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KEYWORDS Abstract Herpes simplex virus type 1 (HSV-1) is a ubiquitous and widespread human pathogen, which

] gives rise to a range of diseases, including cold sores, corneal blindness, and encephalitis. Currently, the use
nti- -1;

Baicalein;

Viral inactivation;

IKK-8 phosphorylation;

NF-kB activation; compound widely used in Asian countries, strongly inhibited HSV-1 replication in several models. Baica-

HSV-1 infection lein was effective against the replication of both HSV-1/F and HSV-1/Blue (an acyclovir-resistant strain)
in vitro. In the ocular inoculation mice model, baicalein markedly reduced in vivo HSV-1/F replication,

of nucleoside analogs, such as acyclovir and penciclovir, in treating HSV-1 infection often presents limi-
tation due to their side effects and low efficacy for drug-resistance strains. Therefore, new anti-herpetic
drugs and strategies should be urgently developed. Here, we reported that baicalein, a naturally derived

receded inflammatory storm and attenuated histological changes in the cornea. Consistently, baicalein

Abbreviations: CCsy, 50% cytotoxic concentration; DCFH-DA, 2',7'-dichlorofluorescin diacetate; dpi, days post-infection; ECsq, 50% effective con-
centration; GB, glycoprotein B; HSV-1, herpes simplex virus types 1; ICP, infected cell polypeptide; IKK-@3, IkB kinase beta; IL-10, interleukin 1 beta; IL-
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factor kappa-B; PFU, plaque-forming units; PGAI, prostaglandin Al; p-IKK-@, phosphorylated-IKK beta; p-IkB-«, phosphorylated-IkB alpha; ROS,
reactive oxygen species; S, selectivity index; TG, trigeminal ganglia; TNF-«, tumor necrosis factor alpha.
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was found to reduce the mortality of mice, viral loads both in nose and trigeminal ganglia in HSV-1 intra-
nasal infection model. Moreover, an ex vivo HSV-1-EGFP infection model established in isolated murine
epidermal sheets confirmed that baicalein suppressed HSV-1 replication. Further investigations unraveled
that dual mechanisms, inactivating viral particles and inhibiting IxB kinase beta (IKK-@) phosphorylation,
were involved in the anti-HSV-1 effect of baicalein. Collectively, our findings identified baicalein as a
promising therapy candidate against the infection of HSV-1, especially acyclovir-resistant strain.

© 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Herpes simplex virus type 1 (HSV-1) is a type of neurotropic double-
stranded DNA virus belonging to the alpha herpesviridae family.
HSV-1 infection is very common, with a high seroprevalence of
50%—90% worldwide'. Although the symptoms of HSV-1 infection
commonly manifest as cold sores, it can be particularly severe in
some cases, such as corneal blindness, lymphocytic meningitis,
viral encephalitis, and even death’ *. In particular, HSV-1 has
become a major cause of infectious blindness in industrialized
countries. It is gradually replacing HSV-2 as a causative pathogen of
genital herpes in Western and Asian countries’. Currently, there is
no clinically approved vaccine for preventing HSV-1 infection.
Nucleoside analogs, such as acyclovir and penciclovir, have become
primary therapeutic agents for HSV-1 infection. These compounds
are overwhelmingly successful in a variety of clinical diseases
caused by HSV-17%. Nevertheless, severe side effects and drug-
resistance strains often emerge after long-term use of these anti-
herpes drugs’. Thus, it is imminent to find novel antiviral com-
pounds against HSV-1 infection.

Flavonoids, as potential antiviral agents, have attracted wide-
spread attention due to its low toxicitym’l ! Baicalein, 5,6,7-
trihydroxyflavone, is a flavonoid isolated from the root of Scutel-
laria baicalensis Georgi'”. Ithas been commonly used in South Korea
and China to treat cancer and inflammatory diseases'®. Till now,
multiple biological functions of baicalein have been discovered. It has
been shown that baicalein has anti-oxidant, anti-apoptotic, vascular-
protective, and neuroprotective properties'*”'®. Recently, baicalein
rises to be well-known for its inhibitory effect on ferroptosis'’ .
Importantly, growing evidence has suggested that baicalein has non-
specific activities against viral infection, including anti-Zika virus”’,
anti-dengue virus®', anti-chikungunya virus®> and anti-influenza
virus™®. However, little is known about the inhibitory effect of bai-
calein against HSV-1 infection. Here, we provide the first evidence
that baicalein exerts protective effect against HSV-1 infection ex vivo
and in vivo, and the underlying mechanisms are also investigated.

2. Materials and methods

2.1.  Chemicals and reagents

Baicalein was obtained from Biopurify Phytochemicals Ltd.
(Chengdu, China). N-Acetyl-L-cysteine (NAC) and punicalagin
were purchased from Beyotime (Shanghai, China) and TargetMol
(Shanghai, China), respectively. Acyclovir, lipopolysaccharides
(LPS), and prostaglandin Al (PGA1l) were purchased from
Sigma—Aldrich (St Louis, MO, USA). Antibodies for p-IKK-g,

IKK-8, I«kB-a, p-I«kB-a, NF-kB p65, p-NF-«kB p65 and Histone H3
were obtained from Cell Signaling Technology (Beverly, MA,
USA). Antibodies for infected cell polypeptide 27 (ICP27),
infected cell polypeptide 8 (ICP8) and glycoprotein B (GB) were
purchased from Abcam (Cambridge, UK). Antibody for §-actin
was obtained from Fude Co., Ltd. (Hangzhou, China).

2.2.  Cells and viruses

Vero cells and HaCat human keratinocytes were propagated in
culture medium (10% FBS+DMEM). HSV-1/F strain and a re-
combinant HSV-1-EGFP** were propagated and titrated by
plaque-forming units (PFU) assay as previously described”.
Briefly, the confluent Vero cells were infected with serial dilutions
of HSV-1, and incubated with overlaid medium (2%
carboxymethylcellulose+2% FBS+DMEM). After 72 h incuba-
tion, the cells were fixed and stained with crystal violet, and the
plaques were counted.

