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ABSTRACT The 2019 coronavirus disease (COVID-19) pandemic caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) highlighted significant gaps in our 
mechanisms to prevent and control cross-species transmission of animal coronaviruses. 
Porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus (TGEV), and 
porcine delta coronavirus (PDCoV) are common porcine coronaviruses with similar 
clinical features. In the absence of effective drugs and methods of prevention and 
control, outbreaks of these viruses have led to significant economic losses in the global 
pig industry. Here, we report the effect of five fatty acids against porcine coronaviruses: 
sodium butyrate, lauric acid, palmitic acid, docosahexaenoic acid (DHA), and eicosapen
taenoic acid (EPA). DHA and EPA reduced viral replication by attenuating the endoplas
mic reticulum stress and inhibiting PEDV, TGEV, and PDCoV infections in vero cells, PK-15 
cells, and LLC-PK1 cells in vitro, respectively. Additionally, DHA and EPA increased the 
host antioxidant levels and reduced inflammation. In conclusion, we report here for the 
first time the antiviral effects of DHA and EPA on porcine coronaviruses and provide a 
molecular basis for the development of new fatty acid-based therapies to control porcine 
coronavirus infection and transmission.

IMPORTANCE Porcine epidemic diarrhea caused by porcine coronaviruses remains a 
major threat to the global swine industry. Fatty acids are extensively involved in the 
whole life of the virus. In this study, we found that docosahexaenoic acid (DHA) and 
eicosapentaenoic acid (EPA) significantly reduced the viral load of porcine epidemic 
diarrhea virus (PEDV), transmissible gastroenteritis virus (TGEV), and porcine delta 
coronavirus (PDCoV) and acted on the replication of the viruses rather than attach
ment and entry. We further confirmed that DHA and EPA inhibited PEDV replication 
by alleviating the endoplasmic reticulum stress. Meanwhile, DHA and EPA alleviate 
PEDV-induced inflammation and reactive oxygen species (ROS) levels and enhance the 
cellular antioxidant capacity. These data indicate that DHA and EPA have antiviral effects 
on porcine coronaviruses and provide a molecular basis for the development of new 
fatty acid-based therapies to control porcine coronavirus infection and transmission.

KEYWORDS porcine coronaviruses, docosahexaenoic acid, eicosapentaenoic acid, 
endoplasmic reticulum stress, anti-viral

T he harmful effects of coronaviruses on humans are well established. In particular, 
the spread of the coronavirus disease 2019 (COVID-19) pandemic, caused by severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has prompted great alarm (1, 
2). Coronaviruses infect mammals, causing respiratory and gastrointestinal diseases as 
well as multiorgan dysfunction (3). Porcine enteric coronaviruses, including porcine 
epidemic diarrhea virus (PEDV), swine acute diarrhea syndrome coronavirus (SADS-CoV), 
transmissible gastroenteritis virus (TGEV), and porcine delta coronavirus (PDCoV), are 
endemic in swine herds and cause significant economic losses (4–7). Porcine enteric 
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coronaviruses have similar epidemiological, clinical, and pathological features and are 
accompanied by diarrhea, vomiting, and dehydration, resulting in high morbidity 
and mortality in piglets (8).

The life cycle of viruses is inextricably linked to lipids. Viruses are intracellular parasites 
that exploit the metabolic machinery of their hosts to meet their own biosynthetic 
needs. Most positive-stranded RNA viruses regulate the host lipid metabolism, hijacking 
lipid droplets (LDs) to enhance fitness and replication/particle assembly (9). Fatty acids 
(FAs) are extensively involved in the viral life cycle; however, the roles of FAs in viral 
infections vary with different chain lengths and saturations. A classical swine fever 
virus (CSFV) infection induces increased FA biosynthesis and accumulation of free FAs. 
Curcumin and C75 were found to significantly inhibit fatty acid synthase (FASN) while 
reducing replication of dengue virus and CSFV (10). In contrast, oleic acid and palmito
leic acid significantly increased CSFV replication (11). Exogenous supplementation of 
infected cells with linoleic acid or arachidonic acid significantly inhibited the replication 
of human coronavirus HCoV-229E and the highly pathogenic Middle East respiratory 
syndrome (MERS) coronavirus (12). Medium-chain FAs and single triglycerides are used 
as feed additives to promote intestinal health and reduce pathogens in pigs. Indeed, 
the addition of medium-chain FAs to pig feed was shown to significantly reduce the 
detection of PEDV (13). However, different fatty acids have been less studied in porcine 
coronaviruses, and there is still a need to explore the role of fatty acids with different 
chain lengths and saturations on porcine coronaviruses.

