extracts for 6, 12, or 24h. Supernatants were collected for plaque assays. The cells were collected to evaluate proteins by 
Western blot and ROS assays by flow cytometry. 

2.4. ROS evaluation 

The generation of intracellular reactive oxygen species (ROS) in L929 cells was performed using the 6-carboxy-2′,7′-dichlor
odihydrofluorescein diacetate (H2DCFDA) ROS-sensitive fluorescent probe (1 μM). L929 cells grown in 12-well until confluence, then 
infected with a MOI of 0.1, 0.01, or 0.001 of the MHV-A59 virus in the presence or absence of ½ of the IC50 (inhibitory concentration 
50) calculated in viability assays of P2Et and Anamu SC (SC) extracts, or with chloroquine (CQ). Treatments were placed all the time, 
both during adsorption and viral replication. After 24 h of infection with MHV-A59, L929 cells were recovered, and 2.5 × 105 cells per 
condition were labeled with the H2DCFDA probe for 30 min at 37 ◦C, and before of analyzed by flow cytometry, propidium iodide was 
added to a final concentration 1 μg/mL. Then, cells were acquired using FACSAria IIU, and the results were subsequently analyzed 
using FlowJo 10.8.1 Software. The data are expressed as the ratio of fluorescence/fluorescence of the non-stimulated control. Each 
assay was performed in duplicate, and the results are expressed as the mean ± SD for 3 independent experiments. 

2.5. UPR and autophagy analysis 

The induction of UPR and autophagy during infection and treatments were analyzed. Thus, L929 was pretreated for 2h or not with 
P2Et and Anamu SC, washed twice with PBS 1X, and inoculated with 200 μl of the virus suspension to 0.1 MOI in DMEM, 1 h at RT in 
agitation. Then they were infected and cultured for 12 h. As a control, non-infected cells were used. Plant extracts were maintained 
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during infection time. The protein and RNA were obtained to analyze UPR and autophagy gene expression by Western blot and reverse 
transcription-polymerase chain reaction (qPCR). Autophagy was evaluated by transfecting L929 cells with mRFP-GFP tandem 
fluorescent-tagged LC3 (tfLC3) protein that allows differentiation between autophagosomes and autolysosomes, detecting by confocal 
microscope yellow dots or red dots, respectively [23]. After transfection, L929 cells were infected or not in the presence of treatments. 

2.6. Autophagy analysis by confocal microscopy 

L929 cells were transfected with mRFP-GFP tandem fluorescent-tagged LC3 protein and cultured on slides covered with fibro
nectin. Then, the cells were infected or not with a MOI of 0.1 in the presence or not of the extracts P2Et and Anamu SC extracts or of CQ 
for 12 h. Nuclei cells were stained with 300 nM DAPI, then cells were fixed with 4 % PFA solution, and coverslips with cells were 
mounted on slides with ProLong® Antifade Reagent (Life Technologies). A z-stack of 640 × 640 pixels images was acquired with a laser 
scanning confocal microscope FV1000 (Olympus) using UPLSAPO 60×1.35 NA oil immersion objective. 405 nm, 488 nm, and 543 nm 
laser lines were used to excite DAPI, GFP, and RFP fluorescences at 10 us/pixel speeds. Images were acquired and analyzed using the 
Fluoview software of Olympus. Red and yellow puncta were counted. 

2.7. Western blot analysis 

Cells were treated and infected as described above. Then the cells were lysed on ice for 20 min with RIPA buffer. A total of 20 μg of 
protein were separated on 15 % (for LC3 I/II) or 10 % polyacrylamide SDS-PAGE and transferred to PVDF membranes. The PVDF 
membranes were blocked in TBS-T supplemented with 5 % Bovine Serum Albumin (BSA) or 5 % Nonfat Milk nonfat for 1 h at room 
temperature CO2, following the manufacturer’s instructions for the primary antibody. Primary antibodies anti-PERK (3192, Cell 
Signaling Technology), anti-p-PERK (3179, Cell Signaling Technology), anti-LC3 I/II (12741, Cell Signaling Technology), anti-β-actin 
(MAB8929, R&D systems), anti-Keap-1 (8047, Cell Signaling Technology), and anti-nucleoporin p62 clone 53 (610498, Bec
ton–Dickinson) were incubated overnight. Appropriate secondary antibodies conjugated with horseradish peroxidase were used 
(Molecular Probes, Invitrogen) and detected using Super Signal West Pico chemiluminescent substrate (Pierce). Band protein images 
were obtained using iBright™ FL1500 Imaging System (Thermofisher). 