2.3.  Cytotoxicity assay

Vero or HaCat cells were seeded in 96-well plates overnight. On
the second day, baicalein was added to cells at different concen-
trations. Cell Counting Kit-8 (CCK-8, Dojindi labs, Kumamoto,
Japan) was used to measure the cell viability after 72 h incubation.
The 50% cytotoxic concentration (CCsg) of baicalein was deter-
mined by linear regression analysis.

2.4.  Invitro antiviral assay

Cells were treated with different concentrations of baicalein for
24 h before infection. After infection and being washed, cells were
treated with baicalein again. Viral titers were titrated by PFU
assay at 24 h post infection after three freeze-thaw cycles. The
50% effective concentration (ECsq) of baicalein was calculated by
linear regression of the viral inhibition curves. Viral inhibition (%)
was calculated as Eq. (1):

Viral inhibition (%) = [1—(Number of plaques)paicalein’
(Number of plaques)contror]l % 100 (€))]

To identify the stage of HSV-1 life cycle affected by baicalein,
cells were treated with baicalein prior or post infection and PFU
assay was conducted. Specifically, to investigate the effect of
baicalein pretreatment on HSV-1 infection, HaCat cells were
incubated with baicalein prior to HSV-1 infection. To determine
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whether baicalein had any post-entry effects, baicalein was added
in the cells after HSV-1 challenge.

2.5.  Anti-attachment, anti-penetration, and viral inactivation
assay

HaCat cells were treated with baicalein (100 pmol/L) at various
stages of HSV-1 (F strain) infection. For attachment assay, HaCat
cells were pre-cooled at 4 °C for 1 h, and then inoculated with
HSV-1 at multiplicity of infection (MOI) of 1 for 2 h at 4 °C in the
presence or absence of baicalein. After incubation, baicalein and
unattached virus were washed with ice-cold PBS, and PFU assay
was conducted as described above.

For the penetration assay, HaCat cells were pre-chilled at 4 °C
for 1 h, and then infected with HSV-1 for 2 h at 4 °C. After
attachment, cells were incubated for 1 h at 37 °C in the presence
or absence of baicalein, then washed with PBS and treated with
citrate buffer (pH 3.0) for 1 min to inactivate non-penetrating
virus. Then, PFU assay was performed.

For virus inactivation analysis, HSV-1 (10° PFU) was mixed
with baicalein at 37 °C for 2 h, then diluted 100-fold prior to
infecting HaCat cells. After an additional 48 h of incubation, the
rate of viral inhibition was analyzed by PFU assay as described
above.

2.6.  Fluorescence and flow cytometry analysis

After infection with HSV-1-EGFP, the cells in 96 wells were
incubated with serial dilution of baicalein, and the plates were
scanned using BioStack Microplate Stacker (BioTek Instruments,
Winooski, VT, USA) at 24 h post-infection. Viral infection (%)
was calculated using Eq. (2):

Viral infection (%)= (Fluorescenceyajcacin—Fluorescence .
control)/(Fluorescence, ;s —Fluorescence qi contror) X 100 2)

Viral plaque inhibition (%) was calculated as described in
Section 2.4. For fluorescence microscopy and flow cytometry
analysis, the infected HaCat cells were treated with baicalein as
describe above, and then detected under fluorescence microscope
(IX51, Olympus Co., Tokyo, Japan) or measured by flow cytom-
etry (Epics XL, Beckman Coulter, CA, USA) at 24 and 48 h post-
infection.

2.7.  Exvivo antiviral assay

Murine epidermal sheets were employed to evaluate the ex vivo
antiviral activity of baicalein. The back skins of newborn mice
(C57BL/6) were employed to prepare for epidermal sheets as
described in previous report®®. Briefly, newborn mice (3—5 days
after birth) were sacrificed and the back skins were isolated using
a scalpel in an aseptic environment. After incubation with dispase
II (Roche Diagnostics, Almere, the Netherlands), the epidermises
were gently removed from the underlying dermis. Subsequently,
the isolated epidermal sheets were infected with HSV-1-EGFP
(MOI = 10). After infection, the epidermal sheets were washed
and cultured in medium (DMEM+5% FBS) containing baicalein
(100 pmol/L) or acyclovir (50 pmol/L). At 24 h post-infection, the
epidermal sheets were stained with DAPI (Beyotime) for fluo-
rescent analysis.

2.8.  Determination of intracellular reactive oxygen species
(ROS)

The HSV-1 infected HaCat cells were treated with baicalein,
acyclovir, or NAC at indicated concentrations. Twenty-four hours
post-infection, cells were subsequently incubated with 2',7'-
dichlorofluorescin diacetate (DCFH-DA, Beyotime) for 30 min
before the analysis by flow cytometer or fluorescence microscope.

2.9.  Detection of nuclear factor kappa-B (NF-kB) nuclear
translocation

HaCat cells were seeded in culture dishes for 24 h and infected
with HSV-1. Then, cells were treated with baicalein for 24 h and
collected for confocal microscopy examination and Western blot
assay. NF-«kB proteins were probed with primary antibody and the
corresponding secondary antibody Alexa Fluor 555 IgG (Life
Technology, Gaithersburg, MD, USA) and visualized by a laser
confocal microscopy (Zeiss LSM 700; Carl Zeiss, Inc., Thorn-
wood, German). Besides, NF-kB protein expressions in the nu-
cleus and cytoplasm were determined by Western blot assay.
Proteins fractions were extracted by Nuclear and Cytoplasmic
Extraction reagents kit (Thermo Fisher Scientific, Waltham, MA,
USA).

2.10. Animals and treatments

All animal experiments were approved by the Animal Care and
Use Committee of Jinan University (Guangzhou, China). BALB/c
mice (4-week-old) were obtained from Guangdong Medical
Laboratory Animal Center (Guangzhou, China).

