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Abstract

Background: Zedoary turmeric oil extracted from the roots of curcuma (Curcuma aeruginosa Roxb.) is used for the
treatment of myocarditis in China. EMCV infection causes abortion in pregnant sows and myocarditis in piglets. Our
previous studies demonstrated that curcumol significantly increased the expression of IFN-f in EMCV infected HEK-
293T cells. The present results showed that curcumol inhibits EMCV replication by interfering the host cell cholesterol
homeostasis and reducing ROs production through activation of the JAK/STAT signaling pathway.

Method: This study was designed to explore whether curcumol can inhibit the replication of encephalomyocar-
ditis viruses (EMCV) in cell culture. The expression level of JAKT, IRF9, STAT2, P-STAT2, CH25H, PI4KA and OSBP in
EMCV-infected HEK-293T cells treated with curcumol, ribavirin or hydroxypropyl-3-CD (HPCD) were determined by
Western blotting (WB). The cholesterol level in EMCV infected HEK-293T cells treated with curcumol and HPCD were
detected using Amplex™ Red Cholesterol Assay Kit. The antiviral effects of curcumol and HPCD on EMCV were also
quantitatively detected by real-time fluorescence quantitative PCR (g-PCR). The amount and morphology of ROs were
observed by transmission electron microscopy (TEM).

Results: The results demonstrated that curcumol significantly (P < 0.05) increased the expression of JAK1, IRF9,
P-STAT2 and CH25H proteins, while that of STAT2, PI4KA and OSBP were remained unchanged. Compared with virus
group (0.134 ug.ug™' proteins), the total cholesterol level was significantly (P < 0.05) reduced by curcumol (0.108
ug.ug ' proteins) and HPCD (0.089 ug.ug ™' proteins). Compared with virus group (88237 copies), curcumol (41802
copies) and HPCD (53 copies) significantly (P < 0.05) reduced EMCV load. Curcumol significantly reduced the produc-
tion of ROs in EMCV-infected HEK-293T cells and activated CH25H through the JAK/STAT signaling pathway.

Conclusion: Curcumol inhibited EMCV replication by affecting the cholesterol homeostasis and the production of
ROs in HEK-293T cell.
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Background

Encephalomyocarditis virus (EMCV) is a nonenveloped,
single-stranded positive sense RNA virus in the Picorna-
viridae family. EMCV infection causes reproductive fail-
ure in sows, and acute myocarditis and sudden death in
! Shanxi key lab for modernization of TCVM, College of Veterinary Medicine, piglets [1-3]. Previous studies have shown that EMCV 3C

Shaqxi Agricultur;l Univerﬁty,_Taigg 030801, Shanxi, PR. Chinq protease can hydrolyze TRAF family member-associated
Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

*Jiangang Zheng and Panpan Sun contributed equally to this work.

*Correspondence: livets@163.com



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12917-022-03531-x&domain=pdf

Zheng et al. BMC Veterinary Research (2022) 18:453

NF-kB activator (TANK), interfere with the formation
of TANK-TBK1-IKKe-IRF3 complex, and inhibit the
production of type I interferon [4]. Our previous results
showed that curcumol significantly inhibits the replica-
tion of EMCYV, alleviates the hydrolysis of TANK pro-
tein by EMCV, and increases the expression of IFN-§ in
EMCYV infected HEK-293T cells [5]. IFN-P has no direct
antiviral activity, however it exerts an antiviral effect by
activating the JAK/STAT signaling pathway and finally
inducing the expression of interferon-stimulated genes
(ISGs). It remains unknown which ISGs induced by cur-
cumol is critical for inhibition of EMCYV replication.
Cholesterol-25-hydroxylase (CH25H), an impor-
tant ER-related enzyme that oxidizes cholesterol to
25-Hydroxycholesterol (25HC), is involved in cholesterol
and lipid metabolism. CH25H is an interferon-stimulated
gene and its primary product 25HC has antiviral activ-
ity against porcine reproductive and respiratory syn-
drome virus (PRRSV) [6], pseudorabies virus (PRV) [7]
and porcine epidemic diarrhea virus (PEDV) [8]. Studies
have shown that CH25H [9] and the cholesterol inhibitor
HPCD [10] can significantly inhibit EMCYV replication by
reducing host cell cholesterol. It was reported that 200
approved drugs have been identified to be appropriate for
repurposing against corona virus disease 2019 (COVID-
19) using large-scale drug-induced gene expression pro-
files and 36% of the active compounds regulate those
genes which are related to cholesterol homeostasis [11].
The picornaviruses genomic RNA replication occurs
on specialized cellular remodeling membranes (single- or

