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ABSTRACT
The porcine enteric coronaviruses (PECs) currently reported include porcine epidemic diarrhea 
virus (PEDV), porcine deltacoronavirus (PDCoV), transmissible gastroenteritis virus (TGEV), and 
swine acute diarrhea syndrome coronavirus (SADS-CoV). In the absence of effective treatment, 
they can cause similar clinical characteristics including weight loss, sleepiness, vomiting, 
anorexia and fatal diarrhea in neonatal piglets, resulting in significant economic losses to the 
global pig industry. Although many studies on drugs for treating and combating PECs have 
been issued. There are still no specific drug targeting PECs and used in clinical production. 
Therefore, it is necessary to sort out and summarize the research on the treatment and anti 
PECs drugs, and further development of low toxicity and high efficiency drugs is needed. 
Here, we review the latest progress of anti PECs drugs, focus on the mechanism of anti PECs 
reaction of drug components, and try to clarify new strategies for effective control and 
elimination of PECs. These comprehensive and profound insights will help to further investigate, 
prevent and control the transmission of PECs infection.

1.  Introduction

The 2019 coronavirus (COVID-19) pandemic caused 
by severe acute respiratory syndrome coronavirus 
type 2 (SARS-CoV-2) has given rise to extensive 
research explorations in human society regarding the 
preventive control and cross-species transmission 
mechanisms of coronaviruses in animals (Zhai et  al. 
2021; Suo et  al. 2023). As the largest single stranded 
positive strand RNA virus widely existing in nature, 
which belongs to order Nidovirales, family 
Coronaviridae, genus Coronavirus in virus taxonomy 
(Gao et  al. 2022). According to the genome standard, 
four coronavirus genera can be distinguished, α 
coronavirus, β coronavirus, γ coronavirus and δ coro-
navirus (Gao et  al. 2022). So far, four different por-
cine enteric coronaviruses (PECs) have been identified, 
including transmissible gastroenteritis virus (TGEV), 
porcine epidemic diarrhea virus (PEDV), porcine del-
tacoronavirus (PDCoV) and swine acute diarrhea syn-
drome coronavirus (SADS-CoV) (Duan et  al. 2022). 
Among the four known PECs, PDCoV belongs to δ 
coronavirus, PEDV, TGEV and SADS-CoV belong to α 
coronavirus (Figure 1 A) (Walker et  al. 2020; Chen 

and Burrough 2022). It can infect pigs of different 
ages, and the incidence rate and mortality of piglets 
are high, which is one of the most difficult problems 
in the world pig industry (Liu and Wang 2021). PECs 
mainly affect the digestive tract of piglets, and clini-
cal symptoms include weight loss, sleepiness, vomit-
ing, anorexia, watery diarrhea, and even death (Duan 
et  al. 2022). The pathological features were necrosis 
and exfoliation of intestinal cells and injury of intes-
tinal villi (Chen and Burrough 2022). Notably, a new 
zoonotic coronavirus, SARS-CoV-2, emerged in 
humans (Arun Krishnan et  al. 2020). Many scientists 
are interested in the possibility of its occurrence and 
the pathogenicity of domestic animals, including 
pigs as hosts of different coronaviruses and one of 
the most important food producing animals that 
may have a significant impact on public health 
(Turlewicz-Podbielska and Pomorska-Mól 2021). Pigs 
are not susceptible to SARS-CoV-2 infection and do 
not play any role in the epidemiology of SARS-CoV-2 
disease (Turlewicz-Podbielska and Pomorska-Mól 
2021). Fortunately, the infectivity of PECs into humans 
has not yet been effectively confirmed.
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In recent decades, due to advancements in farm-
ing technology and the expansion of farming opera-
tions, various pathogenic microorganisms, such as 
PECs, have become widespread worldwide. This 
poses a significant challenge to the health and safety 
of the breeding industry (Zhang et  al. 2022c). 
Previous studies found that there was no virus 

neutralization cross reaction among PEDV, TGEV and 
PDCoV (Ma et  al. 2016; Luo et  al. 2017). Therefore, 
the prevention of these very similar PECs requires 
the development of separate virus specific vaccine 
products (Ma et  al. 2016; Wang et  al. 2019b). TGEV 
vaccine has existed for a long time (Gerdts and 
Zakhartchouk 2017). Effective vaccines for PDCoV 

Figure 1. T he time flow chart (A) illustrates the initial report of porcine enteric coronavirus and the schematic diagram (B) 
depicts the genome composition and viral particle structure.
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and PEDV are still under development, while SADS-
CoV has not been reported (Li et  al. 2019a). In par-
ticular, the high genetic diversity of PEDV hinders 
the development of effective PEDV vaccines (Gerdts 
and Zakhartchouk 2017; Wang et  al. 2019b). Thus, 
screening for safe, inexpensive, and broad-spectrum 
coronavirus antiviral drugs remains important. As we 
all know, virus infection is a multi-step process, 
including adsorption, cell entry, peeling, biosynthesis, 
assembly and release (Zeng et  al. 2022a). In addition 
to the viral proteins of PECs, the role of many host 
factors (including receptors) in these processes has 
also been confirmed. An in-depth understanding of 
the interaction between these virus particles (or host 
factors) and drugs will help to clarify the pathogen-
esis of PECs and accelerate the development of com-
mercial anti PECs drugs.

More coronaviruses will be discovered as research 
technology and global commercial trade evolve. An 
appropriate summary will benefit us in more calmly 
responding to the harm that the newly emerging 
coronavirus brings to humans or the livestock indus-
try. In this review, we focus on describing the mech-
anism of action of drugs against PECs virus particle 
infection documented in the literature. Finally, we try 
to propose new strategies for effective control and 
elimination of PECs.

2.  Porcine epidemic diarrhea virus

The genome size of PEDV is approximately 28 kb, 
encoding four structural proteins: spike protein (S), 
membrane protein (M), envelope protein (E), and 
nucleocapsid protein (N) (Figure 1 B). PEDV was first 
reported in the UK in the 1970s and subsequently 
emerged in East Asia around 2010, with reports of its 
presence now widespread globally (Figure 1 A). This 
virus is highly virulent and contagious to piglets, 
exhibiting a mortality rate of up to 100% in piglets 
aged 1 to 7 days (Figure 1 A). Research indicates that 
PEDV can replicate in the primary target cells of its 
natural host and can efficiently infect human, mon-
key, and bat cells. There is speculation that PEDV 
may be transmitted through bat coronaviruses, ini-
tially causing diarrhea in fattening and adult pigs 
before subsequently infecting piglets. To date, only 
pigs have been documented as infected with PEDV, 
with no evidence of impact on public health safety. 
Although numerous studies have investigated drugs 
targeting PEDV, there are currently no accurate and 
highly effective commercial treatments available.

2.1.  Bacteria- and bacterial metabolites-based 
PEDV inhibitors

2.1.1.  Streptomyces inhibitors
Kim and his colleagues isolated three new metabolites, 
xiamycin C, D and E (Table 1), from Streptomyces sp 
(#HK18). which have inhibitory activity against PEDV 
replication. Among them, xiamycin D showed the stron-
gest inhibitory effect on PEDV replication (EC50 = 

0.93 μmol/L in Ref. Kim et  al. 2016a) with low cytotoxic-
ity (CC50 = 56.03 μmol/L, Table 1). Quantitative real-time 
PCR data revealed the inhibitory effect of xiamycin D on 
genes encoding essential structural proteins (GP6 nucle-
ocapsid, GP2 spike, and GP5 membrane) for PEDV repli-
cation in a dose-dependent manner. Western blotting 
data also showed a dose-dependent inhibition of GP2 
spike and GP6 nucleocapsid protein synthesis of PEDV 
by xiamycin D (Kim et  al. 2016a).

2.1.2.  Bacillus subtilis inhibitors
Surfactin is a cyclic lipopeptide naturally produced 
by various strains of Bacillus subtilis, the structure 
consists of a seven amino acid peptide loop and a 
hydrophobic fatty acid chain. Surfactin acts as an 
antiviral agent by inhibiting viral membrane fusion 
and has antiviral activity against a variety of envel-
oped viruses, including herpes simplex virus (HSV-1, 
HSV-2), vesicular stomatitis virus (VSV), monkey 
immunodeficiency virus (SIV) (Huang et  al. 2006). 
Yuan et  al. found that surfactin from Bacillus subtilis 
can suppress the proliferation of PEDV and TGEV in 
epithelial cells at a relatively low concentration range 
(15 to 50 μg/mL), without cytotoxicity (Table 1) or 
viral membrane disruption. Experiments demonstrate 
that surfactin treatment significantly reduces the rate 
at which the virus fuses to the cell membrane, and 
the incorporation of small amounts of surfactin hin-
ders the formation of negative curvature by lamel-
lar-phase lipids (Yuan et  al. 2018). Whereafter, Yuan 
et  al. found that daily oral surfactin doses in excess 
of 20 mg/kg body weight (bw) will significantly 
increase the anti-PEDV property of jejunal contents 
in BALB/c mouse assays. Therefore, oral dose was set 
to 20 mg/kg bw to explore whether surfactin (Table 
1) can protect piglets from PEDV challenge. In the 
surfactin treatment group, the piglets were orally 
administered surfactin every 6 h starting at the age 
of 1 day, and the daily dose was 20 mg/kg bw. After 
PEDV challenge, no death was observed within 48 h. 
All piglets were sacrificed at 48 h post-infection (hpi). 
Jejunal hyperemia and colonic tympanites could be 
seen in the PEDV group piglets. In contrast, in the 
surfactin treatment group, there were no obvious 
pathological changes in the intestines. The histo-
pathological results for the jejuna further confirmed 
that jejunal hyperemia was observed only in the pig-
lets in the PEDV group. Finally, the level of the PEDV 
genome in jejunal tissue was quantified by qRT-PCR. 
PEDV was undetectable in the surfactin treatment 
group, as well as the blank group (Yuan et  al. 2018). 
Next, Yuan’s group obtained 10 surface protein ana-
logues through chemical synthesis and evaluated 
them to determine their anti-PEDV activity, hemolysis 
activity and critical micelle concentration. Among 
them, Compound 1 [SLP5 in Ref. Yuan et  al. 2019] 
has lower hemolysis activity than surfactin and has 
the same antiviral activity. In addition, Compound 1 
has a higher safe and effective concentration range 
than surfactin. Similar to surfactin, Compound 1 has 
direct antiviral effects on PEDV (Yuan et  al. 2019).
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Table 1.  Summary of natural product extract cocktail- and natural metabolites-based PECs inhibitors.

Species (or others) Inhibitor
Testing 
model Main phases of action

Toxicity CC50 value of 
drugs in vitro assay 

(μg/mL or others) Viruses Ref.

Streptomyces Xiamycin C In vitro Replication 76.90 ± 3.29 μmol/L PEDV (Kim et  al. 2016a)
Xiamycin D In vitro Replication 56.03 ± 3.45 μmol/L PEDV (Kim et  al. 2016a)
Xiamycin E In vitro Replication 98.74 ± 1.52 μmol/L PEDV (Kim et  al. 2016a)

Bacillus subtilis Surfactin In vitro 
and In 
vivo

Attachment, entry > 50 PEDV (Yuan et  al. 2018)

Surfactin In vitro 
and In 
vivo

Attachment, entry > 50 TGEV (Yuan et  al. 2018)

Surfactin In vitro Attachment, entry > 20 TGEV (Wang et  al. 2017b)
Compound 1 (surfactin 

analogues)
In vitro Attachment, entry 847.2 ± 124.9 PEDV (Yuan et  al. 2019)

B. subtilis OKB105 In vitro Attachment, entry – TGEV (Wang et  al. 2017b)
Bacillus licheniformis B. licheniformis 

fermented products
In vitro 

and In 
vivo

Replication > 150 PEDV (Peng et  al. 2019)

Lactic acid bacteria Lact. plantarum 22 F and 
25 F

In vitro Replication – PEDV (Sirichokchatchawan 
et  al. 2018)

Pediococcus strains 72 N 
and 77 F

In vitro Replication – PEDV (Sirichokchatchawan 
et  al. 2018)

Lactobacillus agilis (L3) In vitro Attachment 1 × 108 CFU/mL PEDV (Chen et  al. 2022b)
Lactobacillus salivarius 

(L4)
In vitro Attachment 1 × 108 CFU/mL PEDV (Chen et  al. 2022b)

Lactobacillus salivarius 
(L4)

In vitro Replication – PEDV (Dong et  al. 2021)

Ln esenteroides (L5) In vitro Replication – PEDV (Chang-Liao et  al. 2020)
L. acidophilus S-layer 

protein
In vitro Attachment, 

replication
> 512 PEDV (Zhang et  al. 2019)

Lactobacillus plantarum 
metabolites

In vitro 
and In 
vivo

Attachment > 1/8 times of the 
stock solution

PEDV (Huang et  al. 2021)

L. plantarum 
exopolysaccharides

In vitro 
and In 
vivo

Attachment > 1.35 × 103 PEDV (Huang et  al. 2021)

Lp-1 strain In vitro Replication < 1/4-fold by Lp-1 TGEV (Wang et  al. 2019a)
LP-1S In vitro Replication < 1/4-fold by LP-1S PEDV (Kan et  al. 2023)
Extracellular 

polysaccharide
In vitro Replication > 400 PEDV (Chen et  al. 2023a)

Limosilactobacillus reuteri 
(L6)

In vitro 
and In 
vivo

Replication – PEDV (Huang et  al. 2023)

Lactobacillus 
rhamnosus

Lactobacillus rhamnosus 
GG

In vivo Replication – PEDV (Xu et  al. 2024b)

Australian green 
treefrog

Caerin1.1 In vitro Attachment > 200 PEDV (Guo et  al. 2018)

Epimedium koreanum 
Nakai

Extract E7 In vitro 
and In 
vivo

Replication > 1.5 × 103 PEDV (Cho et  al. 2012)

Extract E7 In vitro Replication > 1.5 × 103 TGEV (Cho et  al. 2012)
Lonicera japonica 

Thunberg
Extract L8 In vitro Replication > 20 fold-diluted PEDV (Cho et  al. 2012)

Polysaccharide from 
Ginkgo biloba 
exocarp

P9 In vitro Attachment, entry > 100 PEDV (Lee et  al. 2015)

Griffithsia spp. Griffithsin In vitro Attachment > 10 PEDV (Li et  al. 2019b)
In vitro Attachment 167.034 PDCoV (Tang et  al. 2022)

Pogostemon cablin 
polysaccharides

PCP10 In vitro Replication > 1250 PEDV (Chen et  al. 2020b)
PCP11 In vitro Replication > 625 PEDV (Chen et  al. 2020b)
PCP12 In vitro Attachment, entry, 

replication
> 5000 PEDV (Chen et  al. 2020b)

PCP13 In vitro Attachment, entry, 
replication

> 2500 PEDV (Chen et  al. 2020b)

Aloe Aloe extract In vitro 
and In 
vivo

Replication > 1.6 × 104 PEDV (Xu et  al. 2020)

Stixis scandens S20 In vitro Replication > 40 PEDV (Trinh et  al. 2021)
Lactuca indica L. L14 In vitro Replication > 630 PEDV (Trinh et  al. 2021)
Glochidion 

eriocarpum 
Champ.

G15 In vitro Replication > 40 PEDV (Trinh et  al. 2021)

Anisomeles indica (L.) 
Kuntze

A26 In vitro Replication > 40 PEDV (Trinh et  al. 2021)

Pericampylus glaucus 
(Lam.) Merr.

P27 In vitro Replication > 160 PEDV (Trinh et  al. 2021)

Mahonia bealei 
(Fortune) Carrière

M28 In vitro Replication > 160 PEDV (Trinh et  al. 2021)

(Continued)
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Huang et  al. found that oral immunization of pig-
lets with Bacillus subtilis spores (B.s) plus whole inac-
tivated PEDV WIV enhanced anti-PEDV capacity on 
mucosal surfaces and reduced plaque neutralization 
tests in serum and intestinal fluids. Antigen-specific 
IgG titers were increased in serum and IgA titers 
were increased in saliva, feces and nasal rinse fluid. 
Increased area of ileal Peyer’s patches and number of 
intraepithelial lymphocytes in piglets. The percentage 
of CD4+CD8+ memory T cells in intestinal mucosa-as-
sociated lymphocytes was upregulated, and the pro-
liferation of antigen-specific memory T cells was 
enhanced. It is suggested that B.s can enhance 
potential immunity through oral immune upregula-
tion of memory CD4+CD8+ T cells (Huang et  al. 2019). 
Another study found that the number of T lympho-
cytes and monocytes in the blood and colostrum 
increased significantly after sows were fed 4,4′-diapo-
neurosporene-producing Bacillus subtilis (BS-Dia) on 

day 80 of gestation. The proliferative activity of T 
lymphocytes in colostrum also increased significantly. 
In addition, the levels of transforming growth factor 
β (TGF-β), interleukin 6 (IL-6), lysozyme and lactofer-
rin were significantly increased. It is worth noting 
that piglets from sows fed BS-Dia during pregnancy 
did not show diarrhea symptoms or intestinal patho-
logical changes 48 h after being infected with PEDV, 
and the PEDV loads in the jejunum and ileum were 
significantly reduced. The piglets of sows that did 
not take BS-Dia orally during pregnancy showed 
obvious diarrhea symptoms, and there was extensive 
PEDV colonization in the jejunum and ileum. These 
results indicate that oral administration of BS-Dia to 
pregnant sows can significantly improve innate lacto-
genic immunity and thereby prevent neonatal piglets 
from being infected with PEDV (Liu et  al. 2023).

Luo and his colleagues used crossbred (Duroc × 
 Landrace × Yorkshire) weanling piglets with an 

Species (or others) Inhibitor
Testing 
model Main phases of action

Toxicity CC50 value of 
drugs in vitro assay 

(μg/mL or others) Viruses Ref.

Gnetum montanum 
Markgr

G29 In vitro Replication > 160 PEDV (Trinh et  al. 2021)

Tacca chantrieri André T30 In vitro Replication > 310 PEDV (Trinh et  al. 2021)
Crinum asiaticum L. C31 In vitro Replication > 80 PEDV (Trinh et  al. 2021)
Mallotus barbatus 

Müll.Arg
M32 In vitro Replication > 40 PEDV (Trinh et  al. 2021)

Croton kongensis 
Gagnep.

C33 In vitro Replication > 40 PEDV (Trinh et  al. 2021)

Tinospora sinensis 
(Lour.) Merr.

T34 In vitro Replication > 80 PEDV (Trinh et  al. 2021)

Aristolochia 
xuanlienensis

A35 In vitro Replication > 1250 PEDV (Trinh et  al. 2021)

Aristolochia 
acuminata Lam.

A36 In vitro Replication > 80 PEDV (Trinh et  al. 2021)

Alpinia genus Alpinia zerumbet extract In vitro Attachment, 
replication

> 500 PEDV (Narusaka et  al. 2021)

Portulaca oleracea Portulaca oleracea extract In vitro Attachment, 
replication

> 2.5 × 104 PEDV (Liu et  al. 2021)

Portulaca oleracea extract In vitro Replication > 2.5 × 104 PEDV (Zhang et  al. 2023d)
Alpiniae oxyphyllae 

fructus
Alpiniae oxyphyllae 

fructus polysaccharide 
3

In vitro Attachment, entry > 5000 PEDV (Chen et  al. 2021b)

Alpiniae oxyphyllae 
fructus polysaccharide 
3

In vitro Attachment, entry > 5000 PEDV (Luo et  al. 2022)

Alpiniae oxyphyllae 
fructus polysaccharide 
3

In vitro Replication > 400 PEDV (Wu et  al. 2023)

M. oleifera M.oleifera extract In vitro Replication > 2000 PEDV (Cao et  al. 2022)
Hypericum japonicum Hypericum japonicum 

extract
In vitro 

and In 
vivo

Later of replication 
stage

> 500 PEDV (Rao et  al. 2023)

Licorice Licorice extract In vitro 
and In 
vivo

Attachment, 
internalization, 
replication

473.3 PEDV (Bai et  al. 2024)

Traditional Chinese 
medicine 
compound

Lizhong decoction In vitro 
and In 
vivo

Replication > 4 × 104 PEDV (Chen et  al. 2024b)

Insects product Black soldier fly extract In vivo Replication > 50 mg/kg PEDV (Yu et  al. 2024)
Fungal product Yeast polysaccharides In vivo Replication > 20 mg/kg PEDV (Li et  al. 2024a)
– Attapulgite In vitro Attachment – PEDV (Wang et  al. 2024c)
Enterococcus faecium NCIMB 10415 In vitro Attachment, 

replication
– TGEV (Chai et  al. 2013)

Antimicrobial peptide Bovine antimicrobial 
peptide-13

In vitro 
and In 
vivo

Replication > 62.5 TGEV (Liang et  al. 2020)

mReg3a In vitro Replication > 62.5 PEDV (Bai et  al. 2021)
mReg3a In vitro Replication > 62.5 TGEV (Bai et  al. 2021)

Cimicifuga Cimicifuga rhizoma 
polysaccharide

In vitro Replication > 250 TGEV (Tan et  al. 2024)

Note: “–”, no data provided.

Table 1.  Continued.
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Table 2.  Small molecule inhibitors against PECs.
Number of 
chemical 
structures in 
Fig. Inhibitor

Testing 
model

Activity IC50/EC50 
(μmol/L or 

others)

Toxicity CC50 
value of drugs in 

vitro assay 
(μmol/L or others)

Main phases of 
action Viruses Ref.

Small molecule inhibitors that mainly inhibit PECs adsorption.
Figure 2 (1) Phloroglucinol In vitro – 374.4 ± 4.0 Entry PEDV (Kwon et  al. 2013)
Figure 2 (2) Eckol In vitro 22.5 ± 2.2 388.3 ± 2.6 Entry PEDV (Kwon et  al. 2013)
Figure 2 (3) 7-Phloroeckol In vitro 18.6 ± 2.3 446.2 ± 3.8 Entry PEDV (Kwon et  al. 2013)
Figure 2 (4) Phlorofucofuroeckol In vitro 10.8 ± 1.4 579.0 ± 4.3 Entry, replication PEDV (Kwon et  al. 2013)
Figure 2 (5) Dieckol In vitro 16.6 ± 3.0 490.6 ± 1.6 Entry, replication PEDV (Kwon et  al. 2013)
Figure 2 (6) Compound 6 In vitro – < 10 Attachment PEDV (Chen et  al. 2021c)
Figure 2 (7) Compound 7 In vitro – > 40 Attachment PEDV (Chen et  al. 2021c)
Figure 2 (8) Compound 8 In vitro – > 60 Attachment PEDV (Chen et  al. 2021c)
Figure 2 (9) Levisrolide A In vitro – > 100 Attachment, entry, 

replication
PEDV (Zeng et  al. 2022b)

Figure 2 (10) Cepharanthine In vitro and 
In vivo

2.53 29.92 Attachment, entry PEDV (Dong et  al. 2022)

In vitro 0.2 10.98 Attachment, 
replication

PEDV (Leng et  al. 2024)

In vitro – 17 Attachment, 
replication

PDCoV (Sun et  al. 2024c)

In vitro – 16.18 Entry SADS-CoV (Chen et  al. 2022c)
In vitro 1.03 > 12.5 Attachment, 

replication
SADS-CoV (Leng et  al. 2024)

Figure 2 (11) Tetrandrine In vitro 3.50 24.78 Attachment, entry PEDV (Dong et  al. 2022)
In vitro – 30.03 Attachment, 

replication
PEDV (Qian et  al. 2024)

In vitro 0.44 11.71 Attachment, 
replication

PEDV (Leng et  al. 2024)

In vitro 2.19 > 12.5 Attachment, 
replication

SADS-CoV (Leng et  al. 2024)

Figure 2 (12) Fangchinoline In vitro 6.69 30.19 Attachment, entry PEDV (Dong et  al. 2022)
In vitro 3.54 17 Attachment, entry PEDV (Zhang et  al. 2023a)
In vitro 0.67 37.49 Replication PEDV (Zhang et  al. 2023c)
In vitro 0.2 12.35 Attachment, 

replication
PEDV (Leng et  al. 2024)

In vitro 2.23 > 12.5 Attachment, 
replication

SADS-CoV (Leng et  al. 2024)

Figure 2 (13) Berbamine In vitro 9.00 20 Attachment, entry PEDV (Zhang et  al. 2023a)
In vitro 0.5 > 25 Attachment, 

replication
PEDV (Leng et  al. 2024)

In vitro 5.84 > 25 Attachment, 
replication

PEDV (Leng et  al. 2024)

Figure 2 (14) (+)-Fangchinoline In vitro 4.68 16 Attachment, entry PEDV (Zhang et  al. 2023a)
Figure 2 (15) Isotetrandrine In vitro 1.67 > 25 Attachment, 

replication
PEDV (Leng et  al. 2024)

In vitro 3.67 > 50 Attachment, 
replication

SADS-CoV (Leng et  al. 2024)

Figure 2 (16) Cycleanine In vitro 0.34 > 12.5 Attachment, 
replication

PEDV (Leng et  al. 2024)

In vitro 2.77 > 12.5 Attachment, 
replication

SADS-CoV (Leng et  al. 2024)

Figure 2 (17) Dauricine In vitro 1.7 > 25 Attachment, 
replication

PEDV (Leng et  al. 2024)

In vitro 0.84 > 12.5 Attachment, 
replication

SADS-CoV (Leng et  al. 2024)

Figure 2 (18) Daurisoline In vitro 0.82 > 12.5 Attachment, 
replication

PEDV (Leng et  al. 2024)

In vitro 2.8 > 12.5 Attachment, 
replication

SADS-CoV (Leng et  al. 2024)

Figure 2 (19) Niclosamide In vitro 0.246 25.29 Entry PEDV (Wang et  al. 2023g)
Figure 2 (20) Bafilomycin A1 In vitro – > 1.0 Entry PEDV (Wang et  al. 2023g)
Figure 2 (21) Chloroquine In vitro – > 25 Entry PEDV (Wang et  al. 2023g)
Figure 2 (22) Veratramine In vitro ≤ 5 >60 Entry, replication PEDV (Chen et  al. 2024a)
Figure 2 (23) Matrine In vitro – > 1.0 mg/mL Entry, attachment, 

replication
PEDV (Qiao et  al. 2024)

Figure 2 (24) Benzoic acid In vitro 
and In 
vivo

– > 4 × 103 Entry PEDV (Liu et  al. 2024b)

