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Rotaviruses (group A rotaviruses) are the most important cause of severe gastroenteritis in infants and
children worldwide. Currently, an antiviral drug is not available and information on therapeutic targets for
antiviral development is limited for rotavirus infection. Previously, it was shown that lipid homeostasis is
important in rotavirus replication. Since farnesoid X receptor (FXR) and its natural ligands bile acids (such
as chenodeoxycholic acid [CDCA]) play major roles in cholesterol and lipid homeostasis, we examined the
effects of bile acids and synthetic FXR agonists on rotavirus replication in association with cellular lipid levels.
In a mouse model of rotavirus infection, effects of oral administration of CDCA on fecal rotavirus shedding
were investigated. The results demonstrate the following. First, the intracellular contents of triglycerides were
significantly increased by rotavirus infection. Second, CDCA, deoxycholic acid (DCA), and other synthetic FXR
agonists, such as GW4064, significantly reduced rotavirus replication in cell culture in a dose-dependent
manner. The reduction of virus replication correlated positively with activation of the FXR pathway and
reduction of cellular triglyceride contents (> = 0.95). Third, oral administration of CDCA significantly
reduced fecal virus shedding in mice (P < 0.05). We conclude that bile acids and FXR agonists play important
roles in the suppression of rotavirus replication. The inhibition mechanism is proposed to be the downregu-
lation of lipid synthesis induced by rotavirus infection.

Rotaviruses are nonenveloped, icosahedral viruses with an
11-segment double-stranded-RNA genome. Rotavirus parti-
cles contain six structural proteins, which comprise a core (VP1
to -3), an inner capsid (VP6), and an outer capsid (VP4 and
-7). Rotaviruses are divided into 7 morphologically indistin-
guishable but antigenically distinct serogroups (A to G) based
on VP6 (16). Group A rotaviruses are the leading cause of
severe gastroenteritis in infants and children worldwide, asso-
ciated with approximately 111 million episodes of gastroenteri-
tis that have required 25 million clinic visits and 2 million
hospitalizations and have resulted in over 500,000 deaths in
children younger than 5 years of age (16). Even though effec-
tive live-attenuated vaccines are available for human rotavirus
infection (16), rotavirus still remains the most important cause
of gastroenteritis in infants and children worldwide. Since
there are no specific antiviral drugs available for rotavirus
infection, treatment options for rotavirus-mediated gastroen-
teritis are limited to restoration and maintenance of hydration
until the infection resolves (17). Therefore, development of a
rotavirus-specific drug is important to reduce severity of dis-
ease and duration of rotavirus-related hospitalization. How-
ever, information on the therapeutic targets for rotavirus in-
fection is limited.

Previously, it was shown that disruption of lipid rafts and/or
lipid droplets decreased infectious rotaviruses by inhibition of
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rotavirus morphogenesis (7, 10). Lipid rafts are specialized
membrane domains enriched in glycosphingolipids, choles-
terol, and protein. Lipid droplets are the major lipid storage
structure enriched in triglycerides and cholesterol ester and
play a crucial role in regulating cellular lipid levels. The inter-
action of virus proteins with these subcellular lipid bodies is
also important for infectious virus particle formation in some
viruses, including human hepatitis C virus (30, 32) and dengue
virus (38). These findings suggest that lipid homeostasis is
important for the replication of certain viruses.

In the small intestines, where rotavirus replication occurs, de
novo synthesis of lipids and absorption of dietary lipids affect
cellular lipid contents in the epithelial cells (19). In the intes-
tinal lumen, bile acids emulsify fats to form micelles to aid their
absorption. Bile acids are synthesized from cholesterol in the
liver, stored at the gallbladder, and released into the duode-
num. The primary bile acids, cholic acid (CA) and chenode-
oxycholic acid (CDCA), are synthesized in the liver from cho-
lesterol by enzymes, including cholesterol 7a-hydroxylase, and
subsequently conjugated with taurine or glycine to enhance
affinity to both acids and bases. Primary bile acids are trans-
formed by intestinal bacteria into secondary bile acids, deoxy-
cholic acid (DCA), lithocholic acid (LCA), and ursodeoxy-
cholic acid (UDCA) (11). While the secreted bile acids travel
through the intestinal tracts, they are reabsorbed in the ileum
and returned to the liver via the portal vein (25). This entero-
hepatic circulation is essential in maintaining an effective con-
centration of bile acids and cholesterol homeostasis. One of
the bile acid receptors is farnesoid X receptor (FXR) (12, 27,
34). The activation of FXR by bile acids induces the expression
of various proteins, including small heterodimer partner
(SHP), which represses the expression of cholesterol 7a-hy-

12570



Vor. 85, 2011

droxylase, the rate-limiting enzyme in bile acid synthesis (27,
34). The FXR/SHP pathway is well developed in hepatic, in-
testinal, and renal cells and also participates in the regulation
of fatty acid (including cholesterol) metabolism and glucose
homeostasis (40, 41, 44). Previously, our group reported that
bile acids play an important role in the replication of hepatitis
C viruses and porcine enteric caliciviruses (5, 6). However, the
role of bile acids and other FXR agonists in rotavirus replica-
tion has been unknown.

