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A B S T R A C T   

Porcine epidemic diarrhea (PED) is a contagious intestinal disease caused by α-coronavirus porcine epidemic 
diarrhea virus (PEDV). At present, no effective vaccine is available to prevent the disease. Therefore, research for 
novel antivirals is important. This study aimed to identify the antiviral mechanism of Veratramine (VAM), which 
actively inhibits PEDV replication with a 50 % inhibitory concentration (IC50) of ~5 µM. Upon VAM treatment, 
both PEDV-nucleocapsid (N) protein level and virus titer decreased significantly. The time-of-addition assay 
results showed that VAM could inhibit PEDV replication by blocking viral entry. Importantly, VAM could inhibit 
PEDV-induced phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) activity and further suppress micro-
pinocytosis, which is required for PEDV entry. In addition, PI3K inhibitor LY294002 showed anti-PEDV activity 
by blocking viral entry as well. Taken together, VAM possessed anti-PEDV properties against the entry stage of 
PEDV by inhibiting the macropinocytosis pathway by suppressing the PI3K/Akt pathway. VAM could be 
considered as a lead compound for the development of anti-PEDV drugs and may be used during the viral entry 
stage of PEDV infection.   

1. Introduction 

Porcine epidermic diarrhea virus (PEDV) is an alphacoronavirus and 
belongs to the Coronaviridae family (Carstens and Ball, 2009; Pensaert 
and de Bouck, 1978). It can cause porcine epidemic diarrhea (PED), a 
contagious intestinal disease characterized by vomiting, diarrhea, and 
dehydration (Have et al., 1992; Sueyoshi et al., 1995). PED was first 
found in 1971 in Britain, and was first identified in the 1980s in China. 
In October 2010, a PEDV variant strain caused a large-scale outbreak of 
PED in China (Sun et al., 2012; Wang et al., 2013), resulting in 
tremendous economic losses (Sun et al., 2012). PEDV is an enveloped, 
single-stranded, positive-sense RNA virus. The PEDV genome is 
approximately 28 kb in length, and synthesizes four structural proteins, 
namely spike (S), envelope (E), membrane (M), and nucleocapsid (N), 
and four nonstructural proteins, namely pp1a, pp1b, and ORF3 (Bridgen 

et al., 1998; Kocherhans et al., 2001; Song and Park, 2012). 
The PEDV lifecycle comprises different stages, such as binding, entry, 

replication and release. The PEDV receptor is still ambiguous and brings 
great difficulties in antivirals targeting receptors. At least four endocytic 
pathways could be used for PEDV entry, such as clathrin-mediated 
endocytic pathway (Abu-Eid and Ward, 2021; Fan et al., 2019; Kee 
et al., 2004; Wei et al., 2020), caveolae-mediated endocytic pathway, 
lipid raft-mediated endocytic pathway, and macropinocytosis pathway 
(Luo et al., 2017). Therefore, these endocytic pathways could be po-
tential antiviral targets. 

Macropinocytosis is a transient, growth factor-induced, actin- 
dependent endocytic pathway that leads to the internalization of fluid 
and membrane into large vacuoles. A lot of viruses enter the cell through 
the macropinocytosis pathway, such as Vaccinia virus (Huang et al., 
2008; Locker et al., 2000; Mercer and Helenius, 2008), Adenovirus 2, 3, 
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5 (Ad2, 3, 5) (Amstutz et al., 2008; Hayashi and Hogg, 2007; Meier et al., 
2002; Sirena et al., 2004), Echovirus 1 (EV1) (Karjalainen et al., 2008), 
Coxsackievirus B (CVB) (Coyne and Bergelson, 2006; Coyne et al., 
2007), Herpes simplex virus 1 (HSV1) (Nicola et al., 2005), Human 
immunodeficiency virus (HIV) (Liu et al., 2002; Nguyen et al., 2006; 
Wang et al., 2008a), Rubella virus (RB) (Kee et al., 2004), and African 
swine fever virus (ASFV) (Sanchez et al., 2012). Blocking the macro-
pinocytosis pathway reduces the infectivity and even wipes out the 
virus. 

Previous studies reported that some compounds could inhibit PEDV 
infection and replication. Multiple targets are present for therapeutic 
intervention against PEDV infection, including viral entry into host cells 
and proteolysis of a viral polypeptide by the 3C-like serine/3C-like 
protease to release nonstructural proteins in host cells. For example, 
Quercetin 7-rhamnoside (Q7R) could inhibit PEDV during the early 
stage of infection in a reactive oxygen species-independent manner 
(Choi et al., 2009; Song et al., 2011). Moreover, hypericin and other two 
compounds have been shown to possess inhibitory activity against PEDV 
by targeting 3C-like serine/3C-like protease (Shi et al., 2018; Zhang 
et al., 2021). Furthermore, treatment with trichlormethiazide, D-(+) 
biotin, and glutathione could also inhibit PEDV by binding to the N 
protein (Deejai et al., 2017). Although a variety of antiviral activities 
have been demonstrated in previous studies, antiviral activities for viral 
entry against PEDV have not been reported yet. 