Figure 2 (25) Tunicamycin In vitro 25.3 ng/mL > 2 μg/mL Attachment, entry SADS-CoV (Chen et  al. 2023b)
Small molecule inhibitors that regulate viral proteins or proteases to inhibit PECs replication.
Figure 3 (26) N3 In vitro – – Replication PEDV (Wang et  al. 2017a)
Figure 3 (27) Compound 27 In vitro – – Replication PEDV (Wang et  al. 2017a)
Figure 3 (28) Compound 28 In vitro – – Replication PEDV (Wang et  al. 2017a)
Figure 3 (29) Compound 29 In vitro 37.8 533.8 Replication PEDV (Shi et  al. 2018)
Figure 3 (30) Compound 30 In vitro 23.4 522.3 Replication PEDV (Shi et  al. 2018)
Figure 3 (31) 3-(aminocarbonyl)-1-

phenylpyridinium
In vitro 0.1877 73.8 Replication PEDV (Zhou et  al. 2021)

Figure 3 (32) 2,3-dichloronaphthoquinone In vitro 6.765 21.79 Replication PEDV (Zhou et  al. 2021)

(Continued)
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Figure 3 (33) GC376 In vitro 1.11 ± 1.13 > 200 Replication PEDV (Ye et  al. 2020)
Figure 3 (34) Quercetin In vitro ≤ 3 > 400 Replication PEDV (Li et  al. 2020d)

In vitro – > 400 μg/mL Replication SADS-CoV (Zheng et  al. 2022)
In vitro – > 600 Attachment, 

replication
SADS-CoV (Feng et  al. 2024)

Figure 3 (35) Flavonol In vitro 20.37 463.8 Replication PEDV (Liang et  al. 2024)
Figure 3 (36) Chrysin In vitro 2.484 ± 0.59 μg/

mL
83.56 ± 2.12 μg/

mL
Replication PEDV (Gong et  al. 2023)

Figure 3 (37) Naringenin In vitro 4.505 ± 2.25 μg/
mL

61.86 ± 0.97 μg/
mL

Replication PEDV (Gong et  al. 2023)

Figure 3 (38) Wogonin In vitro – > 475 Replication PEDV (Wang et  al. 2023d)
Figure 3 (39) Baicalein In vitro ≤ 11.2 > 400 Replication PEDV (Li et  al. 2024c)

In vitro – 758.7 μg/mL Replication PDCoV (Liu et  al. 2024a)
Figure 3 (40) Baicalin In vitro ≤ 13 > 400 Replication PEDV (Li et  al. 2024c)
Figure 3 (41) Luteolin In vitro ≤ 68.5 > 238 Replication PEDV (Wang et  al. 2024b)
Figure 3 (42) Tomatidine In vitro 3.447 45.68 Replication PEDV (Wang et  al. 2020)
Figure 3 (43) Pneumocandin B0, In vitro 3.476 43.00 Replication PEDV (Wang et  al. 2020)
Figure 3 (44) (-)-Epigallocatechin gallate In vitro 8.764 99.04 Replication PEDV (Wang et  al. 2020)
Figure 3 (45) Buddlejasaponin IVb In vitro 8.136 89.77 Replication PEDV (Wang et  al. 2020)

In vitro and 
In vivo

6.943 84.56 Replication, 
release

PEDV (Sun et  al. 2022)

Figure 3 (46) Xanthohumol In vitro 7.51 57.04 ± 2.11 Replication PEDV (Lin et  al. 2021)
Figure 3 (47) Hypericin In vitro 5.90 ± 0.26 56.73 ± 9.4 Replication PEDV (Zhang et  al. 2021b)

In vitro – 97.06 ± 9.4 Replication TGEV (Zhang et  al. 2021b)
Figure 3 (48) Octyl gallate (OG) In vitro and 

In vivo
242.15 > 40 Replication PEDV (Su et  al. 2023)

Figure 3 (49) Compound 49 In vitro 7.5 ± 0.7 > 20 Replication PEDV (Cho et  al. 2019)
Figure 3 (50) Compound 50 In vivo 8.0 ± 2.5 > 20 Replication PEDV (Cho et  al. 2019)
Figure 3 (51) Polycarpine In vivo 5.68 ± 0.80 50.20 ± 1.19 Replication PEDV (Zhang et  al. 2024a)
Figure 3 (52) TMPyP4 In vitro – > 60 Replication PEDV (Li et  al. 2023c)
Figure 3 (53) PDS In vitro – > 60 Replication PEDV (Li et  al. 2023c)
Figure 3 (54) Braco-19 In vitro – > 10 Replication PEDV (Li et  al. 2023c)
Figure 3 (55) Phen-DC3 In vitro – > 60 Replication PEDV (Li et  al. 2023c)
Figure 3 (56) 6-thioguanine In vivo 13.7 ± 1.7 – Replication PEDV (Chu et  al. 2018)
Figure 3 (57) ZINC12899676 In vitro – > 10 Replication PEDV (Wang et  al. 2022c)
Figure 3 (58) Remdesivir In vivo – > 10 Replication PDCoV (Brown et  al. 2019)

In vitro – > 250 Replication PEDV (Xie et  al. 2021)
In vitro – > 40 Replication SADS-CoV (Zhou et  al. 2023)

Figure 3 (59) β-D-N4-hydroxycytidine In vitro – > 125 Replication PEDV (Xie et  al. 2021)
Figure 3 (60) Remdesivir nucleoside In vitro – > 250 Replication PEDV (Xie et  al. 2021)
Figure 3 (61) Gossypol In vitro 0.99 > 10 Replication PEDV (Wang et  al. 2022d)

In vitro 2.55 > 10 Replication SADS-CoV (Wang et  al. 2022d)
In vitro 1.06 > 5 Replication PDCoV (Wang et  al. 2022d)

Figure 3 (62) Molnupiravir In vivo 12.30 > 96 Replication PEDV (Huang et  al. 2013)
Figure 3 (63) Tubercidin In vitro 0.2487 14.23 Replication PEDV (Wang et  al. 2024d)

In vivo – 14.32 Replication SADS-CoV (Wang et  al. 2024d)
Figure 3 (64) Compound 64 In vitro – > 20 Replication PEDV (Yang et  al. 2015a)
Figure 3 (65) Compound 65 In vitro – 12.47 ± 0.97 Replication PEDV (Yang et  al. 2015b)
Figure 3 (66) Compound 66 In vitro – 9.32 ± 1.19 Replication PEDV (Yang et  al. 2015b)
Figure 3 (67) Compound 67 In vitro – 13.72 ± 1.35 Replication PEDV (Yang et  al. 2015b)
Figure 3 (68) Compound 68 In vitro – 2.25 ± 0.11 Replication PEDV (Yang et  al. 2015b)
Figure 3 (69) Trichlormethiazide In vitro 8.754 mg/mL > 0.094 mg/mL Replication PEDV (Deejai et  al. 2017)
Figure 3 (70) D- (+) biotin In vitro 0.925 mg/mL > 0.094 mg/mL Replication PEDV (Deejai et  al. 2017)
Figure 3 (71) Glutathione reduced free acid In vitro 2.722 mg/mL > 1.5 mg/mL Replication PEDV (Deejai et  al. 2017)
Figure 3 (72) Hyperoside In vitro – > 20 Replication PEDV (Su et  al. 2021)

In vitro 2.588 μg/ml 25.15 μg/ml Replication PEDV (Wang et  al. 2024a)
Figure 3 (73) Compound 73 In vitro – > 100 Replication PDCoV (Wang et  al. 2022a)
Figure 3 (74) Compound 74 In vitro – > 100 Replication PDCoV (Wang et  al. 2022a)
Figure 3 (75) Phloretin In vivo 65.4 ± 4.26 440.6 ± 4.2 Replication TGEV (Duan et  al. 2024b)
Figure 3 (76) Myricetin In vivo 31.19 > 1000 Replication TGEV (Fan et  al. 2024)
Small molecule inhibitors that regulate host factors to inhibit PECs replication.
Figure 4 (77) Glycyrrhizin In vitro – >800 Entry, replication PEDV (Huan et  al. 2017)

In vitro – >5 Replication PEDV (Gao et  al. 2020)
Figure 4 (78) Chem-80,048,685 In vitro 39.03 116.7 Attachment, 

replication
PEDV (Wang et  al. 2023b)

Figure 4 (79) Ouabain In vitro – > 10 nmol/L Attachment PEDV (Xiong et  al. 2023)
In vitro 0.147 ± 0.028 > 10 Replication TGEV (Yang et  al. 2017)
In vitro – > 0.2 Replication TGEV (Yang et  al. 2022a)

Figure 4 (80) PST2238 In vitro – > 10 Attachment PEDV (Xiong et  al. 2023)
Figure 4 (81) Pemetrexed acts In vitro and 

In vivo
– > 256 Replication PEDV (Zhang et  al. 2024b)

Figure 4 (82) SP2509 In vitro 0.919 4.763 Replication PEDV (Zhao et  al. 2024)
Figure 4 (83) Triacetyl resveratrol In vitro 42.5 > 200 Replication PEDV (Wang et  al. 2022e)
Figure 4 (84) Andrographolide In vitro and 

In vivo
– > 50 Replication PEDV (He et  al. 2024)

Table 2.  Continued.
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Figure 4 (85) PA-824 In vitro and 
In vivo

18.4 233.2 Replication PEDV (Li et  al. 2024b)

Figure 4 (86) NAD+ In vitro 17.63 184.3 Replication PEDV (Li et  al. 2024b)
Figure 4 (87) Lovastatin In vitro 19.67 115.2 Replication PEDV (Li et  al. 2024b)
Figure 4 (88) Hyodeoxycholic acid In vitro 18.22 174.45 Replication PEDV (Li et  al. 2024b)
Figure 4 (89) Rapamycin In vitro – > 0.1 Replication PEDV (Ko et  al. 2017)
Figure 4 (90) Homoharringtonine In vivo 0.112 5.582 Replication PEDV (Dong et  al. 2018)

In vitro and 
In vivo

– > 1.0 Replication PEDV (Li and Wang 2020)

Figure 4 (91) Hydroxychloroquine In vitro and 
In vivo

– > 100 Replication PEDV (Li and Wang 2020)

Figure 4 (92) Cinchonine In vitro – > 200 Replication PEDV (Ren et  al. 2022a)
Figure 4 (93) Erastin In vitro – > 8 Replication PEDV (Zhang et  al. 2023b)
Figure 4 (94) (1S,3R)-RSL3 In vitro – > 6 Replication PEDV (Li et  al. 2023b)
Figure 4 (95) Quercetin7-rhamnoside In vitro 0.014 μg/mL > 100 μg/mL Replication PEDV (Song et  al. 2011)
Figure 4 (96) Emodin In vitro 2.1 > 100 Replication PEDV (Li et  al. 2021)

In vitro – > 12.5 μg/mL Attachment, 
replication

SADS-CoV (Zheng et  al. 2022)

Figure 4 (97) Gossypol-Acetic acid In vitro 2.9 > 100 Replication PEDV (Li et  al. 2021)
Figure 4 (98) Gynostemma Extract In vitro 2.7 > 100 Replication PEDV (Li et  al. 2021)
Figure 4 (99) Oridonin In vitro 3.0 35 Replication PEDV (Li et  al. 2021)
Figure 4 

(100)
Licochalcone A In vitro 4.0 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(101)

Amphotericin B In vitro 2.91 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(102)

Demethylzeylasteral In vitro 2.37 38.6 Replication PEDV (Li et  al. 2021)

Figure 4 
(103)

Tubeimoside I In vitro 4.21 74.8 Replication PEDV (Li et  al. 2021)

Figure 4 
(104)

Harmine hydrochloride In vitro 1.33 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(105)

Betulonic acid In vitro < 1.25 61.9 Replication PEDV (Li et  al. 2021)

Figure 4 
(106)

Ursonic acid In vitro 2.13 41.0 Replication PEDV (Li et  al. 2021)

Figure 4 
(107)

3′-Hydroxypterostilbene In vitro 4.29 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(108)

Tannic acid In vitro 4.37 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(109)

(E)-Cardamonin In vitro 2.15 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(110)

Harmine In vitro 1.96 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(111)

Esculetin In vitro 5.97 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(112)

Lithocholic acid In vitro 2.37 > 100 Replication PEDV (Li et  al. 2021)
In vitro – > 25 Replication PDCoV (Kong et  al. 2021)

Figure 4 
(113)

Nordihydroguaiaretic acid In vitro 5.00 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(114)

Efonidipine In vitro 5.58 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(115)

Tabersonine hydrochloride In vitro 4.30 82.6 Replication PEDV (Li et  al. 2021)

Figure 4 
(116)

Protoporphyrin IX In vitro < 1.25 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(117)

Proanthocyanidins In vitro 2.19 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(118)

Caffeic Acid Phenethyl Ester In vitro 1.74 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(119)

Grape seed Extract In vitro 2.42 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(120)

7-Ethylcamptothecin In vitro < 1.25 > 100 Replication PEDV (Li et  al. 2021)

Figure 4 
(121)

Puerarin In vivo – – Replication PEDV (Wu et  al. 2020)

Figure 4 
(122)

Magnolol In vitro 28.21 57.28 Replication PEDV (Wang et  al. 2023e)

Figure 4 
(123)

Ergosterol peroxide In vitro – 327.6 Entry, replication, 
release

PEDV (Liu et  al. 2022)

In vitro and 
In vivo

– > 248 Attachment, entry, 
replication

PDCoV (Duan et  al. 2021a)

In vitro and 
In vivo

– > 248 Attachment, entry, 
replication

PDCoV (Duan et  al. 2021b)

In vivo – – Replication PDCoV (Duan et  al. 2021c)

Table 2.  Continued.
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Figure 4 
(124)

Monolaurin In vivo – – Replication PEDV (Zhang et  al. 2021a)

Figure 4 
(125)

Ellagic acid In vitro – > 80 Replication PEDV (Song et  al. 2024)

Figure 4 
(126)

Compound 126 In vitro and 
In vivo

1.89 ± 0.25 > 100 Replication PEDV (Chen et  al. 2021a)

Figure 4 
(127)

Compound 127 In vitro 3.26 ± 0.23 > 100 Replication PEDV (Chen et  al. 2021a)

Figure 4 
(128)

Compound 128 In vitro and 
In vivo

0.72 ± 0.11 > 100 Replication PEDV (Chen et  al. 2021a)

Figure 4 
(129)

Palmitic acid In vitro – > 50 μmol/L Replication PEDV (Mao et  al. 2022)
In vitro – > 200 Replication PEDV (Suo et  al. 2023)

Figure 4 
(130)

Lauric acid In vitro – > 200 Replication PEDV (Suo et  al. 2023)
In vitro – > 200 Replication TGEV (Suo et  al. 2023)

Figure 4 
(131)

Sodium butyrate In vitro – > 200 Replication PDCoV (Suo et  al. 2023)
In vitro – > 1000 Replication PEDV (He et  al. 2023)

Figure 4 
(132)

Docosahexaenoic acid In vitro – > 200 Replication PEDV (Suo et  al. 2023)
In vitro – > 200 Replication TGEV (Suo et  al. 2023)
In vitro – > 200 Replication PDCoV (Suo et  al. 2023)

Figure 4 
(133)

Eicosapentaenoic acid In vitro – > 200 Replication PEDV (Suo et  al. 2023)
In vitro – > 200 Replication TGEV (Suo et  al. 2023)
In vitro – > 200 Replication PDCoV (Suo et  al. 2023)

Figure 4 
(134)

Linoleic acid In vitro – > 50 μg/mL Replication PEDV (Yang et  al. 2023b)

Figure 4 
(135)

Ribavirin In vitro – > 200 Replication PEDV (Kim and Lee 2013)

Figure 4 
(136)

2-Deoxy-D-glucose In vivo – > 1.0 × 104 Replication PEDV (Wang et  al. 2014)

Figure 4 
(137)

A77 1726 In vitro – > 200 Replication PEDV (Li et  al. 2020b)

Figure 4 
(138)

Formic acid In vitro – 1.5869 mg/mL Replication PEDV (Gómez-García et  al. 
2021)

Figure 4 
(139)

Ursonic acid In vitro – > 32 Replication PEDV (Yang et  al. 2024)

Figure 4 
(140)

Panax notoginseng saponins In vitro – > 512 μg/mL Replication PEDV (Hu et  al. 2024)

Figure 4 
(141)

Salinomycin In vitro – < 20 Entry, replication PEDV (Yuan et  al. 2021)

Figure 4 
(142)

Nicotinamide In vitro – > 2.5 × 103 Replication PEDV (Li et  al. 2023a)
In vitro – > 500 Replication PDCoV (Li et  al. 2023a)

Figure 4 
(143)

Epigallocatechin-3-gallate In vitro 14.95 > 100 Attachment, entry, 
replication, 
assembly

PEDV (Huan et  al. 2021)

Figure 4 
(144)

Ivermectin In vitro 7.05 25.34 Replication, 
release

PEDV (Wang et  al. 2023h)

In vitro 4.63 > 10 Replication PEDV (Xu et  al. 2024a)
Figure 2 (13) Berbamine In vitro and 

In vivo
177.1 1.789 Replication PEDV (Xiang et  al. 2024)

Figure 4 
(145)

Avermectin B1 In vitro 8.98 219.3 Replication, 
release

PEDV (Wang et  al. 2023h)

Figure 4 
(146)

Doramectin In vitro 6.26 130.4 Replication, 
release

PEDV (Wang et  al. 2023h)

Figure 4 
(147)

Chenodeoxycholic acid In vitro – > 200 Replication PDCoV (Kong et  al. 2021)

Figure 4 
(148)

Methyl-β-cyclodextrin In vitro – > 3000 Attachment, entry PDCoV (Jeon and Lee 2018)

Figure 4 
(149)

25-hydroxycholesterol In vitro – > 25 Entry PDCoV (Ke et  al. 2021)
In vitro – > 100 Attachment, entry PDCoV (Zhang et  al. 2022a)

Figure 4 
(150)

17-AAG In vitro 0.1426 36.34 Replication PDCoV (Zhao et  al. 2022)

Figure 4 
(151)

VER-82576 In vitro 1.106 41.58 Replication PDCoV (Zhao et  al. 2022)

Figure 4 
(152)

Diammonium glycyrrhizinate In vitro – > 1250 μg/mL Entry, replication PDCoV (Zhai et  al. 2019)

Figure 4 
(153)

Chlorogenic acid In vitro 69 ± 11 5598 ± 229 Replication, 
release

PDCoV (Shi et  al. 2024)

Figure 4 
(154)

Compound 154 In vitro 17.34 ± 7.20 > 800 Replication PDCoV (Sun et  al. 2024a)

Figure 4 
(155)

Selenomethionine In vitro – > 16 Replication PDCoV (Ren et  al. 2022c)

Figure 4 
(156)

Curcumin In vitro 5.979 408 Replication PDCoV (Wang et  al. 2023f)
In vitro – 77.96 ± 1.005 Attachment, entry TGEV (Li et  al. 2020d)

Figure 4 
(157)

Niacin In vitro – > 1 mg/mL Replication PDCoV (Chen et  al. 2022a)

Table 2.  Continued.
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average weight of 6.62 ± 0.36 kg to explore the effects 
of adding synbiotics (SYB, consist of S. cerevisiae, 
Lactobacilli, B. subtilis, and their fermentation extract, 
such as β-glucan, mannan oligosaccharide, and vari-
ous metabolites in Ref. Luo et  al. 2024) to the diet 
on the growth performance, immune function and 
intestinal barrier function of PEDV-challenged piglets. 
The rats were fed with diets containing 0.1% SYB 
and 0.2% SYB for 21 days respectively. On the 22nd 
day of feeding, 40 mL of 5.6 × 103 TCID50/mL PEDV 
virus liquid was administered to each head. On the 
26th day of feeding, adding SYB to the diet could 
inhibit the decrease in average daily feed intake and 
average daily weight gain caused by PEDV challenge, 

among which 0.1% SYB had the best alleviation 
effect. In addition, the levels of serum interleukin 
(IL)-10, immunoglobulin M, complement component 
4 and jejunal mucosa IL-4 in the diet supplemented 
with 0.1% SYB were significantly increased, and the 
serum diamine oxidase activity was significantly 
reduced. In addition, 0.1% SYB increased the mRNA 
expression of cludin-1, occludens protein-1, mucin 2, 
interferon-γ, interferon regulatory factor-3, signal 
transduction factors and transcription activators, and 
occludin protein expression in the jejunal mucosa. 
Downregulating toll-like receptor 3 (TLR3) and tumor 
necrosis factor (TNF)-α mRNA expression. Adding 
0.2% SYB also had a positive effect on piglets, but 

Number of 
chemical 
structures in 
Fig. Inhibitor

Testing 
model

Activity IC50/EC50 
(μmol/L or 

others)

Toxicity CC50 
value of drugs in 

vitro assay 
(μmol/L or others)

Main phases of 
action Viruses Ref.

Figure 4 
(158)

Lycorine In vitro – > 10 Replication PDCoV (Fang et  al. 2021)

Figure 4 
(159)

Resveratrol In vitro – > 10 Replication PDCoV (Fang et  al. 2021)

Figure 4 
(160)

Digitoxin In vitro 0.373 ± 0.032 > 10 Replication TGEV (Yang et  al. 2017)

Figure 4 
(161)

Oleandrin In vitro 0.166 ± 0.008 > 10 Replication TGEV (Yang et  al. 2017)

Figure 4 
(162)

AG1024 In vitro – > 50 Replication TGEV (Yang et  al. 2022a).

Figure 4 
(163)

All-trans retinoic acid In vivo – > 100 Replication TGEV (Pu et  al. 2022a)
In vivo – > 100 Replication TGEV (Pu et  al. 2022a)

Figure 4 
(164)

Polygonum Cillinerve 
polysaccharide

In vitro – > 500 Replication TGEV (Pan et  al. 2021)
In vivo – > 62.5 μg/mL Replication TGEV (Duan et  al. 2024a)

Figure 4 
(165)

(+)-Catechin In vitro – > 640 Replication TGEV (Liang et  al. 2015)

Figure 4 
(166)

Eugenol In vitro – > 800 Replication TGEV (Wang et  al. 2022b)

Figure 4 
(167)

L-leucine In vitro – > 1.0 × 104 Replication TGEV (Du et  al. 2021)

Figure 4 
(168)

Tyrphostin A9 In vitro – > 6.0 Replication TGEV (Dong et  al. 2020).

Figure 4 
(169)

Phlorizin In vitro – > 200 Replication TGEV (Yang et  al. 2020c)

Figure 4 
(170)

2-bromopalmitate In vitro – > 10 Replication SADS-CoV (Luo et  al. 2021)

Figure 4 
(171)

CP-724714 In vitro 0.91 ± 0.18 > 20 Replication SADS-CoV (Zhou et  al. 2023)
In vitro 2.13 ± 0.6 > 20 Replication PEDV (Zhou et  al. 2023)
In vitro 0.84 ± 0.22 > 80 Replication PDCoV (Zhou et  al. 2023)
In vitro 2.53 ± 0.24 > 80 Replication TGEV (Zhou et  al. 2023)

Figure 4 
(172)

Lonafarnib In vitro 2.378 > 64 Replication SADS-CoV (Zhou et  al. 2023)

Figure 4 
(173)

Sorafenib In vitro 0.4628 > 64 Replication SADS-CoV (Zhou et  al. 2023)

Figure 4 
(174)

Gemcitabine In vitro – 88.48 Replication SADS-CoV (Chen et  al. 2022c)

Figure 4 
(175)

Mycophenolate mofetil In vitro – > 100 Replication SADS-CoV (Chen et  al. 2022c)

Figure 4 
(176)

Mycophenolic acid In vitro – > 100 Replication SADS-CoV (Chen et  al. 2022c)

Figure 4 
(177)

Methylene blue In vitro – > 25 Entry, replication SADS-CoV (Chen et  al. 2022c)

Figure 4 
(178)

LJ001 In vitro – 146.4 Replication PDCoV (Zhang et  al. 2020)
In vitro – 146.4 Replication TGEV (Zhang et  al. 2020)

Figure 4 
(179)

Melatonin In vitro – > 3 × 103 Replication PEDV, 
PDCoV, 
TGEV

(Zhai et  al. 2021)

Figure 4 
(180)

Indole In vitro – > 1 × 103 Replication (Zhai et  al. 2021)

Figure 4 
(181)

Tryptamine In vitro – > 5 × 102 Replication (Zhai et  al. 2021)

Figure 4 
(182)

L- tryptophan In vitro – > 3 × 103 Replication (Zhai et  al. 2021)

Figure 4 
(183)

Rifampicin In vitro – > 200 Replication PEDV (Wei et  al. 2024)
In vitro – > 200 Replication SADS-CoV (Wei et  al. 2024)

Note: “–”, no data provided.
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the effect was not as good as 0.1% SYB. These results 
show that adding 0.1% SYB to the diet can improve 
the growth performance of pigs, reduce inflamma-
tion and intestinal barrier damage by improving 
innate immune function and reducing PEDV genome 
copy number, and has a good protective effect 
against PEDV infection (Luo et  al. 2024).

2.1.3.  Bacillus licheniformis inhibitors
Bacillus licheniformis (B. licheniformis, Table 1) is com-
monly used as probiotic and its secondary metabo-
lites are attractive anti‑microbial candidate. Peng 
et  al. showed by in vitro experiments revealed that 
while B. licheniformis crude extracts exhibited no 
toxicity in Vero cells (CC50 > 150 μg/mL, Table 1), 
co‑cultivation of B. licheniformis crude extracts with 
PEDV significantly reduced viral infection and replica-
tion (Peng et  al. 2019). Next, Peng et  al. showed by 
in vivo, PEDV‑infected piglets supplemented with 
air‑dried solid state fermentative cultivate containing 
BLFP (5 kg/ton feed) showed milder clinical symp-
toms and decreased viral shedding. Importantly, no 
significant systemic pathological lesions and no 
reduction in average daily gain were noted in pigs 
supplemented with the BLFP, which suggests that it 
is safe for use in pigs (Peng et  al. 2019).

