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ABSTRACT

Chikungunya virus (CHIKV) has infected millions of people in the tropical and subtropical regions since its reemergence in the
last decade. We recently identified the nontoxic plant alkaloid berberine as an antiviral substance against CHIKYV in a high-
throughput screen. Here, we show that berberine is effective in multiple cell types against a variety of CHIKV strains, also at a
high multiplicity of infection, consolidating the potential of berberine as an antiviral drug. We excluded any effect of this com-
pound on virus entry or on the activity of the viral replicase. A human phosphokinase array revealed that CHIKV infection spe-
cifically activated the major mitogen-activated protein kinase (MAPK) signaling pathways extracellular signal-related kinase
(ERK), p38 and c-Jun NH,-terminal kinase (JNK). Upon treatment with berberine, this virus-induced MAPK activation was
markedly reduced. Subsequent analyses with specific inhibitors of these kinases indicated that the ERK and JNK signaling cas-
cades are important for the generation of progeny virions. In contrast to specific MAPK inhibitors, berberine lowered virus-in-
duced activation of all major MAPK pathways and resulted in a stronger reduction in viral titers. Further, we assessed the in vivo
efficacy of berberine in a mouse model and measured a significant reduction of CHIKV-induced inflammatory disease. In sum-
mary, we demonstrate the efficacy of berberine as a drug against CHIKV and highlight the importance of the MAPK signaling
pathways in the alphavirus infectious cycle.

IMPORTANCE

Chikungunya virus (CHIKV) is a mosquito-borne virus that causes severe and persistent muscle and joint pain and has recently
spread to the Americas. No licensed drug exists to counter this virus. In this study, we report that the alkaloid berberine is antivi-
ral against different CHIKV strains and in multiple human cell lines. We demonstrate that berberine collectively reduced the
virus-induced activation of cellular mitogen-activated protein kinase signaling. The relevance of these signaling cascades in the
viral life cycle was emphasized by specific inhibitors of these kinase pathways, which decreased the production of progeny viri-
ons. Berberine significantly reduced CHIKV-induced inflammatory disease in a mouse model, demonstrating efficacy of the
drug in vivo. Overall, this work makes a strong case for pursuing berberine as a potential anti-CHIKV therapeutic compound
and for exploring the MAPK signaling pathways as antiviral targets against alphavirus infections.

hikungunya virus (CHIKV) is the causative agent of chikun-
gunya fever, a disease spread by Aedes mosquitoes and char-
acterized by a sudden onset of febrile illness, nausea, headache,
and most importantly, severe and persistent musculoskeletal pain
(1). It reemerged in tropical Asia and Africa 1 decade ago and since
2013 has infected more than 1.5 million people in the Americas
(2). So far, no licensed vaccine or antiviral treatment exists to
counter this disease. Over the years, many research groups have
focused on antiviral drug discovery against CHIKV, but very few
of these potential antiviral candidates have been characterized in
animal models to demonstrate their in vivo efficacy (3, 4).
CHIKV is grouped in the Alphavirus genus (family Togaviri-
dae), along with viruses such as O’nyong’nyong virus (ONNV) and
Sindbis virus (SINV), which cause similar disease in humans, and
low-pathogenic viruses such as Semliki Forest virus (SFV). The
CHIKYV genome is a single-stranded positive-sense RNA, ~12 kb
in length, comprising two open reading frames that encode the
nonstructural and structural proteins of the virus, respectively.
Upon infection, nonstructural proteins 1 to 4 (nsP1 to nsP4) are
translated as a polyprotein from the genomic RNA, following
which they induce membrane invaginations called spherules that
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act as active viral replication complexes. After the initial minus
strand synthesis, the replication complex switches over to synthe-
sis of full-length genomic RNA as well as the subgenomic RNA,
from which the structural proteins (capsid and envelope proteins)
are translated. The viral genomic RNA is then packaged into cap-
sids and transported to the plasma membrane, the site of virus
budding (5, 6).

Virus infection typically manipulates cellular metabolism and
signaling pathways to favor virus replication. CHIKV has been
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shown to modulate the prosurvival phosphatidylinositol-3 kinase
(PI3K)-Akt-mammalian target of rapamycin (mTOR) axis (7),
endoplasmic reticulum (ER) stress response pathways (8), and
pattern recognition receptor-mediated innate immune pathways
(9, 10). However, one major type of signaling network underex-
plored in the context of alphavirus infection is the mitogen-acti-
vated protein kinase (MAPK) signaling. The MAPKSs are a group
of signal-transducing proteins expressed ubiquitously in most
mammalian cell types, primarily mediating the host cell response
to diverse external stimuli. The basic structure of the typical
MAPK signaling pathway follows a three-tiered cascade of activat-
ing kinases, generically termed MAPKKK (MAPK kinase kinase),
MAPKK (MAPK kinase), and MAPK, to phosphorylate and acti-
vate a plethora of cytoplasmic and nuclear substrates, usually tran-
scription factors with roles in cell growth, differentiation, prolif-
eration, migration, and apoptosis (reviewed in references 11 and
12). The major MAPKs are extracellular signal-related kinase
(ERK), p38, and c-Jun NH,-terminal kinase (JNK) (see schematic
in Fig. 6A).

The ERK pathway is activated primarily by growth factors at
the cell surface. This signal is relayed down through Ras and Raf
(the initiating MAPKKK in this cascade) to MEK (MAP/ERK ki-
nase), which in turn phosphorylates ERK1/2. Upon stimulation,
ERK phosphorylates multiple substrates like c-Fos and Elkl,
which are involved in the regulation of cell cycle progression and
playa prosurvival role (13). The p38 MAPK and JNK pathways are
predominantly activated by various environmental stress signals
like UV irradiation as well as inflammatory cytokines. p38 MAPK
has been reported to be mostly an activator of the immune re-
sponse to proinflammatory stimuli like tumor necrosis factor-o
(TNF-a) and interleukin-1 (IL-1) as well as a key role player in the
induction of apoptosis by cellular stress (12, 14). JNK is a signal
transducer to maintain a prosurvival state or the expression of a
proinflammatory response as well as apoptotic signals (12). De-
spite its importance in the replication of many viruses (15-18),
MAPK signaling in the context of alphavirus infections has been
only sparsely investigated. Only the activation of ERK in CHIKV-
infected mouse astrocytes (19) and in SINV-infected human en-
dothelial cells (20) has been described thus far. Here, we show that
all three major branches of MAPK signaling were activated in the
course of CHIKYV infection.

Using a CHIKYV replicon cell line in a high-throughput screen
of approximately 3,000 compounds, we recently identified ber-
berine, a relatively nontoxic isoquinoline alkaloid, as a potent in-
hibitor of CHIKV replication, with an additional effect on virus
yield (21). Here, we sought to understand the mode of action of
this compound and also addressed the question of its in vivo effi-
cacy. We report for the first time the activation of the typical
MAPK signaling pathways upon CHIKV infection and the collec-
tive impairment of these pathways upon treatment with ber-
berine. Furthermore, we evaluated the efficacy of berberine in an
in vivo mouse model and show the alleviation of CHIKV-induced
inflammatory disease symptoms in this model upon treatment
with berberine. Our results demonstrate the effectiveness of ber-
berine as an antiviral drug against CHIKV and point toward
MAPK signaling as a cellular target of berberine.

