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Abstract

Influenza A virus (IAV) depends on the metabolism of its cellular host to provide energy and essential factors, including
lipids, for viral replication. Previous studies have shown that fatty acids (FAs) play an important role in IAV replication
and that inhibition of FA biosynthesis can diminish viral replication. However, cellular lipids can either be synthesized
intracellularly or be imported from the extracellular environment. Interfering with FA import mechanisms may reduce the
cellular lipid content and inhibit IAV replication. To test this hypothesis, MDCK and Detroit 562 cells were infected with
IAV followed by exposure to palmitic acid and inhibitors of FA import. Replication of IAV significantly increased when
infected cells were supplied with palmitic acid. This enhancement could be reduced by adding an FA import inhibitor. The
addition of palmitic acid significantly increased the cellular lipid content, and this increased level was reduced by treatment
with an FA import inhibitor. These results show that reducing the cellular lipid level might be an approach for IAV therapy.

Introduction

Influenza A virus (IAV) is an important virus that causes
respiratory diseases in humans and many animal species
worldwide. The IAV subtypes that have been circulating in
humans are HIN1 and H3N2. In the 20" century, there were
three major IAV pandemics: Spanish flu in 1918 (HIN1),
Asian flu in 1957 (H2N2), Hong Kong flu in 1968 (H3N2).
In 2009, WHO declared that a new strain of swine-origin
HIN1, known as “swine flu”, was responsible for the first
pandemic of the 21% century. The major concept of anti-
influenza drugs for humans is targeting conserved viral com-
ponents that are critical for viral replication. Two types of
anti-influenza drugs are commonly used, matrix protein 2
(M2) ion channel blockers and the neuraminidase inhibitors.
A new class of cap-dependent endonuclease inhibitor (balox-
avir marboxil) has been approved recently for treatment of
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influenza. However, resistance to the available drugs is a
major public-health concern, and development of alternative
treatments is required [16, 28].

All viruses depend on cellular factors to complete their
replication cycle. Among the host cell factors that are
essential for viruses, cellular lipids play a key role in the
viral replication cycle. Some viruses can regulate cellu-
lar metabolism of infected cells by altering cellular lipid
metabolism to support viral replication. Increases in both
fatty acid synthesis and lipid beta oxidation have been shown
to be induced by various viruses [1, 12, 22, 24, 34]. Like
other viruses, IAV has been shown to alter cellular lipid
metabolism. Bronchoalveolar lavage fluid of IAV-infected
mice has been shown to have significantly increased lev-
els of fatty acids, including palmitic acid, oleic acid, and
linoleic acid [6]. Inhibition of fatty acid biosynthesis can
inhibit IAV infection. Pharmacological inhibition of fatty
acid metabolism pathways can be achieved by treatment with
TOFA (5-tetradecyloxy-2-furoic acid), an inhibitor of acetyl-
CoA carboxylase (ACC), and C75 (trans-4-carboxy-5-octyl-
3-methylene-butyrolactone), an inhibitor of fatty acid syn-
thase (FASN). These enzymes play important roles in the
fatty acid biosynthetic pathway. Treatment with both com-
pounds has been shown to cause a significant reduction in
IAV replication [26]. Moreover, fatty acids have been shown
to play arole in virion assembly and membrane fusion. Pal-
mitoylation (S-acylation) is the post-translational attachment
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fatty acids (including palmitic acid) with a thioester-type-
linkage to cysteine, serine, and threonine residues of pro-
teins, usually peripheral and integral membrane proteins.
IAV contains two palmitoylated (S-acylated) proteins: the
spike protein HA (haemagglutinin) and the proton channel
protein M2. Eliminating the acylation site of viral HA results
in defects in genome packaging and irregular morphology.
Viral particles possessing HA with deleted palmitoylation
sites show defects in viral replication and reduced levels of
viral nucleoprotein (NP) and matrix protein 1 (M1) [3, 4, 30,
36]. This indicates that fatty acid metabolism may play an
essential role in AV infection.