2.1.4.  Lactic acid bacteria inhibitors
Sirichokchatchawan et  al. isolated from pig feces 
seven Lactic acid bacteria (LAB) [Ent. faecium 79 N and 
40 N, Lact. plantarum 22, 25 and 31 F, Ped.acidilactici 
72 N and Ped. pentosaceus 77 F in Ref. 
Sirichokchatchawan et  al. 2018]. Among them, Lact. 
plantarum (22 F and 25 F) and Pediococcus strains 
72 N and 77 F could reduce infectivity of the PEDV in 
the Vero cells (Sirichokchatchawan et  al. 2018). 
Similarly, Chen and his colleagues isolated some LAB 
strains from the feces of nursing piglets that showed 
the protective effects of against PEDV infection. 
Among L3 and L4 strains [YM22 and YM33 in Ref. 
Chen et  al. 2022b, Table 1 (L3) and (L4)] the intracel-
lular extracts or cell wall fractions are more effective 

in preventing PEDV than other strains. L3 and L4 
strains did not interact directly with virions, but had 
high adhesion capacity to Vero cells. Thereby, L3 and 
L4 could compete with PEDV viral particles to attach 
to cell receptors, preventing the virus from invading 
cells. Meanwhile, L3 and L4 could inhibited the 
increased TNF-α and IL-8 mRNA expression by PEDV-
infected cells (Chen et  al. 2022b). Another study 
found that when porcine jejunum intestinal epithelial 
(IPEC-J2) cells were treated with L4 before infection 
with PEDV, the expression levels of ITGA1, ITGA5, 
ITGB5, FAK, PIK3R1, PIK3CA and AKT1 mRNA were 
significantly increased at different times after infec-
tion. L4 may upregulate the FAK/PI3K/Akt signaling 
pathway in IPEC-J2 cells to resist PEDV infection 
(Dong et  al. 2021).

Kefir is an acidic and mildly alcoholic fermented 
milk product that is believed to have many beneficial 
activities, such as hypocholesterolemic activity, anti-
bacterial and antifungal activities, antitumor activity, 
immunomodulatory activity, and quickening of 
wound healing (Bourrie et  al. 2016). Numerous bac-
terial strains with specific properties, such as hypo-
cholesterolemic effect, antiallergenic effect, 
immunoregulatory effects, and antipathogenic activi-
ties, have been isolated from kefir grains (Prado et  al. 
2015). Moreover, Chang-Liao et  al. screened twen-
ty-nine LAB strains with anti-PEDV potential from 
kefir grains, which were isolated and identified as 
Enterococcus durans, Lactobacillus kefiri, Lactococcus 
lactis, and Leuconostoc mesenteroides. Among them, 
the intracellular extracts of Ln. mesenteroides showed 
higher anti-PEDV activities than that of the other 
species. Next, the antiviral activity of an Ln. mesen-
teroide strain named L5 (YPK30 in Ref. Chang-Liao 
et  al. 2020, Table 1), which showed a higher growth 
rate than that of the other strains, and was further 
evaluated. The results showed that the intracellular 
extract of L5 up-regulatory effect on the expression 
of myxovirus resistance 1 (MX1) and interferon-stim-
ulated gene 15 (ISG15) genes in Vero cells, thus pos-
sessed prophylactic, therapeutic, and direct-inhibitory 
effects against PEDV in vitro (Chang-Liao et  al. 2020).

Table 3.  Summary of inorganic substance-based PECs inhibitors.

Inhibitor Testing model
CC50 (μmol/L or 

others) Main phases of action Viruses Ref.

Lithium chloride (LiCl) In vitro > 5.0 × 104 Entry, replication TGEV (Ren et  al. 2011)
In vitro > 1.5 × 104 Entry, replication PEDV (Li et  al. 2018)
In vitro > 6 × 104 Entry, replication PDCoV (Zhai et  al. 2019)

Graphene oxide In vitro > 50 μg/mL Entry, replication PEDV (Ye et  al. 2015)
Te/BSA NPs In vitro > 30 μg/mL Entry PEDV (Zhou et  al. 2020a)
Ag2S nanoclusters In vitro > 184 μg/mL Replication PEDV (Du et  al. 2018a)
Silver nanoparticle-modified 

graphene oxide 
nanocomposites

In vitro > 8.0 μg/mL Entry, replication PEDV (Du et  al. 2018b)

Au@Ag nanorods In vitro > 0.16 Entry, replication PEDV (Du et  al. 2020)
Zinc sulfide nanoparticles In vitro > 1.20 mg/mL Entry, replication PEDV (Zhou et  al. 2020b)
Gly-CDs In vitro > 0.90 mg/mL Entry, replication PEDV (Tong et  al. 2020)
Selenium Nano-Particles In vitro > 10 μg/mL Replication PDCoV (Ren et  al. 2022d)
Zinc chloride In vitro 321 Replication, release TGEV (Wei et  al. 2012)
Zinc sulfate In vitro 343 Replication, release TGEV (Wei et  al. 2012)
Ag nanoparticles (Ag NPs) In vitro > 12.5 μg/mL Entry, replication TGEV (Lv et  al. 2014)
NM-300 In vitro > 12.5 μg/mL Entry, replication TGEV (Lv et  al. 2014)
Silver nanowires (XFJ011) In vitro > 12.5 μg/mL Entry, replication TGEV (Lv et  al. 2014)
Silver colloids (XFJ04) In vitro > 12.5 μg/mL Entry, replication TGEV (Lv et  al. 2014)
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Surface layer (S-layer) proteins are crystalline 
arrays of proteinaceous subunits forming the outer-
most component of the cell wall in the Lactobacillus 
acidophilus (L. acidophilus). Zhang et  al. found that L. 
acidophilus S-layer proteins (Table 1) in Vero cells 
could reduce PEDV infection, mainly via inhibiting 
the attachment of viral particles and by reducing 
apoptosis in Vero cells at the later stages of PEDV 
infection. Mechanistically L. acidophilus S-layer pro-
teins protect against PEDV-induced apoptosis by 
reducing caspase-8 and caspase-3 activation during 
the late stages of infection (Zhang et  al. 2019).

Both Lactobacillus plantarum metabolite (LPM) and 
L. plantarum exopolysaccharide (LPE) have strong 
inhibitory effect on PEDV. Extraction of LPM with tri-
chloroacetic acid resulted in LPE at a concentration 
of 2.71 mg/mL. LPE could adhere to PEDV to prevent 
its adsorption to Vero cells. The best inhibitory effect 
was obtained when LPE at a concentration of 
1.35 mg/mL (Table 1) was incubated with PEDV. But 
the inhibition of PEDV will completely lost at LPE 
concentrations below 0.3375 mg/mL. LPE inhibits 
PEDV replication by attenuating the inflammatory 
response and inducing early apoptosis of damaged 
cells, but cannot regulate the immune function of 
cells (Huang et  al. 2021). Next, Huang’s team pre-fed 
3-day-old piglets with LPM for 2 d and then con-
ducted PEDV infection experiment. There was no 
sign of severe gastroenteritis or intestinal wall thin-
ning in the LPM pretreated group, and the viral load 
was significantly lower than that in the PEDV-infected 
group. Immunohistochemistry (IHC) was used to 
detect PEDV positive antigen in jejunum. The coloni-
zation level of PEDV positive antigen on villi in LPM 
pretreatment group was significantly lower than that 
in positive control group. These results suggest that 
LPM has a good inhibitory effect on PEDV in vivo 
(Huang et  al. 2021). Using IPEC-J2 cells as a model, 
Kan and his research team found that Lactiplantibacillus 
plantarum supernatant (LP-1S, Table 1) can reduce 
PEDV-induced loss of calcium channel proteins 
(TRPV6 and PMCA1b), alleviate intracellular Ca2+ 
accumulation caused by PEDV infection, and pro-
mote intracellular and extracellular Ca2+ concentra-
tion balance, thereby inhibiting the proliferation of 
PEDV (Kan et  al. 2023).

Limosilactobacillus reuter (L. reuteri) is one of the 
dominant LAB species in the intestine of piglets. 
Researchers have isolated and identified 9 strains of 
L. reuteri from pig feces, among which L6 (LRC8 in 
Ref. Huang et  al. 2023, Table 1) has a higher inhibi-
tory rate against PEDV than other strains. 
Subsequently, the research team found that L6 and 
its metabolites could significantly down-regulate the 
mRNA expression levels of inflammatory cytokines in 
Vero cells, and could see preventive, therapeutic, 
competitive and direct inhibitory effects on PEDV. In 
addition, the L6 strain effectively alleviated clinical 
symptoms and intestinal damage in PEDV-infected 
piglets (Huang et  al. 2023).

Chen and his colleagues utilized CRISPR-Cas9 tech-
nology to uncover the biological function of 

extracellular polysaccharide (EPS) derived from 
Lacticaseibacillus casei (L.casei), which possesses antioxi-
dant and anti-inflammatory properties. Furthermore, 
EPS was found to suppress the generation of reactive 
oxygen species (ROS) in IPEC-J2 cells. Moreover, EPS 
demonstrated an immunomodulatory impact on PEDV 
infection by promoting the activation of IL-10, a recep-
tor involved in type III interferon (IFN) signaling, leading 
to the inhibition of PEDV replication (Chen et al. 2023a).

Yang et  al. used RT-qPCR to examine the relative 
mRNA expression of inflammation-related factors in 
PEDV-infected and uninfected pigs at different ages 
and found that IL-6 and TNF-α mRNA expression was 
significantly higher in infected piglets than in infected 
older pigs (Yang et  al. 2023a). Coincidentally, a previ-
ous study by Yang and his colleagues found that 
PEDV infection altered the distribution of intestinal 
microbes, with Lactobacillus and Shigella having the 
greatest impact. The absolute and relative abundance 
of Lactobacillus increased and the absolute and rela-
tive abundance of Shigella decreased in the gut of 
1-week-old PEDV-infected piglets compared to non-
PEDV-infected piglets. In contrast, the trend of 
Lactobacillus and Shigella in the intestine of 
2/4-week-old piglets was opposite, with the absolute 
and relative abundance of Lactobacillus decreasing 
and the absolute and relative abundance of Shigella 
increasing. Combined with the differences in mortal-
ity of PEDV infection in piglets at different ages, it 
was hypothesized that LAB had an inhibitory effect 
on PEDV infection in newborn piglets (Yang et  al. 
2020b). In addition, it has been shown that LAB have 
strong anti-inflammatory effects (Saez-Lara et  al. 
2015; Chen et  al. 2022b). Therefore, Yang and his col-
leagues first arranged for newborn piglets to be 
infected with PEDV orally for 7 d after oral adminis-
tration of LAB (Table 4), and continued to observe 
and record all piglets and collect samples after 14 d 
of euthanasia. Analysis of clinical data from the pig-
let experiment showed that the lactobacillus prepa-
ration reduced mortality and diarrhea caused by 
PEDV. Notably, piglets in the treated group had lower 
intestinal viral loads, almost no positive staining for 
PEDV-N protein on intestinal immunohistochemical 
analysis, and intestinal villi as healthy as those in the 
uninfected group. In addition, piglets in the treated 
group showed suppressed inflammatory response, 
enhanced intestinal barrier and significantly upregu-
lated type III interferon levels (Yang et  al. 2023a). 
Similarly, a recent study found that Lactobacillus del-
brueckii, Lactobacillus johnsonii, and Lactococcus lactis 
can protect piglets infected by PEDV from less intes-
tinal damage, less epithelial cell necrosis, and less 
severe damage. Lactobacilli can inhibit the replication 
of PEDV in the intestinal tract of piglets. Short-chain 
fatty acid content was assessed through targeted 
metabolomics and it was found that acetic acid 
exhibits resistance to PEDV. In addition, sodium ace-
tate modulated increased NK cell and macrophage 
counts in mesenteric lymph nodes, increased NK 
cells in the spleen and macrophages in the blood, 
enhancing innate immune defense against PEDV. In 
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addition, acetic acid can increase the number of 
CD8+ IFN-γ T cells in the blood, spleen and mesen-
teric lymph, CD4+ IFN-γ T cells in the mesenteric 
lymph node and spleen, and the number of CD4+ 
IL-4+ T cells in the blood. Further studies found that 
acetic acid increased the expression of ZO-1 through 
the P13K/AKT signaling pathway. These results indi-
cate that acetic acid produced by lactic acid bacteria 
can regulate the intestinal barrier and immune func-
tion and alleviate PEDV infection (Sun et  al. 2024b). 
Combined with the previous literature studies on 
LAB inhibition of PEDV in vitro (Sirichokchatchawan 
et  al. 2018; Chen et  al. 2022b), this suggests that LAB 
has great potential value in the prevention of PEDV 
infection in pigs.

2.1.5.  Lactobacillus rhamnosus inhibitors
Lactobacillus rhamnosus GG (LGG) is a probiotic strain 
known for its safety. Xu et  al. investigated the impact 
of LGG on intestinal health in nursing piglets exposed 
to PEDV. The group receiving LGG treatment was 
administered continuously for 8 days before and after 
infection. Samples were collected for analysis on the 
3rd day post-inoculation. The findings indicated that 
LGG supplementation could enhance intestinal mor-
phology, boost antioxidant capacity, reduce jejunal 
mucosal inflammation, and mitigate lipid metabolism 
disorders in PEDV-infected piglets. These effects may 
be attributed to alterations in the expressions of the 
TNF signaling pathway, PPAR signaling pathway, and 
fat digestion and absorption pathway (Xu et al. 2024b).

2.1.6.  Antimicrobial peptides inhibitors
Antimicrobial peptides (AMPs) are important compo-
nents of the animal nonspecific immune system and 
have a wide range of antimicrobial activities against 
microorganisms such as bacteria, viruses, fungi and par-
asites. Also, AMPs can modulate host immune responses 
such as chemokines, cytokine production and pro-in-
flammatory responses (Hölzl et  al. 2008). Caerin 1.1 
(Table 1) is a peptide with 25 residues (GLLSV LGSVA 
KHVLP HVVPV IAEHLNH2) from the granular glands in 
the skin of the Australian green treefrog (Haney et  al. 
2009). Caerin 1.1 has been shown to have a complete 
inhibitory effect on HIV by preventing viral fusion to tar-
get cells and disrupting the HIV envelope. Moreover, 
Caerin 1.1 is also very effective in inhibiting the transfer 
of HIV from dendritic cells (DCs) to T cells (Vancompernolle 
et  al. 2015). Guo et  al. found that at a very low concen-
tration, Caerin1.1 also had the ability to disrupt the 
integrity of PEDV virus particles and prevent the release 
of the virus, leading to a significant reduction in PEDV 
infection without interfering with the binding process 
between PEDV and cellular receptors (Guo et  al. 2018).

2.2.  Plants- and plant extract cocktails-based PEDV 
inhibitors

Over the past years, there have been many reports 
about the anti-PEDV activity of plants and plant 

extract cocktails. These plants and plant extract cock-
tails are of particular interest to researchers due to 
their easy availability and low toxicity. Although 
plant extract cocktails have considerable potential as 
virus control agents, further extensive, specific 
screening and development are required. Cho et  al. 
found two herbal extracts, Epimedium koreanum 
Nakai and Lonicera japonica Thunberg [KIOM 198 and 
KIOM 124 in Ref. Cho et  al. 2012, Table 1 (E7) and 
(L8)], from 333 natural oriental herbal medicines for 
that significant anti-PEDV effects. The plaque and 
cytopathic effects (CPE) inhibition assay in vitro 
showed that E7 had more potent antiviral activity 
than L8. Additionally, E7 also exhibited a similar 
extent of antiviral effect against TGEV (Cho et  al. 
2012). Cho et  al. used germ-free piglets to dieted 
with E7 (Table 1) for 4 d, and then were orally 
infected with PED viruses (Table 4). At 24 hpi, the 
piglets fed with E7 had normal feces, whereas the 
challenge group piglets that were not fed E7 had 
diarrhea. Furthermore, in the presence of E7, the 
intestine of piglet was free of disease symptom, and 
no virus was detected. However, from 48 h of post-in-
fection, viral number in the E7-dieted piglets was 
increased, but it was still 10-fold lower than the chal-
lenge group piglets that were not fed E7. Despite the 
fact that the underlying mechanism of E7 action has 
not been detailed, Cho and his colleagues assume E7 
exerts strong antiviral effect through modulating 
immune response such as macrophage and lympho-
cyte stimulation (Cho et  al. 2012). Moreover, Kim 
et  al. treated PEDV-infected 3-day-old piglets with a 
daily oral milk substitute containing 60 mg which use 
of extracts of medicinal herbs Taraxaumi mongoli-
cum, Viola yedoensis Makino, Rhizoma coptidis, and 
Radix isatidis (MYCI) for 7 days. Furthermore, MYCI 
mixture alleviated severe intestinal villus atrophy and 
crypt hyperplasia caused by PEDV attack in piglets. 
Herb extract improved growth performance impair-
ment and intestinal damage in newborn piglets 
attacked by toxic PEDV. MYCI mixtures can be used 
as prophylactic or therapeutic agents for PED (Kim 
et  al. 2015).

Lee and his colleagues investigated in vitro anti-
PEDV effect of polysaccharide from Ginkgo biloba 
exocarp, and found that the polysaccharide (P9, Table 
1) exhibited potent antiviral activity against PEDV 
reducing the formation of a visible CPE (IC50 = 
1.7 ± 1.3 μg/mL), compared to ribavirin and it did not 
show cytotoxicity at 100 μg/mL (CC50 > 100 μg/mL, 
Table 1). Polysaccharide also showed effective inhibi-
tory effects when added at the viral attachment and 
entry steps. Moreover, polysaccharide effectively 
inactivated PEDV infection in time-, dose- and tem-
perature-dependent manners (Lee et  al. 2015). 
Griffithsin [Table 1 (G6)], a high-mannose-specific lec-
tin from Griffithsia spp. marine red algae, showed 
exerts antiviral activity against multiple enveloped 
viruses. Li et  al. found that Griffithsin had potent 
anti-PEDV activity via prevention of viral attachment 
and cell-to-cell spread, and it exhibited a stronger 
effect on PEDV infection when it was added during 
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early stages of infection (Li et al. 2019b). Pogostemon 
cablin (Blanco) Benth is widely used in China as a 
traditional Chinese medicine for the treatment of 
diarrhea, vomiting, nausea and fever. Polysaccharide 
is an important component of pogostemon cablin 
(Blanco) Benth. Chen et  al. obtained four pogoste-
mon cablin polysaccharides (PCP1.1, PCP1.2, PCP2.1 
and PCP2.2 in Ref. Chen et  al. 2020b, named as 
PCP10, PCP11, PCP12 and PCP13, Table 1) with the 
anti-PEDV activities from the dry overground parts of 
pogostemon cablin (Blanco) benth by water 
extraction and alcohol precipitation method. PCP10 
and PCP11 inhibited PEDV replication, while PCP12 
and PCP13 inhibited PEDV penetration and replica-
tion. Furthermore, those PCP10-13 showed anti-oxi-
dative effects, which were important to the anti-PEDV 
activities (Chen et  al. 2020b).

Previous studies reported that not only the antivi-
ral effects of the whole extracts of aloe, but also for 
their isolated compounds have significant antiviral 
activity, such as catechin hydrate, kaempferol, aloin 
and emodin. Xu et  al. found that aloe extract (Ae) 
can hamper completely the proliferation of PEDV at 
a non-cytotoxic concentration of 16 mg/mL (Table 1) 
in Vero and IPEC-J2 cells in vitro. Furthermore, time 
course analysis indicated the extract exerted its inhi-
bition at the late stage of the viral life cycle. Moreover, 
the extract can inactivate PEDV directly but did not 
act on the viral genome and S1 protein. Because, it 
was reported that emodin from Ae are directly viru-
cidal to enveloped viruses and are related to the par-
tially disruption of viral envelopes, indicating that the 
direct inactivation PEDV by Ae might relate to emo-
din’s destruction of the virus envelope (Xu et  al. 
2020). Next, Xu et  al. confirmed that the relative safe 
concentration of Ae at 100 mg/kg in BALB/c mouse 
assays. Therefore, oral dose was set to 100 mg/kg bw 
to explore whether Ae can protect piglets from PEDV 
challenge. The results show that no piglets died in 
the Ae treatment-PEDV challenge groups (4 piglets/
group) in two days. In contrast, PEDV challenge with-
out Ae treatment group (4 piglets/group), two pig-
lets died in two days. This indicates that Ae could 
protect newborn piglets from lethal challenge with 
highly pathogenic PEDV variant GDS01 infection 
(Table 4). To determine the gross pathological and 
histological changes in piglets after PEDV infection, 
all piglets from each group were necropsied at 2 dpi. 
In the PEDV challenge without Ae treatment group, 
the small intestinal tract, where yellow watery con-
tents accumulated, were transparent, thin-walled, 
and gas-distended. No lesions or slight lesions were 
observed in the mock and Ae treatment-PEDV chal-
lenge groups. As shown that abruption of jejunum 
villus was observed in the PEDV challenge without 
Ae treatment group, whereas the jejunum was nor-
mal in the mock and Ae treatment-PEDV challenge 
groups. Consistent with the histopathological results, 
more PEDV antigen was detected in the cytoplasm 
of the villous enterocytes of the PEDV challenge 
without Ae treatment piglets by immunohistochemi-
cal analysis. Collectively, Ae could reduce virus load 

and pathological change in intestinal tract of piglets, 
indicating that Ae efficiently inhibited PEDV infection 
in vivo. Although Xu et  al. confirmed that Ae could 
inhibit PEDV in vivo, slight diarrhea was found in 
Ae-treatmented piglets, which Xu et  al. speculates 
might be related with Aloe vera ingredient emodin, 
which used as a laxative (Xu et  al. 2020).

Trinh and his colleagues evaluated the antiviral 
activity of ethanolic and aqueous extracts of 17 tradi-
tional Vietnamese medicinal plants against PEDV 
based on a cytopathic effect-based assay and found 
that 14 of them inhibited the cytopathic effect of 
PEDV (Table 1). Among them, the ethanolic extract of 
Stixis scandens (Table 1) was identified as the most 
effective extract with minimum inhibitory concentra-
tion (MIC) of 0.15 μg/mL (Trinh et  al. 2021). Narusaka 
et  al. Proanthocyanidins (PACs, Table 1) extracted from 
Alpinia zerumbet effectively inactivated the viral parti-
cle activity of PEDV in a dose-dependent manner. The 
results of the cytopathic effect assay showed that 
0.1 mg/ml of PACs significantly reduced the titer of 
PEDV (Narusaka et  al. 2021). Liu’s group found that 
the water extract of Portulaca oleracea (WEPO, Table 1) 
could significantly inhibit PEDV replication by 92.73% 
on human lung mucosal epithelial (VH) cells and 
63.07% on Vero cells. Furthermore, WEPO inhibited 
PEDV infection mainly during the adsorption phase 
and down-regulated the expression of S protein in a 
dose-dependent manner. In addition, the WEPO to 
inhibit PEDV replication in VH cells by down-regulat-
ing the cytokine levels (TNF-α, IL-22 and IFN-α) and 
inhibiting the NF-κB signaling pathway activated by 
PEDV (Liu et  al. 2021). Next, the research team further 
studied the anti-PEDV action mechanism of WEPO in 
Vero cells. WEPO can inhibit Vero cell pyroptosis 
caused by PEDV and reduce the increase in inflamma-
tory factors caused by infection. It mainly acts through 
the Caspase-1/GSDMD pathway (Zhang et  al. 2023d). 
Alpiniae oxyphyllae frucus (Table 1), derived from the 
dry ripe fruit of Alpinia oxyphyla Miq., is a fructus poly-
saccharide with a wide range of activities including 
immunomodulatory, antineoplastic, antiviral and anti-
oxidant activity. Chen et  al. found that Alpiniae oxy-
phyllae fructus polysaccharide 3 (AOFP3) could 
significantly reduce the PEDV titer in IPEC-J2 cells and 
prevent the damage of IPEC-J2 cells caused by PEDV 
infection. Furthermore, AOFP3 showed antioxidant 
activity in inhibiting PEDV propagation (Chen et  al. 
2021b). Next, the anti-PEDV mechanism of AOFP3 was 
further explored and found that AOFP3 competitively 
inhibited the adsorption of PEDV on IPEC-J2 cells by 
blocking the binding of PEDV S protein to porcine 
aminopeptidase in IPEC-J2 cells. Moreover, AOFP3 
reduced the penetration of PEDV into host cells by 
decreasing cholesterol levels in IPEC-J2 cells (Luo et  al. 
2022). In addition, a recent study found that AOFP3 
significantly reduced PEDV’s replication by down-regu-
lating the activity of PEDV RNA-Dependent RNA poly-
merase (RdRp) and reducing the expression of 
heterogeneous nuclear ribonucleoprotein A1 (Wu 
et  al. 2023). Cao et  al. found that an aqueous leaf 
extract of M.oleifera (MOE, Table 1) exhibited antiviral 
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activity in response to PEDV infection at the stage of 
PEDV replication instead of attachment or internaliza-
tion. Mechanistically, MOE suppressed the oxidative 
stress and the expression of inflammatory cytokines 
induced by PEDV infection and upregulated the 
expression of anti-apoptotic proteins, which further 
led to less cell apoptosis (Cao et  al. 2022).

Rao’s team found that Hypericum japonicum extract 
(HJ, Table 1) had antiviral effects against PEDV in 
vitro and in vivo. In in vitro assays, HJ could directly 
inactivate different PEDV strains. Notably, at non-cy-
totoxic concentrations HJ could inhibit the prolifera-
tion of PEDV strains in Vero or IPI-FX cells at various 
stages of the viral life cycle, especially in the late 
stage (Rao et  al. 2023). Next, Rao and his colleagues 
also investigated the antiviral effect of Hypericum 
japonicum extract (HJ) in newborn piglets infected 
with PEDV. First, at 3 days of age, piglets in the treat-
ment group (n = 7) were given HJ orally at a dose of 
1.28 g/kg body weight twice daily, while piglets in 
the model group (n = 7) were fed with the same 
amount of water. Next, after 6 d of administration 
(Table 4), all piglets were orally dosed with 5 mL of 
DMEM containing PEDV-G2 solution. Finally, all pig-
lets were euthanized 48 h after infection, and fol-
low-up studies with collected samples revealed that 
HJ reduced virus titers in the intestines of infected 
piglets and improved histopathological damage in 
their intestines compared to the model group. At the 
same time, HJ increased the number of intestinal 
probiotic flora in the treated piglets. Therefore, HJ 
may play a protective role in PEDV-induced injury by 
directly inhibiting viral proliferation and modulating 
the intestinal microbiota (Rao et  al. 2023).

One study found that licorice extract (Le, Table 1) 
inhibited PEDV replication in a dose-dependent 
manner in vitro. It mainly inhibits the attachment, 
internalization and replication stages of PEDV-
infected Vero cells (Bai et  al. 2024). Subsequently, 
the in vivo treatment experiment of Le (Table 4) in 
piglets found that the survival rate of the Le treat-
ment group was 80%, and the clinical symptoms, 
pathological lesions, and viral loads in the jejunum 
and ileum were significantly alleviated (Bai et  al. 
2024). Similarly, another study showcased the anti-
PEDV effects of Lizhong decoction (LZD, Table 1) 
both in vitro and in vivo. The study identified a total 
of 648 compounds in LZD, including 144 alkaloids 
and 128 terpenes. The inhibitory impact of LZD on 
PEDV primarily targets the replication stage of the 
virus life cycle. Furthermore, LZD notably reduces 
the apoptosis rate of IPEC-J2 cells and Vero cells 
during PEDV infection. Noteworthy, LZD can 
decrease the virus titer in the intestinal and visceral 
tissues of PEDV-infected piglets (Table 4), enhance 
the intestinal pathology of piglets, and elevate the 
survival rate of piglets (Chen et  al. 2024b).