MATERIALS AND METHODS

Cell culture and inhibitors. Baby hamster kidney (BHK-21) cells and
BSR T7/5 cells were cultured as described earlier (22, 23). Human osteo-
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sarcoma (HOS) cells, human embryonic kidney (HEK-293T; ATCC) cells
and VeroE6 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; HyClone), supplemented with 10% fetal bovine serum (FBS;
HyClone). CRL-2522 (ATCC) human fibroblast cells were cultured in
DMEM with 10% FBS and 1% penicillin-streptomycin (Gibco). All cell
lines were maintained at 37°C with 5% CO,. C6/36 mosquito cells were
cultured in Leibovitz L-15 medium (Gibco), supplemented with 10% FBS
and maintained at 28°C with 5% CO,. Berberine chloride (Sigma), abam-
ectin (LKT Laboratories), ivermectin (Sigma), U0126 (Santa Cruz Bio-
technology), SB203580 (Invivogen), and SP600125 (Invivogen) were
dissolved in dimethyl sulfoxide (DMSO) and used at the indicated
concentrations.

Viruses and virus infections. Wild-type (WT) CHIKV strain LR2006
OPY1 was rescued from the infectious clone SP6-ICRES (22). CHIKV-
Rluc has a marker Renilla reniformis luciferase gene in the nsP3-coding
region (22). Full-length CHIKV and ONNYV infectious clones were pro-
duced using standard molecular biology techniques similar to those pre-
viously described (24). Gaussia luciferase (Gluc) from Gaussia princeps
was inserted into CHIKV isolates from Reunion Island (LR2006 OPY1),
Singapore (SGP11) (25), the Caribbean region (CNR20235) (26), and
ONNV (27), at a site between the nonstructural and structural genes,
together with an extra copy of the subgenomic promoter to ensure expres-
sion of the structural proteins. Similarly, CHIKV-LR2006 OPY1 was
tagged with ZsGreen from Anthozoa reef coral. Virus stocks used for in
vitro experiments were produced in BHK-21 or VeroE6 cells. For in vivo
work, virus propagation was done in C6/36 cells, followed by purification
and ultracentrifugation. Virus titers were determined by standard plaque
assays in BHK-21 or VeroE®6 cells, and virus stocks were stored at —80°C.
Unless otherwise indicated, all experiments were performed with wild-
type CHIKV LR2006 OPY1.

Mice. Animals were handled in strict accordance under the guidelines
defined by the Agri-Food and Veterinary Authority (AVA) and National
Advisory Committee for Laboratory Animal Research (NACLAR) of Sin-
gapore. Four-week-old C57BL6/] WT mice were bred and housed under
specific-pathogen-free conditions at the Biological Resource Centre
(BRC), Agency of Science, Technology and Research (A*STAR), Singa-
pore. All procedures and experiments were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC 151038).

Northern blotting. BHK-21 cells seeded on 6-well plates were infected
with wild-type CHIKV under high multiplicity of infection (MOI) con-
ditions (see the legend for Fig. 2 below). At 6 h postinfection (p.i.), cell
culture supernatant was discarded and total RNA was purified using
TRIzol reagent (Invitrogen) according to the manufacturer’s instructions.
Viral genomic and subgenomic RNAs were detected using a digoxigenin
(DIG)-labeled RNA detection probe complementary to the 3’untrans-
lated region (UTR) of the CHIKV genome as described earlier (28).

Cell cytotoxicity assays. Cell viability assays were carried out with the
CellTiter-Glo (CTG) luminescent cell viability assay (Promega), which
serves as a readout for cellular ATP levels, as previously described (29).
Briefly, serial dilutions of berberine, at concentrations from 0.01 wM to
800 M in triplicates, were added to HEK-293T, CRL-2522, or HOS cells
seeded on 96-well plates. After 24 h (HEK-293T and CRL-2522) or 20 h
(HOS), cell viability assays using CellTiter-Glo Reagent (Promega) were
performed as per the manufacturer’s protocol. After 1 h of incubation at
room temperature, luminescent emissions were detected by the GloMax
Multi-detection system (Promega) or Varioskan (Thermo Scientific). Ad-
ditional cytotoxicity assays using the lactate dehydrogenase (LDH) cyto-
toxicity assay kit (Pierce Thermo Scientific) were performed in BHK-21
cells. The kit detects cellular LDH enzyme that has leaked into the super-
natant due to loss of membrane integrity. Briefly, BHK-21 cells were
seeded onto standard 96-well plates and treated with berberine at the same
concentration range as described above. After 16 h, cell culture superna-
tant from the individual wells was transferred to a fresh 96-well plate, and
the LDH assay was performed according to the manufacturer’s instruc-
tions. Colorimetric absorbance from the enzyme substrate reaction was
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measured at 490 nm, using the PerkinElmer EnSpire multimode plate
reader. Signals were compared to mock-treated cells completely lysed with
a lysis buffer provided with the kit.

Antiviral activity assays. Antiviral assays were performed similarly to
the cell viability assays described above. Briefly, HEK-293T and CRL-2522
cells seeded on 96-well plates were infected with CHIKV-LR2006 OPY1-
Gluc at an MOI of 0.1 and 1, respectively, in the presence of berberine at
concentrations from 0.01 pM to 800 wM. HOS cells were infected with
CHIKV-LR2006 OPY1-Rluc at an MOI of 1. For HEK-293T and CRL-
2522,at24 hp.i., 50 pl of conditioned medium from wells was transferred
to a new semiwhite 96-well plate, followed by addition of 50 .l of 20 uM
XenoLight RediJect coelenterazine h (PerkinElmer) diluted in phosphate-
buffered saline (PBS) with 5 mM NaCl. Luminescent signals were imme-
diately read by the GloMax Multi-detection system (Promega) at 1-s in-
tegration time. For HOS cells, at 20 h p.i., cell culture supernatants were
discarded, cells were lysed, and luciferase activity was measured using the
Renillaluciferase assay system (Promega) according to the manufacturer’s
instructions.

Plasmid constructs and transfection. The SFV trans-replication sys-
tem polyprotein P123Z4 and template Tshort (template containing se-
quence encoding Rluc at the 5" end) and Stluc (template containing se-
quence encoding Rluc under the subgenomic promoter) plasmids have
been described elsewhere (23). CHIKV trans-replication system polypro-
tein P1234 and the T7-Rluc-Tom template (template containing sequence
encoding Rluc at the 5’ end and the sequence encoding the red fluorescent
protein Tomato under the subgenomic promoter) constructs have re-
cently been described (28). Briefly, BSR T7/5 cells expressing bacterio-
phage T7 RNA polymerase seeded onto 96-well plates were transfected
with the respective nonstructural polyprotein expression plasmids and
plasmids encoding corresponding templates using LTX Lipofectamine
according to the manufacturer’s instructions and as previously described
(23). At 4 h posttransfection, transfection medium was replaced with
mock medium or with medium containing drugs at the indicated concen-
trations. At 16 h posttransfection, cells were lysed and luciferase values
were measured as described above.

