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Abstract Yinhuapinggan granule (YHPG), a Chinese
medicine granule based on Ma-Huang-Tang (Ephedra
Decoction) and the clinical experience of Professor Wan
Haitong, is used in traditional Chinese medicine (TCM) for
the treatment of colds, influenza, fever, inflammation and
cough. This study investigated the antiviral effects of
YHPG on the production of inflammatory cytokines in
influenza virus (IFV)-infected mice and evaluated the
effect of YHPG on the expression of NF-xB p65 and the
level of key signaling molecules in the TLR4 signaling
pathway. ICR mice were orally administrated YHPG at
doses of 7.5, 15 and 30 g kg~' day ™' for 2 or 6 days after
IFV infection. On days 3 and 7 after infection, YHPG
(15 g/kg and 30 g/kg) significantly increased levels of
interleukin (IL)-2 and interferon gamma and decreased
levels of IL-4, IL-5 and tumor necrosis factor (TNF) in
serum compared with the IFV control group. Furthermore,
the expression of TLR4, MyD88, TRAF6 and NF-xB p65
at the mRNA and protein level was significantly lower in
the YHPG (15 and 30 g/kg) treatment groups than in the
IFV control group. These results suggest that YHPG has
antiviral effects in IFV-infected mice, which is associated
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with the inhibition of the TLR4—MyD88—TRAF6 signal-
ing pathway and the expression of NF-kB p65.
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Introduction

Influenza virus (IFV) is a negative-sense, single-stranded
RNA virus that is a major cause of respiratory illness in
humans [1]. Emerging evidence suggests that influenza
infection triggers a massive inflammatory response that
contributes to the development of pneumonia, which is a
significant cause of morbidity and mortality [2, 3]. How-
ever, currently the licensed antiviral drugs available for
prevention and treatment of influenza infection are M2 ion
channel and neuraminidase inhibitors [4, 5]. Furthermore,
because of possible side-effects and the rapid emergence of
drug-resistant strains, the two classes of anti-influenza
drugs are not effective in treating severe seasonal viral
infections [6]. Consequently, the development of new
antiviral agents is still urgently needed.

Toll-like receptors (TLRs) are a family of pattern
recognition receptors that recognize pathogen-associated
molecular patterns (PAMPs) associated with bacteria,
viruses and fungi [7]. Of the TLRs, TLR4 is the primary
receptor for lipopolysaccharides (LPSs) of Gram-negative
bacteria and also recognizes the surface glycoproteins of
enveloped viruses like RSV and IFV [8, 9]. The TLR4
signaling pathway is classified into two groups via two
different intracellular adaptor proteins—myeloid differen-
tiation factor 88 (MyD88)-dependent signaling and
MyD88-independent/TRIF-dependent signaling [10]. In
general, TLR4 binds to PAMPs to induce recruitment of
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adaptor molecules to MyD88 through the TIR (Toll-IL-1R)
domain after IFV infection. The interaction between the
death domain of MyD88 and the corresponding domain in
interleukin (IL)-1R-associated kinases leads to recruitment
of downstream immune molecules like tumor necrosis
factor (TNF) receptor-associated factor 6 (TRAF6), which
results in activation of the NF-kB signaling pathway to
activate innate immune responses against invading patho-
gens. However, studies have shown that activation of TLR4
contributes to exacerbated IFV pathogenesis and lung
disease [11, 12]. In addition, pneumonia is associated with
a progressive inflammatory response during IFV infection
[13, 14]. Therefore, TLR4 is probably an important ther-
apeutic approach for inflammatory response associated
with influenza infection.