Page 2 of 8

double-membrane vesicles) called ‘replication orga-
nelles’ (ROs). Virus-induced vesicles provide a structural
platform to facilitate synergy between viral replication-
related factors and also allow viruses to evade host
defense systems [12, 13]. Its formation is related to viral
non-structural proteins [14—18], but the specific mecha-
nism of ROs formation is currently unclear. EMCYV enters
the cells and manipulates the lipid kinase phosphati-
dylinositol-4 kinase Illa (PI4KA) to generate their ROs
enriched with phosphatidylinositol 4-phosphate (PI4P)-
4. PI4P recruits cellular oxidized cholesterol-binding pro-
tein (OSBP) to ROs. OSBP delivers cholesterol from ER
to ROs with help of PI4P [19]. Studies have shown that
ROs membrane cholesterol plays an important role in the
efficiency of EMCV genome replication [10].

This study was designed to explore the effect of curcu-
mol on CH25H and elucidate further explore whether the
inhibition of ROs generation by curcumol is due to the
interference of host cell cholesterol homeostasis.

Results

Curcumol activates CH25H via JAK/STAT signaling pathway
EMCV-infected HEK-293T cells were treated with cur-
cumol and ribavirin for 24 h, respectively. The content of
JAK1, STAT2, P-STAT2 and CH25H in the virus group
was similar to that in control group, while IRF9 was sig-
nificantly (P < 0.05) decreased (Fig. 1). The protein levels
of IRF9, JAK1, P-STAT2 and CH25H in curcumol-treated
group were significantly (P < 0.05) increased when com-
pared to the virus group. Meanwhile, no significant
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Fig. 1 Curcumol activates CH25H via JAK/STAT signaling pathway. Three concentrations of curcumol (0.025, 0.0125 and 0.00625 mg/mL) and
ribavirin (0.25 mg/mL) were selected to treat EMCV-infected HEK-293T cells for 24 h, and the expression of JAK1, STAT2, P-STAT2, IRF9 and CH25H
protein were detected by Western blot. Original blots images were presented in Supplementary Figure 1
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change on the level of IRF9, JAK1, P-STAT2 and CH25H
was observed in the ribavirin-treated group, compared to
the virus group (Fig. 1). These results demonstrated that
curcumol could activate JAK/STAT signaling pathway in
the EMCV-infected HEK-293T cells.

The Cholesterol affects EMCV replication

The viral load was detected by q-PCR after treating
EMCV-infected HEK-293T cells with curcumol and
HPCD for 24 h. Compared with control group (Fig. 2A),
the cells monolayer shrink (black arrowheads), the cells
become rounded (white arrowheads), detached (green
arrowheads) and clumped together in virus group
(Fig. 2B). The morphological changes observed in virus
group were not present in the curcumol (Fig. 2C) and
HPCD (Fig. 2D) treated groups. It indicated that both
curcumol and HPCD significantly reduced the viral load
(P < 0.05, Fig. 2E) and host cell cholesterol level (P < 0.05,
Fig. 2F).

Curcumol reduced the ROs generation

The amount and morphology of ROs was detected
by TEM after the EMCV-infected HEK-293T cells
were treated with curcumol and HPCD for 24 h. The
results showed that EMCYV infection increased the ROs
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production significantly, while curcumol and HPCD
treatments reduced the ROs level, indicating curcumol
inhibited the ROs production (Fig. 3).

Curcumol did not affect the level of PI4KA and OSBP
PI4KA and OSBP protein were detected by Western blot
after the EMCV-infected HEK-293T cells were treated
with curcumol and HPCD for 24 h. EMCV induced
the significant production of PI4KA and OSBP protein
(Fig. 4). The level of PI4KA and OSBP protein in curcu-
mol and HPCD treated groups was very similar to that in
the virus group. The results showed that the inhibition of
ROs production by curcumol was not related to PI4KA
and OSBP.