In the first batch of animal experiment, mice were intranasally
challenged with HSV-1/F strain (1 x 10° PFU) in 20 uL PBS after
isoflurane anesthesia. The infected mice were orally administered
with baicalein (200 mg/kg/day) or acyclovir (50 mg/kg/day) for 7
consecutive days. Saline (0.9%) were treated to mice in mock and
HSV-1 control groups. In addition to daily monitoring of the body
weight and survival rate, mouse nose, trigeminal ganglia (TG),
and the whole brain from mice were harvested at 3, 5, and 7 days
post-infection (dpi) and then immediately stored at —80 °C for
determination of virus titers and Western blotting analysis.

In the second batch of animal experiment, the therapeutic ef-
fect of baicalein on HSV-1-induced corneal disease was evaluated.
Briefly, mice were anesthetized, and the corneas were scratched
and infected with HSV-1/F strain (1 x 10° PFU) in 5 pL PBS.
After infection, mice were treated with baicalein or acyclovir as
described in the first batch of animal experiment. The scoring of
eye infection (0—5) was performed in a blinded fashion based on
the criteria reported previously”’. The criteria are set as following:
0, no symptoms; 1, mild swelling of the eyelids; 2, moderate
swelling of the eyelids with some crusting; 3, moderate swelling
of the eyelids with >50% crusting; 4, severe crusting; 5, eye
completely swollen shut. For virus titer measurement, eye swabs
were collected from the tears at 5 and 7 dpi and were titrated by
PFU assay. For histopathology analysis, the right eyes of mice
were removed at 9 dpi, and then embedded, fixed and sectioned.
The sections were stained with hematoxylin and eosin, and
imaged at 40x objective using the microscope (PreciPoint M8,
Freising, Germany). The thickness of the corneal epithelium was
measured using the ViewPoint Software (PreciPoint).
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Figure 1  Baicalein inhibited HSV-1 viral replication in vitro. (A) Vero and HaCat cells were incubated with baicalein or acyclovir at different
concentrations for 72 h, and the cell viability was measured by CCK-8 assay (n = 6). (B) and (C) Vero and HaCat cells were pretreated with
different concentrations of baicalein or acyclovir and then infected with HSV-1/F (MOI = 1) or HSV-1/Blue (MOI = 1) at 37 °C for 2 h. After
infection, the cells were incubated with baicalein or acyclovir for an additional 24 h, and virus titers were determined by PFU assay (n = 3). (D)
CCs and ICs of baicalein were calculated by linear regression analysis of the viral inhibition curves. SI was defined as the ratio of CCs, to ECsq

(CC5¢/ECsp). Data are presented as mean + SD.

2.11.  Determination of HSV-1 titers in the tissues

At indicated days post infection, tissues were collected, homog-
enized and sonicated in 1 mL DMEM. After centrifugation at
1500 rpm (Centrisart D-16C, Sartorius, Goettingen, Germany) for

10 min, HSV-1 titers in the supernatants were measured by PFU
assay.

2.12.  Measurement of inflammatory cytokines in the eye tissues

According to the manufacturer’s instructions, the production of
interleukin 1 beta (IL-18) and tumor necrosis factor alpha (TNF-«)
in eye tissues was detected at 9 dpi by commercial ELISA kits
(Thermo Fisher Scientific). The value of absorbance was deter-
mined using a microplate reader at 450 nm.
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Figure 2  Baicalein hampered HSV-1/F gene expression in Hacat cells. (A) Infected HaCat cells were pre-treated or post-treated with baicalein
(100 pmol/L) for 24 h, and virus titers were measured by PFU assay at 24 and 48 h post-infection. Acyclovir (50 pmol/L) was added after infection
as a positive control (n = 3). (B) Representative images were taken from PFU assay. (C) and (D) HaCat cells were infected with HSV-1/F strain
(MOI = 1) for 2 h and then treated with the indicated concentrations of baicalein or acyclovir. At 12 h post-infection, viral mRNA and protein
expression levels (ICP27, ICP8, and GB) were determined by Western blot assay and RT-qPCR, respectively (n = 3). Data are presented as SD. ns,
P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001 vs. HSV-1 group.

2.13.  Western blotting analysis secondary antibodies. The bands were imaged by an ECL system
(Tanon 5200, Shanghai, China).

The total protein levels from cells and tissues were measured by

BCA protein assay kit (Pierce, Rockford, IL, USA). Protein 2.14. RT-qPCR

samples were separated by SDS-PAGE followed by transferring to

polyvinylidene fluoride membrane (Millipore, Billerica, MA, Cell pellets or tissues were extracted using TRIzol reagent (Intro-

USA). The membranes were probed with primary antibodies and vigen, Carlsbad, CA, USA) and RNA concentrations were then
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Figure 3  Baicalein exerted virucidal activity against HSV-1 virions. (A) and (B) HaCat cells were treated with baicalein (100 pmol/L) at
various stages of HSV-1 infection (HSV-1/EGFP). For attachment assay, HaCat cells were prechilled at 4 °C for 1 h and then inoculated with
HSV-1 (MOI = 1) in the presence or absence of baicalein for another 2 h at 4 °C. After incubation, the unattached virus and baicalein were
removed and washed with ice-cold PBS. For penetration assay, HaCat cells were prechilled at 4 °C for 1 h prior to inoculation with HSV-1 for
2 h at 4 °C. After attachment, the cells were incubated at 37 °C for 1 h in the presence or absence of baicalein, and then washed with PBS and
treated with citrate buffer (pH 3.0) for 1 min to inactivate the extracellular non-penetrated viruses. For virus inactivation assay, HSV-1 (10° PFU)
were mixed with baicalein for 2 h at 37 °C and then infected HaCat cells for an additional 48 h at a 100-fold dilution. Punicalagin (50 pmol/L) was
included as a positive control. The rate of viral inhibition was analyzed by PFU assay (n = 3). (C) and (D) HSV-1/F or HSV-1/Blue (106 PFU)
was mixed with a series of baicalein concentrations for 3 h at 37 °C, and then diluted 100-fold prior to infecting HaCat cells. The rate of viral
inhibition was analyzed by PFU assay at 48 h post-infection. (E) and (F) HSV-1/F or HSV-1/Blue (106 PFU) was pretreated with baicalein (25 and
50 pmol/L) for 3 h at 37 °C prior to infection. Acyclovir (50 pmol/L) was added after infection as a positive control. The protein expression of GB
was analyzed by Western blot assay at 12 h post-infection (n = 3). Data are presented as mean + SD; ns, P > 0.05; ***P < 0.001 vs. HSV-1
group.



