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Abstract

Background: Encephalomyocarditis virus (EMCV) infection can cause reproductive failure in sows and acute myo-
carditis and sudden death in piglets. It has caused huge economic losses to the global pig industry and that is why it
is necessary to develop effective new treatment compounds. Zedoary turmeric oil has been used for treating myo-
carditis. Curcumol extracted from the roots of curcuma is one of the main active ingredient of zedoary turmeric oil.
The anti-EMCV activity of curcumol along with the molecular mechanisms involved with a focus on IFN-{3 signaling
pathway was investigated in this study.

Method: 3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to determine the maxi-
mum non-toxic concentration (MNTC), 50% cytotoxic concentration (CCsp), maximum inhibition rate (MIR) and 50%
effective concentration (ECs;) against EMCV. Through EMCV load, the anti-viral effect of curcumol was quantitatively
determined using real-time quantitative PCR (gPCR). The effect of curcumol on the expression of IFN- was investi-
gated using real-time quantitative PCR and ELISA. Western blot was used to determine the amounts of MDAS5, MAVS,
TANK, IRF3 and P-IRF3 proteins in human embryonic kidney 293 T (HEK-293 T) cells infected with EMCV.

Results: The results of MTT showed that compared with the ribavirin positive control group, the maximum inhibi-
tion ratio (MIR) of curcumol was greater but the selection index (SI) value was much smaller than that of ribavirin. The
results of gPCR showed that curcumol and ribavirin significantly reduced the replication of EMCV in HEK-293 T cells.
The curcumol (0.025 mg/mL) treatment has significantly increased IFN-3 mRNA expression in the EMCV-infected HEK-
293 T cells while ribavirin treatment did not. The results of ELISA showed that curcumol (0.025 mg/mL and 0.0125 mg/
mL) has significantly increased the expression of IFN-3 protein in EMCV-infected HEK-293 T cells. The results of
Western blot showed that curcumol can inhibit the degradation of TANK protein mediated by EMCV and promote the
expression of MDA5 and P-IRF3, while the protein expression level of MAVS and IRF3 remain unchanged.

Conclusion: Curcumol has biological activity against EMCV which we suggest that IFN-{3 signaling pathway is one of
its mechanisms.
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Background
Interferon is a glycoprotein induced by viral infection
[1], bacteria and protozoa [2]. It was also shown that
: microbial nucleic acids, lipids, polysaccharides or pro-
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of IFN families are known type I (IFN-1, mainly IFN-
a/P), type II (IFN-II or IEN-y) and type III (IFN-III or
IEN-A) [5]. Interferon acts via autocrine and paracrine
modes to induce the antiviral response in host cells and
also in neighboring cells containing interferon recep-
tors. IFN-I subspecies activate a common type I IFN
receptor (IFNAR) which sends a signal to the nucleus.
The STAT proteins are latent cytoplasmic transcrip-
tion factors which become phosphorylated by the Janus
kinases-1 (JAK-1) and human tyrosine kinase-2 (TYK-
2). Phosphorylated signal transducer and activator of
transcription-1 (STAT-1) and signal transducer and acti-
vator of transcription-2 (STAT-2) recruit a third factor,
IRF-9, to form a complex known as IFN-stimulated gene
factor 3 (ISGF-3) which translocates to the nucleus and
binds to the IFN-stimulated response element (ISRE)
in the promoter region of interferon stimulated genes
(ISGs). Type I IFNs activate the expression of several
hundred ISGs [6], such as 2’-5” oligoadenylates synthe-
sis (OASs) [7], double-stranded RNA-dependent pro-
tein kinase (PKR) [8], and myxo-virus resistance protein
(MX) [9]. These antiviral proteins can inhibit viral repli-
cation. The defense mechanism established by IFN can
also have effects on cancer cells [10, 11] and inflamma-
tion [12]. In particular, the type I interferon has indirect
antiviral effect. The rapid production of type I interferon
is an important factor in the early stages of the host’s
response to the viral infection [13-15].

EMCYV belongs to the Picornaviridae family and is a
nonencapsulated single-stranded RNA virus. EMCV
infection can cause reproductive failure in sows and acute
myocarditis and sudden death in piglets [16—18]. Studies
have shown that melanoma differentiation-associated
protein-5 (MDADJ) is a cytoplasmic virus sensor that rec-
ognizes double-stranded RNA (dsRNA) produced during
EMCYV replication [19, 20] and activates Tank-binding
kinase-1 (TBK1) and IKB kinase-¢ (IKK-¢) through mito-
chondrial antiviral signaling protein (MAVS) [21, 22].
These two activated kinases can phosphorylate interferon
regulatory factor-3 (IRF3), and the phosphorylated IRF3
is then transferred from the cytoplasm to the nucleus,
promoting the expression of type I interferon [23, 24].