Human phosphokinase array. HOS cells seeded onto T-75 flasks were
infected with wild-type CHIKV at an MOI of 10. Parallel flasks were mock
infected without berberine, mock-infected with 5 uM berberine, or in-
fected with CHIKV along with 5 wM berberine. After 1 h of adsorption,
infection medium (minimal essential medium containing 0.2% bovine
serum albumin [BSA] and 20 mM HEPES [pH 7.2]) was replaced with cell
culture medium, also containing the same concentration of berberine for
the respective flasks. At 8 h p.i., cells were lysed with lysis buffer provided
with the Proteome Profiler Human Phospho-Kinase Array kit (R & D
Systems). Samples were processed according to the manufacturer’s in-
structions. Phosphoprotein spots were captured on an X-ray film, and
their densities were quantified using Image] software.

SDS-PAGE and Western blotting. Cells in 6-well plates were lysed
with 100 pl of 2X Laemmli buffer per well and solubilized and blotted as
described earlier (21). Primary staining, using antibodies against CHIKV
nsP1, nsP3, and capsid (all in-house), E2 proteins (a kind gift from
Philippe Despres, Insitut Pasteur), and mouse anti-actin (Sigma), and
secondary staining were done as described earlier (21). Western blot eval-
uation of signaling was performed as described previously (7). The fol-
lowing antibodies were used according to the manufacturers’ instruc-
tions: rabbit-anti-phospho-Akt (S473) (Cell Signaling number 4060),
rabbit-anti-total-Akt (Cell Signaling number 4691), rabbit-anti-phos-
pho-ERK1/2 (p44/42) (Cell Signaling number 4370), rabbit-anti-total-
ERK1/2 (p44/42) (Cell Signaling number 4695), rabbit-anti-phospho-
p38 MAPK (Cell Signaling number 4511), rabbit-anti-total-p38 MAPK
(Cell Signaling number 8690), mouse-anti-phospho-SAPK/JNK (Cell
Signaling number 9255), rabbit-anti-total-SAPK/JNK (Cell Signaling
number 9252), goat anti-actin (Santa Cruz number 1616). All Western
blot data are representative of at least two independent experiments.
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Animal studies. Mice were subcutaneously inoculated with 10° PFU
of CHIKV-LR2006 OPY1-ZsGreen in 30 .l PBS at the ventral side of the
right hind footpad. On days 1 to 6 postinfection, mice were administered
10 mg/kg of body weight of berberine chloride diluted in PBS via intra-
peritoneal (i.p.) injection daily at 24-h intervals. Control mice were ad-
ministered with PBS containing 4% DMSO (at concentrations similar to
those of the berberine chloride preparations). Footpad joint swelling was
determined daily from 0 to 14 days postinfection (dpi) by measuring the
height and breadth of the right footpad using a digital caliper (Mitutoyo)
and then quantified as the product of height and breadth. Disease score
was expressed as the relative increase compared to preinfection (0 dpi)
and was calculated as follows: [(x — y)/y], where x represents the footpad
measurement at the respective days postinfection and y is the measure-
ment at 0 dpi. Ten microliters of blood from the tail vein was collected
daily from 1 to 8 dpi and subsequently on every alternate day until 14 dpi
to track for viremia (26, 30, 31).

Viral RNA extraction and RNAemia quantification. Ten microliters
of blood collected from tail vein was diluted in 120 wl PBS and 10 pl
citrate-phosphate-dextrose solution (Sigma-Aldrich). Viral RNAs were
extracted using the QIAmp Viral RNA minikit (Qiagen) following the
manufacturer’s protocol. Quantification of CHIKV viral RNA copies with
primers specific for nsP1 was performed using QuantiTect Probe reverse
transcription-PCR (RT-PCR) (Qiagen) and the 7900HT Fast real-time
PCR system machine (Applied Biosystems) under conditions described
previously (32, 33).

Total RNA extraction and viral load quantification. Mice were eu-
thanized, and joint footpad samples were removed and stored in TRIzol
(Invitrogen) at —80°C. Tissues were homogenized using a rotor-stator
homogenizer (Xiril Dispomix) at 5,000 rpm for 30 s. Homogenized tissues
were mixed with 230 pl of chloroform and centrifuged at 13,000 rpm for
10 min at 4°C. The aqueous phase was collected, and total RNA was
isolated using the RNeasy minikit (Qiagen) per the manufacturer’s in-
structions. The concentration of extracted total RNA was determined
with the NanoDrop 1000 Spectrophotometer (Thermo Scientific) and
then diluted to 10 ng/pl. Diluted total RNA samples were then subjected
to viral load quantification using primers specific for CHIKV E1 with
QuantiTectProbe RT-PCR (Qiagen) and the 7900HT Fast real-time PCR
system machine (Applied Biosystems), under conditions described previ-
ously (26).

Histology. Mice were euthanized, and joint footpad samples were
harvested and stored in 10% neutral buffered formalin (Sigma-Aldrich).
Fixed tissues were then decalcified and embedded in paraffin wax before
8-m-thick sections were cut. Hematoxylin and eosin (H&E) staining was
performed using established protocols as previously described (31, 33).
HistoQuest software (TissueGnostics) was used for the quantification of
cellular infiltration.

Data and statistical analyses. Half-maximal cytotoxic and effective
concentrations (CCs, and EC,,) were determined from dose-response
cell viability and antiviral curves, which were generated using OriginPro
software. Statistical analyses were performed on GraphPad Prism 6.01
software and Microsoft Excel. For the titration experiments, the unpaired
t test was used to compare drug-treated samples to negative-control
DMSO samples. Mann-Whitney U test was used to compare in vivo PBS-
treated and berberine-treated CHIKV-infected groups. P values of less
than 0.05 are considered to be statistically significant.