Most cells, with the exception of liver and adipose cells,
have little capacity for de novo fatty acid synthesis and rely
on uptake of fatty acids from extracellular source for their
needs [18]. Extracellular fatty acids are taken up through
the plasma membrane. Fatty acids can separate from lipo-
proteins and travel across the plasma membrane by simple
passive diffusion [32]. However, there other are two fatty
acid import mechanisms that depend on membrane-associ-
ated proteins. First, transmembrane protein CD36, originally
called fatty acid translocase (FAT), is an 88-kDa transmem-
brane glycoprotein [35] that can function alone or together
with plasma-membrane-associated fatty-acid-binding pro-
tein (FABP,)) as an acceptor for fatty acids [9]. Second,
fatty acid transport protein 1 (FATP1) is a 71-kDa protein
belonging to the FATP/SIc27 protein family that localizes to
high-density membranes [38]. This protein enhances cellular
uptake of fatty acids and is expressed in several insulin-
sensitive tissues [21]. Modulation of the fatty acid import
mechanism can affect cellular lipid metabolism. In previ-
ous studies, overexpression of murine FATP1 was shown to
increase LCFA uptake and triacylglycerol accumulation [13,
20]. Disruption of the FATP1 homolog in yeast was found
to significantly impair LCFA uptake, and FATP1 knockout
mice showed reduced muscle acyl-CoA levels with increased
insulin sensitivity [7, 17]. In animal models, CD36 overex-
pression in muscle of mice increased fatty acid oxidation and
decreased plasma lipids, while deletion of CD36 impaired
fatty acid uptake by key metabolic tissues and increased
plasma fatty acid and triglyceride (TG) [10].

Because inhibition of intracellular fatty acid synthesis
inhibits IAV replication, it may be possible to decrease viral
replication by disrupting the action of fatty-acid-importing
proteins. In this study, the compounds used to inhibit fatty
acid transport were arylpiperazines and sulfo-N-succinim-
idyl oleate. Arylpiperazines are a class of FATP1 inhibi-
tors. In a previous report, derivatives the arylpiperazine
5k and 12a were identified as potential compounds for in
vitro inhibition of human and mouse FATP1s with excel-
lent pharmacokinetic properties [25]. Sulfo-N-succinimidyl
oleate (SSO) is an irreversible inhibitor of the fatty acid
translocase CD36. It has been shown to reduce the uptake
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of palmitate by mouse insulinoma MING6 cells and prevent
palmitate-induced changes in insulin secretion [27]. These
inhibitors were used to demonstrate the possibility of inhibit-
ing viral replication by interfering with cellular lipid impor-
tation, which may be a novel approach for broad-spectrum
antiviral therapy.

Materials and methods
Cell culture and viruses

MDCK (Madin-Darby canine kidney) cells were grown in
minimum essential medium (MEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), penicillin, strep-
tomycin, gentamicin and Fungizone. Detroit 562 (human
pharynx epithelial cells) were grown in same medium used
for MDCK cells supplemented with 1% nonessential amino
acids. The viruses used in this study included a seasonal
HINI influenza virus strain (A/Thailand/Siriraj-12/2006
(A/New Caledonia/20/99-like virus]), a pandemic HIN1
influenza virus strain isolated from a patient with influenza-
like illness in 2009 (A/Thailand/104/2009), PR8 HIN1 (A/
Puerto Rico/8/1934), and a seasonal H3N2 influenza strain
(A/Thailand/Siriraj-04/2003). All of these viruses were
propagated in MDCK cells.