Traditional Chinese medicine (TCM), with a history of
thousands of years, has been widely utilized for the treat-
ment of infectious diseases, such as Ma-Huang-Tang
(MHT) [15] and Ma-Xing-Shi-Gan-Tang (MXSGT) [16].
In contrast to most antiviral drugs which are comprised of
one single chemical component, Chinese herbal medicines
and their formulas are comprised of multiple components
affecting multiple targets, which is of crucial importance in
providing an effective and safe alternative to treat influenza
infection. MHT (Ephedra Decoction), a TCM from the
Treatise on Febrizle Disease of Zhang Zhongjing in the
Han Dynasty, has been widely used to treat internal dis-
eases such as influenza, bronchitis, asthma, and respiratory
infection [17, 18]. Yinhuapinggan granule (YHPG) is an
improved formula based upon the classical Ephedra
decoction formula and the clinical experience of Professor
Wan Haitong, which contains six Chinese herbs with a
ratio of 4:4:4:2:2:1 (Table 1). Several ingredients of YHPG
and their constituents have been reported to be effective
against [FVs [19-26]. In our previous study, YHPG has the
good effect of relieving cough, freeing lung and dispelling
exogenous evils, clearing heat and resolving toxins [27,
28]. Furthermore, YHPG has been shown to inhibit the
growth of IFV in vitro [29] and to inhibit IFV replication,
alleviate damage to the lung and adjust for deviant
immunologic functions in infected mice [30]. However, the

Table 1 Component herbs of YHPG

mechanisms of YHPG are still unclear. In the present
study, we investigated the effect of YHPG on the produc-
tion of inflammatory cytokines in IFV-infected mice and
evaluated the effect of YHPG on the expression of NF-kB
and the level of key signaling molecules in the TLR4
signaling pathway.

Materials and methods
Herbs and reagents

Puerariae Lobatae Radix (batch number: 20131001), Flos
Lonicerae Japonicae (batch number: 20131101), Polygoni
Cuspidati Rhizoma (batch number: 20130801), Herba
Ephedrae (batch number: 20130801), Armeniacae Semen
Amarum (batch number: 20130801), and Glycyrrhizae
Radix (batch number: 20131002) were purchased from
Hangzhou Huadong Chinese Herbal Medicine Co., Ltd.
(Hangzhou, China), and were identified by Prof. Shengwu
Huang, College of Pharmaceutical Science, Zhejiang Chi-
nese Medical University, where voucher specimens were
deposited. The crude slices of these drugs conformed to
quality standards in Chinese Pharmacopoeia (2010
edition).

Standards of L-ephedrine, D-pseudoephedrine (from
Herba Ephedrae), glycyrrhizic acid (from Glycyrrhizae
Radix), amygdalin (from Armeniacae Semen Amarum),
chlorogenic acid (from Flos Lonicerae Japonicae), puerarin
(from Puerariae Lobatae Radix), polydatin and emodin
(from Polygoni Cuspidati Rhizoma) were purchased from
the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). Ribavirin granules
(lot: 131165) were obtained from Baili Pharmaceutical Co.,
Ltd. (Sichuan, China). The BD™ CBA Mouse Th1/Th2
Cyokine kit for IL-2, IL-4, IL-5, interferon gamma (IFN-vy)
and TNF was supplied by BD Biosciences (San Diego, CA,
USA). Mouse-anti-mouse monoclonal antibody for TLR4,
rabbit-anti-mouse polyclonal antibody for MyD88 and
rabbit-anti-mouse polyclonal antibody for TRAF6 were
purchased from Novus Biologicals (CO, USA), and rabbit-

Pharmaceutical name Botanical plant name Family Weight (g) Used part

Flos Lonicerae Japonicae Lonicera japonica Thunb. Caprifoliaceae 10 Flower bud
Herba Ephedrae Ephedra sinica Stapf. Ephedraceae 5 Aerial part
Puerariac Lobatae Radix Pueraria lobata (Willd.) Ohwi Lamiaceae 10 Radix

Polygoni Cuspidati Rhizoma Polygonum cuspidatum Sieb. et Zucc. Polygonaceae 10 Root and rhizome
Armeniacae Semen Amarum Prunus armeniaca L. var. ansu. Maxim. Rosaceae 5 Fruit
Glycyrrhizae Radix Glycyrrhiza uralensis Fischer Leguminosae 2.5 Root and stolon
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anti-mouse polyclonal antibody for NF-xB p65 was pur-
chased from Santa Cruz Biotechnology (CA, USA).