2.8. Reverse transcription–polymerase chain reaction (qPCR) 

Total RNA from treated cells with or without MHV infection or supernatants was extracted using TRIzol LS reagent (Life Tech
nologies, Waltham, MA, USA) following the manufacturer’s instructions. RNA quality and quantity were assessed with a NanoDrop 
spectrophotometer (NanoDrop Technologies). Complementary DNA (cDNA) was synthesized from total RNA with SuperScripts III 
Reverse Transcriptase, following the manufacturer’s instructions (Life Technologies Corporation, Invitrogen, NY, USA). For real-time 
PCR reaction, 600 ng of cDNA, DNA Master Plus SYBR Green I (Roche Applied Science, IN, USA), and 250 nM forward and reverse 
primers were added in a total volume of 20 μL. Primer sequences are shown in Table 1. Reactions were performed in duplicates using 
QuantStudio 3 Real-Time PCR systems (ThermoFisher Scientific, Waltham, MA, USA). The relative expression of the genes associated 
with the UPR was normalized to the endogenous control gene GAPDH. Relative expression was calculated using the 2− ΔΔCT 
comparative method [24]. 

2.9. Statistical analysis 

Statistical analysis of the significance between two groups was calculated using two-tailed unpaired and paired Student’s t-test for 
most statistical analyses and a p value of <0.05 was considered statistically significant. The statistical test results are indicated in each 
figure: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001. Statistical analyses were performed in GraphPad Prism version 8.0. 

Table 1 
Primers used in the SYBR green real-time PCR analyses.  

Primer name Sequence (5′ - 3′) Annealing temperature (◦C) 

MHV_F CAGATCCTTGATGATGGCGTAGT 57 
MHV_R AGAGTGTCCTATCCCGACTTTCTC 
CHOP_F GTCCCTAGCTTGGCTGACAGA 59 
CHOP_R TGGAGAGCGAGGGCTTTG 
sXBP1_F AAGAACACGCTTGGGAATGG 56 
sXBP1_R CTGCACCTGCTGCGGAC 
tXBP1_F GACAGAGAGTCAAACTAACGTGG 56 
tXBP1_R GTCCAGCAGGCAAGAAGGT 
BiP_F TCATCGGACGCACTTGGAA 56 
BiP_R CAACCACCTTGAATGGCAAGA 
EDEM_F AAGCCCTCTGGAACTTGCG 59 
EDEM_R AACCCAATGGCCTGTCTGG 
GAPDH_F TCAACAGCAACTCCCACTCTTCCA 56 
GAPDH_R ACCCTGTTGCTGTAGCCGTATTCA  
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3. Results 

3.1. Natural extracts P2Et and Anamu SC decrease virus infection by MHV-A59 

Initially, the viability of L929 fibroblasts was assessed to determine if the extracts alone had any impact. The IC50 was determined 
using an MTT assay. The IC50 values for Anamu SC and P2Et were found to be 226 ± 57.4 μg/mL and 119.6 ± 8.5 μg/mL, respectively 
(Fig. 1a). To ensure cell viability during the treatment with the extracts, half of the IC50 was used in the viral inhibition experiments. A 
lower concentration (the fifth part of the IC50) was included to determine if it similarly affected virus infection. Then, we evaluated the 
permissibility of murine fibroblast cell line L929 for MHV-A59 infection using three different MOI 0.01 viral particles per cell as 
described before [25], and one MOI higher (0.1) or one lower (0.001) than 0.01. After infection, supernatants were collected, and the 
virus yield was determined by plaque-forming units (PFU) assay on L929. An apparent dose-response effect was found (Fig. 1b and c). 
Furthermore, we evaluated viral proteins present in supernatants detecting NSP9 by Western blot. At 12 h post-infection, the large 
polyprotein precursor was detected. However, mature NSP9 was detected only 24 h post-infection (Fig. 1d). 