Inhibitory effects of baicalein against HSV-1

2329

determined by a spectrophotometer (NanoDrop 2000, Thermo
Fisher Scientific). cDNA was synthesized by a cDNA synthesis kit
(TransGen Biotech, Beijing, China). Relative expression of mRNA
levels was measured using SYBR green (TransGen Biotech) on a
CFX Connect™ reverse transcription (RT) machine (Applied Bio-
systems, Carlsbad, CA, USA) and calculated via the 2724
method. The primer sequence was as follows: HSV-1 infected cell
polypeptide 0 (ICPO) (forward, 5'-CCCACTATCAGGTA-
CACCAGCTT-3’; reverse, 5-CTGCGCTGCGACACCTT-3);
HSV-1 ICP27 (forward, 5'-TGGCGGACATTAAGGACATTG-3';
reverse, 5'-TGGCCGTCAACTCGCAGA-3'), HSV-1 ICPS8 (for-
ward, 5-CCACGCCCACC-GGCTGATGAC-3'; reverse, 5'-
TGCTTACGGTCAGGTGCTCCG-3'), HSV-1 GB (forward, 5'-
GCCTTCTTCGCCTTTCGC-3'; reverse, 5-CGCTCGTGCCC
TTCTTCTT-3'), Human TNF-a (forward: 5'-ACAAGCCTG-
TAGCCCATGTT-3';  reverse, 5-AAAGTAGACCTGCCCA
GACT-3’), Human IL-6 (forward: 5'-CAGCCCTGAGAAAGGA-
GACAT-3’; reverse, 5-GGTTCAGGTTGTTTTCTGCCA-3),
Human GAPDH (forward: 5-TGACTTCAACAGCGACACCCA-
3’; reverse, 5'-CACCCTGTTGCTGTAGCCAAA-3').

Mouse 18S (forward: 5'-CGGACAGGATTGACAGATTGA-
TAGC-3'; reverse, 5'-TGCCAGAGTCTCGTTCGTTATCG-3).

2.15.  Statistical analysis

The data are expressed as the mean =+ standard deviation (SD) from
at least three experiments. Statistical differences were analyzed by
Student’s #-test or analysis of variance (ANOVA) with Dunnett’s
multiple comparisons test. Kinetics of mortality was analyzed by
Kaplan—Meier curves and log-rank test with Bonferroni adjust-
ment. A value of P < 0.05 was considered statistically significant.

3. Results

3.1.  Baicalein inhibits HSV-1 replication in vitro

Prior to the determination of the antiviral effect, the cytotoxicity
of baicalein was estimated in Vero and HaCat cells by CCK-8
assay after 72 h incubation. As shown in Fig. 1A, baicalein
showed no obvious cytotoxicity in cells at concentrations lower
than 200 umol/L. Then, PFU assay was conducted to evaluate the
anti-HSV-1 activities of baicalein at non-toxic doses. Vero and
HaCat cells were pre-incubated with different concentrations of
baicalein for 24 h, and then infected with HSV-1. After infection,
the cells were treated with baicalein or acyclovir for another 24 h.
As shown in Fig. 1B and C, both baicalein and acyclovir exhibited
dose-dependent antiviral activities against HSV-1 F strain. It is
worth to note that, when comparing with acyclovir, baicalein
presented a lower antiviral efficacy against HSV-1 F strain
(Fig. 1D), but showed superiority towards acyclovir-resistant
strain (HSV-1/Blue) in both Vero cells (ECsy = 85.2 umol/L;
selectivity index (SI) > 2.35 vs. ECsq = 18.6 pmol/L; SI > 10.8)
and HaCat cells (ECs9 = 65.6 pmol/L; SI > 3.05 vs.
ECso = 14.8 pmol/L; SI > 13.5).

3.2.  Baicalein suppresses viral replication

HSV-1 infection begins with viral attachment and fusion with
membrane, and ultimately replicate and assemble inside the cell to
release. To identify the target stage affected by baicalein during
HSV-1 infection cycle, HaCat cells were treated with baicalein

(100 pumol/L) for 24 and 48 h prior to or post virus inoculation. As
shown in Fig. 2A and B, HSV-1 viral replication in HaCat cells
was significantly prohibited by treatment of baicalein for 24 and
48 h after viral infection, compared with HSV-1 group
(P < 0.001). By sharp contrast, little inhibitory effect was noticed
when baicalein was pretreated (P > 0.05). This observation sug-
gested that baicalein may target post-infection HSV-1 replication,
and had a poor prophylactic effect against HSV-1. Upon entry into
the cell, HSV-1 replication is temporally controlled by three main
kinetic classes, known as the immediate early genes (IE), early
genes (E), and late genes (L)*®. Hence, we investigated the in-
fluences of baicalein on the expressions of these viral genes. The
infected HaCat cells were treated with baicalein (25, 50, and
100 pmol/L) or acyclovir (25, 50, and 100 pmol/L) for 12 h post-
infection. Protein expressions of ICP27 (immediate-early protein),
ICP8 (early protein) and GB (glycoprotein B, late protein) were
measured by Western blot assay. Similar to the effect of acyclovir,
we observed that baicalein significantly and dose dependently
inhibited the protein expressions of ICP27, ICP8 and GB
(Fig. 2C). Moreover, the effects of baicalein on viral mRNA
transcription were analyzed by RT-qRCR. A remarkable sup-
pression of ICP27, ICP8 and GB mRNA expression was found in
baicalein treatment at 12 h post-infection (Fig. 2D). These results
demonstrated that baicalein might possess an inhibitory effect on
HSV-1 replication.