Veratramine (VAM) is a major Veratrum alkaloid (Cong et al., 2008) 
from the lily family in United States. It has various biological activities, 

such as anti-hypertension, anti-tumor and anti-arrhythmia (Ho et al., 
2014; Kim et al., 2022; Sanchez and Ruiz, 2005; Thron and McCann, 
1998; Wang et al., 2008b; Yin et al., 2020). This study aimed to examine 
the antiviral effects of VAM during PEDV infection, including HLJBY and 
CV777 strains. HLJBY strain belongs to G2b genotype (variant strains) 
(Huan et al., 2020) and CV777 belongs to G1a genotype (classical 
strains). VAM was found to significantly inhibit PEDV infection in a 
dose-dependent manner. Finally, the results demonstrated that the 
phosphatidylinositol 3 kinase/protein kinase B (PI3K/Akt) pathway 
along with its downstream signaling pathway, macropinocytosis, was 
critically associated with the antiviral effects of VAM during the PEDV 
viral entry stage. Overall, this study was novel in showing that VAM 
exhibited an inhibitory effect on PEDV. Taken together, the findings of 
this study provided new insights into the molecular mechanisms un-
derlying macropinocytosis-mediated viral entry and may also guide the 
development of new broad-spectrum antiviral drugs. 

2. Materials and methods 

2.1. Cell culture 

Vero-E6 and MARC-145 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco) supplemented with 8 % fetal bovine 
serum (FBS, Gibco) and 1 % Penicillin/Streptomycin (w/v) (p/s) in a 
humidified 5 % CO2 incubator at 37 ◦C. 

Table 1 
Primer pairs used in this study.  

Gene name Sequence 

Forward Reverse 

HLJBY-M TTTTCGCTTTCAGCATCCTTAT CAGTAGCAACCTTATAGCCCTCT 
HLJBY-N CTAACTTGGGTGTCAGAAAGGC GACCCTGGTTATTTCCACGATT 
HLJBY-ORF3 CAGTTGTCAAAGATGTCTCGAAGT CTAAACAAAGCCTGCCAATAAG 
Chlorocebus aethiops-Actin ACACTGTGCCCATCTACGAGG TTGCCAATGGTGATGACCTG  

Fig. 1. Cytotoxicity and inhibition activities of VAM. (A and D) Vero-E6 or MARC-145 cells were treated with 0 μM, 5 μM, 10 μM, 15 μM, 20 μM, and 50 μM VAM for 
24 h, and then treated with CCK-8 for 3 h. The OD450 value was measured. (B, C, E, and F) Vero-E6 or MARC-145 cells were pretreated with 0 μM, 3 μM, 5 μM, 10 μM, 
12 μM, and 15 μM VAM for 2 h and infected with 1 MOI HLJBY or CV777 for 24 h. Subsequently, the cell-based ELISA assay was performed, and the OD450 value was 
measured. Data are presented as mean ± standard error of the mean (SEM) of three independent experiments. 
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2.2. Antibody and reagents 

A rabbit anti-PEDV-N protein polyclonal antibody was generated in 
the laboratory. Phospho-Akt (Ser473) (D9E) and Akt (pan) (11E7) rabbit 
monoclonal antibodies were purchased from Cell Signaling Technology, 
Inc. (MA, USA). A beta actin rabbit polyclonal antibody was purchased 
from Proteintech Group, Inc. (IL, USA). Alexa 488-conjugated goat anti- 
rabbit IgG antibody and 4′,6-diamidino-2-phenylindole (DAPI) were 
purchased from Thermo Fisher Scientific, Inc. (MA, USA). VAM and 
LY294002 were purchased from Selleck Chemicals (TX, USA). We make 
the 10 mM stock solution with DMSO and dilute to the working solution 
with DMEM. A Cell Counting Kit-8 (CCK-8) was purchased from APEx-
Bio Technology, Inc. (TX, USA). A soluble TMB Substrate Solution (TMB) 
was purchased from Tiangen (Beijing, China). Alexa 633-conjugated 
transferrin (Trf), Alexa 555-conjugated Cholera Toxin subunit B (CTB), 
and Alexa 647-conjugated 10,000 MW Dextran (Dext) were purchased 
from Invitrogen (CA, USA). Nile-Red was purchased from Sigma-Aldrich 
(MO, USA). HiScript II Reverse Transcriptase and 2 × Taq Master Mix 
were purchased from Vazyme Biotech Co., Ltd. (Nanjing, China). An 
RNA extraction kit was purchased from PuDi Biotech Co., Ltd. 
(Shanghai, China). 