TRAF family member-associated NEF-kB activator
(TANK) was originally discovered to be a TRAF-binding
protein, which can inhibit TNF receptor associated fac-
tor-2 (TRAF2)-mediated activation of nuclear transcrip-
tion factor-kB (NF-kB) in the tumor necrosis factor-o
(TNF-a) and CD-40 signaling pathways [25]. A previ-
ous study revealed that TANK, TRAF2 and TBK1 form
a trimer to activate NF-kB [26]. Studies have shown that
TANK can link TBK1 and IKK-¢ to synergistically active
the NF-kB [27].
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Previous data have indicated that zedoary turmeric
oil exhibits a wide array of therapeutic activities, such
as inhibits the growth of many viruses and bacteria
like Staphylococcus aureus, P-hemolytic streptococ-
cus, respiratory syncytial virus [28] and influenza virus
[29]. Zedoary turmeric oil also depresses the growth of
tumor cells, especially for hepatoma cells [30]. Curcumol
extracted from the roots of Curcuma is one of the main
active ingredient of zedoary turmeric oil [31, 32]. EMCV
is specifically recognized by MDA5 and mediates the
production of IFN-f. Li et al. have shown that EMCV 3C
protease can hydrolyze TANK and interfere with TANK-
TBK1-IKK-e-IRF3 complex formation, thereby inhibiting
the production of type I interferon [33]. Therefore, we
investigate whether curcumol can reduce virus replica-
tion in EMCV-infected HEK-293 T cells. Further in vitro
experiments were used to determine whether MDAS5/
IRF3/ IEN-f signaling pathway is involved in the anti-
EMCYV activity of the curcumol.

Results

Cytopathic effects

The MNTC and CCy, of curcumol (Fig. 1A) and riba-
virin (Fig. 1B) were determined using MTT assay. In a
dose dependent manner, HEK-293 T cells showed dif-
ferent degrees of lesions, cell shrinkage, rupture, and
cytopathic effect. The MNTC of curcumol (0.025 mg/
mL) was less than the MNTC of ribavirin (0.25 mg/mL)
and the CCy, value (0.124 mg/mL) was also less than
that of ribavirin (2.538 mg/mL) (Table 1).

Anti-EMCV activity of curcumol

The MNTC of test compounds were selected to treat
EMCV-infected HEK-293 T cells for 24 h. The results
of MTT showed that compared with the ribavirin
positive control group, the maximum inhibition ratio
(MIR) of curcumol was greater but the selection index
(SI) value was much smaller than that of ribavirin. The
results showed that curcumol displayed MIR >50% and
SI>3 and ribavirin showed an expected anti-EMCV
activity (Table 1). Both curcumol (Fig. 1C) and ribavi-
rin (Fig. 1D) alleviated EMCV cytopathic effects in a
dose- dependent manner. Microscopically, the infected
group (Fig. 1F) showed an increase in cell gap, cell
shrinkage and patches of cell death compared with the
uninfected group (Fig. 1E). The condition of cells in the
curcumol and ribavirin treatment groups were consist-
ent with the uninfected group as shown in Fig. 1G and
H which reduced the cytopathic effect caused by virus
and maintained the normal cell morphology.
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Fig. 1 Cytotoxicity and antiviral activities of tested compounds. A, B HEK-293 T cells treated with different concentrations of curcumol and ribavirin
for 72 h, and the cytopathic rate curve measured by MTT method. C, D Curcumol and ribavirin were selected to treat EMCV-infected HEK-293 T cells
for 24 h, and the compounds inhibition rate curve measured by MTT method. E-H The morphology of HEK-293 T cells post 24 h of treatment. E
Uninfected group, F Infected group, G Curcumol group, H Ribavirin group

20

Page 3 of 9
curcumol ribavirin C curcumol ribavirin

100 100 100 100
3 80 3 80 ;\E 80 ;\E 80. 3
2 60 2 o0 2 60 £ 60
£ g £ )
2 40 2 40 S 40 S 40
g ] € £
g 5 H =
& 5 2 z

20
g

——T———T———T—T— 71—
210 28 28 27 26 25 24 23 22 241
Concentration (mg/mL)

o
213 212 211 20 29 28 27 26 25
Concentration (mg/mL)

Table 1 The cytotoxicity and antiviral activity of the compounds used in the test (mean £ SD)

Constituents Dissolution MNTC? (mg/mL) CCs? (mg/mL) MIR€ (%) EC5,° (mg/mL) si
Curcumol 1% DMSO 0.025 0.12440.021 89 0.006+0.0015 20
Ribavirin DMEM 0.25 2.538+£0.54 80 0.0234+0.012 110

2 MNTC means maximum non-toxic concentration

b CC,, and PEC, mean 50% cytotoxic concentration and 50% effective concentration

€ MIR means maximum inhibition ratio

95 meas selection index

Curcumol reduces the viral load in EMCV-infected

HEK-293T cells

Twenty-four hours after treating EMCV-infected HEK-
293 T cells with curcumol and ribavirin, the viral load
was calculated using qPCR to determine the anti-EMCV
efficacy. Compared with the infected group, curcumol
(Fig. 2A) and ribavirin (Fig. 2B) significantly (P<0.001)
reduced viral load. These results demonstrated that cur-
cumol and ribavirin significantly reduced the replication
of EMCYV in HEK-293 T cells.