2.3.  Small molecule inhibitors affect PEDV adsorption

Viral entry is the initial step in the viral life cycle and 
involves multiple steps that primarily rely on the 

interaction between viral proteins and the mem-
brane of the host cell. Generally, coronaviruses attach 
to specific receptors on the cell surface and then 
enter the host cell through two pathways: either by 
directly fusing with the plasma membrane or by 
using the endosomal pathway, which involves releas-
ing the viral genome into the cytoplasm. Targeting 
viral entry through endosomal acidification, particu-
larly for small molecules, is a promising strategy to 
combat porcine enterocoronavirus infection.

Kwon et  al. conducted a study to evaluate the 
antiviral activity of five phlorotannins [compounds 1 
to 5, Figure 2 (1 to 5)] isolated from Ecklonia cava 
against PEDV. In the medications-treatment assay, 
compounds 1to 5 (excluding compound 2) showed 
antiviral activities with a 50% inhibitory concentra-
tion (IC50, Table 2) ranging from 10.8 ± 1.4 to 
22.5 ± 2.2 μmol/L against PEDV. Hemagglutination 
inhibition revealed that compounds 1 to 5 com-
pletely blocked the binding of viral spike protein to 
sialic acids at concentrations below 36.6 μmol/L. 
Furthermore, compounds 4 and 5 among the five 
phlorotannins inhibited viral replication with IC50 val-
ues (in Ref. Kwon et  al. 2013) of 12.2 ± 2.8 and 
14.6 ± 1.3 μmol/L, respectively, in the post-treatment 
assay. Notably, compounds 4 and 5 inhibited viral 
entry through hemagglutination inhibition and viral 
replication by inhibiting viral RNA and viral protein 
synthesis, but not viral protease (Kwon et  al. 2013).

Graphene oxide (GO, Table 3) and its derivatives 
have been widely explored for their antimicrobial 
properties due to their high surface-to-volume 
ratios and unique chemical and physical properties 
(Mao et  al. 2021). Ye et  al. found that GO signifi-
cantly suppressed the infection of PEDV for a 2log 
reduction in virus titers at noncytotoxic concentra-
tions (CC50 > 50 μg/mL). Mechanically, the potent 
antiviral activity of both GO and reduced GO (rGO) 
can be attributed to the unique single-layer struc-
ture and negative charge. First, GO exhibited potent 
antiviral activity when conjugated with PVP, a non-
ionic polymer, but not when conjugated with PDDA, 
a cationic polymer. Additionally, the precursors 
graphite and graphite oxide showed much weaker 
antiviral activity than monolayer GO and rGO, sug-
gesting that the nanosheet structure is important 
for antiviral properties. Furthermore, GO inactivated 
virus by structural destruction prior to viral entry 
(Ye et  al. 2015).

Some carbazole derivatives synthesized by Chen 
et  al. show activity against PEDV in cell assays. 
Among compounds 6 to 8 [No.5, No.7 and No.18 in 
Ref. Chen et  al. 2021c, Figure 2 (6 to 8)], compound 
6 is highly cytotoxic, no follow-up tests were per-
formed. Compound 7 (CC50 > 40 μmol/L, Table 2) and 
compound 8 (CC50 > 60 μmol/L, Table 2) were less 
cytotoxic and both dose-dependently resisted PEDV 
attachment, but did not affect the entry phase (Chen 
et  al. 2021c). Levistolide A [LA, Figure 2 (9)], a natural 
product polymerized by two molecular (Z)-ligustilide. 
Zeng et  al. found that LA (CC50 > 100 μmol/L, Table 
2) could inhibit PEDV from attaching to the cellular 
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membrane or penetrating the Vero cells, and can 
suppress PEDV replication via inducing ROS genera-
tion (Zeng et  al. 2022b).

Bis-benzylisoquinoline alkaloids belong to the 
large family of isoquinoline alkaloids and have antivi-
ral, antibacterial, antifungal, antiparasitic, anti-inflam-
matory and anti-allergic effects (Costa et  al. 2008; 
Sakurai et  al. 2015; Paudel et  al. 2016). Dong’s group 
found that cepharanthine (CEP, Figure 2 (10)), tetran-
drine (TET, Figure 2 (11)) and fangchinoline (FAN, 
Figure 2 (12)) had anti-PEDV activities with IC50 val-
ues of 2.53, 3.50 and 6.69 µmol/L, respectively (Table 
2). These three compounds block all processes of the 
viral cycles, but early application of the compounds 
before or during virus infection was advantageous 
over application at a late stage of virus replication. 
FAN performs its inhibitory function more efficiently 
by interfering with the process of virus entry and 
attachment or by directly attenuating the virus. CEP 
had a more notable effect on virus entry, and its SI 
index was the highest among the three compounds 
(Dong et  al. 2022). Thus, Dong et  al. first evaluated 
the toxicity and dose of CEP in BALB/c mice and 
found that 100 mg/kg CEP orally was safe for mice. 
The equivalent dose conversion table was used to 
convert the safe dose for mice to data for piglets, 
yielding a safe dose of 11.1 mg/kg for newborn pig-
lets. Subsequently, after oral PEDV inoculation, pig-
lets were given a safe dose of 11.1 mg/kg CEP twice 
a day, 2 mL each time, at the onset of clinical symp-
toms. After 3 consecutive days of oral administration, 
piglets were euthanized. Viral load in the treated 
group was significantly lower than in the untreated 
group. No intestinal damage was observed on 
autopsy in the piglets of each group. However, 
microscopic pathological sections showed mild to 

moderate shortening, blunting and premature strip-
ping of the jejunum and ileum tissues in the piglets 
challenged but receiving no CEP treatment, while 
the jejunum remained normal in the CEP-treated 
group. These results confirmed that CEP could pro-
tect piglets against PEDV infection in vivo (Dong 
et  al. 2022). Similarly, another study reported the 
inhibitory effect of berbamine [BBM, Figure 2 (13)], 
FAN, and (+)-fangchinoline [+FAN, Figure 2 (14)] on 
PEDV activity with 50% inhibitory concentration of 
9.00 µmol/L, 3.54 µmol/L, and 4.68 µmol/L (Table 2), 
respectively, and these compounds also mainly inhib-
ited the invasive phase of PEDV. Mechanistically, 
BBM, FAN and + FAN inhibited PEDV entry by increas-
ing lysosomal pH to inhibit endonuclease body flux 
as well as cathepsin L (CTSL) and CTSB activities. In 
addition, the low activity of CTSL and CTSB fails to 
cleave the PEDV-S protein exposing the fusion struc-
tural domain, thereby inhibiting membrane fusion. 
Ultimately, the viral genome cannot be transferred 
into the cytoplasm (Zhang et  al. 2023a). Notably, a 
study also found that FAN plays a role in the attach-
ment and internalization phases of the virus life 
cycle, but FAN mainly affects the replication phase of 
PEDV. Further experimental results showed that FAN 
blocks PEDV infection by blocking the expression of 
autophagy associated proteins in cells (Zhang et  al. 
2023c). Recently, a study to develop anti-SARS-CoV-2 
drugs also found that CEP, TET, BBM, FAN, isotetran-
drine (Figure 2 (15)), cycleanine (Figure 2 (16)), dau-
ricine (Figure 2 (17)) and daurisoline (Figure 2 (18)) 
have anti-PEDV and anti-SADS-CoV effects in Vero 
cells (Table 2) (Leng et al. 2024). Additionally, another 
study showed that TET can effectively inhibit the 
proliferation of PEDV in both Vero cells and IPEC-J2 
cells (Qian et  al. 2024).

Figure 2.  Chemical structures of small molecule inhibitors that mainly inhibit porcine enteric coronavirus adsorption.
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Niclosamide (NIC, Figure 2 (19)) is a deworming drug 
widely used in animals and humans. Wang and his col-
leagues used PEDV-expressing renilla luciferase (PEDV-
Rluc) to screen NIC from an FDA-approved drug library 
in Vero cells, which significantly reduced the luciferase 
activity of PEDV-Rluc. It can effectively inhibit viral RNA 
synthesis, protein expression and viral progeny produc-
tion of classical and mutated PEDV strains in a dose-de-
pendent manner. In addition, NIC significantly inhibited 
the entry stage of PEDV infection by influencing virus 
internalization rather than virus attachment to cells 
(Table 2). The combination of NIC with other endoso-
mal acidification inhibitors, such as V-ATPase inhibitor 
bafilomycin A1 (Figure 2 (20)) and lysosomotropic com-
pound chloroquine (Figure 2 (21)), would lead to 
enhanced inhibition of PEDV entry (Wang et  al. 2023g).

Veratramine [VAM, Figure 2 (22)] is a drug with 
multiple biological activities such as antihyperten-
sive, antitumor, and antiarrhythmic properties. One 
study found that VAM significantly inhibited PEDV 
infection in a dose-dependent manner. It mainly 
affects the entry stage of PEDV virus, and the IC50 for 
the replication of PEDV HLJBY strain and PEDV CV777 
strain is both less than or equal to 5 µmol/L (Table 2). 
Further research showed that VAM inhibits the mac-
rophage proliferation pathway by inhibiting the PI3K/
Akt pathway, thus having anti-PEDV properties 
against the entry stage of PEDV (Chen et  al. 2024a).

A recent study discovered that matrine [MT, Figure 2 
(23)], a naturally occurring alkaloid, can effectively target 
the S protein of PEDV to hinder viral attachment and 
entry. Interestingly, when MT was administered to cells 
before, during, and after infection, it exhibited anti-PEDV 
activity and a virucidal effect. Moreover, MT notably 
enhanced the apoptosis of PEDV-infected cells and sup-
pressed PEDV infection by activating the MAPK signal-
ing pathway (Qiao et  al. 2024). Similarly, another study 
employed in vivo piglet and in vitro intestinal organoid 
models to investigate the effects of benzoic acid [BA, 
Figure 2 (24)] on the intestinal barrier and the differen-
tiation of intestinal stem cells. The in vivo results demon-
strated that oral administration of BA significantly 
increased the number of goblet cells (GC) in the small 
intestine and enhanced the mucus barrier, thereby pro-
viding partial protection against PEDV infection in pig-
lets. Furthermore, in vitro experiments demonstrated 
that BA facilitates GC differentiation by modulating the 
Wnt/Notch/MAPK pathway, leading to a significant 
increase in the number of MUC2+ GCs (Liu et  al. 2024b).

2.4.  Small molecule inhibitors that regulate viral 
proteins or proteases to inhibit PEDV replication

2.4.1.  Main protease inhibitors
N3 (Figure 3 (26)) is used as a potent inhibitor for 
coronavirus researches, especially its α, β-unsaturated 
ester group is commonly used to irreversibly inacti-
vate cysteine proteases. Wang et  al. constructed the 
eutectic structure of PEDV main protease (Mpro) in 
combination with N3 revealed in detail the irrevers-
ible inhibition mechanism of the active site of this 

enzyme. Based on lead N3 permitted further rational 
optimization of a Michael acceptorbased peptidomi-
metic inhibitor to target the substrate-binding pocket 
of PEDV Mpro. Wang and his colleagues designed a 
series of 17 new compounds (M1 to M17 in Ref. 
Wang et  al. 2017a) derived from the backbone struc-
ture of compound 26 with altered side chains. 
Among compounds M1 to M17, compound 27 and 
compound 28 (M2 and M17 in Ref. Wang et  al. 
2017a) [Figure 3 (27 and 28)] showed the most 
potent antiviral activity against PEDV Mpro in enzy-
matic activity and inhibition assays (Wang 
et  al. 2017a).

Shi et  al. found that both (2,4-dihydroxyphenyl) 
(4-methylphenyl) methanone (Figure 3 (29)) and 
(2,4-dihydroxy phenyl) (2,6-dimethylphenyl) metha-
none (Figure 3 (30)) exhibited in a dose-dependent 
manner inhibition of PEDV. Next, they tested com-
pounds 29 and 30 for inhibition of PEDV viral repli-
cation. They found that compounds 29 and 30 could 
target the PEDV Mpro and block PEDV replication 
with IC50 and CC50 values of 37.8 μmol/L (CC50 = 
533.8 μmol/L, Table 2) and 23.4 μmol/L (CC50 = 
522.3 μmol/L, Table 2), respectively. Virtual analysis 
demonstrates the ability of compounds 29 and 30 to 
block PEDV replication by binding to the conserved 
His41 in PEDV Mpro via hydrogen bonding and hydro-
phobic forces. Importantly, they also found that com-
pounds 29 and 30 also targeted the porcine 
reproductive and respiratory syndrome virus (PRRSV) 
3 C-like serine protease (3CLpro) and inhibited PRRSV 
replication in MARC-145 cells, showing IC50 and CC50 
values of 144.3 μmol/L (CC50 = 479.9 μmol/L) and 
115.9 μmol/L (CC50 = 482.8 μmol/L), respectively (Shi 
et  al. 2018). Similarly, Zhou and his colleagues estab-
lished a high-throughput antiviral inhibitor screening 
platform based on fluorescence resonance energy 
transfer (FRET) to identify drugs targeting the PEDV 
Mpro from compound libraries, a low-molecular-weight 
(low-MW) fragmentbased library containing 1,590 
compounds (Specs, Delf, Netherlands), to be used to 
treat piglets with porcine epidemic diarrhoea. Their 
findings indicate that 3-(aminocarbonyl)-1-phenylpyr-
idinium (Figure 3 (31)) and 2,3-dichloronaphthoqui-
none (Figure 3 (32)) are of low molecular weight and 
greatly inhibited the activity of PEDV Mpro enzyme 
(Table 2). The results of putative molecular docking 
models indicate that 31 and 32, contact the con-
served active sites (Cys144, Glu165, Gln191) of Mpro 
via hydrogen bonds. Moreover, Zhou et  al. found 
that 31 (CC50 = 60.48 μg/mL in Ref. Zhou et  al. 2021) 
and 32 (CC50 = 36.7 μg/mL in Ref. Zhou et  al. 2021) 
also exhibited antiviral capacity against feline infec-
tious peritonitis virus (FIPV) (Zhou et  al. 2021).

GC376 (Figure 3 (33)) is a dipeptidyl bisulfite 
adduct salt, which can treat highly pathogenic feline 
infectious peritonitis recovery caused by FIPV (Kim 
et  al. 2016b). Further research by Ye et  al. found that 
GC376 (IC50 = 1.11 ± 1.13 μmol/L, Table 2) could target 
FIPV Mpro to inhibit viral infection. Delightfully, PEDV 
Mpro shares 62% sequence homology with FIPV Mpro, 
and GC376 can also target the Mpro of PEDV to 
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significantly inhibit PEDV infection. Furthermore, the 
structure of the PEDV Mpro in complex with GC376 
was determined at 1.65 Å. Four residues of PEDV 
Mpro, Cys 144, His 162, Gln 163 and Glu 165, can 
interact with the hydrogen bonds of GC376 (Ye 
et  al. 2020).

Quercetin (Figure 3 (34)), a flavonoid molecule, is 
commonly found in vegetables, fruits, and Chinese 
herbs. Which has been widely used to antioxidative, 
anticancer, antibacterial, and antiviral effects (Li et  al. 
2020d). Li et  al. found that quercetin inhibited PEDV 
infection of Vero cells in a dose-dependent manner; 
which did not inhibit PEDV entry into cells but could 
interfere with the early stages of viral replication. A 
molecular docking study indicated that quercetin 
might bind the active site (Cys144, Asn141 and 
His162) and binding pocket of PEDV Mpro. Surface 
plasmon resonance (SPR) analysis revealed that 

quercetin exhibited a binding affinity to PEDV Mpro. 
Based on the results of the FRET assay, quercetin was 
proven to exert an inhibitory effect on PEDV Mpro. 
Thus, quercetin might block the recognition and 
binding of PEDV Mpro to its substrates, thereby inhib-
iting PEDV replication (Li et al. 2020d). A recent study 
also found that flavonol (Figure 3 (35)) can target 
Mpro to inhibit the proliferation of PEDV in IPEC-J2 
cells (Liang et  al. 2024). Furthermore, chrysin (Figure 
3 (36)) and naringenin (Figure 3 (37)) are two natural 
flavonoid compounds. Chrysin is the main active 
ingredient extracted from wisteria and Chinese red 
pine, and naringenin is a secondary metabolite of 
citrus plants of Rutaceae. A study found that both 
chrysin and naringenin showed strong anti-PEDV 
activity and could inhibit viral titers, mRNA and pro-
tein levels in the prevention of PEDV infection and 
the post-virus entry stage. Molecular docking 

Figure 3.  Chemical structures of small molecule inhibitors that regulate viral proteins or proteases to inhibit PECs 
replication.
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analysis showed that chrysin and naringenin mainly 
interact with viral replicase proteins Mpro and papa-
in-like protease 2 (PLP-2) through hydrogen bonds 
and hydrophobic forces. In addition, molecular 
dynamics analysis showed that the complexes formed 
by chrysin or naringenin with Mpro and PLP-2 have 
high stability. These results suggest that chrysin and 
naringenin may exert antiviral effects by interacting 
with the viral Mpro protein or PLP-2 protein, thereby 
affecting their role in the formation of PEDV 
non-structural proteins or interfering with viral repli-
cation (Gong et  al. 2023). Moreover, Wang et  al. 
found that wogonin (Figure 3 (38)) showed antiviral 
activity against PEDV, interacting with PEDV particles 
and inhibiting the internalization, replication and 
release of PEDV (Table 2). Molecular docking model 
shows that wogonin can be combined with Mpro. 
Furthermore, the interaction between wogonin and 
Mpro was validated in silico via microscale thermo-
phoresis and SPR analyses. In addition, the results of 
a FRET assay indicated that wogonin exerted an 
inhibitory effect on Mpro (Wang et  al. 2023d). In addi-
tion, a recent study used molecular docking analysis 
to find that baicalein (Figure 3 (39)) and baicalin 
(Figure 3 (40)) have good binding activity to PEDV 
Mpro. Moreover, baicalein and baicalin have good in 
vitro inhibitory effects on PEDV Mpro, with IC50 values 
of 9.50 ± 1.02 μmol/L and 65.80 ± 6.57 μmol/L respec-
tively. The research team demonstrated that baicalein 
and baicalin mainly inhibit the early replication stage 
after PEDV enters Vero cells or LLC-PK1 cells (Li et  al. 
2024c). Similarly, Wang and colleagues reported the 
antiviral effects of luteolin (Figure 3 (41)) in PEDV-
infected Vero and IPEC-J2 cells, identifying IC50 values 
of 23.87 μmol/L and 68.5 μmol/L, respectively. 
Furthermore, the three-dimensional docking model 
indicated that luteolin was effectively positioned 
within the groove of the Mpro active pocket, and 
FRET assays corroborated that luteolin inhibits PEDV 
Mpro activity (Wang et  al. 2024b).

Wang and his colleagues screened an FDA-
approved library of 911 natural products and found 
that four of the compounds [tomatidine (Figure 3 
(42)), pneumocandin B0 (Figure 3 (43)), (-)-epigallo-
catechin gallate (Figure 3 (44)), buddlejasaponin IVb 
(Figure 3 (45))] produced negligible cytotoxicity 
(Table 2) and inhibited PEDV in a dose-dependent 
manner. Next, the authors chose tomatidine for fur-
ther study as it had the highest selectivity index (SI 
= 13.25, in Ref. Wang et  al. 2020) and the lowest 
price. Molecular docking and molecular dynamics 
analysis predicted interactions between tomatidine 
and the active pocket of PEDV Mpro, which were con-
firmed by fluorescence spectroscopy and isothermal 
titration calorimetry (ITC). The inhibiting effect of 
tomatidine on Mpro was determined using cleavage 
visualization and FRET assay. It indicates that tomati-
dine inhibits PEDV replication mainly by targeting 
Mpro. Meanwhile, the results show that tomatidine 
does not obstruct the attachment, invasion and 
release phases of PEDV in Vero cells, and also does 
not directly virucidal and kills PEDV virions. In 

addition, tomatidine also has antiviral activity against 
TGEV, PRRSV, encephalo myocarditis virus (EMCV) 
and seneca virus A (SVA) in vitro (Wang et  al. 2020).

Xanthohumol (Figure 3 (46)) is an amylated chalcone 
from the hops plant (Humulus lupulus) that inhibits 
cervical cancer, colorectal cancer, and prostate cancer. 
Lin et  al. found that xanthohumol was a potent pan-in-
hibitor for various coronaviruses by targeting Mpro, for 
example, betacoronavirus SARS-CoV-2 (IC50 value of 
1.53 µmol/L, in Ref. Lin et  al. 2021), and alphacoronavi-
rus PEDV (IC50 value of 7.51 µmol/L, Table 2). In addi-
tion, xanthohumol pretreatment can limit the replication 
of PEDV in Vero-E6 cells (Lin et  al. 2021). Similarly, 
Zhang et  al. demonstrated that hypericin (Figure 3 (47)) 
was for the first time shown to have an inhibitory effect 
on PEDV or TGEV by targeting Mpros, and found that 
the viral replication and egression were significantly 
reduced with hypericin post-treatment in Vero cells or 
ST cells (Zhang et  al. 2021b).

Based on molecular docking, Su et  al. found that 
octyl gallate [OG, Figure 3 (48)] had a strong binding 
affinity with the Mpro active site of PEDV. Next, bio-
layer interference and FRET experiments further 
demonstrated that OG could directly interact with 
PEDV Mpro (KD = 549 nM) and inhibit the activity of 
Mpro (IC50 = 22.15 µmol/L). In the experiment of PEDV-
infected Vero E6 cells, the addition of 40 µmol/L OG 
(Table 2) could significantly reduce PEDV-N protein 
expression and virus titer. Further studies found that 
OG had no effect on PEDV binding, internalization or 
budding in Vero E6 cells. Therefore, OG inhibits PEDV 
replication by interfering with the activity of Mpro, 
thereby inhibiting PEDV replication. Notably, OG also 
has strong resistance to TGEV, PDCoV and SADS-CoV 
in in vitro experiments. Due to the high conserved 
nature of Mpro, OG, as a potential broad-spectrum 
anti-porcine enteric coronavirus drug, is highly likely 
to act on Mpro. At the same time, these results sug-
gest that OG has a potential ability to resist other 
coronaviruses, such as SARS-CoV-2 (Su et  al. 2023). In 
addition, Su and his colleagues determined through 
the toxicity of OG in mouse feeding that piglets in 
the treatment group were given 250 mg/kg of OG 
orally every 6 h before feeding. One day after the 
treatment group took oral OG, all infected piglets 
were orally infected with PEDV. Then, all piglets were 
observed and recorded at 12 h intervals until eutha-
nized 48 h after infection. Animal experiments 
showed that the severity of clinical symptoms and 
diarrhea of piglets in the treatment group was less. 
Virus shedding and tissue distribution of all experi-
mental piglets were evaluated. Virus excretion in 
feces, and virus distribution in jejunum and ileum of 
OG-treated piglets were lower than those of the 
PEDV challenge group without OG treatment piglets. 
These results suggest that OG has a protective effect 
against PEDV infection in piglets (Su et  al. 2023).

Cho’s group isolated 16 compounds from leaves 
of Sabia limoniacea. Among them, compounds 49 
and 50 [compound 15 and compound 16 in Ref. Cho 
et  al. 2019, Figure 3 (49 and 50)] showed antiviral 
activity, and their IC50 values for PEDV replication 
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were 7.5 ± 0.7 μmol/L and 8.0 ± 2.5 μmol/L (Table 2), 
respectively. Molecular docking results indicate that 
compounds 47 and 48 may exert anti-PEDV activity 
by targeting Mpro (Cho et  al. 2019). In addition, a 
study found that the IC50 value of polycarpine (Figure 
3 (51)) derived from marine natural substances 
against PEDV Mpro was 0.12 ± 0.05 μmol/L. Further 
studies found that polycarpine pretreatment could 
inhibit the proliferation of PEDV in Vero cells (Zhang 
et  al. 2024a).

G-quadruplexes are non-canonical nucleic acid 
structures formed in G-rich DNA and RNA (Varshney 
et  al. 2020). Currently, extensive research has shown 
that G-quadruplexes can regulate many biological 
processes of the virus and have been identified as 
promising therapeutic approaches (Zhao et  al. 2021; 
Qin et  al. 2022). Li et ai. used multiple biophysical 
techniques and molecular biology analyses to show 
that S-PQS and NSP5-PQS in the S and Nsp5 genes 
of the PEDV genome are capable of folding into G4 
structures. Importantly, four G4 stabilizers [TMPyP4, 
PDS, Braco-19 and Phen-DC3, Figure 3 (52 to 55)] 
were found to exert antiviral activity during PEDV 
infection (Table 2). Among them, TMPyP4 (Figure 3 
(52)) and PDS (Figure 3 (53)), significantly inhibited 
the transcription, translation and proliferation of 
PEDV in vitro. In particular, TMPyP4 was shown to 
inhibit gene expression by targeting the G4 structure 
of the Nsp5 gene (Li et  al. 2023c).

2.4.2.  Papain-like protease inhibitors
Alpha coronaviruses have both papain like protease 
1 (PL1Pro) and papain like protease 2 (PL2Pro). Like 
other coronaviral PLpros, PEDV PL2Pro is not only a 
deubiquitination (DUB) protein, but also a multifunc-
tional protein that plays a role in regulating the 
host’s antiviral immune response. The DUB activity of 
PL2Pro is required to suppress host immunity by 
blocking type 1 interferon signaling. One study found 
that the chemotherapeutic agent 6-thioguanine [6TG, 
Figure 3 (56)] had competitive inhibition of papay-
in-like enzymes in SARS and MERS coronaviruses, but 
had non-competitive inhibition with PEDV PL2Pro. 
Therefore, the results suggest that 6TG can exert 
broad-spectrum inhibition on coronavirus by acting 
on PL2Pro through different mechanisms (Chu 
et  al. 2018).