2.3. Amplification of PEDV 

Two PEDV strains (HLJBY GenBank accession no. KP403802.1 and 
CV777 GenBank accession no. AF353511.1) were used in this study. The 
Vero-E6 cells were seeded into a 10-cm dish and infected with 0.01–0.1 
MOI PEDV incubated at 37 ◦C for 1 h. Then, sustained DMEM was 
changed, incubated till the cytopathic effect (CPE) was obvious, frozen 
and thawed three times, centrifuged supernatant was collected, and 
stocked into an RNase-free tube in a − 80 ◦C freezer. The plaque assay 
was performed to measure the titer. 

2.4. In vitro cytotoxicity assay 

The cytotoxicity of VAM in vitro was measured using a CCK-8 kit 
according to the manufacturer’s protocol. The Vero-E6 and MARC-145 
cells were seeded into 96-well plates and treated with different con-
centrations of VAM. After 24 h, 10 µL of the CCK-8 reagent was 
dispensed into each well and incubated for another 4 h at 37 ◦C, and the 
OD450 value was measured (BioTek Instruments, Inc.). 

2.5. In vitro virus inhibition assay 

The cell-based enzyme-linked immunosorbent assay (ELISA) was 
used for in vitro virus inhibition assay. The Vero-E6 or MARC-145 cells 
were seeded into 96-well plates and treated with different concentra-
tions of VAM for 2 h, and infected with 1 MOI PEDV for 24 h at 37 ◦C. 
Then, the cells were fixed and permeabilized with 4 % formaldehyde 
and 0.1 % Triton X-100 at 37 ◦C for 30 min and washed with Glycine- 
phosphate buffered saline (PBS) (0.02 M glycine in PBS), finally 
blocked with 3 % bovine serum albumin (BSA) in PBS at 37 ◦C for 1 h. 
Subsequently, the cells were incubated with the first and second anti-
bodies, respectively. Finally, 100 µL of TMB was added, and the cells 
were incubated at room temperature for 20–30 min. Subsequently, 50 
μL/well 2 % H2SO4 was dispensed to stop it, followed by a measurement 
of the OD450 value. Then, GraphPad Prism 5 was used to get the 50 % 
inhibitory concentration (IC50) value. 

2.6. Assay of the effect of VAM onPEDV binding and entry 

These assays were carried out according to previous studies with 
minor modifications (Berry and Tse, 2017; Chen et al., 2021). For the 
PEDV binding assay, the Vero-E6 cells were pretreated with VAM (10 
μM) for 2 h (1 h in 37 ◦C and another 1 h in 4 ◦C). They were washed 
with ice-cold PBS and incubated with HLJBY (1, 2, and 5 MOI) with or 

without VAM (10 μM) for 1 h at 4 ◦C. The cells were washed with 
ice-cold PBS to wash out the unbound virus, and then reverse 
transcription-polymerase chain reaction (RT-PCR) assay was performed 
to measure the levels of PEDV-M, PEDV-N, PEDV-ORF3 and actin 
mRNA. For the PEDV entry assay, the Vero-E6 cells were pretreated with 
VAM (10 μM) for 2 h (1 h in 37 ◦C and another 1 h in 4 ◦C), washed with 
ice-cold PBS to wash out compound, and then infected with HLJBY (1, 2, 
and 5 MOI) for 1 h at 4 ◦C. Then, the culture medium was replaced with a 
fresh medium with or without VAM (10 μM) and the cells were incu-
bated for 2 h at 37 ◦C. Finally, the cells were washed with citrate buffer 
(pH 3) to remove non-internalized virions, and the semi-quantitative 
RT-PCR assay was performed to measure the levels of PEDV-M, 
PEDV-N, PEDV-ORF3 and actin mRNA. 

2.7. Semi-quantitative RT-PCR assay 

The Vero-E6 cells were seeded into six-well plates. After performing 
the experiments, the cellular total RNA was extracted according to the 
manufacturer’s protocol. Then, semi-quantitative RT-PCR was per-
formed following the manufacturer’s protocol. The semi-quantitative 
RT-PCR primers were designed using Primer 5 software. The se-
quences of the primers for PEDV and cellular gene amplification are 
shown in Table 1. 

2.8. Immunoblotting assay 

The Vero-E6 and MARC-145 cells were seeded into six-well plates. 
When the cells were grown to 70–80 % confluence, the PEDV HLJBY and 
CV777 strains were inoculated into the cells. The virus-infected cells 
were incubated in the presence of VAM for the indicated time. Then, 
VAM-treated PEDV-infected or control cells were lysed in a sodium 
dodecyl sulfate (SDS) sample buffer (0.1 M Tris–Cl pH 6.8, 20 % Glyc-
erine, 4 % SDS, 4 % β-Mercaptoethanol, 1 % Bromophenol Blue). Equal 
amounts of protein for each sample were analyzed by performing SDS- 
polyacrylamide gel electrophoresis (PAGE) followed by transfer to 
nitrocellulose filter (NC) membrane (Pall Corp.). After blocking, the 
membranes were incubated overnight at 4 ◦C with primary antibodies. 
Finally, the membranes were incubated with secondary antibodies for 
4–6 h. Then, the membranes were visualized using the enhanced 
chemiluminescence (ECL) reagent (Vazyme Biotech Co., Ltd.). 