Fatty acid and fatty acid import inhibitors

Palmitic acid (Sigma-Aldrich, Missouri, USA) was conju-
gated to fatty-acid-free (FFA) bovine serum albumin (BSA)
(Sigma-Aldrich, Missouri, USA). Palmitic acid (51.2 mg)
was dissolved in 100% ethanol (1 ml) to make a 200 mM
stock solution. FFA low-endotoxin BSA was prepared in
0.1 M Tris-HCI, pH 8.0, at a concentration of 10%. Forty
microliters of 200 mM palmitate and 1.96 ml of 10% FFA
BSA were mixed for at least 2 hours to make a 4 mM pal-
mitate stock solution, which was then passed through a
0.22-um filter and diluted to the working concentrations in
VGM (serum-free MEM plus 1 pg of TPCK-treated trypsin
per ml). Sulfo-N-succinimidyl oleate (Cayman Chemical,
Michigan, USA) and arylpiperazine derivatives 5k and 12a
(Daiichi Sankyo, Tokyo, Japan) were diluted to their work-
ing concentrations in VGM.

Assessment the cytotoxicity of fatty acids and fatty
acid metabolism inhibitors

MDCK and Detroit 562 cells were plated in 96-well culture
plates (3.5 x 10* cells/well and 1.2 x 10° cells/well, respec-
tively) and incubated overnight at 37°C in a 5% CO, atmos-
phere. The cells were treated with various concentrations of
fatty acids and fatty acid import inhibitors for 24 hours at
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37 C, 5% CO,, and the cytotoxicity of all compounds was
evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay. MTT dye (Invitrogen, Califor-
nia, USA) was diluted 1:10 in sterile PBS. All compounds
from the experimental plate were removed, and the plate was
washed with 200 pl of PBS per well. One hundred micro-
liters of diluted MTT dye was added to each well, and the
plate was incubated for 4 hours at 37° C, 5% CO,. Seventy
microliters of diluted MTT dye was removed, and 70 pl of
100% DMSO was added to each well. The optical density
(OD) of was then measured using a spectrophotometer at a
wavelength of 570 nm.

Plaque assay

The IAV stocks were tested by plaque assay in confluent
MDCK cell monolayers. Each IAV stock was serially diluted
and inoculated onto an MDCK cell monolayer in a 12-well
tissue culture plate. After incubation for 1.3 hours at 37°
C with 5% CO,, the infected MDCK cell monolayer was
overlaid with a mixture (1:1) of 2X VGM (serum-free MEM
plus TPCK-treated trypsin) and 1.6% low-melting-point aga-
rose (Promega, Wisconsin, USA). After 48 h of incubation
at 37°C with 5% CO,, the agar overlay was removed. The
infected MDCK cell monolayer was incubated with 10% for-
maldehyde for 30 minutes at room temperature and stained
with 1% crystal violet. The IAV titer was determined using
a plaque assay and expressed in plaque-forming units (PFU)/
ml.

Virus titration by 50% tissue culture infectious dose
(TCID,,) assay

TAV was titrated on an MDCK cell monolayer, using a viral-
nucleoprotein-based ELISA (enzyme-linked immunosorbent
assay) as the endpoint measurement for viral infection. The
TCIDsy, titers were calculated by the Reed-Muench method.
Each culture supernatant from the experiment was serially
diluted and inoculated into an MDCK cell monolayer in a
96-well tissue culture plate. After incubation overnight at
37° C with 5% CO,, the cells were fixed with 80% cold
acetone (20 ml of 1X PBS + 80 ml of acetone) at 4° C
for 1 hour and blocked with 3% H,0, at room temperature
for 30 minutes. The level of viral infection was measured
by ELISA, using a mouse anti-influenza-virus nucleopro-
tein monoclonal antibody as the primary antibody (Merck
Millipore, Massachusetts, USA) diluted 1:1000 in blocking
buffer (1% BSA and 0.1% Tween20 in 1X PBS, pH 7.2). The
primary antibody was added to each well, and the cells were
incubated at 37° C for 1 hour. After incubation, the plate
was washed, and horseradish-peroxidase-conjugated goat
anti-mouse immunoglobulin (Dako, Glostrup, Denmark),
diluted 1:2000 in blocking buffer was added to each well as

the secondary antibody. The plate was incubated at 37° C
for 1 hour and washed. TMB peroxidase substrate was added
to each well, and the plate was incubated in the dark for
10 minutes at room temperature. After the incubation, 1 M
H,SO, was added to stop the reaction, and the optical den-
sity at 450/630 nm was measured in an ELISA plate reader.