3.3.  Baicalein directly inactivates HSV-1 particles

To illustrate whether baicalein could target other stages of HSV-1
infection, the influence of baicalein against viral attachment,
penetration, and infectivity of viral particles was studied. Puni-
calagin, a large polyphenolic compound with anti-attachment,
anti-penetration, and virucidal activities against HSV-1>"°, was
included as a positive control. Our data demonstrated that baica-
lein exhibited inactivating activity rather than anti-attachment and
anti-penetration  ability  against HSV-1/EGFP infection
(Supporting Information Fig. S1). This result was further
confirmed by viral plaque assay (Fig. 3A and B), which was
consistent with the previous finding that pretreatment of baicalein
(100 pmol/L) had no preventive effect (Fig. 2A and B). Impor-
tantly, we found that baicalein inactivated HSV-1 virons in a dose-
dependent manner with an ECsq value of 3.64 pumol/L against
HSV-1/F and an ECs value of 6.80 pumol/L against HSV-1/Blue
(Fig. 3C and D), respectively. In addition, the infectivity of
baicalein-pretreated HSV-1 was also investigated by Western
blotting analysis. As shown in Fig. 3E and F, when HSV-1/F or
HSV-1/Blue was pretreated with 25 or 50 umol/L baicalein, the
expression levels of GB protein were significantly inhibited
(P < 0.001). These results indicated that baicalein was an effec-
tive virucidal agent against HSV-1 and neutralized the infectivity.

3.4.  Baicalein restricts HSV-1-EGFP infection in vitro and
ex vivo

For a more intuitive observation on the anti-HSV-1 effects of
baicalein, HaCat cells were infected with EGFP-labeled HSV-1
and treated with different concentrations of baicalein. Viral yields
were quantitated at 24 h post-infection by EGFP fluorescence and
PFU assay tests. As expected, baicalein significantly reduced viral
titers at concentration above 12.5 umol/L (Fig. 4A and B)
comparing with HSV-1 group (P < 0.01). Fluorescence micro-
scopy and flow cytometry were then employed to monitor EGFP
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Murine epidermal sheets were challenged with HSV-1-EGFP (MOI = 10) for 2 h, and then cultured in the presence of baicalein (100 umol/L) or
acyclovir (50 pmol/L). At 24 h post-infection, the EGFP signal in epidermal sheets was detected by fluorescence microscopy (n = 3). Scale
bars = 50 um. (F) and (G) Virus titers and GB mRNA expression in epidermal sheets were determined by PFU assay and RT-qPCR, respectively
(n = 3). Data are presented as mean + SD. **P < 0.01, ***P < 0.001 vs. HSV-1 group.

fluorescent signaling. The inhibitory effect of baicalein on HSV-1- decreased by the treatment of baicalein (100 pmol/L) at
EGFP infection was evaluated at 24 and 48 h post-infection. As 24 h (P < 0.001) and 48 h post infection (P < 0.001) compared
shown in Fig. 4C and D, EGFP signaling was noticeably with HSV-1 group.
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In addition, an ex vivo viral infection model was established in
murine epidermal sheets to further confirm the anti-HSV-1 effi-
cacy of baicalein according to a previous report®®. The isolated
epidermal sheets were subjected to HSV-1-EGFP infection for 2 h,
and then cultured with baicalein (100 pmol/L) or acyclovir
(50 umol/L). After incubation for 24 h, EGFP fluorescence was
examined under immunofluorescence microscopy. As shown in
Fig. 4E, the EGFP signals were noticed throughout the basal layer
of epidermis in the virus group, which was remarkably blocked by
the treatment of baicalein or acyclovir. Furthermore, in compari-
son with HSV-1 EGFP group, both baicalein and acyclovir treat-
ment significantly reduced viral titer (P < 0.001) and the gene
expression of GB (P < 0.01) in epidermal tissues (Fig. 4F and G).
The above evidences from HSV-1-EGFP infection offered addi-
tional proofs to support the anti-HSV-1 effect of baicalein.

3.5.  Baicalein exerts anti-HSV-1 activity independent of its
antioxidant property

A growing body of evidences indicated that HSV-1-induced
oxidative stress plays a crucial role in its replication®' >, In
view of the well-known antioxidant property of baicalein® °, we
doubted whether this property contributed to its anti-HSV-1 effect.
HaCat cells were infected or mock-infected with HSV-1 at
different MOI (0.1, 1 and 10), and the intracellular ROS level at
various time points was measured by flow cytometry following
DCFH-DA staining. Our data demonstrated that HSV-1 infection
induced a robust production of ROS in time- and MOI-dependent
manners (Fig. SA—C), which was significantly diminished by
baicalein (100 umol/L) and acyclovir (50 pmol/L) (Fig. 5D and
E). Similarly, treatment with 10 mmol/L NAC, a common anti-
oxidative agent, also decreased the levels of ROS in virus-
infected cells (flow cytometry in Fig. 5D, microscopy in
Fig. SE). Nevertheless, this anti-oxidant agent did not inhibit the
synthesis of ICP27, ICP8 and GB protein (P > 0.05) compared to
virus-infected cells (Fig. 5G). What’s more, no significant
reduction of viral titer was found in the NAC-treated cells
(P > 0.05). A weak correlation between viral titer and ROS level
was found in NAC treatment and virus infection control groups
(Fig. 5F). These observations indicated that the antiviral effect of
baicalein is unlikely to be mediated by its antioxidant property in
our experimental setting.