L929 cells were infected with the half or fifth part of the IC50 of each extract to determine whether P2Et or Anamu SC could inhibit 
viral infection. The extracts were added during the 2 h before starting the viral adsorption (treatment I. Pre), during the virus 
replication (treatment II. Post), or both, maintaining the extract before viral adsorption and virus replication (treatment III. Pre and 
post) (Fig. 2a). Culture supernatants were collected after infection and used to assess the number of infectious virus particles released. 
Using a MOI of 0.1, the inhibition of virus yield was observed under treatment with both P2Et and Anamu SC, mainly when the extracts 
were maintained all the time (Fig. 2b and c). Surprisingly, our findings revealed distinct effects of the extracts when administered at 
different stages of the viral life cycle. Although Anamu SC extract tended to increase virus production when administered solely during 
virus replication, it hinted at an ability to interfere with viral adsorption. In contrast, both P2Et and Anamu SC extracts, when 
administered during both adsorption and viral replication stages, effectively reduced the infection caused by the MHV-A59 virus in 
L929 cells. Therefore, in order to have a comparative approximation on the role of cellular stress in the antiviral activity associated 
with these natural extracts, it was decided to carry out the other analyzes maintaining the extracts both during adsorption and during 
viral replication. The antiviral effects of the extracts were further confirmed by comparison to the control molecules, chloroquine, N- 
acetylcysteine (NAC), and quercetin, which exhibited inhibition of virus yield (Fig. 2b and d). Supplementary Fig. 2 shows that when 
cells were treated with P2Et during virus infection at MOI of 1, 0.1, and 0.001, there is a tendency that the cycles required to amplify 

Fig. 1. Establishment of the viral infection model. (a) The IC50 for P2Et and Anamú SC was calculated by the 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay. The results are expressed as the mean ± SD for 3 independent experiments. (b) Plaque assay images 
using infectious MHV-A59 viral particles at a multiplicity of infection (MOI) of 0.1, 0.01, and 0.001 to infect L929 cells, after 24 h of infection, 
supernatants were recovered and titrated using dilutions 10− 2, 10− 3, 10− 4 and 10− 5. (c) Mean virus supernatant titers (Log Plaque Forming Units 
(PFU)/mL) of plate assays. (d) Cells infected in this multiplicity of infection (MOI) were recovered at 12 or 24 h and the proteins were resolved in 
SDS-PAGE and after being transferred to polyvinylidene difluoride (PVDF) membranes they were tested with an anti-NSP9 antibody. The results are 
expressed as the mean ± SD for 3 independent experiments. The p values were calculated using Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001. 
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the N gene increase, reflecting that less viral genome is released in the supernatants. Similar results were observed with chloroquine 
while Anamu SC presented ambiguous results using 1/5 or 1/2 of IC50. These results highlight the potential of P2Et and Anamu SC 
extracts as therapeutic candidates against MHV-A59 infection. 

3.2. P2Et and Anamu SC modulate oxidative stress induced by MHV-A59 

It has been proposed that compounds that modulate oxidative stress can affect viral adsorption and replication. Therefore, we 
wanted to evaluate whether treatment with natural extracts during coronavirus infection affected intracellular ROS levels contributing 
to the virus infection. For this, extracts were used before the adsorption and during virus replication (III. Pre y post). As expected, the 
viral infection of L929 fibroblasts with MHV increases ROS detection, depending on the number of infectious viruses used. In principle, 
the two extracts behaved differently on uninfected L929 cells where P2Et was antioxidant while Anamu SC was pro-oxidant. However, 
treatment with the P2Et extract decreased ROS induced by the viral infection in a MOI-dependent manner. 

