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A B S T R A C T   

Feline Coronavirus (FCoV) is a viral pathogen of cats and a highly contagious virus. Cats in a 
cattery can be infected by up to 100%, and even household cats are infected by 20–60%. Some 
strains of FCoV are known to induce a fatal disease in cats named Feline Infectious Peritonitis 
(FIP). However, no effective treatments are available. We demonstrated that compound C (dor-
somorphin) can potentially inhibit feline coronavirus replication. Compound C treatment 
decreased the FCoV-induced plaque formation and cytopathic effect in FCoV-infected cells. 
Compound C treatment also significantly reduced the amount of viral RNA and viral protein in the 
cells in a dose-dependent manner. Our findings suggest that compound C is potentially useful for 
feline coronavirus-related diseases.   

1. Introduction 

Feline coronaviruses (FCoVs) are positive-sense single-stranded RNA viruses belonging to the Coronaviridae family [1]. The 
infection of FCoV in cats is widespread. FCoV antibodies are found in up to 100% of cats in catteries and also 20–60% of pet cats [1–5]. 
Feline enteric coronavirus (FECV) and Feline Infectious Peritonitis Virus (FIPV) belong to Feline coronavirus. FECV is an avirulent 
strain and endemic in cats. However, FIPV is a virulent strain responsible for a fatal feline infectious peritonitis (FIP) disease [6,7]. 
FIPV can be formed from FECV by sporadic mutation of spike protein, and FIPV acquires macrophage tropism [8]. FECV infects and 
replicates mainly in the mature intestinal epithelial cells [9,10], and virulent FIPV efficiently infects and replicates in the macrophages 
[11–15]. Macrophage infection of FIPV results in the spread of the virus throughout the body and the antigen can be detected in 
various organs, including the liver, spleen, and kidney [16]. Although FIPV infection results in fatal cat diseases, FIPV infections do not 
cause epidemics and occur only sporadically [17]. 

AMP-dependent protein kinase (AMPK) is well-known to be an evolutionarily conserved energy sensor protein, and compound C/ 
dorsomorphin is known to inhibit AMPK [18,19]. AMPK has an essential role in cell growth and survival, and activation of AMPK is 
also involved in virus replication. The infection of the virus can affect the activity of AMPK [20]. Moreover, the activation of AMPK can 
be beneficial or detrimental in various virus replications [21]. Compound C treatment showed many AMPK inhibitory effects however 
AMPK also inhibits several kinases including Src, ALKs, and Erk 8 [18,22]. 

Because FIPV is responsible for the fatal disease of cats, medicines for FIPV are required. However, efficient medicines for FIPV have 
yet to be made available. The medicine which can inhibit the replication of FCoV will help reduce FCoV-related diseases. In 2019, the 
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appearance of SARS-CoV-2 caused a severe problem in the world, and the biology of coronavirus replication has been intensively 
studied [23]. Here, we examined whether FCoV replication is affected by the treatment of compound C, known as an AMPK inhibitor 
[19]. We found that compound C treatment interferes with the replication of FCoV and the expression of FCoV genes. 

2. Materials and methods 

2.1. Cell culture and infection 

Crandell feline kidney (CRFK) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Welgene, Seoul, Korea) sup-
plemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA, USA.) and 1% antibiotic-antimycotic solution 
(Welgene). We purchased CRFK cells from the Korean Cell Line Bank (KCLB, Seoul, Korea) and the cells in a humidified 5% CO2 
incubator at 37 ◦C. We used CRFK cells to propagate FECV in Eagle’s Minimum essential medium (MEM, Welgene) supplemented with 
2% FBS and 1% penicillin-streptomycin solution (Welgene). CRFK cells were susceptible to FECV infection at a Multiplicity of Infection 
(MOI) of 0.01, resulting in a cytopathic effect (CPE). The FECV virus was obtained from ATCC (Rockville, MD, USA). 

2.2. Cell viability assay 

Cell viability was measured using a MTT assay. CRFK cells were seeded in a 24-well plate. Twelve hours later, cells were infected 
with the indicated concentrations of compound C as an antiviral agent for 72 h. A final concentration of 0.5 mg/mL of the MTT solution 
was added and incubated for an additional 2 h. MTT was obtained from Thermo Fisher Scientific (Cleveland, OH, USA). Compound C 
was purchased from Abcam (Cambridge, MA, USA). 

