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ARTICLE INFO ABSTRACT

Andrographolide is a major bioactive constituent of Andrographis paniculata that has been shown in vitro to have
antiviral activity against a number of viruses, including the mosquito transmitted dengue virus (DENV).
However, how andrographolide exerts an anti-DENV effect remains unclear. This study therefore sought to
further understand the mechanism of action of andrographolide in inhibiting DENV infection of liver cells using
a proteomic based approach. Both 1 dimension (D) and 2D proteome systems were used. Initial data was gen-
erated through andrographolide treatment of HepG2 cells without DENV infection (1D analysis), while sub-
sequent data was generated through a combination of andrographolide treatment and DENV infection (2D
analysis). A total of 17 (1D) and 18 (2D) proteins were identified as differentially regulated. The analyses
identified proteins involved in chaperone activities, as well as energy production. In particular evidence sug-
gested an important role for GRP78 and the unfolded protein response in mediating the anti-DENV activity of
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andrographolide, which might, in part, explain the broad antiviral activity of andrographolide.

1. Introduction

Dengue virus (DENV) is an enveloped, positive sense single-stranded
RNA virus in the family Flaviviridae, genus Flavivirus, species Dengue
virus [1]. It is transmitted to humans by Aedes species mosquitoes
during a blood meal, and human infection can result in a range of
symptoms from an acute self-limiting febrile illness, to life-threatening
dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS)
[2]. While the tissue tropism of DENV infection remains poorly defined,
the involvement of the liver in the disease has been well established
(reviewed in [3]) and both mouse model systems [4] and human au-
topsy studies [5] support the involvement of the liver in DENV infec-
tion, with hepatocytes being identified as the primary cell type infected
and a site of DENV replication. The involvement of the liver is reflected
by increased levels of the liver enzymes ALT and AST in DENV infection
[6], suggestive of liver damage as a consequence of DENV infection.
Thus anti-dengue therapeutics targeted towards the liver may serve to
both diminish the total disease burden, as well as provide additional
hepatoprotection.

Andrographis (A.) paniculata (Burm. f.) Wall. ex Nees is a medicinal
plant commonly used in traditional medicine over much of Asia for

treatment of a number of conditions including fever, a common
symptom of DENV infection [7,8]. The bitter taste of all parts of the
plant is reflected in the common name of A. paniculata, namely the
“King of Bitters”. Extracts of A. paniculata have a variety of pharma-
cological properties, including anticancer, anti-inflammatory, im-
munomoduratory, anti-viral, hypoglycaemic, cardioprotective, and
hepatoprotective [7]. Phytochemical studies have shown that A. pani-
culata has a large number of flavonoids, stigmasterols, xanthones and
labdane diterpenoids. Of the latter compounds, andrographolide (3a,
14, 15, 18-tetrahydroxy-58, 98H, 10a-labda-8, 12-dien-16-oic acid vy-
lactone) was shown to be a major bioactive phytoconstituent of A.
paniculata [7].

Significant anti-viral activity of andrographolide has been shown for
a number of viruses including influenza A [9], dengue virus [10,11],
chikungunya virus [12], hepatitis B virus [13], hepatitis C virus [14],
herpes simplex virus [15,16] and human immunodeficiency virus
[17,18]. However, the mechanism by which andrographolide exerts its
anti-viral effect remains unclear. Andrographolide has been shown to
directly bind to host cell proteins such as actin and NF-xB [19] and may
thus exert its effect through these proteins as proposed elsewhere [10].
However, andrographolide has been shown to modulate a number of
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cellular processes including autophagy [13,20], mitochondrial function
[21], the unfolded protein response (UPR) pathway [22,23], and oxi-
dative stress [24]. Thus andrographolide may have broad effects within
the cell, with multiple pathways affected resulting in multiple antiviral
effects. To explore further the antiviral activity of andrographolide, the
anti-DENV activity of andrographolide was investigated using pro-
teomic approaches.

2. Materials and methods
2.1. Cells lines and viruses

The human liver cell line HepG2 (ATCC Cat No. HB-8065) was
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL,
Gaitherburg, MD) supplemented with 10% (v/v) heat inactivated fetal
bovine serum (FBS; Gibco BRL, Gaitherburg, MD) at 37 °C with 5% CO».
Dengue virus serotype 2 (DENV 2; strain 16,681) was propagated in the
Aedes albopictus derived cell line C6/36 (ATCC No. CRL-1660) as de-
scribed previously [25]. Virus supernatant was centrifuged at 1000xg to
remove cell debris, supplemented to a final concentration of 20% (v/v)
FBS and stored frozen at -80° C. Virus titer was determined by standard
plaque assay on LLC-MK, cells (ATCC No. CCL-7) essentially as de-
scribed previously [25].

2.2. Andrographolide

Andrographolide (365,645; Sigma-Aldrich, St. Louis, MO) was dis-
solved in 100% DMSO to a final stock concentration of 100 mM and
stored at -30° C. Compound was diluted to various concentrations using
complete DMEM supplemented with 10% FBS. The final concentration
of DMSO in media was less than 0.2%.

2.3. Andrographolide treatment of cells

HepGz2 cells were seeded into six well culture plates and grown until
the cells reached approximately 90% confluency. The cells were washed
with PBS and infected or mock infected with DENV 2 at a multiplicity of
infection (MOI) of 5 at 37°C for 2h in the absence of FBS. The cells
were washed with PBS and then incubated with andrographolide at
various concentrations (50, 100, and 200 uM) or incubated with a re-
levant DMSO control (no treatment control). Cells were incubated
under standard conditions until analyzed. Cytotoxicity of andro-
grapholide was determined using Alarmar Blue as previously described
[12].