Lipid measurement by the sulfo-phospho-vanillin
(SPV) method

MDCK and Detroit 562 cells were plated in 12-well culture
plates and incubated overnight at 37° C, 5% CO,. The cells
were treated with various concentrations of fatty acids and
fatty acid metabolism inhibitors for 24 hours at 37° C in a
5% CO, atmosphere. The supernatant of the treated cells
was removed, and the cells were trypsinized, collected by
sedimentation, and suspended in 20 pl of deionized water.
This was followed by addition of 180 pl of concentrated
sulfuric acid and heating at 100° C for 10 min. The cell
sediment was cooled to room temperature, and 500 pl of
phosphovanillin (PV) reagent (a solution of 6 mg of vanil-
lin dissolved in 100 ml of water and diluted to 500 ml with
85% phosphoric acid) (Sigma-Aldrich, Missouri, USA) was
added to each sediment sample for color development. The
sediment mixture was incubated at 37° C for 15 min, cooled
to room temperature, and transferred to a 96-well microtiter
plate. The plate was stored in a dark box for 45 min, and the
optical density was measured at 530 nm [2]. For the standard
curve, commercial soybean oil was used as the standard for
the SPV method. Soybean oil was dissolved in chloroform
in different concentrations (0 - 1200 pg/ml).

Measurement of CD36 and FATP1 expression in cell
culture

Expression of CD36 and FATP1 in MDCK cells was meas-
ured by reverse transcription polymerase chain reaction
(RT-PCR). The oligonucleotide primers used for amplifica-
tion of the canine CD36 gene were forward, 5’-AAGGAA
GTTGTACTTGAAGAAGGT-3’, and reverse, 5’-TCCTGT
GCATTTTGCACGTC-3’, and the product size was 106 bp
[36]. The primers used for amplification of both the human
and canine FATP1 gene were forward, 5’- GTGAAGGTC
AATGAGGACAC-3’, and reverse, 5’-CCCTGCTTCAGG
TCCAGGAA-3’, and the product size was 613 bp. Total
RNA was extracted from MDCK, A549 and RD cells using
a PARIS™ Kit (Thermo Fisher Scientific, Massachusetts,
USA). Complementary DNA (cDNA) was synthesized using
AMV reverse transcriptase (Promega, Wisconsin, USA) for
later use as a template to detect mRNA. The PCR mixture
contained 4 pl of cDNA and 10 pM each of forward and
reverse primers in Phusion DNA polymerase master mix
(New England Biolabs, Massachusetts, USA). The reaction
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was run in a Bio-Rad T100™ Thermal Cycler (California,
USA) for 30 cycles. PCR products were separated by elec-
trophoresis in a 2% agarose gel and stained with SYBR™
Safe DNA Gel Stain (Thermo Fisher Scientific, Massachu-
setts, USA).