Curcumol promotes the expression of IFN-

in EMCV-infected HEK-293 T cells

Twenty-four hours after treating EMCV-infected HEK-
293 T cells with curcumol and ribavirin, the expression
of IFN-f mRNA was calculated using qPCR. There was
no difference in IFN-p mRNA expression between the
infected group and the uninfected group. Compared
with the infected group, curcumol (0.025 mg/mL) treat-
ment has significantly (P<0.01) increased IFN-f mRNA
expression in the EMCV-infected HEK-293 T cells

(Fig. 3A) while ribavirin treatment did not (Fig. 3B).
Twenty-four hours after treating EMCV-infected HEK-
293 T cells with curcumol, the expression of IFN-f
protein was calculated using ELISA. The curcumol
(0.025 mg/mL and 0.0125 mg/mL) has significantly
(P<0.001) increased the expression of IFN-B protein in
EMCV-infected HEK-293 T cells (Fig. 3C).

Curcumol relieves the cleavage of TANK by EMCV

and promotes the formation of IRF3 phosphorylation

The expression of MDA5, TANK and P-IRF3 protein
decreased significantly (P<0.01) after HEK-293 T cells
infection with EMCYV while the expression of MAVS and
IRF3 protein showed no significant change. There was no
significant change in the expression of MAVS after 24 h
of curcumol treatment, indicating that the increase of
IEN-B does not depend on MAVS. Compared with the
infected group, the expression levels of MDA5 and TANK
protein were significantly increased after curcumol treat-
ment, and the expression of P-IRF3 was increased while
IRF3 expression remained unchanged. These results
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Fig. 2 Anti-EMCV activities of curcumol and ribavirin detected by gPCR. A, B Cells were incubated with 100 TCIDs,/mL EMCV for 2 h, then curcumol
(0.025,0.0125 and 0.00625 mg/mL) and ribavirin (0.25, 0.125 and 0.0625 mg/mL) were added respectively and cultured for 24 h. The expression of
the 3D gene was detected by gPCR (* P<0.05, ** P<0.01, *** P<0.001)
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Fig. 3 Effect of curcumol on the expression of IFN-B. A, B Curcumol (0.025, 0.0125 and 0.00625 mg/mL) and ribavirin (0.25,0.125 and 0.0625 mg/
mL) were selected to treat EMCV-infected HEK-293 T cells for 24 h, and the IFN-3 mRNA measured by gPCR. C Curcumol (0.025, 0.0125 and
0.00625 mg/mL) were selected to treat EMCV- infected HEK-293 T cells for 24 h, and the IFN-{3 protein measured by ELISA (* P<0.05, ** P<0.01, ***

indicate that curcumol promotes IFN-p expression, pos-
sibly by alleviating the hydrolysis of TANK protein by
EMCV (Fig. 4).

Discussion

The aim of this study was to investigate the anti-EMCV
effects of curcumol and associated molecular mecha-
nisms. Compared with the infected group, at MNTC
(curcumol 0.025 mg/mL and ribavirin 0.25 mg/mL),
curcumol and ribavirin reduce cell shrinkage and

rupture. The results showed that compared with the
infected group, the EMCV copy number was signifi-
cantly (P<0.001) reduced when treated with curcumol
at 0.025, 0.0125 and 0.00625 mg/mL, ribavirin at 0.25,
0.125 and 0.0625 mg/mL. The results also indicate cur-
cumol and ribavirin can reduce virus replication, but
the anti-EMCYV activity of curcumol is more potent than
ribavirin.

In terms of the HEK-293 T cells response towards
EMCV infections, this study has confirmed that viral
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Fig. 4 Curcumol (0.025,0.0125 and 0.00625 mg/mL) and ribavirin (0.25, 0.125 and 0.0625 mg/mL) were selected to treat EMCV-infected HEK-293 T
cells for 24 h, and the expression of MDA5, MAVS, TANK, IRF3, P-IRF3 protein were detected by Western blot. Densitometric values of protein bands
were quantified by the Image J. Data were analyzed using GraphPad Prism™ software 5.0 (GraphPad Software, Inc. California, USA). One-way analysis
of variance (ANOVA) followed by a Dunnett's post-test was used to determine the difference between the groups. All groups are compared with
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infection causes decreased MDAS5 expression level in the
EMCYV infected HEK-293 T cells. Compared with the
infected group, the expression level of MDA5 protein
was significantly increased when treated with curcu-
mol at 0.0125 mg/mL. MDAS5 belongs to the RIG-I-like
pattern recognition receptor which recognizes dsRNA
produced during EMCV replication and mediates the
production of type I interferon [19, 20]. Li et al. [34]
showed that EMCV 2C specifically inhibits the MDA5
mediated IFN-P signaling pathway by interacting with
MDAS5 and disrupting its normal function. It is noted
that the expression of MAVS, the downstream protein
of MDA5 was remained unchanged in curcumol treat-
ment. Thus, the link between viral RNA sensor proteins,
MADS5 to TANK/TBK1/TRAF3 complex is not affected
by curcumol treatment.