Discussion

Our previous results demonstrated that curcumol had
anti-EMCV activity by alleviating the hydrolysis of
TANK protein and increasing the expression of IFN-f3
in EMCV-infected HEK-293T cells [5]. IFN-B itself
showed no direct antiviral activity, but do exert an anti-
viral effect by activating the JAK/STAT signaling path-
way and inducing the expression of ISGs. As a member
of ISGs, CH25H inhibits the EMCYV replication in cell
culture [9]. In this study, the antiviral mechanism of
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Fig. 2 Curcumol reduces total cholesterol and inhibits EMCV replication. A-D The morphology of HEK-293 T cells post 24 h of treatment. A Control
group, B Virus group, € Curcumol group, D HPCD group. E HEK-293T cells treated with curcumol and HPCD for 24 h, and the expression of the 3D
gene was detected by g-PCR. F Cholesterol depletion inhibits EMCV infection. HEK-293T cells treated with curcumol and HPCD for 24 h, and the
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Control Virus Curcumol HPCD

Fig. 3 Curcumol inhibited the production of ROs. The production of ROs (white arrowheads) were detected by TEM in EMCV-infected HEK-293T
cells treated with Curcumol (0.025 mg/mL) and HPCD (5 mg/mL). Scale Bars was 1 um, 2 um and 5 um
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Fig. 4 Curcumol did not affect the production of PI4KA and OSBP. Curcumol (0.025, 0.0125 and 0.00625 mg/mL) and HPCD (5 mg/mL) were

selected to treat EMCV-infected HEK-293T cells for 24 h, and the expression of PI4KA and OSBP protein were detected by Western blot. Original blots

images were presented in Supplementary Figure 2
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EMCYV inhibits the production of IFN-$ [4]. However,
the protein level of IRF9, JAK1, P-STAT2 and CH25H
were significantly increased in EMCV-infected HEK-
293T cells treated with curcumol for 24 h. These results
demonstrated that curcumol significantly increased the
expression of CH25H through activating the JAK/STAT
signaling pathway.

Multiple mechanisms are involved in the antiviral
effect of CH25H [6], including modulating inflamma-
tion, innate, and adaptive immunity and manipulation
of cholesterol metabolism [20]. Studies have shown
that 25HC inhibits the replication of enveloped viruses
by blocking the fusion between the viral envelope and
cell membrane [21]. EMCYV has no envelope and 25HC
inhibits EMCV infection by inhibiting the viral pen-
etration [9]. Studies have shown that the cholesterol
inhibitor HPCD significantly inhibit the replication
of EMCV [10]. Our results showed that both curcu-
mol and HPCD reduced the total cholesterol level and
inhibited EMCV replication, possibly by activating
CH25H and reducing total cholesterol in host cells.

ROs are associated with virus-induced membrane
structures derived from different cellular compart-
ments and crucial for the replication of all known
picornavirus genomes. ROs of picornaviruses are
associated with membranes that are derived from
the ER [22]. Poliovirus-induced vesicles where viral
RNA replication occurs were formed in the ER visual-
ized by electron microscopic immunocytochemistry
and autoradiography and then moved to the center
of the infected cell to form a continuously growing
vesiculated area for virus maturation [23]. PI4KB was
recruited by viral 3A protein to enter ROs while PI4KA
was recruited in EMCYV infection [24-27]. The accumu-
lation of PI4KB at ROs leads the local increase of the
PI4P concentration, which is the synthesized product
of PI4KB. This PI4P-rich environment further recruits
other important viral and host factors to the replication
site, such as the EMCV RNA polymerase 3D protein,
which can specifically bind PI4P in vitro. PI4P recruits
OSBP to ROs, and OSBP mediates the exchange of PI4P
and ER cholesterol from ROs [19]. Studies have shown
that membrane cholesterol on ROs can efficiently
increase EMCV genome replication [10]. Our results
shown curcumol caused the reduction of ROs and it
was not related to PI4KA and OSBP. Therefore, it was
concluded that curcumol inhibits EMCYV replication by
activating CH25H and interfering the ROs membrane
cholesterol homeostasis (Fig. 5). Furthermore, this
study showed that curcumol reduces the total choles-
terol level of host cells. We will examine the effect of
curcumol on ROs membrane cholesterol in our future
studies.
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Methods

Cell lines, viruses, plasmid, compounds and antibodies
HEK-293T (CL-0005) cells were kindly provided by Pro-
cell Life Science & Technology Co., Ltd. Cells were cul-
tured in Dulbecco’s modified eagle’s medium (DMEM,
Hyclone, USA) containing 10% fetal bovine serum (FBS,
BI, Israel) (10% DMEM) and maintained in DMEM con-
taining 2% FBS (2% DMEM).

The EMCV NJ08 strain (GenBank: HM641897) was
gifted by Professor Jiang Ping of Nanjing Agricultural
University. Virus was replicated and harvested using
BHK-21 cells infected with EMCV. The titer of 10*°
TCIDgy/mL was determined by MTT assay according to
the method of Reed-Muench [28].

The recombinant plasmid containing the EMCV 3D
gene was generated in the laboratory [29]. Curcumol and
ribavirin were purchased from China Food and Drug
Control Institute, with 99.9% and 100% purity, respec-
tively. HPCD was purchased from Sigma-Aldrich, with
100% purity. The dissolution of curcumol in DMEM
requires 1% DMSO as a co-solvent, while ribavirin and
HPCD are directly dissolved in DMEM.