Western blot

Detroit 562 cells were trypsinized, and the cell pellets were
washed twice with 1X PBS. Proteins from the cells were
extracted by adding ice-cold RIPA buffer (50 mM Tris-HCI
pH 8.0, 150 mM NaCl, 0.1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM sodium orthovanadate, and
1 mM sodium fluoride). The cell lysates were centrifuged at
14,000 x g for 10 minutes, and the supernatants were trans-
ferred to a fresh tube. The protein concentration was meas-
ured using the Bradford protein assay (Bio-Rad, California,
USA) according to the manufacturer’s instructions. Thirty
micrograms of each protein sample was mixed with 4x load-
ing buffer and boiled at 70°C for 10 minutes. The protein
samples were loaded into a 10% SDS-polyacrylamide gel
(Invitrogen, California, USA) along with the molecular
weight marker and separated by electrophoresis at 110 V
for 90 minutes. The separated protein bands were then blot-
ted onto a nitrocellulose membrane by placing the gel into
1X transfer buffer for 10 minutes and then placing the gel on
the membrane and assembling a filter paper stack as a sand-
wich (avoiding air bubbles). The proteins were transferred
to membrane using electroblotting (Amersham Biosciences,
Little Chalfont, UK) at 40 mA for 75 minutes. The blotted
membrane was briefly rinsed in distilled water and stained
with Ponceau S solution (Cell Signaling Technology, Mas-
sachusetts, USA) to check the transfer quality. After washing
five times with washing buffer (0.1% Tween 20 in TBS) to
remove the Ponceau S solution, the approximate sizes of
protein bands of CD36 (75-100 kDa) and GAPDH (35 kDa)
were marked. The membrane was cut for detecting CD36
and GAPDH (housekeeping protein) separately according
to the size of protein bands. The blot was blocked then with
blocking buffer (3% skim milk and 0.2% Tween 20 in TBS)
at room temperature for 1 hour. After washing three times
with washing buffer, the blot was probed with a 1:1000
dilution of anti-CD36 rabbit monoclonal antibody (Abcam,
Cambridge, UK) or a 1:5000 dilution of anti-GAPDH mouse
monoclonal antibody (Santa Cruz Biotechnology, Texas,
USA) diluted in the blocking buffer as the primary antibody
and incubated overnight with gentle agitation on a rocker at
4° C. The blot was extensively washed with washing buffer
(3 x 10 minutes) with gentle agitation. CD36 protein was
detected by incubating for 1 hour with a 1:1000 dilution of
HRP-conjugated goat anti-rabbit IgG (Agilent Technologies,
California, USA), and GAPDH protein was detected by incu-
bating for 1 hour with a 1:1000 dilution of HRP-conjugated
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rabbit anti-mouse IgG (Agilent Technologies, California,
USA) as the secondary antibody. The blot was extensively
washed with washing buffer (3 X 10 minutes) with gentle
agitation. Protein bands were detected by adding ECL west-
ern blotting substrate (Thermo Fisher Scientific, Massachu-
setts, USA) and visualized by the chemiluminescent method
using an ImageQuant™ LAS 4000 biomolecular imager (GE
Healthcare, Illinois, USA).

Statistical analysis

A t-test was used for comparing the differences in the mean
values for IAV replication and levels of cellular lipid among
the groups of tested subjects. A p-value of <0.05 was con-
sidered statistically significant.

Results
The effect of palmitic acid to IAV replication

As cell culture medium does not usually contain fatty acids,
in order to investigate effect of inhibition of fatty acid
import on viral infection, infected cells were exposed to
fatty acid import inhibitors along with fatty acid. Palmitic
acid (CH;(CH,),;,COOH) was used in this study because this
fatty acid is the most common saturated fatty acid found in
animals, plants, and microorganisms. It is the first fatty acid
produced during fatty acid synthesis and is the precursor of
longer fatty acids [31]. In addition, some proteins are modi-
fied by the addition of a palmitoyl group in a process known
as palmitoylation. Palmitoylation is important for membrane
localization of many proteins, including IAV HA and M2
[3, 4, 30, 37].

To investigate the role of fatty acids in IAV replica-
tion, MDCK and Detroit 562 cells were inoculated with
four TAV strains, seasonal HIN1 (HIN1 12/06), pandemic
HINI1 (pHINI1 TH104), PR8 HINI1, and seasonal H3N2,
for 1 hour at a multiplicity of infection (MOI) of 0.1 and 5,
respectively. The viral suspension was removed, and infected
cells were washed with VGM and incubated for 24 hours
with palmitic acid at various concentrations. A palmitic acid
concentration of 100 uM was the highest concentration that
was well tolerated by both cell types, with >90% cellular
metabolic activity. The cytotoxicity of palmitic acid was
measured by MTT assay (Fig. 1A and Fig. 3A). Palmitic
acid supplementation enhanced viral replication of all IAV
subtypes (Fig. 1B-E and Fig. 3B-C). Replication of all AV
subtypes increased significantly when the cells were treated
with palmitic acid (z-test, P < 0.05) at a concentration of
100 uM. The fatty acid treatment increased viral replication
in a dose-dependent manner. In MDCK cells, the increase
in viral titer due to supplementation with 100 uM palmitic
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Fig.1 The mean and standard deviation values for (A) the percent
cellular activity of MDCK cells as measured by MTT assay, the viral
titers of (B) seasonal HIN1 (12/06 HIN1), (C) pandemic 2009 HIN1
(TH104 pHIN1), (D) seasonal H3N2, and (E) PR8 HINI1, and (F) the
cellular lipid content in MDCK cells after an incubation for 24 hours