RESULTS

Berberine’s anti-CHIKV activity is not cell type specific. The
data describing the in vitro efficacy of berberine against CHIKV
were generated in BHK-21 cells with a complementary dose-re-
sponse assay in Huh 7.5 cells (21). Both these cell lines are type I
interferon (IFN) defective, allowing for rapid multiplication of the
virus (34, 35). Here, we evaluated whether berberine possesses
antiviral activity against CHIKV also in IFN-competent cells and
employed a panel of human cell lines: HEK-293T, a cell line which
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has been widely used in many studies with CHIKV (36, 37); the
HOS cell line, suitable for analysis of CHIKV-induced signaling
pathways (7); and the CRL-2522 human fibroblast cell line, since
skin fibroblasts are considered to be the primary target cells for
CHIKYV replication in infected humans (38, 39). Dose-response
assays for berberine were performed in these cell lines using lu-
ciferase-tagged versions of CHIKV strain LR2006 OPY1. Time
points and infectious doses (for HEK-293T, 24 h atan MOI of 0.1;
for HOS, 20 h at an MOI of 1; for CRL-2522, 24 h atan MOI of 1)
were chosen based on luciferase signal optimization experiments
done in these cell lines with the respective viruses. Cells were in-
fected with the reporter virus in the presence of various concen-
trations of berberine ranging from 0.1 wM to 800 wM, and lucif-
erase activity was measured as a readout for replication (Fig. 1A to
C). In parallel, corresponding cell survival curves were generated
in these cell types using the CTG assay, which measures cellular
ATP levels from metabolically active cells. The EC5, was lowest in
the HEK-293T cell line (4.5 wM) (Fig. 1A) with a selectivity index
(CCsy/ECso) 0f 45 (CCsy = 202.6 wM [Fig. 1D]). The ECs, in HOS
cells was 12.2 uM (Fig. 1B; selectivity index = 35; CCs, = 429.5
puM [Fig. 1E]). In the CRL-2522 cells, an ECs, of 35.3 uM was
determined (Fig. 1C). For this particular cell line, we repeatedly
observed a lot of variation in the luciferase readouts at lower con-
centrations of berberine, probably a reason for the EC5, being
higher than in the other two cell lines. Berberine was nontoxic in
this cell line even at the highest concentration that was employed
(800 uM), precluding determination of its selectivity index under
these conditions (Fig. 1F). The high selectivity indices of berberine
in these different human cell lines show that this antiviral is rela-
tively nontoxic for human cells. Nevertheless, in order to verify the
nontoxic nature of berberine, we performed an additional cell
survival dose-response assay with the same concentration range of
berberine in BHK-21 cells using a different cytotoxicity assay, the
LDH assay, which assesses the membrane integrity of cells. In
parallel, we also used the CTG assay measuring ATP levels, for
comparison. The CC, value for the CTG assay (533.2 uM; (Fig.
1G) was lower than that obtained with the LDH assay (1,545.4
wM; Fig. 1H), highlighting the sensitivity of the ATP detection
cytotoxicity assay and showing that berberine is indeed nontoxic
at the concentrations and under the conditions used.

Berberine is active against multiple CHIKYV strains. Next, we
employed the human fibroblast cell line CRL-2522 to analyze the
effectiveness of berberine against different CHIKV strains. In ad-
dition to the LR2006 OPY1 strain used above, we used analogous
reporter viruses from strain CHIKV-SGP11 (25), of the ECSA
(East/Central/South African) genotype, as well as strain CNR-
20235, which belongs to the Asian genotype and has been respon-
sible for the outbreak in the Americas since late 2013 (26). In
parallel, we also tested berberine against ONNV, the closest rela-
tive of CHIKV. A dose-dependent reduction in luciferase signals
was measured for each of these viruses in response to berberine
treatment (Fig. 2), with minor differences in the ECsys for the
different CHIKV strains: 37.6 uM, 44.2 uM, and 50.9 pM for
LR2006 OPY1, SGP11, and CNR20235, respectively. The ECs, of
berberine against ONNV was also in the same range (29.2 uM).
Overall, the results in Fig. 2 indicate that berberine is a potent
antiviral against multiple strains of CHIKV and likely several
other alphaviruses in a variety of cell types.

Berberine retains its antiviral effect at high multiplicity of
infection. Berberine had been shown to reduce CHIKV RNA syn-
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thesis, protein expression, and virus particle formation under
low-MOI (0.01) conditions (21), where effects can be amplified
over multiple replication cycles. To assess whether berberine is
also antiviral against CHIKV in a high-MOI setting, we mock
infected BHK-21 cells or infected them with wild-type CHIKV at
an MOI of 10, either untreated or treated with 0.1% DMSO (sol-
vent control) or berberine in a 2-fold dilution series ranging from
1.25 uM to 20 M, present throughout the course of the infection.
At 6 h postinfection (p.i.), supernatants were collected and sub-
jected to conventional plaque assay titration on BHK-21 cells.
Berberine lowered CHIKV titers in a dose-dependent manner
with significant reduction at all concentrations down to 1.25 uM
(Fig. 3A). Cell lysates from the corresponding wells were assessed
for expression of viral nonstructural (nsP1 and nsP3) and struc-
tural (capsid and E2) proteins by Western blotting (Fig. 3B). Ber-
berine proved to be efficient at reducing both viral nonstructural
and structural protein levels under these high-MOI conditions. In
an analogous setup, total RNA was isolated from infected cells,
and viral genomic and subgenomic RNA levels were analyzed in a
Northern blot assay (Fig. 3C). We also observed a dose-dependent
reduction of viral RNA synthesis, evident at berberine concentra-
tions above 5 WM. Taken together, these results show that ber-
berine dose dependently reduced viral RNA and protein synthesis
as well as viral titers under high-MOI conditions.

Berberine does not affect alphavirus entry or replication of
template RNA in alphavirus trans-replication systems. We had
earlier shown in a time-of-addition study that berberine affects
the replication phase of the alphavirus life cycle with an additional
effect on later steps as well (21). We ruled out any effect of ber-
berine on virus entry: luciferase signals of a temperature-sensitive,
luciferase-tagged Semliki Forest virus mutant (SFV-ts9) in an en-
try assay (described in reference 22) were not reduced upon ber-
berine treatment (Fig. 4A). Results obtained using SFV might not
necessarily apply to CHIKV, and therefore we performed an entry
assay using CHIKV-Rluc at a high MOI of 50 for a short dura-
tion of 2 h and once again observed a similar result, whereby
berberine treatment did not affect luciferase signals compared
to known entry inhibitors such as chlorpromazine and bafilo-
mycin Al (Fig. 4B).

One possible explanation for the reduction in viral RNA and
protein synthesis (Fig. 3) could be an inhibition of the replicase
activity of the viral replication complex. In order to investigate
this, we employed a trans-replication system, in which RNA rep-
lication and nonstructural protein expression are uncoupled by
use of two separate plasmids, one encoding the viral replicase (non-
structural polyprotein) and one encoding reporter RNA as a template
for the viral replicase, expressing Renilla luciferase. We used both the
previously characterized SFV (23) and a recently developed CHIKV
trans-replication system (28). In both of these systems, berberine had
no effect on luciferase signals resulting from the replication of the
independently provided template RNA by the viral replication ma-
chinery, which was in contrast to the two drugs abamectin (ABM)
and ivermectin (IVM), which significantly reduced these signals (Fig.
4C and D). ABM and IVM had been identified as antivirals in our
high-throughput screen and been shown to affect the early phase of
virus replication (21). This result argues against a direct inhibition of
viral replicase activity by berberine.