2.4. Flow cytometry

Mock- or DENV 2 infected cells (with or without andrographolide
treatment as appropriate) were harvested at appropriate times and then
incubated with 10% normal goat serum (Gibco BRL, Gaithersburg, MD)
in PBS on ice for 30 min. The cells were washed with 1 ml of PBS fol-
lowed by fixing with 200 pl of 4% paraformaldehyde in PBS at room
temperature in the dark for 20 min. After washing twice with 1 ml of
1% BSA in PBS-IFA (0.5 M Na,HPO,, 0.5 M KH,PO,4, 1.5M NacCl,), the
cells were permeabilized with 200 pl of 0.2% Triton X-100 in PBS-IFA
for 10 min. Subsequently, the cells were washed twice with 1 ml of 1%
BSA in PBS-IFA followed by overnight incubation with 50 ul of a pan
specific mouse anti-dengue virus monoclonal antibody from hybridoma
HB114 [26] diluted 1:150 in 1% BSA/PBS-IFA at 4° C. After washing
twice with 1 ml of 1% BSA in PBS-IFA, the cells were incubated with
50 ul of a goat anti-mouse IgG antibody conjugated with fluorescein
isothiocyanate (FITC; 02-18-06; KPL, Guilford, UK) diluted 1:40 in 1%
BSA in PBS-IFA for 1 h at room temperature in the dark. The cells were
then washed twice with 1 ml of 1% BSA in PBS-IFA and resuspended in
200 pl of PBS-IFA. The fluorescence signal was analyzed by flow cyto-
metry on a BD FACalibur cytometer (Becton Dickinson, BD Biosciences,
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San Jose, CA) using CELLQuest™ software. All experiments were un-
dertaken independently in triplicate.

2.5. One-dimensional (1D)-gel electrophoresis and liquid
chromatography—tandem mass spectrometry (GelC-MS/MS)

Determination of protein concentration was performed by the
Bradford assay [27]. Protein samples were electrophoresed though 12%
SDS PAGE gels. Subsequently each sample lane was separated into 10
slices. Each slice of the gel was diced into cubes of approximately
1 mm?®, All gel pieces were subjected to in-gel tryptic digestion using an
in-house method modified from Shevchenko and colleagues [28], es-
sentially as described elsewhere [29]. Briefly, the gel plugs were de-
hydrated with 100% acetonitrile (ACN), reduced with 10 mM DTT in
10 mM ammonium bicarbonate at 56°C for 1h and alkylated at room
temperature for 1h in the dark in the presence of 100 mM iodoaceta-
mide in 10 mM ammonium bicarbonate. After alkylation, the gel pieces
were dehydrated with 100% ACN for 5 min. To perform in-gel digestion
of protein sample, 100 ng of trypsin (10ng/ul trypsin in 10 mM am-
monium bicarbonate) was added followed by incubation at room tem-
perature for 5min, and then 20 ul of 10 mM ammonium bicarbonate
was added to keep the gel pieces immersed throughout the digestion.
The gel pieces were incubated at 37°C for 3h. To extract digested
peptides, 30 pl of 50% ACN in 0.1% formic acid was added into the gels,
and then the gel pieces were incubated at room temperature for 10 min
with vigorous shaking. The extracted peptides were collected and
pooled together in a new tube. The pooled-extracted peptides were
dried at 40°C and kept at -80°C for further analysis. Finally, dried
samples were dissolved in 0.1% formic acid for subsequent mass
spectrometry analysis. MS/MS analysis of tryptic peptides was per-
formed using a SYNAPT HDMS mass spectrometer (Waters Corp.,
Manchester, UK). For all measurements, the mass spectrometer was
operated in the V-mode of analysis with a resolution of at least 10,000
full-width half-maximum. All analyses were performed using the posi-
tive nanoelectrospray ion mode. The time-of-flight analyzer of the mass
spectrometer was externally calibrated with [Glu'lfibrinopeptide B
from m/z 50 to 1600 with acquisition lock mass corrected using the
monoisotopic mass of the doubly charged precursor of [Glu'lfi-
brinopeptide B. The reference sprayer was switched at a frequency of
20s. Accurate mass LC-MS data were acquired with the data direct
acquisition mode. The energy of the trap was set at a collision energy of
6 V. In transfer collision energy control, low energy was set at 4 V. The
quadrupole mass analyzer was adjusted such that ions from m/z 300 to
1800 were efficiently transmitted. The MS/MS survey was over the
range 50 to 1990 Da and scan time was 0.5 s. For proteins quantitation,
DeCyder MS Differential Analysis software (DeCyderMS, GE Health-
care) was used.

2.6. Two-dimensional (2D)-gel electrophoresis and liquid chromatography-
mass spectrometry

Two-dimensional gel electrophoresis experiments were all per-
formed as three independent biological replicates. A total of 165 pug of
total proteins were premixed with a rehydration solution containing
7 M Urea, 2% CHAPS, 2% ampholytes (pH 3-10), 120 mM DTT, 40 mM
Tris-base and bromophenol blue and loaded onto an immobilized pH
gradient (IPG) strip (7 cm, nonlinear pH 3-10; GE Healthcare). The IPG
strips were incubated in an equilibration buffer containing 30% gly-
cerol, 20% sucrose, 2% SDS, 50 mM Tris —HCI (pH 8.8), 100 mM DTT,
and 0.002% bromophenol blue overnight. Isoelectric focusing was
performed wusing an [PGphor IEF system (GE Healthcare,
Buckinghamshire, UK) at 50 mA per strip at 20 °C using a continuous
increase in voltage (up to 5000V) to reach 12,100V h. The second
dimension electrophoresis was conducted on a vertical electrophoresis
system. The equilibrated IPG strips were placed onto the top of a 12.5%
SDS-PAGE gel and the samples were resolved with a constant voltage of
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100V for 2.5h.