Here, we report that the intracellular contents of triglycer-
ides increased significantly by rotavirus infection. Further-
more, we demonstrate that CDCA and DCA at physiologic
concentrations and a synthetic FXR agonist, GW4064, at a low
micromolar concentration significantly reduced rotavirus rep-
lication in cells in a dose-dependent manner. The reduction of
virus replication correlated positively with activation of the
FXR/SHP pathway and reduction of cellular lipid contents
(triglycerides). Oral administration of CDCA significantly re-
duced the peak quantities of virus shedding in the mouse
model of rotavirus infection compared to those for the no-
treatment group (P < 0.05). We conclude that bile acids and
FXR agonists play important roles in the suppression of rota-
virus replication, and the inhibition mechanism is proposed to
be the downregulation of lipid synthesis induced by rotavirus
infection.

MATERIALS AND METHODS

Cells, antisera, and reagents. The MA104, Huh-7, and Caco-2 cell lines were
maintained in minimum essential medium (MEM) or Dulbecco’s MEM
(DMEM) containing 5% fetal bovine serum and antibiotics (penicillin and strep-
tomycin). Antibodies specific to rotavirus VP6 or SHP were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). A polyclonal goat antibody specific for
rotavirus was also obtained from Fisher Scientific (Palatine, IL). Fluorescein
isothiocyanate-conjugated anti-mouse IgG and peroxidase-conjugated goat anti-
mouse IgG or rabbit anti-goat IgG were purchased from Sigma-Aldrich (St.
Louis, MO). Rotavirus strains, including Wa (human G1 type) and SA11 (pri-
mate G3 type), were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). Nitazoxanide, which was shown to reduce rotavirus
replication in vitro and in vivo (37), was obtained from Fisher Scientific. The bile
acids used in this study, including CA, glycocholic acid (GCA), CDCA, glyco-
chenodeoxycholic acid (GCDCA), DCA, and UDCA, were obtained from
Sigma-Aldrich. The synthetic FXR agonists 6-a-ethyl-chenodeoxycholic acid (6-
ECDCA), GW4064, and fexaramine and an FXR and retinoid X receptor ago-
nist, TTNPB {4-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-
1-propenyl]benzoic acid}, were obtained from commercial sources, including
Sigma-Aldrich and Enzo Life Sciences (Plymouth Meeting, PA). The conjugated
bile acids were prepared in sterile water, and unconjugated bile acids and syn-
thetic agonists were prepared in dimethyl sulfoxide (DMSO) as a 100 mM stock
solution. Trypsin (Sigma-Aldrich) was used at 1 pwg/ml in medium for rotavirus
replication.

Rotavirus infection and treatment in cell culture. Fully confluent monolayered
MAL104 cells grown in 6- or 12-well plates were inoculated with Wa or SA11
rotavirus for 1 h at a high (2) or low (0.01) multiplicity of infection (MOI) based
on 50% tissue culture infective dose (TCIDs) titers. Following a washing step
with phosphate-buffered saline (PBS), MEM containing each compound or sol-
vent (distilled water or DMSO) was added to each well. The concentration of
each compound in the cells was less than 200 uM for bile acids, 6-ECDCA, and
fexaramine or 10 uM for GW4064 and/or TTNPB. As a control, nitazoxanide
was used at 0.1 to 10 pM. At these concentrations, all compounds showed little
cytotoxicity to MA104 cells. Virus replication was monitored by immunofluores-
cence assay (IFA) or Western blot analysis with antibodies against VP6, and the
TCIDsy/ml was also determined (36). We also examined the effects of CDCA
and GW4064 on the replication of SA11 in Caco-2 cells (human colon carcinoma
cells) to confirm the results obtained with MA104 cells. Because porcine repro-
ductive respiratory syndrome virus (PRRSV) replicates well in MA104 cells,
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PRRSV strain P129 was used to examine the effects of each compound on viral
replication as a negative control (35).