Endoplasmic reticulum (ER) is an important membranous organelle in eukaryotic 
cells. Disturbance of ER homeostasis by multiple factors, such as microbial infection, 
calcium imbalance, and accumulation of unfolded/misfolded proteins, ultimately leads to 
ER stress (ERS), which triggers the adaptive unfolded protein response (UPR) mechanism 
to restore the normal ER function (14). ERS plays a critical role in the pathogenesis of 
various coronaviral diseases through its interactions with immune regulation, autophagy, 
and apoptosis pathways (15, 16). Both SARS-CoV-2 and enterovirus 71 infections are 
accompanied by the activation of ERS and the UPR (17, 18). In the case of a coronavirus 
infection, the formation of double membrane vesicle (DMV) replication complexes and 
infectious particles is dependent on ER-generated membranes (19). Regulation of the 
ER and inhibition of DMV production have been shown to have a broad effect on 
coronavirus replication in vitro. Fatty acids may regulate porcine coronavirus replication 
through ERs.

In the present study, the antiviral effects of five FAs [sodium butyrate (NaB), lauric acid 
(LA), palmitic acid (PA), docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA)] 
on PEDV, TGEV, and PDCoV were investigated by measuring the changes in viral mRNA, 
N protein, and viral yield. The results showed that the antiviral activity of DHA and EPA 
was exerted mainly by coincubation of the replication cycle of the virus. DHA and EPA 
significantly reduced the PEDV-induced ERS, increased the antioxidant capacity of host 
cells, and decreased the level of inflammation. Overall, DHA and EPA enhanced the host 
immunity and have potential as broad-spectrum anticoronavirus agents.

RESULTS

Antiviral effects of the five FAs on PEDV, TGEV, and PDCoV

FAs at concentrations below 200 µM showed no significant cytotoxicity (Fig. 1A through 
C). To observe antiviral activity, 100 µM of each FA was added to vero cells, LLC-PK1 
cells, and PK-15 cells at the time of virus infection (Fig. 1D through F) and qRT-PCR was 
used to examine the expression of the viral N gene. At the gene level, NaB showed weak 
inhibition of TGEV and PDCoV but had no significant effect on PEDV; LA significantly 
inhibited PEDV and PDCoV; PA was effective against PEDV; and DHA and EPA inhibited all 
three porcine coronaviruses. The addition of DHA or EPA significantly reduced the strong 
fluorescence signal under infection with PEDV, TGEV, or PDCoV, while NaB, LA, and PA 
had no significant effect, as observed by an immunofluorescence assay (IFA) (Fig. 1G). 
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FIG 1 Cytotoxicity and antiviral effects of five fatty acids. (A–C) Vero cells, PK-15 cells, and LLC-PK1 cells were treated with 0–200 μM of NaB, LA, PA, DHA, or EPA 

for 24 h. The relative cell viability was evaluated by the Cell Counting Kit-8 (CCK-8) according to the manufacturer’s instructions. (D–F) Vero cells, PK-15 cells, or 

LLC-PK1 cells were infected with TGEV, PEDV, or PDCoV [multiplicity of infection (MOI) = 0.01], respectively, for 1 h and treated with NaB, LA, PA, DHA, or EPA.

(Continued on next page)
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Western blotting results also showed significant antiviral activity of DHA and EPA against 
all three coronaviruses (Fig. 1H through J).

Dose dependency of antiviral effects of DHA and EPA

To understand in detail the efficacy of DHA or EPA against coronaviruses, we treated 
vero cells, LLC-PK1 cells, and PK-15 cells with 30 µM, 50 µM, or 100 µM of DHA or EPA 
and observed their inhibitory effects on PEDV, TGEV, and PDCoV infection. The intensity 
of inhibition of viral replication rose with increasing concentrations of DHA and EPA, 
as observed by qRT-PCR (Fig. 2A through F) and IFA (Fig. 2G). These results suggested 
that treatment with either DHA or EPA led to a significant reduction in viral load in a 
dose-dependent manner. To characterize the effects of DHA and EPA on PEDV infection, 
we examined the effect of dosing time on viral mRNA levels. DHA and EPA both reduced 
the viral mRNA levels of PEDV in the coincubation experiment. Furthermore, the degree 
of viral inhibition decreased as the duration of treatment with DHA or EPA decreased, 
indicating that DHA and EPA had inhibitory effects on viral replication that became more 
pronounced as the maintenance time increased (Fig. 2H and I).