Comparative analysis of protein spots was performed using Image
Master 2D Platinum software version 7.0 (GeneBio, Switzerland).
Candidate spots were only included if they were consistently detected
in all three replicate gels. Background subtraction was performed, and
the intensity volume of each spot was normalized with total intensity
volume (summation of the intensity volumes obtained from all spots
within the same 2D gel). After spot analysis, the protein spots with
significant changes in intensity volume (One way ANOVA; p < 0.05)
and with a ratio of normalized volume intensity, of more than 1.5-fold
different were excised with a sterile scalpel for subsequent in-gel di-
gestion and mass spectroscopic analysis.

2.7. MS data analysis

Acquired LC-MS raw data were converted and the PepDetect
module was used for automated peptide detection, charge state as-
signments, and quantitation based on the peptide ions signal intensities
in MS mode. The MS/MS data from DeCyderMS were submitted to a
database search using the Mascot software (Matrix Science, London,
UK). The data was searched against the NCBI database for protein
identification. Database was; taxonomy (Homo sapiens); enzyme
(trypsin); fix modification (carbamidomethylation of cysteine); variable
modifications (oxidation of methionine residues, deamidated NQ,
acetyl N-term); mass values (monoisotopic); protein mass (unrest-
ricted); peptide mass tolerance (1.2Da); fragment mass tolerance
( = 0.6 Da), peptide charge state (1+, 2+ and 3+) and max missed
cleavages.

Functional analysis of identified proteins was undertaken using
PANTHER version 12.0 [30], the DAVID Bioinformatics Resource 6.8
[31,32], and STRING 10.5 (Search Tool for the Retrieval of Interacting
Genes/Proteins) 10.5 [33].

2.8. Western blot analysis

HepG2 cells after appropriate treatment or control treatment were
packed by centrifugation at 1600 rpm for 5 min then washed with 1 ml
of 1x PBS. Cells were centrifuged again at 1600 rpm for 5 min and cell
pellets were lysed in 250 ul of RIPA buffer. The cell suspensions were
chilled on ice for 5min and mixed again by vortexing. Physical dis-
ruption of cell suspensions was performed by sonication for 7 min fol-
lowed by incubation on ice. The suspensions were mixed and sonicated
twice more until clear lysate solution was obtained. Suspensions were
centrifuged at 13,000 rpm for 15min at 4 °C before the protein con-
centration was determined by the Bradford assay [27]. Proteins were
separated by electrophoresis though 12% SDS-polyacrylamide gels and
transferred to solid matrix support. Filters were probed with antibodies
directed against heat shock protein 90 (HSP90), heat shock protein 70
(HSP70), glucose regulated protein 78 (GRP78), eukaryotic initiation
factor 2 alpha subunit (eIF2a), phospho-elF2a, prohibitin, voltage-de-
pendent anion-selective channel (VDAC), protein disulfide isomerase
family A member 6 (PDIA6), Solute carrier family 2, facilitated glucose
transporter member 1 (SLC2A1), heat shock cognate 71 kDa protein 8
(HSPAS8), NF-kB (p50 subunit), phospho-(pS773)-NF-kB (p50 subunit),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), heat shock pro-
tein 60 (HSP60), PERK, phospho-PERK, LC3 and viral proteins (DENV
E, NS1 and NS5) using specific antibodies followed by a suitable dilu-
tion of a suitable HRP conjugated secondary antibody (see Supple-
mentary Table 1). Signals were developed using the Clarity western ECL
substrate (Bio-Rad, Hercules, CA). All experiments were undertaken as
three independent biological replicates, and the band intensity of the
signals was determined using Quantity One 1D analysis software (Bio-
Rad, Hercules, CA).
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2.9. Total RNA extraction and qRT-PCR

Total RNA was isolated with TRIzol reagent (Life Technologies Inc.,
Carlsbad, CA) according to the manufacturer’s procedure. RNA con-
centration was measured by a Nanodrop-2000 (Thermo Fisher
Scientific Inc., Wilmington, DE), and sample purity was verified by
using the absorbance ratio at OD 260/280 which for all samples was in
the range of 1.8-2.0. Genomic DNA was removed by DNase I (Life
Technologies Inc.) treatment and re-extraction of the treated RNA with
TRIzol reagent. The extracted RNA was used as a template for cDNA
synthesis using RevertAid Reverse Transcriptase (Thermo Fisher
Scientific Inc., Waltham, MA). The reverse transcription PCR was un-
dertaken using a VeritiTM Thermo Cycler (Applied Biosystems, Foster
City, CA) and the reaction contained 1 pg total RNA, 1uM random
hexamers, 1X reaction buffer and 200 U RevertAid Reverse
Transcriptase. Gene expression levels were determined by qPCR and the
reaction contained 5ng cDNA, 1X KAPA SYBR FastMaster Mix (Kapa
Biosystems, Inc., Wilmington, MA) and 300 nM of each specific primer
as described in Supplementary Table 2. These reactions were carried
out using a Mastercycler realplex (Eppendorf AG, Hauppauge, NY) with
an initial denaturation at 95 °C for 3 min and then denaturation at 95 °C
for 10 s, annealing at 60 °C for 30 s and extension at 72 °C for 20 s for 40
cycles. Expression of GAPDH, GRP78, HSP60 and actin were assessed at
12, 24, 36 h. The expression of RNA was normalized against actin and
the RNA expression level was calculated by using the 2-AACT method
(AACT = ACTtreat - ACTcontrol, ACT = Ct gene - Ct actin).