Nonspecific cytotoxic effect. We determined the toxic concentration of each
bile acid and compound in MA104 cells. Confluent MA104 cells grown in 24-well
plates were treated for 24 h with various concentrations of bile acids, including
CDCA, DCA, UDCA, and GCDCA, or synthetic FXR agonists, including
6-ECDCA, GW4064, fexaramine, and TTNPB. Cell cytotoxicity was measured by
a CytoTox 96 nonradioactive cytotoxicity assay kit (Promega, Madison, WI).

IFA, Western blot analysis, TCIDs, method, and real-time qRT-PCR. Virus
replication in cell culture was assessed by IFA or Western blot analysis at 12 or
24 h postinfection, before extensive cytopathic effects are induced by viral infec-
tion. Viral replication was also titrated with the TCIDs, method at 12, 24, 48, and
72 h postinfection, after cells were lysed with repeated freezing and thawing (36).
For IFA, cells were fixed with 100% methanol (MeOH) at room temperature for
30 min. Then, monoclonal antibody specific for rotavirus VP6, followed by
fluorescein isothiocyanate-conjugated goat anti-mouse IgG, was applied to the
cells. The stained cells were observed under fluorescence microscopy. For West-
ern blot analysis, the expression levels of structural proteins, including VP6, in
virus-infected cells with or without each compound were assessed by using the
polyclonal antibody specific to rotavirus. The cells were lysed at 12 or 24 h
postinfection, and the cell lysates were prepared in SDS-PAGE sample buffer
containing 1% B-mercaptoethanol and sonicated for 20 s. The proteins were
resolved in multiple 10% Novex Tris-Bis gels (Invitrogen, Carlsbad, CA) and
transferred to nitrocellulose membranes. Each membrane was probed with an-
tibody specific for rotavirus, B-actin, or SHP, and the binding of the antibodies
was detected with peroxidase-conjugated goat anti-mouse IgG or rabbit anti-goat
IgG. Following incubation with a chemiluminescent substrate (Pierce Biotech-
nology, Rockford, IL), signals were detected on X-ray film. For the TCIDs
method, a standard method with 10-fold dilutions of each sample was used for
virus titration in MA104 cells according to the Reed and Muench method (36).
For real-time quantitative reverse transcriptase PCR (qRT-PCR), viral RNAs
were extracted from viral suspension or fecal samples with an RNeasy kit ac-
cording to the manufacturer’s directions (Qiagen, Valencia, CA). Virus-specific
primers and probe were synthesized based on the rotavirus VP6 gene. The
primer sequences for the SA11 rotavirus VP6 gene were 5'-GGCTTTTAAAC
GAAGTCTTCAAC-3' (forward) and 5'-CCATTCATAGTAATTATCATTT
G-3' (reverse). The probe sequence was FAM-5"-TTTGTCYCTAGCRTCTTT
AAGAG-3'-Towa Black (where FAM is 6-carboxyfluorescein). Using a one-step
Platinum qRT-PCR kit (Invitrogen), the qRT-PCR amplification was performed
with a Rotor-Gene Q (Qiagen, Valencia, CA) with the following parameters:
45°C for 30 min and 95°C for 10 min, followed by 40 cycles of denaturation at
95°C for 30 s, annealing at 50°C for 1 min, and elongation at 72°C for 30 s. The
mRNA levels of SHP or FXR in MA104 or Huh-7 cells treated with each
compound were also monitored using predesigned TagMan probes and primer
pairs obtained from Applied Biosystems (Foster City, CA). Constitutively ex-
pressed B-actin mRNA was measured as an internal standard for sample nor-
malization (Applied Biosystems).

Effects of CDCA, GCDCA, and GW4064 on the FXR and SHP mRNA expres-
sion levels in cells with or without rotavirus infection. Confluent MA104 cells in
6-well plates were infected with mock medium or SA11 rotavirus at an MOI of
10. The mock medium, CDCA, GCDCA, or GW4064 was added to the medium
with trypsin. At 30 min or 2 h postinfection, cells were collected to determine
mRNA levels of FXR and SHP by qRT-PCR as described above. The effects of
the mock medium, CDCA, GCDCA, or GW4064 on mRNA levels of FXR and
SHP were also examined in the confluent Huh-7 or Caco-2 cells in 6-well plates.

Transfection of SHP expression plasmid pCI-SHP and rotavirus infection. To
confirm the effects of SHP on rotavirus replication, a plasmid expressing SHP
(pCI-SHP) (4) was used in this study. Empty pCI vector was used as a control.
One-day-old semiconfluent MA104 cells in 6-well plates were transfected with
pCI-SHP (0.05 to 3 pg) or pCI (3 pg). At 24 h after transfection, the transfected
cells were inoculated with SA11 rotavirus at an MOI of 0.5 and incubated with
medium with trypsin. Virus replication was examined by Western blot analysis.