2.3. Quantitative RT-PCR 

We used Quantitative RT-PCR to measure the level of FCoV RNA in cells and media. Cells and media were collected, and total RNA 
was prepared using Trizol (Thermo Fisher Scientific). cDNA was synthesized and subjected to RT-PCR using the StepOnePlus Real- 
Time PCR System (Thermo Fisher Scientific). FECV RNA dependent RNA polymerase (RdRp) gene was amplified using the forward 
primer 5′- AAG TGT GAC CGC GCT TTA CC -3′ and reverse primer 5′-AAC TCA TTG GAG AGG CGG TAG -3’. FECV nucleocapsid (N) 
gene was amplified using the forward primer 5′- ATG GCC ACA CAG GGA CAA C -3′ and reverse primer 5′- GAT CCT TGG TCG AGG 
GTG ATG -3’. The feline GAPDH gene was amplified using the forward primer 5′- AAT TCC ACG GCA CAG TCA AGG -3′ and reverse 
primer 5′- CAT TTG ATG TTG GCG GGA TC -3’. 

2.4. Plaque forming assay 

Twenty well plates of confluent CRFK cells were infected (200 μl) with compound C treatment and incubated for 1 h. Then each well 
was covered with a mixture of 0.6% agar and 2 × MEM and incubated for 72 h. Three days post-infection (DPI), cells were washed with 
PBS and fixed with 4% Paraformaldehyde solution in PBS over 5 h. After discarding the Paraformaldehyde solution, cells were stained 
with Crystal Violet overnight. After that, the given numbers of plaques were calculated by the formula: PFU/mL = number of plaques 
per well × dilution factor/the inoculated volume in mL. 

2.5. TCID50 assay 

Tissue culture infectious dose at 50% (TCID50) assay was used to measure the infectious titers of FECV. CRFK cells were grown to 
reach over 80% confluency in 96-well plates. Serial 2-fold dilutions (10− 2 to 9.77 × 10− 6) of FECV in MEM were added and were 
assayed by inoculation of 100ul sample per well for 3 days. CPE was checked at 3 days post-infection (DPI). Cells were washed with PBS 
and fixed with 4% Paraformaldehyde solution in PBS for 30 min. After discarding the Paraformaldehyde solution, cells were stained by 
Crystal Violet for 1 h and then washed 3 times with PBS. The titer was calculated using the modified Kärber method [24]. The viral 
titers expressed as TCID50 and following formula was used for calculation of the TCID50 per mL: Log 10(TCID50/mL) by improved 
Kärber Method = log (dilution giving highest CPE) – log (dilution factor) x (Σ infected rate at each dilution - 0.5) 

2.6. Western blotting 

For Western blot analysis, an equal amount of cell lysates and media were subject to Western blot. FECV proteins were detected 
with anti-FECV antibody (1:5000 dilution) using an enhanced chemiluminescence (ECL) system (Dogen, Seoul, Korea). Western blot 
data were acquired using a Chemidoc MP imaging system (Bio-Rad). Mouse polyclonal anti-FECV antibodies were generated using the 
inactivated FECV particles in mice, as described previously [25]. 

2.7. Statistical analysis 

The results of cell viability assay, Western blot, quantitative RT-PCR, TCID50 assay, and plaque forming assay were analyzed using 
the 2-tailed Student’s t-test using Microsoft Excel software (Microsoft, Redmond, WA, USA) and GraphPad Prizm software (GraphPad, 

Y. Park et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e27641

3

Boston, MA, USA). Statistical significance was set at p < 0.05. For the calculation of half inhibitory concentration (IC50) and half 
cytotoxic concentration (CC50), the AAT Bioquest website program was used (https://www.aatbio.com/tools/ic50-calculator). 