2.4.3.  NTPase inhibits
Wang and colleagues identified potential PEDV repli-
case enzymes (PLP2、Mpro、RdRp、NTPase and NendoU) 
inhibitors by virtually screening of 187,119 com-
pounds contained in the ZINC natural products data-
base in order to discover antiviral compounds against 
PEDV, and seven compounds (M2 to M8 in Ref. Wang 
et  al. 2022c) had high binding potential to NTPase 
and showed drug-like property. Among them, 
ZINC12899676 [M4 in Ref. Wang et  al. 2022c, Figure 
3 (57)] was inhibited the NTPase activity of PEDV by 
targeting its active pocket in a dose-dependent man-
ner and reduced PEDV replication in Vero cells. The 

IUPAC for ZINC12899676 is N-[2-(1H-indol-3-yl) ethyl]-
N’-[2-[2-(1H-indol-3-yl) ethylcarb amoyl] phenyl] 
oxamide. Furthermore, ZINC12899676 also signifi-
cantly inhibited PEDV replication in IPEC-J2 cells 
(Wang et  al. 2022c).

2.4.4.  RdRp inhibitors
More and more studies have shown that RNA-
dependent RNA polymerase (RdRp) plays a crucial 
role in viral RNA synthesis and is an ideal therapeutic 
target for pan-coronavirus. Remdesivir [RDV, Figure 3 
(58)] is a 1′-cyano-substituted adenosine nucleotide 
analogue prodrug which acts as a non-obligated 
chain terminator by targeting the highly conserved 
active site of viral polymerase and shows broad-spec-
trum antiviral activity against an array of RNA viruses, 
such as HCV, MERS virus, SARS-CoV virus, Ebola virus 
and SARS-CoV-2 virus. β-D-N4-Hydroxycytidine [NHC, 
Figure 3 (59)] is also an orally available ribonucleo-
side analogue with broad-spectrum antiviral activity 
against RNA viruses, including influenza, Ebola, SARS-
CoV-2 and Venezuelan equine encephalitis (VEE) 
virus. Xie et  al. reported that RDV, NHC and RDV 
nucleoside [RDV-N, Figure 3 (60)] showed antiviral 
activity against PEDV in Vero cells. Among them, 
RDV-N was the most active agent with EC50 of 
0.31 μmol/L (in Ref. Xie et  al. 2021), and more potent 
than RDV (EC50 = 0.74 μmol/L, in Ref. Xie et  al. 2021) 
and NHC (EC50 = 1.17 μmol/L, in Ref. Xie et  al. 2021). 
Moreover, RDV-N exhibited a good safety profile in 
cells and in mice (Xie et  al. 2021). Notably, a study 
demonstrated that gossypol (Figure 3 (61)) directly 
blocks SARS-CoV-2 RdRp, thereby inhibiting the rep-
lication of SARS-CoV-2 in both cellular and mouse 
models of infection. Moreover, that the RdRp inhibi-
tor gossypol has broad-spectrum anti-coronavirus 
activity against alphacoronaviruses (PEDV and SADS-
CoV, Table 2), betacoronaviruses (SARS-CoV-2), gam-
macoronaviruses (avian infectious bronchitis virus), 
and deltacoronaviruses (PDCoV, Table 2) is showed 
(Wang et  al. 2022d). In addition, another study found 
that a nucleotide analogue drug, molnupiravir (Figure 
3 (62)), inhibited PEDV replication in a dose-depen-
dent way in Vero cells (Table 2). Further studies 
showed that molnupiravir inhibits PEDV RdRp activ-
ity and can reverse changes in the intracellular tran-
scriptional environment caused by PEDV infection 
(Huang et  al. 2013). A recent study discovered that 
the nucleoside analog tubercidin (Figure 3 (63)) 
exhibited effective antiviral properties against PEDV 
infection. Molecular docking analysis indicated that 
tubercidin efficiently binds to the RdRp of different 
viruses including PEDV and SADS-CoV. Time of addi-
tion assay revealed that tubercidin notably inhibited 
viral post-entry events without affecting other stages 
(Wang et  al. 2024d).

2.4.5.  Nucleocapsid protein inhibitors
Yang et  al. extracted thirteen coumarin compounds 
(compound 1–13 in Ref. Yang et  al. 2015a) from 
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parsnip root with methanol. Among them, the com-
pound 64 [compound 5 in Ref. Yang et  al. 2015a, 
Figure 3 (64)] with the carranopyran coumarin skele-
ton showed the strongest inhibitory effect on PEDV 
replication (Yang et  al. 2015a). Next, Yang et  al. eval-
uated the antiviral activity of fifteen oleanane triter-
penes against PEDV replication. Among them, 
compounds 65 to 68 (6, 9, 11, and 13 in Ref. Yang 
et  al. 2015b) [Figure 3] showed most potent inhibi-
tory effects on PEDV replication. A CPE assay, RT-PCR 
analysis, Sabia limoniacea and their antiviral activities 
western blot analysis, and immunofluorescence assay 
indicated that four representative triterpenes [Table 2 
(65 to 68)] showed potent and promising inhibitory 
effects on PEDV replication by targeting key struc-
tural protein (GP6 nucleocapsid and GP2 spike pro-
tein) synthesis and relevant gene (GP6 nucleocapsid, 
GP2 spike, and GP5 membrane protein) expression 
(Yang et  al. 2015b).

Deejai et  al. identified 1286 compounds of FDA-
approved drug database that could virtually bind to 
the RNA-binding region of the PEDV-N protein. 
Among them, three compounds, trichlormethiazide 
(Figure 3 (69)), D-(+) biotin (Figure 3 (70)), and gluta-
thione reduced free acid (Figure 3 (71)) successfully 
bound to the N protein, in vitro, with the IC50 at 
8.754 mg/mL, 0.925 mg/mL, and 2.722 mg/mL. 
Antiviral activity in PEDV-infected Vero cells demon-
strated that the effective concentration of tri-
chlormethiazide, D-(+) biotin, and glutathione in 
inhibiting PEDV replication were 0.094, 0.094 and 
1.5 mg/mL (Deejai et  al. 2017).

Research has found that the binding of PEDV N 
protein and p53 in the cell nucleus maintains a sus-
tained high levels expression of p53, thereby activat-
ing the p53 DREAM pathway. This leads to S-phase 
arrest in the cell cycle of Vero E6 cells and promotes 
viral replication. The key structural domains NS171-N194 
and G183RG185 of the N protein that interact with p53 
are critical for inducing S-phase arrest. Su and his 
colleagues screened small molecule drugs targeting 
the PEDV N protein NS171-N194 domain using molecular 
docking. They found that hyperoside (Figure 3 (72)) 
can antagonize N protein-induced S-phase arrest and 
inhibit viral replication by interfering with the inter-
action between N protein and p53. Consistent with 
the results in Vero E6 cells, Su and his colleagues 
reached the same conclusion in pig intestinal cells. 
Therefore, inhibiting the interaction between PEDV N 
protein and p53 can effectively inhibit PEDV replica-
tion in cells (Su et  al. 2021). Next, the natural hyper-
oside extracted from hawthorn by other members of 
the laboratory team also had a strong inhibitory 
effect on the replication of PEDV in cells (Wang et  al. 
2024a). Subsequently, the research team used 3-day-
old piglets as an experimental model and fed hyper-
oside at a dose of 500 mg/kg bw every 6 h one day 
before inoculation with the PEDV strain. The results 
showed that hyperoside significantly reduced the 
viral load in the intestines of piglets and protected 3 
out of 4 piglets from death caused by PEDV infec-
tion. Mechanistically, hyperoside can interfere with 

the interaction between PEDV N protein and p53 
(Wang et  al. 2024a).

2.5.  Small molecule inhibitors that regulate host 
factors to inhibit PEDV replication

Coronaviruses require the hijacking of host factors to 
complete their life cycle within the host cell. However, 
studies on the host factors involved in porcine 
enteric coronavirus replication remain unclear. In 
general, viral entry into cells requires binding to host 
receptors that activate signaling pathways to regu-
late an intracellular environment conducive to viral 
proliferation. Internal and external ligands or recep-
tors for viral entry into the cell will be responsible for 
activating intracellular kinases in downstream signal-
ing pathways. Therefore, antiviral drugs often target 
host signaling pathways that act to hijack or inacti-
vate/activate host factors.

2.5.1.  Drugs competitively affect the binding of PEDV 
to host factors
Glycyrrhizin [GLY, Figure 4 (77)] is the major compo-
nent of licorice root extracts, which is a glycosylated 
saponin, containing one molecule of glycyrretinic 
acid and two molecules of glucuronic acid. GLY is a 
competitive inhibitor of high mobility group box-1 
(HMGB1) and inhibits the cytokine activity of HMGB1, 
which functions as a damage associated molecular 
pattern (DAMP) molecule and activates pro-inflam-
matory signalling pathways by activating pattern rec-
ognition receptors. GLY inhibits the entry and 
replication of PEDV in Vero cells. GLY attenuates the 
pro-inflammatory response by inhibiting HMGB1, 
confirmed to be associated with TLR4 and RAGE 
(Huan et  al. 2017). Another study found that GLY 
inhibited PEDV infection and reduced the secretion 
of pro-inflammatory cytokines via the HMGB1/TLR4 
mitogen-activated protein kinase (MAPK) p38 path-
way.PEDV infection of Vero cells had no effect on 
TLR4 transcription and translation levels, but TLR4 
could regulate the expression of pro-inflammatory 
cytokines to regulate PEDV infection.HMGB1 could 
regulate p38 phosphorylation via GLY competitively 
inhibits HMGB1, which in turn reduces p38 phos-
phorylation (Gao et  al. 2020).

Over the past years, researchers engineered an 
african green monkey genome-scale CRISPR/Cas9 
knockout (VeroCKO) library containing 75,608 single 
guide RNAs targeting 18,993 protein-coding genes. 
Subsequently, the VeroCKO library was used to iden-
tify the key host factors that promote PEDV infection 
in Vero cells. Results revealed that knockdown of the 
trimeric motif 2 (TRIM2) and the solute carrier family 
35 member A1 (SLC35A1) inhibited PEDV replication. 
Through virtual screening and molecular docking 
methods, the researchers found that chem-80,048,685 
(Figure 4 (78)), which could target SLC35A1 significantly 
inhibits PEDV attachment and late replication (Table 
2) (Wang et  al. 2023b).
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Na+/K+-ATPase (NKA) is a channel protein embed-
ded in the phospholipid bilayer of the cell mem-
brane. It has physiological functions such as ATPase 
activity and maintaining osmotic pressure inside and 
outside the cell. NKA consists of 4 α subunits, 3 β 
subunits and γ subtype. The α1 isoform (ATP1A1) is 
widely expressed in eukaryotic cells. One study found 
that the host protein ATP1A1 is involved in PEDV 
attachment and co-localizes with the PEDV S1 pro-
tein early in infection. Inhibiting the expression of 
host ATP1A1 protein using siRNA notably decreases 
cell susceptibility to PEDV, whereas overexpression of 
ATP1A1 significantly boosts PEDV infection. Subsequent 
experiments revealed that ATP1A1 inhibitors like 
ouabain (Figure 4 (79)) and PST2238 (Figure 4 (80)) 

bind specifically to ATP1A1, impeding the internaliza-
tion and degradation of the ATP1A1 protein, conse-
quently leading to a considerable reduction in PEDV 
infection rates in host cells (Xiong et  al. 2023). In 
another recent study, researchers discovered that 
PEDV N protein participates in the regulation of Na+/
H+ exchanger 3 (NHE3) activity by interacting with 
Ezrin, and then the expression of NHE3 on the cell 
membrane is significantly reduced during viral infec-
tion. The research team used molecular docking 
technology to find that pemetrexed acts (Figure 4 
(81)) can target the PEDV N-Ezrin interaction region, 
thereby interfering with the inhibitory effect of PEDV 
infection on NHE3 expression. Subsequently, the 
research team showed that pemetrexed acts could 

Figure 4.  Chemical structures of small molecule inhibitors that regulate host factors to inhibit PECs replication.
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restore Na+ concentration imbalance in PEDV-infected 
IPEC-J2 cells and that pemetrexed acts could allevi-
ate diarrhea symptoms in PEDV-infected piglets 
(Zhang et  al. 2024b).

A study found that SP2509 (Figure 4 (82)), a spe-
cific antagonist of lysine-specific demethylase 1 
(LSD1), effectively inhibits PEDV infection at a con-
centration of 1 μmol/L (Table 2). The inhibitory action 
of SP2509 is focused on hindering PEDV internaliza-
tion and replication, rather than attachment and 
release. The authors also observed that knockdown 
of LSD1 can impede PEDV replication in Huh-7 cells, 
suggesting that the inhibitory mechanism of SP2509 
on PEDV is closely linked to the activity of LSD1 
(Zhao et  al. 2024).

2.5.2.  Medicines inhibit PEDV by inducing cell 
apoptosis
Triacetyl resveratrol [TCRV, Figure 3 (83)] is a novel 
natural derivative of resveratrol. It has been found 
that TCRV has a strong inhibitory effect on PEDV in 
Vero cells and IPEC-J2 cells. Mechanistically, TCRV 
could promote the expression and activation of 
apoptosis-related proteins and release mitochondrial 
cytochrome C into cytoplasm. This is in contrast to 
PEDV-induced apoptosis, where the TCRV-activated 
cystatin protease pathway triggers early apoptosis in 
PEDV-infected cells, thereby inhibiting PEDV infection 
(Wang et  al. 2022e). A recent study investigated the 
activity and mechanism of action of andrographolide 

[AND, Figure 4 (84)], an extract from the herb 
Andrographis paniculata, against PEDV both in vivo 
and in vitro. The in vitro experiments demonstrated 
that AND treatment significantly inhibited the activa-
tion of the JAK2-STAT3 pathway induced by PEDV, 
which in turn promoted cell apoptosis and sup-
pressed viral proliferation. Additionally, three-day-old 
piglets infected with PEDV were treated with AND, 
and the clinical symptoms, intestinal morphology, 
and viral load were assessed. The in vivo experiments 
indicated that AND treatment alleviated clinical 
symptoms, improved intestinal damage, and 
increased the survival rate of infected piglets by 
16.7%  (He et al. 2024).

Lithium chloride (LiCl, Table 3) has been used as a 
drug for treatment of bipolar disorder, depression, 
Alzheimer’s disease and diabetes, is reported to have 
potent antiviral activity against some DNA and RNA 
viruses. Li et  al. found that LiCl effectively inhibited 
the entry and replication of PEDV in Vero cells, and 
the expression of viral RNA and protein of PEDV was 
suppressed in a dose-dependent manner. Moreover, 
LiCl at a concentration of 15 mM significantly inhib-
ited early and late apoptosis of cells induced by 
PEDV (Li et  al. 2018).

A recent study discovered that four drugs, namely 
PA-824 (Figure 4 (85)), NAD+ (Figure 4 (86)), lovasta-
tin (Figure 4 (87)), and hyodeoxycholic acid (Figure 4 
(88)), exhibit significant inhibitory effects on PEDV in 
Vero cells (Table 2). Among these, PA-824, identified 
with the highest SI index, was chosen for in vivo 

Figure 4.  Continued.
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experiments. The findings indicated that PA-824 
effectively mitigates clinical symptoms, intestinal 
pathological damage, and inflammatory responses in 
suckling piglets post PEDV infection (Table 4). In vitro 
antiviral assessments demonstrated that PA-824 can 
directly target virus particles and impede the adsorp-
tion, internalization, and replication phases of the 
virus. Mechanistic analysis revealed that PA-824 sup-
presses the apoptosis signaling pathway by inhibit-
ing PEDV-induced p53 activation (Li et  al. 2024b).

2.5.3.  Medicines inhibit PEDV by inducing cell 
autophagy
Ko et  al. found that rapamycin (Figure 4 (89)) acti-
vated autophagy at dose that does not affect IPEC-J2 
cells viability and tight junction permeability. 
Pretreatment with rapamycin significantly restricted 
infection with PEDV, while this effect disappeared 
when autophagy was blocked. Furthermore, co-local-
ization of PEDV and autophagosomes suggests that 
PEDV could be a target of autophagy. Therefore, pre-
venting PEDV infection in IPEC-J2 cells at the early 
stage of autophagy, which might be an effective 
strategy for the restriction of PEDV (Ko et  al. 2017).

High trichothecene [HHT, Figure 4 (90)] inhibited 
PEDV replication in Vero cell culture at an IC50 values 
of 0.112 µmol/L (Table 2). The addition of 400 nmol/L 
HHT within 6 h of PEDV infection of Vero cells resulted 
in less than 30% infection of virus-infected cells and 
a significant reduction in PEDV-N protein. 500 nmol/L 
concentration of HHT completely inhibited PEDV 
infection (Dong et  al. 2018). Next, Dong et  al. treated 
PEDV-infected piglets at a safe dose of 0.05 mg/kg of 
HHT at 3–5 days of age and significantly reduced the 
viral load in the intestine and blood of the piglets. 
Moreover, HHT-treated piglets showed no histopatho-
logical changes or diarrheal symptoms (Dong et  al. 
2018). Another study found that hydroxychloroquine 
[HCQ, Figure 4 (91)] and HHT could synergistically 
exert antiviral effects. HCQ is an autophagy inhibitor 
chloroquine hydroxy derivative that acts as an anti-in-
flammatory agent by downregulating inflammatory 
activation to reduce tissue damage. HCQ reduced 
PEDV-induced autophagy and inflammatory responses 
in a dose-dependent manner. Viral titers in Vero cells 
treated with 50 μmol/L HCQ and 150 nmol/L HHT 
were reduced 30-fold and 3.5-fold, respectively, and 
the bound viral titers of both were reduced by 200-
fold. Therefore, the combination of HHT and HCQ 
had an additive effect in inhibiting PEDV infection in 
vitro and was significantly more effective than the 
two treatments alone (Li and Wang 2020).

Ren et  al. found that cinchonine (Figure 4 (92)) 
inhibited PEDV replication in Vero CCL81 cells in a 
dose-dependent manner. Mechanically, cinchonine can 
significantly induce the transformation of LC3-I 
[Microtubule-associated protein 1 light chain 3 (LC3) is 
a marker of autophagosome] to LC3-II in Vero cells to 
activate autophagy, thereby inhibiting PEDV replication, 
which disappeared when autophagy inhibitor 3MA pre-
treatment attenuated autophagy (Ren et  al. 2022a).

2.5.4.  Medicines inhibits PEDV by regulating cellular 
reactive oxygen species
Ferroptosis is a non-apoptotic form of cell death that 
is dependent on intracellular iron accumulation and 
leads to elevated toxic lipid peroxide reactive oxygen 
species (ROS). Erastin (Figure 4 (93)) is a classical acti-
vator of ferroptosis, and treatment of Vero cells with 
erastin by zhang et  al. had no significant effect on 
PEDV adhesion, invasion and release had no signifi-
cant effect, but it mainly inhibited the replication 
phase of PEDV in Vero cells. Mechanistically, in Vero 
cells, the regulation of NRF2, ACSL4 and Gpx4 genes 
by erastin was shown to stimulate the onset of ferro-
ptosis, while in the PEDV-infected group the regula-
tion was opposite to the onset of ferroptosis. erastin 
treatment reversed the regulation of PEDV-infected 
gene expression, and in turn erastin then inhibited 
the replication of PEDV in Vero cells (Zhang et  al. 
2023b). Another study found that the compound 
(1S,3R)-RSL3 (Figure 4 (94)) induced the activation of 
ferroptosis by regulating glutathione peroxidase 4, 
and upregulated ROS levels, inhibiting PEDV replica-
tion in Vero cells, but had no significant effect on 
adhesion, invasion, and release stages (Li et al. 2023b).

Quercetin7-rhamnoside [Q7R, Figure 4 (95)] is a 
flavonoid that inhibits PEDV replication at a 50% 
inhibitory concentration of 0.014 μg/mL (Table 2). 
Q7R does not directly interact with or inactivate 
PEDV particles, altering the infectivity of the virus. 
Pre-addition of the drug Q7R to Vero cells also did 
not reduce PEDV infection. Q7R addition within 1-4 h 
after PEDV virus infection directly reduced the forma-
tion of visible CPE. In contrast, Q7R did not inhibit 
PEDV infection after 6 h of virus addition. This sug-
gests that Q7R exerts its inhibitory effect in the early 
stages of viral replication after infection (Choi et  al. 
2009). Infection of Vero cells with PEDV resulted in 
increased ROS production, starting at 2 hpi on and 
reaching a peak at 6 h. Q7R did not reduce CPE for-
mation. Q7R did not reduce the increased ROS and 
its antiviral activity was not related to its antioxidant 
capacity. Song et  al. suggested that the inhibition of 
PEDV production by Q7R was not only due to its 
general role as an antioxidant but was also highly 
specific (Song et  al. 2011). Li and his colleagues, 
using reverse genetics, constructed a full-length 
cDNA clone of the cell-adapted PEDV strain YN150, 
replacing the open reading frame 3 (ORF3) in the 
viral genome with the nanoluciferase (NLuc) gene to 
construct a recombinant PEDV expressing NLuc 
(rPEDV NLuc). Compared with wild-type PEDV, rPEDV-
NLuc produced similar plaque morphology in vitro 
and showed similar growth kinetics. Levels of lucifer-
ase activity were stably detected in rPEDV-NLuc-in-
fected cells and showed a strong positive correlation 
with viral titer. Based on NLuc expression represent-
ing a direct readout of PEDV replication, anti-PEDV 
compounds were screened from a library of 803 nat-
ural products identified by quantifying NLuc activity, 
and twenty-five compounds [Figure 4 (96 to 120)] 
were identified that significantly inhibited PEDV rep-
lication (Table 2). Meanwhile, Li et  al. found that 
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seven of the 25 identified compounds were natural 
antioxidants, including betulonic acid, ursonic acid, 
esculetin, lithocholic acid [LCA, Figure 4 (103)], nordi-
hydroguaiaretic acid, caffeic acid phenethyl ester, 
and grape seed extract. All of the antioxidants could 
potently reduce PEDV-induced oxygen species pro-
duction, which, in turn, inhibit PEDV replication in a 
dose-dependent manner (Li et al. 2021). Furthermore, 
Xing et  al. found that LCA has a protective effect on 
PEDV-infected piglets (Table 4). Mechanistically, the 
addition of LCA improved the distribution of intesti-
nal T cell populations. LCA increases the expression 
of SLA-I in porcine intestinal epithelial cells through 
the farnesol X receptor, thereby recruiting CD8+ CTLs 
to exert antiviral effects (Xing et  al. 2024).

Puerarin [PR, Figure 4 (121)], an isoflavone 
extracted from Pueraria lobata, is an excellent antiox-
idant, anti-inflammatory and antibacterial agent. 
Researchers inoculated 7-day-old piglets with PEDV 
virus via oral inoculation after 4 d of prior oral 
administration of PR at a dose of 0.5 mg/kg. PR atten-
uated the reduction in growth performance of PEDV-
infected piglets and inhibited PEDV replication and 
the expression of several cytokines. PR restored the 
abundance of 29 proteins in the ileum that were 
altered by PEDV infection. Moreover, PR restored the 
expression of several interferon-stimulated genes and 
selectively upregulated the expression of guanylate 
binding protein. In addition, PR inhibited PEDV-
induced NF-κB activation (Wu et al. 2020). Wu’s group 
next found that puerarin decreased aspartate amino-
transferase and alkaline phosphatase activities, the 
ratio of serum aspartate aminotransferase to serum 
alanine aminotransferase, the number of leukocytes 
and neutrophils, and the plasma concentrations of 
IL-6, IL-8, and TNF-α, as well as the protein abun-
dance of heat shock protein-70 in PEDV-infected 
piglets. Puerarin increased plasma D-xylose concen-
trations but decreased intestinal fatty acid binding 
protein concentrations and diamine oxidase activity 
in PEDV-infected piglets. Puerarin increased the activ-
ities of total superoxide dismutase, glutathione per-
oxidase and catalase in the intestine and plasma of 
PEDV-infected piglets, while decreasing myeloperoxi-
dase activity and hydrogen peroxide concentration. 
Puerarin decreased the mRNA level of glutathione 
S-transferase ω2 but increased the level of nuclear 
factor erythrogenic lineage 2-related factor 2. 
Puerarin increased the abundance of total fungal 
bacteria (16S rRNA), Enterococcus spp., Lactobacillus 
spp. and Enterobacteriaceae in the intestine, but 
decreased the abundance of Clostridium perfrin-
gens-like bacteria in the cecum. These data suggest 
that puerarin improved intestinal function and 
reduced the incidence of PEDV infection in PEDV-
infected piglets (Wu et  al. 2021).

Magnolol [MAG, Figure 4 (122)] is a hydroxylated 
biphenyl neolignan, which is the main component of 
magnolia officinalis bark in traditional Chinese medi-
cine. The compound has been endowed with antiox-
idant, anti-inflammatory, anti-tumor, antibiotic, and 

antiviral properties. Wang and his colleagues tested 
MAG for PEDV inhibition in Vero cells. The results 
showed that MAG had anti-PEDV activity in vitro, 
with IC50 and CC50 values of 28.21 and 57.28 µmol/L, 
respectively (Table 2). In particular, PEDV proliferation 
was significantly inhibited during the replication 
phase of the virus life cycle (Wang et  al. 2023e).

Ergosterol peroxide [EP, Figure 4 (123)], a sterol 
naturally present in medicinal mushrooms, lichens, 
sponges, etc., has been reported to exhibit bioactivi-
ties against neoplasms, inflammation, oxidation and 
antiviral activity. A study reported that EP (CC50 = 
327.6 μmol/L, Table 2) could significantly inhibit mul-
tiple stages of the PEDV life cycle in Vero cells, 
including internalization, replication and release, pos-
sesses the ability to directly inactivate PEDV. However, 
it did not affect PEDV attachment. Furthermore, EP 
mitigated the decrease in mitochondrial membrane 
potential caused by PEDV infection, and can inhibit 
PEDV-induced apoptosis by interfering with PEDV-
induced ROS production and p53 activation (Liu 
et  al. 2022).