Attachment and entry of PEDV, TGEV, and PDCoV unaffected by DHA or EPA

To determine whether DHA or EPA had a direct viricidal effect on each coronavirus, we 
incubated PEDV, TGEV, or PDCoV [multiplicity of infection (MOI) = 0.05] with 100 µM of 
DHA or EPA for 1 h at room temperature prior to infection of vero cells, LLC-PK1 cells, and 
PK-15 cells. The mRNA levels of each viral N protein gene were measured by qRT-PCR at 
12 h postinfection. We found that neither DHA nor EPA directly inhibited the infectivity 
of PEDV, TGEV, or PDCoV (Fig. 3A through C). To investigate the stage of action of DHA 
and EPA against PEDV, TGEV, and PDCoV, we performed virus attachment and entry 
experiments. After vero cells, LLC-PK1 cells, and PK-15 cells were infected with PEDV, 
TGEV, or PDCoV (MOI = 10), DHA or EPA was added and the cells were incubated at 4°C 
for 1 h to complete attachment, followed by incubation at 37°C for 1 h for invasion. The 
results of qRT-PCR showed that addition of DHA or EPA had no effect on the mRNA levels 
of the viral N protein gene from PEDV, TGEV, or PDCoV following completion of viral 
attachment and entry (Fig. 3D and E). Consistently, western blotting and IFA results also 
showed no significant effects of DHA or EPA on N protein levels of PEDV (Fig. 3F through 
H), TGEV (Fig. 3I through K), or PDCoV (Fig. 3L through N). These results demonstrated 
that DHA and EPA had no effect on the attachment and entry of PEDV, TGEV, and PDCoV 
and that their main effects are in the viral replication phase.

Alleviation of PEDV-induced ERS with DHA or EPA

We used vero cells that were infected by PEDV followed by 100 µM EPA addition, and 
cell samples were harvested after 12 h for transcriptomic analysis. Using transcriptomic 
analysis of vero cells, we determined that PEDV infection led to upregulation of 26 genes 
and downregulation of 36 genes, whereas EPA treatment of vero cells led to upregula
tion of 26 genes and downregulation of 51 genes. The most significantly upregulated 
gene in the PEDV-infected group was HERPUD1, which showed significantly decreased 
expression under EPA treatment. HERPUD1 is a quality control protein and an indicator 
of occurrence of ERS, and its significant downregulation by EPA indicated that EPA has 
a regulatory effect on the ER. In addition, in the EPA-treated vero cells infected with 

FIG 1 (Continued)

The virus N gene load at 12 h was quantified by qRT-PCR. (G) At 24 h postinfection, TGEV, PEDV, or PDCoV (MOI = 0.1) replication in PK-15, vero, or LLC-PK1 cells 

was determined by IFA. Cells were fixed with 4% paraformaldehyde and stained with an anti-TGEV-N, anti-PEDV-N, or anti-PDCoV-N antibody and a fluorescein 

isothiocyanate (FITC)-conjugated secondary antibody (green); nuclei were stained blue with 4′,6-diamidino-2-phenylindole (DAPI). (H–J) Vero cells, PK-15 cells, 

or LLC-PK1 cells were infected with TGEV, PEDV, or PDCoV (MOI = 0.01), respectively, for 1 h and treated with 100 µM of fatty acids. Cells were collected after 

12 h, 24 h, and 36 h for western blotting analysis. Results are presented as mean ± SD, and the asterisks indicate significance compared to dimethylsulfoxide 

(DMSO)-treated cells (Student’s t test, *P < 0.05; **P < 0.01).
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PEDV, we also observed significant upregulation of HO-1. HO-1, as a key protein in the 
antioxidant pathway, plays an important role in the protection of organisms (Fig. 4A 
and B). Next, we performed a qRT-PCR analysis of the expression of the ERS-related 
genes HERPUD1, GRP78, and CHOP of vero cells at 24 h post-PEDV infection. While PEDV 
infection significantly upregulated all three ERS-related genes, cotreatment with DHA 
or EPA attenuated this upregulation (Fig. 4C through F). We found consistent results in 