Preparation of YHPG

YHPG granules (batch number: 20141101) were produced
and supplied by Hangzhou Huadong Medicine Group
Kangrun Pharmaceutical Co., Ltd. (Hangzhou, China).
Briefly, the powdered Puerariae Lobatae Radix (1,000 g)
and Flos Lonicerae Japonicae (1,000 g) were immersed in
10 L 70 % ethanol for 12 h and extracted using a heating
reflux method at 85 °C twice (1 h each time). The two
collected extractions were mixed, filtered and concentrated
under reduced pressure to a relative density of 1.14
(50-60 °C) (solution A). The powdered Polygoni Cuspidati
Rhizoma (1,000 g) was immersed in 10 L 80 % ethanol for
12 h and extracted using a heating reflux method at 85 °C
twice (1 h each time). The extraction was mixed, filtered
and concentrated under reduced pressure to a relative
density of 1.13 (45-50 °C) (solution B). The powdered
Herba Ephedrae (500 g) and Glycyrrhizae Radix (250 g)
were soaked in 12.5 L water for 2 h, the mixture was
decocted with the powdered Armeniacae Semen Amarum
(500 g) three times (1 h each time). The decoction was
filtered and concentrated to a relative density of 1.15
(50-60 °C) (solution C). Subsequently, solution A was
mixed with solutions B and C. After spray drying, the
drying powder was fully blended with cornstarch (150 g)
and made into granules, providing 1.25 kg YHPG granules
(yield 25.9 %, w/w). The YHPG granules were then ster-
ilized and put into bags (6 g per bag).

High-performance liquid chromatography (HPLC)
analysis of YHPG

HPLC analysis was performed using an Agilent 1200
HPLC system, including a G1322A on-line degasser, a
G1311A quaternary pump, a G1316A column oven, a
G1329A autosampler, and a G1315B photodiode array
detector, controlled by an Agilent Rev. B.04.01 chemsta-
tion. Chromatographic separation was performed on an
Agilent Eclipse XDB-C18 column (4.6 x 250 mm, 5 pm)
at 35 °C. The photodiode array detector was set at 210 nm.
The mobile phase was a mixture of water containing 0.1 %
phosphoric acid (A) and acetonitrile (B). The linear gra-
dients between the time points were 0—10 min at 3-9 % B,
10-25 min at 9-9 % B, 25-40 min at 9-20 % B,
40-65 min at 20-55 % B, 65-75 min at 55-70 % B,
75-80 min at 70-3 % B. The flow rate was maintained at
1.0 mL/min and the injection volume was 10 pL.

Virus

Mouse-adapted IFV A/PR/8/34 (HIN1) was donated by
Professor Yi-yu Lu from the Zhejiang Center for Disease
Control and Prevention, China. The virus was grown in the
allantoic cavity of a 9-day-old embryonated egg for 48 h at
37 °C. The allantoic fluid was harvested and centrifuged at
1,000xg for 20 min, and the resulting supernatant, with
hemagglutination titer 1024, was then stored in small
portions at —80 °C. The Reed—-Muench method was used
to determined the LDsq of virus in mice (LDsy = 10735/
0.02 mL).

Animals and experimental design

Male specific pathogen-free ICR mice, weighing 18-22 g,
were obtained from the Animal Experimental Center,
Zhejiang Chinese Medical University (laboratory animal
certificate: scxk 2008-0016). Animals were housed in
plastic cages in an air-conditioned room at 23 £ 2 °C with
a relative humidity of 55 & 10 % under a 12-h light/dark
cycle, fed a standard laboratory diet and given water
ad libitum. Animal experiments were carried out in
accordance with local guidelines for the care of laboratory
animals of Animal Experimental Center, Zhejiang Chinese
Medical University, and were approved by the ethics
committee for research on laboratory animal use at the
institution.

The mice were randomly divided (20 mice each
group) into experimental groups, normal control group
(Normal-C) and IFV-infected control group (IFV-C).
Mice were intranasally inoculated with 15 LDs, doses of
IFV in 20-pL sterile saline except for the Normal-C
group. One hundred and fifty grams of YHPG granules
were dissolved in 100 mL of distilled water and diluted
to the desired concentrations before use. After 2-h
inoculation, YHPG (7.5, 15, and 30 g/kg) or ribavirin
(75 mg/kg) was orally administered to the experimental
groups daily for 2 or 6 days, respectively. Mice in the
IFV-C and Normal-C groups were treated with normal
saline at the same intervals. The low dose of YHPG for
the animal (mouse) study was equivalent to the human
dosage in clinical practice, while the moderate and high
doses of YHPG were two and four times the human
clinical dosage, respectively. On the third and seventh
day after IFV infection, ten mice from each group were
killed to collect serum and lung tissues. The serum was
stored at —20 °C and lung tissues were divided into two
parts—the right lung for immunohistochemical analysis
and the left lung for RT-PCR analysis.
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Determination of cytokines in serum by flow
cytometry