Nanoparticles show great antiviral potential due 
to their structural properties that make them well 
adapted to bind to host recognition sites and thus 
inhibit viral entry into cells (Du et  al. 2018a). Ag2S 
nanocrystals (Ag2S NCs, Table 3), also called quantum 
dots, are an ideal class of narrowband-gap near-infra-
red fluorescent materials, which have been used in 
optical and electronic devices, biomarkers and bio-
logical imaging due to their low or no toxicity to 
biological tissues, good chemical stability and excel-
lent optical amplitude limiting properties (Gui et  al. 
2014). Dun’s group has shown that Ag2S NCs signifi-
cantly inhibit PEDV virion replication and viral pro-
tein expression at non-cytotoxic concentrations 
(Table 3). Mechanistically, Ag2S NCs treatment inhib-
ited viral negative-strand RNA synthesis and viral 
budding. Ag2S NCs treatment also positively regulates 
IFN-stimulated gene (ISG) production and proinflam-
matory cytokine expression (Du et  al. 2018a). Next, 
Du and his colleagues self-assembled silver nanopar-
ticle-modified graphene oxide (GO-AgNPs) nanocom-
posites via interfacial electrostatic forces. It was 
found that GO-AgNPs nanocomposites exhibited bet-
ter inhibitory effects than AgNPs and GO. Mechanistic 
studies showed that GO-AgNPs nanocomposites 
could prevent the virus from entering the host cells. 
Meanwhile, GO-AgNPs nanocomposite treatment 
enhanced the production of IFN-α and ISGs to 
directly inhibit the proliferation of viruses (Du et  al. 
2018b). Du’s group also has successfully synthesized 
Au@Ag nanorods (Au@AgNRs) via coating AuNRs 
with silver and demonstrated their anti-PEDV replica-
tion activity. Mechanistically, Au@AgNRs inhibit PEDV 
entry and reduce mitochondrial membrane potential 
and caspase-3 activity. In addition, massive viral pro-
liferation can lead to the production of ROS in cells, 
and released Ag+ and exposed AuNR have excellent 
antiviral activity upon stimulation of ROS via Au@
AgNRs to ensure long-term inhibition of PEDV 
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replication cycle (Du et  al. 2020). In order to mimic 
cell surface receptors, Zhou and his colleagues syn-
thesized bovine serum albumin (BSA)- coated tellu-
rium nanoparticles (Te BSA NPs, Table 3) with a 
unique triangular star shape (Te) using a heparan 
sulfate (HS) analogue, mercaptoethane sulfonate 
(MES), as a surface modifier, and demonstrated the 
antiviral effect of Te BSA nanostars on PEDV (Zhou 
et  al. 2020a). Next, Zhou’s group has also successfully 
synthesized GSH-modified zinc sulfide nanoparticles 
(GSH-ZnS NPs, Table 3) and mainly explored their 
antiviral activity against porcine reproductive and 
respiratory syndrome virus (PRRSV). Mechanistically, 
GSH-ZnS NPs could reduce PRRSV-induced ROS pro-
duction to prevent PRRSV proliferation. Furthermore, 
GSH-ZnS NPs was found to have similar antiviral 
effects against PEDV (Zhou et  al. 2020b). Similar to 
the antiviral assay with GSH-ZnS NPs, Tong and his 
colleagues synthesized a kind of highly biocompati-
ble carbon dots using glycyrrhetinic acid (Gly-CDs) as 
raw material by hydrothermal method. Using PRRSV 
as a model, Gly-CDs were found to significantly 
inhibit PRRSV proliferation. Gly-CDs inhibited PRRSV 
invasion and replication, stimulated antiviral natural 
immune responses, and suppressed the accumula-
tion of intracellular ROS caused by PRRSV infection. 
Proteomic analysis showed that Gly-CDs can stimu-
late cellular regulation of expression of host-restricted 
factors such as DDX53 and NOS3, which are directly 
associated with PRRSV proliferation. Moreover, Gly-
CDs was also significantly inhibited the proliferation 
of PEDV in vitro (Tong et  al. 2020).

2.5.5.  Medicines inhibit PEDV by enhance innate 
immunity
Buddlejasaponin IVb, a natural triterpene saponin 
isolated from the Pleurotus ostreatus, has attracted 
much attention due to its anti-inflammatory, analge-
sic, lipid-lowering and antitumor activities (Li et  al. 
2016). Sun et  al. found that buddlejasaponin IVb 
could inhibit the NF-κB signaling pathway activated 
by PEDV by downregulating the levels of cytokines 
(IL-6, IL-8, IL-1β, TNF-α) induced by PEDV or LPS. 
Moreover, buddlejasaponin IVb mainly inhibits the 
replication and release stages of PEDV in a dose-de-
pendent manner (Table 2) (Sun et  al. 2022). Next, 
Sun et  al. used oral challenge to infect 3-day-old pig-
lets with PEDV. Among the piglets in the pharmaco-
logical intervention group, buddlejasaponin IVb was 
administered intramuscularly every 6 h after 12 h of 
PEDV infection at concentrations of 0.5 mg/kg and 
1 mg/kg, respectively. At 48 -72 h after PEDV inocula-
tion, piglets in the PEDV alone infected group 
showed obvious clinical signs and died successively. 
In contrast, piglets in the 0.5 mg/kg treatment group 
showed mild clinical signs, and piglets treated with 
1 mg/kg showed no obvious clinical signs. Detection 
of intestinal virus content in piglets by RT-qPCR 
revealed that the levels of PEDV virus in the feces 
and intestine of piglets in the 0.5 mg/kg and 1 mg/kg 
treatment groups were significantly lower than those 

in the PEDV alone infected group, and decreased in 
a dose-dependent manner. This demonstrate that 
buddlejasaponin IVb can significantly reduce the rep-
lication of PEDV in piglets. In addition, in a dose-de-
pendent manner, intestinal damage was significantly 
less in the buddlejasaponin IVb-treated group of pig-
lets than in the PEDV alone infected group. The 
mRNA levels of inflammatory factors IL-1β, IL-6, IL-8 
and TNF-α in intestinal tissues were measured by 
RT-qPCR; inflammatory factors in intestinal tissues of 
piglets treated with buddlejasaponin IVb were 
reduced in a dose-dependent manner, and piglets 
treated with 0.5 mg/kg and 1 mg/kg buddlejasaponin 
IVb the mRNA levels of inflammatory factors in intes-
tinal tissues were significantly lower than in the PEDV 
alone infected group, which is consistent with the 
results found in the in vitro experiments above (Sun 
et  al. 2022).

Monolaurin [ML, Figure 4 (124)], also known as 
glycerol monolaurate or lauroyl, is a natural com-
pound mainly found in coconut oil and human 
breast milk (Barker et al. 2019). Zhang and colleagues 
orally administered ML at a dose of 100 mg/kg bw 
for 7 days before piglets were infected with PEDV 
(Table 4). The results showed that ML did not signifi-
cantly affect the growth performance of piglets, but 
ML administration alleviated diarrhea caused by 
PEDV infection. ML administration promotes the 
recovery of intestinal villi, thereby improving intesti-
nal function. Meanwhile, PEDV replication was signifi-
cantly inhibited with ML administration, and 
PEDV-induced IL-6 and IL-8 expression was decreased. 
Proteomic analysis showed that 38 proteins were dif-
ferentially expressed between PEDV and ML+PEDV 
groups, and were significantly enriched in interfer-
on-related pathways. This suggests that ML could 
promote the restoration of homeostasis by regulat-
ing the interferon pathway (Zhang et  al. 2021a). 
Next, the team further investigated the effects of ML 
on blood biochemistry, intestinal barrier function, 
antioxidant function and antiviral gene expression in 
PEDV-infected piglets. The results showed that ML 
was enough to significantly reduce plasma urea 
nitrogen and total protein content in PEDV-infected 
piglets, and these results suggested that ML might 
improve protein utilization efficiency. In addition, ML 
significantly reduced the number of uninfected mac-
rophages and Hb in the blood of PEDV-infected pig-
lets, and increased the number of leukocytes and 
eosinophils in the blood, suggesting that ML could 
improve the immune defense function of the organ-
ism. In addition, ML was able to regulate the ele-
vated D-xylose content and reduced the content of 
intestinal fatty acid binding protein, which in turn 
repaired the intestinal barrier and absorption func-
tion damaged by PEDV infection. In the presence of 
PEDV infection, ML significantly increased the activi-
ties of superoxide dismutase and catalase in the 
blood and colon, suggesting that ML has the ability 
to enhance antioxidant capacity. In addition, ML 
reversed the expression levels of ISG15, Mx1, IFIT3, 
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and IL-29 in the intestine that were upregulated by 
PEDV infection. These results suggest that ML admin-
istration may promote the restoration of homeostasis 
in vivo by modulating the interferon pathway (Wang 
et  al. 2023a).

Ellagic acid [EA, Figure 4 (125)] is a polyphenol 
dilactone that is widely present in various fruits and 
nuts and has various biological functions such as 
antioxidant, anti-inflammatory, antiviral and antibac-
terial. Song and his research team administered 
20 mg/kg·bw EA orally to 7-day-old piglets for 4 d in 
advance. Subsequently, PEDV strains were adminis-
tered orally at a dose of 1 mL of 1 × 106 TCID50 per 
pig. The results showed that EA treatment signifi-
cantly increased the proportion of leukocytes in the 
blood and the concentrations of IL-6, IL-1b and IL-10 
in the serum, but decreased the contents of IL-6, 
IL-1b, TNF-a and CXCL2 in the jejunum and gene 
expression. In addition, EA intervention significantly 
increased the total superoxide dismutase (T-SOD) 
activity in the ileum of piglets. Importantly, EA can 
promote the restoration of intestinal homeostasis by 
regulating the interferon pathway associated with 
JAK2/STAT3 signaling activation. In addition, in vitro 
experiments show that EA can increase the vitality of 
PEDV-infected pig intestinal epithelial cells (IPEC-1) 
and reduce intestinal edema in PEDV-infected piglets 
(Song et  al. 2024).

2.5.6.  Mortalin inhibitors
Mortalin, also known as mtHsp70/PBP74/Grp75/
HSPA9, is a member of the heat-shock protein (Hsp) 
70 family. As a molecular chaperone, mortalin inter-
acts with other proteins and functions in regulating 
the cellular stress response, cell proliferation, and 
apoptosis. Furthermore, mortalin also to play multi-
ple roles in membrane-mediated macromolecular 
transport, endocytosis and exocytosis, and played a 
role in the viral infection. Fan et  al. found that mor-
talin significantly inhibited the replication of PEDV 
through restricting virus entry. Mechanistically, a bio-
chemical interaction between the carboxyl terminus 
of mortalin and clathrin heavy chain (CLTC) was been 
found, and mortalin could induce CLTC degradation 
via the proteasome pathway, thereby inhibiting 
clathrin-mediated endocytosis of PEDV into host 
cells. In addition, artificial alteration of mortalin 
expression affected the cell entry of transferrin. 
Notably, this similar antiviral mechanism of mortalin 
is widely applicable to other viruses, such as VSV, 
rotavirus (RV) and TGEV (Fan et  al. 2019). Chen and 
his colleagues designed and synthesized 12 phenan-
thridine derivatives and evaluated the inhibitory 
effect of these compounds on PEDV in African green 
monkey embryonic kidney cell line (Marc145 cells). 
Among them, three compounds (Compound 1
、Compound 2 and Compound 4 in Ref. Chen et  al. 
2021a) [Figure 4 (Compound 122、Compound 123 
and Compound 124)] reduced the production of 
PEDV mRNA by up to 70%. Compound 126 and com-
pound 128 exhibited good anti-PEDV activity with 

EC50 values of 1.89 and 0.72 μmol/L, respectively, and 
no cytotoxicity at high concentrations of 100 μmol/L 
(Table 2). Notably, these phencyclidine derivatives may 
down-regulate the expression of host cell heat shock 
cognate 70 (Hsc70) in PEDV-infected host cells, which 
in turn suppress the replication of PEDV mainly by 
destabilizing the mRNA of Hsc70 (Chen et  al. 2021a). 
Therefore, they predicted that these compounds might 
also be effective in vivo. The dose of administration 
was converted from the 25% LD50 value of compounds 
126 and 128 determined in mice. After 15 h of oral 
administration of the PEDV strain to all infected groups 
of piglets (n = 7), three piglets were treated with com-
pound 126 at a dose of 50 mg/kg every 24 h for 72 h, 
and three additional piglets were treated with the 
same dose of compound 127, with two infected pigs 
serving as positive controls that were not treated. 
Ninety-six hours after inoculation with the PEDV strain, 
the negative control developed severe watery stools, 
lethargy and anorexia, and died within the next 12 h. 
However, the clinical signs were much milder in the 
two phenanthridine derivatives treatment groups, and 
none of the piglets died during the entire experimen-
tal period. Histopathological observations of small 
intestine samples from the positive control group 
showed significantly less intestinal damage in piglet 
samples treated with compounds 126 and 127 com-
pared to those from the positive control group. 
Immunofluorescence analysis showed that PEDV repli-
cation was significantly inhibited in the intestine of the 
two phenanthridine derivatives treatment groups com-
pared to the positive control group. These results ten-
tatively suggest that compounds 126 and 127 can 
inhibit PEDV replication in vivo and reduce PEDV-
related mortality (Chen et  al. 2021a).

2.5.7.  Fatty acids
Fatty acids (FAs) are widely involved in the viral life 
cycle. Palmitoylation is a common protein post-trans-
lational modification, in which fatty acids [primarily 
palmitic acid, Figure 4 (129)] form a thioester bond 
with cysteine residues. The palmitoylation of proteins 
greatly affects their transport, stability, and interac-
tions with other proteins (Mcbride and Machamer 
2010). Mao and his colleagues analyzed the differen-
tial gene expression profile of PEDV strains infecting 
porcine intestinal 2-D cells at 12, 24, and 36 h through 
RNA-Seq. They discovered that highly-passaged PEDV 
strains significantly suppressed the expression of 
genes related to lipid metabolism, such as fatty acid 
binding protein 1 (FABP1) and FABP2, which play 
important roles in fatty acid transport and metabo-
lism in cells. Treatment with palmitic acid [PA, Figure 
4 (129)] led to a significant decrease in PEDV replica-
tion in 2-D intestinal cells or IPEC-J2 cells. These 
results suggest that PEDV may manipulate the host’s 
lipid metabolism to benefit its replication (Mao et  al. 
2022). Moreover, another study compared five FAs 
[lauric acid (LA, Figure 4 (130)), sodium butyrate 
[NaB, Figure 4 (131)], PA, docosahexaenoic acid [DHA, 
Figure 4 (132)], and eicosapentaenoic acid [EPA, 
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Figure 4 (133)] against PEDV, TGEV and PDCoV. The 
results showed that LA, PA, DHA and EPA could sig-
nificantly inhibit the proliferation of PEDV in Vero 
cells (Table 2). LA, DHA and EPA can significantly 
inhibit the proliferation of TGEV in PK-15 cells (Table 
2). NaB, DHA and EPA can significantly inhibit the 
proliferation of PDCoV in LLC-PK1 cells (Table 2). 
Further in-depth exploration of the in vitro antiviral 
experiments of DHA and EPA found that DHA and 
EPA reduced endoplasmic reticulum stress and inhib-
ited PEDV, TGEV and PDCoV infection in vero cells, 
PK-15 cells and LLC-PK1 cells respectively. In addi-
tion, DHA and EPA increase host antioxidant levels 
and reduce inflammatory responses. These results 
indicate that DHA and EPA enhance host immunity 
and have the potential to serve as broad-spectrum 
anti-coronavirus drugs (Suo et  al. 2023). Furthermore, 
He et  al. in vitro experiments showed that when 
IPEC-J2 cells were pretreated with different concen-
trations of butyrate, PEDV replication was inhibited 
and PEDV N levels were reduced in a butyrate 
dose-dependent manner. Butyrate treatment acti-
vated the IFN response and interferon-stimulated 
gene (ISG) expression. Further experiments showed 
that butyrate exerts its antiviral effects by inducing 
GPR43-mediated IFN production in intestinal epithe-
lial cells (He et  al. 2023).

Linoleic acid (Figure 4 (134)) is an essential fatty 
acid. To improve pork quality and reduce lipid syn-
thesis in growing pigs, farm workers often add lin-
oleic acid or conjugated linoleic acid (CLA) to feed 
additives (Go et  al. 2012). Moreover, PEDV infection 
causes a severe inflammatory response in host cells, 
and linoleic acid has the ability to inhibit inflamma-
tion (Chen et  al. 2020a). A recent study showed that 
linoleic acid stimulates increased expression of trans-
forming growth factor β1 (TGF-β1) in Peripheral 
blood mononuclear cells. In addition, linoleic acid 
increased the expression level of TGF-β1 in dendritic 
cells (DCs) of PEDV-infected pigs. Further studies 
showed that TGF-β1 overexpression in Vero-E6 cells 
or IPEC-J2 cells could inhibit PEDV infection. When 
TGF-β1 was knocked down in IPEC-J2 cells, it resulted 
in a significant increase in the viral copy number of 
PEDV infection. Thus, linoleic acid stimulation leads 
to TGF-β1 production in DCs, which inhibits PEDV 
infection (Yang et  al. 2023b).

2.5.8.  Others
Ribavirin (Figure 4 (135)), 1-β-d-ribofuranosyl-1, 2, 
4-triazole-3-carboxamide, also known as Virazole, is a 
synthetic guanosine analog that exhibits antiviral 
drug against a broad range of both DNA and RNA 
viruses in vitro. Kim and his colleagues found that 
the antiviral activity of ribavirin on PEDV replication 
was primarily exerted at early times post-infection. 
Treatment with ribavirin resulted in marked reduc-
tion of viral genomic and subgenomic RNA synthesis, 
viral protein expression, and progeny virus produc-
tion in a dose-dependent manner. Mechanically, rib-
avirin against PEDV revealed that the addition of 

guanosine to the ribavirin treatment significantly 
reversed the antiviral effects, suggesting that deple-
tion of the intracellular GTP pool by inhibiting IMP 
dehydrogenase may be essential for ribavirin activity 
(Kim and Lee 2013).

The unfolded protein response (UPR) is cyto-pro-
tective machinery elicited towards an influx of large 
amount of protein synthesis in the endoplasmic 
reticulum (ER). Wang’s group found that PEDV infec-
tion induced UPR in Vero cells. 2-Deoxy-D-glucose 
[2-DG, Figure 4 (136)], an ER stress inducer, might 
inhibit viral infection by affecting viral protein trans-
lation in the early stages of PEDV infection. Moreover, 
2-DG treatment may affect viral assembly. Thus, 
induction of UPR using 2-DG or glucose/mannose 
analogs has therapeutic potential to block viral repli-
cation (Wang et  al. 2014).

Leflunomide is an anti-inflammatory drug primar-
ily used for treating rheumatoid arthritis. After inges-
tion, leflunomide is quickly converted in the liver 
and gastrointestinal tract into its active metabolite, 
A77 1726 (Figure 4 (137)). It was found that A77 
1726 effectively restricted PEDV replication by inhib-
iting Janus kinases (JAKs) and Src kinase activities 
but not by inhibiting dihydroorotate dehydrogenase 
(DHO-DHase) and p70 S6 kinase activities. 
Overexpression of Src, JAK2 or its substrate STAT3 
enhanced PEDV replication and attenuated antiviral 
activity of A77 1726 (Li et  al. 2020b).

Organic acids are one of the most effective substi-
tutes for antibiotics and provide a solution to the 
problem of drug resistance. Using Vero cells, Gómez-
García and colleagues found that 1.2 mg/mL (Table 2) 
formic acid (Figure 4 (138)) effectively reduced PEDV 
replication in Vero cells. However, the exact mecha-
nism of action was not reported (Gómez-García et  al. 
2021). Similarly, another study found that ursonic 
acid (Figure 4 (139)) has antiviral activity against 
PEDV replication in Vero cells (Yang et  al. 2024).

Panax notoginseng saponins [PNS, (Figure 4 (140))] 
are bioactive extracts from Panax notoginseng plant. 
A recent study found that PNS can inhibit PEDV rep-
lication in a dose-dependent manner in Vero cells. 
Further mRNA-seq analysis found that PNS has anti-
PEDV activity, especially during the genome replica-
tion stage. PNS can upregulate the expression of 
genes such as IFIT1, IFIT3, CFH, IGSF10, SPP1, PLCB4 
and FABP4. At the same time, it resulted in decreased 
expression of IL-1α, TNFRSF19, CDH8, DDIT3, 
GADD45A, PTPRG, PCK2, and ADGRA2 (Hu et al. 2024).

Salinomycin (Figure 4 (141)), a monocarboxylic 
ionophore isolated from Streptomyces albus, has been 
widely used as an anticoccidiosis agent in chickens 
(Antoszczak et  al. 2014). Salinomycin was first sug-
gested by Yuan et  al. as a coronavirus therapeutic for 
treatment of piglets infected by PEDV. It did not 
directly interact with or inactivate PEDV virions, nor 
did it affect the attachment of PEDV virions in Vero 
cells, but it inhibited PEDV entry and replication in a 
dose-dependent manner. Mechanistically, salinomy-
cin significantly ameliorated the activation of Erk1/2, 
JNK and p38MAPK signaling pathways that are 
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associated with PEDV infection. This implied that sali-
nomycin inhibits PEDV replication by altering MAPK 
pathway activation (Yuan et  al. 2021).

A study found the effect of nicotinamide [NAM, 
Figure 4 (142)] on the propagation of PEDV and 
PDCoV in vitro. The results showed that NAM could 
significantly inhibit PEDV and PDCoV proliferation in 
a dose-dependent manner (Table 2). Its main role is 
in the replication phase of the virus life cycle (Table 
2). In addition, NAM treatment was found to inhibit 
PEDV and PDCoV replication by down-regulating 
transcription factor expression through activation of 
ERK1/2/MAPK pathway (Li et  al. 2023a).

Huan et  al. found that epigallocatechin-3-gallate 
[EGCG, Figure 4 (143)] can inhibit PEDV with IC50 of 
14.95 μmol/L and CC50 > 100 μmol/L in Vero cells 
(Table 2). EGCG, a polyphenol in green tea, has been 
demonstrated to inhibit PEDV attachment, entry, rep-
lication and assembly in a dose-dependent manner 
to against PEDV infection. But it had no effect on 
PEDV release (Huan et  al. 2021).

Ivermectin [IVM, Figure 4 (144)] is an FDA-
approved anthelmintic drug for the treatment of hel-
minth infections. One study found that IVM can 
inhibit PEDV infection of different genotypes in Vero 
cells. It shows strong anti-PEDV activity when added 
at the same time as PEDV infection or after virus 
infection. Further RNA sequencing results showed 
that IVM induced cell cycle arrest, which is consistent 
with IVM significantly inhibiting the late stage of 
viral infection by affecting virus release. In addition, 
ivermectin derivatives, avermectin B1 (Figure 4 (145)) 
and doramectin (Figure 4 (146)), can also effectively 
inhibit PEDV infection. Interestingly, IVM showed 
enhanced anti-PEDV effects when used in combina-
tion with niclosamide (Wang et  al. 2023h). Another 
study utilized nanostructured lipid carriers (NLCs) to 
create IVM-NLCs particles with increased solubility 
and enhanced pharmacological efficacy. These parti-
cles notably suppressed PEDV proliferation, reduced 
reactive oxygen species accumulation, and mitigated 
mitochondrial dysfunction caused by PEDV infection. 
Additionally, IVM-NLCs led to a significant decrease 
in the apoptosis rate of Vero cells induced by PEDV 
(Xu et  al. 2024a).

BBM has been reported to primarily inhibit the inva-
sion phase of PEDV (Zhang et  al. 2023a). However, a 
recent study demonstrated that BBM significantly inhib-
its PEDV proliferation in Vero and IPEC-J2 cells in a 
dose-dependent manner, primarily targeting the repli-
cation phase of the PEDV life cycle. Furthermore, in vivo 
experiments indicate that BBM effectively reduces intes-
tinal damage caused by PEDV infection in piglets, 
thereby decreasing viral load and cytokine levels, 
including IL-6, IL-8, IL-1β, and TNF-α (Xiang et  al. 2024).

2.6.  Others

Black soldier fly is a high-quality protein raw material 
that can serve as a functional feed additive to enhance 
the intestinal health of piglets. Yu and colleagues con-
ducted a study using Black soldier fly extract (BFE) to 

assess its impact on intestinal function in PEDV-infected 
piglets. Piglets in the treatment group received 500 mg/
kg bw of BFE orally for 8 days before and after infec-
tion. Samples were collected on day 3 after virus vacci-
nation for analysis. The findings revealed that BFE was 
able to reverse the decrease in plasma D-xylose con-
centration and intestinal villus height caused by PEDV 
infection. Furthermore, BFE was found to elevate 
plasma and intestinal antioxidant enzyme activity, such 
as total superoxide dismutase and catalase. In sum-
mary, dietary supplementation of BFE can ameliorate 
intestinal tissue damage and decrease oxidative stress 
triggered by PEDV infection in piglets. BFE was also 
observed to significantly boost the mRNA expression of 
virus-related genes in the ileum (Yu et  al. 2024). 
Additionally, the researchers assessed the protective 
effects of yeast polysaccharides (YP) on intestinal dam-
age in PEDV-infected piglets. The treatment group 
received 20 mg/kg bw YP orally 8 days before and after 
infection, and analysis of samples collected on the third 
day post-infection revealed that YP could mitigate the 
damage caused by PEDV on intestinal villus morphol-
ogy in piglets. YP also demonstrated the ability to 
enhance antioxidant capacity and the activities of glu-
tathione peroxidase, superoxide dismutase, and cata-
lase in the serum and small intestine of PEDV-infected 
piglets. Furthermore, YP inhibited PEDV replication in 
the jejunum, ileum, and colon, while also alleviating 
intestinal inflammation and regulating intestinal metab-
olism (Li et  al. 2024a).

Attapulgite is recognized for its effectiveness as an 
antidiarrheal and gastrointestinal mucosal protectant. 
Wang et  al. discovered that attapulgite effectively cap-
tured and adsorbed the virus in vitro, inhibiting PEDV 
and rendering it non-infectious. Comprised mainly of 
MgO, Al2O3, SiO2, CaO and Fe2O3, attapulgite’s elements, 
combined with its porous structure, exhibit a strong 
adsorption capacity and affinity for PEDV. The virus titer 
was reduced from 10−5.613 TCID50/mL to 10−2.90 TCID50/
mL, representing a 102.6-fold decrease. Powdery atta-
pulgite displays typical rod-like crystals and powdery 
rod-like crystals. The powdery rod crystals demon-
strated higher adsorption of proteins, impurities, and 
viruses, indicating superior adsorption capacity com-
pared to the rod crystals. The authors noted that acidi-
fied modified materials exhibited weaker antiviral 
efficacy in comparison to powdered samples subjected 
to ultrasonic disintegration, which displayed the most 
potent antiviral effects (Wang et  al. 2024c).