Pretreatment of viruses with CDCA or GW4064. To investigate if CDCA or
GW4064 has virucidal effects on rotavirus, SA11 rotavirus of high titer (>10°
TCID5,/ml) was preincubated with PBS (or DMSO [0.1%]), CDCA (200 uM), or
GW4064 (10 pM) at 37°C for 2 h. Then, the mixture was diluted up to 100 times
for cell inoculation. Virus-infected cells were incubated with medium containing
trypsin for up to 24 or 48 h, and virus replication was monitored by the titration
of progeny viruses using the TCID5, method.

Lipid staining of cells infected with rotavirus. Confluent MA104 cells in 6-well
plates were infected with mock medium or SA11 rotavirus at an MOI of 10. Cells
were treated with DMSO (0.1%), CDCA (100 pM), or GW4064 (2 uM) and
incubated with medium with 22-(N-7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-



12572 KIM AND CHANG

23,24-bisnor-5-cholen-3B-ol (NBD-cholesterol; 1 wg/ml) or Nile red (2.5 pg/ml).
NBD-cholesterol binds specifically to lipid droplet-specific protein with high
affinity and is a useful probe of sterol uptake and intracellular sterol targeting to
lipid droplets (18). Nile red is a selective lipid droplet stain (21). The fluores-
cence signals of the cells were observed under fluorescence microscopy with
corresponding filters for NBD-cholesterol (475 to 490 nm) or Nile red (>590
nm) at 4, 6, 8, or 10 h postinfection. The fluorescence signal by NBD-cholesterol
was also monitored by a fluorometer (DinaTeck Laboratories, Chantilly, VA),
with an excitation/emission wavelength of 485/535 nm.

Determination of triglyceride concentrations in neutral lipid extracts from
cells. To examine the effects of rotavirus infection on cellular triglyceride con-
tents, confluent MA104 cells were infected with mock medium or SA11 rotavirus
at an MOI of 10. Cells were incubated with mock medium (DMSO, 0.1%),
CDCA (100 pM), or GW4064 (2 wM) for up to 10 h, and cells were then
collected for triglyceride measurement by the method of Bligh and Dyer (3).
Briefly, cells in 6-well plates were washed with cold PBS three times, and 3 ml of
MeOH-H,O0 solution was added to the wells for cell scraping. Scraped cells were
transferred into 15-ml centrifuge tubes each containing 1 ml of CHCl;. The tubes
were vortexed for 30 s and centrifuged for 1 min at 400 X g. The top layer was
transferred to a new tube containing 1 ml of CHCI;. Following vortexing and
phase separation, two bottom layers were combined and washed again by adding
3 ml of MeOH-H,0, vortexing for 30 s, and centrifugation. The bottom solution
was collected into a small glass tube and evaporated to dryness in a speed vacuum
(~1 h). The dried lipid phase was solubilized with the reaction buffer from a
triglyceride assay kit (Cayman Chemical, Ann Arbor, MI), and triglyceride con-
centration was measured with the kit according to the manufacturer’s protocol.

Determination of triglyceride concentrations in neutral lipid extracts from
Huh-7 cells. To confirm the effects of CDCA and GW4064 on the triglyceride
concentrations, confluent Huh-7 cells in 12-well plates were supplemented with
oleic acid at 100 pM and incubated with medium for 6 h. Then, cells were
incubated with mock medium (DMSO, 0.1%), CDCA (100 uM), or GW4064 (2
M) for up to 48 h. The same procedures were followed for collection of cells
and determination of triglyceride concentration. In this study, Huh-7 cells were
used because the triglyceride response to oleic acid was minimal in MA104 cells
in our preliminary study.

Mouse study. To examine the effects of oral administration of CDCA on
rotavirus shedding, an adult mouse model of rotavirus infection was used. The
animal study was performed in accordance with a protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at Kansas State Uni-
versity. The 4-week-old female BALB/c mice were purchased from Charles River
Lab (Wilmington, MA).