The TANK forming complex with TBK1, TNF
receptor associated factor 3 (TRAF3) and other pro-
teins can phosphorylate IRF3 [22]. Increased level of
TANK may also affect the pathway for the activation
of NF-kB signaling pathway [26]. The P-IRF3 moves
to the nucleus, causing production of IFN-a/f and
ISGs. The present study confirmed that the expression

of TANK, P-IRF3 and IFN- proteins were increased
by curcumol treatment in the EMCYV infected cells.
It does appear that curcumol increased the expres-
sion and amount of IFN-P and several precursors in
the pathway. In order to investigate whether curcumol
can directly activate TANK, the protein binding assay
of curcumin with TANK and other proteins can be
performed.

Conclusion

EMCV infection of HEK-293 T cells significantly
decreased the expression of TANK and P-IRF3 protein
in the IFN-f signaling pathway. Curcumol displays anti-
EMCYV activity by maintaining normal cell morphology
and reducing viral load of EMCV infected HEK-293 T
cells. We have shown that curcumol appears to upregu-
late production of IFN-P and this might explain the lack
of viral related damage in the infected cells. We conclude
that TANK might be the potential targets for the anti-
EMCYV activity of curcumol. These findings provide new
insights into the mechanisms of and new strategies for
regulating the infection of EMCV.
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Methods

Cell lines, viruses, plasmid, compounds and antibodies
HEK-293 T cells was preserved in our laboratory. Cells
were cultured and passed in Dulbecco’s modified eagle’s
medium (DMEM, Hyclone, USA) containing 10% fetal
bovine serum (FBS, BI, Israel) (10% DMEM) and mainte-
nance in DMEM containing 2% FBS (2% DMEM).

The strain of EMCV NJ08 (GenBank: HM641897) was
gifted by Professor Jiang Ping of Nanjing Agricultural
University. Virus was replicated and harvest in BHK-21
cells infected with EMCV. The titer of 10%° TCID,,/ mL
was determined by MTT according to the method of
Reed-Muench [35].

The recombinant plasmid for the EMCV 3D gene was
preserved in the laboratory [36].

Curcumol and ribavirin were purchased from China
Food and Drug Control Institute, with 99.9 and 100%
purity, respectively. The dissolution of curcumol in DMEM
requires 1% DMSO as a co-solvent, while ribavirin is
directly dissolved in DMEM.

MDAS5 and MAVS Rabbit Polyclonal antibody, GAPDH
Mouse Monoclonal antibody, Goat anti-Mouse and Goat
anti-Rabbit secondary antibodies were purchased from
Proteintech Biotechnology Co., Ltd. (China), TANK
Rabbit Polyclonal antibody and IRF3 Rabbit Monoclonal
antibody from Abcam (USA); and Phospho-IRF3 Ribbit
Polyclonal antibody from Bioss (China).

Cytotoxicity assay

The cells were treated with different concentration of
curcumol (0.1, 0.05, 0.025, 0.0125, 0.00625, 0.003125,
0.0015625, 0.00078125 mg/mL) and ribavirin (4, 2, 1,
0.5, 0.25, 0.125, 0.0625, 0.03125 mg/mL) in the 96-well
plates (0.1 mL/well). At the same time, untreated group
(no drug) was applied and were incubated at 37 °C and
5% CO, for 72 h. The morphology of cells in the culture
was observed every day and photographed. After 72 h
of incubation, the supernatant was discarded, 0.02 mL
of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT, Solarbio, China) was added
to each well and incubated for 4 h. Subsequently, the
supernatant was discarded and 0.15 mL of DMSO was
added to each well, and incubated for 30 min. The opti-
cal density (OD value) was measured at 490 nm using
the plate type multi-function analyzer (Tristar 2 SLB
942, Berthold Technologies, Berthold Technologies).
The cytotoxic ratio (CR) was expressed as CR=(OD
control—OD test)/OD control. CCy, was calculated by
nonlinear regression analysis using GraphPad Prism"™
software 5.0 (GraphPad Software, Inc. California, USA)
[37]. CCs, is the constituent concentration at which
50% of cells have developed lesions while MNTC is a
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maximal concentration of a constituent that enables at
least 80% of cells to survive [38].