IL-2, IL-4, IL-5, IFN-y and TNF levels in serum were
measured using Becton Dickson Cytometric Bead Array
(CBA) Mouse Th1/Th2 Cyokine kit as per the manu-
facturer’s instructions. Briefly, 50 pL. of the mixed cap-
ture beads were added to all assay tubes containing the
control tubes and test assay tubes. Fifty microliters of
each test sample and the mouse Thl/Th2 cytokine
standard dilutions were transferred into the test assay
tubes and the control tubes, respectively. Then, 50 puL of
the mouse Th1/Th2 PE detection reagents was added to
all assay tubes and incubated for 2 h at room tempera-
ture in darkness. One milliliter of wash buffer was added
to each assay tube and centrifuged at 200xg for 5 min.
After carefully aspirating and discarding the supernatant
from each assay tube, the bead pellet was resuspended in
300 pL. wash buffer and analysed using FACSCalibur
cytometer (BD Biosciences) and BD CellQuest Pro
software (BD Biosciences) [31].

Real-time RT-PCR analysis

The left lung from each mouse was homogenized in
precooled normal saline and centrifuged at 1466xg for
10 min at 4 °C. Total RNA in the supernatant was
extracted with RNA Qiagen reagent (Qiagen, Hilden,
Germany), and dissolved in DEPC-H,O (30 pL). The
total RNA was reverse transcribed with PrimeScript™
RT Master Mix kit (Takara Bio, Shiga, Japan). Real-time
RT-PCR was performed on cDNA samples using the
SYBR® Premix Ex Tap™ II (Takara Bio). The primers
were synthesized by Sangon Biotech, Co., Ltd. (Shang-
hai, China) and are described in Table 2. The reaction
conditions were 95 °C 2 min, followed by 95 °C 15 s,
55 °C 35 s for 40 cycles using a QuanStudio 12 K Flex
Real-time PCR System (Applied Biosystems®; Thermo
Fisher Scientific, Waltham, MA, USA). The relative
quantification of PCR products was performed according
to the 27*A°" method [32]. The fold change in target
gene cDNA relative to the GAPDH internal control was
determined using the following formula:

Fold change = Z’AACT,
where AACt = (Ct[argetgene - CtGAPDH)

— (Cteontrol CtgappH)

Immunohistochemical analysis

On day 3 and day 7 after IFV infection, the right lung lobes
from each mouse were washed with normal saline, fixed
with 10 % formaldehyde solution, and embedded in
paraffin. For immunohistochemical analysis, paraffin-em-
bedded lung sections (3 um) were rinsed with 3 % H,O,
for 10 min to block endogenous peroxide activity and
treated with sodium citrate buffer (pH 6.0) in a 500 W
microwave oven for 15 min for antigen retrieval. After
blocking the nonspecific antigen with normal goat serum,
the sections were then incubated with primary antibody of
TLR4 (mouse-anti-mouse monoclonal antibody, 1:150),
MyD88 (rabbit-anti-mouse polyclonal antibody, 1:75),
TRAF6 (rabbit-anti-mouse polyclonal antibody, 1:1,500)
or NF-kB p65 (rabbit-anti-mouse polyclonal antibody,
1:100) at room temperature for 60 min. The sections were
washed 3 times for 5 min each in PBS and then incubated
with secondary antiserum (EnVision Two-Step kit; Dako,
Glostrup, Denmark) for 40 min at room temperature.
Subsequently, the lung sections were washed 3 times with
PBS and then incubated with diaminobenzidine and
hematoxylin staining solution (Harris) for 2-3 min, and
dehydrated using graded alcohols and xylene. Finally, the
brown reaction product was observed at 200x magnifica-
tion using a light microscope and the number of positive
cells in five randomly chosen fields was counted. Further-
more, the immunoreactivity of the target proteins was
quantified based on the integrated optical density (IOD) of
immunostaining per field using Image-ProPlus 6.0 software
(Media Cybernetics, USA).