3.6. IKK-B dephosphorylation and NF-«B inactivation
contribute to the anti-HSV-1 effect of baicalein

Persistent NF-«B activation was found to be essential during early
HSV-1 replication®’. Moreover, HSV-1 infection could induce the
degradation of IkB-«, an endogenous NF-«B inhibitor, which
enhanced its viral gene expression and subsequence replication’®.
Hence, in HSV-1 infected HaCat cells, we inspected whether bai-
calein affected the activation of NF-kB. We noticed that HSV-1
enhanced NF-kB (P < 0.001) and I«B-a (P < 0.05) phosphoryla-
tion, and increased IkB-a degradation (P < 0.001) at 12 h post-
infection when compared with mock group (Fig. 6A). By contrast,
these changes were blocked by baicalein (25, 50, 100 pmol/L) in a
dose-dependent manner. To provide further evidences on the inhib-
itory effect of baicalein on NF-«B activation, NF-xB nuclear trans-
location was analyze by Western blot assay. Results revealed that
baicalein dose dependently decreased NF-«B translocation
(Fig. 6B). Coincidentally, the transcriptional expressions of TNF-a

and IL-6, two downstream genes regulated by NF-xB activation,
were significantly declined in baicalein-treated cells compared with
the infected cells (Fig. 6C). Moreover, immunofluorescence exper-
iments confirmed that baicalein (100 pmol/L) obviously inhibited
NF-«kB nuclear translocation and effectively suppressed EGFP-
HSV-1 replication in HaCat cells (Fig. 6D).

The degradation of IkB-« is mostly dependent on the activity
and phosphorylation of IKK-8°"*°. As shown in Fig. 6E, we
observed that there was a remarkable augment in the phosphory-
lation of IKK-B in HSV-1-infected cells (P < 0.001), when
comparing with mock group. In comparison, the treatment with
PGA1, an IKK inhibitor, effectively blocked the phosphorylation
of IKK-8 (P < 0.001) and suppressed GB expression in virus-
infected cells. This result was consistent with earlier reports®***.
Notably, baicalein treatment presented a similar effect as PGA1
(50 and 100 pmol/L, P < 0.01). Simultaneously, we confirmed the
effect of baicalein on the phosphorylation of IKK-@ induced by
LPS (100 ng/mL). We found that LPS induced both the phos-
phorylation of IKK-@ and IkB-«, and the degradation of IxB-« in
HaCat cells, which were prevented by baicalein treatment
(100 pmol/L). However, acyclovir (50 umol/L) showed no impact
on these proteins (Fig. 6F). These findings collectively supported
that the suppression of IKK-@ and inactivation of NF-kB were
involved in the anti-HSV-1 effect of baicalein.

3.7.  Baicalein decreases HSV-1-induced mortality and viral
loads in intranasal infection mouse model

In addition to the in vitro anti-HSV-1 evidences of baicalein, we
sought to obtain the in vivo proofs using intranasal infection
mouse model. The animals were intranasally inoculated with
HSV-1 and administrated with baicalein (200 mg/kg/day) or
acyclovir (50 mg/kg/day) for 7 consecutive days (Fig. 7A).
Compared with HSV-1 infected mice, baicalein treatment signif-
icantly increased the body weight from 3 to 5 dpi (P < 0.01,
Fig. 7B), when the infected mice began to succumb to death
(Fig. 7D). Of note, the final survival rate (by 21 dpi) of mice after
baicalein treatment was significantly higher than HSV-1 infected
mice (75% vs. 33.3%, Fig. 7D). Mouse nose, TG, and brain tissues
were subsequently harvested to measure the virus titers at 3, 5, and
7 dpi. As shown in Fig. 7C, both baicalein and acyclovir treat-
ments significantly decreased the viral titers in nose (3 and 5 dpi,
P < 0.05) and TG (3, 5, and 7 dpi, P < 0.05). However, only a few
viral particles were measured in the brains of all groups. This
result was consistent with previous studies that the virus infected
through intranasal inoculation normally just spread to TG and
could hardly reach the brain*'. Meanwhile, PCR results indicated
that baicalein remarkably reduced the mRNA levels of ICPO
(P < 0.01), an IE gene transcribed by HSV-1 in TG tissues
(Fig. 7F). Moreover, baicalein decreased the protein expression of
viral ICP27 (P < 0.001) and reduced the phosphorylation of
NF-kB (P < 0.05) and IKK-8 (P < 0.05) in the nose and TG
tissues (Fig. 7E). These data indicated the in vivo prohibiting ef-
fect of baicalein on HSV-1 infection and its influence on NF-«B
activation.

3.8.  Baicalein ameliorates the symptoms of corneal diseases
induced by HSV-1 infection

Apart from intranasal infection model, the therapeutic effect of
baicalein was also investigated in corneally infected mice. Mice
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Figure 5 The anti-HSV-1 activity of baicalein was independent of its antioxidant activity. (A) HaCat cells were infected with HSV-1/F
(MOI = 1) for 2 h, and the level of intracellular ROS was analyzed by flow cytometry at various time points (n = 3). (B) and (C) HaCat
cells were infected with HSV-1/F at different MOIs, and the level of intracellular ROS was measured at 12 h post infection by flow cytometry
(n = 3). (D) and (E) Cells were infected with HSV-1 (MOI = 1), and then treated with baicalein (100 pmol/L), acyclovir (50 pmol/L), or NAC
(10 mmol/L) for 24 h. The production of intracellular ROS was measured by flow cytometry and visualized by fluorescence microscopy (n = 3).
(F) The scatter graph showed the correlation of virus titers and intracellular ROS in the infected HaCat cells (MOI = 1) treated with baicalein,
acyclovir, or NAC virus titers and intracellular ROS production were quantified by PFU assay and DCFH-DA staining, respectively (n = 3). (G)
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were challenged with HSV-1 by corneal inoculation, and treated infection in all groups at 5 and 7 dpi. A sign of eye infection was
with baicalein or acyclovir as described in Fig. 7A. We visually noticed at 5 dpi (scoring 2.13 £ 1.26) and the symptoms wors-
examined the status of eyes and scored the severity of eye ened at 7 dpi (scoring 3.38 £ 1.19) in virus-infected mice