3. Results 

3.1. Compound C treatment reduces feline enteric coronavirus (FECV) plaque formation and alleviates FECV-induced cytotoxicity 

Compound C inhibits AMPK activity and we examined whether compound C treatment inhibits the replication of FECV. Plaque 
formation assay is a gold standard to measure viral replication, and we used plaque formation assay to measure the effect of compound 
C treatment [26]. We treated compound C up to 10 μM because cell viability was not significantly reduced up to 10 μM and the 
calculated half cytotoxic concentration (CC50) was 132.33 μM (Fig. 1A). We used CRFK cells for FECV infection and compound C 
treatment decreased the number of plaques. The average virus titer in control was 4.2 × 105 PFU/ml, and the virus titer in compound C 
(10 μM) was 1.2 × 105 PFU/ml (Fig. 1B). The calculated half inhibitory concentration (IC50) was 6.81 μM (Fig. 1B and C). Therefore, 
the selectivity index (CC50/IC50) based on plaque formation assay was 19.4. In addition, compound C treatment also decreases the size 
of plaques (Fig. 1B). These results indicate that compound C treatment inhibits FECV replication. FECV infection results in cytopathic 
effects, and we examined whether compound C treatment alleviates FECV-induced cytotoxicity. FECV infection showed cytopathic 
effects, including cell detachment, and compound C treatment decreased the cytopathic effect in FECV-infected cells (Fig. 1D). We also 
measured the effect of compound C treatment on the virus-infected cell viability and increased cell viability (Fig. 1E). These results 
indicate that compound C treatment reduces FECV-induced cytotoxicity. 

3.2. Compound C treatment decreases FECV protein expression 

Because compound C treatment decreased plaque formation, we examined whether compound C treatment decreased the viral 
protein expression. Because an anti-FECV antibody was not available, we produced polyclonal anti-FECV antibodies in mice, and the 
antibody detected the multiple viral proteins in FECV-infected cells (Fig. 2A). Next, we examined the FECV protein expression in CRFK 

Fig. 1. Compound C treatment reduces FECV-induced plaque formation and alleviates FECV-induced cytopathic effect in CRFK cells. (A) CRFK cells 
were treated with the indicated concentration of FECV. Cell viability was measured using an MTT assay. (B) CRFK cells were infected with the 
indicated dilution of FECV and incubated with indicated concentrations of compound C for 3 days. Plaques are enumerated and used for the 
calculation of virus titers in PFU/ml. (C) The graph shows the viral titer of FECV (PFU/mL). Error bars represent standard deviation (n = 4). Control 
vs. compound C treatment, *p < 0.05. (D) CRFK cells were infected and treated with the indicated concentrations of compound C for 3 days. Cells 
were observed by light microscopy. Morphology of FECV-infected CRFK cells showed CPE characterized by clumped cells and detachment. (E) 
Compound C treatment reduced FECV-induced cell death. Cell viability was measured by MTT assay. Control vs. compound C treatment, *p < 0.05. 
The IC50 and CC50 were calculated using AAT Bioquest online calculator. 
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cells upon compound C treatment which significantly decreased FECV protein expression (Fig. 2B and C). We also calculated the half 
inhibitory concentration (IC50) and calculated IC50 for compound C was 1.36 μM (Fig. 2D). These results also support that compound C 
treatment decreases FECV production in the infected cells. 

3.3. Compound C treatment decreases FECV RNA expression 

To confirm that compound C treatment decreases FECV replication, we examined the expression of FECV RNA. FECV RNA includes 
FECV mRNA as well as the FECV genome. We evaluated the level of FECV RNA in the infected cells and conditioned media. We used 
quantitative RT-PCR to measure the amount of FECV RNA and used RNA dependent RNA polymerase (RdRp) gene and nucleocapsid 
(N) gene. Compound C treatment decreased the level of FECV RdRp RNA both in cell lysates and conditioned media (Fig. 3A). In 
addition, N gene expression was also down-regulated by compound C in a dose-dependent manner (Fig. 3B). We also calculated the 
half inhibitory concentration (IC50) and calculated IC50 for compound C was 2.13–2.59 μM (Fig. 3C). Interestingly, compound C 
treatment decreased the level of FECV RNA in the media, indicating that the FECV virion particles in the media were significantly 
reduced by compound C treatment (Fig. 3). These results indicate that compound C inhibited FECV replication. 

3.4. Compound C treatment decreases FECV titers 

To measure FECV titers in compound C-treated cells, we used Tissue Culture Infectious Dose (TCID50) assays. Serially diluted media 
from the FECV-infected cell culture were used for virus titration. We found that compound C treatment decreased TCID50 in the media 
indicating that compound C treatment decreased FECV titers (Fig. 4A and B). These results demonstrate that compound C treatment 
decreases the FECV replication in the infected cells. 