Statistical analysis

All data were presented as mean £ SD. Statistical analysis
was performed with two-tailed indirect Student tests with
SPSS17.0 for Windows (SPSS, Inc., Chicago, IL, USA).
Statistical analysis for multiple group comparisons was
performed by one-way ANOVA with Bonferroni’s

Table 2 Primer sequences used

Forward (5'-3")

Reverse (5'-3")

for RT-PCR analysis Gene Product size (bp)
TLR4 101
MyD88 136
TRAF6 119

NF-xB P65 185
GAPDH 141

GCACTGACACCTTCCTTTCC  GCCTTAGCCTCTTCTCCTTCA
TGGTGGTTGTTTCTGACGAT  GGAAAGTCCTTCTTCATCGC
GAGGTCACGAGCCACTTCTT ACAGACAGATGAGCCACAGG
TCAATGGCTACACAGGACCA TCGCTTCTTCACACACTGGA
GCAAGTTCAACGGCACAG CGCCAGTAGACTCCACGAC
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corrections. Differences were considered statistically sig-
nificant when p < 0.05.

Results
HPLC profile of YHPG

As compared with standard reference compounds, eight
effective constituents of YHPG, including L-ephedrine,
D-pseudoephedrine, chlorogenic acid, amygdalin, puerarin,
polydatin, glycyrrhizic acid and emodin, were analyzed by
HPLC (Fig. 1). The contents of these compounds in YHPG
were 0.73, 0.407, 1.92, 6.37, 4.35, 1.79, 0.692, 0.329,
respectively.

Effects of YHPG on the levels of IL-2, IL-4, IL-5,
IFN-y and TNF in serum

The levels of IL-2, IL-4, IL-5, IFN-y and TNF in serum were
measured by cytometric bead array. As shown in Fig. 2, on
days 3 and 7 after infection, the levels of IL-2, IL-4, IL-5,
IFN-v and TNF in the IFV-C group were significantly higher

A
I DAD1 A, $ig=210,4 Ref=360,100

mA 7 YHPG

300 4

250 |

200

150 4

than in the Normal-C group (P < 0.01). Compared with the
IFV-C group, ribavirin and YHPG (15 and 30 g/kg) signif-
icantly increased levels of IL-2 and IFN-y and decreased
levels of IL-4, IL-5 and TNF in serum on days 3 and 7 after
infection (P < 0.01 or P < 0.05). However, there was no
significant difference in cytokine expression between the
YHPG (7.5 g/kg) and IFV-C groups.

Effects of YHPG on the mRNA expression
of the TLR4 signaling pathway

TLR4, MyD88, TRAF6 and NF-xB p65 mRNA expression
in lung tissue was detected by RT-PCR. As shown in
Fig. 3, TLR4, MyD88, TRAF6 and NF-kB p65 mRNA
expression in the IFV-C group was significantly upregu-
lated on days 3 and 7 after infection (P < 0.01) compared
with the Normal-C group. Ribavirin and YHPG (15 and
30 g/kg) significantly downregulated TLR4, MyDSS,
TRAF6 and NF-xB p65 mRNA expression in comparison
to the IFV-C group on days 3 and 7 after infection
(P < 0.01 or P < 0.05). However, there was no significant
difference in mRNA expression between the YHPG (7.5 g/
kg) and IFV-C groups.
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Fig. 1 Two-dimensional HPLC chromatograms of eight effective constituents inYHPG at 210 nm. / L-ephedrine; 2 p-pseudoephedrine; 3
chlorogenic acid; 4 amygdalin; 5 puerarin; 6 polydatin; 7 glycyrrhizic acid and 8 emodin
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Fig. 2 Effects of YHPG on levels of IL-2 (a), IL-4 (b), IL-5 (c), IFN-
v (d) and TNF (e) in serum on days 3 and 7 after infection (n = 10 in
each group). All data are presented as mean + SD. Asterisks denote