Interestingly, the effect of Anamu SC on infected cells depended on the level of oxidative stress generated by the virus. It maintained 
ROS induced by a viral MOI of 0.1 with a slight increase and behaved as an antioxidant with a virus MOI of 0.01 (Fig. 3a and b). 
Additionally, we also observed a decrease in the protein expression of Keap1 by Western blot, one protein involved with oxidative 
stress regulation, when L929 cells were infected with MHV, the virus interaction with Keap1 had been reported in several viral diseases 
as a mechanism used for viral replication after the induction of oxidative stress [26]. The effect over Keap1 was contra rested by P2Et, 

Fig. 2. P2Et and Anamu SC inhibit viral production. L929 cells were infected with a multiplicity of infection (MOI) of 0.1 of the MHV-A59 virus 
in the presence or absence of ½ of the IC50 of the P2Et and Anamu SC extracts, with chloroquine, quercetine, and N-acetylcysteine (NAC). 
Treatments were placed all the time both during adsorption and viral replication. In some experiments some treatments were applied only during 
viral adsorption or only during viral replication. After 24 h of infection the supernatants were recovered and tittered in a plaque assay using di
lutions of 10− 2, 10− 3, 10− 4 and 10− 5. (a) Scheme that represents the different treatment conditions (I. Pre, II. Post or III. Pre and post infection). (b) 
Antiviral efficacy of the treatments in plaque assay. (b) Mean virus supernatant titers (Plaque Forming Units (PFU/mL)). (c) Percentages of viral 
inhibition of MHV-A59. In all cases, data are represented as the mean ± SD for 3 to 5 independent experiments. The p values were calculated using 
Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001. 
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CQ, NAC, and Quer, showing a relevant role of oxidative stress in viral replication (Fig. 4b). On the other hand, the treatment with 
Anamu SC decrease Keap1 expression in uninfected and infected cells showing that the inhibitory role of Anamu SC could be inde
pendent of the oxidative stress induction. These results suggest that P2Et’s antiviral activity is linked to oxidative stress reduction, 
whereas Anamu SC suppresses viral infection through a variety of mechanisms, including oxidative stress modulation. Nevertheless, 
the precise relationship between oxidative modulation and antiviral effect should be confirmed by combining the extracts with 
treatments, antioxidants, or pro-oxidants. 

3.3. P2Et and Anamu SC modulate the UPR response and autophagy during MHV-A59 infection 

Oxidative stress in cells can trigger stress response mechanisms such as the induction of the unfolded protein response (UPR) and 

Fig. 3. P2Et and Anamu SC extracts differentially modulate oxidative stress induced by viral infection. L929 cells were infected with a 
multiplicity of infection (MOI) of 0.1, 0.01 or 0.001 of the MHV-A59 virus in the presence or absence of ½ of the IC50 of the P2Et and Anamu SC (SC) 
extracts, or with chloroquine (CQ). Treatments were placed all the time both during adsorption and viral replication. After 24 h of infection with 
MHV-A59 the L929 cells were recovered and challenged with the H2DCFDA probe. Then, cells were acquired using FACSAria IIU, and the results 
were subsequently analyzed using FlowJo 10.8.1 Software. (a) Representative image of the mean fluorescence intensity (MFI) histograms of the 
probe. (b) Analysis of the data obtained from different independent experiments. UT (untreated cells). In all cases, data are represented as the mean 
± SD for 3 independent experiments. The p values were calculated using Student’s t-test. *p < 0.05; **p < 0.01. 
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autophagy. Coronaviruses have been proposed to have the ability to modulate both UPR and autophagy to promote viral replication 
[13]. P2Et extract has recently shown that it can regulate both mechanisms, UPR and autophagy [17,18]. Initially, to evaluate the 
participation of the UPR response in the antiviral mechanisms of our extracts, the expression of BiP, CHOP, EDEM, sXBP-1, and tXBP-1 
genes was evaluated using the mRNA recovered from infected cells treated or not with P2Et, Anamu SC, and controls (NAC and 
quercetin) for 12 h (Fig. 4a). As expected, the single infection of the cells with MHV-A59 increased the expression of all UPR-related 
genes, particularly the generation of a splicing-induced form of XBP-1 (sXBP-1). Interestingly, P2Et does not induce ER stress on 
uninfected L929 cells. At the same time, in non-infected cells, Anamu SC increased the expression of all evaluated markers (Fig. 4a). 