2.9. Indirect immunofluorescence assay (IFA) 

The Vero-E6 cells were seeded into six-well plates on coverslips. The 
cells on the coverslips were fixed and permeabilized with 4 % formal-
dehyde and 0.1 % Triton X-100 at 37 ◦C for 30 min. After washing with 
glycine-PBS (0.02 M glycine in PBS), the cells were blocked with 3 % 
BSA in PBS at 37 ◦C for 30 min. They were incubated with primary 
antibodies at 37 ◦C for 1 h, followed by washing thrice with PBS to 
remove unbound antibodies. Then, they were incubated with secondary 
antibody at 37 ◦C for 30 min. Unbound antibodies were removed by 
washing thrice with PBST. The nuclei were stained with 4′,6-diamidino- 
2-phenylindole (DAPI) containing the anti-fade Dabco solution. The 
images were obtained under a Nikon fluorescence microscope (TS100-F; 
DSRi2). 

Table 2 
Cell cytotoxicity and antiviral activity of VAM.  

Name Cell line CC50 (μM) PEDV strain IC50 (μM) SI 

VAM Vero-E6 >50 HLJBY 5 >10 
CV777 3 >17 

MARC-145 >50 HLJBY 2 >25 
CV777 2 >25  
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2.10. Plaque assay 

The Vero-E6 cells were seeded into six-well plates and incubated 
with tenfold serial dilution (120 μL virus + 1080 μL DMEM without FBS) 
of PEDV at 37 ◦C for 1 h. Then, a 2 mL overlay medium (1 % low- 
melting-point agarose, 2 % FBS, and 0.0175 g/L trypsin DMEM) was 
added to each well, and incubated at 37 ◦C for about 2 days. Subse-
quently, 500 μL of 1 % crystal violet was added, and stained for 3–5 h in 
room temperature. Later, the overlay medium was removed with crystal 
violet and the plaque was numbered. 

2.11. Statistical analysis 

All experiments were performed in triplicate. All results were 
analyzed using GraphPad Prism 5 and were presented as means ±
standard deviations (SDs). Statistical significance was determined using 
the two-tailed Student unpaired-sample t-test (*, P < 0.05; **, P < 0.01; 
***, P < 0.001). 

3. Results 

3.1. Cytotoxicity and inhibition activities of VAM 

In this study, a United States Food and Drug Administration- 
approved natural compound, VAM, was found to inhibit PEDV infec-
tion. Therefore, a cytotoxicity assay was performed. The results of the 
CCK-8 assay showed that the cell viabilities were more than 98 % even at 
50 μM concentration in Vero-E6 cells (Fig. 1(A)). VAM showed very low 
cytotoxicity. 

The inhibition activities were tested using the cell-based ELISA assay 
to evaluate the inhibitory effects of VAM on PEDV infection. Different 
concentrations (0 μM, 3 μM, 5 μM, 10 μM, 12 μM, and 15 μM) of VAM 
were used, and the percentage of inhibition was calculated. VAM 
showed concentration-dependent inhibition, with inhibition levels 
reaching more than 90 % (Fig. 1(B)). The results showed that the IC50, 
calculated by non-linear regression, on HLJBY and CV777, were about 5 
μM and 3 μM, respectively, in Vero-E6 cells (Fig. 1(B) and (C)). The same 
experiment was performed in MARC-145 cells to rule out the cell-type 
specificity. Consistent with the Vero-E6 cells, cell viabilities were also 
more than 98 % in MARC-145 cells (Fig. 1(D)), and the IC50 values were 
2 μМ in both HLJBY and CV777 strains (Fig. 1(E) and (F)). The 50 % 
cytotoxic concentration (CC50) values and IC50 values in the Vero cells 
and MARC-145 cells are shown in Table 2. Thus, it was concluded that 
VAM had an antiviral effect against PEDV infection in multiple cell 
types. 

3.2. Antiviral activities of VAM on PEDV 

The PEDV-N protein expression was detected using Western blot 
analysis to confirm the inhibitory effects of VAM (Fig. 2(A)–(D)). The 
PEDV N protein significantly decreased by VAM in Vero-E6 cells (Fig. 2 
(A) and (B)). Similarly, the PEDV N protein dramatically decreased by 
VAM in MARC-145 cells. Notably, the viral N protein almost could not 
be detected in the presence of VAM, indicating that VAM markedly 
inhibited PEDV infection in MARC-145 cells (Fig. 2(C) and (D)). The 
inhibitory effect on PEDV replication of VAM in Vero-E6 and MARC-145 

cells was determined by immunofluorescence staining to further confirm 
the antiviral activity of VAM. The results demonstrated that the inhib-
itory activity against PEDV of VAM on PEDV infection was comparable 
as more than 90 % of the cells were not infected by PEDV when VAM was 
used at 10 μM (Fig. 2(E), (F) and (H), (I)). Finally, the viral titers were 
also determined with or without VAM treatment. The titers markedly 
decreased by VAM treatment both in Vero-E6 and MARC-145 cells 
(Fig. 2(G) and (J)). These data suggested that VAM could inhibit PEDV 
infection. 