acid was 41%, 69%, 38% and 64% for HIN1, pHIN1, PR8
HIN1, and H3N2, respectively. In Detroit 562 cells, the
increase in viral titer due to supplementation with 100 uM
palmitic acid was 19.8% and 16.8% for pHIN1 and PRS8
HINI, respectively.

The effect of fatty acid import inhibitors on IAV
replication

Under normal cell culture conditions cells receive only a
small amount of lipid from FBS. We therefore investigated
the effect of fatty acid import inhibitors in cell culture
medium supplemented with fatty acids, which enhanced
TAV replication. Palmitic acid at 100 uM and fatty acid
import inhibitors at 150 uM for MDCK and 125 pM for

Palmitic acid concentrations (uM)

with various concentrations of palmitic acid. All experiments were
performed in triplicate. The p-values were determined by #-test. *,
P < 0.05 relative to the cell control (viral infection without palmitic
acid treatment). **, P < 0.05 relative to the cell control (MDCK cells
without palmitic acid treatment)

Detroit 562 were the highest concentrations in the mixture
of compounds that were well tolerated by both cell types,
with > 90% cellular metabolic activity. MDCK and Detroit
562 cells were infected with IAV and incubated for 24
hours with a mixture of 100 uM palmitic acid and fatty
acid import inhibitors (Fig. 2A-C and Fig. 4A). Cytotoxic-
ity was measured by MTT assay. The level of viral output
was reduced significantly by treatment with SSO in both
MDCK and Detroit 562 cells (¢-test, P < 0.05) (Fig. 2D
and Fig. 4B-C). Treatment with arylpiperazines slightly
reduced IAV replication in MDCK but this did not reach
statistical significance (#-test, P > 0.05) (Fig. 2E-F). How-
ever, SSO was unable to completely abolish the enhance-
ment of viral replication by palmitic acid.
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Fig.2 The percent cellular metabolic activity of MDCK cells as
measured by MTT assay at 24 hours after exposure to a mixture of
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arylpiperazine 5k, and (C) arylpiperazine 12a. The levels of IAV rep-
lication in cells at 24 hours after exposure to a mixture of 100 pM
palmitic acid and 150 uM (D) SSO, (E) arylpiperazine 5k and (F)
arylpiperazine 12a compared with 100 uM of palmitic acid treatment

The effect of palmitic acid and fatty acid import
inhibitors on cellular lipid levels

To confirm that palmitic acid and the fatty acid uptake
inhibitors affected cellular lipid content, we measured cel-
lular lipids in treated MDCK and Detroit 562 cells by the
sulfo-phospho-vanillin (SPV) method. Both cell types were
treated with palmitic acid and fatty acid import inhibitors at
the same concentration and duration as in the above experi-
ments on IAV infection. Palmitic acid at the same concentra-
tions that increased viral replication significantly increased
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alone and virus control without treatment were determined. (G) Cel-
lular lipid content of cells at 24 hours after exposed to a mixture of
100 uM palmitic acid and various concentrations of fatty-acid-import
inhibitors. All experiments were performed in triplicate. The p-values
were determined by r-test (p-value < 0.05). *, P < 0.05 relative to
treatment with 100 uM palmitic acid alone (without treatment with
the fatty-acid-import inhibitor)