Inhibitory effects of baicalein against HSV-1 2333

A & %4;\ Baicalein (pmol/L) B
Y & 35 50 100 kpa
p-1xB-a I "——-—-—<I 40 5
o 2
e FET TR g
Q
p-NF-«B 65
NEp | - | 65 g NF-kBl T - —.l 65
]
. = | Histone [ 7 . IR
Factin | | +3 R [E———— | 7
1.5 etk
= 2.5 2.5r @ Mock
£ HA ) @ HSV-1
) 3 2a2? w ' £Z 201 23 25umolL baicalein
é- EZ 1.0 ] 1.5 % E 15 3 50pmol/L baicalein
5 5m iid gt'x £Z [ ED100pmol/L baicalein
S o % = H
2 z e o 8 1.0 =i
! E Z05 w £ L £4
= g $205 3505
0.0 0
0.0 K
0.0 p-IkB-a IxkB-a NF-xB Cytoplasm Nucleus
C D
15¢ IL-6 mRNA

12 F wkk "
Dapi EGFP p-NF-«kB  Merge

i NF-&B translocation

Fold change
o

Mock

60
3
~
0 - S
300 1 TNF-a mRNA % g
£250 by = g
= 200 £ 20
£ £ g
= 150 3
£ 100 2 0
-]
50 o
0 &
Baicalein (umol/L) F QA
F& St & e’s")%"v’e
& 25 50 100 & kpa & FFFE kb
GBl —— s 110
=
- = £
PIKK-B | s e s 85 2
-
[KK_ﬂ D S—— —— — 85 %
o
=
p-NF-ch | S e |65 '§
2 Foall x
— — . w—— o |65
NF-xBl I ¥ &> 25 50 100 ¢ - |43
. — RO ﬂ-ActinI — e o= I
P-Actin | — — —— . I43 Baicalein (nmol/L)

Figure 6  Baicalein suppressed HSV-1-induced NF-«B activation. HaCat cells were infected with HSV-1/F (MOI = 1) and then treated with
baicalein (25, 50, and 100 pmol/L) for 12 h. (A) The protein expressions of p-IkB-«, IkB-a, p-NF-kB, NF-kB and §-actin were determined by
Western blot assay (n = 3). (B) NF-«B nuclear translocation was analyzed by separation of nuclear and cytosolic fractions and immunoblotting
with anti-NF-«B, anti-@-actin and anti-histone H3 antibody (n = 3). (C) The mRNA levels of /IL-6 and TNF-a were determined by RT-qPCR
(n = 3). (D) HaCat cells were infected with HSV-1-EGFP (MOI = 1) and then treated with baicalein (100 pmol/L) for 12 h. The nuclear
translocation of NF-kB was observed using immunofluorescence microscopy. Scale bars = 20 pm. The white arrows indicated the nuclear
translocation of NF-«kB protein and the quantification analysis were from 100 to 150 cells in three independent fields. (E) HaCat cells were
infected with HSV-1/F (MOI = 1) and then treated with baicalein (25, 50, and 100 pmol/L) or PGA1 (50 pumol/L) for 12 h. The protein ex-
pressions of GB, p-IKK-g, IKK-g, p-NF-kB, NF-«B and ($-actin were determined by Western blot assay (n = 3). (F) HaCat cells were treated with
LPS (100 ng/mL) and baicalein (100 pmol/L) or acyclovir (50 umol/L) for 3 h. The protein expressions of p-IkB-a, IkB-a, p-IKK-3, IKK-(, and
B-actin were analyzed by Western blot assay (n = 3). Data are presented as mean & SD. *P < 0.05, ***P < 0.001 vs. Mock group; *P < 0.05,
##p < 0.01, ™ P < 0.001 vs. HSV-1 group.

(Fig. 8A and B), In contrast, HSV-1-caused eye symptoms were Moreover, by determining the virus titers secreted from the tears,
significantly alleviated by baicalein treatment (5 dpi: scoring we observed that both baicalein and acyclovir treatments obvi-
1.00 £ 0.76, P < 0.05; 7 dpi: scoring 1.38 £ 0.74, P < 0.001). ously reduced the viral titers at 7 dpi (P < 0.01, Fig. 8C). When
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Figure 7  Baicalein reduced HSV-1-induced lethality and tissue viral loads of mice. Mice were intranasally challenged with HSV-1/F strain
(1 x 10° PFU), and then treated with baicalein (200 mg/kg/day) or acyclovir (50 mg/kg/day) for 7 consecutive days. Saline (0.9%) was used in
Mock and HSV-1 groups. (A) The schema picture illustrated the protocol of baicalein and acyclovir treatment. (B) The relative body weight of
mice was monitored for 14 consecutive days after infection (n = 12). (C) The infectious virions in the nose, TG, and whole brain of mice were
measured by PFU assay at the 3, 5, and 7 dpi (n = 5). (D) The survival rates of mice were monitored for 21 consecutive days (n = 12). (E)
Protein expressions of ICP27, p-IKK-@, IKK-8, p-NF-kB, NF-kB and $-actin in nose and TG tissues were determined at 5 dpi by Western blot
assay (n = 3). (F) The expression level of /CPO mRNA in TG tissues was analyzed by RT-qPCR at 5 dpi (n = 4—5). Data are shown as
mean =+ SD. *P < 0.05, **P < 0.01 vs. Mock group; *P < 0.05, ¥P < 0.01, ¥ P < 0.001 vs. HSV-1 group.