3.3. VAM could inhibit PEDV during the early viral entry stage 

The PEDV lifecycle comprised binding, entry, replication, and 
release. A time-of-drug addition approach to target identification of 
VAM was performed to determine the stages of the virus life cycle 
affected by VAM. As shown in Fig. 3(A), VAM was treated during early 
viral entry and replication stages. The PEDV-N protein levels were 
significantly decreased in the binding and entry stages, and no signifi-
cant difference was noted in the post-entry stage (Fig. 3(B)). In partic-
ular, the PEDV-N protein levels obviously decreased in the viral 
binding/entry stage-included groups, such as groups 3, 4, 5, and 8 in 
Immunoblot analysis (Fig. 3(B)) and groups 3, 4, and 5 in plaque assay 
results (Fig. 3(C)). Notably, these groups contained viral binding and 
entry stages. Thus, these data suggesting that VAM could inhibit PEDV 
binding or entry into the Vero-E6 cells. 

3.4. VAM could inhibit PEDV during the entry stage 

PEDV infection could be initiated by the binding of viral particles to 
cell surface molecules. PEDV virion binding assays were carried out as 
shown in Fig. 4(A) to further determine whether VAM played an 
essential role in initial virus binding events. The Vero-E6 cells were 
incubated with PEDV for 1 h at 4 ◦C. Thus, PEDV virion binding, but not 
entry, could occur. After removing unbound PEDV virions, total RNA 
was extracted to determine the viral levels by RT-PCR. No significant 
difference in PEDV binding was found between untreated and VAM- 
treated Vero-E6 cells (Fig. 4(B)). The RT-PCR data showed that VAM 
could not affect the mRNA levels of PEDV-M, PEDV-N, and PEDV-ORF3 
(Fig. 4(B)). These data demonstrated that VAM was not involved in the 
initial binding of PEDV virions into Vero-E6 cells, indicating that VAM 
could act at the post-binding stage of the PEDV entry. 

Next, PEDV virion entry assays were carried out as shown in Fig. 4 
(C). The Vero-E6 cells were pretreated with VAM for 2 h and then 
infected with HLJBY for 1 h at 4 ◦C. The Vero-E6 cells were replaced 
with 37 ◦C prewarmed DMEM with or without VAM. After removing 
non-internalized PEDV virions, total RNA was extracted to determine 
the viral levels by RT-PCR. A significant difference in PEDV entry/ 
internalization was found between untreated and VAM treated Vero-E6 
cells (Fig. 4(D)). The RT-PCR data showed that the mRNA levels of 
PEDV-M, PEDV-N, and PEDV-ORF3 were significantly downregulated in 
VAM-treated Vero-E6 cells (Fig. 4(B)). These data demonstrated that 
VAM was involved in the entry/internalization of PEDV virions. 

Fig. 2. Antiviral activities of VAM on PEDV. (A-D) Vero-E6 or MARC-145 cells were pretreated with 10 μM VAM for 2 h and infected with 0.1, 0.5, or 1 MOI HLJBY 
or CV777. After 12 hpi, the cells were harvested and immunoblotting assay was performed to determine PEDV-N and actin protein levels. (E) Vero-E6 cells were 
pretreated with 10 μM VAM 2 h and infected with 1 MOI HLJBY for 12 h, and then fixed and stained with the rabbit-anti-PEDV-N antibody. The nuclei were stained 
with DAPI. (F) HLJBY positive cells were calculated in every 200 cells randomly. (G) Vero-E6 cells were pretreated with 10 μM VAM for 2 h, and infected with 1 MOI 
HLJBY for 12 h. After three freeze–thaw cycles, the viral titer was determined using plaque assay on Vero-E6 cells. (H) MARC-145 cells were pretreated with 10 μM 
VAM for 2 h and infected with 1 MOI HLJBY for 12 h, and then fixed and stained with the rabbit-anti-PEDV-N antibody. The nuclei were stained with DAPI. (I) HLJBY 
positive cells were calculated in every 200 cells randomly. (J) MARC-145 cells were pretreated with 10 μM VAM for 2 h, and infected with 1 MOI HLJBY for 12 h. 
After three freeze–thaw cycles, the viral titer was determined using plaque assay on Vero-E6 cells. Data are presented as mean ± SEM of three independent ex-
periments. The results were analyzed using the Student’s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. The levels of PEDV-N were normalized to the level of actin. 
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Fig. 3. Inhibitory activities of VAM against PEDV binding, entry, and post-entry stage. (A) Timeline of time of binding, entry, and post-entry assays. The gray box 
refers to the PEDV infection period and gray line box refers to the VAM administration. (B) After 12 hpi, the cells were harvested and immunoblotting assay was 
performed to determine PEDV-N and actin protein levels. (C) After 12 hpi, the cells and medium supernatant were harvested. After three freeze–thaw cycles, the viral 
titer was determined using plaque assay on Vero-E6 cells. The levels of PEDV-N were normalized to the level of actin. 
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3.5. VAM could inhibit macropinocytosis by suppressing the PI3K/Akt 
pathway 