lipid levels in MDCK and Detroit 562 cells (#-test, P < 0.05)
(Fig. 1F and Fig. 3D). The increase in cellular lipid content
by palmitic acid showed a dose response at a concentra-
tion of 100 uM that was similar to the dose response curve
for enhancement of viral replication. The lipid content in
each test was calculated based on a standard curve made
using soybean oil. The standard curve measured by the
SPV method had a correlation coefficient of 0.968 and a
regression equation of y = 0.0016x - 0.1345. Each point
in the regression represents the mean of three experiments
(Fig. 4). SSO at 150 pM and 125 pM significantly reduced
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of palmitic acid. All experiments were performed in triplicate. The
p-values were determined by r-test. *, P < 0.05 relative to the cell
control (viral infection without palmitic acid treatment). **, P < 0.05
relative to the cell control (Detroit 562 cells without palmitic acid
treatment)
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lication (B) and PR8 HINI1 replication (C). (D) Cellular lipid content
of cells at 24 hours after treatment with a mixture of 100 uM palmitic
acid and various concentrations of SSO. All experiments were per-
formed in triplicate. The p-values were evaluated by #-test (p < 0.05).
*, P < 0.05 relative to treatment with 100 uM palmitic acid alone
(without SSO treatment)
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Fig.5 The standard curve obtained by plotting lipid content of vari-
ous soybean oil concentrations (0-1200 pg/ml). The correlation coef-
ficient is 0.968, and the regression equation is y = 0.0016x - 0.1345.
Each point is the average of three experiments

Fig.6 CD36 and FATP1
expression in cell lines. (A)
Expression of mRNA CD36 in A
MDCK cells. (B) Expression

of mRNA FATPI1 in MDCK
cells. Expression of both genes
was analyzed by RT-PCR using
specific primers for the canine
CD36 and FATP1 genes. (C)
Protein expression of CD36

in the Detroit 562 cell line,
analyzed by western blot using
a specific antibody to the human
CD36 protein

CD36
100 bp MDCK

the cellular lipid content (¢-test, P < 0.05) of MDCK and
Detroit 562 cells, respectively (Fig. 2G and Fig. 5D), but
SSO treatment did not reduce the cellular lipid content to the
original level without palmitic acid supplementation.

Expression of CD36 and FATP1 in cell culture

To measure the expression of CD36 and FATP1 in MDCK
cells, we measured cellular mRNA expression of both genes
by RT-PCR using specific primers for the canine CD36 and
FATP1 genes. CD36 expression was detected in MDCK
cells as shown in Fig. 6A, but no expression of FATP1 was
observed in MDCK cells (Fig. 6B). The lack of expression
of FATP1 was consistent with the finding that the arylpipera-
zine FATP1 inhibitors did not reduce IAV replication in this
cell line. In Detroit 562 cells, CD36 expression was detected

B FATP-1
100 bp MDCK A549

RD

613 bp

C Detroit

CD36 H

GAPDH
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by western blot using a specific antibody against the human
CD36 protein, as shown in Fig. 6C.

Discussion

In this study, addition of palmitic acid significantly
increased the replication of all AV strains in both cell
lines. Supplementing infected cells with palmitic acid
might enhance viral replication by increasing lipid avail-
ability in the infected cells. The same palmitic acid con-
centration (100 uM) that significantly increased the cel-
lular lipid content also increased IAV replication. Previous
studies have demonstrated alterations in lipid metabolism
upon viral infection [1, 12]. Some viruses take control of
cellular metabolism by promoting synthesis of fatty acids
to enhance energy and facilitate the formation of the viral
lipid membrane [22, 24]. Lipids are an energy source that
is utilized during viral replication. Some viruses such as
hepatitis C virus can induce lipid metabolism at both the
transcriptional and post-transcriptional steps, which can
lead to increased lipid oxidation and ATP generation. Den-
gue virus infection can induce the process of autophagy,
which leads to degradation of lipid droplets. Lipids
released from these droplets are oxidized in mitochondria
to generate ATP [24, 34]. Moreover, several reports have
shown that fatty acids play a critical role in IAV replica-
tion. Bronchoalveolar lavage samples from IAV-infected
mice have been shown to contain increased levels of fatty
acids, including palmitic acid. Palmitic acid plays a role as
a component of the viral spike protein HA (haemaggluti-
nin) and the proton-channel protein M2 via palmitoylation,
which has been shown to affect the association of the virus
with membrane rafts, the entry of IAV into target cells by
HA-mediated membrane fusion, and the release of newly
assembled virions from infected cells [3, 4, 30, 37]. In
addition, inhibition of fatty acid biosynthesis by TOFA (an
inhibitor of acetyl-CoA carboxylase) and C75 (an inhibitor
of fatty acid synthase) has been shown to reduce IAV rep-
lication [26]. However, fatty acid synthesis mainly occurs
in liver and adipose cells [18], while the major targets of
human influenza A virus infection are ciliated epithelial
cells in the upper respiratory tract [15].