2.10. Statistical analysis

All data were analyzed using the GraphPad Prism program
(GrapPad Software Inc., San Diego, CA). Statistical analysis of sig-
nificance was undertaken by One-Way ANOVA on raw data reads using
SPSS (SPSS Inc., Chicago, IL). Real time PCR data was evaluated by
independent sample t-tests. Data was considered as statistically sig-
nificant at a p-value of less than 0.05.

3. Results
3.1. GeLC-MS/MS analysis of HepG2 cells treated with andrographolide

To attempt to understand how andrographolide exerts its anti-viral
effect, gel-enhanced liquid chromatography coupled with tandem mass
spectrometry (GeLC-MS/MS) was utilized. HepG2 cells were therefore
treated with 100 pM andrographolide or with vehicle (DMSO) in three
independent replicates and at 24 h post treatment cells were harvested,
and total proteins prepared, pooled and subjected to separation by SDS-
PAGE electrophoresis. Sample lanes were divided into ten slices and
proteins were subjected to in-gel tryptic digestion followed by tandem
mass spectrometry. More than 1500 peptides were detected and ana-
lyzed, of which six hundred and fifty eight peptides were differentially
present with a p-value of < 0.05. There was no the obvious difference
of expression between andrographolide treated HepG2 cells and con-
trol. The ratio of expression range from 0.84 to 1.37 and the changes
existed between * 0.03 and + 0.37. Final protein identification was
based on the presence of at least 2 peptides per protein, and using this
criterion a total of 17 differentially expressed proteins were identified
from the Homo sapiens database (Table 1).

3.2. Ontological analysis of proteins differentially expressed after
andrographolide treatment of HepG2 cells

Ontological analysis using the DAVID Bioinformatics resource
[31,32] generated 5 annotation clusters with enrichment scores ranging
from 3.52 to 1.04. Cluster 1 contained terms related to protein post-
translational modification (e.g. ubiquitin-like modifier proteins, me-
thylation, isopeptide bond), while cluster 2 contained terms related to
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Table 1
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Differentially expressed proteins identified after andrographolide treatment of HepG2 cells.

No. Protein name Uniprot Accession Score No. of peptides/ Representative Intensity
expression
100 uM ANDRO  0.1% DMSO  Fold change
(ANDRO/
0.1%DMSO)
1 histone H4 P62805 50.54 3/down 9.88 11.76 0.84
2 40S ribosomal protein S25 P62851 34.16 2/ND - - -
3 enhancer of rudimentary homolog P84090 34.51 2/down 5.60 6.27 0.89
4 nucleoside diphosphate kinase A isoform a P15531 53.49 3/ND - - -
5 heat shock cognate 71 kDa protein P11142 59.3 3/up 9.92 7.22 1.37
6 dehydrogenase/reductase SDR family member 2, mitochondrial isoform 2 Q13268 31.54 4/up 8.44 7.60 1.11
7 heat shock 70 kDa protein 1 A PODMV38 55.39 6/up 9.79 0.00 ND
8 L-lactate dehydrogenase A chain isoform 4 P00338 39.95 3/ND - - -
9 glyceraldehyde-3-phosphate dehydrogenase isoform 1 P04406 49.86 3/down 10.45 10.67 0.97
10  protein disulfide-isomerase A6 isoform b Q15084 77.28 2/up 8.23 6.13 1.34
11  keratin, type II cytoskeletal 8 isoform 2 P05787 62.76  3/up 10.02 8.53 1.17
12 glucose transporter glycoprotein P11166 57.45 2/up 8.81 6.59 1.34
13 beta-tubulin P07437 33.16 3/down 9.23 9.93 0.93
14  UDP-glucose 6-dehydrogenase isoform 2 060701 70.98 2/down 10.32 11.10 0.93
15  heat shock protein 90 kDa beta (Grp94) P14625 60.46 4/up 10.16 9.69 1.05
16  78kDa glucose-regulated protein precursor P11021 36.21 3/down 9.25 10.32 0.88
17  heat shock protein 60 P10809 76.41  7/up 12.88 11.80 1.09
Table 2
List of 18 proteins identified as differentially expressed in 2D analysis of HepG2 cells infected and/or treated with andrographolide or vehicle.
Spot No. Protein name Uniprot Accession score  %COV Intensity p
Mock Infection Infection
DMSO ANDRO  Ratio DMSO ANDRO  Ratio
7 Dehydrogenase/reductase SDR family member 2, Q13268 42 16 3756.33  8946.00 2.38 11258.3 9231.67 0.82 0.0035
mitochondrial
50 Chloride intracellular channel protein 1 000299 201 33 11541.30 13980.00 1.21 5968.33 8944.00 1.50 0.00034
85 Voltage-dependent anion-selective channel protein 2  P45880 62 8 6104.33  4455.67 0.73 5918.00 6233.00 1.05 0.017
91 Glyceraldehyde-3-phosphate dehydrogenase P04406 115 20 14629.00 28869.30 1.97 10368.70 0.00  0.00019
92 Aldo-keto reductase family 1 member C1 Q04828 89 12 15348.30 30062.70 1.96 9063.33 22704.00 2.51 9.78E-07
107 Fructose-bisphosphate aldolase A P04075 303 32 12019.00 18446.00 1.53 20210.70 27672.30 1.37 0.0073
112 268 proteasome non-ATPase regulatory subunit 13 Q9UNM6 34 5 7344.33  6214.67 0.85 2365.00 1267.00 0.54 0.0063
133 Isocitrate dehydrogenase [NADP] cytoplasmic 075874 113 15 5896.33  2547.67 0.43 2828.33 0.00 0.00 0.00025
136 Alpha-enolase P06733 49 8 5061.33  4392.33 0.87 5356.00 0.00 0.00  0.0020
145 Citrate synthase, mitochondrial 075390 29 4 17830.70 12487.70 0.70 13179.00 10747.00 0.82 0.050
170 Glutamate dehydrogenase 1, mitochondrial P00367 115 9 23681.00 18115.00 0.76 24087.00 17859.70 0.74 0.0063
179 D-3-phosphoglycerate dehydrogenase 043175 7.3 6 14011.00 11264.30 0.80 13186.70 9617.00 0.73 0.038
221 ATP synthase subunit beta, mitochondrial P25705 284 22 8557.67 7606.00 0.89 5581.67 1598.67 0.29 0.029
224 60 kDa heat shock protein, mitochondrial P10809 79 3 11581.30 9380.67 0.81 6670.67 5473.00 0.82 0.037
329 Serotransferrin P02787 114 10 11214.30 6335.67 0.56 10529.00 6853.00 0.65 0.031
357 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, P31040 52 1 6095.33  4065.67 0.67 5526.00 3083.00 0.56 0.028
mitochondrial
418 78 kDa glucose-regulated protein P11021 691 30 43903.00 42407.00 0.97 43772.00 40403.00 0.92 0.0098
458 Far upstream element-binding protein 1 Q96AE4 141 11 2703.00 5171.00 191 4633.00 3987.67 0.86 0.039