The alphavirus structural proteins are generated by translation
of the subgenomic mRNA, transcribed from a promoter on the
minus strand. We thus assessed if berberine’s additional effect on
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FIG 1 Berberine is antiviral and nontoxic in different human cell lines. (A to C) Dose-response assay to evaluate the antiviral activity of berberine in different
human celllines. (A) HEK-293T cells infected with Gluc-tagged CHIKV LR2006 OPY1 at an MOI of 0.1 for 24 h; (B) HOS cells infected with Rluc-tagged CHIKV
LR2006 OPY1 at an MOI of 1 for 20 h; (C) CRL-2522 cells infected with Gluc-tagged CHIKV LR2006 OPY1 at an MOI of 1 for 24 h. After virus adsorption,
infection medium was replaced with medium containing berberine at concentrations ranging from 0.01 M to 800 M. Percent inhibition values were calculated
based on luciferase signals from infected untreated cells. (D to F) Cell survival dose-response curves to evaluate the cytotoxicity of berberine in human cell lines.
Berberine treatment at concentrations ranging from 0.1 wM to 800 WM was given to HEK-293T cells for 24 h (D), HOS cells for 20 h (E), and CRL-2522 cells for
24 h (F). Percent survival values were calculated based on untreated mock-infected cells. (G and H) Additional cytotoxicity test to verify the nontoxic nature of
berberine. BHK-21 cells were treated with medium containing berberine in the same concentration range, and cell survival was measured using the CTG (Cell
Titer Glo) assay (G) or the LDH (lactate dehydrogenase) assay (H). Half-maximal (ECs,) and CCs,, thresholds are marked with a dotted line. Assays were

performed in triplicate wells. Data are presented as means * standard errors of the means (SEM) (n = 3 for HEK-293T, n = 2 for HOS, n = 2 for CRL-2522,
n = 2 for each assay in BHK-21 cells).

the later steps of the viral life cycle could be due to reduced protein  sults indicate that berberine does not directly affect the alphavirus
expression from the subgenomic promoter. However, no signifi-  replicase activity. Hence, the drug may perturb alphavirus repli-
cant effect of berberine on expression of luciferase under the con-  cation indirectly by affecting host components.

trol of the subgenomic promoter was observed. Again, ABM and Berberine reduces CHIKV-induced MAPK signaling. Earlier
IVM treatment clearly reduced these signals (Fig. 4E). These re-  studies have demonstrated that berberine impedes virus repli-
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FIG 2 Demonstration of antiviral activity against multiple CHIKV strains and
ONNV. CRL-2522 cells were infected with Gluc-tagged versions of CHIKV
isolates LR2006 OPY1, SGP11, CNR20235, and ONNV at an MOI of 1. Ber-
berine was added for 24 h, and Gluc activity was detected by luminescence
signal. Percentage inhibition values were expressed relative to signals from
untreated infected cells. Luciferase signals were measured from triplicate wells,
and data are presented as means * SEM (n = 2).
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cation by modifying the cellular signaling environment (40—
42). To pinpoint the pathways that are altered by berberine in
CHIKYV infection, we employed a human phosphokinase array
that allows for detection of changes in the relative phosphory-
lation levels of a panel of different cellular kinases and their
substrates. HOS cells were infected at an MOI of 10 for 8 h, a
time when CHIKV nsP3 expression is readily detectable and
virus-induced alteration of signaling pathways is seen (7). Ber-
berine was employed at a concentration of 5 wM throughout
the infection period. Four conditions were tested: mock infec-
tion or infection with CHIKYV, each in the absence or presence,
respectively, of berberine.

Results of the phosphokinase array showed that CHIKV infec-
tion in the absence of berberine led to more than 2-fold induction
of the phosphorylation of each of the major MAP kinases: p38
MAPK, ERK, and JNK (Fig. 5A). All of these activations were
clearly reduced on virus infection in the presence of berberine.
Additionally, the phosphorylation of c-Jun, a transcription factor
that is a substrate of both ERK and JNK (43), was induced almost
3-fold upon virus infection and comparatively reduced in virus-
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FIG 3 Berberine is effective even at high multiplicity of infection. BHK-21 cells were infected at an MOI of 10 with wild-type CHIKYV for 6 h. Berberine (BBC)
was present throughout the experiment in a 2-fold concentration series ranging from 20 pM to 1.25 wM. (A) Plaque assay viral titers from cell culture
supernatants collected 6 h p.i. performed in triplicates (means from two independent experiments - SEM). Statistical significance was determined using a
one-way analysis of variance (ANOVA) test (***, P < 0.001; **, P < 0.01). (B) Cell lysates were analyzed by Western blotting for the presence of the indicated
CHIKYV proteins. Actin was used as a loading control. (C) Total RNA was isolated from parallel wells, and Northern blot analysis was done using probes specific
to the 3’ untranslated region of the CHIKV genome, and the viral genomic and subgenomic RNAs were detected. Representative results from two independent

experiments.
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FIG 4 Berberine does not affect alphavirus entry or the replication of templates in trans-replication systems. (A and B) BHK-21 cells were infected with either
SFV-ts9-Rluc (A) or CHIKV-Rluc (B) viruses at an MOI of 50 for 2 h at 39°C (A) or at 37°C (B). Infected cells were untreated or treated with 0.1% DMSO (solvent
control), 50 uM chlorpromazine or 50 nM bafilomycin A1 (positive controls), or 3 uM berberine. At 2 h postinfection, cells were lysed and luciferase values were
measured. Values are expressed as percent relative luciferase units compared to untreated infected samples. Luciferase signals were measured from quadruplicate
wells, and data are presented as means = SEM (n = 2). (C and D) Berberine was tested for its capacity to interfere with the enzymatic activities of the alphavirus
trans-replication system. BSR T7/5 cells were transfected with SFV_P1234 polyprotein expression plasmid along with the Tshort template (Renilla luciferase at
the 5 end of the template) (C) or CHIKV_P1234 polyprotein expression plasmid along with the T7-Rluc-Tom template (Renilla luciferase at the 5’ end of the
template and red fluorescent protein Tomato under the subgenomic promoter) (D). (E) Expression from the subgenomic promoter was measured in BSR T7/5
cells transfected with SFV_P1234 along with the Stluc template (Renilla luciferase under the subgenomic promoter). Transfection of only the template plasmid
or transfection of template plasmid together with expression plasmid for P1234 harboring replication-defective polymerase (GDD to GAA mutation in nsP4) was
used as negative control. At 4 h posttransfection, transfection medium was replaced with untreated cell culture medium or medium containing 3 uM abamectin
(ABM), ivermectin (IVM), or berberine (BBC). Cells were lysed 16 h posttransfection, and luciferase signals were measured and expressed as fold changes relative
to mock-transfected cells. Luciferase signals were measured from triplicate wells, and data are presented as means + SEM (n = 2). Statistical significance was
determined using a one-way ANOVA test (****, P < 0.0001; ***, P < 0.001; **, P < 0.01; ¥, P < 0.05).

infected, berberine-treated cells. Results shown here corroborated
the CHIKV-induced phosphorylation of the Akt kinase (7), which
was reduced to background levels by berberine. Furthermore, we
observed a reduction in phosphorylation of the tumor suppressor
p53 protein, one of the substrates of p38 MAPK (44), at three
different residues upon CHIKYV infection in the presence of ber-
berine. Other factors altered by berberine treatment were the
phosphorylation of the WNKI1 (“with no K [lysine] protein kinase
17), a substrate of Akt (45), and the expression of heat shock pro-
tein 60 (HSP60). None of the other proteins in the array was no-
tably influenced by virus infection and/or berberine treatment.
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This result was confirmed by immunoblots (Fig. 5B): we again
observed the activation of all three major MAP kinases specifically by
CHIKYV infection and the subsequent reduction in their phosphory-
lation levels when berberine was present (Fig. 5B, compare lanes 3
and 4). CHIKV-induced Akt phosphorylation at Ser-473 was also
reduced on berberine treatment, confirming the result from the
phosphokinase array. Altogether, this set of results demonstrates that
MAPK signaling pathways are robustly activated by CHIKV infection
and that this activation is counteracted by berberine.