FIG 2 DHA and EPA inhibited PEDV in a dose-dependent manner. (A–F) PEDV, TGEV, and PDCoV were infected in vero cells, 

PK-15 cells, and LLC-PK1 cells, respectively; 30 µM, 50 µM, and 100 µM of DHA and EPA were added, and replication in vero 

cells, PK-15 cells, or LLC-PK1 cells was determined by qPCR at 12 h. (G) Replication of TGEV, PEDV, or PDCoV (MOI = 0.1) in vero 

cells, PK-15 cells, or LLC-PK1 cells was determined by IFA at 24 h. Cells were fixed with 4% paraformaldehyde and stained with 

anti-TGEV-N, anti-PEDV-N, or anti-PDCoV-N antibody and FITC-conjugated secondary antibody (green); nuclei were stained 

blue with DAPI. (H–I) In postinfection experiments, cells were first infected with virus for 1 h, and then DHA or EPA was added 

at different time points (1, 3, 5, 7, and 9 h). Cells were collected after 12 h for qRT-PCR. P values <0.05 were considered 

statistically significant. Bars represent standard deviations. Results were presented as mean ± SD, and the asterisks indicate 

significance relative to controls (Student’s t test, *P < 0.05; **P < 0.01).
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western blotting and IFA assays of PEDV-N and GRP78 protein levels. Additionally, we 
examined the phosphorylation level of protein kinase R-like ER kinase (PERK) and found 
that PEDV promoted PERK phosphorylation, while treatment with DHA or EPA decreased 

FIG 3 DHA or EPA has no viricidal effect on TGEV, PEDV, and PDCoV. (A–C) PEDV, TGEV, or PDCoV (MOI = 0.1) with 100 µM of DHA or EPA for 1 h at room 

temperature before infection. Cells were collected after 12 h for qRT-PCR. (D and E) DHA or EPA (100 µM) was added to vero cells infected with virus (MOI = 10), 

and the cells were collected after incubation at 4°C for 1 h or at 37°C for 1 h. The expression levels of viral mRNAs were analyzed by qRT-PCR. (F–N) The N protein 

expression level was analyzed by western blot and indirect immunofluorescence assays. P values <0.05 were considered statistically significant. Bars represent 

standard deviations. Results were presented as mean ± SD, and the asterisks indicate significance relative to controls (Student’s t test, *P < 0.05; **P < 0.01).
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it, suggesting that DHA and EPA may inhibit the replication of PEDV by attenuating the 
PERK pathway of ERS (Fig. 4G and H).

DHA- and EPA-mediated inhibition of PEDV replication by alleviation of ERS

PEDV infection caused severe ERS and the fact that the expression of PEDV and ERS-
related genes is also decreased after HERPUD1 silencing suggests that ERS is involved 
in PEDV replication and that PEDV replication decreases with ERS inhibition (Fig. 5A 

FIG 4 The effect of DHA and EPA on PEDV-induced ERS. (A and B) Total cell extracts from uninfected cells, vero cells infected with PEDV (MOI  =  0.1) for 12  h, 

or vero cells infected with PEDV (MOI  =  0.1) and EPA for 12  h were subjected to a transcriptomic analysis. Volcano plots show pairwise ratio comparisons and 

the corresponding P values obtained from Student’s t tests, which were derived from the mean of two independent experiments for each condition and three 

technical replicates per sample. Blue and red colors indicate differentially expressed mRNA (ratio >0, P value of −log10 (P)  ≥ 1.3). (C–H) PEDV-infected vero cells 

treated with DHA and EPA were collected at 24 h. The expression levels of PEDV-N and ER-related mRNAs were analyzed by qRT-PCR, western blot, and indirect 

immunofluorescence assays. Results were presented as mean ± SD, and the asterisks indicate significance relative to controls (Student’s t test, *P < 0.05; **P < 

0.01).
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through D). Next, we sought to examine the effect of the ERS inhibitor 4-PBA on PEDV 
and ERS. We first verified that the host vero cells were viable under 4-PBA treatment, 
showing that 50 µM 4-PBA did not significantly damage the cells (Fig. 5E). We used 
4-PBA to co-treat vero cells with DHA or EPA upon PEDV infection to observe changes 
in ERS and showed that 4-PBA significantly reduced the gene and protein expressions 
of PEDV-N, GRP78, and CHOP and showed synergistic effects with DHA and EPA (Fig. 5F 
through I).