chaperone like activities (unfolded protein binding, chaperone, stress
response). The other clusters were related to the endoplasmic reticulum
(cluster 3), oxidation-reduction processes (cluster 4) and assorted pro-
cesses (identical protein binding, biosynthesis of antibiotics and meta-
bolic pathways; cluster 5). The full list of terms and enrichment factors
is given in Supplemental File 1. It is interesting that 5 of the proteins
(heat-shock cognate 71kDa protein, heat shock 70kDa protein 1A
variant, heat shock protein 90kDa beta (GRP94), 78 kDa glucose-
regulated protein precursor (GRP78) and heat shock protein 60) are
chaperone or chaperonin proteins associated with protein folding.
STRING analysis [33] identified 16 biological process pathways (Sup-
plemental File 2) including response to unfolded protein (5 proteins;
false discovery rate 0.00109), response to stress (10 proteins; false
discovery rate 0.032) and response to chemical (10 proteins; false dis-
covery rate 0.0475), Fig. 1. The overall protein-protein interaction
(PPI) enrichment p-value was 3.27 x 10~ 1%, indicating a degree of
functional biological connectedness of the identified proteins.

3.3. Validation of GelC-MS/MS protein expression results

Based on the results of the GelC-MS/MS, four proteins (HSPAS,
PDIAG6, SLC2A1 and GRP78) were selected for validation, together with
investigation of another six proteins (Prohibitin, VDAC, HSP70, HSP90,
elF2a, NF-kB) that were selected based upon candidate protein criteria.
To validate the involvement of these proteins as part of the response to
andrographolide treatment, HepG2 cells were either not treated or
treated with 100 or 200 uM andrographolide for 24 h, after which
proteins were prepared and separated by SDS-PAGE. After transfer to
solid matrix support the expression levels of prohibitin, HSP70, PDIA6,
HSPAS8, HSP90, SLC2A1, VDAC and GRP78, together with the degree of
phosphorylation of elF2a and NF-kB p50 (pS337) were determined by
western blotting. Membranes were additionally probed with an anti-
body against actin as an internal control. Experiment was undertaken as
three independent biological replicates.

Results (Fig. 2) showed a significant increase in the expression of
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HIST1H4H

HSP70 and PDIA6 in response to andrographolide treatment (consistent
with the results of the GeLC-MS/MS), as well as a significant reduction
in expression of HSP90, SLC2A1 and VDAC. Phosphorylation of elF2a
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was significantly increased by treatment with 200 uM andrographolide,
and while NF-kB showed a dose dependent reduction in phosphoryla-

tion in response to andrographolide, it did not reach statistical sig-

nificance.

Increased phosphorylation of elF2a is mediated by the ER resident
protein kinase RNA-like endoplasmic reticulum kinase (PERK). Under
conditions of ER stress, the unfolded protein response (UPR) is acti-
vated leading to oligomerization and autophosphorylation of PERK
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Fig. 1. STRING analysis of 17 proteins altered
in response to andrographolide. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

A total of 17 proteins identified as differen-
tially expressed in response to andrographolide
were submitted to the STRING database for
analysis. Proteins identified as part of the re-
sponse to unfolded protein are shown in red,
while proteins identified as part of the re-
sponse to stress are shown in blue. Proteins
involved in both processes are shown as dual
coloured.

amongst other events [34]. We therefore assessed the phosphorylation
status of PERK and observed a significant increase in PERK phosphor-
ylation in response to andrographolide treatment (Fig. 3).

3.4. Effects of andrographolide on DENV 2 infection

We have previously shown that andrographolide treatment can
significantly reduce DENV infection, and moreover we have established
that andrographolide only has activity at a post-infection stage [10],
which was also seen with the antiviral activity against chikungunya
To further understand the mechanism of action of
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Fig. 2. Effect of andrographolide treatment on HepG2 cells.
(A) HepG2 cells were treated with 100 or 200 uM of andrographolide (ANDRO) or with vehicle for 24 h and proteins prepared and subjected to western blot analysis
to detect the expression of prohibitin, e[F2a, phospho-elF2a, HSP70, PDIA6, HSPA8, HSP90, SLC2A1, VDAC, GRP78, NF-kB p50 and phospho-NF-kB p50. Experiment
was undertaken independently in triplicate and representative blots are shown. (B) Protein band intensities from (A) were quantitated using Quantity One and the
expression all proteins was normalized to actin. Error bars represent S.E.M. (**; p value < 0.05).
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Fig. 4. Effect of andrographolide on DENV 2 infection of HepG2 cells.