Additionally, when P2Et was used as a treatment during viral infection, the expression of BiP and tXBP-1 decreased markedly, 
similar to the results observed with the antioxidant NAC and the polyphenol quercetin downregulate some of the genes during 
infection. In contrast, Anamu SC clearly increased the expression of BiP, CHOP, and EDEM, with a tendency to increase sXBP-1 
(Fig. 4a). On the other hand, EDEM increase has been associated with better antiviral response promoting cell survival, decreasing 
ER stress, and the secretion of viral particles [27,28]. Our results showed that Anamu SC antiviral activity would be involved with 
increased EDEM. Furthermore, we observed a significant increase in EDEM expression, approximately four-folds higher than unin
fected and untreated cells, indicating a potential association between REDOX regulation, UPR, and viral infection. Western blot 
analysis revealed that MHV-A59 infection activates UPR via PERK phosphorylation, and both P2Et and chloroquine treatments further 
enhanced this effect (Fig. 4b). EDEM is involved in the quality control mechanism of the ER and plays a role in ER-associated 
degradation (ERAD) of misfolded proteins. While EDEM itself is not directly linked to autophagy, a functional relationship exists 
between ERAD and autophagy contributing to cell homeostasis [29]. 

In this study, the role of autophagy was assessed in cells infected with P2Et or treated with Anamu SC at 12 and 24 h. Both the 
infection and treatment increased the levels of the LC3-II form associated with autophagy induction, with chloroquine inhibiting 
autophagy and leading to an excessive accumulation of LC3-II (Fig. 4b). To analyze autophagic flux, cells were transfected with LC3- 
GFP-RFP plasmids and then infected with the virus. Confocal microscopy revealed the presence of yellow dots (indicating autopha
gosome accumulation) and red dots (representing autolysosomes). The virus slightly induced autophagosome accumulation, possibly 
as an escape mechanism from autolysosome degradation, while P2Et induced autophagic flux in both uninfected and infected cells, as 
previously reported [17]. 

Interestingly, the Anamu SC extract generated of large autophagosomes in infected and uninfected cells. However, a significant 
number of autolysosomes (indicated by red dots) were observed, indicating an active autophagic flux (Fig. 4c). Furthermore, Western 
blot results of cells treated with Anamu SC exhibited a decrease of p62 level, implying an enhanced autophagic flux. It is worth noting 

Fig. 4. P2Et and Anamu SC differentially modulate the UPR response and autophagy in virus-infected cells. (a) L929 cells were infected with 
a multiplicity of infection (MOI) 0.1 of the MHV-A59 virus in the presence or absence of ½ of the IC50 of the P2Et and Anamu SC (SC) extracts, or 
with chloroquine (QC), N-acetylcysteine (NAC) and quercetin (Quer). After 12 h of infection the mRNA was recovered by trizol which was sub
sequently used to generate cDNA and then used to amplify with the appropriate primers of the BiP, CHOP, EDEM sXBP-1 and total XBP-1 genes. 
Expression levels were normalized and expression levels relative to cells treated with the mock negative control were calculated and shown. Each 
assay was performed in duplicate for 3 independent experiments. Gray date represented non-infected cells and blue date represented infected cells. 
(b) L929 cells treated with mock or infected with MOI of 0.1, 0.01 and 0.001 of MHV-A59 or treated with P2Et, Anamu SC (SC), or chloroquine (CQ) 
for 12 or 24 h were lysed and the proteins were used to determine the levels of LC3I and LC3-II, p62, PERK, p-PERK and keap-1 by Western blot. (c) 
L929 cells transfected with the LC3-GFP-RFP expression plasmid and seeded on fibronectin-coated slides. The cells were infected or not with a MOI 
of 0.1 in the presence or not of the extracts P2Et and Anamu SC extracts, or of CQ. Cells were visualized using the Olympus FV1000 confocal 
microscope. In all cases, data are represented as the mean ± SD. The p values were calculated using Student’s t-test. *p < 0.05; **p < 0.01. 
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that previous studies have demonstrated that excessive protein accumulation can lead to the formation of protein aggregates inde
pendent of autophagy, and incorporation of LC3 during transient transfection [30,31]. In this context, the observed autophagic flux 
induced by Anamu SC may be associated with UPR activation. These findings suggest that both extracts possess the potential to 
modulate autophagy, possibly through distinct mechanisms. However, further investigation is warranted to elucidate these mecha
nisms in a more comprehensively. 