STAT2 Rabbit Polyclonal antibody, JAK1 Ribbit
Monoclonal antibody, IRF9 Rabbit Polyclonal anti-
body, GAPDH Mouse Monoclonal antibody, Beta Actin
Recombinant antibody, Goat anti-Mouse and Goat
anti-Rabbit secondary antibodies were purchased from
Proteintech (USA). P-STAT2 and CH25H Rabbit Mono-
clonal antibody were purchased from Abcam (USA).
PI4KA and OSBP Rabbit Polyclonal antibody were pur-
chased from ABclonal (USA).

Western blot analysis

The different protein levels in the HEK-293T cells
infected with EMCV were detected by WB after the
treatment with curcumol. Briefly, HEK-293T cells were
seeded in 6-well plate and incubated with 100 TCID;,/
mL EMCV (2 mL/well) for 1.5 h. The supernatant was
discarded and three 2 folds serial dilution of curcumol at
starting dilution of 25 pg/mL were added and incubated
for 24 h. The control group, virus group ribavirin positive
control group (0.25 mg/mL) and HPCD (5 mg/mL) posi-
tive control group were applied.

The cells were lysed with RIPA buffer containing 1 mM
protease inhibitor, 1 mM phosphatase inhibitor and cells
were collected using a cell scraper. Total cell protein was
extracted and protein concentration was determined
using the BCA protein assay kit (Beyotime Biotechnol-
ogy, Jiangsu, China). Equal amount of cell lysate was
separated on a 10% SDS-polyacrylamide gel and transfer
to a tailored polyvinylidene fluoride (PVDF) membrane
according to the size of the protein. Then the membrane
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Cholesterol

Fig. 5 Schematic model of the mechanism of curcumol inhibiting EMCV replication. EMCV 3C protease can hydrolyze TANK and interfere with the
formation of TANK-TBK1-IKKe-IRF3 complex, and inhibit the production of IFN-3. Curcumol can relieve the hydrolysis of TANK protein by EMCV 3C
protease and promote the expression of IFN-f3. IFN- activated CH25H through the JAK/STAT signaling pathway. Curcumol inhibits EMCV replication
is to reduce host cell cholesterol by activating CH25H and inhibiting the formation of ROs

was blocked with Tris-buffered Tween 20 (TBST) with
5% non-fat dry milk at 25°C for 2 h. Next, the mem-
brane was incubated with following primary antibodies
overnight at 4°C: GAPDH Mouse Monoclonal antibody
(1:50000), STAT2 and IRF9 Rabbit Polyclonal antibody
(1:1000), PI4KA and OSBP Rabbit Polyclonal antibody
(1:2000), JAK1and P-STAT2 Rabbit Monoclonal antibody
(1:2000), CH25H Ribbit Monoclonal antibody (1:500).
Then, the membrane was washed with TBST three times,
and incubated with the membrane with goat anti-mouse
and goat anti-rabbit secondary antibodies (1:20000) 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.

Real-time PCR

The HEK-293T cells cultured in 6-well plates were
infected with 100 TCIDs,/mL EMCYV, treated with same
concentration of curcumol as above and incubated for
24 h. Total RNA was extracted from the cell samples,
according to the Trizol protocol (Invitrogen, Carlsbad,
CA, USA). The RNA concentration and purity were
evaluated by Eppendorf BioPhotometer D30 (Eppen-
dorf, USA). The complementary DNA was synthesized
using PrimeScript® RT Master Mix kit with gDNA Eraser
(TaKaRa, Dalian, China) according to the manufacturer’s
protocol. Q-PCR was performed using a 7500 Real Time
PCR System (ABI, USA). Absolute q-PCR was applied
to determine EMCV 3D gene level against the standard
curve generated using serially diluted plasmid containing
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3D gene. The primer sequences used for EMCV 3D gene
were: F 5-TTAGGGCGGGTTTG TAT-3, R 5-TTTGTT
AGCGGGAGTTA-3.