HepG2 cells were infected or mock infected with DENV 2 followed by incubation with 50 or 100 uM andrographolide (ANDRO) or with vehicle under standard
conditions for 24 h. The level of infection was determined by (A) flow cytometry. Experiment was undertaken independently in triplicate. Black bars DENV 2
infection only, grey bars, DENV 2 infection and treatment with vehicle, white bars DENV 2 infection and treatment with andrographolide. (B) Viral protein expression
in the supernatant was determined by western blotting, and viral production was determined by standard plaque assay. Experiments were performed independently
in triplicate, with duplicate plaque assay. Error bars represent S.E.M. (**; p value < 0.05)

andrographolide, a further proteomic analysis was undertaken. We in-
itially confirmed the ability of andrographolide to reduce both the
percentage of cells infected, as well as the virus output and to reduce
structural protein production. HepG2 cells were therefore mock in-
fected or infected with DENV 2 and subsequently treated with either
vehicle alone or andrographolide at concentrations of 50 and 100 pM.
At 24 h.p.i cells were analyzed by flow cytometry while the supernatant
was analyzed by standard plaque assay and western blotting to detect
DENV 2 E protein. Results (Fig. 4) showed significant reductions in the
percentage of cells infected at both concentrations of andrographolide.
Similarly, viral titer was significantly reduced and a clear reduction in E
protein in the supernatant was observed by treatment at both con-
centrations (Fig. 4). Although as previously established andro-
grapholide shows no cytotoxicity in HepG2 cells at concentrations up to
100 uM [10,12], the lower concentration (50 pM) was selected to un-
dertake further proteomic analysis. To further justify this level of
treatment with andrographolide, we determined the CCs, value of an-
drographolide in HepG2 cells to be 828.426uM, and additionally we
note some cytotoxicity occurring at and above 200uM (Supplemental

Fig. 1).

3.5. 2D-gel analysis of effects of andrographolide on DENV 2 infection

To determine the effects of andrographolide in DENV infection, four
experimental conditions were established, namely HepG2 cells treated
with vehicle alone, HepG2 cells treated with 50 uM andrographolide
alone, HepG2 cells infected with DENV 2 and treated with vehicle and
HepG2 cells infected with DENV 2 and treated with 50 uM andro-
grapholide. Experiment was undertaken as three independent biolo-
gical replicates. The cells were collected at 24 h.p.i, and proteins pre-
pared. Prior to proteomic analysis, aliquots of the supernatant taken at
O0h (immediately post infection) and 24 h.p.i. were analyzed by stan-
dard plaque assay to confirm both that infection was successful and to
verify the anti-DENV effect of andrographolide in this experiment.
Results (Supplemental Fig. 2) showed a significant reduction in virus
titer in response to andrographolide treatment as expected. Proteins
from the four experimental conditions were therefore subjected to 2D-
gel separation and gels were subsequently stained with Commassie
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G250 (Fig. 5). The spots were analyzed and a total of 19 differentially
expressed spots were identified. Differentially expressed spots were
removed from the gel, and subjected to in-gel tryptic digestion and
identification by mass spectrometry. A total of 18 proteins were iden-
tified (Table 2).

3.6. Ontological analysis of differentially expressed proteins from 2D-gel
analysis

Ontological analysis using the DAVID bioinformatics resource
[31,32] generated 9 functional annotation clusters, with enrichment
scores ranging from of 6.11 to 1.49. Cluster 1 (enrichment score 6.11)
contained terms relating to carbon metabolism, biosynthesis and me-
tabolic pathways, while cluster 2 (enrichment score 4.53) contained
terms related to oxidation-reduction processes. Other clusters contained
terms related to the tricarboxylic acid cycle, glycolysis and mitochon-
dria. The full list of terms and enrichment scores for all clusters can be
found in Supplemental File 3.

STRING analysis [33] identified 19 biological process pathways
(Supplemental File 4) including oxidation-reduction process (10 pro-
teins; false discovery rate 1.36e~°°), generation of precursor metabo-
lites and energy (7 proteins; false discovery rate 9.93e~ %) and tri-
carboxylic acid metabolic process (4 proteins; false discovery rate
9.93¢ %), see Fig. 6. The overall protein-protein interaction (PPI) en-
richment p-value was 6.37¢ '3, indicating a high degree of functional
biological connectedness of the identified proteins. Overall, both
DAVID and STRING largely identified proteins involved in energy me-
tabolism (glycolysis, oxidation-reduction) and that are associated with
mitochondria.

3.7. Validation of differentially expressed proteins from 2D- gel analysis

To confirm the 2D-gel analysis results, the same four experimental

conditions were established, namely HepG2 cells treated with vehicle
alone, HepG2 cells treated with 50 uM andrographolide alone, HepG2
cells infected with DENV 2 and treated with vehicle and HepG2 cells
infected with DENV 2 and treated with 50 pM andrographolide.
Experiment was undertaken as three independent biological replicates.
At 24 h.p.i. cells were harvested and proteins extracted and transferred
to solid matrix support before western blot analysis to determine ex-
pression of 7 proteins, namely DENV E, NS1 and NS5 proteins, as well
as three proteins identified as differentially expressed in the proteomic
analysis, namely GAPDH, GRP78, HSP60 in addition to actin as a
control. Results (Fig. 7) showed that expression of the DENV structural
and non-structural proteins was significantly reduced by andro-
grapholide treatment in confirmation of our previous observations [10].
Expression of GAPDH and GRP78 was similarly down-regulated by
andrographolide treatment of DENV infected cells. Markedly, treatment
with andrographolide alone did not reduce the expression of these
proteins. HSP60, which was identified as down-regulated by andro-
grapholide treatment showed no significant change in expression.