3.4. Loss of PERK decreases slightly virus yield after MHV-A59 infection 

To investigate the involvement of UPR and autophagy role in MHV-A59 virus infection, we used B16–F10 melanoma cells that were 
genetically modified to lack expression of specific genes associated with these pathways (PERK, XBP-1 and Beclin-1) using the CRISPR/ 
Cas-9 system [17,18]. We determined the viral yield by measuring PFU in the supernatants of B16–F10 cells infected with varying 
MOIs. Interestingly, B16–F10 cells exhibited increased permissiveness to MHV-A59 virus infection compared to control cells (Fig. 5a). 
This could be attributed to the higher expression of the murine virus receptor MHV-A59 in epithelial cells, as it belongs to the car
cinoembryonic antigen family. Notably, the loss of the PERK gene resulted in a decrease in virus yield, suggesting that UPR mediated 
by PERK plays a role in virus replication. However, the absence of Beclin-1 and XBP-1 did not significantly impact virus yield (Fig. 5a 
and b), indicating that they may not directly influence viral replication. These findings provide valuable insights into the role of UPR, 
mainly via the PERK pathway, in mediating MHV-A59 virus replication. 

3.5. P2Et and Anamu SC support the generation of DAMPs induced during viral infection by MHV-A59 

While the impact of viral infection on the generation of damage-associated molecular patterns (DAMPs), such as calreticulin 
exposure on the cell surface, remains largely unexplored, it has been speculated that DAMP accumulation could serve as potent signals 
to enhance the antigen-specific immune response [32]. Calreticulin (CRT) exposure is crucial in immunogenic cell death, regulated by 
UPR proteins. Some studies have indicated that viruses possess proteins capable of disrupting pathways associated with CRT exposure 
on the membrane of infected cells, thereby dampening the antiviral immune response [33,34]. Considering the role of the UPR in 
MHV-A59 infection with our previous findings demonstrating the ability of the P2Et extract to modulate this signaling pathway [18], 
we aimed to investigate whether the modulation of oxidative stress using plant extracts could also contribute to the activation of the 
immune system. Thus, L929 cells were initially infected with an MOI of 0.1 or left uninfected. Subsequently, the cells were treated with 
P2Et and Anamu SC extracts, chloroquine, NAC, or quercetin. Flow cytometry analysis was performed after 24 h to assess calreticulin 
levels on the cell surface. Our findings revealed that virus infection led to a modest increase in calreticulin surface expression. 
Interestingly, treatment of uninfected cells with P2Et, Anamu SC, or chloroquine tended to enhance calreticulin levels on the cell 
surface, while antioxidant treatments showed no effect, as expected. Interestingly, only the Anamu SC extract increased calreticulin 
levels during the infection, probably associated with the UPR increase (Fig. 6). These results showed that Anamu SC, unlike other 
treatments, increases calreticulin surface exposure and maintains the exposure after the infection. 

Fig. 5. Loss of PERK decreases viral production in B16 cells. B16 SCR or KO cells for PERK, XBP-1 or beclin-1 were infected with the MHV-A59 
virus at a multiplicity of infection (MOI) of 0.01. After 24 h the supernatants were collected and the viral production was calculated through the 
plaque formation assay using dilutions of 10− 2, 10− 3, 10− 4 and 10− 5. (a) Representative images in plaque assay. (b) Mean virus supernatant titers 
(Log 10 Plaque Forming Units (PFU/mL)). Data are represented as the mean ± SD for 3 independent experiments (triplicate for SCR and PERK KO 
and duplicate for Beclin and XBP-1). The p values were calculated using Student’s t-test. **p < 0.01; ****p < 0.0001. 
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4. Discussion 