Effects of pharmacological inhibition of the MAP kinases on
CHIKY replication. The effects of pharmacological inhibition of
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FIG 5 Berberine modulates CHIKV-induced signaling pathways. (A) Human phosphokinase array. HOS cells were either mock infected, mock infected with 5
M berberine (Mock_BBC), infected with wild-type CHIKV (CHIKYV alone), or infected with CHIKV in the presence of 5 uM BBC (CHIKV_BBC). Cells were
lysed at 8 h p.i. and subjected to the array. Phosphoprotein spots were captured on an X-ray film, densitometric analysis was performed on Image], and the relative
phosphorylation levels were expressed as fold induction relative to untreated mock cells and represented as a heat map. The data are representative of two
independent experiments. (B) Verification by immunoblotting. HOS cells were infected in the same pattern as in the phosphokinase array. Lysates were collected
at 8 h p.i., followed by Western blotting for the indicated proteins. Densitometric data, which represent the mean ratio of phosphoprotein to the respective total
protein signal, normalized to the mock-treated, mock-infected controls (infected mock-treated for nsP3), are indicated below the respective protein panels.

Representative results from at least two independent experiments.

these kinases on CHIKV replication were then explored by known
inhibitors: U0126, a specific inhibitor of MEK1/2, upstream of
ERK (46); SB203580, a selective inhibitor of p38 MAPK (47); and
SP600125, a potent and selective inhibitor of JNK (48) (Fig. 6A).

We first analyzed the effects of these inhibitors on CHIKV-
mediated reporter protein expression. BHK-21 cells were left un-
treated or treated with 0.1% DMSO (solvent control) or with one
of these inhibitors or berberine. Following pretreatment for 2 h,
the cells were infected with CHIKV-Rluc at an MOI of 10 for
another 6 h in the presence of the inhibitors (the experimental
layout is shown in Fig. 6B), followed by cell lysis and luciferase
activity measurement (Fig. 6C). Luciferase signals were signifi-
cantly reduced by treatment with berberine, the p38 MAPK inhib-
itor SB203580, and the JNK inhibitor SP600125. Upstream inhi-
bition of ERK by U0126 did not have any significant effect on
CHIKV-mediated reporter expression. None of these inhibitor
treatments significantly affected cell survival under the conditions
employed (Fig. 6C).

Next, the effects of these inhibitors on viral titers were deter-
mined by infecting BHK-21 cells with wild-type CHIKV and mea-
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suring viral titers at 6 h p.i. by plaque assay (Fig. 6D). A large drop
in viral titers (by nearly 3 log) was once again observed upon
berberine treatment. Administration of the JNK inhibitor
SP600125 yielded a reduction in viral titers by 2 log, consistent
with the significant reduction of luciferase expression. However,
the significant reduction in luciferase values upon treatment with
the p38 MAPK inhibitor SB203580 was not reflected in a corre-
sponding decrease in virus titer. Interestingly, the MEK inhibitor
U0126, which did not reduce luciferase signals in the previous
experiment, led to a significant reduction in viral titers by 1 log.
This may imply a greater role of the ERK signaling cascade in virus
egress than viral protein expression.

In a complementary experiment, the effects of these kinase
inhibitors were assessed on CHIKV-induced MAPK activation by
examining the phosphorylation status of their respective kinases
under the exact same conditions using Western blotting (Fig. 6E).
Berberine treatment once again showed reduced CHIKV-induced
MAPK activation (compare lanes 5 and 6). Both U0126 and
SP600125 completely abolished phosphorylation of the ERK and
JNK proteins, respectively, in mock-infected and CHIKV-infected
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FIG 7 Berberine suppresses virus-independent ERK activation. HOS cells
were starved in serum-free medium for 4 h and then treated either with fresh
serum-free medium or with 100% FBS for 16 h with or without 10 uM ber-
berine or 20 uM U0126. Densitometric data are the mean ratio of phospho-
protein to total protein signal, normalized to the loading control and mock-
treated samples. Representative data from two independent experiments.
Statistical significance was determined using a one-way ANOVA test (¥, P <
0.05).

cells. SB203580, which is an inhibitor of p38 MAPK itself but does
not prevent its phosphorylation by upstream kinases, did not af-
fect levels of phospho-p38 but instead led to an increase in ERK
and JNK phosphorylation.

Berberine is capable of impeding virus-independent ERK ac-
tivation. The data described so far indicate that berberine reduces
CHIKV-induced MAPK activation. Next, we investigated ber-
berine’s ability to suppress MAPK signaling independent of
CHIKYV infection. It is known that growth factors in serum can
stimulate the ERK pathway (13); therefore, we performed an assay
where HOS cells were starved in serum-free medium for 4 h, fol-
lowed by addition of fresh medium devoid of serum or 100% FBS
in the presence or absence of 10 uM berberine or 20 uM U0126
(positive control) for 16 h. We observed a marked increase of ERK
activation in the FBS-treated samples compared to mock-treated
ones. Addition of berberine significantly reduced the ERK activa-
tion in FBS-treated samples, similar to the positive control (Fig.
7). We did not observe any significant effect of berberine on the
virus-independent activation of p38 MAPK and JNK (data not
shown).