3.  Porcine deltacoronavirus

The genome size of PDCoV is approximately 25–26 kb 
(Figure 1 B). PDCoV has been proven to be highly 
pathogenic, with mortality rates of up to 40% in suck-
ling pigs (Figure 1 A). First reported in Hong Kong, 
China, in 2012, PDCoV initially did not attract much 
attention due to its clinical symptoms being similar to 
those of PEDV and TGEV. However, in 2014, the detec-
tion rate of PDCoV in clinical samples from breeding 
farms in Ohio, USA, was as high as 92.9%. Subsequently, 
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PDCoV strains have been identified, isolated, and 
reported in various countries worldwide. Notably, a 
study detected PDCoV strains in plasma samples from 
three Haitian children with acute undifferentiated 
febrile illness, indicating a potential threat to human 
public health security. This article reviews the current 
status of drug research against PDCoV, offering valu-
able insights for the screening of PDCoV drugs and 
the development of new prevention strategies.

3.1.  Small molecule inhibitors that regulate viral 
proteases to inhibit PDCoV replication

3.1.1  Mpro inhibitors
In one study, 25 derivatives were designed based on 
the inhibitor N3, which targets SARS Mpro [M1 to M25 
in Ref. Wang et  al. 2022a. M1 and M25, Table 2 (com-
pound 73) and (compound 74)]. Among them, N3, 
compound M1 (Figure 3 (73)) and compound M25 
(Figure 3 (74)) could significantly reduce the activity 
of PDCoV Mpro in vitro experiments (Wang et al. 2022a).

3.1.2.  RdRp inhibitors
Remdesivir is an adenosine analogue monophos-
phate amide prodrug with potent activity against a 
range of RNA virus families, including the filoviridae, 
paramyxoviridae, pulmonaviridae and orthocoronavi-
ridae, by targeting viral RdRp. Brown’s group found 
that RDV could target RdRp to significantly inhibit 
PDCoV, and that RDV could alsoagainst endemic 
human CoVs OC43 (HCoV-OC43) and 229E (HCoV-
229E). This suggests that RDV had a wide range of 
anti-coronavirus activities (Brown et  al. 2019).

3.2.  Small molecule inhibitors that regulate host 
factors to inhibit PDCoV replication

3.2.1.  Target-G protein-coupled receptor
In the small intestine bile acids emulsify fats to form 
micelles to aid in their absorption. Bile acids are pro-
duced in the liver from cholesterol and are further 
modified by the microbiota in the intestine. Bile 
acids also act as endocrine molecules that regulate a 
variety of metabolic processes, including glucose, 
lipid and energy homeostasis, through interactions 
with the gut microbiota. Kong’s group found that 
physiological concentrations of bile acids chenode-
oxycholic acid [CDCA, Figure 4 (147)] and LCA had 
antiviral activity against PDCoV in LLC-PK1 and 
IPEC-J2. In IPEC-J2 cells, CDCA and LCA induced the 
production of IFN-λ3 and ISG15 via G protein-cou-
pled receptor (GPCR), thereby inhibiting PDCoV repli-
cation at the post-entry stage (Kong et  al. 2021).

3.2.2.  Cholesterol inhibitors
According to one study, the attachment and internaliza-
tion phase, during which PDCoV enters, involves both 
cellular and viral cholesterol as important participants. 
Methyl-β-cyclodextrin [MβCD, Figure 4 (148)] could 
operate as an antiviral in a dose-dependent way prior 

to or in the early stages of viral infection because it 
depletes cholesterol (Jeon and Lee 2018). In addition, a 
study found that 25-Hydroxycholesterol [25HC, Figure 4 
(149)], a key enzyme in the regulation of cholesterol 
metabolism, was able to inhibit PDCoV infection by 
inhibiting viral entry in IPI-FX cells, a porcine ileal epi-
thelial cell line (Ke et al. 2021). Another study found that 
25-Hydroxycholesterol, a derivative of cholesterol, also 
inhibits PDCoV infection by regulating cholesterol 
metabolism. Further investigation revealed that 25HC 
might regulate the cholesterol metabolism disorder 
caused by PDCoV infection by transforming growth fac-
tor β1 expression down, which mainly restricted PDCoV 
from entering the early and middle stages of the later 
stage to inhibit infection (Zhang et  al. 2022a).

3.2.3.  Heat shock proteins inhibitors
Heat shock proteins (HSPs) are a class of proteins 
that are produced by cells in response to stress. 
Many also act as molecular chaperones and play 
important roles in numerous cellular processes, and 
they are also key host cell factors for viral replication 
(Shan et  al. 2020). HSP90 is a highly conserved ATP-
dependent homodimeric protein consisting of an 
N-terminal ATPase structural domain, an intermediate 
client protein recognition domain, and a C-terminal 
dimeric structural domain (Hoter et  al. 2018). HSP90 
inhibitors are effective inhibitors of replication of a 
variety of viruses. For example, the HSP90 inhibitors 
17-AAG (Figure 4 (150)) and AT-533 regulated the 
promoter activity of the HSV-1 alpha gene (Wang 
et  al. 2018). And 17-AAG significantly inhibited the 
transmission of middle east respiratory syndrome 
coronavirus (MERS-CoV), SARS-CoV-2 and SARS-CoV 
(Li et  al. 2020a). Zhao et  al. found that 17-AAG and 
VER-82576 (Figure 4 (151)) inhibited PDCoV in the 
early stages of replication. 17-AAG and PDCoV inhibi-
tion by VER-82576 may be achieved by targeting the 
host cytokine HSP90AB1 but not HSP90AA1. Because, 
there was no significant difference in HSP90AB1 
mRNA and protein levels in 17-AAG and VER-82577 
treated cells compared to control cells. However, 
both 17-AAG and VER-82576 dose-dependently 
inhibited the expression of TNF-α, IL-6 and IL-12 to 
varying degrees (Zhao et  al. 2022).

3.2.4.  Porcine aminopeptidase N protein inhibitors
Previous studies have shown that CEP has good anti-
viral activity against PEDV and SADS-CoV. A recent 
study found that CEP has moderate affinity for the 
PDCoV receptor porcine aminopeptidase N (pAPN) 
protein. And molecular docking analysis predicts that 
CEP can form hydrogen bonds with the amino acid 
residues (R740, N783 and R790) in the PDCoV and 
pAPN binding regions. This indicates that the anti-PD-
CoV activity of CEP is based on acting directly on 
cells and preventing the virus from attaching to host 
cells. In addition, CEP can also affect the proliferation 
of the virus in vitro by downregulating the excessive 
immune response caused by PDCoV and inducing 
autophagy (Sun et  al. 2024c).
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3.2.5.  Medicines inhibit PDCoV by inducing cell 
apoptosis
Diammonium glycyrrhizinate [DG, Figure 4 (152)] is 
an antiviral agent that induces host action. zhai et  al. 
found that DG inhibited PDCoV replication in LLC-PK1 
cells in a dose-dependent manner and its antiviral 
effect occurred early in PDCoV replication. DG also 
inhibited viral attachment to cells. In addition, DG 
inhibited PDCoV-induced apoptosis in LLC-PK1 cells 
(Zhai et  al. 2019).

Lithium chloride (LiCl, Table 3) has been shown to 
have an inhibitory effect on PEDV, which has been 
described above. Similar to PEDV, zhai et  al. found 
that LiCl inhibited PDCoV replication in LLC-PK1 cells 
in a dose-dependent manner. The antiviral effect of 
LiCl occurred at an early stage of PDCoV replication. 
In addition, LiCl inhibited PDCoV-induced apoptosis 
in LLC-PK1 cells (Zhai et  al. 2019).

Selenium nanoparticles (SeNPs, Table 3) are highly 
active, low toxic and readily absorbed by humans and 
showed good antiviral activity against dengue virus 
(DENV) in Hela and HepG2 cells. SeNPs can reduce 
mitochondrial dysfunction in disease states and thus 
reduce apoptosis (Ramya et  al. 2015). Ren et  al. found 
that selenomethionine inhibited PDCoV replication in 
vitro and selenium could reduce oxidative stress 
induced by viral infection and increase the levels of 
various cytokines in host cells and improve cellular 
immunity levels to inhibit viral replication (Ren et  al. 
2022c). Next, Ren et  al. found that 4 μg/mL of SeNPs 
significantly reduced PDCoV replication on ST cells. 
Mechanistically, SeNPs attenuated PDCoV-induced 
mitochondrial division and antagonized PDCoV-
induced apoptosis by reducing Cyt C release and acti-
vation of Caspase 9 and Caspase 3 (Ren et  al. 2022d).

Ergosterol peroxide (EP) is abundant in Cryptoporus 
volvatus, and previous studies have shown that EP 
has a variety of biological properties, including anti-
bacterial, antitumorigenic and immunomodulatory 
activities (He et  al. 2017). Moreover, it also has an 
inhibitory effect on PEDV (Liu et  al. 2022). Duan et  al. 
found that EP inhibited PDCoV infection in LLC-PK1 
cells in a dose-dependent manner (Table 2). EP 
blocked viral attachment and entry and exerted its 
inhibitory effect mainly in the early and middle 
stages of the PDCoV replication cycle. In addition, EP 
directly inactivated PDCoV infectivity and inhibited 
PDCoV-induced apoptosis. Mechanistically, EP treat-
ment reduced PDCoV infection-induced phosphoryla-
tion of IκBα and p38 MAPK and mRNA levels of 
cytokines (IL-1β, IL-6, IL-12, TNF-α, IFN-α, IFN-β, Mx1 
and PKR). EP can inhibit in vitro the activation of 
NF-κB and p38/MAPK signaling pathways by down-
regulating PDCoV infection and modulate the host 
immune response (Duan et  al. 2021a). Next, Duan’s 
group found that the autophagy inducing rapamycin 
drug increased PDCoV N expression in LLC-PK1 cells, 
while the autophagy inhibiting wortmannin drug 
decreased PDCoV N expression. Moreover, PDCoV 
infection activates the p38 signaling pathway, which 
triggers autophagy to promote viral replication. 
Interestingly, EP can exert its antiviral effects in vitro 

and in vivo by attenuating PDCoV-induced p38 acti-
vation to inhibit the autophagic response (Duan 
et  al. 2021b). Next, Duan et  al. used 7-day-old piglets 
infected with PDCoV by oral administration in the 
presence or absence of EP. administration of EP 
reduced the incidence of diarrhea, attenuated intesti-
nal damage, and decreased viral load in feces and 
tissues. Mechanistically, EP reduces PDCoV-induced 
apoptosis in small intestinal cells, enhances tight 
junction protein expression, and maintains intestinal 
barrier integrity. EP shows immunomodulatory effects 
by inhibiting PDCoV-induced activation of pro-inflam-
matory cytokines and IκBα and NF-κB p65, and by 
upregulating IFN-I expression. In addition, Duan et  al. 
speculated that EP inhibited PDCoV replication and 
attenuated PDCoV-induced apoptosis through the 
p38/MAPK signaling pathway (Duan et  al. 2021c). In 
addition, a study found that chlorogenic acid [CGA, 
Figure 4 (153)], the main active component of honey-
suckle, can significantly inhibit the replication of 
PDCoV in both LLC-PK1 cells and ST cells. CGA mainly 
affects the early stages of viral replication and viral 
release. Mechanistically, CGA can inhibit virus release 
by directly targeting cell apoptosis caused by PDCoV 
infection (Shi et  al. 2024).

Researchers such as Sun designed and synthe-
sized more than two dozen dihydropterinone deriva-
tives. Among them, compound 154 [compound W8 
in Ref. Sun et  al. 2024a, Figure 4 (154)] has strong 
anti-PDCoV activity and low cytotoxicity (Table 2). 
Mechanistically, compound 154 exerts antiviral effects 
by inhibiting apoptosis and inflammatory factors 
caused by viral infection in vitro (Sun et  al. 2024a).

3.2.6.  Medicines inhibit PDCoV by enhance cell 
immunity/inflammatory responses
Selenium is an essential trace element for living 
organisms and has been shown to have antiviral 
effects. ren’s scientific team used LLC-PK cells to 
study the antiviral activity of selenomethionine 
[SeMet, Figure 4 (155)] against PDCoV. It was found 
that 16 µmol/L Se-Met (Table 2) significantly inhibited 
PDCoV replication in LLC-PK cells, enhanced MAVS 
protein expression and IRF-3 phosphorylation, and 
increased intracellular IFN-α and IFN-β production 
and antioxidant capacity. The specific mechanism 
was attributed to the increased antioxidant capacity 
of SeMet and the activation of the MAVS pathway to 
enhance immunity (Ren et  al. 2022c). Next, Ren’s 
team systematically investigated the endogenous 
immune mechanism of SeMet and found that STAT3/
miR-125b-5p1/HK2 signalling is essential for the exer-
tion of SeMet anti-PDCoV replication function. 
Meanwhile, HK2, a key rate-limiting enzyme of the 
glycolytic pathway, was able to control PDCoV repli-
cation in LLC-PK1 cells, suggesting a strategy for 
viruses to evade innate immunity using glucose 
metabolism pathways (Ren et  al. 2022b). Another 
study found that IL-6, NR3C2, BCHE and PTGS2 were 
identified as the most likely targets of curcumin 
(Figure 4 (156)) by network pharmacological analysis. 
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Furthermore, curcumin inhibited PDCoV replication 
in LLC-PK1 cells in a dose-dependent manner upon 
infection. Mechanistically, curcumin inhibited PDCoV-
induced IFN-β secretion by inhibiting the RIG-I path-
way and reduced inflammation by inhibiting IRF3 or 
NF-κB protein expression (Wang et  al. 2023f ).

Niacin acid [niacin, NA, Figure 4 (157)], also known 
as vitamin B3, usually includes both niacin and nico-
tinamide forms and is a component of the coenzyme 
nicotinamide adenine dinucleotide. One study found 
that niacin alleviated clinical symptoms of diarrhea in 
weaned piglets infected with PDCoV and alleviated 
intestinal villi shedding and atrophy (Table 4). In addi-
tion, niacin decreased the content of serum IL-1β and 
IL-6, and decreased the mRNA expression of TNF-α, 
IL-10 and IL-12 in ileum of piglets infected with PDCoV. 
Niacin decreased the mRNA expression of NOD1, 
NOD2, STAT2, IFN-γ and PKR in weaned piglets infected 
with PDCoV. In addition, the expression of IL-6 mRNA 
decreased in PDCoV-infected IPEC-J2 cells, and the 
expression of 2 ‘-5′ -oligoadenylate synthetase, IFN-α 
and PKR increased after niacin treatment (Table 2). In 
addition, niacin decreased the expression of ile-in-
duced NOS, nuclear factor-κB, inhibitor kappa B, his-
tone deacetylase Sirtuin 1, histone deacetylase 7 and 
histone H3 serine s10 phosphorylated protein, and 
increased the expression of G-protein-coupled recep-
tors in PDCoV-infected piglets. In addition, niacin can 
improve the intestinal flora of PDCoV-infected piglets 
and increase the relative abundance of lactobacillus. 
Niacin partially alleviates diarrhea, intestinal barrier 
damage, intestinal immune response, and colon micro-
flora disruption in weaned piglets infected with 
PDCoV. Niacin may reduce inflammation by inhibiting 
the activation of TLR2/TLR4-NF-κB signaling pathway 
in the intestinal tract of weaned piglets infected with 
PDCoV and regulating histone acetylation via GPR109A 
(Chen et  al. 2022a). A recent study observed that 
treatment with baicalin led to reduced phosphoryla-
tion of PI3K, AKT, and p65 proteins, along with 
decreased mRNA levels of pro-inflammatory cytokines 
like IL-1β, IL-6, IL-8, and TNF-α in swine testicle (ST) 
cells. These findings indicate that baicalin may hinder 
PDCoV replication by blocking the PI3K-Akt-NF-κB pro-
tein signaling pathway, consequently suppressing the 
inflammatory response (Liu et  al. 2024a).

3.3.  Others

Since Griffithsin can specifically bind to N-linked high 
mannose oligosaccharides, its potent antiviral activity 
against enveloped viruses has been outlined above. 
Studies have shown that Griffithsin exhibited a stron-
ger effect on anti-PEDV infection when it was added 
during early stages of infection (Li et  al. 2019b). 
Similarly, a study showed that Griffithsin (Table 1) 
inhibits PDCoV infection at the adsorption and per-
meation step. Mechanistically, Griffithsin binds to the 
spike protein on the surface of PDCoV virions, wrap-
ping the virus and blocks its entry (Tang et  al. 2022). 
This may also be the main mechanism of action of 
Griffithsin against PEDV infection in Vero cells.

Fang et  al. successfully constructed an infectious 
clone of PDCoV strain CHN-HN-2014 based on a bac-
terial artificial chromosome (BAC) reverse genetics 
system combined with one-step homologous recom-
bination. Based on the established infectious clone 
and CRISPR/Cas9 technology, a PDCoV virus express-
ing nanoluciferase (Nluc) was constructed by replac-
ing the NS6 gene. Lycorine (Figure 4 (158)) and 
resveratrol (Figure 4 (159)) were found to be highly 
sensitive and easily quantifiable for rapid antiviral 
screening of Nluc-containing viruses. These results 
indicated that lycorine and resveratrol could better 
inhibit the proliferation of PDCoV (Fang et  al. 2021).

4.  Transmissible gastroenteritis virus

The genome sequence length of TGEV is approxi-
mately 28–30 kb (Figure 1 B). TGEV was first reported 
in the United States in 1946, and was eventually 
studied and reported around the world. The mortal-
ity rate of piglets infected with TGEV between 1 and 
14 days of age is as high as 100% (Figure 1 A). In 
recent years, epidemiology has found that the detec-
tion rate of TGEV in clinical breeding diarrhea sam-
ples is low. This may be closely related to the 
identified key receptors for TGEV infection of host 
cells, as well as long-term prevention, treatment and 
control.

4.1.  Bacteria- and bacterial metabolites-based 
TGEV inhibitors

4.1.1.  Enterococcus faecium inhibitors
Probiotics are defined as live microbial food supple-
ments that have health-promoting properties. 
Potential mechanisms for beneficial effects include 
production of antimicrobial agents, modulation of 
the immune response and promotion of innate host 
defense mechanisms. Enterococcus faecium NCIMB 
10415 (E. faecium, Table 1) is authorized in the EU as 
a probiotic feed additive for sows, piglets and several 
other farm animals. chai et  al. found that E. faeciumz 
was protective against TGEV infection in swine testi-
cle (ST) cells. The viral yield of cultures treated with 
E. faeciumz was reduced by three log10 units and the 
expression of viral structural proteins was decreased. 
Using transmission electron microscopy, TGEV parti-
cles were observed to adhere to the surface of E. 
faeciumz, which may be a means of preventing infec-
tion by its direct interference with viral attachment, 
capture by adsorption of surface components of pro-
biotic bacteria or inactivation of viral particles. 
Increased NO production and increased expression 
of IL-6 and IL-8 in E. faeciumz-treated cells suggest 
that stimulation of cellular defense is the mechanism 
against TGEV infection (Chai et  al. 2013).

4.1.2.  Bacillus subtilis inhibitors
Bacillus subtilis is a probiotic with good anti-microbial 
properties, and one of its secretions, surfactin, is con-
sidered a versatile weapon against most plant 
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pathogens, especially against enveloped viruses. 
Wang et  al. found that B. subtilis OKB105 (Table 1) 
and its surfactant effectively inhibited TGEV entry 
into IPEC-J2. Empty plaque experiments showed that 
the surface the active agent could reduce TGEV 
plaque production in a dose-dependent manner 
(Table 1). B. subtilis could attach TGEV particles to its 
surface, thus decreasing the amount of virus bound 
to host cells. Moreover, the inhibitory effect of B. sub-
tilis is closely related to the competition of TGEV for 
viral entry receptors, including the epidermal growth 
factor receptor (EGFR) and aminopeptidase N (APN) 
proteins. In addition, B. subtilis can enhance the resis-
tance of IPEC-J2 cells by upregating the expression 
of TLR6 and reducing the proportion of apoptotic 
cells (Wang et  al. 2017b).

4.1.3.  Lactobacillus plantarum inhibitors
Wang’s group used the supernatant of an isolated 
Lactobacillus plantarum Lp-1 strain (Lp-1s, Table 1) to 
explore its anti-TGEV effect in IPEC-J2 cells. They 
found that Lp-1s induced large amounts of interfer-
on-β in IPEC-J2 cells during the early phase of TGEV 
infection and increased the levels of phosphorylated 
signal transducers and transcriptional activators and 
their nuclear translocations during the late phase of 
infection. This leads to upregulation of ISGs expres-
sion and increases transcription and protein expres-
sion of antiviral proteins, resulting in anti-TGEV 
effects (Wang et  al. 2019a).

4.1.4.  Lactobacillus casei inhibitors
Lactobacillus casei (L. casei) is one of the probiotic 
bacteria in mammals. In one study, it was found that 
administration of L. casei to mice resulted in sus-
tained upregulation of the antimicrobial peptide 
mReg3a gene. Subsequently, they used Escherichia 
coli to induce the expression of mReg3a, and found 
that tight junction proteins ZO-1 and E-cadherin the 
expression of cadherin was significantly increased. This 
suggests that mReg3a promotes cell proliferation and 
wound healing. Most importantly, mReg3a can also 
inhibit TGEV and PEDV infection (Bai et  al. 2021).

4.1.5.  Antimicrobial peptide inhibitors
Bovine antimicrobial peptide-13 (APB-13, Table 1) has 
antibacterial, antiviral and immunological functions. 
liang et  al. found that APB-13 showed the highest 
viral inhibition of TGEV at 74.1%. The log10TCID50 of 
62.5 µg/mL APB-13 was 3.63 lower than that of the 
viral control, and significantly reduced the expression 
of viral gene transcripts and protein content. Then, 
Liang et  al. selected 4-day-old piglets fed APB-13 
(10 g/kg, Table 4) continuously for 6 d and then orally 
inoculated with TGEV. piglets were infected and in 
vivo TGEV shedding was detected on the first, sec-
ond, third and fourth days after infection, and the 
rate of virus shedding was significantly lower in the 
APB-13 group than in the virus control group. 
Morphological histological sections of the jejunum 

showed long, thin and intact jejunal villi in the 
TGEV+APB-13 group compared to the TGEV group. 
These results indicated that APB-13 reduced the pro-
duction of TGEV particles, APB-13 had an antiviral 
effect on TGEV in vivo (Liang et  al. 2020).

4.2.  Plants- and plant extract cocktails-based TGEV 
inhibitors

A recent study discovered that cimicifuga rhizoma poly-
saccharide (CRP), primarily consisting of glucose and 
galactose, exhibits a notable inhibitory impact on TGEV. 
In comparison to the TGVE group, CRP considerably 
reduces cell apoptosis and prevents the decline in mito-
chondrial membrane potential. Moreover, network phar-
macology analysis predicts that CRP targets AKT1, 
MMP9, HSP90AA1, CASP3, MMP9, and EGFR to enhance 
immunity and combat TGEV. Molecular docking simula-
tions demonstrate CRP’s binding potential to these tar-
gets, indicating its promising immune-enhancing and 
anti-TGEV properties (Tan et  al. 2024).

4.3.  Small molecule inhibitors affect TGEV 
adsorption

Curcumin is the major polyphenolic compound of the 
edible spice turmeric due to its multiple biological 
effects such as antitumor, anti-inflammatory, immuno-
modulatory, antioxidant, antibacterial, antifungal, anti-
parasitic, and antiviral activities (Moghadamtousi et  al. 
2014). Notably, Li et  al. found that curcumin strongly 
inhibited TGEV proliferation and viral protein expression 
in a dose-dependent manner (Table 2). Moreover, cur-
cumin has a temperature- and time-dependent direct 
TGEV virucidal ability, which acts mainly in the early 
stages of TGEV replication. Curcumin showed excellent 
inhibition of TGEV adsorption, with 40 µmol/L of cur-
cumin resulting in a 3.55 logTCID50 mL−1 reduction in viral 
titer (Li et  al. 2020c).

4.4.  Small molecule inhibitors that regulate viral 
proteases to inhibit TGEV replication

Phloretin (Figure 3 (75)), a naturally occurring dihy-
drochalcon glycoside, can inhibit the proliferation of 
TGEV in PK-15 cells in a dose-dependent manner, 
with its anti-TGEV activity primarily occurring during 
the internalization and replication stages. Additionally, 
phloretin reduces the expression levels of pro-inflam-
matory cytokines induced by TGEV infection. Through 
network pharmacology and molecular docking tech-
niques, the authors identified potential key targets of 
phloretin’s anti-TGEV effects, including AR, CDK2, INS, 
ESR1, ESR2, EGFR, PGR, PPARG, PRKACA, and MAPK14. 
Furthermore, phloretin can target the Mpro of TGEV. 
However, when the Mpro residue (S242) is mutated, 
the binding between phloretin and Mpro is disrupted, 
leading to the emergence of drug-resistant TGEV 
strains (Duan et  al. 2024b).

Myricetin (Figure 3 (76)) is a natural flavonoid that is 
widely found in fruits, vegetables, and tea. A recent 



36 J. LIANG ET AL.

study demonstrated that myricetin effectively inhibits 
TGEV-induced CPE in a dose-dependent manner. 
Moreover, at a concentration of 100 µmol/L, myricetin 
directly inactivates TGEV and inhibits its intracellular rep-
lication phase. Molecular docking results indicate that 
myricetin binds to the Cys102 residue of PLpro through 
conventional hydrogen bonds (Fan et  al. 2024).

4.5.  Small molecule inhibitors that regulate host 
factors to inhibit TGEV replication

4.5.1.  Medicines inhibits TGEV by inducing cell 
apoptosis
In the biomedical field, the antibacterial, antifungal 
and antiviral properties of silver ions and silver com-
pounds have been extensively studied and used, but 
silver nanoparticles have shown superior efficacy due 
to their promising antibacterial potential and have 
been used for wound healing against bacteria (Sondi 
and Salopek-Sondi 2004). Lv et  al. found four repre-
sentative silver nanomaterials, including spherical sil-
ver nanoparticles (Ag NPs and NM-300, Table 3), two 
silver nanowires (XFJ011, Table 3), and silver colloids 
(XFJ04, Table 3), Ag NPs and silver nanowires signifi-
cantly reduced TGEV infection in ST cells at safe con-
centrations. Mechanistically, Ag NPs and silver 
nanowires reduced the number of TGEV-induced 
apoptotic cells through regulating the p38/mito-
chondria-caspase-3 signaling pathway (Lv et al. 2014).

Lithium chloride (LiCl, Table 3) has been found to 
be effective against several DNA viruses, such as HSV 
and poxvirus. Also, inhibition of RNA virus infections 
has been reported, such as PEDV and PDCoV as 
described above. Ren et  al. found that LiCl could 
inhibit TGEV infection in a dose-dependent manner. 
In addition, RT-qPCR assays targeting the S and Mpro 
genes of TGEV viruses confirmed the inhibitory effect 
of LiCl on TGEV infection and transcription. Similar to 
the anti-PEDV effect (Li et  al. 2018), both early and 
late apoptosis induction by TGEV infection were 
effectively inhibited by LiCl (Ren et  al. 2011). 
Combined with the above-mentioned studies of LiCl 
against PEDV (Li et  al. 2018) and PDCoV (Zhai et  al. 
2019), it was shown that it could inhibit PECs infec-
tion by exerting anti-apoptotic effects.