3.8. Gene expression analysis

To determine further if the effects of andrographolide were occur-
ring at the transcriptional level, the expression of GAPDH, GRP78 and
HSP60 was examined by quantitative RT-PCR. The four conditions used
in the proteomic analysis (HepG2 cells treated with vehicle alone,
HepG2 cells treated with 50 uM andrographolide alone, HepG2 cells
infected with DENV 2 and treated with vehicle and HepG2 cells infected
with DENV 2 and treated with 50 uM andrographolide) were again
repeated and RNA from infected cells analyzed at 12, 24 and 36 h post
infection. Results (Fig. 8) showed that there was some regulation of
expression of all three genes. Treatment of cells with andrographolide
(as compared to vehicle treated cells) showed early up-regulation of
HSP60 at 12 and 24 h, but no difference at 36 h. GAPDH was initially
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upregulated at 12h post treatment, but was significantly down regu-
lated at 24 h, and expression was unaffected at 36 h post treatment.
GRP78 was not altered in expression at 12h, but showed significant
down-regulation at 24 and 36h (Fig. 8). GRP78 was increased in
dengue infected/andrographolide treated cells at 12 h, but significantly
down-regulated at 24 and 36 h. GAPDH was only significantly altered at
24 h post treatment, when DENV infected/andrographolide treated cells
showed increased expression as compared to dengue infected cells only.

3.9. Analysis of autophagy induction

It has been established that DENV infection results in the activation

A B
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Fig. 6. STRING analysis of 18 proteins altered
in response to DENV 2 infection and/or treat-
ment with andrographolide or vehicle. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

A total of 18 proteins identified as differen-
tially expressed in response to DENV 2 infec-
tion and/or treatment with andrographolide or
vehicle were submitted to the STRING data-
base for analysis. Proteins identified as part of
cLIC1 th::i oxidation-reduction process are shown in
\ red.
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of autophagy [35,36], and similarly, andrographolide has been shown
to induce autophagy [20,37,38]. To investigate the induction of au-
tophagy, HepG2 cells were either mock infected, treated with vehicle
(0.01% DMSO), treated with 100 uM andrographolide alone, infected
with DENV 2, infected with DENV 2 in the presence of vehicle or in-
fected with DENV 2 and treated with 100 uM andrographolide. At 24 h
post treatment/infection cells were collected and proteins analyzed by
western blot for the presence of the lipidated form of LC3 (LC3-II).
Results (Fig. 9) showed the induction of autophagy in response to DENV
infection consistent with previous studies [35,36], but treatment with
andrographolide showed a very much larger increase in the presence of
LC3-II as compared to cells infected with DENV alone.
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Fig. 7. Effect of andrographolide on protein expression in DENV 2 infected HepG2 cells.

HepG2 cells treated with vehicle alone (DMSO) or with 50 uM andrographolide alone (ANDRO) or DENV 2 infected and treated with vehicle (DENV2 + DMSO) or
with 50 pM andrographolide (DENV2 + ANDRO) and after 24 h proteins were (A) prepared and subjected to western blot analysis to detect the expression of GAPDH,
GRP78, HSP60 and viral proteins (DENV E, NS1 and NS5). The experiment was undertaken independently in triplicate and representative blots are shown. (B) Protein
band intensities were quantitated using Quantity One and the expression all proteins was normalized to actin. Error bars represent S.E.M. (**; p value < 0.05)
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Fig. 8. Effect of andrographolide on gene expression in DENV 2 infected HepG2 cells.

HepG2 cells treated with vehicle alone (DMSO) or with 50 uM andrographolide alone (ANDRO) or DENV 2 infected and treated with vehicle (DENV2 + DMSO) or
with 50 uM andrographolide (DENV2 + ANDRO) and after 12, 24 and 36 h total RNA was prepared and expression levels of GAPDH, GRP78, HSP60 and actin were
determined by real time quantitative PCR. Expression of GAPDH, GRP78, HSP60 was normalized against actin. Error bars represent + SD (**; p value < 0.05).
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Fig. 9. Effect of andrographolide treatment on LC3 expression.

HepG2 cells were not treated (Mock) treated with vehicle alone (0.01% DMSO)
or with 100 uM andrographolide alone (100 uM ANDRO) or DENV 2 infected
alone (DENV2), or DENV2 infected and treated with vehicle (DENV2 + 0.1%
DMSO) or with 100 pM andrographolide (DENV2 + 100 uyM ANDRO) and after
24 h proteins were prepared and subjected to western blot analysis to detect the
expression of LC3 and actin. The antibody used recognises both the unlipidated
(LC3-1) and lipidated (LC3-II) forms of LC3.

4. Discussion

Andrographolide is a labdene diterpenoid that has been shown to
have activity against a wide range of viruses including positive sense
single stranded RNA viruses such as hepatitis C virus [14], dengue virus
[10,11] and chikungunya virus [12], negative-sense single-stranded
segmented RNA viruses such as influenza A virus [9], double stranded
DNA viruses such as hepatitis B virus [13] and herpes simplex virus
[15,16], as well as the single-stranded, positive-sense retrovirus human
immunodeficiency virus [17,18]. The wide variety of viruses whose
replication is affected by andrographolide suggests that the anti-viral
activity of andrographolide is generated by effects upon the host cell,
rather than through effects on the virus per se.