This study’s primary goal was to evaluate the P2Et and Anamu SC extracts’ inhibitory effects on viral adsorption and/or replication. 
The findings demonstrated that whilst P2Et has a more noticeable effect on viral reproduction, Anamu SC mainly seems to inhibit viral 
adsorption. (Fig. 2). These findings are consistent with prior studies illustrating the antiviral properties of plant-derived natural 
compounds, which operate through various mechanisms. For instance, delphinidin and epigallocatechin-3-gallate (EGCG) directly 
interfere with the attachment of the hepatitis C virus (HCV) to host cells, thereby preventing viral entry but not replication [35]. Other 
polyphenols, such as isoquercetin, prevent clathrin-mediated internalization by the Zika virus [36]. Also, Polygonum cuspidatum, a 
bioactive botanical material, has been shown to alter dengue virus infectivity, possibly by interacting with structural components on 
the surface of viral particles such as with the E envelope glycoprotein, which is responsible for cell adhesion and viral entry [37,38]. 
Consequently, resveratrol an essential antioxidant representant secreted by plants, allows the retention of HMGB1 (high mobility 
group box 1) at the nuclear level, and that, consequently, can bind to the region of the interferon-stimulated gene promoter, 
contributing to decreased viral replication. Thus, our findings, combined with the existing literature, suggest that natural compounds, 
including those present in P2Et and Anamu SC extracts, can exert antiviral effects through diverse mechanisms that target different 
stages of the viral lifecycle. 

Prior research has demonstrated how viral infections disturb the redox balance, creating a pro-oxidant milieu that promotes virus 
reproduction and heightens pathogenicity [39–41]. Our goal was to investigate how the extracts affect oxidative stress during virus 
infection. Anamu SC extract increased ROS in uninfected cells, and its impact on oxidative stress depended on the viral load. In 
contrast, P2Et extract consistently maintained its antioxidant activity regardless of the virus load. Further analysis identified sulfur 
compounds, sterols, triterpenes, and flavonoids, known as REDOX and UPR regulators, in the Anamu SC extract [42]. In viral in
fections, NRF2 is activated both directly and indirectly. In the case of Marburgvirus (MARV), a hemorrhagic fever virus of the Filo
viridae family, when it binds to KEAP1, the viral protein VP24 releases and activates NRF2 directly. In HIV infection, a human 
retrovirus belonging to the lentivirus family, increased ROS levels produced by infected macrophages or glial cells trigger NRF2 
activation via the Tat transcription factor. These findings suggest that viruses like HIV and MARV exploit the cellular antioxidant 
response for their benefit during replication [26]. In the context of our study, the differential effects on intracellular ROS levels during 
MHV-A59 cell infection and treatment with natural extracts may reflect variations in their antiviral capacity, highlighting the delicate 
balance between antioxidant and pro-oxidant environments in viral infection. P2Et, primarily composed of polyphenols, consistently 
exerted its antioxidant effect regardless of the viral dose. The induced cellular stress during viral infection, exacerbated by Anamu SC 
extract, could explain the increased virus replication observed when the extract was used solely during virus replication. The scientific 
literature has documented on multiple occasions the antiviral effect induced by antioxidant mechanisms as increases the concentration 
of enzyme antioxidants. However, it is important to note that research on the prooxidant effect as an antiviral strategy has received 
limited attention to date. These findings emphasize the importance of investigating the interplay between oxidative stress, viral 
infection, and the modulation of cellular redox pathways. 

In this context, alterations in ROS levels are accompanied by protein synthesis damage during viral infections, leading to the in
duction of the UPR that aims to restore ER homeostasis by regulating protein folding, trafficking, and degradation. Recent studies have 
highlighted the induction of ER stress during coronavirus infections activating all three UPR branches (IRE1, PERK, and ATF6) [13]. As 
expected, cells infected with coronavirus strain MHV-A59 upregulated UPR-related genes, particularly IRE-1a/XBP-1. Similar effects 
have been observed in other viral models like dengue virus, where UPR response and autophagy induction aid viral replication [43]. 
Notably, the use of P2Et therapy during viral infection reduced the expression of BiP and tXBP-1, akin to the effects of antioxidants 
NAC and quercetin. The downregulation of UPR-related genes by P2Et indicates its potential in alleviating ER stress caused by viral 