Berberine confers protection against CHIKV infection in
mice. In order to fully recognize the potential of berberine as an
antiviral drug and to ascertain the effectiveness of the drug in vivo,
we explored the efficacy of berberine in the adult C57BL/6 mouse
model (33). Four-week-old female C57BL6/] mice were infected
with ZsGreen-tagged CHIKV-LR2006 OPY1, following which
they were administered daily with either 10 mg/kg of berberine or
PBS in equal volumes on days 1 to 6 postinfection. The frequency
and duration of the treatment were selected so as to mimic a typ-
ical antiviral prescription and to determine if berberine was able to
limit the symptoms of CHIKV-induced disease. Over the course
of 14 days of infection, disease score (as a measure of footpad
swelling) and RNAemia were monitored daily (Fig. 8A and B).
When treated with berberine, mice displayed significantly re-
duced joint swelling on day 2 p.i. (Fig. 8A), mirrored in a lower
viral load at the peak of RNAemia (Fig. 8B). RNAemia was ob-
served to be constant from days 1 to 3 p.i., strongly indicating that
berberine was able to control CHIKV replication. Importantly,
berberine-treated mice showed significantly reduced joint inflam-
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mation at its peak on day 6 p.i. (Fig. 8A), to the extent that the
swelling was reduced to almost baseline levels prior to infection, as
seen in Fig. 8C. Quantification of virus load in the infected footpad
at 6 dpi was determined using primers targeting the E1 region by
reverse transcription-quantitative PCR (QRT-PCR) (Fig. 8D). At
this late time point, when disease severity is no longer due to the
effect of the virus, no significant difference was observed between
the nontreated and berberine-treated groups (Fig. 8D). However,
histological analysis performed on infected joint footpads har-
vested at 6 dpi clearly showed a lesser severity of inflammation and
damage of the muscles, as well as a marked reduction in edema, in
the berberine-treated mice (Fig. 8E). Quantification of cellular
infiltration from H&E sections showed an overall lower percent-
age of infiltrates in the joints of berberine-treated than nontreated
mice, indicating that the antiviral effects of berberine during the
early phase of infection could also limit the infiltration of immune
cells into the joints (Fig. 8F). Differences did not reach statistical
significance due to experimental variation, although there was a
trend of overall reduced inflammation in the berberine-treated
mice. These results add value to berberine as an effective antiviral
as well as an anti-inflammatory agent to abrogate joint inflamma-
tion. All berberine-treated mice survived and did not suffer from
major weight loss, indicating that this dosage of the drug was well
tolerated.

DISCUSSION

CHIKYV has reemerged in the last decade, coinciding in part to its
increased transmissibility in Aedes albopictus (49). The CHIKV
epidemic continues to spread to the immunologically naive pop-
ulation in Central and South America (1, 50). In this scenario,
therapeutic interventions are urgently needed to reduce the dis-
ease burden of the affected areas and restore the health of the
afflicted individuals. The compound berberine was obtained and
validated as a potential antiviral molecule in a screen of almost
3,000 bioactive molecules for antiviral activity against CHIKV
(21). Berberine proved to affect a variety of circulating strains of
CHIKYV from both the ECSA and the Asian genotypes (Fig. 2).
This might be particularly important in situations like the current
CHIKV epidemic in Brazil, where strains belonging to different
CHIKYV genotypes were introduced at different times (51). Fur-
thermore, berberine displayed similar activity against the related
alphavirus ONNYV and is thus likely to be broadly effective to treat
alphaviral disease in general (21).

Here we endeavored to characterize berberine’s inhibitory
mechanism. We show that berberine reduced viral RNA synthesis,
protein expression, and titers in several cell lines and at a high
MOI in a dose-dependent manner. Interestingly, we did not ob-
serve a decrease in viral RNA synthesis at lower concentrations
that were sufficient to reduce viral protein expression and virus
titers (Fig. 3). Berberine did not markedly affect either virus entry
(Fig. 4A and B) or the enzymatic activity of the viral replicase. The
latter was found in a trans-replication system, an approach that
had been used before to evaluate the direct effect of potential an-
tivirals on the viral replicase (52). While berberine did not have
any significant influence on replication in this system, other anti-
viral compounds (ABM and IVM), obtained in our earlier screen,
significantly reduced the luciferase readout (Fig. 4C to E). Thus,
these two compounds are likely to target elements in the viral life
cycle other than berberine. The result that berberine treatment did
not affect replicase activity but dose dependently lowered viral
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FIG 8 Berberine treatment ameliorates joint swelling in CHIKV-infected mice. Four-week-old C57BL6/J wild-type mice (n = 8 to 12 per group) were injected
via i.p. with PBS or 10 mg/kg of berberine (BBC) daily on days 1 to 6 post-CHIKYV infection after subcutaneous (s.c.) inoculation of 1 million PFU of ZsG-tagged
CHIKV-LR2006 OPY1 at the hind limb footpad. (A) Joint footpad swelling was measured daily for disease score from 1 to 14 dpi. Data are presented as
means * standard deviations (SD) and representative of three independent experiments. (B) RNAemia was determined from blood collected from tail vein from
1 to 14 dpi. Data are presented as means * SEM and representative of three independent experiments. (C) Representative images of joint footpad before and after
CHIKYV infection on days 0 and 6 p.i. (D) Viral load in the infected footpad (n = 8 per group) was analyzed. Data are presented as means * SD. (E) Histological
analysis at 6 days p.i. of of joint footpad samples from naive and CHIKV-infected mice treated with either PBS or BBC and stained with H&E. *, edema; arrow,
infiltrates; B, bone; M, muscle; T, tendon. Images are representative of two mice per group at a magnification of X4. (F) Percentage infiltration of cells at 6 days
p-1. was quantified as the percentage of area of infiltrates to the total area from images taken (n = 4) at a magnification of X 10 using HistoQuest. Statistical analysis
for all data was carried out using the Mann-Whitney two-tailed test (***, P < 0.001; **, P < 0.01; *, P < 0.05).

0-

RNA and protein levels points toward an effect on one or more
host components induced by virus infection, but not by the trans-
replication system.

We therefore analyzed how berberine specifically modifies the
cellular signaling environment to hamper CHIKV replication and
found that all three major MAPK signaling pathways, ERK, p38
MAPK, and JNK, as well as the PI3K-Akt pathway were activated
upon infection with CHIKV and reduced upon treatment of in-
fected cells with berberine (Fig. 5A and B). This is to our knowl-
edge the first experimental evidence of all major MAPK signaling
pathways being concomitantly activated in the course of CHIKV
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infection in human cells. The induction of the Ras-Raf-MEK-ERK
pathway has been shown for different RNA viruses like hepatitis C
virus (53) and dengue virus (54) and also alphaviruses, namely,
Sindbis virus (SINV) (20) and Venezuelan equine encephalitis
virus (VEEV) (55). This pathway appears to be activated by these
different viruses, potentially to confer a prosurvival status to the
infected cells in order to maintain a productive infection cycle and
generate sufficient progeny virions. CHIKV also activates this
pathway and has in addition been shown to induce other prosur-
vival signaling cascades like the PI3K-Akt (7) and autophagy (8),
likely to maximize its replicative potential in the infected host
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cells. Our experiments showed a reduction in viral titers by ap-
proximately 1 log upon inhibition of the ERK axis with U0126
(Fig. 6D). The result that U0126 did not significantly affect virus-
mediated protein expression in the luciferase assay but resulted in
a marked reduction in viral titers suggests a role of the ERK path-
way in virus maturation or egress. The potential relevance and
mechanism of ERK signaling for virus assembly/budding remain
to be determined. Recently, it was shown that ERK inhibition by
Ag-126 and other MEK1/2 inhibitors reduced the titers of the
alphavirus VEEV at an MOI of 0.1, whereas U0126 did not have
any significant effect in that study (55). Our results, on the other
hand, showed a 1-log reduction in CHIKV titers by U0126 in
high-MOI experiments, highlighting the importance of this sig-
naling cascade in the CHIKV life cycle.