Cholesterol quantification

The HEK-293T cells infected with 100 TCIDs,/mL
EMCV (2 mL/well) and treated with 0.025 mg/mL cur-
cumol and 5 mg/mL HPCD were incubated for 24 h. The
cells were lysed with RIPA buffer containing 1 mM pro-
tease inhibitor, 1 mM phosphatase inhibitor. Cell protein
concentration was determined by BCA assay (Beyotime
Biotechnology, China). Cell lysates were normalized to
equal amounts of protein for measurement of free and
esterified cholesterol by the Amplex Red kit (Invitrogen,
USA). The cholesterol standard was prepared following
the manufacture’s instruction with cholesterol concen-
trations of 0 to 4 pug/mL (0 to 10 pM). 50 pL cell lysates
diluted with reaction buffer was added to a microplate,
followed by 50 uL working solution of 300 uM Amplex®
Red reagent. The microplate was incubated at 37°C
for 30 min and protected from light. The fluorescence
was measured using a fluorescence microplate reader
(Thermo Fisher Scientific, USA) with excitation at 560
nm and emission detection at 590 nm.

Transmission electron microscope

The HEK-293T cells were cultured in 6-well plates,
infected with 100 TCIDz;,/mL EMCV (2 mL/well) and
allowed to adsorb for 1.5 h. The supernatant was dis-
carded, fresh medium with 0.025 mg/mL curcumol and
5 mg/mL HPCD were added for further incubation in a
5% CO, 37°C cell incubator for 24 h. Meanwhile, control
group, virus group were applied and incubated for 24 h.
The cells were collected in a 1.5 mL centrifuge tube, and
2.5% glutaraldehyde solution was added (the centrifuge
tube was filled with fixative solution so that the sample
was completely immersed in the fixative solution), and
the cells were fixed for 12 h. Pour off the fixative, rinse
the sample three times with 0.1 M, pH 7.0 phosphate
buffer for 15 min each time; fix the sample with 1% osmic
acid solution for 2 h; carefully remove the osmic acid
waste solution, rinse the sample three times with 0.1 M,
pH 7.0 phosphate buffer for 15 min each time. The sam-
ples were dehydrated using increasing concentrations of
ethanol (30%, 50%, 70%, 80%, 90% and 95%) for 15 min
with each concentration and then treated with 100%
ethanol for 20 min; finally transition to pure acetone
treatment for 20 min. The samples were treated with the
mixed V/V=1/1 solution of embedding medium and
acetone for 1 h, the mixed V/V=3/1 solution for 3 h, and
the pure embedding agent for overnight. The infiltrated
samples were embedded and heated at 70°C overnight to
obtain embedded samples. The samples were sectioned
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in an ultramicrotome (LEICA EM UCY7 type) to obtain
70-90 nm sections, which were stained with lead citrate
solution and uranyl acetate 50% ethanol saturated solu-
tion for 10 min each. After drying, it can be observed in
a transmission electron microscope (Tecnai Spirit Bio-
TWIN, FEL, USA).

Statistical analysis

All data were presented as Mean + SD. Data were ana-
lyzed using GraphPad Prism™ software 5.0 (GraphPad
Software, Inc. California, USA). Densitometric values of
protein bands were quantified by the Image J. Data were
analyzed using GraphPad Prism™" software 5.0 (Graph-
Pad 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 EMCV-infected group, * P <
0.05, ** P < 0.01, *** P < 0.001.
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CH25H: Cholesterol 25-hydroxylase; dsRNA: Double-stranded RNA; ER:
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embryonic kidney 293T; IRF3: Interferon regulatory Factor 3; IRF9: Interferon
regulatory factor 9; ISGF3: Interferon stimulated gene factor 3; 1SGs: IFN-
stimulated genes; IKK-€: IKB kinases-¢; IFN-B: Interferon-3; JAK1: Janus kinase 1;
MDAS: Melanoma differentiation- associated protein 5; MAVS: Mitochondrial
antiviral signaling protein; TBK1: TANK-binding kinase 1; TANK: TRAF family
member-associated NF-kB activator; OSBP: Oxysterol-binding protein; PI4KA:
Phosphatidylinositol-4 kinase llla; ROs: Replication organelles; STAT1: Signal
transducer and activator of transcription 1.
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Additional file 1: Supplementary Figure 1. Curcumol activates CH25H

via JAK/STAT signaling pathway. Three concentrations of curcumol (0.025,
0.0125 and 0.00625 mg/mL) and ribavirin (0.25 mg/mL) were selected to
treat EMCV-infected HEK-293T cells for 24 h, and the expression of JAKT,
STAT2, P-STAT2, IRF9 and CH25H protein were detected by Western blot.
Supplementary Figure 2. Curcumol did not affect the production of PI4KA
and OSBP. Curcumol (0.025, 0.0125 and 0.00625 mg/mL) and HPCD (5 mg/
mL) were selected to treat EMCV-infected HEK-293T cells for 24 h, and the
expression of PI4KA and OSBP protein were detected by Western blot.
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