DHA and EPA mediated reductions in PEDV-induced inflammation and ROS 
levels and improved the antioxidant capacity

PEDV infection induced increases in inflammation-related factors interleukin IL−1α, IL-1β, 
IL-6, and tumor necrosis factor (TNF-α) in IPEC-J2 cells (Fig. 6A through D) and vero cells 
(Fig. 6E through H), which were significantly alleviated by cotreatment with DHA or EPA. 
In terms of antioxidant capacity, treatment with DHA or EPA significantly reduced the 
reactive oxygen species (ROS) levels (Fig. 6I), improved the mitochondrial function (Fig. 
6J), and significantly increased the protein expression of HO-1 and SOD1 but had no 
significant effect on that of Nrf2 (Fig. 6K) in vero cells.

FIG 5 Effects of HERPUD1 and ERS agonists and inhibitors on PEDV replication and DHA/EPA effect. (A–D) Vero cells were infected with PEDV to control plasmid 

and siRNA for HERPUD1 treated with DHA or EPA, cells were collected at 24  h, and the expression levels of PEDV-N and ERS-related mRNAs were analyzed by 

qRT-PCR. (E) Vero cells were treated with 0–50 μM 4-PBA for 24 h. The relative cell viability was evaluated by the CCK-8 kit according to the manufacturer’s 

instructions. (F–I) PEDV-infected vero cells treated with DHA, EPA, and 4-PBA were collected at 24 h. Expression levels of PEDV-N and ERS-related mRNAs were 

analyzed by qRT-PCR and western blot. Results were presented as mean ± SD, and the asterisks indicate significance relative to controls (Student’s t test, *P < 0.05; 

**P < 0.01).
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DISCUSSION

MERS-CoV and the recently emergent SARS-CoV-2 all cause severe respiratory syndromes 
in humans and are highly infectious. Lipids are an integral part of viral life and are a 
target of intensive antiviral research. Viruses need to mobilize large amounts of lipids to 
enter the host, and changes in the microenvironment of lipid rafts facilitate viral entry 
(20). Upon entry into the host, the virus hijacks and reorganizes the host’s lipid metab
olism, creating conditions conducive to its own replication. Viral infection significantly 
increases host lipid levels, and increased levels of triglycerides, LDs, and expression of 
genes related to lipid synthesis lead to significant changes in viral load (9, 21). Different 
lipids also play unique roles. LDs are oxidized to produce ATP and carry proteins and FAs 
for viral replication (22). A large amount of viral replication is accompanied by a rise in 
expression of sterol-regulatory element binding proteins, fatty acid synthase (FASN), but 
can be significantly inhibited using gene silencing or inhibitors of siRNA or C75 (18, 23, 
24). Fatty acid-synthesizing and catabolic enzymes regulate fatty acid levels, which in 
turn affect viral replication in the host.

FAs are extensively involved in the viral life cycle, and LDs can carry acyl-CoA 
diacylglycerol acyltransferase and FASN to provide FAs for viral replication. NaB was 
shown to have both anti-inflammatory and antioxidant effects (25, 26). LA has antibacte
rial effects, and its suppression of inflammation levels to some extent suggests that it 
also improves immunity (27). In this study, we observed that NaB and LA had some effect 
on the mRNA levels of the PEDV N gene. It was previously reported that PA can act as 

FIG 6 Effects of DHA/EPA on the host inflammatory response and oxidation levels induced by PEDV infection. (A–H) The expression levels of inflammation-rela-

ted mRNAs in vero and IPEC-J2 cells were analyzed by qRT-PCR. (I and J) Reactive oxygen species (ROS) and mitochondrial membrane potential were detected 

by flow cytometry after PEDV infection and DHA/EPA supplementation. (K) The expression level of peroxiredoxins was analyzed by qRT-PCR and western blot. 