The other two branches of MAPK signaling, p38 MAPK and
JNK, were also robustly activated upon infection with CHIKV
both in HOS and in BHK-21 cells. This has been shown for many
RNA viruses, including the alphavirus SINV, which was reported
to induce the activation of p38 MAPK and also the phosphoryla-
tion of HSP27 (heat shock protein 27), one of its substrates (56).
For Japanese encephalitis virus (JEV), the unfolded protein re-
sponse (UPR), triggered by excess viral protein synthesis in the
endoplasmic reticulum, results in eventual apoptosis, mediated in
a p38 MAPK-dependent manner (57). Recently, the IRE-1/JNK
pathway stemming from the UPR was also implicated in JEV-
induced apoptosis (58). CHIKV (59) and SFV (60) induce the
UPR, through the synthesis of the structural glycoproteins in the
ER lumen, and this might be one possible mechanism for alpha-
virus-induced p38 MAPK and JNK signaling, which would not
occur in the trans-replication system. Here, we show that CHIKV
infection activated the p38 MAPK and JNK pathways (Fig. 5).
Inhibitors of these kinases led to a significant reduction in viral
protein expression (Fig. 6C). On analysis of the protein phosphor-
ylation profiles under these conditions, we observed that the p38
MAPK inhibitor SB203580 led to increased phosphorylation of
ERK and JNK (Fig. 6E). There have been reports that inhibition of
basal p38 activity may result in increased ERK activation due to
cross talk between these pathways (61, 62). One of these studies
also reported the detection of an SB203580 metabolite in human
hepatocytes that may result in increased activation of JNK (62).
This might be why no effect on viral titers was observed with
SB203580 (Fig. 6D), due to such a compensatory boost in ERK
and JNK levels. On the other hand, administration of the JNK
inhibitor SP600125, where such compensatory activation of other
MAPK pathways was not evident, reduced viral titers significantly
(Fig. 6D).

Taken together, pharmacological intervention with each of the
three CHIKV-induced branches of MAPK signaling led to a clear
drop in viral protein expression and/or viral titers. This implies
that the activation of MAPK signaling upon CHIKYV infection has
proviral functions. It remains unclear which of the many down-
stream targets of these MAPK signaling pathways is particularly
relevant for virus replication and maturation. The specific molec-
ular mechanism of CHIKV-induced MAPK and also Akt activa-
tion remains unresolved, but these activations may be intercon-
nected, as there is evidence of cross talk between these pathways
(63).

In CHIKV-infected cells, berberine lowered the activation of
all three major MAPK signaling pathways and drastically reduced
viral protein expression and titers at the same time, more than
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upon administration of either of the specific inhibitors of ERK,
p38, or JNK signaling. Thus, berberine led to a combined reduc-
tion of CHIKV-induced MAPK signaling in general. Berberine
strongly reduced ERK activation also independently of CHIKV
infection, indicating the ERK axis as a molecular target of the drug
(Fig. 7). It is hence conceivable that berberine predominantly tar-
gets the ERK arm of MAPK signaling and thereby reduces CHIKV
replication, in consequence leading to an overall decrease in virus-
induced MAPK signaling. Thus, the reduction of CHIKV-induced
MAPK activation is likely to be an effect of berberine on host
signaling factors rather than a virus-specific process being targeted
that leads to diminished signaling. While the specific molecular
target of berberine remains unknown, we think that the drug may
affect processes upstream of the final effector MAP kinases. It
appears likely that berberine has pleiotropic molecular targets
rather than affecting one specific cellular factor. This could ex-
plain the low toxicity of the compound and the combined damp-
ening of multiple, partially interconnected signaling pathways.
Reduction in viral protein expression and titers by berberine is
likely to be a consequence of a decrease in virus-induced signaling.
We cannot exclude that other pathways and molecular features are
affected by berberine and contribute to its antiviral capacity.

Finally, we tested berberine in a mouse model that recapitu-
lates viremia and arthritic manifestations of CHIKV disease. In
wild-type C57BL6/] mice, we show that berberine was effective at
reducing the viral load in infected mice when administered start-
ing 1 day after the infection (Fig. 8B). We also found that ber-
berine was able to significantly decrease the second peak of joint
swelling at 6 dpi, by limiting the infiltration of immune cells and
reducing the extent of vascular leakage or edema (Fig. 8A, C, E,
and F). The protective effect of berberine can also be extended to
the muscle regions of the footpad, as it was clearly shown to reduce
myositis (Fig. 8C and E). Virus loads in the infected joints at 6 dpi
showed no difference between the two groups, suggesting that
berberine acts as an early antiviral, controlling the viral load in the
early phase of the disease, and no longer has an effect at the later
time point of 6 dpi (Fig. 8D). Nevertheless, we cannot exclude that
the disease-reducing effect of berberine in vivo is in part due to its
anti-inflammatory properties, in addition to the inhibition of vi-
rus-induced MAPK signaling as observed in vitro. The berberine
dosage of 10 mg/kg given to the mice is well below the 50% lethal
dose (LDs,) of 58 mg/kg (i.p.) as reported by Kheir and colleagues
(64). Taken together, the in vivo results show dual roles of ber-
berine as an antiviral and an anti-inflammatory agent, and this is
one of the few reports of an antiviral against CHIKV showing
efficacy in a mouse model (3). Earlier, favipiravir was shown to
protect against neurological complications and death in a mouse
model of lethal CHIKV infection, which does not represent dis-
ease outcomes in the majority of CHIKV-infected patients (65).
Interestingly, treatments were given either 24 h before infection or
4 h p.i., whereas in our study, berberine treatment was started only
at 1 dpi. Start of treatment at 1 dpi is a realistic time frame for
postexposure therapy, further supporting the potential of ber-
berine as a good therapeutic option for chikungunya fever and
likely other alphaviral diseases. Bindarit, an inhibitor of monocyte
chemotactic protein synthesis, is the only other compound de-
scribed to reduce CHIKV-induced arthritis in a mouse model
similar to the one used in our study (66).

Based on our results obtained in cell culture systems, we believe
that this alleviation of disease by berberine treatment is at least in
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part due to the lowered activation of MAPK signaling. Indeed,
berberine was reported to reduce the activation of signaling path-
ways like p38 MAPK and JNK in osteoarthritis synovial fibroblasts
as well as cartilage destruction in a rat model of osteoarthritis (67),
pointing to its anti-inflammatory properties. Further research is
warranted to define the effects of berberine on CHIKV inflamma-
tory disease markers in vivo. Our data strongly indicate that ber-
berine is worth pursuing and optimizing as a therapeutic com-
pound against chikungunya fever. Berberine clearly reduced
CHIKV-induced MAPK signaling, relevant for the viral life cycle,
a result that suggests that the antiviral activity of berberine can at
least in part be explained by its effect on these virus-activated
signaling cascades. In addition, our results argue in favor of fur-
ther research to explore the possibility of repurposing approved
drugs or compounds in clinical trials that target MAPK signaling
as potential antivirals against CHIKV and other alphaviruses.
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