Andrographolide has been shown to exert effects upon a number of
cellular pathways including autophagy [13,20], mitochondrial function
[21], the unfolded protein response (UPR) pathway [22,23], and oxi-
dative stress [24] and affecting any of these processes could easily
impact upon viral replication, and impacting upon several processes at
the same time could have profound anti-viral effects. Andrographolide
has been proposed to exert its activity through covalent linkage with
target compounds [39], and a number of directly targeted proteins have
been identified including actin [19] and the p50 subunit of NF-kB
[19,40]. In our study expression of NF-kB was reduced in a dose de-
pendent manner after treatment with andrographolide, albeit not sig-
nificantly. NF-xB is activated during DENV infection where it promotes
cytokine production [41] and cell death [42], but it is unclear whether
inhibition of this protein would have direct antiviral effects.

Previous proteomic studies have focused on either finding direct
protein targets of andrographolide [19,40], or on investigating the
broad effects of andrographolide on protein expression [20,21] as un-
dertaken here in the GeLC-MS/MS portion of the study, and both types
of studies have noted significant cell type specific effects [40,43].
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In a study investigating the effects of andrographolide, Cheung and
colleagues identified 65 proteins as differentially regulated in response
to andrographolide treatment in both Hela and HepG2 cells [43]. The
most significantly up-regulated protein was heme oxygenase 1, and
studies have shown that heme oxygenase 1 has potent anti-dengue virus
activity [11]. Similarly, Yi and colleagues have also proposed that an-
drographolide up-regulates heme oxygenase I [24], however, in our
study, heme oxygenase 1 was not shown to be up-regulated by treat-
ment of andrographolide, again suggesting that cell type specificity
mediates the action of andrographolide.

The proteins identified in our study by treatment of andro-
grapholide alone were predominantly associated with the response to
stress, and a number of chaperone proteins were observed to be dif-
ferentially regulated. In particular, while GRP78 was initially identified
as differentially regulated by andrographolide treatment, it did not
validate in the subsequent western blot analysis. However, GRP78 was
also detected as differentially expressed in the 2D gel analysis, where it
was significantly down-regulated in dengue-infected, andrographolide
treated cells. Previous studies have shown that GRP78 is up-regulated
in response to DENV infection [44-46], and while we saw no up-reg-
ulation in DENV infected cells in this study, our previous studies have
shown that up-regulation is observable from day 2 post-infection [44],
a later time point than examined in this study. Importantly, studies
have shown that GRP78 facilitates DENV replication [46], and as such
down-regulation of this protein will detrimentally affect DENV re-
plication.

In addition to functioning as a chaperone that assists in protein
folding in the ER, GRP78 is a critical mediator of the unfolded protein
response [34], and DENV manipulates this machinery to benefit its viral
production [47]. While it is possible that andrographolide interacts
directly with GRP78, gene expression analysis showed significant al-
teration of gene expression of GRP78. While there was an early up-
regulation of GRP78 expression, by 24 h.p.i. expression of GRP78 was
significantly decreased in andrographolide treated infected cells as
compared to andrographolide treated cells. While this broadly corre-
lates with the protein profile, it suggests that andrographolide may
impact upon a process that mediates GRP78 gene expression.

As noted above, GRP78 acts as a critical mediator of the unfolded
protein response where it governs the activity of three UPR sensor
molecules, namely IRE1, ATF6 and PERK. Under conditions of ER
stress, GRP78 releases these three molecules, leading to their activation
and induction of down-stream processes such as up-regulation of cha-
perone molecules, including GRP78 itself, up-regulation of ERAD genes
and down-regulation of protein translation [34]. In particular, activa-
tion of PERK leads to phosphorylation of el[F2a which represses protein
translation [48]. Interestingly, a significant increase in eiF2a phos-
phorylation was seen in response to andrographolide treatment of cells,
and increased PERK phosphorylation was also demonstrated.

In addition to the effects on GRP78 and the unfolded protein re-
sponse, dysregulation of proteins involved in glycolysis, the tri-
carboxylic acid cycle and oxidative phosphorylation were also
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observed. Andrographolide was shown to reduce GAPDH protein ex-
pression significantly in andrographolide treated, infected cells which
would tend to reduce glycolosis in the cell, with a concomitant effect on
energy production which would impact upon DENV replication. Several
studies have shown that autophagy is induced as a consequence of
DENV infection [35,36]. We confirmed here an increase in the lipidated
form of LC3, a marker of autophagy [49]. Similarly, studies have shown
that andrographolide induces autophagy [20,37,38]. While the induc-
tion of autophagy by DENV has been shown to facilitate DENV re-
plication [35,36] it is possible that the markedly higher levels of lipi-
dated LC3 seen here are consistent with a much higher level of
autophagy induction, which is possibly anti-DENV replication.

5. Conclusion

Combined, our results suggest that andrographolide impacts upon
several processes that would tend to diminish DENV replication. In our
previous work, we showed that andrographolide treatment resulted in a
complete loss of DENV protein expression for both chikungunya virus
and dengue virus [10,12]. This would suggest that the increased
phosphorylation of e[F2a occurring in response to andrographolide is a
major determinant of the anti-DENV activity of andrographolide, and
that this occurs as a consequence of the effects (directly or otherwise) of
andrographolide on the critical regulator of the unfolded protein re-
sponse, GRP78.
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