The endocytic pathways could be utilized by PEDV, including 
clathrin-mediated endocytosis, caveolae-mediated endocytosis, lipid 
raft-mediated endocytosis, and macropinocytosis (Luo et al., 2017; Wei 
et al., 2020). Considering that PEDV took advantage of different endo-
cytic pathways to enter cells, we wondered whether VAM could affect 
these endocytic pathways. Thus, Trf (a marker of the clathrin-mediated 
endocytic pathway), CTB (a marker of the caveolae-mediated endocytic 
pathway), Dext (a marker of the macropinocytosis pathway), and 
Nile-Red (a probe of lipid) were used to determine the effect of VAM on 
these endocytic pathways (Al et al., 2012; Greenspan and Fowler, 1985; 
Greenspan et al., 1985; Li et al., 2021; Nichols, 2002; Saeed et al., 2010; 
Wang et al., 2010). The immunofluorescence assay showed no signifi-
cant difference in Trf, CTB, and Nile-red between untreated and 
VAM-treated Vero-E6 cells (Fig. 5(A)). However, the signal integrity of 
Dext markedly decreased after VAM treatment (Fig. 5(A), right bottom 
panel). The results suggested that macropinocytosis could be a potential 
target for VAM. 

Macropinocytosis could be regulated by PI3K/Akt-Rac1-p21- 
activated kinase 1 (PAK1) pathways (Ha et al., 2016; He et al., 2022; 
King and Kay, 2019; Saeed et al., 2008; Wan et al., 2021; Wang et al., 
2021; Xia et al., 2019). Indeed, the PI3K/Akt pathway could be activated 
on PEDV infection (Kong et al., 2016). These data led us to investigate 
whether PI3K/Akt could be activated during PEDV infection. To test 
this, the Vero-E6 cells were infected with the PEDV HLJBY strain for the 
indicated time points. Akt activation was analyzed by monitoring Akt 
phosphorylation (S473) using Western blotting. Increased Akt phos-
phorylation was observed at early infection times (Fig. 5(B), 10–30 
min). Relative phosphorylation levels of Akt returned to the baseline 
levels at times thereafter. Next, whether Akt phosphorylation was 

triggered by PEDV-host receptor interaction was further investigated. To 
test this, the Vero-E6 cells were infected with PEDV at 4 ◦C as shown in 
Fig. 5(C). No significant activation of Akt upon PEDV binding was 
observed (Fig. 5(D)). Further, VAM was found to inhibit PEDV-induced 
Akt phosphorylation during the early stage of PEDV infection (Fig. 5(E)), 
which meant that PEDV might use PI3K/Akt-dependent macro-
pinocytosis to enter cells. PI3K/Akt specific inhibitor (LY294002) was 
used along with VAM to prove this conjecture, and the distribution of 
macropinocytosis in the cells was determined to estimate the effect of 
VAM on PEDV entry. The immunofluorescence results showed that the 
Dext fluorescence signal markedly disappeared by VAM and LY294002 
treatment (Fig. 5(F)). The results suggested that VAM could inhibit 
PEDV entry by interfering with PI3K/Akt-dependent macropinocytosis. 

3.6. VAM could negatively regulate macropinocytosis and subsequently 
inhibit PEDV entry 

Vero-E6 cells were incubated with PEDV along with VAM or 
LY294002 to clarify whether VAM inhibited PEDV infection through 
PI3K/Akt-dependent macropinocytosis, and cell-free virus particles 
were removed. The levels of PEDV-N and phosphorylated Akt were 
measured by Western blot analysis. The phosphorylated Akt decreased 
by VAM and LY294002-treated cells (Fig. 6(A)). Also, the expression of 
PEDV N protein decreased significantly in VAM and LY294002-treated 
cells (Fig. 6(A)). Next, the viral titers were also determined on VAM or 
LY294002 treatment. The titers decreased by VAM and LY294002 (Fig. 6 
(B)). Finally, PEDV internalization assay was carried out as shown in 
Fig. 6(C) to determine the effect of LY294002 on PEDV internalization. 
The semi-quantitative RT-PCR results showed that the levels of PEDV-M, 
PEDV-N, PEDV-ORF3 mRNA significantly decreased (Fig. 6(D)). All the 
aforementioned results indicated that VAM decreased PEDV entry by 
inhibiting PI3K/Akt-dependent macropinocytosis. 