Antiviral assay

The HEK-293 T cells were cultured in 96-well plates,
infected with 100 TCIDg,/mL EMCYV (0.1 mL/well) and
allowed to adsorb for 1.5 h [39]. The supernatant was
discarded and MNTC of the test compound was serially
diluted (2 folds) with DMEM containing 2% FBS into 8
gradients and added to 96-well plates (0.1 mL/well) with
8 replicates per gradient. Meanwhile, uninfected group
(no virus and no drug), infected group (with virus, no
drug) and ribavirin positive control group (with virus
and ribavirin) were applied. The plates were incubated
at 37 °C and 5% CO, for 24 h. The inhibition ratio (IR)
was calculated as IR=(OD test—OD model) / (OD con-
trol—OD model). EC;, was calculated using GraphPad
Prism'" software 5.0 (GraphPad Software, Inc. Cali-
fornia, USA). ECj, refers to a compound concentra-
tion that is effective in inhibiting 50% of cells infected
with EMCYV, while selection index (SI) is calculated as
SI=CCyy/ECy,.

RNA extraction and quantitative real-time PCR

The HEK-293 T cells were cultured in 6-well plates,
infected with 100 TCID5,/mL EMCV (2 mL/well) and
allowed to adsorb for 1.5 h. The supernatant was then
discarded and the MNTC of curcumol with 2 folds
dilution (0.025, 0.0125, 0.00625 mg/mL) were added
to 6 well plates. Meanwhile, uninfected group, infected
group and ribavirin positive control group were applied
and incubated for 24 h. Total RNA was extracted from
the samples, according to the Trizol protocol (Invitro-
gen, Carlsbad, CA, USA). The RNA concentration and
purity were evaluated by using Eppendorf BioPhotom-
eter D30 (Eppendorf, USA). The complementary DNA
was synthesized with PrimeScript® RT Master Mix kit
with gDNA Eraser (TaKaRa, Dalian, China) accord-
ing to the manufacturer’s protocol. RT-qPCR was per-
formed by using a 7500 Real Time PCR System (ABI,
USA). Relative RT-qPCR was applied to detect the
mRNA expression of IFN-p using the 2 x SYBR Green
qPCR Master Mix (Low ROX, Biotool, USA). Rela-
tive expression levels were determined with the 2744¢t
method. Absolute RT-qPCR was applied to determine
EMCYV 3D gene, a standard curve was generated using
serially diluted plasmid containing 3D gene. The primer
sequence for EMCV 3D gene is as: F 5’-TTAGGGCGG
GTTTGTAT-3, R 5-TTTGTTAGCGGGAGTTA-3.
IFN-p F 5-ATGACCAACAAGTGTCTCCTCC-3 R
5-GCTCATGGAA AGAGCTGTAGTG-3’ And B-actin
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F5-CTGAGCTGCGTTTTACACCC-3' R5-CGCCTT
CACCGTTCCAG TTT-3!

ELISA for detection of IFN-f3 production

HEK-293 T cells were cultured in 12-well plates, diluted
virus stock solution (100 TCIDg,/mL) was added (1 mL/
well) and was allowed for adsorption for 1.5 h. The super-
natant was discarded, MNTC of the test compounds with
2 folds dilution (3 concentration gradients) were added
to 12 well plate. The cell control and infected group were
applied and incubated at 37 °C and 5% CO,, for 24 h.

The expression of IFN-B in cell supernatants were
detected using enzyme-linked immunosorbent assay
(ELISA). Reconstitute the standard with 1.0 mL of
sample diluent, and the stock solution with a concen-
tration of 2000 pg/mL. Use the stock solution to pro-
duce a twofold dilution series, the undiluted standard is
used as the high standard (2000 pg/mL), and the sam-
ple diluent is used as the zero standard (0 pg/mL). Add
100 pL of standard and sample per well in coated assay
plate, and incubate for at 37 °C 2 h. Remove the liquid
of each well. Add 100 pL of biotin-antibody (1x) to each
well. And incubate at 37 °C for 1 h. Aspirate each well
and wash by filling each well with wash buffer (200 pL),
repeat the process 3 times. Add 100 uL of HRP-avidin
(1x) to each well, and incubate at 37 °C for 1 h. Repeat
the wash process for 5 times. Add 90 uL of TMB sub-
strate to each well, and incubate at 37 °C for 30 min.
Add 50 pL of stop solution to each well. The optical
density of each well has been measured within 5 min,
using a manufacturer’s instruction (Cusabio, China) set
to 450 nm. The ELISA results were calculated by Curve
Expert software.