Rotavirus shedding patterns in mice. Mice were infected with SA11 rotavirus
(2 X 1082 X 10% or 1 X 10" TCIDs,) in a volume of 150 pl via oral gavage (5
animals per group). Because initial experiments with lower titers (<10% TCID5,/
mouse) of SA11 resulted in inconsistent virus shedding, the high titers of virus
were used for the study. To get the high titers for the inocula, SA11 rotaviruses
were concentrated up to 1,000-fold using Amicon Ultracel (3K [3,000-molecular-
weight]) centrifugal filters (Fisher Scientific). A group of mice received the same
volume of PBS. The fresh fecal samples were collected daily and resuspended in
PBS (5%, wt/vol) for extraction of viral RNA. The virus titers in the fecal samples
were determined by real-time qRT-PCR using primers for the VP6 gene. Ten
10-fold dilutions of cell-culture-grown SA11 virus (1 X 10° TCIDs,/ml) were
used for real-time QRT-PCR to generate a standard curve. The log titer of virus
in a specimen was plotted against the cycle threshold (C;) value, and a best-fit
line was constructed. Rotavirus quantity in the fecal samples, expressed as viral
RNA equivalent to log,, TCIDs,/ml, is derived by plotting the C; of a sample on
the standard curve. Selected fecal samples (n = 10) were also examined with
virus titration with the TCIDs, method to confirm the viral RNA equivalent. In
a separate experiment, concentrated SA1l rotaviruses were inactivated by
EDTA as described previously (15). The inactivated viruses (equivalent to 1 X
10'%2 TCIDs, 150 ul) were administered to mice by oral gavage.

Administration of CDCA in mice with rotavirus infection. To study the effects
of CDCA on viral shedding, mice were randomly divided into two groups (5
mice/group). Groups 1 and 2 received CDCA at 150 mg/kg body weight/day in
three divided doses (in PBS) and PBS by oral gavage, respectively. The treatment
started 2 days prior to virus inoculation and continued for 9 days postinoculation.
On the day of virus inoculation, mice were infected with SA11 rotavirus (2 X 10°
TCIDso/mouse, 150 pl) diluted in PBS via oral gavage. The fecal samples were
collected daily for 9 days following viral inoculation and processed for real-time
qRT-PCR as described previously for virus shedding experiments.

Statistics. The Student ¢ test was used to compare the significance of the
unpaired sample means. P values of <0.05 were considered significant.

J. VIROL.

RESULTS

Effects of various bile acids on rotavirus replication in cells.
Among the bile acids tested, CDCA and DCA significantly
reduced the replication of rotaviruses (Wa and SA11 strains)
at 100 pM compared to that seen with mock treatment (P <
0.05) (Fig. 1A and B). The inhibitory effects of DCA and
CDCA were also shown by Western blot analysis and IFA (Fig.
1C to E). CDCA was more effective in suppression of virus
replication, with an effective dose causing 50% inhibition of
virus replication (EDs,) of 45 M, than DCA, with an ED5, of
80 nuM against both rotavirus strains. CA, UDCA, and
GCDCA had little or no effect on rotavirus replication at the
concentrations we tested (up to 200 uM) (Fig. 1A, C, and E).
The cell toxicity by each bile acid was minimal (cell viability of
>90%) at the concentrations used in the study. When various
concentrations (0.1 to 10 wM) of nitazoxanide were used to
treat MA104 cells infected with Wa and SA11 rotaviruses, they
significantly reduced virus replication, as expected. The EDs,
of nitazoxanide against both rotavirus strains was determined
to be approximately 1.5 uM at 24 h postinfection in our study.

Effects of FXR agonists on rotavirus replication. Because
FXR is abundantly expressed in enterohepatic tissues and is
activated by bile acids, we examined various synthetic FXR
agonists, including 6-ECDCA, GW4064, fexaramine, and
TTNPB (FXR and retinoid X receptor agonist), against rota-
virus replication. All agonists tested significantly reduced ro-
tavirus replication (both SA11 and Wa strains) in cells in a
dose-dependent manner (Fig. 2A to D). Among the tested
compounds, GW4064 was the most effective against rotavirus
replication, with an EDy, of 1.2 nM against both rotavirus
strains. When effects of CDCA or GW4064 on the replication
of SA11 in Caco-2 cells were examined, the EDs, was deter-
mined to be 51 or 3.1 uM, respectively, which is similar to
those seen with MA104 cells.

Pretreatment of viruses demonstrated that antiviral effects
of CDCA or GW4064 were not associated with a direct viral
neutralizing or virucidal effect on rotavirus (data not shown).
We also tested CDCA and GW4064 against PRRSV, which
replicates in the same cell line (MA104 cells), as an unrelated
virus control. When CDCA (100 uM) or GW4064 (5 uM) was
added to virus-infected cells (at an MOI of 5), no inhibitory
effect on the replication of PRRSV was observed. However,
pretreatment of PRRSV with CDCA, but not GW4064, inac-
tivated PRRSV. The inactivation of PRRSV, an enveloped
RNA virus, may be due to detergent effects of bile acids.