Results were presented as mean ± SD, and the asterisks indicate significance relative to controls (Student’s t test, *P < 0.05; **P < 0.01).
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a substrate to promote lipid synthesis and inflammatory responses, leading to increased 
viral replication (28). However, we observed the opposite effect of PA, which may be 
due to dosage issues or saturation of viral replication. As polyunsaturated FAs, DHA and 
EPA may improve physical health to some extent by increasing the host antioxidant 
levels and anti-inflammatory activity, but they have not been previously reported to have 
antiviral activity (29).

All three porcine coronaviruses, PEDV, TGEV, and PDCoV, showed prominent 
concentration-dependent inhibition by DHA and EPA. Previously, it was shown that 
polyunsaturated FAs act by blocking the entry of SARS-CoV-2 (12). Verification of the 
phase of action of DHA and EPA on viral replication in this study showed no significant 
role of DHA or EPA in the attachment or entry of any of the porcine coronaviruses. This 
result suggested that DHA and EPA might not exert their effects by regulating lipids on 
membranes, mobilizing lipid rafts, or affecting membrane receptors. Similarly, DHA and 
EPA showed no direct effect on PEDV infectivity, suggesting that DHA and EPA are unable 
to bind or directly interact with viral proteins. When we tested the addition of DHA and 
EPA at different times to explore their mechanism and phase of action, we found that the 
inhibitory effect became more pronounced as the maintenance time of the DHA and EPA 
coincubation period after virus entry was increased. This finding demonstrated that DHA 
and EPA exerted their inhibitory effects on PEDV in the replication phase.

ERS is an important component of the viral life cycle. Viral infection activates ERS, 
leading to massive accumulation of misfolded proteins. HERPUD1, as a stabilizing protein 
of the ER, can be utilized to reflect the ER status (30), and its significant downregulation 
by EPA indicated that EPA may have a regulatory effect on the ER. Meanwhile, a gene 
ontology (GO) analysis showed that CHOP-ATF3 was significantly activated under PEDV 
infection, indicating that ERS and its related pathways play an important role in PEDV 
infection. The host regulates ERS through the UPR, in which three pathways, PERK, ATF6, 
and IRE, are particularly critical. The major activation pathways vary among different 
viruses. For example, flaviviruses mainly activate the ATF6 pathway (10), while PEDV 
mainly activates the PERK pathway (31). We observed that DHA and EPA attenuated the 
marked increase in PERK phosphorylation and reduced the expression of GRP78, CHOP, 
and HERPUD1, suggesting that DHA and EPA inhibit viral replication by suppressing ERS 
(32). The ERS inhibitor 4-PBA significantly decreased the PEDV viral load after coactiva
tion with DHA or EPA, indicating that the alleviation of ERS inhibited PEDV replication to 
some extent.

HO-1 is a critical protein in the antioxidant pathway. It has been shown that HO-1 
binds to IRF3 and promotes the production of IFN to resist IAV (33), demonstrating 
the important role of HO-1 in viral infection. In our study, DHA and EPA significantly 
increased the HO-1 expression, which was consistent with the transcriptomic results. 
Meanwhile, we observed that DHA and EPA alleviated inflammation, decreased the 
production of cytokines IL-1α, IL-1β, IL-6, and TNF-α, decreased the ROS levels (34), 
elevated the mitochondrial membrane potential, and improved the mitochondrial 
function.

In summary, we observed the effects of five FAs with different chain lengths and 
levels of saturation on the replication of PEDV, TGEV, and PDCoV in vero cells, PK-15 cells, 
or LLC-PK1 cells. DHA and EPA were found to inhibit all three swine coronaviruses by 
alleviating ERS, increasing the antioxidant capacity, and reducing the level of inflamma-
tion caused by viral infection. The findings of this study provide a new direction for 
research on vaccines and drugs to fight porcine coronavirus infection.