4. Discussion 

In this report, we demonstrated that compound C treatment reduces the replication of feline coronavirus (FCoV). We used feline 
enteric coronavirus (FECV) as a model system for feline infectious peritonitis virus (FIPV). Because FIPV is derived from FECV by 

Fig. 2. Compound C treatment inhibits FECV protein expression. (A) Polyclonal anti-FECV antibody was produced in mice. CRFK cells were infected 
with either Mock of FECV, and equal cell lysates were subject to Western blot with anti-FECV antibody. (B) CRFK cells were infected with FECV and 
treated with the indicated concentrations of compound C for 3 days. The cell lysates were subject to Western blot with anti-FECV antibody. (C) Bar 
graphs show the relative FECV protein expression level (FECV protein/GAPDH). (D) IC50 of compound C was calculated and shown in the graph. The 
error bars represent the standard deviation (n = 3). Arrowheads represent FECV proteins. *p < 0.05, **p < 0.01. AAT Bioquest was used to calculate 
IC50 and plot the three-parameter logistic regression curve. 
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sporadic mutation, FECV and FIPV share many common biological characteristics. Therefore FECV, an avirulent form of FCoV, is a 
good and safe model to develop the medicine for FIPV. When effective medicines for FECV are developed, the next step will be the 
validation of the effect in vivo, and the cats with FIPV will be helpful to validate the effects in vivo. 

We demonstrated the inhibitory effect of compound C for FECV using several methods. Initially, we used plaque formation assay to 
validate the inhibitory effect of compound C for FECV (Fig. 1). Plaque formation assay is a gold standard for enumerating the virus, and 
reducing plaques indicates a decrease in virus infection [26]. Virus infection reduces cell viability, and compound C treatment de-
creases FECV- induced cell death (Fig. 1). In addition, we examined the gene expression of FECV upon compound C treatment using 
Western blot and quantitative RT-PCR (Figs. 2 and 3). Significantly, the proper antibody for FECV was unavailable, and we generated 
the polyclonal antibodies against FECV using FECV whole virus (Fig. 2). The antibodies can be further used for FECV research. 

Compound C is known to be an inhibitor of AMP-dependent kinase (AMPK), however, several reports showed that compound C also 
inhibits a number of kinases [22]. Because the specific AMPK inhibitor is unavailable now, compound C is frequently used to inhibit 
AMPK. Several reports indicate that the activity of AMPK is involved in the replication of various viruses, and the inhibition of AMPK 
can contribute to the inhibition of coronavirus replication. However, the inhibition of other kinases by compound C treatment may 
contribute to inhibiting FECV replication. Thus, the mechanism of compound C on FECV can be more complex, and further research 
will be required to elucidate the mechanism of compound C on FECV inhibition. This research will help develop more efficient 
coronavirus medicines without significant side effects. 
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Data will be made available on request. 
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Fig. 3. Compound C treatment reduced the RNA expression of FECV. CRFK cells were infected with FECV and treated with the indicated con-
centration of compound C for 3 days. Quantitative RT-PCR analyzed the expression of FECV RNA. (A) Expression levels of RdRp were evaluated in 
CRFK cells (cell) or conditioned media (media) by quantitative RT-PCR. The graph shows the average and standard deviation (n = 3). (B) Expression 
levels of N mRNA were evaluated in CRFK cells (cell) or conditioned media (media) by quantitative RT-PCR. The graph shows the average and 
standard deviation (n = 3). (C) IC50 of compound C was calculated and shown in the graph. Control vs. compound C treatment, *p < 0.05, **p <
0.01, ***p < 0.001. GraphPad Prism was used to calculate IC50 and plot the three-parameter logistic regression curve. 

Fig. 4. Compound C treatment reduces viral titers of FECV. (A) Representative images of TCID50 assay. CRFK cells were infected with FECV and 
treated with indicated concentrations of compound C for 3 days. (B) The FECV titers (TCID50/mL) were calculated with the modified Kärber method. 
Error bars represent 95% confidence interval (CI). The IC50 was calculated using AAT Bioquest online calculator. 
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