Effects of YHPG on the protein expression
of the TLR4 signaling pathway

Immunohistochemical determination of TLR4, MyDS88§,
TRAF6 and NF-kB p65 was performed to determine the
effects of YHPG on the TLR4/MyD88-mediated NF-kB
signaling pathway. We measured the IOD of TLR4,
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MyD88, TRAF6 and NF-xB p65 and calculated the mean
values and SDs. As shown in Fig. 4, immunohistochemical
analysis showed that the expression of TLR4 protein in the
IFV-C group was significantly higher than in the Normal-C
group on days 3 and 7 after infection (P < 0.0I). Com-
pared with the IFV-C group, ribavirin and YHPG (15 and
30 g/kg)  significantly  downregulated the protein
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Fig. 3 Effects of YHPG on mRNA expression of TLR4 (a), MyD88
(b), TRAF6 (c) and NF-«B p65 (d) in lung tissue on days 3 and 7 after
infection (n = 10 in each group). All data are presented as

expression of TLR4 on days 3 and 7 after infection
(P < 0.01). However, there was no significant difference in
protein expression between the YHPG (7.5 g/kg) and IFV-
C groups. These results are in accordance with the effects
of YHPG on the mRNA expression of TLR4.

As shown in Fig. 5, the expression of MyD88 protein in
the IFV-C group was significantly higher than in the
Normal-C group on days 3 and 7 after infection (P < 0.01).
Compared with the IFV-C group, ribavirin and YHPG (15
and 30 g/kg) significantly decreased the protein expression
of MyD88 on days 3 and 7 after infection (P < 0.01).
However, there was no significant difference in protein
expression between the YHPG (7.5 g/kg) and IFV-C
groups. These results are in accordance with the effects of
YHPG on the mRNA expression of MyD§8.
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As shown in Fig. 6, the expression of TRAF6 protein in
the IFV-C group was significantly higher than in the
Normal-C group on days 3 and 7 after infection (P < 0.01).
Compared with the IFV-C group, ribavirin and YHPG (15
and 30 g/kg) significantly downregulated the protein
expression of TRAF6 on days 3 and 7 after infection
(P < 0.01 or P < 0.05). However, there was no significant
difference in protein expression between the YHPG (7.5 g/
kg) and IFV-C groups. These results are in accordance with
the effects of YHPG on the mRNA expression of TRAF6.

As shown in Fig. 7,the expression of NF-kB p65 protein
in the IFV-C group was significantly higher than in the
Normal-C group on days 3 and 7 after infection (P < 0.01).
Compared with the IFV-C group, ribavirin and YHPG (15
and 30 g/kg) significantly downregulated the protein
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Fig. 4 Immunostaining
microphotographs of TLR4
proteins in the lung tissues of
IFV-infected mice
(magnification 200x ). a Normal
control group (Normal-C),

b IFV-infected control group
(IFV-C), ¢ infected mice treated
with ribavirin (75 mg/kg)
(Ribavirin), d infected mice
treated with YHPG (7.5 g/kg)
(YHPG 7.5 g/kg), e infected
mice treated with YHPG (15 g/
kg) (YHPG 15 g/kg), and

f infected mice treated with
YHPG (30 g/kg) (YHPG 30 g/
kg). The numbers 3 and 7 refer
to days 3 and 7 after infection,
respectively. g Quantitative
image analysis of TLR4

proteins was performed based ‘

on the integrated optical density ,’ S RS
(IOD) of positive M‘hut ‘:%
immunostaining (brown) in the ‘;i-ﬁé‘&i‘ﬂ?ﬁ. r
lung tisssues. All data are A7

presented as mean £ SD R Y
(n = 10 in each group). St
Asterisks denote the significant
levels: *# P < 0.01 vs. Normal-
C, * P <0.05, ** P <0.01 vs.
IFV-C
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Fig. 5 Immunostaining
microphotographs of MyD88
proteins in the lung tissues of
IFV-infected mice
(magnification 200x ). a Normal
control group (Normal-C),

b IFV-infected control group
(IFV-C), ¢ infected mice treated
with ribavirin (75 mg/kg) Y s
(Ribavirin), d infected mice AL E B
treated with YHPG (7.5 g/kg) :3?3? %‘?‘M ;6“,,3
(YHPG 7.5 g/kg), e infected [ e
mice treated with YHPG (15 g/
kg) (YHPG 15 g/kg), and L