Western blot analysis

The HEK-293 T cells were cultured in 6-well plates,
infected with 100 TCID;y/mL EMCV (2 mL/well)
and allowed to adsorb for 1.5 h. The supernatant
was discarded and the MNTC curcumol with 2 folds
dilution (3 concentration gradients) were added to
6 well plates. The cell control and infected group
were applied and incubated at 37 °C and 5% CO,
for 24 h. The cells were lysed with RIPA buffer con-
taining 1 mM protease inhibitor, 1 mM phosphatase
inhibitor and cells were collected using a cell scraper.
Total cell protein was extracted and protein con-
centration was determined using the BCA protein
assay kit (Beyotime Biotechnology, Jiangsu, China).
Equal amount of cell lysate was separated on a 10%
SDS-polyacrylamide gel and transferred to a poly-
vinylidene fluoride (PVDF) membrane. Then the
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membrane was blocked with Tris-buffered Tween
20 (TBST) with 5% non-fat dry milk at 25 °C for 2 h.
Next, the membrane was incubated with follow-
ing primary antibodies overnight at 4 °C: GAPDH
Mouse Monoclonal antibody (1:10,000), MDA5 and
MAVS Rabbit Polyclonal antibody (1:2000), TANK
Rabbit Polyclonal antibody (1:1000), IRF3 Rabbit
Monoclonal antibody (1:2000), Phospho-IRF3 Ribbit
Polyclonal antibody (1:2000). Then, the membrane
was washed with TBST three times, and incubated
with the membrane with goat anti-mouse and goat
anti-rabbit secondary antibodies (1:20,000) at 25 °C
for 2 h. Finally, the target protein was detected by
an enhanced chemiluminescence system (Boster,
China). Densitometric values of protein bands were
quantified by the Image J.

Statistical analysis

All data were presented as Mean £ SD and repeated at
least three times. Data were analyzed using GraphPad
Prism" software 5.0 (GraphPad Software, Inc. Califor-
nia, USA). One-way analysis of variance (ANOVA) fol-
lowed by a Dunnett’s post-test was used to determine
the difference between the groups, * P<0.05, ** P<0.01,
**#* P<0.001.

Abbreviations

CCyy: 50% Cytotoxic concentration; CR: Cytotoxic ratio; DMEM: Dulbecco’s
modified eagle’s medium; DMSO: Dimethy! sulfoxide; EMCV: Encephalomyo-
carditis virus; HEK-293 T: Human embryonic kidney 293 T; IRF3: Interferon
regulatory Factor 3; IKK-e: IKB kinases; IFN-{3: Interferon-@3; MTT: 3-(4,5-Dime-
thyl-2-thiazolyl) -2,5-diphenyl-2-H-tetrazolium bromide; MDAS5: Melanoma
differentiation- associated protein 5; MAVS: Mitochondrial antiviral signaling
protein; MX: Myxovirus resistance protein; MNTC: Maximum non-toxic concen-
tration; MIR: Maximum inhibition ratio; OASs: 2-5'Oligoadenylates synthesis;
PKR: Double-stranded RNA-dependent protein kinase; PKR: Double-stranded
RNA-dependent protein kinase; SI: Selection index; TBK1: TANK-binding kinase
1; TANK: TRAF family member-associated NF-kB activator; TCID5y: 50% Tissue
culture infective does.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512917-021-03015-4.

[ Additional file 1. }

Acknowledgements
We are very grateful to Prof. Jiang (Nanjing Agricultural University) for his
assistance in the EMCV NJO8 strain.

Authors’ contributions

JZ,YX, NS and HL designed all the experiments. JZ and YX performed the MTT
experiments, Western blot, ELISA assays. JZ, KF, WY and YS performed the qPCR
assays. JZ, YX, NS, AK, SW and PS wrote the manuscript. All authors read and
approved the final manuscript.


https://doi.org/10.1186/s12917-021-03015-4
https://doi.org/10.1186/s12917-021-03015-4

Zheng et al. BMC Vet Res (2021) 17:318

Funding

This work was supported by the National Key R&D Program of China (grant
number 2017YFD0501500), Shanxi Province Excellent Doctoral Work Award-
Scientific Research Project (SXYBKY2019051) and Science and Technology

Innovation Project of Colleges and Universities in Shanxi Province (2020L0139).

Availability of data and materials
The datasets used and analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The experiment was performed in according to the experiment operational
guideline of Shanxi province, China.

Consent for publication
Not applicable.

Competing interests
The authors have no conflict of interest in the research.

Author details

!College of Veterinary Medicine, Shanxi Agricultural University, Taiyuan, Shanxi
030000, PR. China. *Laboratory Animal Center, Shanxi Agricultural University,
Taiyuan, Shanxi 030000, PR. China. *School of Community Health, Faculty

of Science, Charles Sturt University, Bathurst, New South Wales 2800, Australia.

Received: 11 September 2020 Accepted: 3 September 2021
Published online: 30 September 2021

References

1. Wagneer RR, Levy AH. Interferon as a chemical intermediary in viral interfer-
ence. Ann N'Y Acad Sci. 1960;88:1308-18.