compared with mock group, the histological sections showed that a remarkable infiltration of inflammatory cells in the stroma
the corneas were significantly thickened in HSV-1 infected mice (Fig. 8D). These histological changes were reversed to some
(P < 0.001), with an obvious loss of corneal epithelium cells and extent by the administration of baicalein or acyclovir. Similar to
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Figure 8 Baicalein ameliorated HSV-1-associated corneal disease pathologies. Mice were corneally inoculated with HSV-1/F and orally
administrated with baicalein (200 mg/kg/day) or acyclovir (50 mg/kg/day) for 7 consecutive days. (A) Representative photographs were taken
from the right eyes of mice. (B) Ocular disease scores were calculated according the criteria: 0, no symptoms; 1, mild swelling of the eyelids; 2,
moderate swelling of the eyelids with some crusting; 3, moderate swelling of the eyelids with >50% crusting; 4, severe crusting; 5, eye
completely swollen shut (n = 8). (C) The secreted virus titers were measured from the right eyes of mice at 5 and 7 dpi (n = 5). (D)
Representative corneal histology sections were taken from the right eyes of mice at 9 dpi and corneal thickness were assessed by histology
(n = 4). Scale bars = 1 mm. (E) The protein expressions of ICP27, p-IKK-g, IKK-3, p-NF-«B, NF-kB and $-actin in mouse corneal tissues were
determined by Western blot assay at 9 dpi (n = 3). (F) The levels of IL-18 and TNF-« in eye tissue lysate were measured by ELISA at 9 dpi
(n = 4). Data are shown as mean + SD. **P < 0.01, ***P < 0.001 vs. Mock group; *P < 0.05, P < 0.01, ¥P < 0.001 vs. HSV-1 group.

the observations from intranasal infected mice, baicalein treat- IKK-6 (P < 0.05, Fig. 8E). Meanwhile, like acyclovir, baicalein
ment also reduced the protein expression of ICP27 (P < 0.01) effectively lowered the production of IL-16 (P < 0.001) and
and decreased the phosphorylation of NF-kB (P < 0.01) and TNF-a (P < 0.001) in the infected eye tissues (Fig. 8F). These
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data demonstrated that baicalein efficiently ameliorated HSV-1
caused ocular disease, which enriched in vivo anti-virus evi-
dence of baicalein.

4. Discussion

To date, there are no licensed vaccines to prevent HSV-1 in-
fections. Long-term use of anti-herpetic drugs, such as acyclovir,
has led to the emergence of drug-resistant strains and several side
effects*”. Therefore, the discovery of new drug remains a priority
in renovating anti-HSV strategies. The present study discovers the
significant in vitro activity of baicalein against HSV-1 infection,
even in acyclovir-resistant strain. By using both ocular and
intranasal infection in mice, we also observed that baicalein could
decrease viral loads in tissues and confer a protection against
HSV-1 in vivo. Moreover, baicalein significantly reduced HSV-1-
EGFP infection in cultured murine epidermal sheets. Although a
Korean group reported that baicalein, mistakenly named it as
baicalin by the author, showed a potent inhibitory effect on HSV-1
KOS strain in vitro™, the in vivo effect and antiviral mechanism
were still elusive. Undoubtedly, these in vitro, in vivo and ex vivo
data underscore the potentiality of baicalein against HSV-1
infection.

To decipher the anti-HSV-1 mechanism, we discovered that
pretreatment of baicalein failed to suppress viral replication in
host cells, while post-treatment showed an obvious inhibitory ef-
fect. This implied that baicalein probably targeted on the post-
entry stage of virus infection. Earlier studies have demonstrated
that baicalein can inhibit NF-«kB activation induced by various
pathological factors***. The effect of NF-«B on cell survival and
viral replication is well documented. Evidences have suggested
that sustained activation of NF-«B is required for viral replica-
tion***’. Besides, a relationship between NF-xB inactivation and
the anti-HSV effects of some molecules has been established*® ",
In this study, we found that baicalein impeded NF-«B activation
by inhibiting IKK-@ and I«B-« phosphorylation. The reduced 1xB-
a degradation eventually hinders viral replication. In fact, an in
silico analysis has already indicated baicalein as a potential in-
hibitor of human IKK-8>'. Therefore, the suppression of IKK-g8
phosphorylation and resultant diminished NF-«kB activation con-
tributes to the protective effect of baicalein on HSV-1 infection.
Nevertheless, how baicalein affects the phosphorylation of IKK-3
requires further exploration. In additional to affecting NF-«B
activation, our results also revealed direct inactivation of HSV-1
particles by baicalein. The dual mechanism might interweave
the anti-HSV-1 effect of baicalein.

Previous researches’' > have reported that the production of
ROS is critical to HSV-1 replication after infection. In view of the
reported antioxidant activity of baicalein®* °, we surveyed
whether its anti-HSV-1 activity is linked with the antioxidant
property. Notably, the production of ROS upon HSV-1 infection
was significantly inhibited by baicalein treatment. Nevertheless,
the blockage of ROS by NAC had no rescue effects on viral
replication, which is supported by a previous report’>. These ob-
servations indicate that the antiviral activity of baicalein is inde-
pendent of its antioxidant activity, and host ROS production may
be an outcome of the HSV-1 replication.

Owing to poor pharmacokinetic and pharmacodynamic prop-
erties, many antiviral compounds effective in vitro were lacking
considerable antiviral activity in animal study and clinical trial.
Our study shows that oral administration of baicalein presented a

considerable anti-HSV-1 capacity in mice. Moreover, in a clinical
study, oral administration of baicalein has been shown to possess
relatively favorable pharmacokinetic profiles without any serious
side effects™, demonstrating a strong potential to develop baica-
lein as an HSV-1 drug in clinic. As baicalin is the main in vivo
metabolite of baicalein after oral intake, whether baicalin con-
tributes to the anti-HSV-1 activity of baicalein in vivo deserves
further investigation.

5. Conclusions

Our research indicates that baicalein is highly effective in
combating HSV-1 infection. Dual mechanisms were involved in
its antivirus effect, namely the inactivation of free viral particles to
neutralize the infectivity and the suppression of NF-«B activation,
which is distinct from that of acyclovir. Hence, this work offers
experimental basis for baicalein as a potential drug in treating
HSV-1 infection and related diseases.
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