Fig. 6. P2Et and Anamu SC extracts maintain the generation of DAMPs induced by infection with the MHV-A59 virus in L929 cells. L929 
cells were infected with a multiplicity of infection (MOI) of 0.1 of the MHV-A59 virus in the presence or absence of ½ of the IC50 of the P2Et and 
Anamu SC extracts, or with chloroquine (CQ), N-acetylcysteine (NAC), and quercetin (Quer). After 24 h of infection the cells were recovered and 
labeled with antibodies to visualize the surface expression of calreticulin (CRT). Then, cells were acquired using FACSAria IIU, and the results were 
subsequently analyzed using FlowJo 10.8.1 Software. (a). Representative histograms of mean fluorescence intensity (MFI) of CRT. (b) Fold change 
of MFI of CRT. Data are represented as the mean ± SD for 3 independent experiments. The p values were calculated using Student’s t-test. *p < 0.05; 
**p < 0.01; ***p < 0.001. 
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infection, which is necessary for viral protein synthesis. This highlights the potential of plant-derived antioxidants in coronavirus 
prevention. On the other hand, Anamu SC treatment during viral infection increased the expression of BiP, CHOP, and EDEM, sug
gesting a stronger antiviral response, reduced ER stress, and inhibited viral particle secretion. This increase in EDEM expression in
dicates a possible link between REDOX regulation, UPR, and viral infection. 

Our mechanistic analyses found that silencing PERK, but not XBP-1 or Beclin-1, slightly decreased viral production during MHV- 
A59 infection, suggesting that induction of the UPR pathway by this pathway is essential to promote viral replication. On the other 
hand, we have recently shown that both the PERK genes of the UPR pathway and the beclin-1 protein genes of autophagy favour the 
exposure of DAMPs associated with immunogenic cell death (ICD) induced by the treatment of tumour cells with the P2Et extract [17, 
18]. Although the association of ICD induction during viral infection has yet to be widely described, the concept has begun to develop 
using viruses with oncolytic potential [44]. However, it was found that Anamu SC of L929 fibroblasts with MHV-A59 increased 
calreticulin exposure on the plasma membrane. This fact is consistent with the findings of UPR induction during MHV-A59 infection 
since the involvement of the PERK pathway in calreticulin exposure on the cell surface is established [45]. Interestingly, both P2Et and 
Anamu SC maintain calreticulin exposure induced by a viral infection in contrast to CQ, quercetin, or NAC treatments. The relevance of 
calreticulin exposure in the induction of the immune response during coronavirus infection should be studied further. 

In a study mirroring observations in the MHV-A59 mouse model, both P2Et extract and Anamu SC were found to inhibit COVID-19 
viral replication in Vero E6 cells from patient isolates. A Phase II clinical trial in COVID-19 patients treated with P2Et demonstrated a 
2.7 day earlier hospital discharge compared to the placebo group, accompanied by a significant reduction in pro-inflammatory cy
tokines [20]. These findings suggest that these natural extracts, particularly P2Et, can effectively treat human coronavirus infections. 
However, further research is needed to understand the underlying mechanisms and the impact of these extracts on virus adsorption 
versus replication. 

Our research suggested that these extracts have various mechanisms to combat coronaviruses. P2Et mainly hinders viral replication 
by reducing ROS production and ER stress, while Anamu SC extract increases ROS production and may aid protein degradation 
through the unfolded protein response (UPR). Anamu SC extract also enhances calreticulin exposure during virus-cell infection. The 
differing effects on intracellular ROS levels during MHV-A59 infection and treatment with these extracts highlight the delicate balance 
between antioxidants and pro-oxidants in viral infections. This underscores the importance of understanding how viral infections, 
cellular stress responses, and redox pathways interact. These distinct mechanisms of action provide a basis for further exploration of 
P2Et and Anamu SC plant extracts as potential therapies against coronaviruses. 

The use of plants as a source of antiviral chemicals is noteworthy due to its quantity of chemical components, such as polyphenols, 
alkaloids, and terpenoids, as well as its sustainability when compared to the chemical production of pharmaceuticals. This diversity 
increases the number of therapeutic alternatives accessible and raises the likelihood of discovering useful chemicals, which may lead to 
more study and clinical trials. The complexities inherent in the interaction between plants and viruses, as well as the deepening 
understanding of the underlying mechanisms by which P2Et and Anamu SC inhibit viral replication, represent key challenges in our 
research that must be addressed to strengthen the knowledge base and maximize the applicability of our findings. The apparent 
differential modulation of oxidative stress by these two extracts with antiviral capacity represents a possible target for antiviral 
therapy; however, this association should be further evaluated mechanistically. 
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