2. AkiraS,Uematsu S, Takeuchi O. Pathogen recognition and innate immunity.
Cell. 2006;124:783-801.

3. Kumar H, Kawai T, Akira S. Toll-like receptors and innate immunity. Biochem
Biophys Res Commun. 2009;388(4):621-5.

4. Field AK, Tytell AA, Lampson GP, Hilleman MR. Inducers of interferon and
host resistance. Il. Multistranded synthetic polynucleotide complexes. Proc
Natl Acad Sci USA. 1967;58(3):1004-10.

5. Borden EC, Sen GC, Uze G, Silverman RH, Ransohoff RM, Foster GR, Stark GR.
Interferons at age 50: past, current and future impact on biomedicine. Nat
Rev Drug Discov. 2007;6:975-90.

6.  Schindler C, Levy DE, DeckerT. Jak-stat signaling: from interferons to
cytokines. J Biol Chem. 2007,282:20059-63.

7. Kerr IM, Brown RE. pppA2'p5A2'p5/A: an inhibitor of protein synthesis synthe-
sized with an enzyme fraction from interferon-treated cells. Proc Natl Acad
Sci USA. 1978;75:256-60.

8. Roberts WK, Hovanessian A, Brown RE, Clemens MJ, Kerr IM. Interferon-
mediated protein kinase and low-molecular-weight inhibitor of protein
synthesis. Nature. 1976;264:477-80.

9. Staeheli P, Haller O, Boll W, Lindenmann J, Weissmann C. Mx protein: con-
stitutive expression in 3T3 cells transformed with cloned Mx cDNA confers
selective resistance to influenza virus. Cell. 1986;44:147-58.

10. lkeda H, Old LJ, Schreiber RD. The roles of IFN gamma in protection against
tumor development and cancer immunoediting. Cytokine Growth Factor
Rev. 2002;13:95-1009.

11. Lasfar A, Gogas H, Zloza A, Kaufman HL, Kirkwood JM. IFN-A cancer immu-
notherapy: new kid on the block. Immunotherapy. 2016;8(8):877-88.

12. Dame TM, Orenzoff BL, Palmer LE, Furie MB. IFN-gamma alters the response
of Borrelia burgdorferi-activated endothelium to favor chronic inflamma-
tion.J Immunol. 2007;178(2):1172-9.

13. Tseng TC, Huang LR. Immunopathogenesis of Hepatitis B Virus. J Infect Dis.
2017;216:5765-70.

14. LiuHM, Li SS,Yang X, Wang XW, Li YT, Wang CQ, Chen L, Chang HT. Porcine
ISG15 modulates the antiviral response during pseudorabies virus replica-
tion. Gene. 2018,679:212-8.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 8 of 9

Ding L, Li JW, LiWH, Fang ZH, Li N, Guo QQ, Qu HY, Feng D, Li JY, Hong ML.
P53 mediated IFN-{ signaling to affect viral replication upon TGEV infection.
Vet Microbiol. 2018;227:61-8.

Koenen F, De CK, Lefebvre J, Strobbe R. Reproductive failure in sows following
experimental infection with a Belgian EMCV isolate. Vet Microbiol. 2018,39:111-6.
Vansteenkiste K, Van Limbergen T, Decaluwé R, Tignon M, Cay B, Maes D.
Clinical problems due to encephalomy-ocarditis virus infections in two pig
herds. Porc Health Manag. 2016;2:19.

Gelmetti D, Meroni A, Brocchi E, Koenen F, Cammarata G. Pathogenesis of
encephalo myocarditis experimental infection in young piglets: a potential
animal model to study viral myocarditis. Vet Res. 2006;37:15-23.

Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, Uematsu
S, Jung A, Kawai T, Ishii KJ, Yamaguchi O, Otsu K, Tsujimura T, Koh CS, Reis SC,
Matsuura Y, Fujita T, Akira S. Differential roles of MDAS and RIG-I helicases in
the recognition of RNA viruses. Nature. 2006;441:101-5.

Berke IC, Modis Y. MDAS cooperatively forms dimers and ATP-sensitive fila-
ments upon binding double-stranded RNA. EMBO J. 2012,31:1714-26.

. KawaiT, Takahashi K, Sato S, Coban C, Kumar H, Kato H, Ishii KJ, Takeuchi

O, Akira S. IPS-1, an adaptor triggering RIG-I- and MDAS5-mediated type |
interferon induction. Nat Immunol. 2005;6:981-8.

Seth RB, Sun LJ, Ea CK, Chen ZJ. Identification and characterization of MAVS,
a mitochondrial antiviral signaling protein that activates NF-kB and IRF3.
Cell. 2005;22:669-82.

Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT, Coyle
AJ, Liao SM, Maniatis T. IKKepsilon and TBK1 are essential components of the
IRF3 signaling pathway. Nat Immunol. 2003;4:491-6.

Sharma S, tenOever BR, Grandvaux N, Zhou GP, Lin RT, Hiscott J. Triggering
the interferon antiviral response through an IKK-related pathway. Science.
2009;300:1148-51.