Effects of FXR agonists on SHP mRNA in cells. CDCA or
GW4064 treatment significantly increased the expression of
SHP mRNA, but not FXR mRNA, in MA104, Huh-7, or
Caco-2 cells in a dose-dependent manner (Fig. 3A), in com-
parison to no treatment (P < 0.05), regardless of virus infec-
tion. The inhibition of virus replication positively correlated
with increasing SHP mRNA expression (2 = 0.95) in MA104
cells. GW4064 or CDCA significantly increased SHP mRNA
expression at concentrations similar to those that showed an-
tiviral effects on MA104 and Caco-2 cells. However, GCDCA
treatment and viral infection itself did not increase the expres-
sion of SHP mRNA in MA104 cells. The overexpression of
SHP by transfection of pCI-SHP reduced virus replication in a
dose-dependent manner (Fig. 3B).
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CDCA and GW4096 reduced the increase of lipid contents
in cells induced by rotavirus infection. Rotavirus infection
markedly increased cellular triglyceride contents, and CDCA
or GW4064 significantly suppressed the increase of triglyceride
contents in virus-infected cells compared to the result seen
with no treatment (Fig. 4A). A similar effect was observed in
Huh-7 cells supplemented with oleic acid, which is commonly
used to induce lipid droplet formation (Fig. 4C). Importantly,
CDCA and GW4064 significantly suppressed the increase of
cellular triglyceride contents induced by virus infection or lipid
supplementation at concentrations that significantly inhibited
virus replication (Fig. 1B, 2A, and 4A and C). Rotavirus in-
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Virus titer (TCIDg, /ml, Log4q )

SA11/ Mock

SA11/CA 100 uM

FIG. 1. Effects of various bile acids on the replication of SA11 and Wa rotaviruses in MA104 cells. (A and B) The inhibition of virus replication
in MA104 cells treated with DMSO (Mock) or various bile acids was evaluated by the TCIDs, method. The final concentration of all compounds
was 100 pM for results shown in panel A. Each bar represents the log,, TCIDs,/ml (mean *+ standard error of the mean [SEM]) (*, P < 0.05
compared to mock treatment). (C and D) Expression of rotavirus VP6 protein in rotavirus-infected MA104 cells treated with DMSO or various
bile acids was analyzed by Western blot analysis. -Actin was loaded as an internal control. (E) Immunofluorescence of MA104 cells infected by
SA11 rotavirus and treated with DMSO or various bile acids at 100 wM. Rotavirus VP6 protein was detected with a monoclonal antibody followed
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Cells were fixed at 12 h after virus inoculation.

fection also increased the fluorescence intensity of NBD-cho-
lesterol as well as Nile red staining in cells (Fig. 4B and D). In
the virus-infected cells, the fluorescence signals by NBD-cho-
lesterol were observed at 6 and 8 h postinfection (Fig. 4D).
However, treatment of CDCA significantly suppressed the vi-
rus-induced increase in NBD-cholesterol fluorescence as well
as Nile red staining, compared to results seen with no treat-
ment (Fig. 4B and D). These findings indicate that bile acids
are involved not only in regulation of triglycerides but also in
cholesterol accumulation in cells.

Effects of CDCA on the replication of rotavirus in a mouse
model. The virus shedding patterns with various inoculum
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FIG. 2. Effects of various FXR agonists on the replication of SA11 rotavirus in MA104 cells. (A) The inhibition of virus replication in MA104

cells treated with DMSO or various agonists was evaluated by the TCIDs,

method. Each bar represents the log,, TCIDsy/ml (mean = SEM) (*,

P < 0.05). (B) Immunofluorescence of MA104 cells infected by SA11 rotaviruses. Panel a shows cells without virus infection, and panel b shows
cells infected with SA11 rotavirus without treatment. Panels ¢ and d show virus-infected cells treated with GW4064 (2 uM) and 6-ECDCA (100
wM), respectively. Cells were fixed at 12 h after virus inoculation. (C) Western blot analysis of SA11 virus-infected cell lysates treated with DMSO
(0.1%) or various concentrations of GW4064 for 24 h. B-Actin was loaded as an internal control. (D) Chemical structures of FXR agonists CDCA,

6-ECDCA, GW4064, and fexaramine.

doses of SA11 rotaviruses are shown in Fig. SA. No animals
showed clinical symptoms, including diarrhea or behavioral
changes, during the course of experiments. The viral shedding
patterns showed that viral shedding peaked on 3 to 4 days
postinoculation and then rapidly decreased, which is similar to
previous reports where the detection of virus in fecal samples
peaked 2 to 5 days postinoculation and rapidly decreased after
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inoculation of a homologous mouse strain (EDIM) (8, 29, 33).
However, administration of inactivated rotaviruses of high titer
did not result in fecal virus shedding. The C; values from
samples were converted to TCIDs,/ml using a standard curve
generated from 10 10-fold dilutions of titrated virus stocks
(Fig. 5B). The log,, titer of virus in a specimen was plotted
against the C; value, and a best-fit line was constructed, with a