/P'V' & ‘); ‘.',;,' T =1
£ .3 AR5 . ¥ O’

f infected mice treated with :{‘,‘é?',é%‘» W‘{g‘}f !f:;f?,'t,'
YHPG (30 g/kg) (YHPG 30 g/ a\g;. W ,.ﬁé-g% 3
T P Ha

.rﬂt

kg). The numbers 3 and 7 refer
to days 3 and 7 after infection,
respectively. g Quantitative
image analysis of MyD88
proteins was performed based
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Fig. 6 Immunostaining
microphotographs of TRAF6
proteins in the lung tissues of
IFV-infected mice
(magnification 200x ). a Normal
control group (Normal-C),

b IFV-infected control group
(IFV-C), ¢ infected mice treated
with ribavirin (75 mg/kg)
(Ribavirin), d infected mice
treated with YHPG (7.5 g/kg)
(YHPG 7.5 g/kg), e infected
mice treated with YHPG (15 g/
kg) (YHPG 15 g/kg), and

f infected mice treated with
YHPG (30 g/kg) (YHPG 30 g/
kg). The numbers 3 and 7 refer
to days 3 and 7 after infection,
respectively. g Quantitative
image analysis of TRAF6
proteins was performed based
on the integrated optical density
(IOD) of positive
immunostaining (brown) in the
lung tisssues. All data were
presented as mean £ SD

(n = 10 in each group).
Asterisks denote the significant
levels: # P < 0.01 vs. Normal-
C, * P <0.05, ** P <0.01 vs.
IFV-C
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Fig. 7 Immunostaining
microphotographs of NF-kB
p65 proteins in the lung tissues
of IFV-infected mice
(magnification 200x ). a Normal
control group (Normal-C),

b IFV-infected control group
(IFV-C), ¢ infected mice treated
with ribavirin (75 mg/kg)
(Ribavirin), d infected mice
treated with YHPG (7.5 g/kg)
(YHPG 7.5 g/kg), e infected
mice treated with YHPG (15 g/
kg) (YHPG 15 g/kg), and

f infected mice treated with
YHPG (30 g/kg) (YHPG 30 g/
kg). The numbers 3 and 7 refer
to days 3 and 7 after infection,
respectively. g Quantitative
image analysis of NF-xB p65
proteins was performed based
on the integrated optical density
(IOD) of positive
immunostaining (brown) in the
lung tisssues. All data are
presented as mean £ SD

(n = 10 in each group).
Asterisks denote the significant
levels: # P < 0.01 vs. Normal-
C, * P <0.05, ** P <0.01 vs.
IFV-C
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expression of NF-xkB p65 on days 3 and 7 after infection
(P < 0.01 or P < 0.05). However, there was no significant
difference in protein expression between the YHPG (7.5 g/
kg) and IFV-C groups. These results are in accordance with
the effects of YHPG on the mRNA expression of NF-kB
poS.

Discussion

Influenza can cause widespread infection and affect mil-
lions of people every year globally. The emergence of
drug-resistant viruses has led to a need for the development
of novel and effective antiviral agents [6, 33]. TCM, such
as MHT, has become one of the popular choices for the
treatment of influenza in China, because of its multiple
pathways, multi-targets, and minimal side-effects [15].
YHPG is a Chinese medicine granule whose major ingre-
dients are based upon the classical MHT formula. Modified
prescriptions of MHT work perfectly for internal diseases
such as influenza, bronchitis, asthma, respiratory infection
[17]. Previous studies have demonstrated that YHPG has
obvious antiviral effects in vitro [29] and inhibits IFV
replication, alleviating damage to the lung and adjusting
for deviant immunologic functions of infected mice [30].
However, the mechanism of YHPG against IFV is not fully
understood.