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A, Goeddel DV. I-TRAF

is a novel TRAF-interacting protein that regulates TRAF-mediated signal
transduction. Proc Natl Acad Sci USA. 1996;93:8241-6.

Pomerantz JL, Baltimore D. NF-kappaB activation by a signaling complex
containing TRAF2, TANK and TBK1, a novel IKK-related kinase. EMBO J.
1999;18:6694-704.

Chariot A, Leonardi A, Muller J, Bonif M, Brown K, Siebenlist U. Associa-
tion of the adaptor TANK with the | kappa B kinase (IKK) regulator NEMO
connects IKK complexes with IKK epsilon and TBK1 kinases. J Biol Chem.
2002;277:37029-36.

Huang YX, Xue CS, He WB, Zhao X. Inhibition effect of Zedoary turmeric

oil on Listeria monocytogenes and Staphylococcus aureus growth and
exotoxin proteins production. J Med Microbiol. 2019;68:657-66.

Li L, Xie Q Bian G, Zhang B, Wang M, Wang Y, Chen Z, Li Y. Anti-H1N1 viral
activity of three main active ingredients from zedoary oil. Fitoterapia.
2020;142:104489.

Chen MW, Wang SP, Tan M, Wang YT. Applications of nanoparticles in herbal
medicine: zedoary turmeric oil and its active compound (-elemene. Am J
Chin Med. 2011;39:1093-102.

Song T, Sun RY. Pharmacodynamics study of zedoary turmeric oil chitosan
microspheres administered via arterial embolization. Artif Cells Nanomed
Biotechnol. 2016;44(8):1958-63.

Wang B, Liu F, Li Q Xu S, Zhao XZ, Xue PL, Feng X. Antifungal activity of
zedoary turmeric oil against Phytophthora capsici through damaging cell
membrane. Pestic Biochem Physiol. 2019;159:59-67.

Huang L, Xiong T, Yu HB, Zhang Q, Zhang KL, Li CY, Hu L, Zhang YF, Zhang LJ,
Liu QF, Wang SN, He XJ, Bu ZG, Cai XH, Cui SJ, Li JN, Weng CJ. Encephalomyo-
carditis virus 3C protease attenuates type | interferon production through
disrupting the TANK-TBK1-IKK-e-IRF3 complex. Biochem J. 2017;474:2051-65.
Li L, Fan H, Song ZB, Liu XW, Bai J, Jiang P. Encephalomyocarditis virus 2C
protein antagonizes interferon- signaling pathway through interaction
with MDAS. Antiviral Res. 2019;161:70-84.

Ming K, Chen'Y, Shi JT, Yang JJ, Yao FK, Du HG, Zheng W, Bai JY, Liu JG, Wang
DY, Hu YL, Wu Y. Effects of chrysanthemum indicum polysaccharide and its
phosphate on anti-duck hepatitis a virus and alleviating hepatic injury. Int J
Biol Macromol. 2017;102:813-21.

Zheng JG, Xu YL, Khan A, Wang S, Sun N. In vitro screening of traditional
chinese medicines compounds derived with anti-encephalomyocarditis
virus activities. Biotechnol Bioprocess Eng. 2020;25(2):181-9.

Luo Z, Kuang XP, Zhou QQ, Yan CY, Li W, Gong HB, Kurihara H, Li WX, Li YF, He
RR. Inhibitory effects of baicalein against herpes simplex virus type 1. Acta
Pharm Sin B. 2020;10(12):2323-38.



Zheng etal. BMC VetRes ~ (2021) 17:318 Page 9 of 9

38. Chavez JH, Leal PC, Yunes RA, Nunes RJ, Célia RM, Barardi CR. Evaluation of
antiviral activity of phenolic compounds and derivatives against rabies virus.
Vet Microbiol. 2006;116:53-9.

39. LiSY, Chen C, Zhang HQ, Guo HY, Wang H, Wang L, Zhang X, Hua SN, Yu J,
Xiao PG, Li RS, Tan XH. Identification of natural compounds with antiviral
activities against SARS-associated coronavirus. Antiviral Res. 2005;67(1):18-23.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Curcumol inhibits encephalomyocarditis virus by promoting IFN-β secretion
	Abstract 
	Background: 
	Method: 
	Results: 
	Conclusion: 

	Background
	Results
	Cytopathic effects
	Anti-EMCV activity of curcumol
	Curcumol reduces the viral load in EMCV-infected HEK-293 T cells
	Curcumol promotes the expression of IFN-β in EMCV-infected HEK-293 T cells
	Curcumol relieves the cleavage of TANK by EMCV and promotes the formation of IRF3 phosphorylation

	Discussion
	Conclusion
	Methods
	Cell lines, viruses, plasmid, compounds and antibodies
	Cytotoxicity assay
	Antiviral assay
	RNA extraction and quantitative real-time PCR
	ELISA for detection of IFN-β production
	Western blot analysis
	Statistical analysis

	Acknowledgements
	References