SA11
pCI-SHP

FIG. 3. Effects of CDCA, GCDCA, and GW4064 on the expression of SHP mRNA in SA1l-infected MA104, Huh-7, or Caco-2 cells treated
for 2 h. The bar graphs show fold changes in SHP mRNA levels compared to levels seen with no treatment (mock) (means = SEMs) (x, P < 0.05).
(B) Western blot analysis of SHP and rotavirus VP6 expression. MA104 cells were transfected with different concentrations of SHP-expressing
plasmid (pCI-SHP) (0, 0.5, or 3 pg) for 24 h prior to virus infection. Cell lysates were prepared 8 h after virus inoculation. B-Actin was loaded as

an internal control.
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FIG. 4. (A) Effects of CDCA and GW4064 on triglyceride concentration in MA104 cells infected with rotavirus. The bar graph values shown
are the means = SEMs of triglyceride concentrations (*, P < 0.05 compared to mock treatment). (B) Nile red and NBD-cholesterol fluorescence
of cells with or without virus infection and CDCA (100 wM) treatment. (C) Effects of CDCA and GW4064 on triglyceride concentration in Huh-7
cells (means = SEMs) (*, P < 0.05 compared to mock treatment). (D) The fluorescence signals by NBD-cholesterol in rotavirus-infected MA104
cells at 0, 2, 4, 6, and 8 h postinfection were monitored by a fluorometer. Virus-infected cells were incubated in the presence of NBD-cholesterol
(1 pg/ml) and trypsin with or without CDCA (100 uM), and the fluorescence signals were detected at the indicated times (*, P < 0.05 compared

to no treatment).

correlation coefficient of 0.9914. Rotavirus quantity in the sam-
ples, expressed as viral RNA equivalent to log,, TCIDs,/ml, is
derived by plotting the C; of a sample on the standard curve.
We used a viral inoculum dose of 1 X 10'°? TCIDs,/ml in
further animal experiments. In mice orally infected with 1 X
10'%? TCIDs,/ml SA11 rotavirus, the viral shedding signifi-
cantly decreased in mice given CDCA on days 1 and 3 postin-
fection compared to that for the no-treatment group. When
selected fecal samples (n = 10) were examined for virus titra-
tion with the TCIDs, method to confirm the viral RNA equiv-
alent, comparable levels of TCIDs, titers (approximately
5-fold lower) corresponding to their viral RNA equivalent val-
ues were identified from the samples.

DISCUSSION

The association of rotavirus replication and lipid homeosta-
sis was suggested by various reports. For example, cholesterol
depletion by lovastatin, an inhibitor of cholesterol biosynthesis,
was shown to reduce rotavirus replication in MA104 cells (31).
Likewise, drugs that disperse lipid droplets by promoting lipol-
ysis were shown to interfere with rotavirus particle or viro-
plasm formation (7). Therefore, lipid metabolism was sug-
gested as a novel therapeutic target for rotavirus infections.
Since FXR is reported to play major roles in lipid homeostasis,
we examined effects of bile acids and synthetic FXR agonists
on rotavirus replication in association with cellular lipid levels.

In this study, we report that rotavirus replication induces cel-
lular lipid accumulation and that disruption of this process by
bile acids or FXR agonists significantly inhibits rotavirus rep-
lication.

Earlier studies during the 1970s and 1980s showed that bile
acids (CDCA) lowered triglyceride levels in blood through a
mechanism not fully understood. Recent studies suggested that
triglyceride-lowering effects of bile acids and some synthetic
FXR agonists were mediated by FXR/SHP (13, 43). The ex-
pression of SHP by activation of FXR led to the repression of
sterol regulatory element-binding protein lc, a transcription
factor that controls genes involved in fatty acid and triglyceride
synthesis (43). It is also reported that FXR regulates several
genes in fatty acid and triglyceride synthesis, as well as lipo-
protein metabolism (2, 14, 39). It was previously reported that
bile acids differ markedly in binding affinity to FXR (27, 34).
The activation of FXR is specific and limited to CDCA, the
most potent activator, and DCA to a much lesser degree (27,
34). The EDs,s of CDCA for activating FXR were reported to
be 50 M and 10 pM on murine and human FXR, respectively
(27), which are within the physiological intracellular range (1).
GW4064 is known as one of the most potent synthetic FXR
agonists and has no activity on other nuclear receptors, includ-
ing retinoic A receptor, at concentrations up to 1 mM (28, 45).
In our study, GW4064 significantly inhibited virus replication
at concentrations as low as 1 pM, and the ED5, of CDCA (45
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FIG. 5. (A) Fecal viral RNA equivalent to log;, TCIDs,/ml in mice orally inoculated with SA11 rotavirus of various doses. (B) Standard curve
generated by plotting the C; value versus log,, titer of virus (TCIDs,/ml). (C) Quantitation of virus shedding in feces in mice inoculated with 1 X
10" TCIDs, (in 150 wl) SA11 rotavirus and treated with PBS (mock) or CDCA. Animals received 150 mg/kg/day of CDCA in three divided doses
by oral gavage. Each bar represents the log,, TCIDs,/ml (mean = SEM) (¥, P < 0.05 compared to mock treatment).