It has been reported that the levels of cytokines are
associated with symptom formation and host defenses in
influenza [34, 35]. Although cytokines contribute to the
elimination of pathogens, their excessive production can in
turn result in tissue injury [36]. In the present study, we
found that the levels of IL-2, IL-4, IL-5, IFN-y and TNF in
the IFV-infected mice were significantly higher than in the
Normal-C group on days 3 and 7 after infection, suggesting
that influenza infection triggers inflammatory responses
resulting in the production of cytokines and chemokines.
Consistent with previous studies [37, 38], YHPG (15 g/kg
and 30 g/kg) treatment effectively increased levels of IL-2
and IFN-y, while the levels of IL-4, IL-5 and TNF were
decreased compared to the IFV-C group on days 3 and 7
after infection. IL-2 is a T-helper 1 (Thl) cytokine that
stimulates IFN-y secretion, which is crucial for viral
clearance [39]. IFN-vy, which is produced by T cells and
natural killer cells, protects infected mice from death at the
early stage of IFV infection [40, 41]. Interestingly, we
found that the increase in the level of IL-2 was synergis-
tically associated with the level of IFN-y in this study,
which may be one aspect of the protective effect of YHPG.
The TNF-o level is directly related with the severity of
histologic lung lesions after infection [42]. In addition,
TNF-o is a multifunctional inflammatory cytokine that is
associated with morbidity during IFV infection [43].

@ Springer

Therefore, the effect of YHPG against influenza infection
is likely to decrease inflammatory responses by modulating
the expression of inflammatory cytokines (Fig. 7).

TLR4 is expressed in a variety of immune and non-
immune cells, and plays an important role in the induction
and regulation of immune and inflammatory responses to
Gram-negative bacteria and IFV infection [8, 9]. Previous
studies have demonstrated that TLR4 is a key contributor
to influenza A-induced lung injury [44]. MyD88 is a crucial
adaptor protein in TLR4 signaling, which is essential for
proinflammatory cytokine production [45]. TRAF6 has
been identified as a signal transducer, which is recruited by
the adaptor MyD88 to activate the NF-kB signaling path-
way, resulting in the production of cytokines [46, 47].
Furthermore, the production of inflammatory cytokines is
regulated by the transcription factor NF-xB, which plays a
crucial role in immune and inflammatory responses [48].
Therefore, TLR4, MyD88, TRAF6 and NF-xB expression
in lung tissue was detected by RT-PCR and immunohis-
tochemistry. Our results showed that TLR4, MyDSS,
TRAF6 and NF-«xB expression at the mRNA and protein
level in the IFV-C group was significantly higher than in
the Normal-C group on days 3 and 7 after infection, sug-
gesting that activation of TLR4 can induce expression of its
downstream gene after IFV infection. Compared with the
IFV-C group, YHPG (15 and 30 g/kg) significantly
downregulated expression of these genes. These results
also suggest that YHPG could ameliorate IFV-induced
inflammatory responses which are mediated by the TLR4
and NF-xB signaling pathways.

The major ingredients of YHPG are based upon the
classical Ephedra decoction formula, which had been
reported to exert antipyretic activity in IFV-infected mice
and virus-reducing effects at an early phase of the infection
[15]. In this study, HPLC analysis clearly revealed the
presence of the major constituents in YHPG. From the
literature, we found that the main component of Flos
Lonicerae Japonicae, chlorogenic acid, has shown signifi-
cant antiviral activity in vitro [49, 50]. Glycyrrhizin, which
is an active component of Glycyrrhizae Radix, may protect
mice infected with lethal doses of IFV through the induc-
tion of IFN-y production by T cells [51]. Glycyrrhizin has
been reported to inhibit influenza A virus uptake into cells
[23]. In addition, the main component of Polygoni Cuspi-
dati Rhizoma, emodin, inhibits the replication of IFV
HINT1 in A549 cells [24]. Therefore, we hypothesize that
chlorogenic acid, glycyrrhizin and emodin may be the
active components of YHPG against IFV. However, addi-
tional investigations are required to identify the possible
anti-influenza bioactive components in YHPG.

In summary, our results revealed that YHPG can ame-
liorate inflammatory responses in IFV-infected mice. The
antiviral effect of YHPG is associated with the inhibition of
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the TLR4-MyD88-TRAF6 signaling pathway and the
expression of NF-kB. These findings may provide a pos-
sible agent for the treatment of influenza infection in a
clinical setting.
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