MATERIALS AND METHODS

Cells and viruses

Vero cells are transformed cells obtained from a normal adult African green monkey 
kidney in 1962. Vero cells are anchorage-dependent fibroblasts that do not express 
the antiviral protein interferon and support the proliferation of a variety of viruses. 
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We cultured vero cells in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% (vol/vol) fetal bovine serum (FBS) at 37°C in a 5% CO2 incubator. 
IPEC-J2 is a porcine small intestinal epithelial cell and a major cell for PEDV infection. 
IPEC-J2 cells were cultured in DMEM supplemented with 10% (vol/vol) FBS. PEDV (isolate 
PEDV-AH2012) was propagated in vero cells and IPEC-J2 cells supplemented with DMEM 
containing 7.5 µg/mL trypsin (Sigma, St. Louis, MO, USA). The Lilly Laboratories porcine 
kidney proximal tubular epithelial (LLC-PK1) cell line was derived from a Hampshire pig 
kidney. Porcine kidney (PK)-15 cells were established from clones of PK-1 cells. LLC-PK1 
cells and PK-15 cells were cultured in DMEM supplemented with 10% (vol/vol) FBS. 
PDCoV (strain NH isolate passage 10) and TGEV (strain H16) were cultivated in LLC-PK1 
cells or PK-15 cells in DMEM containing 2% FBS. The cell line was chosen in accordance 
with the susceptibility of the virus.

Reagents and antibodies

Three of the selected FAs, namely, LA, DHA, and EPA, were diluted in dimethylsulfoxide 
(DMSO) to 100 mM, filter-sterilized, and stored at –80°C. NaB was diluted in water to 
100 µM. PA and bovine serum albumin (BSA) chelate were diluted in phosphate-buffered 
saline (PBS) to 20 mM. Five fatty acids were used at a concentration of 100 µM, with 
DHA and EPA also used at 30 and 50 µM. DMSO and BSA were added as a control. The 
anti-PEDV-N, anti-PDCoV-N, and anti-TGEV-N antibodies were prepared in our laboratory. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was purchased from Proteintech 
(Wuhan, China). Horseradish peroxidase (HRP)-anti-rabbit IgG, HRP-anti-mouse IgG, 
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG, and FITC-conjugated 
goat anti-mouse IgG were purchased from KPL (Mountain View, CA, USA).

Cell viability assay

The cytotoxic effects of NaB, LA, PA, DHA, and EPA on vero cells, LLC-PK1 cells, and PK-15 
cells were assessed using the Cell Counting Kit-8 (CCK-8, APExBIO). Cells were seeded 
onto a 96-well cell plate and cultured until they grew into a single layer. The culture 
medium was removed, washed with PBS twice, and replaced with a cell maintenance 
solution in the presence of serial dilutions of FAs. The CCK-8 solution (10 µL) was added 
to each well for 4 h at 37°C in the dark. Subsequently, the samples were analyzed by 
reading the optical density at 450 nm using a microplate reader (Bio-Rad, Hercules). All 
assays were performed in triplicate.

Antiviral activity of five FAs

To assess the antiviral effects of NaB, LA, PA, DHA, and EPA against PEDV, TGEV, or PDCoV 
infection, cells were washed with PBS twice and then infected at an MOI of 0.01 for 
1 h. The cells were then washed with PBS twice to remove unbound virus particles and 
treated with different concentrations of FAs (diluted in a cell maintenance solution) for 
12 h. The cells were collected for western blotting and quantitative real time (qRT)-PCR.

Virus replication assays under DHA and EPA

To assess the inhibitory effects of DHA and EPA on virus replication, cells were seeded 
onto a 24-well plate. In pretreatment experiments, cells were incubated with DHA or 
EPA for 1 h, after which the compound was removed and the cells were infected with 
PEDV, TGEV, and PDCoV. In the coincubation experiments, DHA, EPA, and virus were 
added simultaneously to cells, and 1 h later, the medium was removed, and cells were 
washed and cultured with DMEM. In the post-treatment experiments, cells were infected 
with virus for 1 h, washed to remove the viral inoculum, and DHA or EPA was added 
at 1, 3, 5, 7, and 9 h postinfection. In the pretreatment, coincubation, and postinfection 
experiments, cells were infected with PEDV at an MOI of 0.01 and DHA or EPA was added 
at a final concentration of 100 µM. The cells were collected 12 h postinfection with PEDV, 
TGEV, or PDCoV and were used for qRT-PCR. Cells were infected with PEDV and 50 µM 
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4-PBA and DHA or EPA were added, and cells were charged for 24 h to detect changes 
in ERS using qRT-PCR. As a negative control, cells were treated with the same volume of 
DMSO as that used for FAs.