Fig. 4. VAM could inhibit PEDV during the entry stage in Vero-E6 cells. (A and B) Vero-E6 cells were pretreated with VAM (10 μM) for 2 h (1 h at 37 ◦C and another 
1 h at 4 ◦C). Vero-E6 cells were incubated with HLJBY (1, 2, and 5 MOI) with or without VAM (10 μM) for 1 h at 4 ◦C. Cells were washed with ice-cold PBS to washout 
unbound virus, and then RT-PCR assay was performed to measure the levels of PEDV-M, PEDV-N, PEDV-ORF3, and actin mRNA. (C and D) Vero-E6 cells were 
pretreated with VAM (10 μM) for 2 h (1 h at 37 ◦C and another 1 h at 4 ◦C). The cells were then washed with ice-cold PBS and infected with HLJBY (1, 2, and 5 MOI) 
for 1 h at 4 ◦C. Then, the culture medium was replaced with a fresh medium with or without VAM (10 μM) and the cells were incubated for 2 h at 37 ◦C. Finally, the 
cells were washed with citrate buffer (pH 3) to remove non-internalized virions, and the RT-PCR assay was performed to measure the levels of PEDV-M, PEDV-N, 
PEDV-ORF3 and actin mRNA. 
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Fig. 5. VAM could inhibit micropinocytosis by suppressing the PI3K/Akt pathway. (A) Vero-E6 cells were pretreated with or without VAM (10 μM) for 2 h and 
treated with Trf (5 μg/mL), CTB (0.5 μg/mL), or Dext (10 μg/mL) for 1 h with or without VAM (10 μM), and then fixed. Next, nuclei were stained with DAPI to 
determine the effect of VAM on Trf, CTB, or Dext internalization. For lipid staining assay, Vero-E6 cells were pretreated with or without VAM (10 μM) for 2 h and then 
fixed and stained with Nile-Red (2 μg/mL) in 37 ◦C for 30 min. The nuclei were stained with DAPI to determine the effect of VAM on the lipid level. (B) Vero-E6 cells 
were infected with HLJBY (1 MOI), and the cells were harvested at different time points. Whole-cell extracts were prepared and analyzed by immunoblotting with the 
indicated antibodies. (C and D) Vero-E6 cells were pretreated at 4 ◦C for 1 h and then infected with HLJBY (1 MOI), and the cells were harvested at different time 
points. Whole-cell extracts were prepared and analyzed by immunoblotting with the indicated antibodies to determine the levels of PEDV-N and phosphorylated Akt. 
(E) Vero-E6 were infected with HLJBY (1 MOI) with or without VAM (10 μM) and then harvested at different time points. Then, the Western blot assay was performed 
to determine the levels of PEDV-N and phosphorylated Akt. (F) Vero-E6 cells were pretreated with or without VAM (10 μM) and/or LY294002 (10 μM) for 2 h and 
infected with HLJBY (5 MOI) and Dext (10 μg/mL), and then incubated at 37 ◦C for 1 h with or without VAM. Cells were fixed, and nuclei were stained with DAPI. 
The levels of pAKT were normalized to the level of total AKT and the levels of PEDV-N were normalized to the level of actin. 
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4. Discussion 

Since first reported in Europe in 1971 (Wood, 1977), PEDV has 
spread and reemerged in many Asian and European countries including 
the United States (Lee and Lee, 2014). Large outbreaks of PED caused by 
various variant strains resulted in significant economic losses in the 

swine industry. At present, no effective drugs or vaccines are available 
for preventing or treating of PEDV. Therefore, antiviral drug discovery 
against PEDV infection remains crucial. 

The replication of viruses in their host cells is first initiated by the 
virus binding to cell surface receptors. PEDV has been reported to use 
aminopeptidase N (APN) as a cellular receptor (Li et al., 2007; Liu et al., 

Fig. 5. (continued). 

H. Chen et al.                                                                                                                                                                                                                                    



Virus Research 339 (2024) 199260

10

2015; Nam and Lee, 2010). However, other data demonstrated that APN 
is not essential for PEDV infection. Vero cells deprived of APN were used 
to infect and propagate PEDV. PEDV also infects porcine APN-deleted 
pigs (Ji et al., 2018; Li et al., 2017; Shirato et al., 2016; Whitworth 
et al., 2019). Thus, whether APN acts as a receptor for PEDV entry 
remained controversial. This made it difficult for us to develop an 
antiviral drug. So far, the currently used vaccines are not affordable to 
control the PEDV infection. Further, no commercial drugs are available 
to prevent the infection. Therefore, the development of broad-spectrum 
antiviral would become an important strategy for preventing PEDV 
outbreaks. In this study, VAM was found to inhibit PEDV infection 
during the entry stage through the macropinocytosis pathway by sup-
pressing the PI3K/Akt pathway in Vero-E6 cells. 