Cardenolides, also known as cardiac glycosides, 
are C (23) -steroids that binds to and acts as an 
allosteric inhibitor of Na+/K+-ATpase, a mem-
brane-binding protein that establishes and maintains 
high internal K+ and low internal Na+ cellular concen-
trations in most animal cells (Yang et  al. 2017). These 
Na+/K+-ATpase enzymes consist of two subunits (α 
and β) and a helper subunit γ. α-subunits bind ATP 
and Na+ and K+ ions, as well as allosteric binding of 
cardenolides (Habeck et  al. 2016). Stimulant steroids 
such as ouabain, digitoxin (Figure 4 (160)), or olean-
drin (Figure 4 (161)) have been reported to alleviate 
cancer disease in humans, or to reduce replication of 
murine leukemia virus, hemagglutinating virus of 
Japan, and HSV-1 in vitro experiments. Yang’s group 
found that some cardenolides exhibited 

dose-dependent anti-TGEV activity in ST cells. These 
cardenolides reduced the expression of TGEV nucleo-
capsid and spike proteins, blocked TGEV infection-in-
duced apoptosis and CPE, and inhibited Na+/
K+-ATpase activity. Notably, the expression of carde-
nolides’ cell receptor Na+/K+-ATpase in knockdown ST 
cells significantly reduced the susceptibility of ST 
cells to TGEV infection (Yang et  al. 2017). Next, Yang 
et  al. further showed that cardenolides delivered 
anti-TGEV activity by targeting the Na+/K+-ATpase 
and its associated PI3K-PDK1-RSK2 signaling. Upon 
Na+/K+-ATpase α1 knockdown, ST cells were less sen-
sitive to TGEV infection and PI3K-PDK1-RSK2 signal-
ing was attenuated. cardenolides this anti-TGEV 
activity was induced by JAK1 protein hydrolysis and 
mediated through upstream activation of Ndfip1/2 
and its effector NEDD4 (Yang et  al. 2020a). 
Furthermore, Yang’s group found that AG1024 (Figure 
4 (162)), an insulin receptor (IR) and insulin-like 
growth factor 1 receptor (IGF-1R) inhibitor, dimin-
ishes JAK1 protein levels and exerts anti-coronaviral 
activities with EC50 values of 5.2 ± 0.3 µmol/L (in Ref. 
Yang et  al. 2022a) against TGEV. However, TGEV infec-
tion of ST cells did not trigger the IR and IGF-1R sig-
naling pathways, and AG1024 inhibited TGEV 
replication and downregulated JAK1 protein levels 
independently of IR and IGF-1R. Indeed, AG1024-
induced JAK1 protein hydrolysis is mediated by the 
activation of upstream Ndfip1/2 and its effector 
NEDD4-like E3 ligase Itch. In addition, ouabain, which 
was reported to mediate JAK1 proteolysis causing 
anti-coronaviral activity by activation of Ndfip1/2 and 
NEDD4 E3 ligase, Yang et  al. found that additively 
inhibited anti-coronaviral activity (such as TGEV and 
human flu coronavirus OC43) and JAK1 diminishment 
in combination with AG1024 (Yang et  al. 2020a).

All-trans retinoic acid [ATRA, Figure 4 (163)] is the 
active metabolite of vitamin A. Pu and colleagues 
investigated the protective effect of ATRA on TGEV-
infected IPEC-J2 cells. They found that ATRA allevi-
ates TGEV-induced damage in IPEC-J2 cells by 
upregulating the mRNA expression of ZO-1, Occludin, 
and Mucin-1. Moreover, ATRA reduced TGEV-induced 
apoptosis in IPEC-J2 cells by downregulating 
Caspase-3 expression. Additionally, ATRA treatment 
inhibited TGEV-induced ROS and MDA production, as 
well as the upregulation of P38MAPK phosphoryla-
tion levels. Overall, ATRA alleviates TGEV-induced 
apoptosis in IPEC-J2 cells by enhancing antioxidant 
capacity and inhibiting cell damage (Pu et  al. 2022a). 
The study also found that ATRA was able to decrease 
the inflammatory response caused by TGEV by sup-
pressing the release of pro-inflammatory cytokines 
such as IL-1b, IL-6, IL-8, and TNF-a. Furthermore, ATRA 
treatment effectively prevented the TGEV-induced 
increase in IкBa and NF-κB p65 phosphorylation lev-
els, as well as the translocation of NF-κB p65 into the 
nucleus. Moreover, ATRA treatment led to a signifi-
cant decrease in the expression of TLR3, TLR7, RIG-I, 
and MDA5 in TGEV-infected IPEC-J2 cells, indicating 
its potential to mitigate TGEV-induced damage by 
dampening inflammatory reactions (Pu et  al. 2022b).
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Polygonum Cillinerve polysaccharide [PCP, Figure 4 
(164)] can significantly reduce the apoptosis rate 
induced by TGEV and reduce the replication of TGEV. 
Mechanistically, it effectively inhibits cell apoptosis 
by regulating and increasing the expression levels of 
Bcl-2 and Bax genes, increasing the expression of 
Bcl-2 protein, reducing the expression of Cyto-c pro-
tein, and reducing the amount of caspase 3 cleavage 
(Pan et  al. 2021). Next, the research team also found 
that half of the piglets survived TGEV infection when 
treated with PCP. High-throughput sequencing tech-
nology was used to identify PCP interference in 
TGEV-infected PK15 cells, and the results showed 
that miR-181 is related to the target genes of key 
proteins in the apoptosis pathway (Duan et al. 2024a).

4.5.2.  Medicines inhibits TGEV by regulating cellular 
reactive oxygen species
About 70% of green tea extracts are catechins, which 
are monomeric flavonoids. Catechins have a variety 
of pharmacological activities and can inhibit different 
types of viruses in different ways. (+)-catechin (Figure 
4 (165)) is one of the catechins in green tea, and 
Liang’s group found that (+)-catechin treatment 
exerted a dose-dependent rescue effect in TGEV-
infected ST cells. (+)-catechin treatment restricted 
TGEV RNA replication and attenuated intracellular 
TGEV infection-induced reactive oxygen species (ROS) 
activation (Liang et  al. 2015).

Eugenol (Figure 4 (166)) is a natural plant essential 
oil with good antioxidant properties. Wang and his 
research team found that adding eugenol could alle-
viate TGEV-induced intestinal and IPEC-J2 cell dam-
age. Mechanistically, eugenol reduces TGEV-induced 
oxidative stress in intestinal epithelial cells by reduc-
ing ROS levels. In addition, eugenol can also inhibit 
TGEV-induced intestinal cell apoptosis (Wang et  al. 
2022b). Subsequently, the research team found that 
eugenol scavenged the TGEV-induced increase in 
ROS, thereby preventing TGEV-induced NLRP3 inflam-
matory vesicle activation and pyroptosis, thereby 
inhibiting TGEV-induced intestinal epithelial cell pyro-
ptosis. By adding eugenol to the diet of weaned pig-
lets, TGEV-induced intestinal damage in piglets can 
be significantly reduced (Wang et  al. 2023d).

4.5.3.  Medicines inhibit TGEV by enhance cell 
immunity
One study found that TGEV infection of IPEC-J2 cells 
induced downregulation of mTOR and its down-
stream p70 S6K and 4E-BP1, STAT1 and ISGs, which 
was blocked by the mTOR activator MHY1485 but 
not by the mTOR inhibitor RAPA. At the same time, 
MHY1485 activates mTOR to reduce TGEV levels, and 
vice versa. L-leucine [Leu, Figure 4 (167)] can reverse 
the inhibition of STAT1 and ISGs by activating mTOR 
and its downstream p70 S6K and 4E-BP1 in TGEV-
infected IPEC-J2 cells. These results indicate that Leu 
alleviates TGEV infection by activating the mTOR sig-
naling pathway in cells and promoting the expres-
sion of STAT1 and ISGs (Du et  al. 2021).

4.5.4.  JNK1 and p38 inhibitors
Tyrphostin A9 (Figure 4 (168)) is a tyrosin-like recep-
tor tyrosine kinase inhibitor (RTKI), which was found 
by Dong et  al. to potently inhibit TGEV infection. 
Tyrphostin A9 was also have potent antiviral activity 
against the replication of mouse hepatitis virus 
(MHV), PEDV and FIPV. Further studies identified p38 
and JNK1, the downstream molecules of receptor 
tyrosine kinase required for TGEV replication, as tar-
gets of tyrphostin A9, whose inhibitory activity 
against TGEV infection was mainly mediated through 
the p38 mitogen-activated protein kinase signaling 
pathway (Dong et  al. 2020).

4.5.5.  Na+-glucose co-transporter1 (SGLT1) inhibitors
Na+-glucose co-transporter1 (SGLT1) is predominantly 
expressed in the mucosa of the small intestine and 
plays a crucial role in the absorption of Na+ and glu-
cose. The surface Na+/H+ exchanger 3 (NHE3) serves 
as a pivotal regulatory site for controlling electroneu-
tral Na+ absorption. Yang and colleagues discovered 
that TGEV infection can impede NHE3 translocation 
and diminish sodium and hydrogen exchange activ-
ity via the SGLT1-mediated p38MAPK/AKt2 signaling 
pathway, impacting cellular electrolyte absorption 
and resulting in diarrhea. Nevertheless, phlorizin 
(Figure 4 (169)) can notably enhance the phosphory-
lation levels of MAPKAPK-2 and EZRIN, the key down-
stream proteins of the p38MAPK/AKt2 signaling 
pathway, by suppressing the expression of SGLT1. 
This leads to a significant increase in the expression 
and activity of NHE3 on the cell surface, ultimately 
alleviating diarrhea induced by TGEV infection (Yang 
et  al. 2020c).

4.6.  Others

Zinc (Zn) is an important trace element and the use 
of high levels of dietary Zn as zinc oxide in swine 
nutrition reduces the incidence and severity of 
non-specific diarrhea after weaning (Zhang and Guo 
2009). Wei et  al. explored the effects of two zinc 
salts, zinc chloride (ZnCl2, Table 3) and zinc sulfate 
(ZnSO4, Table 3), on swine testicle (ST) cells infected 
with TGEV. It was found that ZnCl2 and ZnSO4 did 
not exhibit direct virucidal effects and did not affect 
the adsorption of TGEV to ST cells. However, applica-
tion of ZnCl2 and ZnSO4 at different time points 
during virus infiltration and after virus cell entry sig-
nificantly reduced virus titers and the synthesis of 
TGEV RNA and viral proteins. This suggests that ZnCl2 
and ZnSO4 can mediate antiviral effects by inhibiting 
virus penetration or efflux or intracellular phases of 
the virus life cycle (Wei et  al. 2012).

5.  Swine acute diarrhea syndrome coronavirus

SADS-CoV was initially identified as an important 
pathogen causing infection and death of newborn 
piglets in Guangdong, China, in 2017 (Figure 1 A). As 
of now, there have been no reports of the virus in 
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other countries. The genome size of SADS-CoV is 
approximately 27 kb (Figure 1 B). The virus can lead 
to mortality rates of up to 90% in newborn piglets 
between 1 to 5 d old, with reduced mortality rates 
in piglets over 8 d old (Figure 1 A). SADS-CoV has 
the ability to infect various cell lines from different 
species, such as humans, bats, pigs, monkeys, chick-
ens, mice, and non-human primates. Furthermore, 
researchers compared the identified SADS-CoV 
genome sequence with the bat coronavirus HKU2-
CoV (GenBank: NC/U 009988.1), revealing a similarity 
of over 90%, indicating a possible bat origin for 
SADS-CoV and subsequent transmission to piglets. 
Considering the potential for cross-species transmis-
sion and the threat to human health, it is crucial to 
screen for drugs that can prevent SADS-CoV 
outbreaks.

5.1.  Small molecule inhibitors affect SADS-CoV 
adsorption

Tunicamycin (Figure 2 (25)), an N-linked glycoprotein 
inhibitor, was found in one study to inhibit SADS-
CoV attachment to host cells. Subsequent research 
suggested that the SADS-CoV receptor may be an 
N-linked glycoprotein rather than Neu5Gc or Neu5Ac. 
Furthermore, the authors discovered that exogenous 
trypsin, endogenous serine proteases, CTSL, CTSB, 
and lysosomal acidification can induce SADS-CoV 
entry into cells (Chen et  al. 2023b).

5.2.  Small molecule inhibitors that regulate host 
factors to inhibit SADS-CoV replication

5.2.1.  ZDHHC17 inhibitor
CRISPR-Cas9-based screening systems have recently 
been used to identify major host factors for coronavirus 
infection (Wei et  al. 2021). Luo’s group performed a 
genome-wide CRISPR knockdown library screen for 
SADS-CoV in Hela cells. Knockdown of zinc finger 
DHHC-type palmitoyltransferase 17 (ZDHHC17 or 
ZD17) in Hela cells was found to significantly reduce 
SADS-CoV replication, indicating that ZD17 is an 
important host factor for SADS-CoV infection. Further 
studies demonstrated that the DHHC structural 
domain of ZD17, which is involved in palmitoylation, 
is important for SADS-CoV genomic RNA replication. 
Notably, Luo et  al. found that treatment of infected 
cells with the palmitoylation inhibitor 2-bromopalmi-
tate [2-BP, Figure 4 (170)] significantly inhibited 
SADS-CoV infection (Luo et  al. 2021). These results 
suggest that screening for drugs targeting ZD17 may 
well inhibit SADS-CoV infection.

5.2.2.  Receptor tyrosine kinase inhibitor
HER2, a member of the EGFR family which is involved 
in proliferation and differentiation signaling. Studies 
have shown that effective SADS-CoV infection 
requires activation of HER2 and its cascade Ras-Raf-
Mek-Erk signaling pathway (Zhang et  al. 2022b). 

CP-724714 (Figure 4 (171)), an inhibitor of the recep-
tor tyrosine kinase, is also a potent HER2 inhibitor 
(Nami et  al. 2019). CP-724714 was shown to inhibit 
SADS-CoV infection in vitro in a dose-dependent 
manner to inhibit SADS-CoV infection (Table 2). 
Further validation showed that CP-724714 mainly 
acts in the post-entry phase of the SADS-CoV infec-
tion cycle. Moreover, the Ras-Raf-Mek-Erk axis is an 
important intracellular cascade for HER2 phosphory-
lation activation. Further validation showed that 
inhibitors targeting Ras [Lonafarnib, Figure 4 (172)] 
and Raf [Sorafenib, Figure 4 (173)] were effective in 
limiting SADS-CoV infection. Notably, researchers 
found that CP-724714 possessed broad-spectrum 
anti-pig diarrhea coronavirus activity against PEDV, 
PDCoV, and TGEV infections in vitro in a dose-depen-
dent manner (Table 2). These results highlight the 
potential utility of CP-724714 or antivirals targeting 
HER2 and its cascade Ras-Raf-Mek-Erk signaling path-
way as host-targeted SADS-CoV and other related 
coronavirus therapies (Zhou et  al. 2023).

5.3.  Others

Earliest, the broad-spectrum antiviral drug remdesivir 
was found to effectively block SADS-CoV replication 
in an in vitro assay by Edwards et  al. (Edwards et  al. 
2020). Chen’s group, in an effort to quickly find spe-
cific drug treatments for SADS-CoV infection, used 
Huh7 cells and an approved drug library to screen 
for antiviral drugs by measuring virus-induced CPE 
and the level of viral RNA expression in the cells. Of 
a total of 3523 compounds tested, five of them, 
gemcitabine (Figure 4 (174)), mycophenolate mofetil 
(Figure 4 (175)), mycophenolic acid (Figure 4 (176)), 
methylene blue (Figure 4 (177)), and cepharanthine, 
were shown to inhibit SADS-CoV in a dose-depen-
dent manner (Table 2). Further cellular experiments 
confirmed that cepharanthine and methylene blue 
blocked viral entry, and gemcitabine, mycophenolate 
mofetil, mycophenolic acid and methylene blue 
could inhibit viral replication after SADS-CoV entry 
(Chen et  al. 2022c).

Zheng’s group found that aloe extract (Ae, Table 
1) strongly inhibited SADS-CoV in Vero and IPI-FX 
cells in vitro. Furthermore, the analysis focused on 
the anti-SADS-CoV activity of emodin (Figure 4 (96)) 
from Ae in cells, which did not directly impair SADS-
CoV infectivity but inhibited SADS-CoV during the 
entire phase of the viral replication cycle. Emodin 
could significantly reduce the attachment of viral 
particles to the cell surface and induced activation of 
TLR3, IFN-λ3 and ISG15 expression in IPI-FX cells to 
inhibit viral replication. Interestingly, Zheng et  al. 
found that quercetin treated Vero cells significantly 
reduced the expression of SADS-CoV N protein, but 
showed no anti-SADS-CoV activity in IPI-FX cells 
(Zheng et  al. 2022). Recently, a study found through 
in vitro experiments that quercetin has a concentra-
tion-dependent effect on the proliferation of SADS-
CoV and acts on the adsorption and replication 
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stages of the virus life cycle (Table 2). Mechanistically, 
quercetin disrupts the viral regulation of the P53 
gene and inhibits host cell cycle progression induced 
by SADS-CoV infection. Subsequently, in vivo experi-
ments showed that quercetin can effectively alleviate 
the clinical symptoms and intestinal pathological 
damage of SADS-CoV-infected piglets, leading to a 
reduction in the expression levels of inflammatory 
factors such as TLR3, IL-6, IL-8, and TNF-α (Feng 
et  al. 2024).

6.  Conclusions and perspectives

Thus far, hundreds of drugs that inhibit PECs infec-
tion have been screened. Most of the screening of 
anti-PECs drugs is based on a single effect on host 
cells or interfering with the virus itself, but its spe-
cific mechanism of action and whether it has clinical 
application value are still unclear. Although a small 
number of studies have preliminary analyzed the 
mechanism of drugs interfering with the proliferation 
of PECs in vivo and in vitro, no clinical trial has pro-
duced completely satisfactory results. Like other 
coronaviruses, PECs genomes encode structural and 
nonstructural proteins, among which Mpro has been 
identified as attractive targets for anti-PECs drug 
development. In addition, a large number of studies 
have shown that the active site of viral proteins may 
be conserved in PEDV, TGEV, PDCoV and SADS-CoV. 
Even the active sites in PECs and human coronavirus 
proteins are very similar. This provides the possibility 
to develop and design broad-spectrum PECs inhibi-
tors. Therefore, among the currently reported com-
pounds with antiviral activity against PECs, some 
compounds have inhibitory effects on two or three 
of PEDV, TGEV, PDCoV and SADS-CoV, such as 
rhodanine derivative LJ001 (Figure 4 (178)) signifi-
cantly inhibits TGEV and PDCoV replication in ST 
cells. When the concentration of LJ001 was 3.125 μmol/L 
and 12.5 μmol/L (Table 2), the virus titers of TGEV 
and PDCoV were significantly decreased, and LJ001 
had obvious inhibition on the infection of TGEV and 
PDCoV during the replication phase of the virus life 
cycle (Zhang et al. 2020). Another study found strong 
activity of indoles and their derivatives against por-
cine coronaviruses, including melatonin (Figure 4 
(179)), indole (Figure 4 (180)), tryptamine (Figure 4 
(181)) and L-tryptophan (Figure 4 (182)). Melatonin, a 
ubiquitous and multifunctional molecule, was found 
to inhibit TGEV, PEDV, and PDCoV infections in PK-15, 
Vero, and LLC-PK1 cells, respectively, by reducing 
viral entry and replication (Zhai et  al. 2021). 
Additionally, a study showed that rifampicin (Figure 4 
(183)) effectively inhibits PEDV and SADS-CoV infec-
tion in Vero cells (Wei et  al. 2024). Going forward, 
the potential of developing a broad-spectrum drug 
targeting PECs using a single small molecule, which 
could be beneficial in managing mixed infections in 
clinical settings.

It is worth noting that many researchers choose 
to re-screen drugs for treating PECs from 

FDA-approved and clinical trial drugs, which can not 
only reduce development costs and shorten devel-
opment time. We also think this might be a quicker 
and more practical approach. Additionally, targeting 
host factors with antiviral drugs is another strategy 
to pharmacologically limit viral proliferation within 
host cells. While the virus invades and proliferates in 
the host cell, the host cell is also trying its best to 
establish a complex signaling network to identify, 
control and eliminate the invading virus. Interestingly, 
bile acids (BAs) were found to increase the infectiv-
ity of PEDV in Vero cells and IPEC-J2 cells in one 
study (Su et  al. 2019). Another study reported that 
BAs had antiviral activity against PDCoV and reduced 
its replication in LLC-PK1 and IPEC-J2 cells (Kong 
et  al. 2021). Furthermore, researchers found that 
SADS-CoV infection of piglets resulted in a signifi-
cant increase in small intestinal bile acids. In turn, 
BAs are dependent on lipid raft-mediated enhance-
ment of SADS-CoV replication through foveal mem-
brane-mediated endocytosis to enhance SADS-CoV 
entry and through in vivo acidification to enhance 
SADS-CoV replication. In particular, cholic acid (CA) 
enhances SADS-CoV replication by acting on stem 
cell-derived porcine intestinal analogs early in the 
infection (Yang et  al. 2022b). These seemingly con-
tradictory results suggest that 1. bile acids may reg-
ulate the replication of different PECs in very 
different ways. 2. different PECs invade host cells in 
different infectious ways. 3. Perhaps the difference 
in the virus infected cells is also an important rea-
son for the difference in the interaction of the same 
drug with different PECs. Therefore, more in-depth 
exploration of the interaction between host and 
viral proteins, and a summary of the similarities or 
differences in the immune evasion mechanism of 
PECs in infected host cells, will be more conducive 
to the precise development of targeted drugs and 
broad-spectrum anti-PECs drugs.

Of course, the cost of developing antiviral drugs 
also needs to be considered, which is an unavoid-
able problem in clinical application. We find that the 
antiviral effects of natural products are increasingly 
favored by scientific researchers. Because natural 
products come from abundant sources, they have 
fewer side effects, a lower risk of developing drug 
resistance, and they are less expensive. Therefore, sci-
entifically and systematically screen antiviral natural 
products, analyze their structure-activity relation-
ships, identify the antiviral targets of natural prod-
ucts, reveal the binding mode of small molecules 
and targets, and transform and optimize active anti-
viral natural products based on the binding mode, 
which has great significance.

Most of the existing research uses in vitro cell 
experiments that have the advantages of relatively 
simple operation, controllable growth environment, 
and short test cycle. However, confoundingly, PECs 
often replicate at very low levels in porcine intestinal 
cell lines in vitro, leading to a large number of stud-
ies conducted in non-porcine intestinal cell lines. This 
increases the uncertainty of whether the selected 
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antiviral drugs can effectively alleviate the harm of 
PECs in clinical breeding. Therefore, there is a need 
to further develop technologies such as 3D and 
organoids to better restore the intestinal ecological 
environment of piglets in vitro, which is more condu-
cive to screening anti-PECs drugs. In addition, PECs 
mainly harm newborn piglets, and establishing a 
good piglet experimental model is one of the import-
ant conditions for screening anti-PECs drugs. We 
found that in clinical breeding, a single drug, espe-
cially a small molecule compound, is difficult to 
effectively protect newborn piglets. We believe that 
compound prescriptions similar to cocktail therapy 
can not only target viral proteins to directly affect 
their proliferation in host cells, but also stimulate the 
interactive protein network system formed by multi-
ple host factors in newborn piglets to work together 
to reshape the effects of viral infection. The resulting 
disorder of cellular homeostasis is more conducive to 
alleviating the harm of PECs to newborn piglets. In 
addition, effective anti-PECs drugs can disinfect and 
treat PECs in adult pigs in daily breeding, especially 
the preventive effect of drugs in sows.

Although researchers have reported many anti-
PECs drugs (Figure 5), there are currently no 
licensed drugs for commercial production. PECs are 
prone to mutagenesis and rapid spread, which 
increases the difficulty of vaccine development. 
Therefore, the research and development of low-
toxic, high-efficiency, broad-spectrum anti-PECs 
drugs still has considerable development prospects. 
From a long-term perspective, developing effective 
anti-PECs drugs requires a lot of basic work. For 
example, there are more and more analyzes on the 
genome function of PECs, high-throughput screen-
ing of antiviral drug databases and computer-based 
drug design, etc. These will help us more accu-
rately discover anti-PECs drug candidates or pro-
duce effective anti-PECs lead compounds. 
Researchers need to fully evaluate drug candidates. 
In particular, further increasing the therapeutic effi-
cacy of drug candidates in in vivo clinical trials. To 
provide sufficient evidence to ensure the safety 
and effectiveness of these drugs on PECs, thereby 
promoting the healthy development of the pig 
industry.

Figure 5. T he primary action pathways of representative anti-PECs drugs and the infection process of PECs. I: Cepharanthine 
binds to PDCoV and pAPN, thereby preventing the virus from attaching to host cells. Tunicamycin serves as an inhibitor of 
N-bioglycoprotein, an N-linked glycoprotein that functions as a receptor for SADS-CoV on infected cells. Griffithsin has been 
shown to inhibit the adhesion of PEDV and TGEV, while surfactin also inhibits the adhesion of both PEDV and PDCoV. II: 
Berbamine and Fangchinoline inhibited membrane fusion by disrupting endonucosomal flux and reducing the activity of CTSL 
and CTSB, thereby preventing membrane fusion and the subsequent transfer of the viral genome into the cytoplasm. 
Levistolide a inhibits PEDV from attaching to cell membranes or penetrating cells. III: GC376, Quercetin, Tomatidine and Octyl 
gallate have inhibitory effects on Mpro. Remdesivir and Molnupiravir have inhibitory effects on RdRp. 6-thioguanine has an 
inhibitory effect on Plpro. IV: DHA and EPA can reduce endoplasmic reticulum stress and inhibit PEDV, TGEV and PDCoV infec-
tion of cells. V: 2-DG and EGCG can affect virus assembly. VI: Wogonin can combine with PEDV Mpro to affect virus replication 
and can also interfere with the virus release stage. Chlorogenic acid inhibits viral release by directly targeting apoptosis caused 
by PDCoV infection. Ivermectin can affect virus release and significantly inhibit the late stage of PEDV infection.
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