Virus attachment assays under DHA and EPA

Cells were seeded onto a 12-well plate and cultured until they grew into a monolayer. 
Cells were then chilled at 4°C and infected with PEDV, TGEV, and PDCoV (MOI = 10) in 
the presence of DHA and EPA (100 µM) at 4°C for 1 h to allow the virus to attach to the 
cell surface. Unbound virus was removed with cold PBS. The viral genome load was then 
quantified by qRT-PCR amplification of the viral N gene and measurement of N protein 
levels by western blotting and IFA.

Virus entry assays under DHA and EPA

Cells were first grown in a 12-well plate to 90% confluency and then infected with PEDV, 
TGEV, and PDCoV (MOI = 10) with simultaneous addition of DHA or EPA to 100 µM at 
37°C for 1 h to allow virus entry. They were then washed with PBS (pH = 2.0) three times 
to remove bound, non-internalized virion particles. The total protein was prepared from 
these cells for western blotting, IFA, and qRT-PCR analyses.

Western blotting

Cells were lysed with RIPA buffer (Beyotime). Lysates were mixed with a 4× protein buffer 
(Solarbio) and boiled for 10 min. Proteins were subjected to sodium dodecyl sulfate-poly
acrylamide gel electrophoresis and then transferred to a nitrocellulose membrane (NC, 
GE Amersham Biosciences). The membranes were blocked with 2% (wt/vol) nonfat milk 
for 2 h at room temperature, washed with PBST (PBS containing 0.1% Tween 20), and 
then incubated for 1 h with a primary antibody (anti-TGEV-N, anti-PEDV-N, anti-PDCoV-N, 
or GAPDH). After repeated washes with PBST, the membranes were further incubated for 
1 h with a secondary antibody (HRP-anti-rabbit IgG or HRP-anti-mouse IgG). The target 
protein bands were then analyzed using a LI-COR Odyssey infrared image scanner.

IFA

Cells were fixed with 4% paraformaldehyde at room temperature for 30 min, washed 
with PBS three times, blocked with 5% nonfat dry milk in PBS for 1 h, and incubated with 
anti-TGEV-N, anti-PEDV-N, or anti-PDCoV-N antibody for 1 h at 37°C. The cells were then 
washed with PBS three times, incubated with an FITC-conjugated secondary antibody 
for 1 h at 37°C, and then incubated with 4′,6-diamidino-2-phenylindole (DAPI, Solarbio) 
for 10 min after washing with PBS three times. The stained cells were examined using a 
differential fluorescence microscope (Nikon).

QRT-PCR

Total RNA was extracted from the cells using a TRIzol reagent (Vazyme) in accordance 
with the manufacturer’s instructions. A HiScript II 1st strand cDNA synthesis kit (Vazyme) 
was used to synthesize cDNA. The gene expression was assessed in triplicate by SYBR 
(Vazyme) using a Light Cycler 96 real-time PCR system (Roche Diagnostics). Primer 
sequences are shown in Table 1. β-Actin or GAPDH was used as an internal control. 
Data were analyzed using the cycle threshold (2−∆∆Ct) method.

Transcriptomic analysis

Vero cells were infected with PEDV (0.1 MOI), or mock-infected, EPA (100 µM) was added, 
and the mixture was incubated at 37°C for 12 h in a DMEM medium. Total cellular 
RNAs from the virus-infected and mock-infected groups (n  =  3) were collected. The 
gene expression following PEDV infection was analyzed using the RNA sequencing 
(RNA-Seq) technology. The differentially expressed genes (DEGs) between PEDV-infected 
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and mock-infected samples were submitted to the DAVID server for pathway enrichment 
and cluster analysis. A gene ontology (GO) enrichment analysis of DEGs was implemen
ted using the GOseq R package. KOBAS software was used to examine the statistical 
enrichment of DEGs in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

Flow cytometry

Vero cells were incubated with CellROX Green (C10444, Invitrogen) at a ratio of 1:1,000 
for 30 min to detect the levels of ROS. Data were acquired by flow cytometry on the BD 
FACSVerse (BD Biosciences, Brea, CA, USA) and analyzed using the BD FACSuite.

Statistical analysis

All data are presented as means ± standard deviation (SD) from triplicate experiments. 
The significance of differences between groups was analyzed using the Student’s t 
test with the GraphPad Prism 6 software. P values <0.05 were considered statistically 
significant.
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