wM) for inhibiting rotavirus infection in cell culture was similar
to the reported EDs, of CDCA for activating FXR.

It is notable that cell lines used in this study express no or
few bile acid transporters, such as the apical sodium-depen-
dent bile acid transporter (ASBT) and the sodium-indepen-
dent organic-anion-transporting peptide. While unconjugated
bile acids may passively diffuse across the small intestinal and
colonic epithelia, conjugated bile acids are actively absorbed in
the distal ileum via ASBT (9, 20). With the presence of bile
acid transporter in cells, conjugates of CDCA or DCA were
previously shown to activate FXR (24). Therefore, the absence
of bile acid transporter could probably explain the lack of
activity of GCDCA on viral replication in our study.

To understand potential mechanisms, we studied the role of
CDCA and GW4064 in lipid (triglyceride) synthesis with or
without rotavirus infection. Interestingly, the intracellular con-
centrations of triglycerides were significantly increased by ro-
tavirus infection, which is in line with a previous report that the
size and number of lipid droplets whose major component is
triglycerides increased in cells infected by rotavirus (7).
Although the cholesterol contents were not measured in rota-
virus-infected cells, increased fluorescence intensity of NBD-
cholesterol as well as Nile red staining in cells also indicates
that virus infection increases cellular neutral lipids, including

triglycerides and cholesterol esters. CDCA or GW4064 treat-
ment suppressed the increase in triglyceride content in MA104
cells infected with SA11 and in Huh-7 cells supplemented with
oleic acid at concentrations that significantly inhibited virus
replication. The reduction of virus replication correlated pos-
itively with reduction of cellular triglyceride contents (% =
0.95). These results suggest that the antiviral effects of CDCA
and GW4064 are associated with the downregulation of cellu-
lar lipid accumulation induced by virus replication. CDCA and
GW4064, but not GCDCA, treatment increased SHP mRNA
in correlation with inhibition of cellular lipid accumulation and
virus replication, and overexpression of SHP in cells reduced
virus replication. These results suggest that rotavirus replica-
tion depends on lipid accumulation in the cells and that bile
acids disrupt the process, resulting in inhibition of virus repli-
cation by pathways involving FXR/SHP. However, it is not
clear to what extent SHP contributes to the effects of FXR on
virus replication. Thus, we are investigating the roles of SHP
on the FXR-mediated disruption of cellular lipid accumulation
and virus replication using small interfering RNA (siRNA) for
SHP. Next, we investigated the effects of bile acids on rotavirus
shedding in a mouse model of rotavirus infection. Rotavirus
infection in mice older than 15 days results in virus shedding
without diarrhea (26, 42), since these mice lack fluid secretion
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in the small intestines despite extensive viral replication (26).
In our study, in the infected mice orally treated with CDCA at
150 mg/kg/day, the peak viral shedding significantly decreased
compared to that for the no-treatment group, even though the
lengths of time of virus shedding did not differ.

We previously reported that bile acids were essential for
porcine enteric calicivirus replication in cell culture (6) and
promoted the expression of hepatitis C virus proteins and
genome in replicon-harboring cells (5), suggesting significant
roles of bile acids in virus replication. The results of this study
show for the first time that bile acids suppress rotavirus repli-
cation in vitro and in vivo. The inhibition mechanism of bile
acids is proposed to be downregulation of cellular lipid accu-
mulation in association with activation of FXR. In humans,
rotavirus diarrhea occurs most frequently in infants and chil-
dren younger than 5 years of age (16). However, the age-
related loss of susceptibility of rotavirus diarrhea is not yet well
explained. Since the size of bile acid pools increases with body
size and age in infants and young children (22, 23), we specu-
late that bile acids contribute to age-dependent diarrhea by
rotavirus infection: in older children and adults, larger
amounts of bile acids may limit virus replication, leading to
decreased susceptibility of rotavirus-induced diarrhea. None-
theless, our results suggest that FXR agonists, including bile
acids, may be a valuable treatment option and that the FXR
pathway may represent a potential therapeutic target for rota-
virus infection.
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