We hypothesized that it may be possible to decrease
viral replication by disrupting the action of the fatty-acid-
importing proteins CD36 and FATP1. This study was con-
ducted in both MDCK and Detroit 562 cells. MDCK cells
are the most commonly used cell line for IAV culture,
and Detroit 562 cells are human pharynx epithelial cells
originating from target area of human influenza A viruses
infection. Although we did not know whether the inhibi-
tors would work with the canine fatty acid transporters,

both target proteins (CD36 and FATP1) are highly con-
served in mammals. It has been reported previously, that
SSO inhibits CD36 in both humans and rats. This com-
pound inhibits oxidized low-density lipoprotein (oxLDL)
uptake by human macrophages (THP-1) by about 50%
[19] and modulates metabolism in diabetic heart tissue of
Wistar rats by reducing fatty acid uptake [23]. The amino
acid sequences of CD36 of humans and rats (Rattus nor-
vegicus) are 86.9% identical, while those of humans and
dogs (Canis lupus) are 83.2% identical. Between dogs and
rats, percent identity in amino acid sequence of CD36 is
87.4%. FATP1 is a very-long-chain acyl-CoA synthetase
that facilitates fatty acid uptake via esterification-coupled
influx [5, 11]. The arylpiperazines inhibit the acyl-CoA
synthetase activity of human and mouse FATP1 [25]. Pre-
viously, those compounds were tested by oral administra-
tion to mice, but a reduction in tissue triglyceride (TG)
accumulation was not observed [25]. The FATP1 amino
acid sequences, of humans and mice (Mus musculus) are
89.5% identical. The percent identity between human and
dog (Canis lupus) FATP1 is 92.7% and between dogs and
mice, the percent identity is 88.1%.

In this study, we demonstrate that SSO treatment at
150 uM (MDCK) and 125 uM (Detroit 562) significantly
reduces TAV replication and cellular lipid content. Our
results suggest a relationship between IAV replication and
cellular lipid content. Disruption of fatty acid uptake can
cause a reduction in cellular lipid content. Reducing cel-
lular lipid levels might have an effect on IAV replication.
The effect of the inhibitors on lipid uptake and IAV repli-
cation might depend on both the efficiency of the inhibitor
itself and the level of expression of the target proteins.

The target of SSO, CD36, is found on renal tubular
epithelial cells in mammals and plays an important role
in lipid metabolism [8, 14, 29, 39]. The inability of aryl-
piperazines to inhibit IAV replication and cellular lipid
synthesis might be due to the lack of FATP1 expression in
MDCK cells, since FATP1 is not the major FATP in renal
tubular epithelial cells [33].

Further studies are needed to examine the effect of
inhibitors on various cell lines with different levels of tar-
get proteins to further develop this approach into a new
therapeutic strategy. Although the ability of SSO to inhibit
TAV replication is limited and probably insufficient for its
use as an antiviral drug, our results showed that inhibi-
tion of fatty-acid-importing proteins can reduce cellular
lipid levels and viral replication, and that this approach
might therefore be a new therapeutic strategy that should
be explored further.
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