In general, viral infection could regulate the activity of multiple 
intracellular signaling pathways, including the PI3K/Akt pathway 
(Diehl and Schaal, 2013). The PI3K/Akt signaling pathway is crucial in 
cell survival and virus replication. Previous reports showed that the 
porcine reproductive and respiratory syndrome virus (PRRSV) and 
vaccinia mature virus could also induce Akt phosphorylation during the 
viral entry stage (Izmailyan et al., 2012; Zhu et al., 2013). Another 
report showed that the PI3K/Akt pathway could be activated during 

PEDV infection (Kong et al., 2016). The present study showed that PEDV 
could activate the PI3K/Akt pathway in Vero cells at the early infection 
time (10–30 min) (Fig. 5(B)). No significant difference was found during 
the viral binding stage (Fig. 5(D)). This result indicated that the 
PI3K/Akt pathway could not be triggered through the PEDV-host re-
ceptor interaction. Taking these findings together, it was concluded that 
the PI3K/Akt pathway could be activated during both the viral early 
entry and viral replication stages. 

Although macropinocytosis could be constitutively active in 
specialized cell types, it needs to be activated via signaling receptors 
such as receptor tyrosine kinases (RTKs) and integrins (Mercer and 
Helenius, 2008). Thus, macropinocytosis is transient endocytosis and 
could be defined as the growth factor-induced, actin-dependent endo-
cytic process that leads to the internalization of membrane into large 
vesicles (i.e., macropinosome). Macropinocytosis depends on several 
kinases (Liberali et al., 2008). After stimulation of colony-stimulating 
factor-1 (CSF-1) and epidermal growth factor (EGF), the PI3K/Akt 
pathway could be activated and subsequently PAK1, a serine/threonine 
kinase, could be activated by Rac1 or Cdc42 (Burry, 1990; King and 
Kay, 2019). Finally, the actin rearrangement process could lead to form 
macropinosomes. During viral early infection, the influenza A virus 

Fig. 6. PI3K/Akt pathway inhibitor LY294002 could inhibit PEDV entry into Vero-E6 cells. (A and B) Vero-E6 cells were pretreated with VAM (8 μM) and/or 
LY294002 (10 μM) for 2 h and infected with HLJBY (1 MOI). After 12 hpi, the cells and supernatant were harvested, and then the Western blot and PFU assays were 
performed with the indicated antibodies. (C and D) Vero-E6 cells were pretreated with LY294002 (10 μM) for 2 h (1 h at 37 ◦C and another 1 h at 4 ◦C). Then, the 
Vero-E6 cells were infected with 1, 2, or 5 MOI HLJBY at 4 ◦C for 1 h. The culture medium was replaced with 37 ◦C prewarmed DMEM with or without LY294002 (10 
μM). Vero-E6 cells were washed with citrate buffer (pH 3) to remove non-internalized virions. Then, the semi-quantitative RT-PCR assay was performed to measure 
the levels of PEDV-M, PEDV-N, PEDV-ORF3 and actin mRNA. The levels of pAKT were normalized to the level of total AKT and the levels of PEDV-N were normalized 
to the level of actin. 
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(IAV), rotavirus (RVAs) and porcine sapovirus (PSaV) could induce the 
endosomal acidification for viral uncoating through activating the 
PI3K/Akt signaling pathway (Eierhoff et al., 2010; Marjuki et al., 2011; 
Soliman et al., 2018a, 2018b). The degradation of macropinosomes was 
endo-/lysosome acidification dependent (Recouvreux and Commisso, 
2017). The vacuolar proton-translocating ATPase (V-ATPase) proton 
pump is a multi-subunit membrane protein complex, which maintains 
the acidification of endosomes, lysosomes, phagosomes and 
Golgi-derived secretory vesicles (Coyne and Bergelson, 2006; Forgac, 
2007). The cellular PI3K/Akt pathway could activate V-ATPase by 
directly interacting with the E subunit of V-ATPase (Collins et al., 2020; 
Soliman et al., 2018b). V-ATPase builds a net positive charge inside the 
lumen (Ohkuma et al., 1982). 

VAM is a known natural steroidal alkaloid derived from plants of the 
lily family and exerts anticancer activities. However, the underlying 
mechanism remains unknown. It was postulated that VAM could prevent 
the release of sodium ions and make the voltage higher in the lumen. 
This process could inhibit the acidification of endo-/lysosome, resulting 
in macropinocytosis inhibition. Further studies are needed to confirm 
the requirement of macropinocytosis and to define the mechanism. 

Severe acute respiratory syndrome–related coronavirus (SARS-CoV- 
2) also belongs to coronavirus and can activate the PI3K/Akt pathway 
during the early stage of the infection (Khezri, 2021). In the early stages 
of the disease, the entry and replication of the virus could be inhibited by 
targeting this pathway. Moreover, blocking the PI3K/Akt pathway may 
help eliminate the infection before it proceeds to immune dysregulation 
during the early stages of the immune response (Abu-Eid and Ward, 
2021). Thus, VAM-mediated antiviral activity in other coronaviruses 
deserves further investigation. 

In this study, VAM effectively suppressed PEDV infection by inter-
fering with PI3k/Akt-mediated macropinocytosis. Overall, this study 
demonstrated that VAM would be a potential candidate for the devel-
opment of anti-PEDV infection therapies. 
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